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ABSTRACT

Dalling, James W., and Benjamin L. Turner. Fortuna Forest Reserve, Panama: Interacting Effects of Climate and
Soils on the Biota of a Wet Premontane Tropical Forest. Smithsonian Contributions to Botany, number 112,
x + 302 pages, 66 figures, 23 plates, 125 tables, 2021. — The Fortuna Forest Reserve and adjacent upland areas
of the Palo Seco Reserve in western Panama support some of the most extensively studied lower and premon-
tane tropical forests in the world. The forests of Fortuna are among the most diverse in Central America and are
therefore of exceptional significance for the preservation of regional biodiversity. This volume brings together
more than 50 years of research on the climate, geology, soils, and major plant groups of Fortuna. Spanning the
Continental Divide at around 1,000 m above sea level, some parts of the reserve receive more than 6,000 mm of
annual rainfall, although there is considerable variation in cloud cover and seasonality. Soil fertility also varies
markedly, reflecting the complex regional volcanic geology. The resulting gradients of climate and fertility across
the reserve shape the composition, structure, and diversity of plant communities. A network of 12 one-hectare
plots at Fortuna contains more than 400 species of trees greater than 5 cm diameter at breast height and reveals
extensive compositional turnover across the reserve. One tree species, Oreomunnea mexicana, forms mono-
dominant stands in otherwise species-rich forests, while forests on extremely infertile soils are dominated by the
canopy palm Colpothrinax aphanopetala and include the tropical conifer Podocarpus oleifolius. There are also
almost 400 species of bryophytes, almost 300 species of ferns and lycophytes, 31 species of palms, 80 species
of bromeliads, and more than 200 species of orchids. Many species of ectomycorrhizal fungi identified from
fruiting bodies are new to science. Overall, results from Fortuna highlight the remarkable diversity of plants
that occur in montane forests and the extent to which their communities are structured by gradients of climate
and soil fertility. The chapters in this volume provide a foundation for further research and exploration in this
fascinating region.

Cover image: A view across the eastern portion of the Fortuna Forest Reserve from Quijada de Diablo toward
Cerro Pata de Macho. Photograph: Cecilia Prada.
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Preface

he Fortuna Reserve and upland portions of the adjacent Palo Seco Protective

Reserve in western Panama are among the most studied premontane and mon-

tane forests in the world. The reserves range from 700 m to 2,000 m elevation

and support perhumid to superhumid aseasonal and seasonal forests on the
Caribbean and Pacific slopes of the Continental Divide. The complex geology of these
sites, combined with steep local climate gradients, creates a wide range of habitats and
exceptional biodiversity. More than 200 studies have been conducted in the reserves,
including those associated with an environmental impact study in the 1970s prior to
the construction of a dam on the Chiriqui River and the associated creation of Lake
Fortuna for hydroelectric power generation. The establishment of the Fortuna reserve
in 1976 and the Palo Seco Protected Forest in 1983, coupled with the completion of the
David-Chiriqui Grande highway in 1982 and establishment of the Smithsonian Tropical
Research Institute Jorge Arauz Field Station in 1996, provides logistical support and un-
precedented access to extensive areas of primary forests, representing habitats that have
been converted primarily to other land uses elsewhere in the region.

To celebrate the 25th anniversary of the Jorge Arauz Field Station, we bring to-
gether information on the climate, geology, soils, and plants that have been studied in
the Fortuna area. Although the 19,500 ha Fortuna reserve represents less than 2% of
protected area lands in Panama, it harbors approximately a quarter of the country’s
recorded plant taxa and a relatively intact fauna (Samudio, 2001, 2002). It is therefore
essential to the conservation of Panama’s biodiversity. In addition to studies of plant and
animal taxonomy, systematics, and ecology, Fortuna has been a key site for documenting
amphibian die-back resulting from chytrid fungal infection and a natural laboratory for
understanding how the loss of amphibian diversity impacts aquatic and terrestrial food
webs (e.g., Lips, 1999; Berger et al., 2008; Colon-Gaud et al., 2009).

Fortuna is also one of the only sites in Panama outside the Panama Canal watershed
for which long-term ecological and climate data are available. It can therefore play an
important role in understanding how plant communities are being altered in response to
climate change, and it also has a bearing on the long-term sustainability of hydroelectric
energy production in the reserve. Tropical montane forests are predicted to be strongly
impacted by changing precipitation regimes as warmer air masses raise the basal eleva-
tion of cloud formation. Precipitation regimes can change through a combination of
global and regional effects, including conversion of lowland forest to other land uses
(e.g., Still et al., 1999; Foster, 2001; van der Molen et al., 2010; Nair et al., 2010). These
predicted changes in rainfall and cloud cover are consistent with long-term changes in
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climate that have already been observed in several Neotropical
montane forest sites (Pounds et al., 1999; Barradas et al., 2010).
Most recently, region-specific modeling of minimum elevation
and humidity for montane cloud forest coverage has predicted
that the majority of tropical montane cloud forests will undergo
declines in cloud cover in the coming decades, with the greatest
severity of declines in the Caribbean and Mesoamerica (Helmer
et al., 2019). Detecting early effects of changing cloud regimes
on montane forest biota in the face of large interannual varia-
tion in rainfall regimes requires long-term monitoring at sites
that experience varying seasonal climate conditions such as those
on the Caribbean and Pacific slopes in and around Fortuna. In
chapter 1, Dalling et al. highlight interannual climate variability
for Fortuna based on a 22-year record of rainfall and tempera-
ture data collected at the Smithsonian Tropical Research Insti-
tute’s Jorge Arauz Field Station. They show how rainfall regimes
vary over short geographic distances based on records from rain
gauges established at a network of 1 ha permanent forest plots
distributed through the reserve. Using data from these plots, they
also describe the influence of habitat heterogeneity in determin-
ing alpha and beta diversity patterns of the tree community. They
further review recent work at Fortuna exploring the effects of
soil nutrient availability on biogeochemical cycling, ecosystem
productivity, and plant performance.

Rainfall patterns reflect variation in topography and expo-
sure that in turn are a consequence of multiple uplift events that
have given rise to mountains traversing the north, east, and south
of the Fortuna reserve. In chapter 2, Silva et al. describe the geo-
logical history of the Fortuna area and present a new geological
map of the reserve, including a petrographic description of six
major lithological units that outcrop in the area. These consist of
gabbro, undifferentiated mafics (an igneous sequence including
diabase, basalt, and andesite), pyroclastic flow deposits, quartz-
granodiorite, dacite, and vitreous tuff. The distribution of these
lithologies provides the most important environmental factor
structuring the plant communities present at Fortuna, with par-
ticularly notable effects where climate conditions are relatively
uniform to the north and east of the Fortuna dam.

Plant species and their associated fauna are expected to
undergo upslope migration in response to increases in tempera-
ture and solar radiation and a reduction in precipitation result-
ing from cloud lifting, as has been reported for Andean forests
(Fadrique et al., 2018). Successful migration in climate space,
however, requires that soils are suitable for plant establishment
and growth in newly available habitat. Soils vary markedly at
Fortuna, and plant species show strong preferences for sites that
vary in nitrogen, phosphorus, base cation availability, and pH.
This suggests that climate-driven migration, either by changing
temperature or rainfall, might be restricted by soil geography.
Nitrogen-limited or colimited forests at Fortuna are also likely to
be affected by anthropogenic nitrogen deposition (Phoenix et al.,
2006), which is increasing in the tropics (Hietz et al., 2011) and
has a disproportionate effect in montane forests because occult
deposition from cloud water tends to be elevated in both inor-

ganic and dissolved organic nitrogen relative to rainwater (Vong
et al., 1997; Weathers et al., 2000).

In chapter 3, Turner and Dalling review the importance of
different state factors (climate, organisms, relief, parent mate-
rial, and time) on soil development at Fortuna. They highlight
the importance of parent material at sites with old (mostly Mio-
cene) substrates and with similar climate and relief. The chapter
also provides detailed information on the chemical and physical
properties of Fortuna soils and their classification. These data
highlight variation in the availability of phosphorus and base cat-
ion concentrations, and also illustrate the large organic carbon
content of some Fortuna soils, particularly those developed on
rhyolitic ash.

Part of the remarkable variation in the composition of plant
communities across the Fortuna reserve is related to distinct
communities of macrofungi. In chapter 4, Corrales and Ovrebo
provide a preliminary list of the fungal taxa of Fortuna based on
>1,000 fruiting body collections. The list, composed primarily of
Basidiomycota, highlights the presence of diverse groups of ec-
tomycorrhizal (ECM) fungi, which form mutualistic associations
with the roots of some tree species, notably those in the Fagales
(including the oak and walnut families). Ectomycorrhizal fungi
associations benefit their hosts through the acquisition of nu-
trients from organic sources. In turn, their presence can have
ecosystem-level effects on both nitrogen cycling and soil carbon
storage (Phillips et al., 2013; Averill et al., 2014). At Fortuna,
many ECM species not previously reported from Panama are
associated with stands of the locally dominant host tree Oreo-
munnea mexicana (Juglandaceae). The chapter also reviews how
differences in soil fertility and rainfall seasonality among stands
of Oreomunnea trees at Fortuna influence the diversity and com-
position of ECM fungi, and it describes how long-term nitrogen
fertilization in one Oreomunnea stand is associated with reduced
generic diversity of ECM fungi and declines in species diversity
of two key genera: Russula and Cortinarius. Finally, the authors
take a closer look at sequence data from Russula collections to
illustrate subgeneric diversity and use phylogenetic placement to
indicate that most, if not all, of the 40 Russula species collected
from Fortuna are new to science. Fortuna therefore represents
a key unexplored biogeographic region for ECM fungi at the
southern limits of the distribution of several host tree species.

A characteristic feature of wet montane forests is a profu-
sion of epiphytic plants associated with high rainfall inputs and
frequent cloud cover. In addition to being strongly influenced
by the microclimatic conditions that determine their water bal-
ance, epiphytes can in turn influence forest hydrology by trap-
ping cloud water that otherwise would not enter the watershed
(Veneklaas et al., 1990; Tobon et al., 2010). There is a long his-
tory of research on forest hydrology and epiphyte community
structure, physiology, and water use at Fortuna (Cavelier, 1996,
1997; Lange, 1994; Zotz, 1997). In chapter 5, Salazar Allen et al.
synthesize information from bryophyte collections at Fortuna
initiated prior to the construction of the hydroelectric dam in the
1970s. The Fortuna bryophyte community is remarkably species



rich, containing 164 genera and a third of the bryophyte species
reported from Panama. The chapter also provides detailed de-
scriptions of the broader habitat distributions and biogeographic
origins of the Fortuna species assemblage, highlighting continu-
ous migration of taxa from north and south temperate as well as
Neotropical origins.

The water retention capacity of epiphytes, much of which is
driven by bryophytes, is explored experimentally in chapter 6 by
Gomez-Goénzalez et al. The authors quantify the water-holding
capacity of epiphytes by extrapolating measurements on 22 tree
trunks and 28 canopy branches to the whole-stand level using
plot inventories of tree diameters and densities. The estimated
total capacity of epiphytic matter of 25,000 L ha! (2.5 mm rain-
fall) is largely due to dead organic matter. Nonetheless, bryo-
phytes are responsible for nearly 30% of this capacity despite
contributing only 6% of epiphytic matter. Although water reten-
tion by epiphytes is small relative to annual rainfall at Fortuna,
interception may be important during the dry season and may
redirect nutrient fluxes that are otherwise captured by trees via
stemflow.

Orchids represent another important component of the epi-
phyte community at Fortuna. The orchid flora of Panama is par-
ticularly species rich (1,432 species), with a substantial fraction
(18%) reported from Fortuna. In chapter 7, Silvera discusses the
generic composition of the Fortuna orchid flora and uses analy-
ses of tissue total carbon and nitrogen content and their isotopic
signatures to provide insight into their photosynthetic pathways
and sources of nitrogen.

While orchids and bryophytes are conspicuous components
of the epiphyte flora at Fortuna, the forest understory is typically
dominated by short-stature palms and ferns. In chapter 8, Viana
and Dalling describe the fern and lycophyte flora of Fortuna,
consisting of 289 species. They use extensive environmental data
to determine which resources underlie the observed habitat asso-
ciations of the terrestrial taxa, and they highlight the strong con-
cordance between fern composition and parent material. In turn,
habitat associations reflect differences in soil conditions (notably
phosphorus availability) as well as light availability. Although
species richness for terrestrial ferns is highest on intermediate-
fertility soils developed on mafic-volcanics, low fertility sites de-
veloped on rhyolitic ash are especially important for maintaining
tree fern populations.

Palms are the best-studied plant group at Fortuna. The re-
serve is a diversity hotspot for two tribes: Chamaedoreae and
Geonomateae. In chapter 9, Andersen reviews a series of obser-
vational and experimental studies that go beyond delineating
habitat associations to assess the importance of a constellation
of physiological and whole-plant traits, including photosynthetic
nutrient-use efficiency, biomass allocation to leaves, herbivory
rate, and nitrogen uptake rate that determine performance dif-
ferences of species associated with sites that differ in soil fertility.

In summary, Fortuna provides an outstanding laboratory
to explore the ecological underpinnings of plant performance
and distribution. Fortuna and adjacent upland sections of the
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Palo Seco Protected Forest offer access to areas of species-rich
primary forest that have developed on habitats with contrast-
ing climate regimes and with soils that are remarkably variable
in fertility. As forest communities respond to climate change,
long-term monitoring of plant and animal communities across
the range of habitats at Fortuna will reveal the importance of
abiotic and biotic factors influencing population growth, as well
as the barriers and filters to species migration. We hope that the
detailed studies of the flora of Fortuna, and its environmental
context described in this volume will provide a baseline to sup-
port this endeavor.

James W. Dalling

Department of Plant Biology

University of Illinois at Urbana-Champaign
USA

Benjamin L. Turner

Smithsonian Tropical Research Institute
Apartado 0843-03092, Balboa

Ancén, Republic of Panama
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ABSTRACT. The 19,500 ha Fortuna Forest Reserve and adjacent upland portions of the 167,000 ha
Palo Seco Forest Reserve are exceptionally well-preserved examples of lower montane and premon-
tane rainforest. Over the last 50 years, this has been an area of extensive botanical research, result-
ing in detailed locality information for ~20% of Panama’s flora. Nonetheless, the true biological
diversity of the reserve is likely underestimated, because 40% of the tree species recorded in inven-
tories of just 12 one-hectare plots were not reported in previous surveys. The high plant diversity
reflects remarkable habitat diversity. Fortuna experiences heterogeneous rainfall regimes distributed
across an array of geologic substrates, resulting in contrasting physical and chemical properties of
soil and an almost complete turnover in tree species composition across sites <15 km apart. Over the
last decade, Fortuna has emerged as a key site for understanding how nutrient limitation impacts
species distributions and ecosystem processes. Ongoing activities include measurements of climate,
soils, carbon stocks, forest growth, and plant species composition; plant—fungal interactions; and
the impacts of long-term nitrogen addition on forest productivity. We describe the physical envi-
ronmental setting of Fortuna and the principal plant community types associated with (1) infertile
rhyolite tuff (Colpothrinax forest), (2) a monodominant ectomycorrhizal tree (Oreomunnea for-
est), and (3) the most widespread parent material (mafic-volcanic forest). Finally, we review recent
work at Fortuna that has begun to reveal the impact of nitrogen availability on biogeochemical
cycling and ecosystem productivity (the NITROF nitrogen addition experiment), and phosphorus
effects on plant performance using seedling transplant and phosphorus addition experiments.

GENERAL INFORMATION ABOUT THE RESERVE

LocaTioN, TOPOGRAPHY, AND GEOLOGY

The 19,500 ha Fortuna Forest Reserve (8°42'N, 82°12'W) is located north of the
province of Chiriqui in western Panama (Figure 1.1). The adjacent 167,000 ha Palo
Seco Forest Reserve forms the northern border of the Fortuna reserve along the Con-
tinental Divide and covers the upper elevations of the Caribbean slope from ~200 to
2,000 m above sea level (asl). The Holdridge (1967) life zones in the Fortuna reserve
and upper elevations of Palo Seco include perhumid to superhumid premontane for-
est (700-1,000 m asl) and lower montane forest (1,000-2,000 m), as well as small
areas of perhumid montane forest (>2,000 m). The northern boundary of the Fortuna
reserve, located along the Continental Divide, has a maximal elevation of 1,920 m
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(Cerro Guayabo) in the northwestern corner of the reserve. Two
other mountain ridges inside the Fortuna reserve extend north
from Cerro Hornito in the south of the reserve and to the north-
east of reserve to include sections of Cerro Chorcha (2,200 m),
and Cerro Pata de Macho (1,960 m; Plate 1.1). These moun-
tain ranges are composed of diverse volcanic rocks including
andesite, rhyolitic tuff, porphyritic dacite, basalt, and granodio-
rite (Instituto de Recursos Hidraulicos y Electrificacion [IRHE],
1975; Silva et al., this volume).

The main highway linking the Caribbean and Pacific coasts
of Panama runs through the Fortuna and Palo Seco reserves,

crossing over the Edwin Fabrega Dam. The road provides
access to multiple watersheds containing old-growth forests that
drain into Lake Fortuna. Unpaved roads provide access to for-
est along the Continental Divide between the Fortuna and Palo
Seco reserves and west of the dam on the slopes of Cerro Pinola
(Plate 1.1). The Smithsonian Tropical Research Institute main-
tains a field station (the Jorge L. Arauz Field Station; Plate 1.1)
inside the Fortuna reserve, close to a main highway, and a set of
permanent forest monitoring plots has been established to sam-
ple vegetation and soils on contrasting geology at accessible sites
in both Fortuna and Palo Seco (Figure 1.1).

Geology
Basalt
Dacite
Granodiorite
Mafic volcanic
Mafic/Rhyolite
Rhyolite

Undifferentiated volcanics

©c 0 00 O 00

Towns

N\ Roads

Streams

Kilometers

Caribbean Sea

Pacific Ocean

Colombia __

FIGURE 1.1. Location of the Fortuna Forest Reserve in western Panama. Points indicate the locations of permanent forest dynamics plots
established between 2003 and 2018 on different parent materials and of the Smithsonian Tropical Research Institute (STRI) Jorge L. Araiz
field station. Palo Seco and Verrugosa A and B plots are on the Caribbean slope in Palo Seco Forest Reserve. The Alto Frio plot is on private
land on the Pacific slope.




CLIMATE REGIME

The complex topography of Fortuna yields locally variable
climate regimes (Table 1.1) as well as substantial interannual
and intra-annual variation in rainfall and cloud cover. Mean
annual maximum temperature from 1997 through 2018 at the
Jorge Arautz station varied between 22.3°C and 27.9°C, and
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mean minimum temperature varied between 15.2°C and 16.6°C
(Figure 1.2a), with absolute maximum and minimum recorded
temperatures of 36.0°C and 11.0°C respectively. There has
been no significant trend of increasing temperature over the last
20 years (Figure 1.2b). Differences in mean annual temperature
across a network of permanent plot sites measured from August
2012 to April 2013 were small (17.1°C-19.9°C; Table 1.1).

TABLE 1.1. Climate variables for permanent forest plots in the Fortuna and Palo Seco Forest Reserves (underlying parent material in

parentheses). Elev = elevation. MAT = mean annual temperature, measured in the understory from Aug 2012 to Apr 2013. MAP = mean
annual precipitation (=1 SE) and DSP = dry season precipitation (1 Jan—-30 Apr), measured 2007-2009 and 2011-2014 (Prada et al.,
2017). Cloud = mean annual percent probability of midday cloud cover based on 15 years of MODIS imagery (Wilson and Jetz, 2016).
W-MAT = WaterWorld model-derived annual temperature. W-Fog = WaterWorld-derived total fog-derived moisture inputs. W-Rain =

WaterWorld-derived total water budget. Dash (—) = no data.

Site Lat Elev MAT MAP DSP Cloud W-MAT W-Fog W-Rain
(Geology) Long (m) (€) (mm) (mm) (%) (€ (mm) (mm)
Chorro A 8.749 1,100 17.7 5,507 351 9.6 18.7 129 3,015
(Rhyolite) -82.229 +247 =53

Chorro B 8.749 1,240 — — — 95.6 18.6 207 3,197
(Rhyolite) -82.232

Honda A 8.751 1,155 18.2 6,255 381 96.6 18.5 135 2,897
(Rhyolite) -82.239 +962 =51

Honda B 8.756 1,240 17.9 6,159 332 96.6 18.5 206 3,035
(Rhyolite) -82.243 617 +34

Samudio 8.731 1,215 17.9 4,833 215 94.3 16.4 180 2,791
(Rhy/Mafic)* -82.248 +219 +30

Bonita 8.767 1,300 — — — 98.3 18.0 131 2,507
(Mafic) -82.215

Palo Seco 8.778 880 19.6 6,257 445 96.4 18.6 256 3,884
(Mafic) -82.198 +310 +33

Verrugosa A 8.778 970 — — — 95.5 18.7 268 3,616
(Mafic) -82.180

Verrugosa B 8.777 850 — — — 95.3 18.7 324 3,733
(Mafic) -82.170

Pinola 8.754 1,135 18.5 4,964¢ 159¢ 91 18.4 117 2,790
(Basalt) -82.259 +863 +27

Hornito A 8.674 1,330 17.2 5,164 203 87.5 18.4 274 3,775
(Dacite) -82.214 +232 +28

Alto Frio 8.654 1,100 — 4,641¢ 94¢ 83.8 18.6 268 3,464
(Undiff.)> -82.215 +623 +27

Zorro A 8.760 1,249 — — — 95.7 18.6 180 2,897
(Grano.)¢ -82.262

Arauiz¢ 8.722 1,218 — 4,445 186 94.5 17.1 238 2,725
(-) -82.237 427 +28

* Rhyolite to mafic-volcanic transition.
b Undifferentiated volcanics.

¢ Granodiorite.

4 STRI Jorge Aratiz field station.

¢ Data available only from 2013-14.
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FIGURE 1.2. (Top) Mean monthly maximum and minimum temperatures by month from 1997-2018.
Error bars are 95% confidence intervals. (Bottom) Annual mean maximum and mean minimum tem-
peratures by year. All data from the Smithsonian Environmental Science Program, STRI Jorge Aratiz
field station, Fortuna Forest Reserve.




Long-term mean annual rainfall at the Jorge Araudz field
station (1997-2018) is 4,984 mm, SD %233 mm. However,
rainfall is variable interannually (range 2,812-7,728 mm yr!;
Figure 1.3a) and shows seasonality, although average monthly
rainfall in the dry season (January-April) is never <100 mm
(Figure 1.3b). Rainfall patterns also vary markedly across per-
manent forest plot sites only a few kilometers apart. Data col-
lected every 2 weeks from 2007 through 2009 and 2011 through
2014 at nine forest plots show that forest on the Caribbean slope
(Palo Seco plot) is essentially aseasonal, while the Alto Frio site
is as strongly seasonal as sites in the Pacific lowlands (Prada
et al., 2017, table 1, appendix S3). Consequently, forest on the
northern side of Fortuna lake and on the Caribbean slope of the
Palo Seco reserve experience little or no seasonal moisture defi-
cit, whereas those on the southern side of the reserve and on the
Pacific slope have one or two months per year with <100 mm of
rain (see also Cavelier et al., 1996).

Variation among sites in rainfall seasonality is also reflected
in cloud cover patterns. The probability of midday cloud cover
for each permanent plot and the Jorge Arauz field station was
extracted from an archive of ~1 km resolution cloud cover data
(which includes atmospheric and ground-level fog) compiled
from 15 years (2000-2014) of daily Moderate Resolution Imag-
ing Spectroradiometer (MODIS) Terra and Aqua satellite obser-
vations (Wilson and Jetz, 2016). The resulting dataset provides
a monthly time series of mean midday cloud cover (proportion
of days each month with a positive cloud cover assignment).
The MODIS dataset indicates that Fortuna includes some of the
cloudiest locations on Earth, with annual mean percent cloud
cover >95% for 9 out of 14 sites (Table 1.1). In fact, the site at
Bonita experienced 100% midday cloud cover for March over
the 15 years. For most sites, cloud cover was remarkably invari-
ant across the year, with no evidence of decreased cloud cover
during the dry season (January—April), consistent with strong
northeasterly trade winds creating orographic cloud cover over
the reserve during periods when the intertropical convergence
zone lies to the south of Panama. Persistent year-round cloud
cover has important implications for gross primary production,
which can be light-limited in lowland forests in central Panama
during the cloudy wet season (Graham et al., 2003). A notable
exception to year-round cloud cover is the southern end of the
Fortuna reserve, where the Hornito plots experience reduced
dry season cloud cover despite being in the valley of the Rio
Hornito and therefore on the windward side of Cerro Chorcha.
Similarly, Alto Frio, which is on the leeward Pacific slope, experi-
ences sunny dry season conditions consistent with lower rainfall
(Table 1.1).

Given the high cloud cover, a missing component of the
Fortuna climatological dataset is the contribution of mist/fog
inputs to the forest water budget. MODIS data can provide
limited insight because satellite imagery does not indicate the
altitude of cloud cover. Ground measurements of fog mois-
ture inputs at gauges across the Continental Divide show that
fog inputs are highly heterogeneous (2%-60% of total water
inputs), with highest values on the Caribbean slope and lowest
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values on the Pacific slope (Cavelier et al., 1996). We used the
simulation model WaterWorld version 2.92 (Mulligan and Burke
2005; Mulligan 2010, 2013) to predict temperature, total water
inputs, and fog-derived moisture inputs for permanent plot sites
(Table 1.1). While the WaterWorld model was able to predict
mean annual temperature, it substantially underestimated the
total water budget by up to a factor of two. Predicted fog inputs
from WaterWorld (Table 1.1) matched observations from the
field, with higher input rates for plots on the Caribbean slope,
but model predictions for plots closer to the Fortuna dam may
have been affected by the presence of the lake.

SolLs

A detailed soils analysis has been completed for 13 perma-
nent 1 ha plots established in the Fortuna Forest Reserve, neigh-
boring Palo Seco Forest Reserve, and just south of Fortuna at
Alto Frio on the Pacific slope (Figure 1.1). A striking feature of
the sites is the highly heterogeneous soils and associated fertil-
ity, primarily reflecting variation in parent material. This edaphic
heterogeneity yields steep gradients in soil nitrogen (N) and
phosphorus (P) availability across the area (Table 1.2), which
appears to underlie much of the extraordinary plant diversity at
Fortuna (Andersen et al., 2010a; Prada et al., 2017; Andersen,
this volume; Viana and Dalling, this volume). The geology and
soils are described in detail elsewhere in this volume (Silva et al.,
this volume; Turner and Dalling, this volume).

FORTUNA BIOLOGICAL DIVERSITY
BOTANICAL INVENTORIES

Fortuna has long been recognized as a key site for botani-
cal research in Panama, with extensive collections made in the
1970s associated with the construction of the Fortuna dam
(Adames, 1977; Salazar Allen et al., this volume). A compila-
tion of vascular plant taxa (ferns, gymnosperms, and flowering
plants) found 1,880 species collection records for sites around
the Fortuna dam (McPherson et al., 2010), representing ~20%
of the vascular plant flora of Panama and comprising 137 fami-
lies of trees and shrubs. An additional 396 bryophytes, repre-
senting one-third of the Panama bryoflora, are reported from
Fortuna (Salazar Allen et al., this volume). By comparison,
tree censuses have recorded 439 taxa with diameter at breast
height (DBH) =5 c¢cm in 12 one-hectare permanent plots at For-
tuna (Prada et al., 2017), representing 73 families (Table 1.3,
appendix 1.1, https:/fortuna.life.illinois.edu/plants). The over-
lap in species composition between the McPherson and Prada
inventories is remarkably low: only 40% of the 320 woody taxa
identified to species in the plot inventory are reported on the
McPherson et al. (2010) list. Vascular plant diversity at Fortuna
may therefore greatly exceed 2,000 species. For example, the
McPherson et al. (2010) collection records report eight species of
Inga (Fabaceae) at Fortuna, yet 22 species have been tagged and
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TABLE 1.2. Summary of surface (0—10 cm depth) soil variables measured in 13 locations in 12 permanent forest plots in the For-
tuna and Palo Seco Forest Reserves. Values are means (1 SE). For more information on sample analysis, see Prada et al. (2017).

Bulk
Site density = Total N = Total P = Total C = Total ECEC =
(Geology) g cm™ pH mg cm™ pg cm™ mg cm™ N:P cmol_ L!
Chorro A 0.13 = 0.01 3.7+0.1 1.8 0.1 57.2+8.6 29.6 £2.2 26.9 = 3.0 1.8 0.1
(Rhyolite)
Chorro B 0.31 = 0.04 4.7+0.1 2.7:0.3 86.3 10 50.6 = 6.1 31.5+2.3 31=1.1
(Rhyolite)
Honda A 0.29 = 0.02 3.6 =0.05 2902 180.6 = 12 43.9+2 17.5+0.9 1.3+0.2
(Rhyolite)
Honda B 0.17 = 0.02 3.8:02 23202 127.7 = 18 40.9 = 4 16.1+1.9 1503
(Rhyolite)
Samudio 0.40 = 0.01 4.2 +0.2 3.6+0.2 270 = 10 51325 13.8 + 0.5 3.4+0.2
(Rhy/Mafic)
Bonita 0.34 = 0.04 4.5 +0.06 3.8+0.6 351 =57 47.6 +7.2 10.8 = 0.6 3.4+0.7
(Mafic)
Palo Seco 0.41 = 0.04 4.4:0.1 2202 369 =23 32.5+4.3 7.7+ 0.6 2.8:02
(Mafic)
Verrugosa A 0.42 = 0.01 4.6 £0.1 2.7+0.2 241 23 37.9£3.1 11.2 0.6 2.5+0.1
(Mafic)
Verrugosa B 0.40 = 0.03 5.1+0.04 22=+0.1 317 =35 28.7 1.7 8.0+2.6 1.8+0.1
(Mafic)
Pinola 0.50 = 0.02 54201 45201 617 = 20 542:1.6 7.5+0.3 8.5=0.1
(Basalt)
Hornito A 0.26 = 0.03 50202 2.8:0.1 280 = 20 350+ 1.6 10.4 = 0.6 74x1.1
(Dacite)
Alto Frio 0.66 = 0.02 5.6+0.1 47202 503 27 511223 9.6+0.4 114 £ 0.5
(Undiff.)

identified in permanent plots (appendix 1.1). Similarly, existing
inventories undoubtedly underestimate epiphyte diversity. For
example, McPherson et al. report 44 bromeliad species, whereas
Meisner and Zotz (2012) argue the actual number is closer to 80
species (see also Gomez Gonzélez et al., this volume). Compa-
rable patterns are likely for other epiphyte groups. Nonetheless,
the McPherson list indicates that Fortuna is a key center of diver-
sity for numerous taxa including orchids (224 species; Silvera
et al., this volume), Ericaceae (49 species), and understory palms
(31 species; Andersen, this volume).

Compositional data from the permanent plots in Fortuna
show that 7 to 10 families of woody plants contribute to about
half of species richness, number of individuals, and basal area.
The dominant families by abundance are Arecaceae, Chloran-
thaceae, Euphorbiaceae, Fabaceae, Lauraceae, Melastomata-
ceae, Meliaceae, Primulaceae, Rubiaceae, and Sapotaceae, which
together account for 57.4% of individuals (appendix 1.1). The
most species-rich families, Euphorbiaceae, Fabaceae, Lauraceae,

Moraceae, Myrtaceae, Melastomataceae, Meliaceae, Myrsina-
ceae, Malvaceae, and Rubiaceae, contribute 50.5% of species
in the plots. Finally, Arecaceae, Euphorbiaceae, Fabaceae, Juglan-
daceae, Lauraceae, Meliaceae, Rubiaceae, and Sapotaceae contrib-
ute 51.2% of the basal area.

DisTrRiBUTION OF FOREST COMPOSITION AND DIVERSITY

The 363 taxa identified at least to genus in the 12 permanent
plots (Prada et al., 2017) represent 73 families and account for
17,108 individuals (appendix 1.1). Of these taxa, 37% can be con-
sidered rare (<10 individuals recorded) and 44% as having small
population sizes or patchy distributions (recorded in no more
than two plots). Broadly, species distributions can be grouped
into rhyolite-associated species, mafic-volcanic-associated spe-
cies (classified as andesite in previous site descriptions (Prada
et al., 2017), and species associated with fertile soils developed
on basalt, dacite, and undifferentiated volcanics (Figure 1.4).
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TABLE 1.3. Structural and floristic data for 13 one-hectare forest plots in the Fortuna and Palo Seco Forest reserves. Modi-
fied from Prada et al. (2017) with additional unpublished data. Stem number, species counts (Spp), Fisher’s o (Div) are for
individuals 210 cm DBH. Height refers to mean canopy height (1 SE) for 7 trees >30 cm DBH measured in each plot. Total
plot basal area (BA), and percent of BA contributed by species that form ectomycorrhizal associations (EM), by palms, and

by potentially nitrogen-fixing taxa (N fixer). Dash (—) = no data.

Site BA Height Height EM Palm N fixer
(Geology) Stems Spp Div (m?) (m) (n) (% BA) (% BA) (% BA)
Chorro A 1,015 59 13.7 35.1 18.9 28 8.7 41.9 0.4
(Rhyolite) 0.8

Chorro B 1,143 53 11.5 40.4 — — 21.8 25.7 0.1
(Rhyolite)

Honda A 787 120 39.4 46.3 24.8 61 24.9 0.7 4.4
(Rhyolite) =0.8

Honda B 935 102 29.2 47.4 — — 46.1 0.3 4.2
(Rhyolite)

Samudio 754 103 32.3 35.6 24.9 25 1.8 1.6 10.8
(Rhy/Mafic) +1.1

Bonita 649 77 22.7 32.6 — — 0 0.2 10.1
(Mafic)

Palo Seco 617 145 59.7 32.5 22.9 45 3.9 4.5 16.0
(Mafic) =0.8

Verrugosa A 562 114 43.2 30.3 — — 2.4 3.5 6.9
(Mafic)

Verrugosa B 696 126 45.0 30.3 — — 1.8 4.3 5.9
(Mafic)

Pinola 784 80 22.3 43.6 — — 0.02 0.2 11.5
(Basalt)

Hornito A 647 89 28.0 50.3 23.3 31 3.8 0.05 0.3
(Dacite) +1.4

Alto Frio 964 75 19.0 42.4 20.8 28 7.4 0.04 13.7
(Undiff.) =0.9

Indicator species analysis (Table 1.4), implemented using the
package indicspecies in the program R, identified the taxa from
appendix 1.1 that were significantly associated with each of these
sets of parent material. This revealed considerable numbers of
mafic-volcanic specialist species (7 = 30) and a smaller number
of rhyolite-specialist species (7 = 11). However, separate analysis
of the Chorro and Honda watersheds (plots <500 m apart), which
have distinct low-fertility soils (Turner and Dalling, this volume),
resulted in almost completely nonoverlapping sets of specialist
species for these two watersheds (17 = 18 species). In contrast, few
taxa were associated with high-fertility sites, (7 = 5, Table 1.4).
We classified an additional group of 14 taxa with >100 individuals
in the census and that occur in eight or more plots as “generalists”
(Table 1.4).

Strong environmental filtering across Fortuna is also
reflected in plot-level tree diversity, which varies nearly threefold

across the plot network (53-145 species ha™' for individuals
>10 cm DBH, Table 1.3), with the lowest diversity on deep rhyo-
lite deposits in the Chorro watershed and the highest diversity on
mafic-volcanic-derived soils with low P and cation availability,
and low pH (Palo Seco: 145 species 210 cm DBH; Prada et al.,
2017). Peak diversity on mafic-volcanics may indicate constraints
on species occupancy by resource limitation at the low-fertility
sites combined with competitive exclusion on high-fertility sites
or perhaps a larger regional species pool associated with the
prevalence of mafic-volcanic soils across the Caribbean slope of
Panama. It is notable that local diversity at Palo Seco is exceeded
in Central America only at two sites further east in Panama,
both ever-wet locations on the Caribbean slope at slightly lower
elevation than Fortuna (Santa Rita ridge, 400 m asl, 152 species
[Pyke et al., 2001]; Nusagandi, 350 m asl, 191 species [Paredes,
unpublished data, cited in Leigh, 1999]).
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FIGURE 1.4. (Top) Principal components analysis
of 21 soil and climate variables (Prada et al., 2017)
measured at 12 one-hectare plots results in separa-
tion in environmental space of high-fertility plots,
mafic-volcanic plots, and rhyolitic plots. (Bottom)
Nonmetric multidimensional scaling ordination of
tree communities (appendix 1.1) from the same plots
shows strong separation of community composition
data according to the plot classification. Ellipses rep-
resent 1 standard deviation of plot scores relative to
the parent material group centroid.
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TABLE 1.4. Indicator species analysis for taxa >5 cm DBH in 11 one-hectare plots. Plots are
divided into three groups based on parent material: rhyolite plots (Chorro A and B, Honda
A and B), mafic-volcanic plots (Bonita, Palo Seco, and Verrugosa A and B), and high-fertility
plots (Pinola, Hornito, and Alto Frio). The Samudio plot, which has both rhyolitic and mafic
microsites, was excluded from the analysis. In addition, we identified specialist taxa that
occurred on the most infertile and deep rhyolite deposits (Chorro plots only) and on the shal-
low rhyolite deposits (Honda plots only). Specialists were determined using indicator taxon
analysis implemented using the package indicspecies in R with p < 0.05 (De Caceres and
Legendre, 2009) and are ordered by strength of association. Generalist taxa occurred in at
least eight plots, all three plot groups, and had more than 100 individuals. Generalist taxa are
ordered by abundance.

Rhyolite specialists Mafic-volcanic specialists High-fertility specialists

Palicourea roseofaucis Ruagea glabra Sorocea trophoides

Ocotea pullifolia Inga jinicuil Prunus brachybotrya

Cybianthus montanus Tetrorchidium euryphyllum Perebea spl

Weinmannia pinnata Guarea sp4 Guarea pterorhachis

Hedyosmum bonplandianum Conostegia rufescens Piper spl

Aniba cinnamomiflora Joosia umbellifera

Pouteria cuspidata Ardisia hagenii

Posoqueria latifolia Pouteria reticulata

Ocotea gomezii Platymiscium pinnatum Generalist taxa

Symphonia globulifera Cyathea eggersii Dendropanax arboreus

Cyathea rojasiana Palicourea spl Hyeronima oblonga
Matisia sp1 Guarea glabra

Chorro specialist taxa Cryosophila warscewiczii Cassipourea elliptica

Alzatea verticillata Iriartea deltoidea Eschweilera panamensis

Colpothrinax aphanopetala Magquira guianensis Alchornea glandulosa

Euterpe precatoria Socratea exorrhiza Viburnum costaricanum

Psychotria luxurians Inga allenii Micropholis melinoniana

Alsophila spl Guarea spS Talauma sp1

Tovomita weddelliana Myrtaceae sp6 Inga alba

Graffenrieda bella Drypetes brownii Inga marginata

Podocarpus oleifolius Matisia obliquifolia Garcinia marginata
Sloanea zuliaensis Tapirira guianensis

Honda specialist taxa Otoba novogranatensis Alsophila erinacea

Mollinedia cf. minutiflora Inga acrocephala

Clethra lanata Lauraceae sp4

Cecropia cf. garciae Annona spl

Ossaea cf. acuminata Sapium glandulosum

Inga exalata Henriettella tuberculosa

Meliosma allenii Conostegia micrantha

Alibertia garapatica Marila jefensis

Ticodendron incognitum
Richeria obovata

Plinia sp1




Forest COMPOSITIONAL ASSOCIATIONS AT FORTUNA

Here we describe the most notable compositional associations
at Fortuna (Plate 1.2): (1) communities associated with the palm
Colpothrinax aphanopetala, indicative of deep rhyolite deposits;
(2) communities associated with the ectomycorrhizal tree Oreo-
munnea mexicana (Juglandaceae), occurring on a variety of par-
ent materials (except mafic volcanics on the Caribbean slope); and
(3) communities associated with mafic-volcanic-derived soils.

Colpothrinax Forest

The genus Colpothrinax (Arecaceae) occurs in lowland and
wet premontane forests through southern and eastern Central
America and Cuba (Evans, 2001; Palmweb, 2019). In Panama,
populations of C. aphanopetala are found in premontane forests
(Evans, 2001; Correa et al., 2004) associated with highly infer-
tile soils (e.g., Cerro Jefe and Cerro Azul). Similarly, in Fortuna,
adults of C. aphanopetala are located in the Chorro A and B
plots, with a small number of juveniles in the Honda A plot
(Plate 1.3). More broadly, the distinct architecture of emergent
individuals of Colpothrinax provides a clear visual marker of
rhyolite outcrops on slopes north of the Fortuna lake and, to a
lesser extent, on the southern shore, sometimes in association
with stands of Vochysia guatemalensis (Plate 1.3).

Communities associated with Colpothrinax are low in
diversity compared to the other forest types described in this
section. The two Chorro plots harbor 53 and 59 species 210 cm
DBH, representing 41 tree families (Table 1.3). Canopy palms
are especially dominant in this forest, accounting for 33.1%
of stems at Chorro (C. aphanopetala, 6.5%; Euterpe preca-
toria, 17.1%; Wettinia quinaria, 9.5%). Similarly, only five
species contribute 54% of the basal area of the two plots
(C. aphanopetala, 21%; Hyeronima oblonga [Euphorbiaceae],
9%; Euterpe precatoria [Arecaceael, 9%; Graffenrieda bella
[Melastomataceae], 8 %; Podocarpus oleifolius [Podocarpaceae],
7%). Colpothrinax forest at Chorro is generally rather short in
stature compared to other forests at Fortuna (mean canopy height
18.9 m; Table 1.3), with Colpothrinax the dominant emergent
species (DBH = 36 cm; height = 25 m) as well as occasional
individuals of P. oleifolius (DBH,_ = 67 cm; height = 27 m).
Four additional species, H. oblonga (DBH,__ =49 cm; height =
26 m), Quercus spS (DBH_ = 57 cmj; height = 22 m), and
Pouteria cuspidata (Sapotaceae) (DBH, = 50 cm), also occur
as canopy emergents. In the upper canopy, three species rep-
resent 52% of the total basal area: E. precatoria, G. bella,
and Hedyosmum bonplandianum (Chloranthaceae), although
species such as Hyeronima oblonga, Clethra coloradensis
(Clethraceae), and Guatteria acrantha (Annonaceae) can occur
in this layer. In the lower canopy, there are juveniles of E. preca-
toria, W. quinaria (Arecaceae), and Hedyosmum bonplandia-
num, and adults of Psychotria luxurians (Rubiaceae) and
Cybianthus montanus (Primulaceae). The understory of this
forest is dense, with large numbers of trunkless Colpothrinax
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juveniles. Strangely, although the canopy is dominated by
palms, understory palm species are rare (Andersen, Turner, and
Dalling 2010). Instead, Colpothrinax forest contains a higher
density of tree ferns than do other forests at Fortuna, with the
abundant species Cyathea rojasiana restricted to the Chorro
watershed (Viana et al., 2020).

Oreomunnea Forest

The genus Oreomunnea (Juglandaceae, subfamily Engel-
hardioideae) has a Central America distribution (Mexico to
Panama), with a sister taxon, Engelbardia, distributed across
Southeast Asia. In Central America, Oreomunnea is restricted
to premontane and montane forests (Herrera et al., 2014). At
Fortuna and elsewhere in Panama, Costa Rica, and southern
Mexico, Oreomunnea mexicana can form extensive stands
spanning hundreds of hectares, occasionally achieving true
monodominance (>50% of stems and basal area; Corrales, Fer-
rer, et al., 2016; Alfonso-Corrado, 2017; Plate 1.3). At Fortuna,
O. mexicana accounts for up to 43% of stand basal area for
trees 210 cm DBH across the 12 one-hectare plots (Dalling et al.,
unpublished data). Notably, patches of O. mexicana in Fortuna
are distributed across the reserve on a variety of parent mate-
rials (Corrales, Ferrer, et al., 2016), including rhyolite-derived
soils characterized by low fertility and granodiorite-derived soils
of intermediate fertility, and on soils derived from dacite and
undifferentiated volcanics, characterized by relatively high fer-
tility (Turner and Dalling, Figure 3.1, this volume). In contrast,
O. mexicana appears to be rare or absent on mafic-volcanic-
derived soils.

Oreomunnea forests are rather consistent in species com-
position and structure, whether growing on low- or high-
fertility soils. This consistency might reflect plant-soil feedbacks
beneath Oreomunnea stands that reduce inorganic N availabil-
ity (Corrales, Mangan, et al., 2016). In the best-studied Oreo-
munnea stand at Fortuna (the Honda B plot), where the species
accounts for 43% of basal area and 28 % of stems =10 cm DBH,
diversity remains similar to the Honda A plot, where O. mexi-
cana is much less abundant (102 vs. 120 species, Table 1.3).
Common species associated with Oreomunnea include many
of the generalist taxa listed in Table 1.4: Hyeronima oblonga
(Phyllanthaceae), Pouteria cuspidata (Sapotaceae), Eschweilera
panamensis (Lecythidaceae), Guatteria acrantha (Annonaceae),
Inga exalata (Fabaceae), Talauma sp. (Magnoliaceae), and
Micropholis melinoniana (Sapotaceae).

Oreomunnea mexicana dominates the canopy layer of the for-
ests in which it occurs, with emergent individuals reaching 100 cm
DBH and 36 m in height occurring alongside the generalist taxa
mentioned previously (notably Eschweilera and Micropholis). The
largest trees in these forests include Quercus insignis (Fagaceae)
(DBH__ = 124 cm, height = 43 m), M. melinoniana (DBH___ =
92 cm, height = 34 m), H. oblonga (DBH___ = 83 cm, height =
26 m), and Quercus cf. salicifolia (DBH___ = 81 cm). Common
trees in the canopy/subcanopy layer include Posoqueria latifolia
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(Rubiaceae), E. panamensis, Cassipourea elliptica (Rhizopho-
raceae), Talauma sp. (Magnoliaceae), Dendropanax arboreus
(Araliaceae), I. exalata, G. acrantha and Viburnum costaricanum
(Adoxaceae). In the midstory, the most important species are
Ardisia sp2 (Primulaceae), juveniles of O. mexicana, Amaioua
pedicellata (Rubiaceae) and individuals of the tree fern Alsophila
cuspidata (Cyatheaceae). The understory of O. mexicana—domi-
nated stands is generally remarkably open, with low densities of
palms (Viana et al., 2020), abundant O. mexicana seedlings, the
climbing fern Salpichlaena volubilis, and the terrestrial fern Lind-
saea (Viana and Dalling, this volume).

Forests on Mafic-Volcanic-Derived Soils

These forests are associated with mafic-volcanic parental
material generating soils with relatively high bulk density and
clay content and intermediate fertility (Turner and Dalling,
table 3.2, this volume). The parent material at these sites was
previously classified as andesite on the basis of coarse fragments
in profile pits, but here we use the term undifferentiated mafic-
volcanics to reflect the difficulty in resolving the small-scale
variation in lithology underlying these strongly weathered soils
(Silva et al., this volume). Unlike the soils that derive from rhyo-
lite, the soils on the mafic-volcanics lack a strongly developed
organic horizon. At Fortuna, mafic-volcanics occur along the
Caribbean slope in the Palo Seco reserve and in the valley of the
Rio Chiriqui north and east of the Fortuna lake. Mafic-volcanics
are represented by four permanent plots: Bonita, Palo Seco, and
Verrugosa A and B (Figure 1.1; Plate 1.2). The indicator species
analysis revealed that a large number of species (7 = 30) are spe-
cialists to these forests (Table 1.4), in part reflecting the high spe-
cies richness of mafic-volcanic forests (77-145 spp. 210 cm ha™!,
Table 1.3).

Mafic-volcanic forests also harbor the highest tree species
diversity (Fisher’s alpha = 24.5 to 59.6) with 292 species dis-
tributed in 62 families. In contrast to the previous forest types,
no single species dominates the tree community. Instead, 29
species account for half of the basal area. The top 10 species
are Alchornea glandulosa (Euphorbiaceae), Pouteria reticulata
(Sapotaceae), H. oblonga, E. panamensis, 1. alba (Fabaceae),
Wercklea insignis (Malvaceae), Mortoniodendron anisophyl-
lum (Malvaceae), Tetrorchidium euryphyllum (Euphorbiaceae),
and Dendropanax gonatopodus (Araliaceae). The most impor-
tant families are Euphorbiaceae, Fabaceae, Malvaceae, Melia-
ceae, Sapotaceae, Araliaceae, and Rubiaceae, which collectively
account for 52% of the total basal area.

In the canopy layer, the abundant trees are A. glandulosa,
Conostegia rufescens (Melastomataceae), P. reticulata, 1. alba,
Iriartea deltoidei (Arecaceae), H. oblonga, T. euryphyllum,
W. insignis, and M. anisophyllum. The largest trees in the plots are
Apeiba membranacea (Malvaceae) (DBH___ = 1.1 m), Vochysia
guatemalensis (Malvaceae) (DBH = 98 cm, height = 36 m),
= 95 cm), Ocotea
=86.1 cm), and Naucleopsis naga

Platymiscium pinnatum (Fabaceae) (DBH
mollifolia (Lauraceae) (DBH

max

max

(Moraceae) (DBH __ = 83.4 cm, height = 31 m). The 10 most
important species in the midstory layer are C. rufescens, A. glan-
dulosa, Croton schiedeanus (Euphorbiaceae), Calatola costari-
censis (Icacinaceae), P. reticulata, Ardisia hagenii (Primulaceae),
Ardisia sp1, and Maquira guianensis (Moraceae). In the midstory
and understory, there are abundant palms and tree ferns, espe-
cially Alsophila erinacea (Cyatheaceae). One other palm that also
occurs in the Colpothrinax forest is also common here: Wettinia
quinaria accounts for 11% of the total basal area. Two additional
palm species, Cryosophila warscewiczii and Socratea exorrhiza,
are common and restricted to mafic-volcanic forests. The tree
ferns A. erinacea, Cyathea multiflora, and Cyathea eggersii are
typical in this layer. Along with these species, juveniles of Cala-
tola costaricensis, Croton schiedeanus, and Joosia umbellifera
(Fabaceae) are common, while dense populations of species-rich
palm and fern assemblages can dominate the understory (Viana
and Dalling, 2020).

INFLUENCE OF SolL AND CLIMATE VARIABLES
ON SPECIES DISTRIBUTIONS

Strong distributional associations with parent material
point at the importance of soil variables in structuring tree com-
munities (Figure 1.4). Analysis of the environmental variables
(rainfall and soil parameters) measured in each of the 1 ha for-
est plot sites has also shown that plots mostly cluster according
to parent material (Figure 1.4a), with one principal components
analysis (PCA) axis separating the infertile rhyolite plots; inter-
mediate fertility mafic-volcanic plots; and high-fertility plots on
basalt, dacite, and undifferentiated volcanics. This first PCA
axis is associated with cation exchange capacity, total P, pH,
bulk density, and inorganic N availability (Prada et al., 2017,
fig. 1.4). Variation in fertility, however, is also correlated with
total and dry season rainfall, complicating the separation of
nutrient and moisture variables as factors influencing composi-
tion and diversity. One exception, however, is in the forests sur-
rounding the Fortuna dam. There, rainfall is high and relatively
uniform through the year (Tables 1.1 and 1.2). Despite this, the
Pinola plot shares only 64 out of 172 species found in plots in
the Honda watershed a few hundred meters away (Figure 1.4b).
These differences likely reflect the basalt-derived soils at Pinola
that have sixfold higher effective cation exchange capacity, two-
unit higher pH, and twofold higher total P than the rhyolite-
derived soils of the Honda watershed (Table 1.2).

The relative importance of individual soil nutrients on plant
performance and distribution is also difficult to assess, as many
soil chemical variables at Fortuna covary (Prada et al., 2017,
table 4). Initial work exploring the distribution of palm species
highlighted the role of N, cations and aluminum in structuring
community composition (Andersen, Turner, and Dalling, 2010),
corresponding to directional shifts in functional trait values,
including foliar N concentration across the Fortuna soils gra-
dient (Andersen et al., 2012; Andersen, this volume). Experi-
mental work, using both seedling transplant experiments and



N addition, also revealed indirect effects of N on plant perfor-
mance. While N addition increased foliar N concentration and
maximal photosynthetic rates, these potentially positive effects
were offset by higher herbivory rates that equalized plant per-
formance (Andersen, Corre, et al., 2010; Andersen et al., 2014;
Andersen, this volume).

More recent work, using plots that only partially overlap
with Andersen’s palm sites, has increasingly highlighted the
role of P in structuring plant communities at Fortuna. Across
12 one-hectare permanent plots, the abundance of palms and
herbaceous ferns decreases with increasing soil total N:P, reflect-
ing greater abundances in sites with relatively high P availability
(Viana et al., 2020; Viana and Dalling, this volume). For tree
species, Prada et al. (2017) also showed that N was not a sig-
nificant correlate of compositional variation in the tree commu-
nity across the soil gradient, reflecting either a weak influence of
N on plant performance or an inability to adequately character-
ize N availability in soil surveys using conventional extraction
procedures. In contrast, there was a strong effect of P availability
on compositional variation.

In summary, nutrient limitation by N, P, and potentially base
cations, notably potassium (Heineman et al., 2016), appears to
structure plant communities and determines plant performance
at Fortuna. We summarize evidence for N and P effects in the
next section.

NITROGEN EFFECTS ON PLANT PERFORMANCE
AND ECOsYSTEM PRODUCTIVITY

Ecosystem effects of N availability have been explored
extensively at Fortuna using a long-term N addition experiment
(NITROF) initiated in 2006. Over the last 13 years, urea has been
applied at a rate of 125 kg ha~! y~! to four 40 x 40 m plots (with
four paired control plots) in the Honda watershed containing
a mix of species forming arbuscular mycorrhizal (AM) or ecto-
mycorrhizal (ECM) associations (principally Oreomunnea mexi-
cana). Initial work conducted by Marife Corre and colleagues
from the University of Gottingen focused on how N addition
affects N cycling processes. They showed that N-addition plots
had two times higher nitrous oxide emissions, 15 times higher
nitrification rates, and higher nitrate leaching losses than control
plots. These high nitrification and emission rates were attributed
to the high rainfall and deep organic layer at Fortuna compared
to lowland forest where losses were smaller (Koehler et al.,
2009; Corre et al., 2010). Soil chemistry has been relatively
unaffected by prolonged N addition. A decade after applications
began, soil pH and resin-extractable phosphate concentrations
were unchanged, as were pool sizes of microbial carbon, N,
and P (Corrales et al., 2017). However, extractable nitrate and
ammonium concentrations increased, and enzyme activity in the
soil (phosphomonoesterase and phosphodiesterase, N-acetyl--
glucosaminidase, and B-xylanase) decreased, which was attrib-
uted to a reduction in abundance of ECM fungal taxa specialized
in organic N and P acquisition (Corrales et al., 2017).
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Nitrogen addition has also changed forest productivity.
Total litterfall has been consistently higher in the N-addition
plots over the last decade (Heineman et al., 2015). In contrast,
N addition increased growth rates only for AM trees, with the
largest effects for midsized trees (20-40 cm DBH). Furthermore,
annual growth rates have declined in N and control treatments
by up to 40% over the decade, with especially large declines
for ECM species (J. Dalling, unpublished data). Differential
responses of ECM versus AM species to N addition highlight the
potential for future increases in N deposition to restructure mon-
tane forests by favoring lower elevational AM-associated species
in ways that may be synergistic with climate warming. Further-
more, because ECM species tend to contribute more to above-
ground biomass and are associated with a pronounced organic
soil horizon, compositional shifts could also reduce ecosystem
carbon storage considerably.

Additional evidence for a key role of N cycling in structur-
ing Fortuna forests comes from studies of the ECM-associated
tree species Oreomunnea mexicana. At several sites across For-
tuna, Oreomunnea accounts for at least 30% of stand basal
area at sites with a variety of parent material including rhyolite
(Honda watershed), granodiorite (Zorro), dacite (Hornito) and
undifferentiated volcanics (Alto Frio). Oreomunnea associates
with diverse ECM fungal communities that differ in composi-
tion across the reserve (Corrales, Ferrer, et al., 2016), including
numerous new fungal taxa or new records for Panama (Corrales
and Ovrebo, this volume). A key feature of Oreomunnea stands
is the localized reduction in nitrate and ammonium availability
determined by in situ resin bags, which are up to three times
lower inside than outside Oreomunnea stands, and a negative
correlation across plots between Oreomunnea basal area and
nitrate availability (Corrales, Mangan, et al., 2016). It is hypoth-
esized that monodominance, or at least high local abundance, of
Oreomunnea is achieved by virtue of this species’ ECM association.
Ectomycorrhizas provide N to the host plant from organic sources,
compete with the saprophytes that mineralize organic material,
and consequently reduce production rates of inorganic forms of
N that AM-associated trees depend on (Corrales, Mangan, et al.,
2016). Greatly reduced foliar N concentration in seedlings of
Roupala montana transplanted into Oreomunnea stands rela-
tive to seedlings outside the stand provides additional evidence
that Oreomunnea decreases N availability for competing species
(Corrales, Mangan, et al., 2016).

To alleviate competition for N, plants can specialize in
uptake of specific chemical forms of N or exhibit flexibility
in uptake of different N forms. A series of "N tracer experi-
ments conducted at low N sites in Fortuna revealed flexibility in
N form uptake in seedlings of understory palms with contrasting
species distribution patterns (Andersen and Turner, 2013) and
coexisting species with contrasting root symbiont associations
(Andersen et al., 2017). Understory palm species from high-
nutrient sites had higher N uptake rates than species restricted
to low-nutrient sites, suggesting uptake rates were related to
plant demand. Despite overall plasticity in uptake of N from
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various chemical sources, seedlings of coexisting species differed
in recovery of N from nitrate and glycine sources. Nonethe-
less, most species and root symbiont types showed the highest
rates of N recovery from nitrate sources, suggesting stronger
competition for nitrate compared to other chemical forms of
N. Together, the *N tracer experiments suggest that strong com-
petition for N may be reduced by taking up alternative forms
of nitrogen and exploiting whichever N form is most available
in the rhizosphere. Furthermore, the importance of plasticity of
uptake from various N forms in tropical forests may be driven
by weak adaptation for specific N forms in ecosystems with high
rates of N turnover and limitation of other soil nutrients (Ander-
sen and Turner, 2013; Russo et al., 2013; Andersen et al., 2017).

PHOSPHORUS EFFECTS ON PLANT PERFORMANCE

In addition to correlations between compositional variation
in tree and fern communities and total soil P (Prada et al., 2017;
Viana et al., 2020; Viana and Dalling, this volume), species tissue
P concentrations are strongly correlated with soil P availability
across the Fortuna plot network. For understory palms trans-
planted into five sites, foliar P at Chorro was about half that of
more fertile sites (Palo Seco and Hornito) and was accompanied
by large shifts in biomass allocation belowground (Andersen et al.,
2014). In contrast, an earlier experiment manipulating N avail-
ability showed no biomass shift (Andersen, Corre, et al., 2010).

Similar patterns have been observed for leaf, wood, and
bark P concentrations in tree species (Heineman et al., 2016;
Jones et al., 2019). Wood P concentrations vary enormously
at Fortuna (19-300 pg g™!), and P is the wood nutrient most
sensitive to soil nutrient availability (Heineman et al., 2016).
In addition, differences in the concentration of P between the
outermost annulus of wood and inner wood layers suggest that
trees conserve P by retranslocating it as sapwood transitions to
heartwood. Trees growing on low-P soils at Fortuna also show
a greater reduction in their wood P concentration following
experimental defoliation compared with trees growing on high-P
soils, suggesting that wood P concentration reflects whole plant
P reserves (Heineman, 2016).

Species partitioning of a gradient of soil P availability may
also reflect among-species differences in P acquisition and use
strategies (Turner, 2008). In a first experimental test of whether
tree species differ in their ability to use different chemical forms
of P, Steidinger et al. (2015) grew seedlings of four Fortuna
tree species (Podocarpus oleifolius — AM conifer; Mollinedia
darienensis — AM angiosperm [Monimiaceael; Oreomunnea
mexicana—ECM angiosperm [Juglandaceae]; Roupala montana —
nonmycorrhizal angiosperm [Proteaceae] that forms cluster
roots when P availability is extremely low) in the greenhouse in
sand with one of four different P sources: inorganic phosphate
(sodium phosphate), phosphomonoester (glucose phosphate),

phosphodiester (RNA), and phytate (inositol hexakisphosphate).
While the AM and ECM tree species showed some differences in
enzymatic (esterase) activity, they had similar growth and foliar
P responses to the different P sources. In contrast, the nonmy-
corrhizal tree, Roupala montana, was the only species capable
of utilizing phytate, the most energetically costly form of P to
acquire. Interestingly, Roupala does not appear to be restricted
to P-poor soils at Fortuna; it is approximately equally abundant
on all five parent materials (appendix 1.1). However, Roupala is
a morphologically highly variable taxon. It reproduces as a small
treelet <1 cm DBH at Alto Frio, but reaches >60 cm DBH at Hor-
nito, Palo Seco, and Honda. In conclusion, like N, specialization
on particular P sources does not appear to play a critical role in
the partitioning of species distributions across the soil P gradient.

CONCLUSIONS

Fortuna provides exceptional opportunities for understand-
ing how species distributions are shaped by environmental fac-
tors, with steep gradients in climate and soil conditions resulting
in an almost complete turnover in species composition at sites
less than 15 km apart and at similar elevations (Prada et al.,
2017). Occupying both a climatic transition between lowland
forest and montane cloud forest, and between predominantly
P-limited lowland forest and N-limited montane forests (Tanner
et al., 1998; Ping et al., 2013; Fisher et al., 2013), long-term
monitoring plots at Fortuna will become increasingly valuable in
understanding how forest communities and biogeochemical pro-
cesses respond to climate change in one of the most biodiverse
areas of Central America. Integrating species edaphic require-
ments into environmental models will be critical to predicting
species’ future migration potential. While work at Fortuna has
begun to reveal the sensitivity of species to soil properties, addi-
tional experimental work is needed to determine the extent to
which plant communities either reflect or induce (via plant—soil
feedback) the soil conditions where they occur.

APPENDIX 1.1

Woody species >5 cm DBH present in 12 one-hectare forest
plots in the Fortuna Forest Reserve and adjacent upland areas
of the Palo Seco reserve (see Table 1.1 for full site names and
additional site information). Shading indicates parent mate-
rial (R/M = rhyolite-mafic-volcanic transition, Undif. = undif-
ferentiated volcanics). # = total number of individuals across
all plots. * indicates taxa recorded from the Missouri Botanic
Garden checklist for the Fortuna dam region (http://www.mobot
.org/MOBOT/fortuna/fortunaDropdown.aspx). Dash (—) = not
present.


mailto:http://www.mobot.org/MOBOT/fortuna/fortunaDropdown.aspx?subject=
mailto:http://www.mobot.org/MOBOT/fortuna/fortunaDropdown.aspx?subject=

15

NUMBER 112

(ponuruoy))

1¢ - - - 139 9 0T — - - - - - «DIPIOIIP DoIADIL]

/ — 1 — — 1 = — — 7 — — ¢ DIPVUIUNID DULOUODE)

87, — = — = = — — 6 01 — 9Ty €87 v14010224d 2daim

79 — — — ST /1 0¢ — — — — — — « H201ma2suvm pj1gdosoli)

142 — — — — — — — — — 1 66 1.1 «vIp12dounydv xvutigrodjon

L - 8 144 @ @ 0¢ €l L - @ - - « PUDILOSPOOM DILOpIDULDYT)

/ — — — — — / — — — — — — pupizwvus oukSoa1sy JBIOBIATY

6 _ _ 6¢ — — — c¢ — — — — 7 »Snpodopuos xvuvdoipuaq

/1 — — — — — — A — — — — — 1« S150qO18 xvuvdoipua(g

[4 - 1 1 — — — — — = = — — « St xpuvdoipuag

6C¢ LE 8% 9 A ¥ S IL [43 8% 1L - - «S1240q4p xvuvdoipua(q

g — — — 3 — — — — — — — — 1nypues-1742q[v XvupdospuaJ SBAIRI[EIY

/7 — € — IS 11 g — — — — — — 1ds vuvjuowavuiaqoy

IS — — — — — — — 6 — 9 — — « S2d1310] PuvIUOWIVUIIQD],

% — ¢/ — 7 1 + — — i — — 0T «11q2]14dp vijjoanvy seadeuLd0dy

/ L — — — — — — — — = = = 1ds prujjoy

/ — — — — = = — 9 — 1 — — « PUDIUDIUD]D] DILTIDNE)

cr — — — = = — — 01 — ¢ — — ppodogo1jop viiaripns)

6T ¥ — — 1 / IS — — — — — — stsuambrid viLa1pns)

peT 7 1 — — — — A — 9¢ ¢ 8¢S Vas DYIUDIOD DII2IIONE)

IS — €7 — — = — — — — — — — LHuoxvut sisqousa(J

¢ — — — — z 1 — — — — — — wmsomsns wnpiadoquily)

IS — — — 1 7 7 — — — — — — 1ds puouuy

[43 - ()8 [4 - © Il - 91 A €l L - «Mom31d puouny deadeuouuy

70T 91 © 1 1 € 1 61 ¥ 4 ¢ 1 ¢ » Stsuoupmd varudoy, 2BIIBIpIEIEUY

g — — — — — — — — — — / 1 pID]1212420 DIV 2B2IBAIZ]Y

/b1 — € ¥ — — — 1z 1 97 7 ITe W  WNUDILIDISOD WUNUINGIA 9BIIEBXOPY

8 — — — — S 1 — — — — d — ds vimvinvg

ce — = — — 7 — 1T — — — — 0T  STULOJ1gNL DINDINDS

0c — — - - - [4 6 - L L - £ «M211d 30 vinpiNnDg

¥ — 1 — - — — — ¢ — — — — pUDIUOUL *JO DINDANDS 9BIDRIPIULOY
u o)y CUIOH ejoul] I\ YIOA O euuog ‘nwe§ JUOH Y'UOH {oy) Vy-oyd 531224 Aprurey

‘Jipun  Aveq

eseq

OTUED[OA-DGRIA]

W/

oAy




SMITHSONIAN CONTRIBUTIONS TO BOTANY

16

I _ _ — — — — — — — 1 — — s1suaIng vig1a)0)
7 _ — — — — — — — — 7 — — SU2|020PNS VAY12])
€ — — — — — — I — 4 — — — gds aqaa)
w S — 0T — — T — T — T — 4 1ds vigzoD
LT — — — — - — - 1 © 4! - — pouv] viqis1)
6¢ — — — - — — — — — — 6€ — SISUDPPLO]0D DAYIA]D) JBIDBIYI[D
7 — — — — 1 1 — — — — — — vonajodLy viuvory
I — — — — 1 = = — — — — — prjof1v] vjjari
7 — — — - 7 — — — — — — — Sisua|pudIvns vjjojE| 9BIdBUR[BQOSAIYD)
W — — — 9 9 ST ¢ — 01 7 — — 1 SUIILLIDISOD UnSOKPaL]
8¢cs - - - - LT - - 991 Il 9 191 €S1 « wnupipup]duoq wnusolpar] SEIEIUEIONYD
6<1 gcT = — — — — — — — 1 — —  SISUDIIADISOD DIMIIMOUI7
97 97 — — = — — — — — — — — 1191 DLIQUWI N
8T — 1 — = — 05 — — — — — 1 sisuauajad vy
19 3 I — — — — — 4 /L ST 1T / « SHDIUDPII20 DID2ION])
1 — — — — 1 — — — — — — — DI1pU0I2L SHUIIADIN 9B2IBIISE[))
6 _ _ I 3 — — — — — — — — vsourds viwov[
1 — — . 1 — — — / — 1 — — pInpyd1]0p VIPILIV| JedOBILIE))
S — — — — = = = — S = = = 1ds pjrvy
€ — = — S €T ST = — = T — — stsuajol vjLwN
9 — — — — 1 [s — — — — — — DIVIS021N]d "} DIIDIN aeade[dydore)
6¢ — — — 91 7 a — — 6 — — — raSuUUPUD ] WNIOL]
¥ — — — 7 — 7 — — — — — — wniqo]s wniodg aeddRIISING
(44 - L - ¥ ST - 9 L @ 4, - - xjpo01sv] DIpIOD
I — — — — — — ¢ — — — — — ps0qo}3 vipLOD)
01 — I IS — — — — z — 7 — — 1 SISUDILADISOD DIL2LINOY sedoeurderog
L€ - = — T = = 0€ — = = 3 T vijofipissas pudaniqdusy
1 — — — — — I — — — — — — avpauuay vusojyduty
1 — — — — — 1 = — — — — — xQpo1g1vds 3o vusangdury seaoeruoudig
18 — <1 € — — — — i — 1 — — » wnuouo]ly uojjlydouvody 9BIIRIANSY
08 - — - (44 o1 01 - 9L € Y4 €91 6TC « DLDUID D119/
9¢ — — — / 7 /T — — — — — — D214410X2 P2IVII0§

u o))y CuIof eouly {IA VYWA OrJ euuog ‘nwe§ {UOH VY'UOH dgoyd Yy-oyd $a122dg Aprurey

Jpun  Aeq  Ieseq

JIUBI[OA-DGRIA!

W/

amjodyy




17

NUMBER 112

(ponuruoy))
01 o1 — — — — — — — — — — = snup1S1aqj1q 101047
Pl — = — ¥ — — — — — — — — v1j0J13D] PIULOYI]Y
pe /T — — — — — LT — — — — — SIpuv.L3 vauLoyo]y
§0¢ - - €C 9 L9 143 — [4) 8 4 — I « DSOIpUp|3 vauLoqd]y
¥y 7 — 7 — — — — — — — — — wvijofissanip vydpoy seaoerqroydnyg
w 1 1 9 1 — 1 7 9 ¥ 01 — — «wnjlgdorovu wnjdxorqilizy SBIDB[AXOIYIAIY
P — $T — — — — — — — — — — PIDUIUNID DILIISIDF] aeade[edoayifig
a — — — € / z — — — — — — SISUVINZ PIUDO]S
I — — — — 1 — — — — — — — pJusnpauL pauvojs
o€ — — . — = = IS 7 — 61 — — »H52U24q *JD PoUDO]S
I — — — = = — — — I — — — « DAdqupIaUL "} DIUDO]S
81 I = — = = I = I = ¥ 01 I v]duwv vouvols
S — S — — — — — — — — — — violfixagfop “jye vouvols seaoedieooae[g
7 — €7 — — — — — — — — — — auvjpixv wnviadovydiq seaoeferadeydiq
67 — — — = = = 6T — — — — — pUPIMO][as PILOSYII(]
61— — I I — — — — 4 — S - 7ds vaquvit
5% - T z = = S = 3 = = 61 I 1ds pagavi)
8L — — — L — I LS €1 — — — — vioffunus vaq1rAD
i — - — = ! = = - ¥ — IIT 1T 1549332 pagIvdD)
LLT - - 81 19 61 ¥ 96 LY ()8 ¥ — 81 va2vuLd P[I¢dos]y
00T - ¥ < s €l § ()8 6¢C Y4 A — — vawprdsna vjryqdosyy CLESLEL L)
0¥ — — — — — — 1 — T [S ST / pavuuld vruupuina
3 — = — — — — I — — — S — pUDISIQIDq *3O PIMUDUUII N aeadBIIOUNY)
8¢ - — - - L4 — — - — — €C LT « PUDI|2Ppam P00,
1 — — — — - 1 — — — — — — v1]0J1810] PIIULOAQ],
§¢ - — or € 8 or — ¥C — - — - « HIDOL? PIULOA0],
L6 - T — — — — L €1 (4 9 53 9T vi2finqoy8 vruoqduilg
601  — = 1 I €1 9 = € 43 (43 = I « DHOuSDUL DUV D)
€¢ 8¢ — — 1 ¥ — — — = = = = OUNAPDUL DIIIADE)
ve — — - L I T — € € T S 4! s wpnouvd ppuoaoisi(
€¢ - - 91 S I 9 @ - - @ — I s DHjofi130q24sd skuv)goosligqD) SBIITISN[D)
u o))y CUIOf eoul] WA VYBA OrJ enuog ‘nwe§ JUOH VY'UOH doyd V-oyd 521224y Aprureg

Jpun  AEQ

jeseg

JIUEd[OA-DgeIN

W/

amjodyy




SMITHSONIAN CONTRIBUTIONS TO BOTANY

18

IS _ — 7 — — — — — — — 1 4 sijiqou p3ujf
6 — — — — 6 = — — — — — — vuvijago1u v3uy
0TL +8 — €1 S — ¥ 8 - € 4 — I powsiou viu]
g 9/ — — / — — — — — — — — «21dsi3uo] v3uy
ST — & — — — — — ¥ 1 9 — — « S102] U
I — — — I = — — — — — — — vudp2012] v3U]
0¢ - — — € € €T T — — = = = jmorusl pSuf
ver — — € — I — I €€ £y €$ — — vivjpxa p3u
. — — — — b — — — — — — — violfisuap p3uj
01 — — — — - - — 6 — — 1 — v214pu) o p3uj
87 _ _ — b1 — il — — — — — — 14n0qivq p3uj
ve  — — — 61 8 L — — — — — — 1ua|w viu]
yel - - 8l 0L 1 @l ¥s 61 ¥ € - - vqpp v3u]
0T - — - @ I 1 — ! L 1 4 I DIDUIUNID DSUT
6 _ _ _ 7 7 IS — — — — — — vIpydaso.ov vuf
71 — — 71 — — — — — — — — — «0509q13 vutiqafag
11 11 — — — — — — — — — — — stsuanbriyd vurigilig
1 — — — 1 — — — — — — — — 1ds vissnq
7 _ — — 1 — 1 — — — — — — EENAQQEQQESS vissn(]
¢ — 1 — — — 7 — — — — — — DIUD|IDISNI DISSH(]
/ — 1 — 1 — — 7 4 1 — — — wpdavroi0gdos pqoloy)
1 — — — — — 1 — — — — — — pIU2IYI *J> qOloD)
I — — — = I — — — — — — — StuLIoUL DAPUY aeadRqR]
0L - = — w ¥ €1 8 (4 = — — I «n]jkqdlina wnipryoio41a]
IS — — — IS I 1 — — — — — — L wnsopnpups wnidog
9 — = — € € = = — = = = — nua|(p winidog
60¢ - A €C 9 €C € 6 () 1c 8l 1€l 8¢ «D8U0]qo vusuo [
7 — — — 1 — 1 — — — — — — SaP102ULOY2]D PULIUOIIKL]
€1 — = — = = €1 — - — — — — vvja piqioqdnyg
€8¢ - - - 91 18 6¢ - 88 - 6S - - « SHUDIPILYIS UOTOLY)
9 _ _ _ . IS 1 — — — — — — snpodAgovd uojoiy)
0z 7 — 7 7 — — — 11 ¢ — — — « 09D4P 10]047)
u o))y CuIof eouly {IA VYWA OrJ euuog ‘nwe§ {UOH VY'UOH goyd VYy-oyd 521224y Aprureg

Jpun  ALEQ

jesegq

JIUBI[OA-DGRIA!

W/

amjohyy




19

NUMBER 112

(pomupuon)
¢ ¢ — — — — — — — = = = = 1ds vipanugosirag
101 - - - - € - - [4 81 @l 9¢ () « DAOYruompuuL) QY
17 — — IS & © S — — 7 e — — SISUDI1ADISOD VINOLY aeddRINE
61 61 — — = = — — — — — — — sisuawvuvd vjigdisay
€€ — S 4 4 € S 8 9 I — I — vjpuioup vjiqdisay aed0RIUIL]
/1 — — — 1 1 1 — 01 ¥ — — — « DUDISIINUL DIUDZOT
€ 4 — — — — — — — — — — — wingp3a133y vuLd]SIOVT 9BIDBIBWAISIOL|
9ct I 7 — = — — = — $S¢ /L 7 — « DUDIIXIUL DOUUNULOIL()
e — 01 — = = — — 6 1 — €1 1T 1 SISUDILADISOD DOID]TY sedoepuelsSn(
60¢C - — - 9t 89 €€ ST & [4 1c 1 - « SISUIILDISOD D]OIDIDT) SEIIBULE]
/1 — € — Z — — — ¢ 4 / — — « SIUIISUL SN242N0)
6 — — — — — — — — — — — 6 125D2]247-114]a1NS SNILaN()
. ¥y — — — — — — — — — — — v4q8 snaiany
e — — — — — — — — 9 — — 9T «D1]0J1211DS *JD snoian()
ST 0z 7 — — = — — I 1 1 — — vijoj1oupy] ‘33 snaian() Jeadede]
P1 ¥l — — - = — — — — — — — Xo]duus vizzvmg
68 — — v/ — / / — — 1 — — — 1ds wmosnuio)g
o ¢ — — IS / 9 1 — — — — — wingpuurd wniostuukio] g
winijofrovuauly
1 — — — — — 1T — - — - — - O mniqo1a224iid
0t 0z — — — — — — — — — — — stsuaupupd visouLL()
I I — — — — — — — — — — — winups|pq uojAxoLLN
o1 01 — — — — = — — — — — — SNUDIPILYIS SNAAPI04IUOT
1 _ _ _ . — 1 — — - = — — snjjkqdviday 30 sndivo0ogouoT
ST _ T — — — 1 — ¥ ¥ — — IS L«pisnuaa v3uf
¢ _ — — 1 T — — — — — — — vadjijjaquin v3uy
1 — — — 1 — = — — — — — — vuvipnpqiyi vSuy
81 T — — — — — — — — — — — av44d1s DSUT
9 _ _ — — — 1 — — ¥ — — T «pwpund v3uf
1 — — 1 — 1 = = / 1 ¢ — — vadj1z12ad p3u|
I I — 01 — Z = 6 — — 1 — — « DUDIP2]SI20 DIUT
u o[y CUIOf eoul] U\ YA O euuog -‘nwe§ JUOH Y'UOH doy) Vy-oyd $2122d Apureg

Jpun  AEq

jeseqg

JIUEI[OA-DYEIN

W/

oAy




SMITHSONIAN CONTRIBUTIONS TO BOTANY

20

9 = — — 0 z €1 — - — — — - 1ds prstvpy
IS — — S / 9 1€ — — — 7 — — XK[p204¢20 vISUDIN
€1 — = — 8 I v = — — — — — v1jojinbiqo visvy
1 — — — — — 1 — — — — — — DIDIPX2 “J> DISUVIN
61 /1 7 — — — — — — — — — — $M2L0QAD SNISIAPAIIA
61 7 7 7 71 — I — — — — — — «Dmotpuaddp vaduivpy
b — _ — — i — = — — — — — pYIUDIIUL DIS[DYII0L)
7 — — — = Z — — — — — — — paovuviquiaus vqQ1ady 9BAIBA[RIN
s — — 6 7 9 6 ¥ <1 — 1 — — vjjlydoovw visogoung
1 — — — — — 1 — — — — — — LHakmp pisogoung araderySidiejn
6¢€1 - Il - - © € LT 9 9€ 44 8¢ cl « 1ds pumpiny eaoeIOUSEN
90¢C - 8 - ¥ §T € 1T 1€ 6L 4 8 91 stsudmupuvd viafamydsy 9BDEPIYILIT
9 - - 4 - © ¥ 9L I 4, € 1 9 1o1qm 21020
/ — € 1 = 7 1 — — — — — — 1ds vaz0o()
€1 — — — — — — — - [l ) ) © «1jofi]nd v23020
9¢ — 9 — — - 1 — / 9 91 — — p310]q0 P2702()
1T - — — ST — — — € — € — — vijoftjjout 123050
§7 — — — — I = ST I ¢ 7 — — » SUD[NSUL P2709()
1€ — — - — - Il Il 4 () 6 © ¥ 120108 021020
0¢ I @ 61 - - @ € - © — — 1 vaund.ind vipurpaN
pe 97 — — © I 1 — — — 1 — — 1« DIDUDAQULIUL DAPUDIIIN
v — — — — — — = — — — + — ps0qQ0]3 PAPUPIIIN
1 _ 7 — = 1 1 9 I 1 1 — — DS]29Xd VIDIIT]
¢ _ _ I — — — — — — — — — USUOPOJN2 PLIYIIT
) _ — — 1 - € — — — — — — pds avaovinvy
P1 €1 — — 1 — = — — — — — — ¢ds avaovinvT
I — 1 — — = — — — — ¥ 9 — DUDILMOLG DLLDYIPUT
IS — — — — — ¥ = — — 1 — — 204U (L] WnmowpUUIY)
/ — 1 — — — — — — ¥ — — 7 ds wnwompunr)
¢ — — — — = — — — 1 1 — 1 « WNUDILIDISOD WNULOUDULLT)
wondaul]drvivd

¢ — 7 — — — = = — 1 7 — — JO wnmompuuIy)

u o)y CuIof eoul] {UA YIWA O eynuog -nwe§ JUOH VY'UOH doy) Vy-oyd $21224 Aprureg

‘Jipun  Aveq

jeseg

SIUEI[0A-DGEIA]

W/da

oAy




21

NUMBER 112

(panuzuo))
¢ — ¢ — — — — — — — — — — SPUOLIUDIGIS VI[IYIIL],
144 — — L — [ @ 8¢ € I < — — « PUDILADUL DITIIIA],
6 — — — — — = — — 1 S — ¢ « SISUDUDADY DI[IYILL],
18— — — 9 St 81 (4% - — — — - #D4qu]3 paSmy
€ — — — ot 0T 4 — - — — — - §ds vaurnd
€9 — — — 9 1 9 8 — 4 — — — pds voirny
6 — 7 — — — — — I 9 — — — ds vaivnr)
I — 6¢ . — = = — — — — — — S14ovg40421d vairn)
7T — o — — = 1 — — i — — 1 pupIgIUNy VIIPNL)
L9 - 4! — 9 € LT ¥ 6 ¥ o1 — T «D1Oftpupi8 paivng
LTS 01 69 T L T — 9§ Ly €L — — «04qV]8 va1rnD
1 — — — — = — 1 — — — — — p]01]0/1810] *}0 vaVNL)
9 J— 9 J— — f— —_ — —_ —_ —_ —_ —_ .N.NNSNQQDN QNN.«.GNU QBIDEIIIN
8T J— — J— f— —_ — T 7 1 T1 —_ — IPUILUNID .WU pavss()
IS — — — Z — € — — — — — —  SUD2DIY] DILOIIAT
6 — I — — = — 9 I — 1 — — ¢ds pruoopy
ST ¥ — 11 — - — — — — — — — 7ds vruwoory
) — — — — - — — I 7 — ¢ T 1ds vruwoory
v — — — — — 1 7 I — — — — DIISSIP DILOIIIA]
b — — — Z 1 1 — — — — — — pSO[N240qN] v][211214UI L]
e — = — = = = = — 61 = 70T 10T «Dl[2q ppatua}fpro
134 (45 1€ - — — — — — — = — = 1ds pi3azsouor)
9¢1 — — — [ = ¥ 6 8 7 ¥ — — « SU2IS2 N4 V182750107
/S — — — 7© 7 7 — — — 1 — — pyupIO1UL D182]SOUOT)
1 — — — == = = — — — 1 — — «Dl1gdoiquio vruapyy 9B2IBIBUIOISE[IN
o€ — — — 6T — ¥ ¢ — I 1 — —  SIUSISUL DI]Y242 )\
7 — — — 7 — — — — — — — — 117709]03 WL JSOYILL],
1 — — — 1 — = — — — — — — S1]1598 VAIYOV ]
Ie — — 1 © i ¥y — 8 — 6 — — vo1vNby PUYID ]
wnjjlgdosiup
€L - 9 8 8¢ 1T cl 1 4 4 I — - UOIpUIPOIOMOW
u o))y CWIOH eoul] WA YIA O eluog ‘nwe§ UOH VY'UOH {'oy) Vy-oyd 521224 Apureg

Jpun  AEQ

jeseqg

JIUEI[OA-DYEIN

W/

oAy




SMITHSONIAN CONTRIBUTIONS TO BOTANY

22

i — I — — € v — |84 9 91 — 1ds g

87 — — — 1 [ 7 — — — — — 9ds avaovgily

ST 9 — — 7 / — — — — — — cds avaovply

. . — — — - — — — — — — suvi3pif saquuvi LN

cp — z — — — — 9 8 8T 9 1 sisuounivs v 4N

¥ _ z — — — — 7 — — — — 9ds puadnsg

8¢ _ 8¢ — — — — — — — — — cds vuadnyg

%4 381 — — — — — I I ¢ — — 115423815 Pruadns]

ST — / . — — — — — — ¥ — sisuauov|ps viuasnzy QBDRIIAN
¢ _ _ — — — - — — 7 — — 1ug250y v]OUA

01 _ — — ¥ i Z — — — — — sisuagpup.180aou Qo1

9/ _ _ 97 0z 1 1 z T 1 1T T wnuiadsiv)d "Jo wnaojqdoazsQ QBOBINISLIATA
1 — — — — = — — — 1 — — puvINnwI S1¢doL]

€9 /T 7 c¢ — — ¥ — / — — — «Sap1ogdoiz paso.iog

1% J— — J— — 1 T — —_ —_ T —_ Q&N\NN&SQ Da2040§

v — 7 — — — I = 11 — o1 — pLnds vipauopnas

I — — — 1 — = — — — — — DIDULLD DIUAS|NO ]

AN S1 9¢ = = = = I = = = 1ds vagasog

7 — 7 — — = = — — — — — sisuaupIng vaqaia

s — € (4 S 4 01 I ¥ — I S vivu s1sdoapnrN

6¢ _ — — ST ¢ 1T — — — — — L Stsuauping puambviy

I — — — I — — — — — — — 12NPpUOY SNIL]

I = = 7 e = I ¥ - = = = gds smorg

I _ 1 — — — — — — — — — «bsniiad snong

1 _ — — — — 1 — — — — — vpidisur snony

7 — — — 1 — 1 — — — — — ISUIUDING WNUISOLG JBIDBIOIN
c¢ — ST 1 — = / 4 6 1 — — SISUIUIVP DIPIULJJOIN

ST — — — — — — — — LT 1 — «DAOYmuILL *30 vIpaul]jON SBIDBIWIUOTA
(59 J— — —_ LT — 8T —_ —_ —_ —_ — « PUDIUUDULSSI] DSNIUITIIT\ QBIDESNIUNIN

e I 0€ — — — — = — — — — ua)p vuavqiad JeadewIadSTUI A
u o))y CWIOH eoul] (WA VYIA O eluog ‘nwe§ UOH VY'UOH {'oy) Vy-oyd 521224y Aprure g

Jpun  A0EQ

esegq

JTUBI[OA-DGRIA

W/a

oAy




23

NUMBER 112

(panuzpuo))
8L - - LS ) £, © @ € - < - - «DHjofijdwp sisaqwivg
/1 7 11 — 7 I 1 — — — — — — vuvgnd aursiCN
6 6 _ — — — — — — - — — — pa2V1402 2UISICIN
ST — - — — — — 1 —_ S ¢ €Tl €Tl « SnupIUOUL SNYIUDIQLD)
9% - - - I - S - 01 81 9 - 9 #H[opoMm DISIpAY
9 — = — = 3 € = — = = = = §ds vrsipry
4! — = — = = — 4! — — — — — yds visipay
vST  9C S — — — — — 6 L1 ¥ LT 9 ¢ds vrsipay
o1 01 — — — — — — — — — — — & Stsudupupd VISIpLy
06 — = — T LT 9T 0t — S = — = nuaSpy visipay
7 _ — — z — — — — — — — — SISUdUDING DISIPLY
¢ — — — 7 = 1 — — — — — — 1U0pLOS DISIPLY 2B2IB[NUILI]
S 8¢ — — Z 3 ¢ — — — — — — «DIPA0QO PG0]0I207)
¥ — — — © = 1 — — — — — — SISUd|jauIZuPUL PQO]0II0])
11 — = — 9 — (S — — — — — — «1uuad vqojors0y) BRI (OR |
1 — — — — — — — — 1 — S / 1« SM1]0J12]0 sndiv20po seddedied0pog
c¢ c¢ — — — — — — — = = = = Tds 4adig
/ — 1 9 — — — — — — — — — 1ds 1adig
6 — — — © v — — — — — — — wnnbiyqo 4adig
¥e — 01 — = = 4 €T T 13 S — 13 [pradut 4adid
I — — — — = 1 — — — — — — asuagIsvs "Jo 4adid seaoeradig
1S / © 7 © / i — I — ¢ — — s1suadpay viump ol J QBIDBTUWIBIDL]
%4 — _ — — i — — 7 9 I — — pIPA0QO DII2YITY
6€l 99 - S 8¢ © 8 — - - - — - « SHIQOU DLV IPSIDN sedorIUL[AY]
7 — = — = — — — — — T — — D217 DAOY1SSD ] 2BIIBIO[JISSEJ
¥y — — — 1 — ¢ — — — — — — SISU2U0J0D PUNN(y
I — — — — I — — — — — — — « SHaUILOL] DaIVAINQ)
143 €l — - — — — — — = = = 1T « SUIIN| PIIVINQ) 2B2DBUYD()
(AT — € 4 9 I — - — - — - 1ds vaoN
IS — — — 7 = 7 — I — — — — v1j0J11dwp aaN
IS — — — — [s — — — — — — — 1ds virdvnsy
$9 8s — — © — 1 7 — — — — — puvILPIS0I vUdUNL) 9B30RUISEINAN
u o)y CuIof eoul] {UA YIWA O eyuog -nwe§ JUOH Y'UOH doy) Vy-oyd $2122dy Aprurey

Jpun  AEq

jeseqg

STUEI[OA-OGRIA

W/

oAy




SMITHSONIAN CONTRIBUTIONS TO BOTANY

24

7 _ _ — — 1 1 — — — — — — 1ds avaovigny

¢ — € — — — — — — — — — — « WNSOULIO] UOAPUIPOLZLIQUISOY

01 — — — — — 6 - — I = = = vijofio1jvs vi3ajopucy

09 - - - A ) ¥ — €C ) 91 - - « SOPIOIIppng vHIIIpPUOY

st — — 142 [44 — €T — €1 I a — — 1ds prgogahsg

30T — 0¥ — — ¥ — / (<% 1 1T — —  Stsuauvuvd vrigo¢oLs g

1 — — — — — 1 — — — — — — L DUDISOLO D1IJOYILS ]

1€y - — - L] - 1 6 - - It ¥CC 6L1 « SUDLNXN] V1470¢2AS ]

0T — 7 — 7 1 ¢ © — [s b — — «DID]2 Sto%awm

1 I — — — = _— — — — — — — L vunbiigd vriogols

SIT - — - L © 1T - - 1L 1€ 19 8¢ «PHjofup] pLonbosoq

101 - - 11 LT () Se - 91 - 1T L - « SHULOJ1oNU DIOSPIUD ]

89  — — — ST 6€ g — — — — — — 1ds vainootrd

8 — — — — — — — o« 8T Iord 1T I »SIPNPJ0250.4 D2UNOIND ]

I 7 1 — — — — — —_ — — — — wvaindind vainodnyvJ

69 - - - ) £ 6€ 01 ) - € - - « DAaft1oquin pisoof

34 - — 8 4 I T I 3 T z — — « DAOYrdstd vpivyonD

WL — = 68— ! = = L8 9 6 — — vioyunu vaupivg

|i4" - - - 6 4 1 LE ) LT 6S - - vppnoLINY VISPID|

L0 — 17 33 17 L €1 — S — S — — 1ds prjowoqd

3 — — — = — — — — — — 8 — »DSouaa auoty7)

¥ J— % —_ —_ — —_ —_ —_ —_— —_— —_ - WNWQNRGQEGU uoyr)

1 — — — — — 1 — — — — — — « Stsuandvian vsqwg

L91 - - 4 §T 9¢ 8T © € Y4 6§ - £, «DI|[221p2d prowULy

ST — —_ 1 — — T —_ 6 L L — — % NQU.EQQNQKGW %ﬁ:m&.&f\ UN@UNHQSM

</ T = — — — — — I — 1 — 1 1 SISUIUNTLOJ *JD SnunL]

6¢ [44 L 4 — — — — ¥ 1 ¢ = = vh410qAyoVLq SnUNL] 9BIDBSOY

€ve 01 61 1 ) 8 91 - 19 09 LS - 9 «D213di2 vainodissv) aedaeroydoziyy

/T — - — S [s /1 — —_ — — — — 1umoiq sagadiicg Jeaoealluenng

L9 8 4" I © - 01 - ST 9 1T — - < DuDIUOUL DIpdnoy

01 — 1 — — — 1 — ¢ — s — — suajoaapns s1sqoun J 98202101
u o)y CuIOf eoul] U\ YA Ok enuog -‘nweg JUOH Y'UOH doy) Yy-oyd 521224y Aprureg

‘Jipun  AIde(

jeseq

OTUEI[OA-ORIA

W/

oAy




25

NUMBER 112

(panuspuo))

e — — €1 1 = 8T — — — — « D]021550] p142110

8L - @ - L — 8 61 8l AS €l appidsna vliagnod

144" - 6 ) — — [43 91 €€ L I vuptuoutjaut sijoyqdoisIy

9 9 — — — — — — — — — 212142 DADYIUDIN

I — — — — — — — — — — wnnsary wnjjlydosigr

7 — — — — — — — 1 — — wnup1quio]os wnjjlgdosfigr)

8¢ /S — — — — — — — — — wnauadiw wnjlydosligy seaoelodeg

9 9 — — — — - = = — — vjikqdvxay visyvy

cc _ — cc — — — — — — — nuuvuiaas viuvdnr)

17 b — — ¢ 0T — — — — — suadsani viuvdny)

ST — = — 0T € — — T — — vjofuv] viuvdny)

. — T — — — — I — — — sisuajpuiagpns viuvdnyy

(44" - L1 6 L 6 s c 91 0¢ 81 pasod vyirg

0L — — 79 / — — — — — — snuiadsoqisd snkgdogy seaoepuideg

/ — — — — — ¥ — 1 — — « DApUD310 vruisojLy

1T ¢ — — 9 = — — — — — pyIUDL0] > VUUSOILY

c¢ — — P 1 — 8T — — — — NUIPUL] UOLPUIPOYIUDAND] ]

of — i 1 I ¥ I — — — — vpunqiioy] via|assv

¢ — — — — — — — ¢ — — SISUDUDID] DIIDISDY)

/1 — — 9 — — / — e — — S143520]Ks v1IDISDY)

61 — 1 — 0 — — 7 ¢ — — DINSAD VIDISDT)

cc — — — — 9 6 7 91 — — D240QD DIIDISDY) ELRRLAI 1IN

7 _ — — — — 1 — 1 — — 1ds pusoyay

%Al — <1 67 © i — — 1 — 09 « SHDIUDPIII0 DUISOLIIN

¢ _ — — 7 = — — — — — 1SaUILQ DUISOLIIN

9T — — — — — ) 14 91 - I Hua||v pUsOIN STIITIqES

g g _ — — — — = — — — 1ds wnjlxoquvy

¢ ¢ — — — — — — — — — wnsoyngas wnjAxoquvzy

1 — — — — — 1 — — — — asuampuvd wnjAxoqauvy

9 9 — — — — — — — — — unpsouvjauw wnj{xoqiuvy

¢ ¢ — — — — — — — — — wnpuInID wnjAxoqupy

/6 — /6 — = — — — — — — asuajpuavnd vutsisoq]a 2BIIBINY
u  O))ly CUIOY ejoul] {gUOA YA ‘nweg JUUOH Y'UOH d'oy) Vy'oy) $2192dS Apureg

Jpun  AIwEQ

jeseq

STUEI[OA-OYIA]

W/

oAy




SMITHSONIAN CONTRIBUTIONS TO BOTANY

26

ST — — — — — — — — — ST — L S1suappupad suni(q QBIDBINUIA\
19 — — — 1T — — 0T z 8T — — sisuajpuaons visgo0A 9BIDBISAYI0A
b1 _ 3 — — — Z 1 7 — — — « WNIUdPDIODUL UN]AX2ADYII])
I — — — — 1 — — — — — — < Mquad wnjlxawgy)
97 97 — — — — — — — — — — vIPUIUNID DJIDI1]IDT) 9BIJBUIIIA
v — — ¢ 1 — — — — — — — 1010219 PUINOANO ]
IS — — — — 1 — — — ¥ — — v1]0J1s1190 Y1d04297)
9 — — — — — — — ¢ ¢ — — av12403 "}0 v1d04297)
¥ I 7 — — — — /1 ¢ — — 1 vrjojusndup vidoiray) 9BI0BINI()
I — 7 1 — — — 61 8 1T — —  WNIUS0OUL UOLPUIPOIL], 9BIDBIPUIPODL],
1 — — — — I — — — — — — sisudupupd snjqiqouaoys§
ST — 1 — I — ST — — — — 1 L ouvdtwp sisdouqdoq
1 — — — I — — ¥ S — — — ava.4107 “Jye sisdouqdvq 9BI0BIR[PWAY ],
cc 0T — — — — 6 — — — 1 1 « SHDIUaPI20 viidin] oeaoeside],
cp ot — — — — — — — — — — 0]j22u0w1] S020]dukg
1 — — — — — — — — 1 — — L Sisuawupupd "} s020]duilg seaoed0(dwidg
I — — — — 1 — — — — — — vaund viSuriagir EYER]A114 (1N
7T _ b — — — — . — ¥ — — « SISUDIJISDAQ SHINDILDS
LST - I 8¢ 9 (44 €C — [4 - - ST « DID[NIN24 D10
691 8§ $6 9 € S I — — — - - pupnin| viia1nog
8 — I 1 — 4 — — — — — — umoN\Qw “dss vipiouo]3 vriano g
/T — = 1 1 7 8 6 — [S — — « DIDAOUIO]S DLI2INO ]

u o)y CUIOH eoul] I\ YIWA Org eyuog -nweg UOH VY'UOH {oyd Vy-oyn $2192d§ Apureg

FpUn A

JTUEI[OA-DJBIA

W/

NoAYy




REFERENCES

Adames, A. ]. 1977. Evaluacion ambiental y efectos del Proyecto Hidroelec-
trico Fortuna: Informe final [Environmental assessment and effects of the
Fortuna Hydroelectric Project: Final report]. Panamd: Loterfa Nacional de
Beneficencia.

Alfonso-Corrado, C., F. Naranjo-Luna, R. Clark-Tapia, J. Campos, O. Rojas-Soto,
M. Luna-Krauletz, B. Bodenhorn, M. Gorgonio-Ramirez, and N. Pacheco-
Cruz. 2017. Effects of Environmental Changes on the Occurrence of Oreo-
munnea mexicana (Juglandaceae) in a Biodiversity Hotspot Cloud Forest.
Forests, 8:261. https://doi.org/10.3390/f8080261

Andersen, K. M. 2021. Palm Flora and Drivers of Distributions in Fortuna Forest
Reserve. In Fortuna Forest Reserve, Panama: Interacting Effects of Climate
and Soils on the Biota of a Wet Premontane Tropical Forest, ed. J. W. Dal-
ling and B. L. Turner, pp. 271-287. Smithsonian Contributions to Botany,
No. 112. Washington, D.C.: Smithsonian Institution Scholarly Press.

Andersen, K. M., M. D. Corre, B. L. Turner, and J. W. Dalling. 2010. Plant-Soil
Associations in Lower Montane Tropical Forest: Physiological Acclima-
tion and Herbivore-Mediated Responses to Nitrogen Addition. Functional
Ecology, 24:1171-1180. https://doi.org/10.1111/;.1365-2435.2010.01731.x

Andersen, K. M., M.-]. Endara, B. L. Turner, and J. W. Dalling. 2012. Trait-Based
Community Assembly of Understory Palms along a Soil Nutrient Gradient
in a Lower Montane Tropical Forest. Oecologia, 168:519-531. https://doi
.org/10.1007/s00442-011-2112-z

Andersen, K. M., J. R. Mayor, and B. L. Turner. 2017. Plasticity in Nitrogen Uptake
Among Sympatric Species with Contrasting Nutrient Acquisition Strate-
gies in a Tropical Forest. Ecology, 98:1388-1398. https://doi.org/10.1002
lecy. 1793

Andersen, K. M., and B. L. Turner. 2013. Preferences or Plasticity in Nitrogen
Acquisition by Understory Palms in a Tropical Montane Forest? Journal of
Ecology, 101:819-825. https://doi.org/10.1111/1365-2745.12070

Andersen, K. M., B. L. Turner, and J. W. Dalling. 2010. Soil-Based Habitat Partition-
ing in Understorey Palms in Lower Montane Tropical Forests. Journal of Bio-
geography, 37:278-292. https://doi.org/10.1111/].1365-2699.2009.02192.x

Andersen, K. M., B. L. Turner, and J. W. Dalling. 2014. Seedling Performance
Trade-Offs Influencing Habitat Filtering Along a Soil Nutrient Gradient in a
Tropical Forest. Ecology, 95:3399-3413. https://doi.org/10.1890/13-1688.1

Cavelier, J., D. Solis, and M. A. Jaramillo. 1996. Fog Interception in Montane
Forest across the Central Cordillera of Panama. Journal of Tropical Ecology,
12:357-369. https://doi.org/10.1017/S026646740000955X

Corrales, A., A. H. Ferrer, A. E. Arnold, and J. W. Dalling. 2016. Variation in Ecto-
mycorrhizal Fungal Communities Associated with Oreomunnea mexicana
(Juglandaceae) in Tropical Montane Forests. Mycorrhiza, 26:1-16. https://
doi.org/10.1007/s00572-015-0641-8

Corrales, A., S. A. Mangan, B. L. Turner, and J. W. Dalling. 2016. An Ectomycorrhi-
zal Nitrogen Economy Facilitates Monodominance in a Neotropical Forest.
Ecology Letters, 19:383-392. https://doi.org/10.1111/ele.12570

Corrales, A., and C. L. Ovrebo. 2021. Fungi of the Fortuna Forest Reserve: Tax-
onomy and Ecology with Emphasis on Ectomycorrhizal Communities. In For-
tuna Forest Reserve, Panama: Interacting Effects of Climate and Soils on the
Biota of a Wet Premontane Tropical Forest, ed. J. W. Dalling and B. L. Turner,
pp. 137-153. Smithsonian Contributions to Botany, No. 112. Washington,
D.C.: Smithsonian Institution Scholarly Press.

Corrales, A., B. L. Turner, L. Tedersoo, S, Anslan, and J. W. Dalling. 2017. Nitro-
gen Addition Alters Ectomycorrhizal Fungal Communities and Soil Enzyme
Activities in a Tropical Montane Forest. Fungal Ecology, 27:14-23. https://
doi.org/10.1111/ele.12570

Corre, M. D., E. Veldkamp, J. Arnold, and S. J. Wright. 2010. Impact of Elevated
N Input on Soil N Cycling and Losses in Old-Growth Lowland and Mon-
tane Forests of Panama. Ecology, 91:1715-1729. https://doi.org/10.1890
/09-0274.1

Correa, A. M. D., C. Galdames, and M. S. De Stapf. 2004. Catdlogo de las plan-
tas vasculares de Panamd [Catalog of vascular plants of Panama]. Balboa,
Panama: Universidad de Panama.

De Caceres, M., and P. Legendre. 2009. Associations between Species and Groups
of Sites: Indices and Statistical Inference. Ecology, 90:3566-3574. https://doi
.org/10.1890/08-1823.1

Evans, R. J. 2001. Monograph of Colpothrinax. Palms, 45:177-195.

Fisher, J. B., Y. Malhi, I. C. Torres, D. B. Metcalfe, M. J. van de Weg, P. Meir,
J. E. Silva-Espejo, and W. H. Huasco. 2013. Nutrient Limitation in Rain-
forests and Cloud Forests Along a 3,000-m Elevation Gradient in the

NUMBER 112 o 27

PeruvianAndes. Oecologia,172:889-902. https://doi.org/10.1007/s00442-012
-2522-6

Gomez, D. C., G. Zotz, and M. Y. Bader. 2021. The Role of Epiphytes in Rainfall
Interception by a Lower Montane Tropical Forest in Panama. In Fortuna
Forest Reserve, Panama: Interacting Effects of Climate and Soils on the Biota
of a Wet Premontane Tropical Forest, ed. J. W. Dalling and B. L. Turner,
pp. 203-212. Smithsonian Contributions to Botany, No. 112. Washington,
D.C.: Smithsonian Institution Scholarly Press.

Graham, E. A,, S. S. Mulkey, K. Kitajima, N. G. Phillips, and S. J. Wright. 2003.
Cloud Cover Limits Net CO, Uptake and Growth of a Rainforest Tree dur-
ing Tropical Rainy Seasons. Proceedings of the National Academy of Sci-
ences of the United States of America, 100:572-576. https://doi.org/10.1073
/pnas.0133045100

Heineman, K. D. 2016. Variation in Tree Species Nutrient Allocation Strategies
along a Soil Fertility Gradient in Panama. PhD thesis, University of Illinois.

Heineman, K. D., P. Caballero, A. Morris, C. Velasquez, K. Serrano, N. Ramos,
J. Gonzalez, L. Mayorga, M. D. Corre, and J. W. Dalling. 2015. Variation
in Canopy Litterfall along a Precipitation and Soil Fertility Gradient in a
Panamanian Lower Montane Forest. Biotropica, 47:300-309. https://doi
.org/10.1111/btp.12214

Heineman, K. D., B. L. Turner, J. W. Dalling. 2016. Variation in Wood Nutri-
ents along a Tropical Soil Fertility Gradient. New Phytologist, 211:440-454.
https://doi.org/10.1111/nph.13904

Herrera, F, S. R. Manchester, R. Koll, and C. Jaramillo. 2014. Fruits of Oreo-
munnea (Juglandaceae) in the Early Miocene of Panama. In Paleobotany
and Biogeography: A Festschrift for Alan Grabam in His 80th Year, ed.
W. D. Stevens, O. M. Montiel, and P. H. Raven, pp. 124-133. Monographs in
Systematic Botany from the Missouri Botanical Garden, No. 128. St. Louis:
Missouri Botanical Garden Press.

Holdridge, L. R. 1967. Life Zone Ecology. San Jose, Costa Rica: Tropical Science
Center.

Instituto de Recursos Hidraulicos y Electrificacion (IRHE). 1975. The Fortuna
Hydroelectric Project: Updated Feasibility Report. Boston: Chas. T. Main
International.

Jones, J. M., K. D. Heineman, and J. W. Dalling. 2019. Soil and Species Effects
on Bark Nutrient Storage in a Premontane Tropical Forest. Plant Soil,
438:347-360. https://doi.org/10.1007/s11104-019-04026-9

Koehler, B., M. D. Corre, E. Veldkamp, H. Wullaert, and S. J. Wright. 2009. Imme-
diate and Long-Term Nitrogen Oxide Emissions from Tropical Forest Soils
Exposed to Elevated Nitrogen Input. Global Change Biology, 15:2049-2066.
https://doi.org/10.1111/1.1365-2486.2008.01826.x

Leigh, E. G. Jr. 1999. Tropical Forest Ecology: A View from Barro Colorado
Island. New York: Oxford University Press.

McPherson, G., M. Merello, and M. Fica. 2010. A Checklist of the Fortuna Dam
Region, Chiriqui/Bocas del Toro, Panama. http://www.mobot.org/MOBOT
/Research/fortuna.shtml (accessed 10 October 2019).

Meisner, K., and G. Zotz. 2012. Heteroblasty in Bromeliads: Its Frequency in a
Local Flora and the Timing of the Transition from atmospheric to Tank Form
in the Field. International Journal of Plant Sciences, 173:780~788. https://
doi.org/10.1086/666665

Mulligan, M. 2010. Modeling the Tropics-Wide Extent and Distribution of Cloud
Forest and Cloud Forest Loss, with Implications for Conservation Priority. In
Tropical Montane Cloud Forests: Science for Conservation and Management,
ed. L. A. Bruijnzeel, F. A. Scatena, and L. S. Hamilton, pp.16-38. Cambridge:
Cambridge University Press.

Mulligan, M. 2013. WaterWorld: A Self-Parameterising, Physically Based Model
for Application in Data-Poor but Problem-Rich Environments Globally.
Hydrology Research, 44:748-769. https://doi.org/10.2166/nh.2012.217

Mulligan, M., and S. M. Burke. 2005. FIESTA Fog Interception for the Enhance-
ment of Streamflow in Tropical Areas Final Technical Report for AMBIOTEK/
King’s College London contribution. DFID-FRP project R7991. Department
for International Development, London.

Palmweb. 2019. Palmweb: Palms of the World Online. www.palmweb.org
(accessed 10 October 2019).

Ping, C. L., G. J. Michaelson, C. A. Stiles, and G. Gonzalez. 2013. Soil Characteris-
tics, Carbon Stores, and Nutrient Distribution in Eight Forest Types along an
Elevational Gradient, Eastern Puerto Rico. In Ecological Gradient Analyses
in a Tropical Landscape, ed. G. Gonzilez, M. R. Willig, and R. B. Waide,
pp. 67-86. Ecological Bulletins, No. 54. Hoboken, N.J.: Wiley-Blackwell.

Prada, C. M., A. Morris, K. M. Andersen, B. L. Turner, P. Caballero, and J. W. Dalling.
2017. Soils and Rainfall Drive Landscape-Scale Changes in the Diversity and


https://doi.org/10.3390/f8080261
https://doi.org/10.1111/j.1365-2435.2010.01731.x
https://doi.org/10.1007/s00442-011-2112-z
https://doi.org/10.1007/s00442-011-2112-z
https://doi.org/10.1002/ecy.1793
https://doi.org/10.1002/ecy.1793
https://doi.org/10.1111/1365-2745.12070
https://doi.org/10.1111/j.1365-2699.2009.02192.x
https://doi.org/10.1890/13-1688.1
https://doi.org/10.1017/S026646740000955X
https://doi.org/10.1007/s00572-015-0641-8
https://doi.org/10.1007/s00572-015-0641-8
https://doi.org/10.1111/ele.12570
https://doi.org/10.1111/ele.12570
https://doi.org/10.1111/ele.12570
https://doi.org/10.1890/09-0274.1
https://doi.org/10.1890/09-0274.1
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1007/s00442-012-2522-6
https://doi.org/10.1007/s00442-012-2522-6
https://doi.org/10.1073/pnas.0133045100
https://doi.org/10.1073/pnas.0133045100
https://doi.org/10.1111/btp.12214
https://doi.org/10.1111/btp.12214
https://doi.org/10.1111/nph.13904
https://doi.org/10.1007/s11104-019-04026-9
https://doi.org/10.1111/j.1365-2486.2008.01826.x
http://www.mobot.org/MOBOT/Research/fortuna.shtml
http://www.mobot.org/MOBOT/Research/fortuna.shtml
https://doi.org/10.1086/666665
https://doi.org/10.1086/666665
https://doi.org/10.2166/nh.2012.217
http://www.palmweb.org

28 o SMITHSONIAN CONTRIBUTIONS TO BOTANY

Functional Composition of Tree Communities in Premontane Tropical Forest.
Journal of Vegetation Science, 28:859-870. https://doi.org/10.1111/jvs.12540

Pyke, C. R., R. Condit, S. Aguilar, and S. Lao. 2001. Floristic Composition along
a Climatic Gradient in a Neotropical Lowland Forest. Journal of Vegetation
Science, 12:553-566. https://doi.org/10.2307/3237007

Russo, S. E., A. Kochsiek, J. Olney, L. Thompson, A. E. Miller, and S. Tan. 2013.
Nitrogen Uptake Strategies of Edaphically Specialized Bornean Tree Species.
Plant Ecology, 214:1405-1416. https://doi.org/10.1007/s11258-013-0260-4

Salazar Allen, N., J. Gudifio L., D. Santamaria E., M. B. Johnston, C. Chung, C.
Arrocha, E. Rodriguez, and J. Sporle. 2021. The Bryophytes. In Fortuna For-
est Reserve, Panama: Interacting Effects of Climate and Soils on the Biota
of a Wet Premontane Tropical Forest, ed. J. W. Dalling and B. L. Turner,
pp. 155-202. Smithsonian Contributions to Botany, No. 112. Washington,
D.C.: Smithsonian Institution Scholarly Press.

Silva, C., D. Cérdenas, N. Pardo, L. Londofio, B. L. Turner, and C. Jaramillo.
2021. Geological Map of the Fortuna Forest Reserve. In Fortuna For-
est Reserve, Panama: Interacting Effects of Climate and Soils on the Biota
of a Wet Premontane Tropical Forest, ed. J. W. Dalling and B. L. Turner,
pp. 35-46. Smithsonian Contributions to Botany, No. 112. Washington,
D.C.: Smithsonian Institution Scholarly Press.

Silvera, K. S. 2021. The Orchids of Fortuna, Panama: A Checklist of Photosyn-
thetic Pathways, Growth Habitat, and Resource Acquisition. In Fortuna For-
est Reserve, Panama: Interacting Effects of Climate and Soils on the Biota
of a Wet Premontane Tropical Forest, ed. J. W. Dalling and B. L. Turner,
pp. 213-235. Smithsonian Contributions to Botany, No. 112, Washington,
D.C.: Smithsonian Institution Scholarly Press.

Steidinger, B. S., B. L. Turner, A. Corrales, and J. W. Dalling. 2015. Variability in
Potential to Exploit Different Soil Organic Phosphorus Compounds among

Tropical Montane Tree Species. Functional Ecology, 29:121-130. https://doi
.org/10.1111/1365-2435.12325

Tanner, E. V. J., P. A. Vitousek, and E. Cuevas. 1998. Experimental Investigation
of Nutrient Limitation of Forest Growth on Wet Tropical Mountains. Ecol-
ogy, 79:10-22. https://doi.org/10.1890/0012-9658(1998)079[0010:EIONL
0]2.0.C0;2

Turner, B. L. 2008. Resource Partitioning for Soil Phosphorus: A Hypothesis. Journal
of Ecology, 96:698-702. https://doi.org/10.1111/j.1365-2745.2008.01384.x

Turner, B. L., and J. W. Dalling. 2021. Soils of the Fortuna Forest Reserve. In
Fortuna Forest Reserve, Panama: Interacting Effects of Climate and Soils
on the Biota of a Wet Premontane Tropical Forest, ed. J. W. Dalling and
B. L. Turner, pp. 47-135. Smithsonian Contributions to Botany, No. 112.
Washington, D.C.: Smithsonian Institution Scholarly Press.

Viana, J. L., and J. W. Dalling. 2021. Diversity and Ecology of the Ferns in Fortuna.
In Fortuna Forest Reserve, Panama: Interacting Effects of Climate and Soils
on the Biota of a Wet Premontane Tropical Forest, ed. J. W. Dalling and B. L.
Turner, pp. 237-270. Smithsonian Contributions to Botany, No. 112. Wash-
ington, D.C.: Smithsonian Institution Scholarly Press.

Viana, J. L., B. L. Turner, and J. W. Dalling. 2020. Compositional Variation in
Understorey Fern and Palm Communities along a Soil Fertility and Rainfall
Gradient in a Lower Montane Tropical Forest. Journal of Vegetation Sci-
ence. Published ahead of print, 5 September 2020. https://doi.org/10.1111
/jvs. 12947

Wilson, A. M., and W. Jetz. 2016. Remotely Sensed High-Resolution Global Cloud
Dynamics for Predicting Ecosystem and Biodiversity Distributions. PLOS
Biology, 14:¢10024135. https://doi.org/10.1371/journal.pbio.1002415


https://doi.org/10.1111/jvs.12540
https://doi.org/10.2307/3237007
https://doi.org/10.1007/s11258-013-0260-4
https://doi.org/10.1111/1365-2435.12325
https://doi.org/10.1111/1365-2435.12325
https://doi.org/10.1890/0012-9658(1998)079[0010:EIONLO]2.0.CO;2
https://doi.org/10.1890/0012-9658(1998)079[0010:EIONLO]2.0.CO;2
https://doi.org/10.1111/j.1365-2745.2008.01384.x
https://doi.org/10.1111/jvs.12947
https://doi.org/10.1111/jvs.12947
https://doi.org/10.1371/journal.pbio.1002415

NUMBER 112

PLATE 1.1. (A) Smithsonian Tropical Research Institute Jorge Luis Arauz Field Station. (B) View southeast from
the Quijada del Diablo pass up the Rio Hornito Valley, with Cerro Pata de Macho the tallest peak on the left
and Cerro Hornito in the background on the right. (C) View eastward across Lake Fortuna from above the dam.
(D) View northeast toward the Continental Divide from the same location. The large flat area beneath the divide
is the Quebrada Honda watershed supporting monodominant Oreomunnea forest. (E) The Fortuna dam with the
Continental Divide in the background. (F) View westward below the dam toward Cerro Pinola in the foreground.
(G) Canopy of the emergent palm Colpothrinax aphanopetala, Quebrada Chorro watershed. (H) View north
from the Continental Divide down the Caribbean slope. (I) Locations where photographs A—H were taken.

(Continued)
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PLATE 1.1. (Continued)
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PLATE 1.2. (A) View of Alto Frio plot. (B) Hornito A plot. (C) Pinola plot. (D) Zorro A plot. (E) Honda B plot. (F) Chorro A plot. (G) Chorro

A soil pit showing rhyolite tuff. (H) Palo Seco plot. (I) Verrugosa B plot.
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PLATE 1.3. (A) Individual of Oreomunnea mexicana (Juglandaceae), Honda watershed. Note characteristic bark decortication. (B) Abundant
Oreomunnea seedling regeneration in a monodominant Oreomunnea stand, Honda B plot. (C) Understory palm Chamaedorea verecunda,
endemic to Fortuna, Honda watershed. (D) Juvenile individual of the emergent palm Colpothrinax aphanopetala (Arecaceae), Chorro water-
shed. (E) The conifer Podocarpus oleifolius (Podocarpaceae), restricted to Chorro and Honda watershed. (F) Characteristically nodulated roots
of Podocarpus harboring arbuscular mycorrhizal fungi are distributed on the soil of litter and ascend the trunks of neighboring trees at Chorro.
(G) Characteristic flat-topped crowns of Vochysia guatemalensis (Vochysiaceae) abundant along the margin of Lake Fortuna and in the Chorro
watershed. (H) Cycad, Zamia lindleyi (Zamiaceae) found in open wind-disturbed forest at Fortuna, Bonita watershed. (I) Nonmycorrhizal tree
Roupala montana (Proteaceae) reproductive in the understory, Alto Frio plot, Pacific slope. (J) Roupala montana (Proteaceae), a canopy tree on
windblown ridges, Palo Seco plot, Caribbean slope.
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ABSTRACT. The Fortuna Forest Reserve is characterized by marked geological variation, which
underpins differences in physical and chemical properties of soil and associated forest communities.
Here we present a new geologic map of the reserve based on field mapping and the petrographic
description of the main units outcropping in the area. The region is dominated by undifferentiated
basalts, diabases, and andesites dating from the formation of the Cordilleran arc 11 to 19 million
years ago in the Middle Miocene. Other prominent units include an extensive rhyolite/trachyte
deposit, a block of porphyritic dacite, and a granodiorite pluton that crops out extensively to the
west of the Fortuna lake. The map provides the foundation for future geological, pedological, and
biological research in the Fortuna Forest Reserve.

INTRODUCTION

The geology of the southern Caribbean is complex, being the product of at least three
colliding tectonic plates and their interactions since the Late Cretaceous (e.g., Mann and
Corrigan, 1990; Kolarsky et al., 1995; Mann and Kolarsky, 1995; Coates et al., 2004; Mon-
tes et al., 2012; Barat et al., 2014; Ledn et al., 2018; Montes et al., 2019). The landscape of
the Isthmus of Panama is derived primarily from the buildup of three magmatic arcs devel-
oped by subduction of plates under the trailing edge of the Caribbean Plate. The process
began during the Late Cretaceous and culminated with the ongoing collision of the Panama
microplate with the South American Plate (Montes et al., 2019). There are also multiple
accretions of Pacific-born seamounts that have produced some of the landscape features
along the Pacific coast of Panama, including the Azuero Peninsula and Coibita Island (Buchs
et al., 2011). An additional phase of Oligocene to Miocene adakitic-like intrusions is also
recognized, which were probably produced by extensional tectonics (Whattam et al., 2012;
Farris et al., 2011, 2017). The Neogene collision with the South American Plate deformed
the entire system, further complicating reconstruction of the regional geological history (e.g.,
Buchs et al., 2011; Wegner et al., 2011; Montes et al., 2012).

The Fortuna Forest Reserve has been the focus of extensive biological research in recent
decades. Plant diversity at Fortuna is influenced by soil composition, which is primarily
driven by geology (Dalling et al., this volume; Turner and Dalling, this volume). However,
little is known about the geology of Fortuna because of the lack of studies and the scarce
rock outcrops. At broad scale, Fortuna is part of the Cordilleran arc of western Panama.
This arc formed during the Miocene between 7 and 19 million years (Ma) ago during a
magmatic period that created discrete volcanic centers across the Cordillera de Panama. It
was followed by a younger magmatic period from about 6 Ma consisting of isolated volca-
nic centers of adakitic and alkalic composition (Abratis and Worner, 2001; Wegner et al.,
2011). Here, we present a new geologic map for the Fortuna Forest Reserve based on field
mapping and the petrographic description of the main units outcropping in the area.


http://jaramilloc@si.edu
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GEOLOGIC MAP

The map area is constrained by the Alto Frio forest dynam-
ics plot to the south and the Verrugosa and Palo Seco plots to
the north (8°38’30” — 8°49°0”N and 82°8’30” — 82°17'30"W;
Figure 2.1). The only published geologic map of the region is
the Mapa Geoldgico de Panama (Instituto Geografico Nacio-
nal Tommy Guardia, 1991), which indicates two lithological
units for Fortuna: the Virigua Formation (TM-CAvi — andes-
ites, basalts, and volcanoclastic sequences) and the Guayabito
Formation (TMPL-TAgy - granodiorites and monzonites). A
geological map of Cerro Chorcha, located a few kilometers to
the southeast of Fortuna, was developed to prospect copper por-
phyries (Folk, 2006). This map illustrates Miocene andesitic/
basaltic flows and pyroclastic sequences of the Cafiazas Group

az 14w
1

intruded by Miocene to Pliocene monzonite and granodiorite of
the Tabasara Group.

An unpublished report on Fortuna geology (Luque, n.d.)
describes andesitic and basaltic flows, pyroclastic rocks (tuffs
and agglomerates), and an intrusive granodiorite outcropping at
Pinola Hill that is interpreted as a batholith related to a caldera-
like system. However, the granodiorite should be considered as
a pluton, since the intrusion covers only a few kilometers (~5 km
long by 4 km wide). There is petrographic evidence of incipi-
ent contact metamorphism of the rocks surrounding the caldera
pluton that dates the lava flows and pyroclasts as older than
the intrusion. A bedding attitude of 10° to 15° dipping south-
ward was measured by Luque in the lava flows and multiple
faults trending northeast to southwest. Luque also describes the
Fortuna anticline — a major anticlinal structure that probably
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FIGURE 2.1. Geological map of the Fortuna Forest Reserve showing the location of 48 field control points (appendix 2.1) and soil pits associ-

ated with 14 permanent forest plots.




formed during the emplacement of the pluton, resulting in the
deformation of the surrounding beds.

We produced the geological map of Fortuna by describing
48 exposures along road cuts, creeks, and trails. We collected
32 hand specimens that were labeled using a Smithsonian Tropi-
cal Research Institute (STRI) database number (appendix 2.1)
and classified using the Streckeisen nomenclature for plutonic and
volcanic rocks (Streckeisen, 1976, 1979). Classification for pyro-
clastic rocks follows Fisher (1996) for the grain-size nomenclature
and Schmid (1991) for component attributes. The major geologi-
cal units were studied petrographically by analyzing six thin sec-
tions using a Nikon petrographic microscope. We identified the
composition of at least 362 points for each petrographic section
using Streckeisen (1976) for igneous rocks and Pettijohn (1975)
and Fisher (1966) for type and size of pyroclastic material. The
geologic map (Figure 2.1) was digitized in ArcGIS v. 10.1 (ESRI).

LITHOLOGICAL UNITS

We identified six major lithological units (Figure 2.1).

GABBRO

An intrusive mafic fine- to medium-grained gabbro was found
in only one exposure associated with basalt and diabase near the
Pinola plot. It contains holocrystalline, phaneritic, medium-grained
euhedral crystals of plagioclase (59% of total rock; Figure 2.2,
sample 41905); QAPF ratio: plagioclase 100%. Clinopyroxenes
and orthopyroxenes are the only primary mafic minerals (17% and
16%, respectively). The augite and plagioclase have poikilitic tex-
tures. An opaque mineral, probably magnetite, represents 5% of
the rock volume. Voids and fractures are filled by epidote (2% of
total volume) and zeolites (1% of total volume).

UNDIFFERENTIATED BASALT, DIABASE, AND ANDESITE

An extrusive mafic succession, exposing basaltic rocks of dif-
ferent textures, such as porphyritic basalt, amygdular basalt, and
diabase. Andesite is also present, but details on the contacts are
not exposed. Basaltic lavas are holocrystalline, porphyritic, and
fine grained, while plagioclase crystals are the only felsic min-
eral and the most abundant primary mineral (51% of total rock;
Figure 2.3, sample 41898); QAPF ratio: plagioclase 100%. Pyrox-
ene is the only mafic primary mineral (17% of total rock), but
it is mostly altered to hematite (21% of total rock). Hematite is
also present in the glassy groundmass as an alteration mineral
(Figure 2.3). Calcite and silica cements fill amygdules (6% and
5%, respectively) and a few vesicles are also present. Diabase sub-
volcanic bodies are holocrystalline, porphyritic, with plagioclase
observed as medium-grained subhedral crystals (27% of total
rock), and very fine-grained anhedral crystals within the micro-
crystalline groundmass (33% of total rock, sample 41907); QAPF
ratio: plagioclase 100%. Clinopyroxene (augite) is fine grained
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with subhedral crystals (4% of total rock) and very fine-grained
anhedral crystals within the groundmass (11% of total rock). Ran-
domly oriented plagioclase laths enclosed by clinopyroxene in the
groundmass show incipient ophitic texture (Figure 2.4). Magnetite
is also present in the matrix (12% of total rock), as are amygdules
filled by epidote (4%) and sparse silica cement (<1%; Figure 2.4).

LOWER PYROCLASTIC SUCCESSION

Pyroclastic rocks are commonly found in the study area in
exposures along creeks. These are pyroclastic breccias with abun-
dant block-sized fragments of basaltic lava and lithic-bearing
crystalline tuff (sample 41909). The ash matrix comprises glassy
and sparse crystalline (plagioclase) fragments (Figure 2.5).

QUARTZDIORITE/ GRANODIORITE

An igneous intrusive felsic granitoid is exposed in the
Zarceadero plot and its surroundings, and it is clearly cropping
out along the Chiriqui River and tributaries and along the road
to Casita de Piedra. It is holocrystalline, phaneritic, and medium
grained (sample 41892). Plagioclase is the most common min-
eral (63% of total rock; Figure 2.6), followed by quartz (16%
of total rock), as the primary and secondary mineral filling voids
and veins and surrounding plagioclase crystals; QAPF ratio: pla-
gioclase 88%, Qz 12%. Mafic minerals are seen as large euhe-
dral amphibole crystals (hornblende [?] — 10% of total rock;
Figure 2.6) and subhedral clinopyroxene crystals (augite [?] - 1%
of total rock). Opaque minerals, probably magnetite, represent
3% of the total rock. Alteration minerals such as epidote and
sericite replace amphiboles and plagioclases, respectively, and
represent 6% of total rock. Enclaves are rare (<1% of total rock).

DAcite

The Fortuna dacite has a porphyritic texture of centimeter-
sized phenocrysts of plagioclase > quartz > zeolites within a light
gray felsic matrix. It has been observed only in the Hornito plot
and its surroundings. It is exposed in several locations on the
ridge line above the Hornito plot.

UPPER PYROCLASTIC SUCCESSION

The upper pyroclastic succession forms an extensive area
around Fortuna Lake, notably at higher elevations in the Honda
and Chorro watersheds and above the Samudio plots to the west
of the dam wall. It outcrops conspicuously along the road to the
east of the dam, forming tall pink and white cliffs. The succession
is formed principally of porphyritic tuff, consisting of crystal frag-
ments in a vesicular glass groundmass (similar to pumice). Crystals
include quartz xenocrysts within a white cryptocrystalline felsic
groundmass. Glassy fragments are trachytic, hypocrystalline, and
porphyritic. The ash matrix and most of the glass components of
all sizes are devitrified (Figure 2.7, sample 41901). The only felsic
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FIGURE 2.2. Petrographic photography of gabbro (sample 41905); plane polarized light (ppl) to the left and cross-polarized light (xpl) to the
right. Coarse-grained holocrystalline plagioclase (Plag) (A-F), orthopyroxene (OPy) (A, B, E, F), and clinopyroxene (augite, Aug); (C, D) augite
and plagioclase show poikilitic texture (C and D); opaque minerals, probably magnetite (Mag) is also observed (A, B). Scale bar = 1.0 mm.
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FIGURE 2.3. Petrographic photography of basaltic lava (sample 41898); plane polarized light (ppl) to the left and cross-polarized light (xpl)
to the right. Plentiful subhedral to euhedral plagioclase crystals (Plag) (A-F); less common subhedral pyroxene (Py); (A, B) several minerals,
such as hematite (Hem) (A-F), and calcite (Ca) (C, D), and silica (Si) cements (A, B), resulted by alteration. Scale bar = 1.5 mm.
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FIGURE 2.4. Petrographic photography of diabase lava (sample 41907); plane polarized light (ppl) to the left and cross-polarized light
(xpl) to the right. Porphyritic basaltic lava with large plagioclase (Plag) euhedral crystals (A, B, E, F) and fine-grained plagioclase and
clinopyroxene (CPx) crystals (C, D) within the matrix. Ophitic texture (Ophi) is observed in the matrix (C, D). Amygdules are filled by
outer silica cement (Si) and epidote (Ep) rims (C-F). Scale bar = 1.0 mm. Volcanic glass (Gl) occurs as large grains (A-D).
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FIGURE 2.5. Petrographic photography of volcanic breccia (sample 41909); plane polarized light (ppl) to the left and cross-polarized light
(xpl) to the right. Pyroclastic rock with abundant lithic fragments (LF) of basaltic lavas and tuffs (A-D). Vitreous matrix (VM) with fine-
grained anhedral plagioclase crystals (Plag). (E-F) Scale bar = 1.0 mm.
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FIGURE 2.6. Petrographic photography of quartz (Qz) diorite (sample 41892); plane polarized light (ppl) to the left and cross-
polarized light (xpl) to the right. Abundant euhedral plagioclase crystals (Plag) (A-F); less common Qz (C-D); subhedral to anhedral
amphiboles (Am) (A-B), and opaque minerals (Op) (C-D); epidote (Ep) present as alteration of mafic minerals (A, B, E, F). Scale
bar = 1.0 mm.
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FIGURE 2.7. Petrographic photography of vitreous tuff (sample 41901); plane polarized light (ppl) to the left and cross-polarized light (xpl)
to the right. Devitrified hypocrystalline matrix (DvM) (A-F); quartz xenocrysts (Qz-xc) have reacted with the minerals in the matrix forming

a vitreous rim surrounding the xenocryst (A, B, E, F); calcite (Ca) completely replacing crystals, probably sanidine, and filling voids (C, D).
Scale bar = 0.5 mm.
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minerals are euhedral sanidine and orthoclase crystals, which are
primary and represent 5% of the total rock volume; QAPF ratio:
alkali feldspar 100%. The only mafic mineral in the rock is amphi-
bole, likely hornblende, which represents 5% of the rock volume.
Quartz occurs as subhedral, medium-grained xenocrysts that are
surrounded by a ring of vitreous alteration (7% of total rock;
Figure 2.7). This quartz is not considered in the QAPF classifica-
tion, since the mineral is secondary and is not part of the original
pyroclastic composition. Devitrified minerals (58% total rock)
and chalcedony (15% total rock) are the main constituents of the
matrix, while calcite cement fills the voids (10% of total rock).

BRIEF GEOLOGICAL HISTORY
OF THE MAPPED AREA

Most of the lithologies observed at Fortuna were produced
during the development of the Miocene Cordilleran arc, which
experienced its main period of activity between 11 and 19 Ma

ago (MacMillan et al., 2004) during the Middle Miocene Tala-
manca suite sensu stricto (De Boer et al., 1995). There is a sub-
sequent gap in the arc between 6 and 11 Ma ago (MacMillan
et al., 2004). The dacite and upper pyroclastic succession may
represent a younger volcanic event, with the tuff forming the
youngest explosive episode in Fortuna presumably linked to the
eruption of a nearby volcano. The rhyolite/trachyte is dated to
7 Ma (Wegner et al., 2007), so is unlikely to have originated
from the nearby Volcan Bart, approximately 30 km to the west
of Fortuna.
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APPENDIX 2.1
Control g ‘WGS584 coordinates (*)  Elevation s
|/ Pl
polnt Date Location N - (m) Description Samples hotos
1 12/2/15 Road to hydroelectric control 868474 -82.26186 267 Am?gdalanfial basalt. Plagioclase phenocrysts in a dark microcrystalline 41887 0775-0779
house basic matrix. Oz amygdules
2 12/2/15 Road to hydroelectric control 868656  -82.25296 1038 Amy'gdlaloldal bas‘?lt. Plag.loclasel phenocrysts and lithics fragments in a 41888 0780-0781, 0927
house dark microcrystalline basic matrix
3 12/2/15 Road to hyd;oelectric control 8.68874 -82.25552 177 Bas_alt. F'Ia_gicdase and pyroxene phenocrysts in a dark microcrystalline 41889 0786, 0787, 0790-0794
ouse basic matrix
Amygdaloidal Basalt. Plagioclase and pyroxene phenocrysts in a dark
4 1272715 ot h‘"’;:z':mc @Ol g 60004  -82.25601 1134 microcrystalline basic matrix, Oz amygdules; andesitic dikes cutting 41890 0795-0800, 0923-0924
trough basalt at sparse places of the outcrop; weathered
5 12/2/15 Road fron'! Guebr?da Secato 873234  -82.28726 701 EiszLr?nonmnte.fhenocﬂ_rsts_ of quartz fplagloclase + biotite and sparse 41891 0801-0810
Casita de Piedra horr T grain size, phaneritic texture
6 12/2/15 Chiriquf river tributary 8.74353 .82.28593 738 Qz/Granodiorite. Ehenocr:.rsts‘ of quartz f!:laglaclase + biotite and sparse 41892 0811, 0813-0815
hornblendes, r grain size, phaneritic texture
7 12/2/15 Trail from Casita de Piedra to 8.75385 -82.28102 1002 Qz/Granodiorite. thenocrystsl of quartz fPIag!ocIasz + biotite and sparse 41893 0817-0818, 0930
Fortuna dam hornblendes, med grain size, phaneritic texture
8 12/2/15 Road from Ch|r|_qun:|to to STRI 868693  -82.29096 502 Vol?a nic Brecaa, Basalt lithic fragments whitin a dark microcrystalline 41894 0820-0823, 0933-0934
station basic matrix
9 1215 ROPAMOMAUANOtOSTRI g caes 822144 1093 Basalt. Plagioclase phenocrysts in a dark microcrystalline basic matrix 41895  0825-0828,0936,0942
Road fr Chiriguicito to STRI
10 127215 O 864361 -82.21849 1143 Basalt. Plagiodase phenocrysts in a dark microcrystalline basic matrix 41896 0829, 0831,0945, 0950
fi
1 12315 Roxd ;:::"d:"'::r:am '® 879369 -82.19310 434  Basalt. Pyroxene phenocrysts in a dark microcrystalline basic matrix 41897 0836-0838
12 12/3/15 Road from Fortuna dam to 4.79002 8218716 497 Basalt. F'Ia.gmdase phenocrysts v_vf reddish brown microcrystalline matrix 41898 0840-0843
Bocas del Toro w/ hematite; common quartz veins
13 12/3/15 Cabello de Angel 2 creek 8.77839  -82.18869 718 Basalt. Pyroxene phenocrysts in a dark microcrystalline basic matrix 41899 0844-0846, 0954
14 12/3/15 Road from Fortuna dam to 877772 -82.19868 280 Baslall. Pyr?xene and plaguloclase phenocrysts in a dark microcrystalline 41900 0848-0850, 0958
Bocas del Toro basic matrix, sparse Qz veins
Road from Fortuna dam to Basalt. Plagioclase (?) phenocrysts highly altered to epidote/chlorite (?);
15 12/3/15 8.77988 -82.20804 985 " . . 0852-0861
/3 Bocas del Toro andesitic dike (20 cm wide); highly weathered "
16 12/3/15 Road from Fortuna dam to 875511 .82.21601 1012 Vitreous ash tt.!ﬂ.'cx + otthod‘ase + bIotIt'e * hcrn‘blende suhhe'dral . 41901 0863-0865
Bocas del Toro phenocrysts within a white microcrystalline matrix; sparse calcite veins
17 12/3/15 Road from Fortuna dam to 874689  -82.23498 1058 LaplII! tuff. uthlc‘fr:grnents and plagioclase phenocrysts (?) highly altered 41902 0871-0872, 0874, 0876
Bocas del Toro to epidote/chlorite (7)
Road from Fortuna dam to Qz/Granodiorite. Phenocrysts of quartz + plagioclase + biotite and sparse
754 -82.27 4 77-
8 12/3/15 Casita de Piedra 8.75425 82.27882 955 hornblendes, phaneritic texture, medium grain size, partially weathered 1903 0877-0850
Road from Fortuna dam to L |
19 12/3/15 Casita de Piedra 8.75911  -82.26936 950  Boulders of Qz diorite within a dark orange soil na 0882-0883
20 12/3/15 Road from Fartu_na dam to 875553 -82.25666 1128 VoIFa nic Breccia. Basalt lithic fragments whitin a dark micracrystalline 41904 0884-0888
Casita de Piedra basic matrix
fi . Medi in si h lagioclase,
21 12/3/15 Road from Fonu.na dam to 875298  -82.25524 1003 Gabbro. ‘ edium grain size pl elnocr\rsts of pyroxene and plagioclase, 41905 0890-0892, 0854
STRI station phaneritic texture, holocrystalline
Road from Fortuna dam to Basalt. Pyroxene and plagioclase phenocrysts in a dark microcrystalline 0895-0896, 0898-0899,
22 12/4/15 8.74001 -82.25090 981 41906
141 STRI station basic matrix. Good outcrop near the Fortuna Dam 0959
f n ——— It P lagiocl hi i
23 12/4/15 Road from Fortu'na dam to 873846  -82.24988 984 " | Basal t' yroxe and plagioclase phenocrysts in a dark 41907 0902-0904, 0969
STRI station microcrystalline basic matrix; Qz amygdules
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Control : 'WGS584 coordinates (*)  Elevation
Pl
point Date Location N - (m) Description Samples hotos
fi It. lagiocl. h i i i
2 12/4/15 Road from Fortu'na dam to 873088  -82.23801 1088 Bas:‘a t. Pyr:oxene and plagioclase phenocrysts in a dark microcrystalline 41908 0907-0910
STRI station basic matrix
25 12/ap15 "o :";l’;l:';':;:i::"’” ' g70543 8223345 1113  Basaltic lava, aphanitic texture, sparse Qz veins, slighitly wheatered na 0911-0912
R fr TRI i Volcani ia. It lithic fr. hiti i Il
2% 12/4/15 oad ar!15 s_tatlonbo 868348 -82.22588 1068 OFanlCBrECCIa Basalt lithic fragments whitin a dark microcrystalline 41909 0913-0917, 0971
police station basic matrix
27 12/4/15 Road frorp STRI s‘tatnon to 865233 -82.20901 1125 Bas?lt, Plaguodase and pyroxene phenocrysts in a dark microcrystalline 41910 0918-0919, 0973
police station basic matrix
28 1/18/17 Q. Pueblo Nuevo 8.65510 -82.21757 1021  Angular boulders (up to 3m) of dark grey volcanic rocks na na
Black porphyritic basalt, green anhedral epidote (?), dark red pyroxene 43883
29 1/18/17 Q. Pueblo Nuevo 8.65403  -82.21567 1031  altered to hematite; sparse calcite veins; plagioclase phenocrysts (?) 43884 FOROD1, FORD2
altered to epidote (?)
10 1/18/17 Pueblo Nuevo 865738  -82.21300 1209 Porplhyntuc basalt, black [natnx, white euhedral plagioclase, some twin na na
plagioclase altered to epidote (?), weathered outcrop
. i iti i lithic fi 3 |
31 1/18/17 Hornito plot 867403  -82.21714 1436 Coarsg grain p?rphwu: dacite ?"" red&gre\f ithic fragments, purple na na
aphanitic matrix w/ coarse plagioclase/zeolites (?) crystals
0 1/18/17 Hornito plot 867274  -82.21595 1538 hghf grey porphyritic dacite w/ h.lar.k&red angular lithic fragments,l white na na
plagioclase crystals; outcrop not in-place but not transported (eluvium)
33 1/18/17 Hornito plot 867584  -82.21342 1410 Colluvium of porl_ahyntlc dacite w/ euhedral plagioclase crystals within a na na
dark purple matrix
34 1/18/17 Q. 5 dio 8.73468  -B2.24533 1180  Volcanic breccia, very angular lithic frag from a few cm up to 1m long na na
15 1/18/17 Pinola station 875431 -82.26082 933 Bllack basalt, aphanitic text, mm crystals, fractured w/ calcite veins, mm 43885 na
displacement
k iti I hi | plagiocl I jall
36 1/18/17 Fortuna dam 874683 8224824 1062 DrkBrey porphyritic basalt w/ euhedral plagioclase crystals partially 43886 na
replaced by epidote (?)
37 1/19/17 Verrugosa plot 877384 .82.18543 786 Porp?yr[tlrr :::::L,pbrown matrix, white euhedral plagioclase; highly na na
18 1/18/17 Verrugosa plot 873430  -82.17950 213 ?:::,:T;hamtlc basalt w/ white silica amygdules, hematite replacing mafic 43887 FORO3
STAR OUTCROP - amygdular basalt, black aphanitic matrix, spare (~10%)
39 1/19/17 Q. Bonita 8.76558  -82.21422 na  dark grey pyroxene (?), white concentric silica amygdules w/ euhedral Gz~ 43888 FORO04, FOROS
crystals, and greenish white fresh am\_@dules filled w/ malachite
40 1/19/17 Q. Chorro 8.74450 -82.22310 na Black to greenish grey basalt w/ malachite ammdules; fractured na FOROB, FORD7
I f black I hi I fi i
M 1/20/17 Pinola plot 875545  -82.25701 na Boul dgrs.r.r b ac basalt along the creek, same as the boulders found in na na
the soil pit uphill
Light grey Qz diorite, coarse grained, covered by dark orange soil;
42 1/20/17 Zarceadero plot 8.76261 -82.26948 1356  phenocrystals of Qz, plagioclase, biotite and some hornblendes; na na
phaneritic texture, fium grain size
43 1/20/17 Q. Pincla ns ns ns Angular boulders {up to 2m) almost exclusively of basalt na na
H 7
44 1/20/17 Mirador Pinola 875245 8226391 1355 Dlackbasaltw/mm plagioclase crystals, hypabyssal (?), sparse black na FOROS, FOR09
amygdules (~10%), black aphanitic matrix, not in-place (eluvium)
45 1/20/17 Zarceadero plot ns ns ns Colluvium of phaneritic Oz diorite (same rock as 42) na na
TCROP - lapilli tuff Icanis i lar lithi
6 1/20/17 Pinola plot 875545  -82.25654 1201 GOOD QUTCRO [:'rark grey lapilli tuff to volcanic breccia, angular lithic na na
fragments, predominantly basalt
STAR OUTCROP - Reddish brown volcanic breccia w/f very angular lithic
47 1/20/17 Q. Honda 8.75036 -82.23870 na fragments of basalt>>others; mm white calcite crystals; 2 main 43889 FOR10, FOR11
dicular joints; i * bedding plane
48 1/20/17 Q. Honda 8.75186  -82.23906 ns__ Dark grey ash-tuff w/ mm lithic frag; relatively clear bedding plane 43890 FOR12
na - not available
ns - no signal (GPS)
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ABSTRACT. Soils vary markedly across the Fortuna Forest Reserve, particularly in terms of fertil-
ity. This variation is due primarily to differences in the parent material, which consists of extrusive
and intrusive igneous rocks including basalt, andesite, rhyolitic tuff, porphyritic dacite, and grano-
diorite. In the USDA soil taxonomy system of classification (Soil Survey Staff, 1999), most soils at
Fortuna are Andisols, Inceptisols, and Ultisols. One profile on rhyolite has developed into a Spodo-
sol. All soils have an isothermic temperature regime and a perudic moisture regime. Some soils have
aquic conditions, while several have andic properties, but soils are sufficiently weathered that few
qualify as Andisols. Volcanic glass is present in moderate amounts in only two profiles, both with
aquic conditions. In general, Fortuna soils are strongly to extremely acid and fine textured. Kaolin-
ite dominates the clay fraction, although small amounts of vermiculite are common and gibbsite is
abundant in some soils. There is marked variation in fertility, particularly for phosphorus and base
cations, ranging from extreme infertility in soils formed on rhyolite to relatively fertile soils formed
on basalt and undifferentiated mafic-volcanics. Soils at Fortuna also contain large amounts of or-
ganic carbon, reflected in the Humult suborder of the Ultisols at Honda, Pinola, and Hornito. The
strong edaphic variation has ecological significance because it explains regional vegetation patterns,
including in the palm, fern, and tree communities. Fortuna is therefore an important example of the
remarkable variation in soils at regional scale in neotropical mountains and how this variation influ-
ences plant communities in these threatened ecosystems.

INTRODUCTION

Soils form the basis of the ecosystem, providing the physical material in which plants
take root and the fertility that allows life to flourish. In the tropics, soil properties influ-
ence the ecology of plant and microbial taxa, determining where they occur and the rates
at which they grow and die. In lowland forests of Panama, for example, hundreds of tree
species are distributed according to moisture and nutrient availability (Engelbrecht et al.,
2007; Condit et al., 2013), while almost all species grow faster where soil phosphorus
concentrations are greater (Turner et al., 2018). Understanding the remarkable patterns of
diversity in tropical forests therefore depends on a comprehensive understanding of their
soils (Committee on Tropical Soils, 1972).

Despite their ecological significance, tropical forest soils remain poorly understood
in comparison with temperate forest soils. Most research on tropical soils has been con-
ducted in the context of tropical agriculture, with many undisturbed regions (which are
becoming increasingly scarce) receiving little attention. This is particularly true of soils
in the tropical mountains.

Soils are shaped by interactions between five key variables, known as state fac-
tors. These five variables are captured in the acronym CLORPT, representing climate,
organisms, relief, parent material, and time (Jenny, 1941). Each factor has an important
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influence on soil development, and soils are often examined along
gradients in which four of the five factors remain relatively con-
stant (e.g., soil chronosequences, which consist of a sequence of
soils differing only in the time since their formation; Stevens and
Walker, 1970; Vitousek, 2004).

At Fortuna, four of the five state factors are relatively
constant. Climate is warm and wet, slopes are generally steep,
undisturbed mature forest blankets the reserve, and soils have
been developing on old substrate without obvious evidence of
catastrophic change for several million years. The age of the
parent material does not always translate into pedogenic age or
weathering state; for example, small landslips appear common
in many areas and result in pedogenically young soils. How-
ever, given that climate and parent material are the predomi-
nant soil forming factors in the tropics (Young, 1976), it is little
surprise that variation in parent material is the predominant

82’1'7“' 82"1'8'\4\! 82"1'5“'

influence on the chemical and physical properties of soils in the
Fortuna region.

This chapter describes the soils in a network of permanent
vegetation plots that span the range of geological variation at
Fortuna (Figure 3.1). We present descriptions, classifications,
and data on the physical, chemical, and mineralogical proper-
ties of the soils. The research was conducted in support of our
efforts to understand patterns of vegetation in the reserve and
is not therefore a conventional soil survey. However, the close
relationship between soils and their parent materials means
that landscape-level patterns can be identified on the basis of
the geological survey map (Figure 3.1; Silva et al., this volume).
The findings show that the Fortuna Forest Reserve provides a
clear example of the remarkable soil variation that can occur at
regional scale in the tropics, particularly on mountains, and how
this variation can influence associated plant communities.
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FIGURE 3.1. Map of the Fortuna Forest Reserve showing the locations of the soil profiles and the underlying topography and geology

(Silva et al., this volume).




SOIL FORMING FACTORS AT FORTUNA
CLIMATE

The climate is described in detail elsewhere in this volume
(Dalling et al.). Fortuna is classed as tropical rainforest (Af) in
the Koppen-Geiger climate classification scheme (Koppen, 1884;
Beck et al., 2018). There is considerable variation in rainfall
across the continental divide, with multiyear averages at for-
est census plots ranging between 4,500 and 6,300 mm per year
(Table 3.1). This annual rainfall far exceeds the water demand
of the forest, yielding abundant excess water to promote weath-
ering, leaching, and erosion. The highest rainfall occurs in the
Honda watershed at about 1,200 m above sea level (asl) and on
the Caribbean slopes of the Palo Seco Protected Forest at about
900 m asl. Less rain falls between January and April, but almost
all sites still receive an average of more than 100 mm per month
during this period (Table 3.1). The exception is the plot at Alto
Frio on the drier Pacific slope, which receives 94 =+ 27 mm. Based
on the rainfall distribution, and assuming that evapotranspiration
in montane forests is about 100 mm per month (Leigh, 1999), we
estimate that the mean monthly rainfall exceeds evapotranspira-
tion in all months. The soil moisture regime in the soil taxonomy
system of soil classification is therefore perudic at all sites, with
the possibility that Alto Frio falls into the udic moisture regime.

Temperature is uniform across Fortuna, with mean annual
temperature at study sites ranging from 17.2°C to 19.6°C, with
little variation (<2°C) in mean monthly temperature across the
annual cycle (Table 3.1). Assuming that soil temperature in the
control section is about 1°C greater than air temperature (Soil
Survey Staff, 1999), the soil temperature regime according to
Soil Taxonomy is isothermic at all sites (defined as mean annual
temperature between 15°C and 22°C, with <6°C difference
between minimum and maximum mean monthly temperatures).

VEGETATION

All the soils studied here are under mature superhu-
mid premontane tropical rainforest (Holdridge, 1947, 1967)
(Figure 3.2a—d). Details of the vegetation at Fortuna, including
the considerable influence of soils and parent material on the
distribution of palms and trees, have been reported previously
(Andersen et al., 2010; Andersen et al., 2012; Andersen et al.,
2014; Prada et al., 2017) and are described elsewhere in this
volume (Dalling et al.; Andersen; Viana and Dalling). Table 3.1
shows information on species numbers in a 1 ha plot at each
location, the basal area, and the proportion of the basal area
that is formed of ectomycorrhizal trees. Basal area of stems
>5 cm diameter at breast height (DBH) ranges between 30 and
47 m? ha™! (Table 3.1), while stem density ranges between 562
and 1,143 stems ha! and mean canopy height is between 19 and
25 m (Dalling et al., this volume).

The Fortuna forest is remarkable for its plant diversity. The
tree community (stems >5 cm DBH) contains between 53 and
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126 species in a hectare of forest (Table 3.1), with approximately
500 tree species in the entire plot network (Prada et al., 2017;
Dalling et al., this volume). Only one of those species occurs
in all plots, highlighting the remarkable turnover of species
across the reserve (Prada et al., 2017). The forest also supports
a variety of plant nutrient acquisition strategies, including spe-
cies colonized by arbuscular, ericoid, orchid, and ectomycorrhi-
zal fungi (Steidinger et al., 2015; Corrales, Arnold et al., 2016;
Andersen et al., 2017). Of particular interest is that a member of
the walnut family (Juglandaceae), Oreomunnea mexicana, with
ectomycorrhizal associations forms large monodominant stands
at a number of sites in the Fortuna Forest Reserve (Figure 3.2¢,
Table 3.1). Other ectomycorrhizal trees include several species of
oaks, which become considerably more abundant with increas-
ing elevation, for example, on the slopes of the nearby Volcan
Baru at elevations up to ~3,000 m asl. The Fortuna forest also
contains a tropical conifer, Podocarpus oleifolius (Podocar-
paceae), with nodulated roots that house arbuscular mycorrhi-
zal fungi (Dalling et al., 2011; Dickie and Holdaway, 2011), as
well as a tree that has no mycorrhizal fungi but forms cluster
roots at extremely low fertility (Roupala montana, Proteaceae)
(Steidinger et al., 2015). There are abundant ferns, including tree
ferns, and palms, including the canopy palm Colpothrinax apha-
nopetala, which is particularly abundant in the Chorro watershed
where, in combination with two other palm species, it accounts
for 42% of the basal area (Figure 3.2b; Viana and Dalling, this
volume). However, there are generally few lianas except in the
more seasonal plot at Alto Frio. The consequences of the various
root associations for nutrient acquisition have been studied in
detail at Fortuna for both nitrogen and phosphorus (Steidinger
et al., 2015; Andersen et al., 2017; Dalling et al., this volume;
Andersen, this volume).

The data in Table 3.1 point to three broad effects of soils on
the vegetation. First, soils formed on rhyolite support relatively
low-diversity tree communities (i.e., at Chorro), unless underlain
by mafic-volcanics at relatively shallow depth (i.e., at Honda).
Second, species richness is greatest on the infertile soils of the wet
Caribbean slope (Palo Seco, Verrugosa A and B; Figure 3.2d).
Third, ectomycorrhizal trees are particularly abundant on Ulti-
sols formed on rhyolite in the Honda watershed as well as on
other soils developed on rhyolite at Chorro. Although as yet we
have no quantitative information on the tree community at Hor-
nito B, Zarceadero, and Zorro A, conspicuous stands of Oreo-
munnea mexicana occur at all three locations, suggesting that
ectomycorrhizal trees also favor Ultisols developed on grano-
diorite and dacite, two rocks with similar chemical composition
(Table 3.2).

RELIEF AND TOPOGRAPHY

Relief influences soil development in a number of ways,
including through its effects on soil hydrology, erosion, and
slope stability. The Fortuna Forest Reserve spans the Continental
Divide at elevations up to 1,920 m asl, although the soils studied



SMITHSONIAN CONTRIBUTIONS TO BOTANY

50

-301d e[oul] AQIEIU Y3 WOIJ SAN[BA |

10]d 0236 o[eq AqIeau A1 WO SAN[eA

130]d ¥ 03ruI0l £qIBaU Y3 WOIj saneA 4

301d y o110y £qIBaU OY3 WOIF SIN[BA .

u>.:@uuuﬁm
pu pu pu Morreu ‘daag 09¢°1 o(S°8T) »(#96°F) AIOIPOURID 656097 T8~ 96€79L°8 y o110z
u>.:¢uuuﬁm
pu pu pu moureu ‘daag 0S1°1 »(S81) »(#96°F) AIOIPOURID  //$69T T8~ 11979.°8 019pEdITZ
T €0¢ 971 (doass) £TTH 868 A9°61) A£8T°9) SOIUBD[OA-DYRIN  STE0LT T8~ 866LLL'8 q eso3niop
T £0¢ 4N (doa3s) AJprH 696 A9°6T) (£8T°9) SOIUBD[OA-DYRIN  6£T081°T8~ ¥8184L°8 V esodniop
u_cmu—o>.umwg
4 9°6¢ €01 (doazs) AJiH SITT 6°L1 61T €E8y 120 MOAYY  §908+T T8 S8I1EL'8 orpnureg
> 9t 08 adors daig SETT $'81 €98 * ¥96'F wesed  $606ST T8~ YOI¥SL'8 e[ourg
QAN[JIA3UL
v 33 SP1 moureu ‘doag 8/8 961 0L€ * ST SOIUBD[OA-DYRIN €1 1861778~ €4982L°8 023§ oeg
pu pu pu adoys doarg 96T°T dTLr) a(b91°6) anoep onukydiod  10SETT T8~ 0£+8L9°8 g ONUIOH
v €08 68 adors daarg 0€€°T TLT TETF YIS avep onukydiog  1T94TCT8- €619L9°8 V ONUIOH
JIued[OA-d e
9% vy 701 (doa3s) AITH Tt 6°LT L19 % 6519 1000 MOAYY  0LLOYT T8 76895.°8 q epuoH
JIued[OA-d e
$T €9¥ 0Tl (doas) ArH SST'T 8T 796 F §§T9 1240 OM[OAYY  9906£T T8~ €TIESL'8 V epuoH
T v op € adors domg 6€T°T o(L7LT) +(£0S°S) oAy 8€8TET TS T086¥L'8 q o110y
6 rse 6S [249] AJ1EaN L0T1 LLT LVT* LOS*S AMOAYY  6+88TTT8- ¥810SL'8 V ox10y)
0 9°T¢ LL odoys doarg 96T°T (L7LT) (L0S°S) SOIUBD[OADYRIN  [L9STT T8~ £6949.°8 eauog
L YTy SL odoys doarg €0T°T $0T €T9F 1H9'Y SOIUBI[OA-DYRIN  6S0STT T8~ YEEYSI'8 o1y Oy
(eoxe [eseq o) (;-BY W) eyod  AydeiSodoy,  ([oa9] eos (Do) (w) [ejurer  [euPlew JudIed  (H, [BWIAP) (N, [BWIIP) 1§
$391) eoIe [eseq  soadg oroqe w)  armerndwo)  [enuue UBIN opniduo] spnmine]
[eZ1y1100AWw010] UONIBAJ[{  [enuue UedJA

‘pauruniap Jou = pu sjofd Aqresu

woIJ udde) oIk sasayiuaied UT sanjeA ‘BWIBURJ UIAISIM OATISIY 15910, euniio ay3 ut s10[d 41 ay3 1e si1d aygoid 10j sio10ey Surwio] [10s pue suonNed0T ‘¢ TIIV.L




NUMBER 112 o 51

FIGURE 3.2. The landscape and forests of the Fortuna Forest Reserve and Palo Seco Protected Forest. (a) The view north from below
the Fortuna Dam Wall toward the plots at Pinola, Zorro, and Zarceadero. (b) The view north from the road into the Chorro watershed
showing the canopy dominated by Colpothrinax palms. (c) A majestic individual of Oreomunnea mexicana in the Hornito B plot; this
ectomycorrhizal species forms monodominant stands on Ultisols formed on a variety of parent materials. (d) The dense palm-dominated
understory in forest growing on Inceptisols on the wet Caribbean slope (Verrugosa B). (e) A typical boulder-choked stream in the Honda
watershed at Fortuna.
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TABLE 3.2. Summary of the geological formations in the Fortuna Forest Reserve and Palo Seco Protected Forest, Panama. All rocks
are igneous. Mineral composition from Silva et al. (this volume). Sanidine and orthoclase are potassium feldspars; plagioclase includes
sodium and calcium feldspars. Intrusive = plutonic; extrusive = volcanic.

Silica
Rock Category Chemistry (8i0,, %) Grain size Dominant minerals Plots
Rhyolite Extrusive Felsic >69 Fine Quartz, orthoclase, Chorro A and B, Honda A
sanidine, amphibole and B, Samudio
Dacite Extrusive Felsic 63-69 Porphyritic Plagioclase, quartz Hornito A and B?
Granodiorite Intrusive Felsic 63-69 Medium Plagioclase, quartz, Zarceadero, Zorro A
amphibole, pyroxene,
magnetite
Andesite Extrusive Intermediate 52-63 Fine Plagioclase, pyroxene Alto Frio, Bonita, Palo Seco,
Verrugosa A and BP
Basalt Extrusive Mafic 45-52 Fine* Plagioclase, pyroxene Pinola; as above for andesite
Diabase! Shallow intrusive Mafic 45-52 Porphyritic Plagioclase, pyroxene, As above for andesite
(sills/dykes) magnetite
Gabbro Intrusive Mafic 45-52 Medium Plagioclase, pyroxene, Present near Pinola but not

magnetite represented in any plots

* Elemental composition of soils of the two Hornito plots suggests a difference in parent material, with a greater mafic contribution to Hornito A.

b These plots are on undifferentiated volcanics, including andesite, basalt, and diabase (Silva et al., this volume).

¢ Texture is fine at Pinola but varies in the undifferentiated mafic-volcanic sequence, including porphyritic and amygdular.

4 Also known as dolerite or microgabbro.

here range between 850 and 1,360 m asl. The topography of
Fortuna is characterized by steep slopes dissected by powerful
rivers with boulder-choked channels (Figure 3.2a,e). There are
flatter areas around the lake, particularly on the soft rhyolite of
the Chorro and Honda watersheds. However, most profiles we
have studied are on steep slopes, on narrow interfluves or steeply
sloping ridge crests (e.g., Palo Seco, Zarceadero), or on hilly
terrain characterized by short, steep slopes (e.g., Verrugosa A
and B). The steep slopes indicate active erosion, and the jumbled
angular, coarse fragments in several profiles suggests that land-
slides have had considerable influence on soil development (e.g.,
Alto Frio, Hornito, Palo Seco, Samudio, Zorro A). Despite active
erosion and the influence of landslides, several profiles are deeply
weathered or have well-developed argillic horizons, indicating
relative stability.

PARENT MATERIAL

Variation in parent material underlies the remarkable dif-
ferences in soils across the Fortuna region (Figure 3.1). The
geology of Fortuna is described in detail elsewhere in this vol-
ume (Silva et al.). The main lithological units (Table 3.2) are
(1) fine-grained rhyolite formed by pyroclastic flows (the upper
pyroclastic unit in Figure 3.1), (2) a series of undifferentiated
mafic-volcanic rocks that includes basalt, andesite, and diabase,
(3) a plutonic body of granodiorite, (4) a block of porphyritic

dacite, and (5) a small area of very fine-grained basalt to the
north of the dam wall.

Rhyolite blankets the landscape to the north and west of
the lake, including the Honda and Chorro watersheds. It is
conspicuous in road cuts to the north of the reservoir, forming
thick beds of soft, bright white and pink material many meters
deep. The rhyolite is formed of a fine-grained microcrystalline
glassy groundmass dated to approximately 7 million years (Weg-
ner et al., 2011). The rhyolite also occurs to the west and south
of the dam wall, notably on the upper slopes of the Samudio
plot, and in the Chorro area it can be readily delineated from
aerial photographs based on the distribution of the canopy palm
Colpothrinax. At Chorro, the rhyolite includes substantial rhyo-
lite boulders, while at Honda, it forms a thick, well-weathered
layer above mafic-volcanic material, with an abrupt boundary
clearly visible in profile pits (Figure 3.3f).

The undifferentiated mafic-volcanics include andesite, basalt,
and diabase. This sequence forms the bedrock over large areas of
the landscape on the Caribbean and Pacific slopes and underlies
the rhyolite at relatively shallow depth in the Honda and Samudio
watersheds. In most cases, lithic fragments in profile pits were too
strongly weathered to infer their lithology other than that they
were mafic-volcanics. However, unweathered fragments were
typically dark gray medium-grained andesite and quite unlike the
very fine-grained black basalt that has so far been identified only
at Pinola. As a result, initial publications on the soils described the
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(g) Hornito A | (h) Hornito B

(m) Verru

FIGURE 3.3. The soils of the Fortuna Forest Reserve and Palo Seco Protected Forest, showing soils at
(a) Alto Frio, (b) Bonita, (c) Chorro A, (d) Chorro B, (¢) Honda A, (f) Honda B, (g) Hornito A, (h) Hornito B,
(i) Palo Seco, (j) Pinola, (k) Samudio, (1) Verrugosa A, (m) Verrugosa B, (n) Zarceadero, (0) Zorro A,
(p) gleying around roots in the subsoil at Honda A.
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parent material of a number of plots as andesite (e.g., Andersen
et al., 2010), although we now prefer to classify these sites as
undifferentiated mafic-volcanics.

Granodiorite and dacite are of similar chemical composi-
tion, forming the intrusive and extrusive forms, respectively
(Table 3.2). Granodiorite is conspicuous in outcrops below the
Fortuna dam. It is medium-grained and relatively rare in Panama
(Instituto Geografico Nacional Tommy Guardia, 1991). Dacite
forms a high linear ridge to the south of the reservoir, which rises
to the east of the main road through the reserve. Its porphyritic
nature indicates slow cooling prior to eruption, dated to approx-
imately 8.7 million years ago (Wegner et al., 2011).

TIME

There is little information on soil age at Fortuna. The steep
slopes suggest relatively high rates of erosion and therefore pedo-
genic youth, as is typical of tropical mountains. However, the
warm and humid climate promotes rapid weathering, and most
soils are strongly weathered to considerable depth. In terms of
parent material age, the majority of the lithologies date to the
Middle Miocene 11 to 19 million years ago during the rise of
the Isthmus of Panama (Silva et al., this volume). In contrast, the
pyroclastic rhyolite deposits are dated at about 7 million years
(Wegner et al., 2011).

The presence of glass in some profiles, and the predominance
of epipedons (i.e., surface horizons) with andic properties, hint
at relatively recent inputs of volcanic ash. Significant quantities
of volcanic glass were detected in only two profiles (Chorro A,
Samudio), in both cases coinciding with the presence of aquic con-
ditions, which suggests that waterlogging impedes glass weather-
ing, with relatively rapid weathering elsewhere (Dahlgren et al.,
1997). However, andic properties can also develop where high
inputs of organic matter promote the formation of ferrihydrite
instead of crystalline iron oxides during pedogenesis (Shoji et al.,
1993; Soil Survey Staff, 1999). Given the strongly weathered
nature of many of the profiles, with clay mineralogy dominated
by kaolinite, it seems possible that the common moderate andic
properties arise through this organic matter—related process rather
than via recent volcanic ash inputs.

OUTLINE OF FIELD AND ANALYTICAL METHODS

Fieldwork was conducted between 2008 and 2018, almost
always during the wet season. At each location, profile pits were
excavated around the outside of the plot and close to the south-
west corner where possible. The profiles were described accord-
ing to the USDA’s Soil Taxonomy (Soil Survey Staff, 1999) and
the Natural Resources Conservation Service’s Field Book for
Describing and Sampling Soils, Version 3.0 (Schoeneberger et al.,
2012), and they were classified using the most recent version of
the Keys to Soil Taxonomy (Soil Survey Staff, 2014). In profile
descriptions, color values are for moist soil and textures are field

(hand) textures, with precise laboratory measurements reported
in tables. Samples were taken by genetic horizon for laboratory
analysis and determination of bulk density. Soils were returned
to the Smithsonian Tropical Research Institute for physical and
chemical analyses. Samples were air-dried at ambient laboratory
conditions (~22°C and 60% relative humidity), sieved (<2 mm),
and a subsample ground in a ball mill.

Bulk density was determined by a modified compliant cavity
method (Grossman and Reinsch, 2002), removing ~1 L of soil
and measuring the volume of water required to fill the plastic-
lined excavated hole. The exception was surface organic hori-
zons, for which density was quantified by determining the weight
of organic material in a 20 x 20 cm square on the soil surface
excavated to the depth of the organic horizon after removing
intact or recognizable leaves and roots.

Soil pH was determined in both deionized water and 10 mM
calcium chloride (CaCl,) in a 1:2 soil-to-solution ratio, as well as
in 0.1 M barium chloride (BaCl,) extracts (described below), in
all cases using a glass electrode. Although the pH in water is
commonly determined, the value in CaCl, reflects the true pH in
the soil solution and appears robust against seasonal effects of
moisture or pretreatment. The pH in BaCl, is typically similar to
that in CaCl, and can be used to quantify exchangeable acidity.

The concentrations of sand (53 pm—2 mm), silt (2 pm-53 pm),
and clay (<2 pm) sized particles were determined by the pipette
method following pretreatment to remove soluble salts, organic
matter, and iron oxides, the latter involving repeated treatment
with buffered dithionite solution (Gee and Or, 2002). Fresh
(undried) soil was analyzed from profiles suspected of having
andic properties, as drying can cause irreversible changes in the
particle-size distribution in such soils.

Total carbon and nitrogen were determined by automated
combustion and gas chromatography with thermal conductiv-
ity detection using a Thermo Flash 1112 analyzer (CE Elantech,
Lakewood, NJ, USA).

Exchangeable cations were determined in all horizons by
extraction in 0.1 M BaCl, (2 h, 1:30 soil-to-solution ratio), with
detection by inductively coupled plasma optical-emission spec-
trometry (ICP-OES) on an Optima 7300 DV (Perkin-Elmer Ltd,
Shelton, CT, USA) (Hendershot et al., 2008). Total exchangeable
bases (TEB) was calculated as the sum of the charge equivalents
of calcium (Ca), potassium (K), magnesium (Mg), and sodium
(Na); effective cation exchange capacity (ECEC) was calculated
as the sum of aluminum (Al), Ca, iron (Fe), K, Mg, manga-
nese (Mn), and Na; base saturation was calculated by (TEB =+
ECEC) x 100. We use the values determined in BaCl, as our
primary measures of exchangeable cations, extractable Al, cat-
ion exchange capacity (CEC), and base saturation because the
extraction approximates these values at the soil pH and there-
fore reflects conditions experienced by plants and microbes
under field conditions.

Additional measurements of cations were made to examine
specific criteria for classifications in Soil Taxonomy (Soil Survey
Staff, 1999). Extractable acidity was quantified by extraction in



0.1 M BaClL-TEA (triethanolamine) buffered at pH 8.2. Soils
were extracted in a 1:16 soil-to-solution ratio by shaking to mix
and standing overnight (16 h). Acidity was determined by titra-
tion with 0.12 M hydrochloric acid (HCI) to the pink endpoint
of bromocresol green—-methyl red mixed indicator solution (Sei-
fferlein et al., 2005). Cation exchange capacity by sum of cat-
ions (CEC8.2) was calculated as extractable acidity plus TEB
extracted in 0.1 M BaCl, at soil pH, with base saturation by sum
of cations calculated as TEB divided by CEC8.2. This value for
base saturation is used to separate Ultisols and Alfisols in Soil
Taxonomy (Soil Survey Staff, 1999).

Cation exchange capacity was also determined by extrac-
tion in 1 M ammonium acetate (NH,AOc) buffered at pH 7
(Sumner and Miller, 1996; Soil Survey Staff, 2014). Soils were
extracted in a 1:8 soil-to-solution ratio by shaking for 2 hours,
then centrifuged. Exchangeable cations were determined in the
supernatant by ICP-OES. Cation exchange capacity (CEC7)
was determined in the washed residue by extracting the retained
ammonium in 2 M potassium chloride (KCl), with detection by
automated colorimetry on a Lachat QuikChem 8500. Base satu-
ration was determined as the sum of Ca, K, Mg, and Na divided
by the CEC7. These values are used in a number of criteria in soil
taxonomy, including the separation of dystric and eutric Incepti-
sols, and the definition of umbric and mollic epipedons. Based on
many analyses of Panamanian soils, exchangeable cations deter-
mined in neutral NH,AOc are equivalent to those determined in
0.1 M BaCl,. However, CEC in BaCl, is usually about 75% of
that determined in NH,AOc (CEC?7).

Total elements were determined by digestion in concentrated
nitric acid for 6 hours under pressure at 180°C in polytetrafluo-
roethylene (PTFE) vessels (PDS-6 Pressure Digestion System,
Loftfields Analytical Solutions, Neu-Eichenberg, Germany), with
detection by ICP-OES. Pedogenic Fe was determined by extrac-
tion in citrate—dithionite solution. This procedure predominantly
quantifies crystalline Fe, such as hematite, magnetite, and goethite,
and is used in soil taxonomy to define some mineralogy classes
(e.g., parasesquic). Aluminum and manganese were also deter-
mined in the extracts. Amorphous (noncrystalline) metal oxides
(Al, Fe, Mn) plus silicon were extracted in the dark in acidic
ammonium oxalate. These values include metals associated with
organic matter and are used to identify andic properties. In both
extractions, detection was by ICP-OES spectrometry (Courchesne
and Turmel, 2008).

Mineralogy was determined at the USDA-NRCS Kellogg
Soil Survey Laboratory in Lincoln, Nebraska, USA, according to
methods described in Soil Survey Staff (2014). Clay mineralogy
was determined by X-ray diffraction (XRD). Minerals are identi-
fied by the spacings between atomic planes, with results reported
in semiquantitative classes based on relative peak intensity.
These classes are 5, very large (>50%); 4, large (30%-50%); 3,
medium (10%-30%); 2, small (3%-10%); 1, very small (<3%);
6, no peaks (amorphous). Clay minerals were also quantified by
thermal analysis, involving the measurement of weight loss dur-
ing gradual heating. Thermal analysis is particularly useful for

NUMBER 112 o 55

quantifying kaolinite, gibbsite, and other minerals, with results
given in percentage of the clay fraction. Finally, clay mineralogy
can be estimated from the CEC determined by extraction in 1 M
NH,AOc at pH 7 divided by the clay concentration in percentage
of total mineral mass. Values less than 0.2 represent kaolinitic
mineralogy, 0.2 to 0.3 are kaolinitic or mixed, 0.3 to 0.5 are
mixed or illitic, 0.5 to 0.7 are mixed or smectitic, and greater
than 0.7 are smectitic. Glass content was measured by optical
grain counts on samples suspected of having andic properties.
Glass grains are identified as either glass, glass-coated grains, or
glass aggregates and were measured in the fine sand and coarse
silt fractions.

THE SOILS OF FORTUNA:
CLASSIFICATION IN SOIL TAXONOMY

There is wide variation in soils across the Fortuna Forest
Reserve and Palo Seco Protected Forest (Figure 3.3). The profiles
are described here by soil order — the highest level of classifica-
tion in the soil taxonomy system of soil classification (Table 3.3).
Detailed profile descriptions and analytical data by genetic hori-
zon are presented under “Soil Profile Descriptions and Analyti-
cal Data.”

ANDISOLS

Andisols are characterized by high concentrations of amor-
phous aluminosilicates, including allophane, imogolite, and fer-
rihydrite (Shoji et al., 1993; Buol et al., 2011). These amorphous
minerals are typically derived from the weathering of volcanic
glass, although andic properties can also develop when high
concentrations of organic matter prevent formation of crystal-
line metal oxides such as gibbsite and hematite. Most Andisols
have formed in Holocene deposits, while older soils developed
on volcanic deposits are typically dominated by crystalline rather
than amorphous aluminosilicate minerals and therefore do not
qualify as Andisols. Andisols often contain high concentrations
of organic matter and have a high capacity to retain phosphorus.
Because Andisols are defined by andic properties rather than by
the presence of volcanic ash, some Andisols are not formed in
ash deposits, and some soils developed in ash are not Andisols.

Despite the abundance of volcanic deposits in the Fortuna
region, only two profiles qualify as Andisols. However, several
other profiles have moderate andic properties in the upper hori-
zons that are sufficient to qualify for andic subgroups of Incep-
tisols and Ultisols.

The profile at Bonita (Figure 3.3b) on undifferentiated
mafic-volcanics is an Udand. These are the freely draining Andi-
sols of humid regions (Soil Survey Staff, 1999). Diagnostic fea-
tures of this profile are (1) andic properties in the upper 60 cm
of the profile, including low bulk density and a high concen-
tration of noncrystalline Al and Fe oxides; (2) a perudic mois-
ture regime; (3) an argillic horizon (i.e., a subsurface horizon
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TABLE 3.3. Soil taxonomy, including family-level classifications for soils in the Fortuna Forest Reserve, western Panama. All pro-
files have an isothermic temperature regime. n/a = not applicable (cation exchange class used only for soils with mixed mineralogy);
nd = not determined.

Great
Particle-size Cation group,

Site/plot class Mineralogy  exchange class  Subgroup suborder Pedogenic features

Andisols

Bonita Medial Ferrihydritic ~ n/a Acrudoxic Hapludand Andic properties, argillic horizon, low

Ultic base saturation, extremely low cation

exchange capacity

Chorro A Medial Amorphic n/a Alic Epiaquand Shallow organic horizon, andic properties,
low base saturation, episaturation,
sombric horizon

Inceptisols

Verrugosa A Clayey-skeletal ~ Parasesquic n/a Typic Dystrudept Cambic horizon, low base saturation

Verrugosa B Very fine Mixed Active Typic Dystrudept Cambic horizon, low base saturation

Palo Seco Fine Parasesquic n/a Andic Dystrudept Cambic horizon, moderate andic
properties, low base saturation

Samudio Fine Mixed Superactive Aquandic Dystrudept Shallow organic horizon, moderate andic
properties, aquic conditions within
60 cm of the surface

Alto Frio Clayey-skeletal ~ Kaolinitic n/a Typic Humudept Umbric epipedon, cambic horizon, low
base saturation

Zorro A Fine-loamy Mixed Active Typic Humudept Umbric epipedon, cambic horizon, low
base saturation

Spodosols

Chorro B Coarse-loamy nd nd Oxyaquic Alorthod Organic horizon, spodic horizon rich
in organic matter and amorphous Al,
periodic saturation

Ultisols

Hornito B Very fine Parasesquic n/a Typic Haplohumult  Argillic horizon, high organic matter, low
base saturation

Zarceadero Fine Mixed Active Typic Haplohumult  Argillic horizon, low base saturation, high
organic matter

Honda A Fine Kaolinitic n/a Andic Haplohumult  Argillic horizon, high organic matter,
moderate andic properties, extremely
low base saturation

Honda B Fine Kaolinitic n/a Andic Haplohumult  Argillic horizon, high organic matter,
moderate andic properties, extremely
low base saturation

Hornito A Fine Kaolinitic n/a Andic Haplohumult  Argillic horizon, high organic matter, low
base saturation

Pinola Fine Mixed Superactive Andic Palehumult Argillic horizon, moderate andic

properties, low base saturation




enriched in illuvial clay) with low base saturation in the subsoil,
and (4) an extremely low CEC. These features qualify the profile
as an Acrudoxic Ultic Hapludand. The profile has a ferrihydritic
mineralogy class.

The profile at Chorro A (Figure 3.3c) on rhyolite is an
Aquand. These are poorly drained Andisols with a water table
near the soil surface. They typically occur on relatively flat ter-
rain and have a thin organic surface horizon. This is the case for
the profile here, which has a shallow organic horizon over bright
white subsoil. The soil appears to become saturated from both
above and below, presumably due to the high rainfall, relatively
flat topography, and clay-enriched subsurface horizon. Redox
concentrations around roots in the upper subsoil indicate oxy-
genation of a reduced horizon (Figure 3.3p). The profile is very
acidic and extremely infertile, and the combination of acidity,
infertility, and anaerobic conditions indicates that this environ-
ment is particularly challenging for plant growth.

INCEPTISOLS

Inceptisols are moderately weathered soils and occur at
Fortuna on three different parent materials: rhyolite (Samudio),
granodiorite (Zorro A), and mafic-volcanics (Alto Frio, Palo
Seco, Verrugosa A and B). These profiles are all in the Udept
suborder, representing well drained Inceptisols of humid regions
that typically develop under forest (Soil Survey Staff, 1999).

The Udepts at Fortuna are separated at the great group level
into Dystrudepts and Humudepts. Dystrudepts are the typical
Udepts of humid regions, being sufficiently leached to reduce
base saturation in the subsoil. They occur at all three sites on the
wet Caribbean slope, where undulating topography and abun-
dant evidence of small landslides (stone layers, etc.) suggest a rel-
atively youthful landscape. Typic (i.e., typical) Dystrudepts have
an ochric epipedon over a cambic horizon (i.e., a moderately
developed subsoil horizon) with low base saturation. These soils
occur at Verrugosa A and Verrugosa B (Figure 3.31,m). In con-
trast, the profile at Palo Seco (Figure 3.3i) has moderate andic
properties in the upper 75 cm of the profile, including low bulk
density and Al+'2Fe concentrations >1.0%, and therefore quali-
fies as an Andic Dystrudept. The profile on rhyolite at Samudio
(Figure 3.3k) has moderate andic properties and aquic condi-
tions within 60 cm of the soil surface and therefore qualifies as
an Aquandic Dystrudept. It has insufficient andic properties to
qualify as an Andisol despite moderate concentrations of vol-
canic glass. All the Dystrudepts have extremely low base cation
concentrations, suggesting strong weathering and oxic tenden-
cies. However, CEC in neutral ammonium acetate is relatively
high, demonstrating substantial pH-dependent charge (see sec-
tion MINERAL NUTRIENTS below).

The Humudepts are a relatively recent addition to soil tax-
onomy, being introduced into the 11th edition of the Keys to Soil
Taxonomy (Soil Survey Staff, 2010). Prior to that time, Humud-
epts were classified as Humic Dystrudepts. The Humudepts are
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similar to Dystrudepts but have a dark, organic-rich epipedon,
defined as either umbric or mollic depending on base satura-
tion. At Fortuna, Typic Humudepts occur at Alto Frio and
Zorro A (Figures 3.3a and 3.20), with both profiles having an
umbric epipedon (i.e., dark colors with low base saturation).
Although base saturation by NH,OAc is low in both profiles,
they differ markedly in fertility. For example, the Alto Frio soil
has relatively high concentrations of base cations and almost
100% effective base saturation determined in BaCl, at soil
pH, compared to the much lower effective base saturation and
extremely low base cation concentrations at Zorro A. The con-
trast in fertility between taxonomically identical soils highlights
a problem with the use of buffered solutions for the determina-
tion of CEC in acidic forest soils, which often have considerable
pH-dependent charge.

SpobosoLs

One profile at Fortuna is a Spodosol (also known as a pod-
zol). The soil at Chorro B (Figure 3.3d), developed in rhyolite,
has a subsoil horizon enriched by the illuvial accumulation of
complexes between organic matter and amorphous Al, which
therefore qualifies as a spodic horizon. The spodic horizon con-
tains considerably greater organic carbon (5.6%-6.3% C) and
total phosphorus (>100 mg P kg!) than adjacent horizons. There
is little indication that it is a buried A horizon (e.g., caused by a
landslide) because, although organic C is high between 36 and
56 c¢m, there are no clear differences in exchangeable cations, and
oxalate and dithionite Fe decrease continuously with depth. Tex-
ture is variable throughout the profile, although such measure-
ments can be unreliable in Spodosols (Soil Survey Staff, 1999).
The key difference is the greater amorphous Al in the organic-
rich subsoil horizon, indicating podzolization and spodic prop-
erties. A similar accumulation of amorphous Al has occurred at
Chorro A, although it is insufficient to qualify as spodic, perhaps
due to the aquic conditions in that profile.

The Chorro B profile is an Oxyaquic Alorthod. Orthods are
the most common Spodosols in northern Europe and the United
States (Soil Survey Staff, 1999). Alorthods have an accumulation
of amorphous Al but little accumulation of amorphous Fe, and
they typically have an ochric epipedon and an albic (bleached)
subsoil horizon, all of which occur here.

The high concentrations of amorphous metal oxides and
organic matter mean that Spodosols have similarities to Andisols
(Buol et al., 2003). There is a small amount of volcanic glass in
the profile at Chorro B, but neither the glass nor the amorphous
metals are sufficient for andic properties. The organic-rich subsoil
horizons at Chorro B also have similarities with sombric horizons,
defined as dark subsurface mineral horizons formed under free
drainage in tropical and subtropical mountains. However, the
dark color in a sombric horizon is formed by organic matter that
is not associated with aluminum, as in a spodic horizon. A pro-
posal to improve the definition of the sombric horizon (Bockheim,
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2014) suggests that it should have at least 0.6 % carbon (and 0.2%
more than the overlying horizon), be at least 15 c¢m thick, have
color value and chroma <4 (and be 1 unit darker than the overly-
ing horizon), have a pH <5, and have a base saturation <50% (by
CEC?7). To differentiate it from a spodic horizon, a sombric hori-
zon should not be associated with amorphous Al, with an Al+%Fe
concentration <0.5%. At Chorro B, the organically enriched sub-
soil horizons meet all the criteria apart from the Al+%Fe concen-
tration, so these horizons are not sombric.

The low concentrations of Fe in Alorthods can occur through
intense leaching and removal of Fe or because of a low-Fe parent
material, and both of these appear to be relevant for the Chorro B
profile. The absence of redox concentrations at Chorro B, includ-
ing around root channels (as seen in the profile at Honda A;
Fig. 3.3p), suggests no aquic conditions, although the extremely
low concentrations of iron oxides mean that it would be difficult
to identify redox features if saturation occurs. Redox features are
clearly present at Chorro A on the same rhyolitic parent material,
although Fe concentrations are greater there. This suggests that
long-term reducing conditions have removed Fe from the Chorro
B profile, indicating periodic saturation to moderate depth.

ULmisoLs

Ultisols have an argillic horizon (i.e., subsoil enriched with
illuvial clay) and low base saturation at depth. The Ultisols at
Fortuna are Humults, which represent free-draining Ultisols
rich in organic matter. They typically occur under forest on the
steep slopes of mountainous areas with high rainfall (Soil Survey
Staff, 1999).

Haplohumults (i.e., Haplo-, from the Greek haplous, simple —
indicating limited horizon development) occur on three differ-
ent parent materials at Fortuna: granodiorite at Zarceadero
(Figure 3.3n), dacite at Hornito A (Figure 3.3g), and rhyolite
in the Honda watershed (Honda A and B, Figure 3.3e,f). These
are all felsic (high silica) substrates, with dacite and granodiorite
representing the extrusive and intrusive forms of a chemically
equivalent magma source (63%—-69% SiO,); see Table 3.2. In all
cases, the soils have formed on steep slopes, but the well-defined
argillic horizon (with a clay decrease of >20% below the maxi-
mum in the upper 150 cm) indicates relative stability.

Typic Haplohumults occur at Hornito B (Figure 3.3h) and
Zarceadero (Figure 3.3n). The soils are morphologically similar,
although the Zarceadero profile contains less clay and the argillic
horizon is more pronounced. This profile also contrasts with the
nearby but pedogenically younger Inceptisol on granodiorite at
Zorro A, which appears to have formed on a more active slope.
The Typic Haplohumults have extremely low concentrations of
base cations, particularly Ca, in the subsoil, with TEB cation
concentrations <1 cmol kg

The profile at Hornito B is unusual because it sits on the
Ultisol-Oxisol boundary. There is a sufficient clay increase in
the subsoil to qualify as an argillic horizon, but although the
CEC is low, the clay increase occurs over a distance of >15 cm.
The horizon does not therefore qualify as kandic (i.e., an illuvial

horizon dominated by low-activity clays), and the profile does
not qualify as an Oxisol. Instead, the argillic horizon qualifies
the profile as an Ultisol. If the clay increase were just 1% greater
in the Bt1 horizon, then the argillic horizon would qualify as a
kandic horizon, and the profile would classify as an Oxisol (i.e.,
a kandic horizon and >40% clay). If the clay concentration in
the Bt2 horizon were 1% less, then there would be no argillic
horizon, and again, the profile would qualify as an Oxisol (i.e.,
with an oxic horizon). The profile is therefore transitioning into
an Oxisol.

In the Honda watershed and the upper slope at Hornito
(Hornito A), the Ultisols are Andic Haplohumults. Unlike the
Typic Haplohumults, the Andic subgroup has moderate andic
properties in the epipedon, including low bulk density and a
moderate concentration of amorphous metals. All three profiles
have an organic-rich surface horizon. Although the Honda pro-
files are developed in rhyolite, this is sufficiently weathered that
only traces of glass are detectable, and the clay mineralogy in the
control section is kaolinitic, with small amounts of gibbsite (see
“Soil Properties: Texture and Mineralogy”). At Honda, mafic-
volcanic material occurs at relatively shallow depth (<2 m)
beneath the rhyolite mantle, with roots extending through the
rhyolite into the mafic subsoil.

Palehumults (i.e., Pale-, from the Greek paleos, old — indicating
excessive horizon development) are freely draining Ultisols that
occur on old, stable surfaces and have little or no clay decrease
below the maximum within the upper 150 cm. At Fortuna, the soil
at Pinola (Figure 3.3j) qualifies as an Andic Palehumult, having an
argillic horizon, low base saturation in the subsoil, and moderate
andic properties within the upper 75 cm of the profile. The soil
is formed on aphanitic basalt and contains many coarse angular
basalt fragments throughout the profile. This dark-colored and
fertile soil is rich in organic matter and nutrients, with high con-
centrations of phosphorus and exchangeable cations, particularly
Ca and Mg. However, base saturation by NH,AOc is low in the
subsoil, reflecting high extractable acidity. The basalt, and there-
fore this soil, appear to be of small extent at Fortuna, although
similar soils may occur on the nearby gabbro outcrop (Silva et al.,
this volume).

SOIL PROPERTIES
TEXTURE AND MINERALOGY

Soil textures in the upper meter of the profile at Fortuna
are predominantly clays and clay loams (Table 3.4). Loams
occur only in the Chorro watershed on rhyolitic ash. Clay loams
occur on rhyolite at Samudio and Honda and on granodiorite at
Zarceadero and Zorro. Verrugosa A has a profile-weighted texture
of silty clay, but the remaining soils are clays, with clay concen-
trations between 41% and 61%. In terms of particle-size classes
in soil taxonomy (i.e., based on the particle-size control section,
typically subsoil within the upper meter of the profile), the clay-
rich soils are fine or very fine (Table 3.3), two soils are classed as
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loamy, and the Andisols have a substitute particle-size class of
medial (Andisols use substitute particle-size classes to reflect the
difficulty in quantifying texture in soils with andic properties; Soil
Survey Staff, 1999). Two soils have sufficient coarse fragments to
qualify as clayey-skeletal (Alto Frio, Verrugosa A).

Secondary minerals form during pedogenesis and determine
soil chemical properties such as sorption and precipitation reactions
and metal toxicity (Sposito, 2016). Typical secondary minerals are
clay-sized particles and include kaolinite, smectite, vermiculite,
allophane, the aluminum oxide mineral gibbsite (AI(OH),), and
iron oxide minerals goethite (FeOOH), hematite (Fe,O,), and fer-
rihydrite (of variable structure) (Sposito, 2016). The iron minerals
can be differentiated by their color, goethite giving yellow or brown
colors, ferrihydrite yielding yellowish reds, and hematite giving
the characteristic red color of strongly weathered tropical soils
(Schwertmann, 1993). Manganese minerals also occur, of which
birnessite is most common Mn(IV) oxide mineral.

The clay mineralogy of strongly weathered soils are domi-
nated by Al and Fe oxides and kaolinite clay. Almost all soils at
Fortuna are strongly weathered, even those with sufficient volcanic
glass and amorphous metals to qualify as Andisols. In most cases,
kaolinite was the predominant mineral determined by thermo-
gravimetric analysis, ranging from 42% in the Andisol at Chorro A
to 67% to 68% in the Ultisols in the Honda watershed (Table 3.3).
Gibbsite was typically present at concentrations between 2% and
11% and was the most abundant mineral determined by XRD at
Bonita and Zarceadero. Gibbsite is a neutral-charge aluminum
hydroxide Al(OH);, that is abundant in bauxite. The XRD analysis
also revealed halloysite, another aluminosilicate similar to kaolin-
ite in its 1:1 structure, in a number of Inceptisols and Ultisols.

Smectite minerals such as vermiculite are more easily lost from
soils compared to Al and Fe oxides such as gibbsite and goethite
because the silicon in smectites is relatively easily leached. The pres-
ence of smectites therefore indicates an intermediate weathering
stage. Vermiculite or hydroxy-interlayer vermiculite was detected
in almost all profiles, including the Andisol at Bonita, Inceptisols
on granodiorite and mafic-volcanics, and most Ultisols. However,
vermiculite was not detected at Palo Seco, Verrugosa B, Zorro, or
Honda B. Mica was detected in the Inceptisol at Verrugosa B.

A number of soils at Fortuna have moderate andic prop-
erties, reflecting the predominance of amorphous metal oxides
such as allophane with or without volcanic glass. Volcanic glass
was detected in profiles developed on rhyolite (Table 3.4), but
typically in small amounts. For example, trace amounts of glass
were detected in profiles at Honda (A and B) and the Spodosol at
Chorro B. The largest amounts of glass were detected in the pro-
files at Chorro A and Samudio. Both these profiles have an aquic
soil moisture regime, suggesting that waterlogging has reduced
the rate of weathering of glass in these profiles.

Allophane ultimately weathers to kaolinite, perhaps explain-
ing the predominance of kaolinite in the clay fraction of soils
developed on 7-million-year-old rhyolite (Wegner et al., 2011).
In most cases, the rhyolite soils at Fortuna are well-weathered,
with argillic horizons (Honda A and B), kaolinitic mineralogy

in subsoils, and little remaining volcanic glass. Tephra weathers
rapidly even under cool conditions (Dahlgren et al., 1997), so the
Miocene age of the rhyolite in road cuts does not preclude more
recent deposits at the surface. Indeed, Holocene tephra deposits
from Volcdn Bart, about 30 km to the west of Fortuna (Sherrod
et al., 2008), might be the source of the trace amounts of vol-
canic glass and moderate andic properties of epipedons in For-
tuna soils. However, andic properties are also promoted by the
influence of high concentrations of organic matter on secondary
metal oxides, leading to the formation of ferrihydrite (i.e., amor-
phous, noncrystalline) and humus—metal complexes with Al and
Fe rather than crystalline forms such as gibbsite and hematite.
The large concentrations of organic matter in Fortuna soils sug-
gests that this process is of significance in explaining the moder-
ate andic properties throughout the region.

Cristobalite was detected by XRD in two soils, Zarceadero
on granodiorite and Samudio on rhyolite (Table 3.3). This min-
eral is similar to quartz (5iO,) and originates from volcanic rocks,
being common in pyroclastic flow deposits (Mizota et al., 1987).

PepoceNic OXIDES

There is marked variation in pedogenic metal oxides at For-
tuna (Table 3.5). Weighted for the upper meter of the soil profile,
total pedogenic iron extracted by dithionite (Fe,) ranged from
<0.1% on rhyolite at Chorro B to 10% on mafic-volcanics at
Verrugosa A. Dithionite-extractable iron was generally lower on
rhyolitic soils at Chorro, Honda, and Samudio. Similarly, amor-
phous (noncrystalline) iron (Fe_) accounted for <0.1% of soil
mass at Chorro B, but 1.4% in the Andisol at Bonita, reflecting
the ferrihydritic mineralogy class there. The ratio of Fe_ to Fe,
a measure of the proportion of pedogenic iron in amorphous
forms and therefore an index of weathering, was relatively low
(<16%) in soils developed on dacite, granodiorite, and mafic-
volcanics, but much greater (17%-84%) in the Andisol at Bonita
and in soils derived from rhyolite, particularly the Spodosol at
Chorro B (Table 3.5).

Dithionite-extractable Al (Al) ranged from 0.3 to 1.4%
of soil mass, with little clear pattern among profiles, although
the highest concentrations were in soils developed on dacite and
granodiorite, as well as the Andisol at Bonita and the soil on
mafic-volcanics at Verrugosa A. Amorphous Al (Al ) was always
<1% of soil mass, being highest in the Andisols at Chorro A and
Bonita, as well as in the spodic horizon at Chorro B.

Manganese concentrations were extremely low in soils
developed on rhyolite, and this is a diagnostic feature for the
distribution of rhyolite in the region. Profile-weighted Mn, were
<0.02 for all soils developed on rhyolite but 0.06 to 2.13 for
other soils (Table 3.5). The extremely low Mn in profiles on
rhyolite might promote the accumulation of organic matter, as
Mn is involved in abiotic and biotic oxidation reactions in soils,
which might be suppressed at low Mn (Keiluweit et al., 2015).
Low Mn concentrations, particularly Mn_, occurred on the soils
developed in granodiorite (Zorro, Zarceadero) and dacite at
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TABLE 3.5. Profile-weighted concentrations of pedogenic oxides in soils across the Fortuna
Forest Reserve, western Panama. Values are calculated on an area basis for the organic horizon
plus upper 100 cm of the mineral soil using element concentrations and bulk density in genetic
horizons. Al,, Fe,, and Mn are elements extracted in buffered dithionite; Al_, Fe_ , and Mn__
are elements extracted in acidic ammonium oxalate. The Fe__ to Fe, ratio indicates the propor-
tion of secondary Fe oxides in amorphous (noncrystalline) forms.

Oxalate extraction

Dithionite extraction

Plot Al Fe Mn Al Fe Mn Fe :Fe,
g kg g kg’ g kg g kg g kg g kg’
Alto Frio 3.6 2.3 1.52 6.1 54.6 2.13 0.04
Bonita 9.6 14.0 0.12 11.5 60.9 0.28 0.23
Chorro A 9.1 2.7 <0.01 6.4 6.8 <0.01 0.41
Chorro B 7.1 0.3 <0.01 5.3 0.4 <0.01 0.84
Honda A 7.6 5.4 <0.01 8.0 30.9 0.02 0.17
Honda B 4.9 1.4 <0.01 3.1 3.9 <0.01 0.36
Hornito A 7.8 6.1 1.11 8.1 64.2 1.74 0.09
Hornito B 3.6 1.5 <0.01 12.7 83.1 0.12 0.02
Palo Seco 5.9 7.4 0.76 9.4 58.1 1.16 0.13
Pinola 6.3 8.2 0.93 9.3 50.1 1.59 0.16
Samudio 6.8 4.6 <0.01 5.4 9.7 <0.01 0.48
Verrugosa A 2.5 3.5 0.44 12.2 100.9 0.82 0.03
Verrugosa B 4.7 4.4 1.18 6.3 62.0 1.52 0.07
Zarceadero 4.3 3.8 0.03 9.7 40.3 0.06 0.09
Zorro 1.2 1.0 <0.01 14.1 51.3 0.09 0.02

Hornito B. However, Mn concentrations were high in the Ultisol
at Hornito A, suggesting a difference in parent material between
the two Hornito plots. High Mn was also a feature of Inceptisols
developed on mafic-volcanics (Alto Frio, Verrugosa B, Palo Seco)
and the Ultisol on basalt at Pinola.

ORGANIC MATTER

Some of the soils at Fortuna contain relatively large amounts
of organic matter (Table 3.6). Total carbon to 1 m depth in the
profile ranged between 8.5 and 51.8 kg C m~® (Mg C ha™').
The highest value was in the Spodosol on rhyolite at Chorro B,
reflecting organic matter accumulation in the spodic horizon.
However, large amounts of organic matter (>20 kg C m™) also
occurred in the Andisol at Bonita, the Ultisol on basalt at Pinola,
and the Inceptisol on granodiorite at Zorro A. Lowest amounts
occurred in Inceptisols on the wet Caribbean slope.

Total N varied in parallel with total C, but C:N ratios varied
systematically according to the abundance of ectomycorrhizal
trees (Table 3.6). The C:N ratio was 10-12 in plots with few or
no ectomycorrhizal species, including the Inceptisols on mafic-
volcanics. However, the ratio was 15-19 in plots with abundant

ectomycorrhizal species, including Chorro and Honda on rhyo-
lite, Zorro and Zarceadero on granodiorite, and Hornito B on
dacite. This ratio presumably reflects the depletion of nitrogen
from organic matter by the ectomycorrhizas, promoting nitrogen
limitation of heterotrophic organisms (Orwin et al., 2011; Aver-
ill et al., 2014). Indeed, a reduction of nitrogen availability and
wide C:N ratios have been observed in monodominant Oreo-
munnea mexicana stands in the Honda watershed (Corrales,
Mangan, et al., 2016).

MINERAL NUTRIENTS

There is marked variation in fertility across the Fortuna
Forest Reserve, particularly for the rock-derived nutrients P and
C (Table 3.6). Phosphorus is particularly low in soils developed
on rhyolite at Chorro and Samudio (total P = 0.09-0.16 kg P
m~3), although values are noticeably greater on rhyolite at Honda
(0.26-0.32), perhaps reflecting the proximity to the high P-mafic
subsoil there and consequently the uplift of P to the soil sur-
face by trees. Highest total P values are in soils developed on
basalt and mafic-volcanics (0.43-0.53 kg P m~3). Correspond-
ing C:P and N:P ratios vary widely but are notably greatest in
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TABLE 3.6. Profile-weighted nutrient stocks, total element ratios, and pH in soils across the Fortuna Forest Reserve, western Panama.
Values are calculated on an area basis for the organic horizon plus upper 100 cm of the mineral soil using nutrient concentrations and
bulk density in genetic horizons. Soil pH values calculated from the depth-weighted pH for each genetic horizon.

Total elements Total element ratios Exchangeable cations pH

Plot C N P C:N C:P N:P Al Ca K Mg CaCl,
kg m-3 kmol_m™

Alto Frio 16.3 1.63 0.43 10.0 38 3.7 0.5 72.26 0.73 11.87 5.32
Bonita 23.7 2.01 0.50 11.8 47 4.0 26.7 1.07 0.32 0.79 4.28
Chorro A 14.2 0.76 0.09 18.7 156 8.3 49.8 2.14 0.38 1.00 4.54
Chorro B 51.8 2.74 0.12 18.9 433 22.9 29.4 2.08 0.58 1.97 4.63
Honda A 19.3 1.15 0.32 16.8 61 3.6 63.4 3.76 0.20 2.37 4.34
Honda B 15.0 0.99 0.26 15.1 58 3.9 68.9 0.75 0.84 1.46 4.05
Hornito A 15.3 1.37 0.43 11.2 35 3.2 61.4 22.45 0.49 9.38 4.61
Hornito B 15.8 0.90 0.23 17.6 69 3.9 67.4 1.19 0.53 0.67 4.09
Palo Seco 8.5 0.69 0.46 12.3 19 1.5 47.5 1.26 0.11 0.83 4.10
Pinola 20.1 1.63 0.53 12.4 38 3.0 5.7 49.95 1.34 10.97 4.77
Samudio 15.6 1.14 0.16 13.7 101 7.3 47.7 1.75 0.26 0.40 4.15
Verrugosa A 9.3 0.67 0.50 14.0 19 1.3 27.7 0.34 0.08 0.58 4.15
Verrugosa B 16.0 1.61 0.47 9.9 34 3.5 86.1 7.74 0.73 5.07 4.16
Zarceadero 12.6 0.71 0.22 17.8 58 3.3 17.9 1.09 1.10 2.60 4.29
Zorro 23.2 1.47 0.38 15.8 61 3.8 9.3 1.26 0.34 0.41 4.39

soils developed in rhyolite at Chorro and Samudio and lowest on
Inceptisols developed in mafic-volcanics on the wet Caribbean
slope. Quantification of organic P concentrations in the profiles
will facilitate assessment of whether ectomycorrhizal tree spe-
cies also deplete P from soil organic matter in these forests. The
variation in soil P is known to influence the distribution of tree
species in the reserve (Prada et al., 2017) and elsewhere in the
lowland forests of Panama (Condit et al. 2013).

In moderately weathered soils, the distribution of base cat-
ions is assumed to reflect the nature of the soil parent material.
Felsic rocks such as rhyolite contain a high relative abundance of
potassium-containing feldspars such as orthoclase (K(AISi,O,)),
leading to relatively high K availability in associated soils. In con-
trast, feldspars in mafic rocks such as basalt are dominated by
plagioclase feldspars (NaAlSi,O,~CaAlSi,O,) and contain abun-
dant mafic (Fe- and Mn-rich) minerals, yielding soils with rela-
tively high concentrations of Ca and Mg, but low concentrations
of K. At Fortuna, exchangeable cations varied markedly among
soils (Table 3.6). For example, there is an approximate 200-fold
variation in profile-weighted concentrations of exchangeable Ca,
which ranged between 0.34 kmol m= in an Inceptisol on mafic-
volcanics on the wet Caribbean slope at Verrugosa A and 72.3
kmol_m~ on mafic-volcanics on the dry Pacific slope at Alto Frio.
The concentration of exchangeable Mg was also greatest at Alto
Frio but also high on basalt at Pinola and dacite at Hornito A. The

high Mg at the latter plot further suggests that the parent material
there differs from that at nearby Hornito B, despite the presence
of dacite cobbles in the profile pit. Potassium varied less than Ca,
ranging from 0.08 kmol  m= at Verrugosa A to 1.34 kmol m~
at Pinola, despite one of the lowest total K concentrations there.

Extractable Al, which can be toxic to plants, tends to depend
on soil pH, with concentrations increasing markedly below pH 5
(measured in 0.01 M CaCl,) (Table 3.6). At Fortuna, extractable
Al was low in high pH soils at Alto Frio and Pinola and high in
more acidic soils on a variety of other parent materials, including
rhyolite at Honda, dacite at Hornito, and mafic-volcanics at Ver-
rugosa B. Exchangeable Al was also moderately high in rhyolite
soils at Chorro, where the watershed is characterized by abun-
dant Vochysia guatemalensis that hyperaccumulates Al (Jansen
et al., 2002). Vochysia does not occur in the Chorro plots, but it
is common in the plots at Honda A, Samudio, and Verrugosa A
(Prada et al., 2017).

Most soils have low base saturation measured in either buff-
ered 1 M NH,AOc (pH 7) or at soil pH in 0.1 M BaCl,. How-
ever, base saturation at soil pH was high in the profiles at Alto
Frio and Pinola. A number of profiles also had low ECEC at soil
pH, sufficient for kandic or oxic horizons (<12 cmol_kg clay),
but markedly higher CEC in buffered solutions. This indicates
the importance of pH-dependent charge in the Fortuna soils and
therefore the importance of determining CEC at the soil pH to



understand the soil exchange complex from the perspective of plant
and microbial communities (Committee on Tropical Soils, 1972).

SoiL PH AND EXTRACTABLE ACIDITY

Soil pH is very strongly to strongly acid, between 4.1 and
4.8, in all profiles except the Inceptisol on the relatively dry
Pacific slope (Alto Frio, pH 5.3) (Table 3.6). There is consider-
able exchangeable acidity in most profiles, even when extract-
able Al at the soil pH is relatively low.

FUTURE WORK

Studies so far at Fortuna reveal a remarkable range of soils
and associated fertility that exert a fundamental control on the dis-
tribution of plant species across the reserve. This opens up a num-
ber of possibilities for further research. The preliminary geological
map of the reserve (Silva et al., this volume) provides the basis for
a broader soil survey and the opportunity to link findings in the
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relatively small number of census sites to broader-scale patterns at
the landscape level. Currently, census plots span a relatively nar-
row range in elevation and therefore in temperature, but the higher
areas of the reserve offer an important opportunity to identify ele-
vation gradients on similar lithology to examine the influence of
temperature on aboveground and belowground communities and
processes. Indeed, the apparent homogeneity of parent material
and rainfall on the northern Caribbean slope suggests the possibil-
ity of elevation gradient from sea level to almost 2,000 m. Given the
increase in temperature and associated shifts in tree communities
predicted for the coming decades, such elevational gradients pres-
ent an important opportunity to understand the consequences of
climate change on tropical trees. At a smaller spatial scale, the For-
tuna Forest Reserve provides an opportunity to examine local scale
variation in soils within lithological units. Finally, the marked varia-
tion in soils across the reserve will facilitate studies of the influence
of soils on belowground microbial communities, as successfully
undertaken already for ectomycorrhizas (Corrales, Arnold, et al.,
2016; Corrales et al., 2017; Corrales and Ovrebo, this volume).
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SOIL PROFILE DESCRIPTIONS AND ANALYTICAL DATA

A. Auto Frio Forest Census PLoT, FORTUNA FOREST ResERVE, PANAMA (FIGURE 3.4)

Soil taxonomy:
Profile location:

Latitude/longitude:
UTM:

Date and season:
Elevation:

Slope and site position:
Parent material:

Soil moisture regime:

Soil temperature regime:

Vegetation:

Drainage:

Surface features:
Faunal activity:
Coarse fragments:
Rooting depth:
Control section:
Mineralogy class:
Particle-size class:

Cation exchange activity class:
Diagnostic horizons and features:

Clayey-skeletal, kaolinitic, isothermic, Typic Humudept

From the STRI station, drive south on the main road through the guard gate and turn off to the
right at a blue bus stop. Park 100 m down the hill by a small concrete building and enter the forest
on the left. Follow the trail downhill for 10 minutes to the southern boundary of the plot (20,00
marker). The pit was adjacent to the 80,00 marker.

8.654334°N, -82.215059°E

17P 0366314 m E., 0956850 m N.

26 July 2010; wet season

1,103 m asl

Steep (~30%) linear backslope, linear lateral, dropping steeply below to a small river
Undifferentiated mafic-volcanics, including andesite, basalt, and diabase

Perudic: mean annual precipitation 4,641 = 623 mm, with 94 + 27 mm mean monthly dry season
rainfall (1 January-30 April)

Isothermic: mean annual temperature 20.5°C

Lower montane tropical forest; canopy height 20 m; common large trees, including oaks; many
small stature trees in the Celastraceae (Zinowiewia costaricensis) and Rosaceae (Prunus fortunen-
sis); open understory with few palms or ferns

Moderately well drained; water draining into the pit below 150 cm

Thin but complete cover of wet leaves

Common earthworms in upper horizons

Hard angular gravel and cobbles throughout the profile

Roots throughout the profile to 195 cm

Between 25 and 100 cm below the soil surface

Kaolinitic (59% kaolinite by thermal X-ray)

Clayey-skeletal (coarse fragments >35% of total volume and clay >35% of the fine earth fraction)
Not applicable for kaolinitic mineralogy class

(1) Perudic moisture regime and isothermic temperature regime

(2) Umbric epipedon from 0 to 38 cm

(3) Cambic horizon from 38 to 114 cm

General Features of the Soil

Despite the classification as an Inceptisol, the kaolinitic miner-
alogy and a low ratio of amorphous to crystalline Fe throughout the
profile indicate that the fine earth is strongly weathered. However,
the soil is relatively fertile, with high pH and high concentrations of
total P and base cations. The abundant jumbled coarse fragments
throughout the subsoil suggest the profile has developed on a land-
slide deposit. We assume that the moisture regime is perudic (i.e.,
precipitation always greater than potential evaporation), despite
slightly less than 100 mm rainfall per month during the dry season.

Soil Taxonomy

The epipedon is umbric because it has a value and chroma
<3 moist, and the base saturation by ammonium acetate at pH
7 is <50% in part of the upper 18 cm. There is evidence of clay
movement (i.e., clay films), but the clay increase in the B horizon

is insufficient to classify it as argillic (requires at least 8% greater
than the epipedon when the epipedon contains >40% clay).
The soil is therefore an Inceptisol because it has a cambic hori-
zon. It is a Udept because of the perudic moisture regime, and
a Humudept because of the umbric epipedon. In the absence of
other diagnostic criteria at the subgroup level, the profile quali-
fies as a Typic Humudept.

Chemical and Physical Properties

The soil is clay-rich and gravelly, with fine subangular blocky
structure. The soil is moderately acid (pH 5.8-6.0). The surface
mineral soil is relatively rich in organic matter, with a low C:N
ratio throughout (<10). Total P is high in the surface soil, with
C:P ratios <100. Exchangeable base cations are high, particularly
Ca. However, exchangeable K is very low throughout the subsoil,
despite relatively high total K. The Ca:Mg ratio is » 1 throughout,
and Al saturation is very low. Effective cation exchange capacity
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(a) Alto Frio

(b) Bonita

FIGURE 3.4. The profiles at (a) Alto Frio and (b) Bonita. Both images were taken using camera flash due to the par-

ticularly dark conditions during sampling.

is relatively high in the subsoil (>18 cmol_kg™), despite kaolinitic
mineralogy, suggesting a considerable contribution of organic mat-
ter to the exchange complex. Pedogenic iron oxides are moderately
high, with a small proportion (<10%) of amorphous forms. Man-
ganese concentrations are particularly high in this profile, includ-
ing exchangeable, amorphous, and total Mn, with common black
Mn concentrations in the waterlogged subsoil. Effective base satu-
ration (by BaCl, extraction) is ~100% throughout the profile but
is much lower by buffered ammonium acetate (pH 7), indicating
considerable pH-dependent charge linked to exchangeable acidity
(but not extractable Al).

Horizon Description: Alto Frio

A—0 to 11 cm; very dark brown (7.5YR 2.5/2) sandy clay
loam; moderate fine and very fine subangular blocky
structure; moist and friable; plastic and slightly sticky;
about 5% hard angular coarse gravel; many roots of all
sizes; common small earthworms; clear smooth boundary.

AB—11 to 38 ¢m; dark brown (7.5YR 3/3) sandy clay; mod-
erate fine and very fine subangular blocky structure;
moist and friable; sticky and very plastic; about 10%

hard angular coarse gravel; many coarse and medium,
and common fine and very fine, roots; common medium
tubular and common fine interstitial pores; common
earthworms; clear smooth boundary.

B1—38 to 82 cm; brown (5YR 4/3) cobbly clay; moderate

fine and very fine subangular blocky structure; moist and
firm; sticky and very plastic; about 30% hard angular
cobbles and about 10% medium angular gravel; faint
clay films on ped faces; common coarse and few medium,
fine, and very fine roots; clear wavy boundary.

B2—382 to 114 cm; dark reddish-brown (2.5-5 YR 3/4) very

gravelly clay; moderate medium, fine, and very fine sub-
angular blocky structure; moist and firm; sticky and very
plastic; about 50% hard angular coarse gravel; faint clay
films on ped faces; very few fine and medium roots; clear
smooth boundary.

BC—114 to 141 cm; brown (10YR 4/3) gravelly clay; moder-

ate medium and fine subangular blocky structure; sticky
and very plastic; about 20% hard, angular, medium and
coarse gravel; faint gray redox depletions around roots;
common round, black, Mn concentrations; few medium
and fine roots; clear smooth boundary.
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Cg—141 to 195+ cm; brown (10YR 5/3), yellowish-red common soft, black, medium Mn concentrations; many
(5YR 4/6), and red (2.5YR 4/6) gravelly clay; moderate hard angular coarse gravel and cobbles (~25% ); few
fine and very fine subangular blocky structure; sticky fine and medium roots; water table at 170 ¢cm draining
and plastic; common coarse gray redox depletions; into the pit.

Laboratory Analysis: Alto Frio

TABLE A.1. Soil physical properties, including bulk density and particle-size distribution, by genetic horizon in the Alto Frio soil.
nd = not determined.

Bulk density Coarse Textural

Horizon Designation (fine earth) fragments Sand Silt Clay class Clay:silt
—cm— —g cmS— —vol%— —%— —%— —%—

0-11 cm A 0.66 N 30.0 25.9 44.1 Clay 1.7
11-38 cm AB 1.06 10 22.6 29.3 48.0 Clay 1.6
38-82 cm B1 1.22 40 23.3 31.7 44.9 Clay 1.4
82-114 cm B2 1.19 50 16.0 33.6 50.4 Clay 1.5
114-141 cm BC 1.40 20 15.7 34.9 49.4 Clay 1.4
141-195+ cm Cg nd 25 14.5 36.2 49.3 Clay 1.4

TABLE A.2. Soil pH and total carbon and nitrogen by genetic horizon in the Alto Frio soil.

Horizon — SoilpH —— Total C Total N C:N C:P N:P
Water CaCl, BaCl, —%— —%—
0-11 cm 6.00 5.54 5.05 8.57 0.75 11.5 95.0 8.3
11-38 cm 5.90 5.22 4.74 2.88 0.31 9.2 38.0 4.1
38-82 cm 591 5.29 4.84 0.79 0.08 9.4 18.9 1.9
82-114 cm 5.82 5.43 5.09 0.43 0.05 8.7 11.1 1.3
114-141 cm 5.93 5.48 5.04 0.38 0.04 8.6 15.1 1.6
141-195+ cm 6.37 6.01 5.47 0.28 0.03 8.2 7.6 0.8

TABLE A.3. Exchangeable cations and effective cation exchange capacity (ECEC) by extraction in 0.1 M barium chloride (BaCl,)
by genetic horizon in the Alto Frio soil. BS = base saturation; sat = saturation; TEB = total exchangeable bases.

Horizon Al Ca Fe K Mg Mn Na TEB* ECECP BSc  ECEC per kg clay Alsat Ca:Mg
cmol_kg! —%— cmol_kg! —%—
0-11 cm 0.09 24.77 0.01 047 281 035 0.13 28.2 28.6 98.4 64.9 0.3 8.8
11-38 cm 0.11 9.78 <0.01 0.11 1.46 0.23 0.13 11.5 11.8 97.1 24.6 0.9 6.7
38-82 cm 0.04 7.10 <0.01 0.03 1.43 0.15 0.10 8.7 8.8 97.8 19.7 0.4 5.0
82-114 cm 0.02 6.65 <0.01 0.03 145 0.22 0.13 8.3 8.5 97.1 16.9 0.2 4.6
114-141 cm 0.01 722  <0.01 0.02 197 0.18 0.21 9.4 9.6 98.0 19.4 0.1 3.7
141-195+cm  <0.01 9.32 <0.01 0.03 1.53 0.09 0.21 11.1 11.2 99.2 22.7 <0.1 6.1

* TEB determined by extraction in 0.1 M BaCl,.
® ECEC determined as the sum of cations extracted in 0.1 M BaCl,.
¢ BS determined as (TEB + ECEC) x 100.
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TABLE A.4. Extractable acidity, exchangeable cations, and cation exchange capacity (CEC) determined in buffered solutions by genetic
horizon in the Alto Frio soil. BS = base saturation; TEB = total exchangeable bases; dash (—) = not determined.

Extractable CEC by sum  BS by sum TEB by BS by

Horizon acidity of cations®  of cations® Ca K Mg Na CEC7* CEC7¢ CEC/clay CEC7¢

cmol_kg! cmol_kg! —%— cmol kg™ cmol_kg'clay  —%—
0-11 cm — — — 17.4 0.4 2.6 <0.1 20.5 37.9 86.0 54
11-38 cm — — — 7.9 0.1 1.4 <0.1 9.4 25.6 53.3 37
38-82 cm — — — 6.6 <0.1 1.5 <0.1 8.2 20.8 46.4 39
82-114 cm — — — 6.1 <0.1 1.5 0.1 7.7 19.2 38.1 40
114-141 cm — — — 7.5  <0.1 2.2 0.1 9.8 22.0 44.6 45
141-195+ cm — — — 9.0 <0.1 1.6 0.2 10.7 19.7 40.0 55

* Sum of extractable acidity and TEB.

b BS determined from TEB + CEC sum of cations x 100.

¢ TEB (sum of Ca, K, Mg, and Na) determined by extraction in ammonium acetate (pH 7).
4 CEC determined by extraction in ammonium acetate (pH 7).

¢ BS determined as (TEB + ECEC) x 100. (TEB + ECEC) x 100.

TABLE A.S. Pedogenic metal oxides extractable in acid-ammonium oxalate and buffered dithionite by genetic horizon in the Alto Frio
soil. Fe_:Fe, ratio, oxalate-extractable iron/dithionite-extractable iron.

Dithionite extraction Oxalate extraction
Horizon Al Fe Mn Al Fe Mn P Si Al+%Fe Fe_:Fe,
% mg g —%—
0-11 cm 0.56 4.22 0.26 4.48 2.86 1.99 0.28 0.30 0.59 0.07
11-38 cm 0.70 5.15 0.30 5.23 3.00 2.22 0.20 0.32 0.67 0.06
38-82 cm 0.55 5.57 0.16 2.69 1.83 1.11 0.04 0.31 0.36 0.03
82-114 cm 0.64 6.64 0.12 1.93 1.88 0.74 0.01 0.34 0.29 0.03
114-141 cm 0.57 6.08 0.08 1.77 1.67 0.53 0.01 0.39 0.26 0.03
141-195+ cm 0.65 7.15 0.16 1.21 1.93 1.00 0.01 0.40 0.22 0.03

TABLE A.6. Total elements by nitric acid digestion by genetic horizon in the Alto Frio soil.

Horizon Al B Ca Cu Fe K Mg Mn Na P Zn
mg g™

0-11 cm 85.2 <0.005 7.58 0.097 74.4 2.31 5.03 2.60 0.91 0.902 0.102

11-38 cm 104.9 <0.005 4.01 0.125 88.9 2.59 5.40 2.88 0.97 0.759 0.108

38-82 cm 116.5 <0.005 3.20 0.128 96.9 3.22 6.53 1.67 1.12 0.418 0.081

82-114 cm 128.5 <0.005 2.23 0.145 98.2 4.03 3.52 1.16 0.77 0.388 0.067

114-141 cm 122.7 <0.005 3.18 0.131 95.1 3.26 4.68 0.95 1.39 0.251 0.077

141-195+ cm 124.4 <0.005 3.14 0.170 93.7 2.58 2.21 1.43 1.08 0.368 0.066
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B. BoNita Forest Census PLot, FORTUNA FOREST Reserve, PaNamA (FIGURE 3.4)

Soil taxonomy:
Profile location:

Medial, ferrihydritic, isothermic, Acrudoxic Ultic Hapludand
From the north side of the Quebrada Bonita bridge, follow the trail uphill for ~25 minutes to the plot;

the pit was located close to the 00,00 marker.

Latitude/longitude: 8.767653°N, -82.21567°E

UTM: 17P, 0366287 m E., 0969381 m N.

Date and season: 28 July 2010; wet season

Elevation: 1,296 m asl
Slope and site position:
Parent material:

ash deposit

Soil moisture regime:

Steep (~30%) upper backslope; convex radial and linear lateral
Undifferentiated mafic-volcanics, including andesite, basalt, and diabase; possibly under a more recent

Perudic: mean annual rainfall at nearby Chorro A 5,507 = 247 mm, with 351 = 53 mm mean monthly

dry season rainfall (1 January-30 April)

Soil temperature regime:
Vegetation:

Isothermic: mean annual temperature 17.7°C at nearby Chorro A
Lower montane tropical forest; canopy height 20 m; relatively open canopy with many understory

ferns, including tree ferns (Alsophila erinacea, Cyathea darienensis)

Drainage:

Surface features:
Faunal activity:
Coarse fragments:
Rooting depth:
Control section:

None observed

Mineralogy class: Ferrihydritic
Particle-size class: Medial (substitute class)
Cation exchange activity class: Not applicable

Diagnostic horizons/features:

The upper 100 cm of the soil profile

Moderately well drained; lower 30 cm of pit flooded
Shallow incomplete (80%) cover of wet leaves

Many gravel and cobbles between 78 and 100 m
Roots throughout the profile to 176 cm but mainly in the upper 10 cm

(1) Perudic moisture regime and isothermic temperature regime

2) Umbric epipedon from 0 to 18 cm

(2)
(3) Andic properties from 18 to 60 cm
(4)

4) Argillic horizon from 18 to 78 cm

General Features of the Soil

Although a number of profiles have andic properties at For-
tuna, this is one of the few profiles where they are sufficiently
expressed to qualify as an Andisol. The upper 60 cm of the
profile has low bulk density, high concentrations of amorphous
(noncrystalline) metal oxides, and a ferrihydritic mineralogy
class. There is an increase in clay concentration with depth and
thin clay films on ped faces, indicating illuvial clay accumulation
in the subsoil.

Geology in the area of the Bonita plot is classed as undiffer-
entiated volcanics, although an outcrop in the Quebrada Bonita
stream is described as amygdular basalt, with a black aphanitic
matrix, dark gray pyroxene, white concentric silica amygdules
with euhedral quartz crystals, and greenish white fresh amyg-
dules filled with malachite (Silva et al., this volume). However,
the clear andic properties in the upper part of the profile suggest
that this site might have also been influenced by the rhyolitic ash
deposit that covers Chorro and Honda to the west.

Soil Taxonomy

The soil is an Andisol because it has andic properties (organic
C <25%, bulk density <0.9 g cm=, and oxalate-extractable Al+
5Fe >2%) in more than 50% of the upper 60 cm of the profile
(although we did not determine phosphate retention). The soil is a
Udand because of the perudic moisture regime, and in the absence
of other diagnostic features at the Great Group level (note, some
not assessed), the soil qualifies as a Hapludand. The profile quali-
fies as an Acrudoxic Ultic Hapludand because (1) the sum of bases
plus extractable Al is <2.0 cmol_kg™ in horizons with a thickness of
30 cm or more between 25 and 100 cm below the soil surface (i.e.,
the Bt1 and Bt2) and (2) the profile has an argillic horizon with base
saturation by sum of cations of <35% throughout its upper 50 cm.

We did not determine water retention at 1,500 kPa, but if it
is >70% in 35 cm or more of the upper 100 cm, then the profile
could qualify as an Acrudoxic Hydric Hapludand. Water retention
also influences whether the mineralogy substitute class is hydrous
(>100%) or medial (35%-100%). Moisture content of the upper



60 cm of the profile at the time of sampling (mid—wet season) was
~50% of fresh weight (i.e., ~100% calculated as moisture/dry soil
mass). As 1,500 kPa water retention will be much less than field
capacity, we classify the mineralogy substitute class as medial.
The profile has a ferrihydritic mineralogy class because 8xSi__+
2xFe__is =5, and 8xSi__is <2xFe_. Organic C in the A horizon is
high but insufficient to qualify as organic soil (<20% organic C).

Chemical and Physical Properties

The soil has a loamy epipedon and a clay-rich subsoil. Bulk
density is <0.9 cm= throughout the upper 60 cm of the profile. The
soil is very strongly acid throughout, except for the extremely acid
and organic-rich surface horizon. Total carbon is high throughout
the upper 78 cm of the profile, although C:N ratios are 11 to 12.
All base cations are extremely low (<0.3 cmol_kg™) below 10 cm,
and Al saturation is >80% throughout. Total Al and Fe are high in
the deep subsoil, while total Ca is very low (total K and Mg are rel-
atively high). Total P is relatively high throughout. Amorphous Al
and Fe are very high in the upper 78 cm of the profile (Fe, > Fe_).

Horizon Description: Bonita

A—O0 to 10 cm; very dark brown (10YR 2/2) silt loam; fine
and very fine subangular blocky structure; moist and
loose; slightly sticky and not plastic; many very fine, fine,
medium, and coarse roots forming a thin surface mat;
clear smooth boundary.

AB—10 to 18 cm; dark brown (10YR 3/3) sandy clay loam;
medium subangular blocky structure; moist and very
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friable; sticky and not plastic; many medium, and com-
mon coarse, fine, and very fine roots; clear smooth
boundary.

Bt1—18 to 36 cm; brown (10YR 4/3) sandy clay loam; coarse
subangular blocky structure, breaking to fine and very
fine subangular blocky; moist and friable; sticky and
slightly plastic; common medium and coarse and few fine
and very fine roots; gradual smooth boundary.

Bt2—36 to 60 cm; brown (7.5YR 4/3) silty clay; coarse sub-
angular blocky structure, breaking to medium and fine
subangular blocky; moist and friable; sticky and slightly
plastic; thin clay films on ped faces; very few fine and
very fine roots; gradual smooth boundary.

Bt3—60 to 78 cm; brown (7.5YR 4/3) sandy clay; very coarse
subangular blocky structure/medium wedge; moist and
firm to friable; sticky and slightly plastic; thin clay films on
ped faces; very few fine roots; gradual smooth boundary.

BC1—78 to 100 cm; brown (7.5YR 4/4) gritty clay loam;
massive, breaking to very coarse angular blocky; moist
and firm; slightly sticky and not plastic; about 40%
weathered volcanic cobbles; very few fine roots; gradual
smooth boundary.

BC2—100 to 176 c¢cm; brown (7.5YR 4/4) gritty clay loam;
massive, breaking to very coarse angular blocky; moist
and firm; slightly sticky and not plastic; few continuous
clay films on surfaces of major peds; very few fine roots;
smooth clear boundary.

C—176 to 190+ cm; brown (7.5YR 4/3) gritty loam; mas-
sive; moist and firm; slightly sticky and not plastic; no
roots.

Laboratory Analysis: Bonita

TABLE B.1. Soil physical properties, including bulk density and particle-size distribution, by genetic horizon in the Bonita soil.

Dash (—) = not determined.

Bulk density Coarse
Horizon Designation (fine earth) fragments Sand Silt Clay Textural class Clay:silt
—cm— —g cms— —vol%— —%— —%— —%—
0-10 A 0.34 0 43.0 35.7 21.3 Loam 0.60
10-18 AB 0.63 0 48.3 19.8 31.9 Sandy clay loam 1.61
18-36 Btl 0.68 0 38.7 22.9 38.4 Clay loam 1.68
36-60 Bt2 0.76 0 22.6 29.5 47.9 Clay 1.62
60-78 Bt3 1.06 0 20.6 36.9 42.5 Clay 1.15
78-100 BC1 1.40 40 20.4 39.7 39.9 Clay loam 1.01
100-176 BC2 — 0 16.8 50.1 33.0 Silty clay loam 0.66
176-190+ C — 0 16.7 52.5 30.8 Silty clay loam 0.59
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TABLE B.2. Soil pH and total carbon and nitrogen by genetic horizon in the Bonita soil.

Horizon Soil pH Total C Total N C:N C:P N:P
Water CaCl, BaCl, —%— —%—
0-10 4.10 3.61 3.61 18.43 1.70 10.8 131.9 12.2
10-18 4.64 4.30 4.27 5.02 0.43 11.8 71.7 6.1
18-36 4.60 4.53 4.46 4.07 0.34 11.8 62.5 5.2
36-60 4.82 4.48 4.43 3.14 0.25 12.5 44.7 3.6
60-78 4.82 4.31 4.30 1.76 0.14 12.6 29.1 2.3
78-100 4.95 4.11 4.15 0.47 0.04 12.6 9.1 0.8
100-176 4.97 4.06 4.17 0.17 0.02 9.7 3.0 0.4
176-190+ 4.88 4.06 4.16 0.12 0.01 9.4 2.2 0.2

TABLE B.3. Exchangeable cations and effective cation exchange capacity (ECEC) by extraction in 0.1 M barium chloride (BaCl,)
by genetic horizon in the Bonita soil. BS = base saturation; sat = saturation; TEB = total exchangeable bases.

ECEC per
Horizon Al Ca Fe K Mg Mn Na TEB*  ECEC" BSe kg clay Alsat  Ca:Mg
cmol kg —%— cmol_kg! —%—
0-10 8.78 1.93 0.24 0.52 1.14 0.07 0.10 3.7 12.8 28.9 60.0 68.7 1.7
10-18 2.69 0.12 0.03 0.07 0.14 <0.01 0.01 0.3 3.1 11.1 9.6 87.9 0.9
18-36 1.05 0.09 0.02 0.03 0.07 <0.01 <0.01 0.2 1.3 15.5 3.3 83.3 1.3
36-60 1.25 0.05 0.02 0.03 0.04 <0.01 <0.01 0.1 1.4 8.6 2.9 89.9 1.3
60-78 3.09 0.04 0.01 0.01 0.05 <0.01 0.01 0.1 3.2 3.4 7.6 96.3 0.8
78-100 6.98 0.04 0.01 <0.01 0.04 <0.01 0.02 0.1 7.1 1.4 17.8 98.4 1.0
100-176 8.00 0.05 0.01 0.03 0.07 <0.01 <0.01 0.2 8.2 1.8 24.7 98.0 0.7
176-190+ 7.76 0.07 0.02 0.05 0.07 0.01 <0.01 0.2 8.0 2.4 25.9 97.2 1.0

* TEB determined by extraction in 0.1 M BaCl,.
> ECEC determined as the sum of cations extracted in extraction in 0.1 M BaCl,.
¢ Base saturation determined as (TEB + ECEC) x 100.

TABLE B.4. Extractable acidity, exchangeable cations, and cation exchange capacity (CEC) determined in buffered solutions by genetic

horizon in the Bonita soil. BS = base saturation; TEB = total exchangeable bases; dash (—) = not determined.
Extractable = CECby sum  BS by sum TEB by BS by
Horizon acidity of cations® of cations® Ca K Mg Na CEC7¢ CEC7¢ CEC/clay CEC7¢
cmol_kg! cmol_kg™! —%— —cmol kg!' ——MM —— cmol kg clay —%—
0-10 — — — — — — — — — — —
10-18 — — — — — — — — — — —
18-36 39.9 40.1 0.5 — — — — — — — —
36-60 37.3 37.5 0.3 — — — — — — — —

60-78 31.5 31.6 0.3 — — — — — — — —
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TABLE B.4. (Continued)

Extractable = CECby sum  BS by sum TEB by BS by

Horizon acidity of cations? of cations Ca K Mg Na CEC7¢ CEC74 CEC/clay CEC7¢

cmol_kg! cmol_kg! —%— cmol kg cmol_ kg clay —%—
78-100 23.6 23.7 0.4 — — — — — — — —
100-176 24.7 24.8 0.6 — — — — — — — —
176-190+ — — — — — — — — — — —

@ Sum of extractable acidity and TEB.
b BS determined from TEB + CEC sum of cations x 100.

¢ TEB (sum of Ca, K, Mg, and Na) determined by extraction in ammonium acetate (pH 7).

¢ CEC determined by extraction in ammonium acetate (pH 7).
¢ BS determined as (TEB + ECEC) x 100.

TABLE B.5. Pedogenic metal oxides extractable in acid-ammonium oxalate and buffered dithionite by genetic horizon in the Bonita soil.
Fe :Fe, ratio, oxalate-extractable iron/dithionite-extractable iron.

Dithionite extraction

Oxalate extraction

Horizon Al Fe Mn Al Fe Mn P Si Al+¥%Fe Fe_:Fe,
Y% mg g! —%—
0-10 1.10 3.26 0.01 8.47 10.51 0.06 0.69 0.16 1.37 0.32
10-18 111 3.42 0.01 10.57 13.11 0.07 0.40 0.49 1.71 0.38
18-36 1.41 4.93 0.02 12.85 17.88 0.09 0.36 0.98 2.18 0.36
36-60 1.49 7.08 0.03 12.25 20.82 0.12 0.29 0.90 227 0.29
60-78 1.15 7.17 0.03 9.17 14.86 0.12 0.17 1.04 1.66 0.21
78-100 0.67 6.03 0.04 5.04 4.53 0.19 0.07 0.60 0.73 0.08
100-176 0.45 5.24 0.07 4.07 2.77 0.36 0.07 0.41 0.55 0.05
176-190+ 0.40 5.25 0.11 3.86 235 0.63 0.09 0.35 0.50 0.04
TABLE B.6. Total elements by nitric acid digestion by genetic horizon in the Bonita soil.
Horizon Al B Ca Cu Fe K Mg Mn Na P Zn
mg g™
0-10 42.0 0.007 2.26 0.039 45.4 1.64 3.00 0.28 0.71 1.397 0.053
10-18 50.9 <0.005 4.56 0.043 62.9 1.39 4.88 0.41 1.53 0.700 0.070
18-36 63.3 <0.005 3.87 0.050 69.4 1.67 4.97 0.42 1.32 0.651 0.073
36-60 93.0 <0.005 1.60 0.071 93.5 2.32 6.09 0.60 0.57 0.702 0.091
60-78 117.7 <0.005 0.38 0.097 105.2 2.51 8.58 0.85 0.17 0.605 0.126
78-100 125.3 <0.005 0.14 0.111 91.2 2.94 8.73 1.05 0.12 0.519 0.143
100-176 125.0 <0.005 0.13 0.114 92.3 1.53 9.91 1.59 0.14 0.563 0.170
176-190+ 119.0 <0.005 0.13 0.106 90.1 0.83 10.79 2.12 0.14 0.545 0.159
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C. CHorro A Forest CeNsus PLot, FORTUNA FOREST Reserve, PANAMA (FIGURE 3.5)

Soil taxonomy:
Profile location:

Latitude/longitude:
UTM:

Date and season:
Elevation:

Slope and site position:

Soil moisture regime:
Soil temperature regime:

Parent material:
Vegetation:

Drainage:

Medial, amorphic, isothermic, Alic Epiaquand

From the Quebrada Chorro bridge, enter the forest on the northwest side of the river and climb the
trail for ~20 minutes to the plot; the profile pit was located ~20 m west of the 100,50 marker.
8.750184°N, -82.228849°E

17P, 0364831 m E., 0967454 m N.

2 July 2008 (wet season); reassessed 19 January 2014 (early dry season)

1,207 m asl

Nearly level, sloping gently (~5%) toward the southeast and then steeply to the Chorro River; the plot
is on a relatively flat area below a 1,300 m ridgeline

Perudic; mean annual rainfall 5,507 + 247 mm, with 351 = 53 mm mean monthly dry season rainfall
(1 January-30 April)

Isothermic: mean annual temperature 17.7°C, with mean monthly temperature varying by <2°C)
Rhyolite boulders and fine-grained rhyolitic tuff

Lower montane tropical rainforest; canopy height 20 m; relatively closed canopy, with a few large
Podocarpus and oak trees and frequent emergent Colpothrinax palms, and Euterpe and Wettinia can-
opy palms; understory dominated by juvenile palms

Poorly drained throughout the wet season; water table at ~200 cm during dry season

Surface features: Thick cover of wet leaf litter
Faunal activity:

Coarse fragments:

Rooting depth:

Control section:

Particle-size class:

Mineralogy class:

Cation exchange activity class: Not applicable

Diagnostic horizons/features:

2) Ochric epipedon from 5 to 15 cm

The upper 100 cm of the mineral soil
Medial (andic properties and a presumed 1,500 KPa water retention capacity of <100%)
Amorphic (8xSi_ + 2xFe_ is >5, and 8xSi__is >2xFe_ )

A few earthworms in the upper 20 cm
Boulders up to 1 m diameter in the profile pit
Throughout the profile to >200 cm, with roots penetrating soft rhyolite

(1) Perudic moisture regime and isothermic temperature regime

(2)
(3) Andic soil properties from 15 to 40/60 cm
(4) Episaturation between 31 and 45 cm

General Features of the Soil

The profile is an Andisol, with the upper mineral soil domi-
nated by amorphous metal oxides. The profile has a dark, organic
surface horizon over bright white subsoil developed in volcanic
ash of rhyolitic composition. The soil appears to become satu-
rated from both above and below, presumably due to the high
rainfall and clay-enriched subsurface horizon and the relatively
flat topography. In particular, redox concentrations around roots
in the upper subsoil indicate oxygenation of a reduced horizon.
The profile is very acidic and extremely infertile. The combina-
tion of acidity, infertility, and saturation indicates that this envi-
ronment is particularly harsh for plant growth.

Soil Taxonomy
The profile is an Andisol because it has Andic properties

in 60% of the upper 60 cm of the mineral soil. Bulk density is
<0.9 g cm™ in all horizons to 45 cm depth, although the upper

5 cm does not have andic properties. The A horizon (5-15 c¢m)
qualifies as andic because it contains an Al+%Fe concentration
of 0.9% and has 31% glass in the coarse silt fraction (although
glass content is small in the fine sand fraction). The Bw horizon
(15 to 31 cm) qualifies as andic because the Al+'4Fe concentra-
tion is 2.3% and the coarse silt and fine sand fractions contain
>10% glass. The Bg horizon (31-40/60 cm) has an Al+'%Fe of
1.9% and, although we did not quantify glass in this horizon, it
is presumably similar to the Bw, in which case the horizon quali-
fies as andic (i.e., assuming >10% glass; 1.9% Al+'Fe requires
>6% glass to qualify as andic).

The profile qualifies as an Aquand because it has aquic
conditions and redoximorphic features between 40 and 50 cm
below the soil surface. The low Fe concentrations in this profile
mean that the expression of redoximorphic features is muted.
There is a 1 mm thick iron pan (placic horizon), but this is dis-
continuous and does not appear to impede root growth, so the
profile does not qualify as a Placaquand. The profile appears
to saturate from below in the wet season to ~75 cm, as well as



(a) Chorro A

(b) Chorro B
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FIGURE 3.5. The profiles at (a) Chorro A and (b) Chorro B.

above the clay-rich horizon at 40/60 c¢m, indicating the possibil-
ity of both episaturation and endosaturation. However, episatu-
ration appears earlier in the key, so the profile qualifies as an
Epiaquand. With extractable Al >2 cmol kg™ between 25 and
50 cm below the mineral soil surface, the profile qualifies as an
Alic Epiaquand.

A similar process appears to be operating at Chorro B,
where the accumulation of organic matter and amorphous Al is
sufficient to qualify the profile as a Spodosol. The Chorro B pro-
file presumably represents a more advanced stage of pedogenesis
than Chorro A, despite being formed in the same rhyolitic parent
material, perhaps reflecting their different topographic positions.

There is an apparent sombric horizon between 133 and 155
cm, indicated by the darkening caused by organic matter (total
C = 1.78%), with abundant fine roots. However, the organic
matter appears to be associated with amorphous Al oxides
(1.2% by ammonium oxalate extraction), which precludes this
horizon from being classified as sombric.

There is a clay increase in the upper part of the mineral soil,
but (1) there are only faint clay films, (2) clay concentrations
are erratic with depth, and (3) texture analysis is problematic

in soils with andic properties. Therefore, we do not consider
the measured clay increase to represent an argillic horizon in
this profile.

Chemical and Physical Properties

The soil has an organic surface horizon, with a loam surface
mineral soil over a clay/silty clay loam B horizon, although the
texture is variable in the subsoil and the amorphous mineralogy
means that dispersion is unreliable. Bulk density is <1.0 g cm™
throughout the profile. The organic soil is extremely acidic, with
a very strongly acidic mineral soil. Carbon to nitrogen ratios
are relatively high (17-20). Total P concentrations are relatively
low, being <150 mg P kg™ in the upper meter of mineral soil.
Exchangeable base cation concentrations are extremely low, with
=0.3 cmol_kg! below 15 cm. Aluminum concentrations are high
throughout the upper meter of the profile, with corresponding
high Al saturation and low base saturation. Amorphous Al and
Fe concentrations are relatively high, particularly in the argillic
horizon, while dithionite Fe concentrations are <1% throughout
the profile. Manganese concentrations are extremely low, with
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undetectable concentrations of exchangeable and extractable
(oxalate, dithionite) Mn.

Horizon Description: Chorro A

0Oa—0 to 5 cm; black (10YR 2/1) decomposed organic matter;
soft, loose, and very moist; many coarse, medium, fine, and
very fine roots; slightly sticky; abrupt smooth boundary.

A—S5 to 15 cmyj very dark grayish-brown (10YR 3/2) silty
clay loam; moderate coarse subangular blocky structure,
breaking to fine subangular blocky; wet and friable;
common fine tubular pores; many medium, and common
fine and very fine roots; clear smooth boundary.

Bw—15 to 31 cmj light brownish-gray (2.5Y 6/2) silty clay;
moderate medium subangular blocky structure; grayish-
brown hypocoats on ped faces; very few fine brownish-yel-
low (10YR 6/6) redox concentrations, particularly around
fine roots; sticky and plastic; faint continuous clay films
on ped faces; common medium worm channels infilled
with very dark brown (10YR 2/2) organic matter; many
coarse, common medium, and few fine and very fine roots;
gradual smooth boundary.

Bg—31 to 40/60 cm; pale brown (10YR 6/3) silty clay;
sticky and slightly plastic; moderate coarse subangular
blocky structure; common medium channels infilled with
organic matter; faint mottling throughout, with com-
mon brownish-yellow (10YR 6/6) redox concentrations
around old root channels; many medium and few fine
and very fine roots; wavy clear boundary.

Bs—40/60 to 75 cm; light yellowish-brown (2.5Y 6/4) sandy
loam; massive, breaking to granular; wet and friable;
brownish-yellow (10YR 6/6) iron enrichment; discontin-
uous thin (1 mm) hard iron pan in upper part of the hori-
zon; slightly sticky and not plastic; few medium tubular
pores infilled with organic matter; common coarse and
medium roots clear smooth boundary.

BCg1—75 to 90 cm; light gray (2.5Y7/1) sandy loam; mas-
sive, breaking to granular; wet and friable; common fine
and medium prominent yellowish-red (5YR 5/8) redox
concentrations forming around old root channels; few
fine roots; clear smooth boundary.

BCg2—90 to 121 cm; light gray (2.5Y7/1) silty clay; mas-
sive, breaking to fine subangular blocky; wet and firm;
sticky and plastic; common fine prominent yellowish-red
(5YR 5/8) redox concentrations; many fine root chan-
nels; very few fine and medium roots; gradual smooth
boundary.

Cg1—121 to 133 cm; light brownish-gray (10YR 6/2) silty
clay; massive, breaking to fine subangular blocky; gray-
ish-brown (10YR 5/2) organic stains on outside of peds;
wet and firm; sticky and plastic; no redox concentra-
tions; very few fine roots; clear smooth boundary.

Cg2—133 to 155 cm; grayish-brown (10YR 5/2) sandy clay
loam; massive; sticky and not plastic; wet and slightly
firm; abrupt wavy boundary.

Cr—155 to 200+ cmy; soft rhyolite and hard rhyolite cobbles,
stones, and boulders; roots and root channels in soft
rhyolite.

Laboratory Analysis: Chorro A

TABLE C.1. Soil physical properties, including bulk density and particle-size distribution, by genetic horizon in the Chorro A soil.

Dash (—) = not determined.

Bulk density Coarse Clay:silt
Horizon Designation (fine earth) fragments Sand Silt Clay Textural class ratio
—cm— —g cm— —vol%— —Y%— —%— —Y%—
0-5 Oa 0.12 0 — — — Organic —
5-15 A 0.54 0 46.2 46.0 7.9 Loam 0.17
15-31 Bw 0.69 0 23.2 47.9 28.9 Clay loam 0.60
31-40/60 Bg 0.76 0 19.5 46.7 33.8 Silty clay loam 0.72
40/60-75 Bs 0.96 0 38.6 45.7 15.7 Loam 0.34
75-90 BCgl 0.90 0 59.1 37.0 3.9 Sandy loam 0.11
90-121 BCg2 0.84 0 32.7 43.7 23.7 Loam 0.54
121-133 Cgl 0.82 0 23.9 47.3 28.8 Clay loam 0.61
133-155 Cg2 0.86 0 43.6 48.0 8.4 Loam 0.18
155-200 Cr — 100 — — — — —




NUMBER 112 o 75

TABLE C.2. Soil pH and total carbon and nitrogen by genetic horizon in the Chorro A soil.

Horizon Soil pH Total C Total N C:N C:P N:P
—cm— Water CaCl, BaCl, —%— —%—

0-5 4.26 3.78 3.46 24.24 1.39 17.4 800.3 45.9
5-15 4.64 3.98 4.13 5.89 0.30 19.6 467.6 23.8
15-31 4.96 4.40 4.43 3.47 0.17 19.8 236.0 11.9
31-40/60 4.91 4.30 4.41 1.95 0.11 17.4 158.8 9.1
40/60-75 4.85 4.12 4.25 0.41 0.02 19.6 52.7 2.7
75-90 4.84 4.07 4.23 0.29 0.01 20.5 35.0 1.7
90-121 4.76 4.04 4.17 0.42 0.03 12.3 32.5 2.6
121-133 4.87 4.20 4.30 0.98 0.07 14.5 56.2 3.9
133-155 5.01 4.24 4.60 1.21 0.06 20.7 72.2 3.5
155-200 5.16 4.54 4.63 0.44 0.02 23.4 146.6 6.0

TABLE C.3. Exchangeable cations and effective cation exchange capacity (ECEC) by extraction in 0.1 M barium chloride (BaCl,) by

genetic horizon in the Chorro A soil. BS = base saturation; sat = saturation; TEB = total exchangeable bases; dash (—) = not determined.
ECEC per

Horizon Al Ca Fe K Mg Mn Na TEB* ECECP BS¢ kg clay Alsat Ca:Mg
—cm— cmol_kg! —%—  cmol_kg! —%—

0-5 3.02 12.37 0.08 0.64 3.26 0.28 0.29 16.6 19.9 83.0 — 15 3.8
5-15 4.11 0.79 0.06 0.06 0.26 <0.01 0.04 1.2 5.3 21.6 67.5 77 3.0
15-31 1.93 0.14 <0.01 0.06 0.06 <0.01 0.01 0.3 2.2 12.2 7.6 87 2.4
31-40/60 2.26 0.13 <0.01 0.06 0.08 <0.01 0.02 0.3 2.6 11.2 7.6 89 1.7
40/60-75 5.21 0.10 <0.01 0.02 0.09 <0.01 0.01 0.2 5.4 4.1 34.6 96 1.1
75-90 7.99 0.07 <0.01 0.03 0.07 <0.01 0.01 0.2 8.2 2.3 209.8 98 1.0
90-121 12.65 0.07 <0.01 0.05 0.08 <0.01 0.03 0.2 12.9 1.7 54.3 98 0.9
121-133 6.72 0.07 <0.01 0.06 0.05 <0.01 0.01 0.2 6.9 2.9 24.0 97 1.6
133-155 0.50 0.04 <0.01 0.05 0.01 <0.01 <0.01 <0.1 0.6 15.5 7.2 83 3.1
155-200 0.52 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.1 0.5 1.0 — 99 <0.1

* TEB determined by extraction in 0.1 M BaCl,.

> ECEC determined as the sum of cations extracted in extraction in 0.1 M BaCl,.

¢ BS determined as (TEB + ECEC) x 100.

TABLE C.4. Extractable acidity, exchangeable cations, and cation exchange capacity (CEC) determined in buffered solutions by genetic

horizon in the Chorro A soil. BS = base saturation; TEB = total exchangeable bases, dash (—) = not determined.
Extractable CEC by sum  BS by sum TEB by BS by
Horizon acidity of cations®  of cations® Ca K Mg Na  CEC7¢ CEC7¢ CEC/clay CEC7¢
cmol_kg! cmol kg —%— cmol kg cmol_kg'clay —%—
0-5 — — — - — — — — — — —
5-15 — — — 0.39 0.07 0.17 0.05 0.7 24.9 314.8 2.7

(Continued)
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TABLE C.4. (Continued)

Extractable CEC by sum  BS by sum TEB by BS by

Horizon acidity of cations®  of cations® Ca K Mg Na  CEC7¢ CEC7¢ CEC/clay CEC7¢

cmol_kg! cmol kg —%— cmol kg cmol_kg'clay —%—
15-31 — — — 0.05  0.05 0.03 0.01 0.1 33.5 115.9 0.4
31-40/60 — — — 0.07  0.05 0.0 0.02 0.2 27.7 82.1 0.7
40/60-75 — — — 0.12  0.04 0.08 0.02 0.3 20.5 130.8 1.2
75-90 — — — — — — — — — — —

@ Sum of extractable acidity and TEB.

b BS determined from TEB + CEC sum of cations x 100.

¢ TEB (sum of Ca, K, Mg, and Na) determined by extraction in ammonium acetate (pH 7).
¢ CEC determined by extraction in ammonium acetate (pH 7).

¢ BS determined as (TEB + ECEC) x 100.

TABLE C.5. Pedogenic metal oxides extractable in acid-ammonium oxalate and buffered dithionite by genetic horizon in the Chorro A

soil. Fe_:Fe, ratio, oxalate-extractable iron/dithionite-extractable iron.

Dithionite extraction

Oxalate extraction

Horizon Al Fe Mn Al Fe Mn P Si Al+%Fe Fe_:Fe,
—cm— % mg g! —%—

0-5 0.19 0.14 <0.01 1.90 1.59 0.04 0.09 0.05 0.27 1.17
5-15 0.52 0.76 <0.01 7.39 5.86 <0.01 0.06 0.29 0.93 0.80
15-31 1.61 0.66 <0.01 18.26 3.21 <0.01 0.07 6.45 2.26 0.58
31-40/60 1.15 1.10 <0.01 18.27 5.10 <0.01 0.03 3.57 1.90 0.43
40/60-75 0.43 0.78 <0.01 8.06 2.50 <0.01 <0.01 0.63 0.78 0.28
75-90 0.28 0.42 <0.01 4.21 0.75 <0.01 <0.01 0.43 0.49 0.24
90-121 0.30 0.33 <0.01 4.93 1.07 <0.01 <0.01 0.29 0.55 0.33
121-133 0.56 0.13 <0.01 8.61 0.82 <0.01 0.06 1.83 0.90 0.63
133-155 0.64 0.06 <0.01 11.92 0.49 <0.01 0.13 4.06 1.22 0.77
155-200 0.33 0.12 <0.01 5.25 0.22 <0.01 0.02 1.73 0.54 0.19
TABLE C.6. Total elements by nitric acid digestion by genetic horizon in the Chorro A soil.

Horizon Al B Ca Cu Fe K Mg Mn Na P Zn
—cm— mg g™

0-5 14.8 0.013 3.75 0.012 4.3 0.86 1.28 0.09 0.40 0.303 0.543
5-15 32.5 <0.005 2.22 0.012 16.1 1.42 2.29 0.10 1.06 0.126 0.025
15-31 94.6 0.009 0.75 0.084 14.2 2.37 1.81 0.09 0.57 0.147 0.029
31-40/60 116.8 0.009 0.62 0.115 20.5 2.48 217 0.10 0.43 0.123 0.047
40/60-75 103.3 <0.005 0.45 0.067 14.2 1.40 2.08 0.21 0.18 0.078 0.041
75-90 108.6 <0.005 0.35 0.070 11.8 1.02 2.42 0.25 0.14 0.082 0.034
90-121 140.9 <0.005 0.34 0.115 13.2 2.51 2.67 0.18 0.22 0.130 0.038
121-133 102.2 0.006 0.22 0.115 9.6 3.31 2.06 0.08 0.28 0.175 0.034
133-155 60.6 <0.00$ 0.18 0.085 4.2 1.60 0.86 0.05 0.22 0.168 0.023
155-200 73.5 0.005 0.04 0.018 5.2 1.68 1.26 0.09 0.16 0.081 0.048
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TABLE C.7. Detailed particle-size distribution and glass contents in the Chorro A profile. Note that glass includes glass, glass coated
grains, and glass aggregates, although the majority were glass grains. For grain counts, 30% of the fine earth must be coarse silt and sand
(0.02-2 mm). We did not quantify sand grains coarser than fine sand. GS = glass grains; GC = glass-coated grains; GA = glass aggregates;
nd = not determined. Fractions in bold were analyzed for glass content.

Particle-size distribution (%) Grain counts (%)
Very Very

Fine Coarse fine Fine Medium Coarse coarse
Horizon Clay silt silt sand  sand sand sand  sand Coarse silt Fine sand Mean glass
—cm— —%— —%— —%— —%— —%— —%— —%—  —%—
S5-15 20.5 28.7 8.9 7.9 18.8 13 1.6 0.6 GS28,GA2,GC1 GS2,GA1 12%
15-31 24.1 30.3 8.8 11 14.7 8 2.9 0.2 GS 10, GA 3, GC,tr  GS 10, GA 3, GC tr 13%
31-40/60 nd nd nd nd nd nd nd nd — — —
40/60-75  11.3 19.4 12.7 13.7 19.5 15.5 5.7 2.2 GC1,GS1 GA tr, GC tr <1%

Additional Data: Chorro A. BS = base saturation; CEC = cation exchange capacity; ECEC = effective CEC; sat = satura-
tion; TEB = total exchangeable bases; nd = not detected; dash (—) = not determined.

Dithionite—citrate extraction Ammonium oxalate extraction
Horizon Al Fe Mn Al Fe Si Al+YFe Mn P
Y% % —mg kg '——
15-31 — — — 1.60 0.46 0.43 1.83 1.1 46.5
90-121 0.3 0.3 nd 0.59 0.13 0.04 0.59 nd nd

Ammonium acetate extraction

CEC per kg
Horizon Ca K Mg Na TEB CEC? BS clay
cmol kg Y% cmol_kg!
15-31 — — — — — - - —
90-121 nd 0.1 nd nd 0.1 22.6 0 —
Barium chloride-triethanolamine
KCl extraction extraction (pH 8.2)
Horizon Al Mn Acidity CEC® BS ECECe¢ Al sat
cmol_kg! mg kg! cmol kg —— Y% cmol_kg! %

15-31 — — 445 — — _ —
90-121 18.8 nd 25.4 25.5 0 18.9 99

* NH,OAc extraction and measurement of the subsequently displaced NH, (i.e., includes bases, exchangeable acidity, etc.).
® NH,OAc bases + acidity (at pH 8.2).
¢ ECEC (NH,OAc-extractable bases plus KCl-extractable Al).
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D. CHorro B Forest Census Prot, FORTUNA FOREST RESERVE, PANAMA (FIGURE 3.5)

Soil taxonomy:
Profile location:

Latitude/longitude:
UTM:

Date and season:
Elevation:

Slope and site position:
Soil moisture regime:

Soil temperature regime:

Parent material:
Vegetation:

Drainage:

Surface features:
Faunal activity:
Coarse fragments:

Rooting depth:
Control section:
Particle-size class:
Mineralogy class:

Cation-exchange activity class:

Diagnostic horizons/features:

Coarse-loamy, isothermic, Oxyaquic Alorthod

Follow the trail through the Chorro A plot for ~10 minutes, crossing two small streams; the pit is
located near the 00,60 marker.

8.749801°N, -82.232838°E

17P, 0364392 m E., 0967413 m N.

29 July 2010; wet season

1,239 m asl

Steep (30%) lower backslope; concave radial and linear lateral

Perudic: mean annual rainfall at nearby Chorro A 5,507 =+ 247 mm, with 351 = 53 mm mean monthly
dry season rainfall (1 January-30 April)

Isothermic: mean annual temperature 17.7°C at nearby Chorro A, varying by <2°C over the annual
cycle

Rhyolitic boulders and tuff

Lower montane tropical rainforest; canopy height 20 m; relatively open canopy dominated by emer-
gent Colpothrinax palms, canopy Euterpe and Weittinia palms; a few large Podocarpus oleifolius;
understory dominated by juvenile palms and tree ferns (Alsophila sp.)

Moderately poorly drained; pit half full of water and a large macropore (5 cm diameter) draining into
the pit at ~1.5 m depth

Thick layer of moss, ferns, and decomposing leaves

None observed

Several large boulders >1 m diameter from 20 cm below the surface extending to the base of the
profile pit

Throughout the profile to at least 188 cm

Between 25 and 100 cm below the soil surface

Coarse-loamy (>15% sand and <18% clay)

Not determined

Not applicable

(1) Perudic moisture regime and isothermic temperature regime

(2) Ochric epipedon from 10 to 18 cm

(3) Spodic horizon from 36 to 56 cm

General Features of the Soil

There are horizons enriched in organic matter between
36 and 56 cm and between 89 and 100 c¢cm, which appear to
be related to the accumulation of illuvial associations between
organic matter and amorphous Al. The two organic-rich hori-
zons contain considerably greater organic C (5.6%-6.3% C) and
greater total P (>100 mg P kg!) than adjacent horizons. There is
little indication that they are buried A horizons (e.g., caused by
landslips) because, although organic C is high between 36 and
56 cm, there are no clear differences in exchangeable cations,
and oxalate and dithionite Fe decrease continuously with depth.
Texture is variable throughout the profile. The key difference is
the greater amorphous Al in the organic-rich subsoil horizon,
indicating podzolization and spodic soil properties. The organic-
rich horizons also have similarities with sombric horizons but do
not qualify because of the high concentrations of amorphous Al.

There is a small amount of volcanic glass in the profile, but
neither the glass nor the amorphous metals are sufficient for
andic properties.

The absence of redox concentrations, including around root
channels, suggests no aquic conditions, although the extremely
low concentrations of iron oxides mean that it would be difficult
to identify redox features if saturation occurs. Redox features were
clearly present at Chorro A on the same rhyolitic parent material,
although Fe concentrations are greater there. This suggests that
long-term reducing conditions have removed Fe from the Chorro
B profile, indicating periodic saturation to moderate depth.

Soil Taxonomy
The organic-rich subsoil horizons contain high concentra-

tions of amorphous Al and therefore meet the requirements for
spodic horizons. These include the organic matter, pH, and color



requirements, and the horizons have Al+%Fe concentrations
>0.5% and twice the concentration in the overlying ochric epipe-
don. The profile therefore qualifies as a Spodosol. The spodic
horizons include a horizon that contains =6% carbon, but it is
not 10 cm thick (9 cm), so the profile marginally does not qual-
ify as a Humod. Instead, the profile qualifies as an Orthod. The
spodic horizon contains <0.1% Fe_, qualifying it as an Alor-
thod. Presumed periodic saturation to within 100 cm of the soil
surface qualifies the profile as an Oxyaquic Alorthod. However,
if it is subsequently found that saturation only occurs to greater
depth, then the profile would qualify as a Typic Alorthod. If it is
determined that the profile has aquic conditions, it would qualify
as a Typic Epiaquod or Endoaquod.

There are insufficient andic properties for the profile to
qualify as an Andisol. Specifically, only small amounts of vol-
canic glass are present in the subsoil, Al+%Fe is >1.0% between
36 and 56 cm, and bulk density is >1 g cm= below 18 cm. The
clay distribution is irregular. There are no redox features, but
this might be due to the low concentrations of iron oxides rather
than the absence of saturation.

Sombric horizons are dark subsurface mineral horizons
formed under free drainage in tropical and subtropical moun-
tains. The dark color is formed by organic matter that is not
associated with aluminum (as in a spodic horizon). A proposal
to improve the definition of the sombric horizon (Bockheim,
2014) suggests that it should have at least 0.6% carbon (and
>0.2% than the overlying horizon), be at least 15 c¢m thick, have
color value and chroma <4 (and be 1 unit darker than the over-
lying horizon), have a pH <5, and have a base saturation <50%
(by CEC7). To differentiate it from a spodic horizon, a sombric
horizon should not be associated with amorphous Al, with an
Al+%Fe concentration <0.5%. Here, the organically enriched
subsoil horizons meet all the criteria apart from the Al+':Fe
concentration, so these horizons are not sombric. Amorphous
(oxalate) Fe is > dithionite Fe throughout the profile.

Chemical and Physical Properties

Texture is predominantly loamy, although the USDA texture
analysis yielded much lower concentrations of clay than the STRI
analysis, perhaps because the latter analysis was done on air-dried
soil. Glass was present in low or trace amounts. Bulk density was
=1 g cm~? throughout, and the mineral soil is very strongly acid
throughout. Total C concentrations are high throughout the pro-
file, between 2.2% and 6.5 % through the upper meter, with C:N
ratios between 16 and 23. Total P is moderately low in the A and
Bh horizons and very low in other mineral horizons, particularly
in the deep subsoil. Base cation concentrations are extremely low
throughout the mineral soil. Extractable Al concentrations are
moderately high throughout, with corresponding very high Al
saturation (>95%). Amorphous Al is moderate and is greatest in
the organically enriched subsoil horizons between 36 and 56 cm,
yielding Al+%Fe of approximately 1.0%. However, all forms of
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Fe and Mn are extremely low. In particular, all forms of Mn are
undetectable in oxalate and dithionite extracts throughout the
mineral soil.

Horizon Description: Chorro B

Oe—0 to 10 cm; very dark brown (10YR 2/2) decomposed
organic matter; moderate fine and very fine subangular
blocky structure; loose; very slightly sticky and not plas-
tic; many coarse and medium, and common fine and very
fine roots; abrupt smooth boundary.

A—10 to 18 cm; very dark grayish-brown (10YR 3/2) sandy
clay loam; moderate medium and coarse subangular
blocky structure; moist and friable; slightly sticky and
not plastic; common coarse and fine, and many medium
roots; abrupt smooth boundary.

E—18 to 36 cm; brown (10YR 5/3) and pale brown
(10YR 6/3) sandy loam; few patches of strong brown
(7.5YR 4/6) coarse sand; weak coarse subangular blocky
structure; moist and friable; not sticky and not plastic;
common medium and few fine roots; abrupt smooth
boundary.

Bh1—36 to 47 cm; very dark brown (7.5YR 2.5/2) sandy
clay loam; moderate coarse subangular blocky structure;
moist and friable; many coarse and medium, and com-
mon fine and very fine roots; clear smooth boundary.

Bh2—47 to 56 cm; black (10YR 2/1) silty clay loam; moderate
coarse subangular blocky structure; sticky and slightly
plastic; firm to friable; many coarse and medium, and
common fine and very fine roots; clear smooth boundary.

Bw—356 to 89 cm; patches of very dark grayish-brown
(10YR 3/2) silty clay loam, dark brown (10YR 3/3)
and yellowish-brown (10YR 5/4) sandy loam, and light
gray (2.5Y 7/2) and light brownish-gray (2.5Y 6/2) fine
sandy loam; massive and friable; not or slightly plastic
and slightly sticky; common medium (<1 ¢cm) patches of
organic matter; common fine and medium roots; clear
smooth boundary.

Bh3—89 to 100 cm; black (10YR 2/1) silty clay loam; fine
patches of lighter-colored sandy material; massive/very
coarse subangular blocky; moist and friable; not plastic and
slightly sticky; few fine and medium roots; smooth abrupt
boundary.

BC—100 to 188 cm; dark brown (10YR 3/3), brown (10YR 5/3),
and light yellowish-brown (2.5Y 6/3), extremely boul-
dery sandy loam; massive; slightly sticky and not plastic;
moist and firm; two thin layers a few c¢cm thick of iron-
enriched coarse sandy material at 100 cm and 130 cm;
about 70% rhyolite boulders; few very coarse, common
coarse, and medium, and few fine roots; abrupt smooth
boundary.

C—188 to 200+ cm; white (2.5Y 8/1) sand; massive; firm; not
sticky and not plastic.
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Laboratory Analysis: Chorro B

TABLE D.1. Soil physical properties, including bulk density and particle-size distribution, by genetic horizon in the Chorro B soil.
Dash (—) = not determined.

Bulk density Coarse fragments
Horizon Designation (fine earth) (>2 mm) Sand Silt Clay Textural class Clay:silt ratio
—cm— —g cmS— —vol%— —%— —%— —%—
0-10 Oa 0.31 0 — — — Organic —
10-18 A 0.97 0 43.0 35.7 21.3 Loam 0.60
18-36 E 1.13 0 54.5 26.4 19.1 Sandy loam 0.72
36-47 Bh1 ND 0 33.8 48.2 17.9 Loam 0.37
47-56 Bh2 125 0 42.8 283 28.9 Clay loam 1.02
56-89 Bw ND 0 48.8 34.4 16.8 Loam 0.49
89-100 Bh3 1.19 0 36.7 46.9 16.5 Loam 0.35
100-188 BC 125 70 39.4 48.2 12.4 Loam 0.26
188-200 C ND — 43.0 433 13.7 Loam 0.32

TABLE D.2. Soil pH and total carbon and nitrogen by genetic horizon in the Chorro B soil. Dash (—) = not determined.

Horizon Soil pH Total C Total N Total P C:N C:P
Water CaCl, BaCl, —%— —%— mg P kg!
0-10 4.28 3.46 3.03 38.65 2.33 469 16.6 824
10-18 4.46 3.81 3.96 4.18 0.27 111 15.6 375
18-36 4.69 4.29 4.35 2.14 0.11 71 18.9 301
36-47 4.71 4.27 4.30 5.59 0.31 184 18.2 304
47-56 4.91 4.38 4.39 6.27 0.30 199 20.9 316
56-89 4.97 4.41 4.44 2.18 0.10 60 22.7 364
8§9-100 4.72 4.19 4.24 6.47 0.32 103 20.1 631
100-188 4.90 4.22 4.29 1.55 0.05 48 31.9 323
188-200 5.62 4.09 4.18 0.06 <0.01 24 — 23

TABLE D.3. Exchangeable cations and effective cation exchange capacity (ECEC) by extraction in 0.1 M barium chloride (BaCl,) by

genetic horizon in the Chorro B soil. BS = base saturation; sat = saturation; TEB = total exchangeable bases; dash (—) = not determined.
ECEC per

Horizon Al Ca Fe K Mg Mn Na TEB* ECEC’ BS¢ kg clay Ca:Mg Al sat
cmol_kg! —%— cmol_kg! —%—

0-10 2.76 5.78 0.02 1.24 5.95 0.04 0.19 13.2 16.0 82.3 — 1.0 17.3

10-18 5.47 0.05 0.07 0.04 0.07 <0.01 <0.01 0.2 5.7 2.8 26.8 0.8 96.0

18-36 2.37 0.01 0.03 <0.01 0.01 <0.01 <0.01 <0.1 2.4 1.0 12.7 1.2 97.9

36-47 3.18 0.03 0.02 0.01 0.02 <0.01 0.01 <0.1 3.3 2.4 18.3 1.3 97.1

47-56 2.26 0.04 0.02 0.02 0.02 <0.01 0.01 <0.1 2.4 3.9 8.2 2.7 95.5
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TABLE D.3. (Continued)

ECEC per
Horizon Al Ca Fe K Mg Mn Na TEB* ECECP BS¢ kg clay Ca:Mg  Alsat
cmol_kg! —%— cmol_kg™! —%—
56-89 1.63 0.02 0.01 0.02 <0.01 <0.01 <0.01 <0.1 1.7 2.5 10.0 — 96.9
89-100 3.93 0.04 0.01 0.02 <0.01 <0.01 <0.01 <0.1 4.0 1.4 243 — 98.3
100-188 2.73 0.02 0.02 0.06 0.01 <0.01 <0.01 <0.1 2.8 3.4 23.0 1.7 96.0
188-200 1.36 0.51 0.25 0.47 0.69 <0.01 0.02 1.7 3.3 51.0 24.0 0.7 41.2

* TEB determined by extraction in 0.1 M BaCl,.
® ECEC determined as the sum of cations extracted in extraction in 0.1 M BaCl,.

¢ BS determined as (TEB + ECEC) x 100.

TABLE D.4. Pedogenic metal oxides extractable in acid-ammonium oxalate and buffered dithionite by genetic horizon in the Chorro B

soil. Fe_:Fe, ratio, oxalate-extractable iron/dithionite-extractable iron.

Dithionite extraction

Oxalate extraction

Horizon Al Fe Mn Al Fe Mn P Si Al+Y:Fe Fe_:Fe,
% mg g —%—

0-10 0.28 0.09 <0.01 2.83 0.37 0.02 0.18 0.03 0.30 0.99
10-18 0.34 0.14 <0.01 3.85 1.21 <0.01 0.05 0.21 0.45 1.13
18-36 0.50 0.10 <0.01 7.65 0.92 <0.01 0.04 1.37 0.81 1.53
36-47 0.72 0.02 <0.01 8.91 0.19 <0.01 0.11 0.55 0.90 1.25
47-56 0.80 0.02 <0.01 10.70 0.13 <0.01 0.13 0.81 1.08 1.35
56-89 0.39 <0.01 <0.01 5.65 0.04 <0.01 0.03 0.62 0.57 1.43
89-100 0.67 <0.01 <0.01 8.08 0.05 <0.01 0.05 0.46 0.81 1.20
100-188 0.31 <0.01 <0.01 4.14 0.03 <0.01 0.02 0.45 0.42 1.35
188-200 0.02 0.01 <0.01 0.36 0.08 <0.01 <0.01 0.03 0.04 1.53
TABLE D.5. Total elements by nitric acid digestion by genetic horizon in the Chorro B soil. nd = not determined.

Horizon Al B Ca Cu Fe K Mg Mn Na P Zn

mg g~!

0-10 9.1 0.005 1.48 0.010 1.3 0.89 0.99 0.04 0.12 0.434 0.018
10-18 56.2 0.009 0.33 0.011 4.9 0.69 0.65 0.03 0.22 0.146 0.016
18-36 69.7 0.010 0.14 0.023 4.5 0.72 0.60 0.03 0.13 0.106 0.024
36-47 63.9 <0.005 1.40 0.019 3.1 0.62 0.94 0.03 0.58 0.205 0.013
47-56 55.7 <0.005 2.41 0.024 3.5 0.92 1.31 0.03 0.98 0.231 0.012
56-89 nd nd nd nd nd nd nd nd nd nd nd
89-100 63.4 0.021 0.04 0.009 2.0 0.60 0.48 0.02 0.08 0.133 0.011
100-188 65.8 0.011 0.03 0.009 2.4 0.57 0.51 0.02 0.06 0.078 0.013
188-200 57.4 0.008 0.08 0.00S 1.7 0.87 0.46 0.01 0.11 0.054 0.013
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TABLE D.6. Detailed particle-size distribution and glass contents in the Chorro B profile. Note that glass includes glass, glass coated
grains, and glass aggregates, although the majority were glass grains. For grain counts, 30% of the fine earth must be coarse silt and
sand (0.02 to 2 mm). We did not quantify sand grains coarser than fine sand. OT = other; GS = glass grains; GC = glass-coated grains;
GA = glass aggregates, PO = plant opal. Fractions in bold were analyzed for glass content.

Particle-size distribution (%)

Grain counts (%)

Very Very

Fine Coarse fine Fine  Medium Coarse coarse Mean

Horizon Clay silt silt sand sand sand sand sand  Coarse silt Fine sand glass
Y —Yo—  —Yo—  —Yo— —Yo—  —Yo—  —Yo
18-36 83 182 9.0 121 174 10.7 133 11.0  OT98,GS2,POtr OT99,PO1,GAtr <1
36-47 133 293 103 111 221 12.7 1.1 01 OT98,GS2,GAt, OT98,GA1,GCt, 1.3
PO tr GS tr, PO tr

47-56 172 264 8.5 89 195 16.4 2.6 0.5 OT9,GS4,GAt, OT97,GA1,GC1, 3.3

PO tr

GS 1, PO tr
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E. HonbA A Forest CeNsus PLoT, FORTUNA FOResT Reserve, PANAMA (FIGURE 3.6)

Soil taxonomy:
Profile location:

Date and season:
Latitude/longitude:
UTM:

Elevation:

Slope and site position:
Soil moisture regime:

Soil temperature regime:
Parent material:
Vegetation:

Drainage:

Surface features:
Faunal activity:
Coarse fragments:
Rooting depth:
Control section:
Particle-size class:
Mineralogy class:

Cation-exchange activity class:

Diagnostic horizons/features:

Fine, kaolinitic, isothermic, Andic Haplohumult

Park at the Quebrada Honda bridge and enter the forest to the north on the upstream side of the
bridge. After ~10 minutes, follow the right fork of the trail and continue a short distance to the plot.
The pit is ~30 m downbhill to the right of the trail.

3 July 2008 (wet season); reexamined 27 February 2010 (dry season); 18 January 2014 (dry season)
8.753123°N, -82.239066°E

17P, 0363708 m E., 0967783 m N

1,155 m asl

Steep (35%) upper backslope, facing southeast; linear radial and lateral

Perudic: mean annual rainfall 6,255 + 962 mm, with 381 = 51 mm mean monthly dry season rainfall
(1 January-30 April)

Isothermic: mean annual temperature 18.2°C

Rhyolite ash over undifferentiated mafic-volcanics

Lower montane tropical rainforest; canopy height 25 m; relatively open understory under a closed
canopy, with the ectomycorrhizal tree Oreomunnea mexicana the canopy dominant and emergent
individuals of Quercus insignis; relatively open understory with many Oreomunnea juveniles
Moderately poorly drained; perched water table at ~50 cm draining into profile pit; water table at ~200 cm
Thick layer of wet leaf litter; 100% cover

Many earthworms in the upper meter of the profile

Hard subangular gravel and cobbles between 20 and 51 cm

Roots to at least 100 cm, although most in upper 10 cm

Between 16 and 66 cm below the soil surface (i.e., the upper 50 cm of the argillic horizon)

Fine (35%-60% clay)

Kaolinitic (68% kaolinite and 2% gibbsite by thermal X-ray diffraction [XRD])

Not applicable to kaolinitic mineralogy class

(1) Perudic moisture regime and isothermic temperature regime

(2) Ochric epipedon from 4 to 16 cm

(3) Argillic horizon from 16 to 51 cm

(4) Andic properties in part of the upper 75 cm

General Features of the Soil

The Quebrada Honda watershed supports monodominant
forest composed of a member of the walnut family (Oreomun-
nea mexicana, Juglandaceae). The soil is developed in rhyolitic ash
over mafic-volcanic material. It has a thick organic horizon over
an epipedon with andic soil properties but no volcanic glass (i.e., it
is well weathered). The clay-rich subsoil is dominated by kaolinite.
The soil is infertile, with low base saturation throughout.

Soil Taxonomy

There are moderate andic properties in the upper part of
the profile, but these are insufficient to qualify the profile as an
Andisol. In particular, bulk density is >1.0 g cm= in the entire
Bt horizon. The profile is therefore an Ultisol because it has an
argillic horizon with a base saturation <35% by sum of cations at
125 ¢cm below the upper boundary of the argillic horizon (i.e., the
135-175 cm horizon). The profile qualifies as a Humult because

of the high carbon stock (>25 kg C m=2) in the upper 100 cm of
soil as well as >0.9% carbon in the argillic horizon. There is no
kandic horizon because, although the ECEC in the argillic hori-
zon by BaCl, extraction is <12 cmol_kg clay, the CEC by ammo-
nium acetate pH 7 is >16 cmol_kg™ clay. The profile does not
qualify as a Palehumult, as the clay decrease is >20% below the
maximum, and there is no apparent sombric horizon (i.e., organic
matter rich subsurface horizon). The profile therefore qualifies as
a Haplohumult. Andic properties, including Al+Y2Fe >1.0% and
bulk density <1.0 g cm™ (i.e., the A and the upper part of the Bt
horizon), qualify the profile as an Andic Haplohumult.

Chemical and Physical Properties

The profile contains coarse fragments of primarily andes-
itic composition. Clay concentrations are almost 60% in the
argillic horizon, with kaolinitic mineralogy and a small amount
of vermiculite in the epipedon. The soil is very strongly acid,
and the organic matter concentration is high in the epipedon.
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(a) Honda A (b) Honda B

Exchangeable base cation concentrations are extremely low in
the subsoil, with low base saturation and high Al saturation.
Amorphous metals are high, with Al+'5Fe of >2% in the argillic
horizon. Total Al is high (up to 14% in the subsoil), but total Fe
is low. There is a small amount of volcanic glass in the subsoil.
The mafic material below 180 cm is high in total concentrations
of Al, Fe, Mn, and P. It is also rich in base cations, particularly
Ca and Mg.

Horizon Description: Honda A

0Oa—0 to 4 cm; black (10YR 2/1) decomposed organic mat-

ter; moist and friable; very slightly sticky and not plastic;
many coarse, medium, fine, and very fine roots, including
a thin mat in the surface few millimeters of the horizon;
abrupt wavy boundary

A—4 to 16 cm; very dark grayish-brown (10YR 3/2) silty

clay loam; moderate medium and fine subangular blocky
structure, breaking to fine subangular blocky; moist and
friable, sticky and plastic; many earthworms; many fine
tubular pores; many coarse and common very fine, fine,
and medium roots; gradual wavy boundary.

Bt—16 to 51 cm; yellowish-brown (10YR 5/4) gravelly clay

loam; moderate coarse subangular blocky structure,
breaking to moderate fine subangular blocky; moist and
friable; sticky and plastic; about 20% hard subangular

FIGURE 3.6. The profiles at (a) Honda A and
(b) Honda B. Note the contact between over-
lying rhyolitic material and underlying mafic-
volcanic material at approximately 150 ¢cm in
profile b.

medium and coarse gravel and cobbles with 1 mm thick
sesquioxide rinds; continuous clay films on pore linings
and ped faces; common earthworms; common fine and
medium tubular pores; few very fine, fine, and medium
roots; gradual wavy boundary.

BC—S51 to 75 cm; light yellowish-brown (10YR 6/4) fine

sandy clay loam; massive, breaking to medium angular
blocky; moist and friable; plastic and slightly sticky;
about 4% hard but weathered subangular gravel; few
medium strong brown (7.5YR 5/6) firm redox concen-
trations around gravel; few light gray (5Y 7/1) redox
depletions around roots; faint discontinuous clay films
on ped faces; common medium tubular pores; gray redox
depletions around dead roots and in old root channels;
very few fine and very fine roots; clear wavy boundary.

BCg—75 to 180 cm; strong brown (7.5YR 5/6) fine sandy

clay loam; massive, breaking to fine and very fine sub-
angular blocky; moist and firm; slightly sticky and
slightly plastic; very coarse, patchy gray redox deple-
tions, with few medium redox depletions inside peds;
completely weathered dark yellowish-brown (10YR
4/4) boulders; no clay films; very few fine roots; clear
wavy boundary.

C—180 to 275 cm; strong brown (7.5YR 5/8) and then yel-

lowish brown (10YR 5/6); water table at ~190 cm; fur-
ther augering prevented by rock.
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TABLE E.1. Soil physical properties, including bulk density and particle-size distribution, by genetic horizon in the Honda A soil.

Dash (—) = not determined.
Bulk density Coarse fragments
Horizon Designation (fine earth) (>2 mm) Sand Silt Clay Textural class Clay:silt ratio
—cm— —g cm~— —%— —%— —%— —%—
0-4 Oa 0.29 0 — — — Organic —
4-16 A 0.56 0 38.6 22.1 39.4 Clay loam 1.8
16-51 Bt 1.13 20 21.0 20.3 58.7 Clay 2.9
S1-75 BC 1.32 4 24.3 37.2 38.5 Clay loam 1.0
75-180 BCg 1.42 22.7 38.4 38.9 Clay loam 1.0
180-275 C — 0 35.3 36.6 28.1 Clay loam 0.8
TABLE E.2. Soil pH and total carbon and nitrogen by genetic horizon in the Honda A soil. Dash (—) = not determined.
Horizon Soil pH Total C Total N Total P C:N C:P
—cm— Water CaCl, BaCl, —%— —%— mg P kg™
0-4 4.91 3.98 3.37 25.98 1.85 634 14.1 410
4-16 4.46 4.00 4.22 8.46 0.52 454 16.3 186
16-51 4.97 4.43 4.46 3.22 0.20 333 16.1 97
51-75 4.92 4.06 4.07 0.45 0.02 61 22.5 74
75-180 5.00 4.04 4.04 0.28 0.01 101 52.8 18
180-275 5.23 4.54 4.20 0.17 <0.01 981 — 2

TABLE E.3. Exchangeable cations and effective cation exchange capacity (ECEC) by extraction in 0.1 M barium chloride (BaCl,) by

genetic horizon in the Honda A soil. BS = base saturation; sat = saturation; TEB = total exchangeable bases; dash (—) = not determined.
ECEC per Ca:Mg
Horizon Al Ca Fe K Mg Mn Na TEB* ECEC’ BS¢ kg clay ratio Al sat
—cm— cmol_kg! —%— cmol kg —%—
0-4 2.70 15.33 0.29 1.06 3.97 0.07 0.22 20.6 23.6 87.1 — 3.9 11
4-16 4.54 0.63 0.07 0.07 0.24 0.01 0.05 1.0 5.6 14.7 14.2 2.6 81
16-51 1.54 0.14 0.01 <0.01 0.07 <0.01 <0.01 0.2 1.8 12.2 3.0 2.0 88
51-75 8.61 0.28 <0.01 0.01 0.19 <0.01 0.13 0.6 9.2 6.6 23.9 1.5 93
75-180 7.27 0.09 <0.01 <0.01 0.24 <0.01 0.07 0.4 7.7 5.1 19.7 0.3 95
180-275 1.39 9.05 <0.01 0.15 7.22 0.57 0.31 16.7 18.7 89.5 65.5 1.3 7

* TEB determined by extraction in 0.1 M BaCl,.

> ECEC determined as the sum of cations extracted in extraction in 0.1 M BaCl,.

¢ BS determined as (TEB + ECEC) x 100.
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TABLE E.4. Extractable acidity, exchangeable cations, and cation exchange capacity (CEC) determined in buffered solutions by genetic

horizon in the Honda A soil. BS = base saturation; TEB = total exchangeable bases; dash (—) = not determined.

Extractable  CEC by sum  BS by sum TEB by BS by
Horizon acidity of cations® of cations® Ca K Mg Na CEC7¢ CEC7¢  CEC/clay CEC7¢
—cm— cmol_kg! cmol_kg! —%— mol_kg! cmol_kg! —%—

clay

0-4 — — — — — — — — — — —
4-16 — — — 019 014 018 0.7 0.6 34.7 88.2 2
16-51 32.8 33.0 1 0.08 0.06 005 0.01 0.2 29.6 50.5 1
51-75 23.9 24.5 016 0.04 017  0.10 0.5 27.6 71.6 2
75-180 25.0 25.4 — — — — — — — —
180-275 — - — — — - — — — - -

@ Sum of extractable acidity and TEB.
b BS determined from TEB + CEC sum of cations x 100.

¢ TEB (sum of Ca, K, Mg, and Na) determined by extraction in ammonium acetate (pH 7).

4 CEC determined by extraction in ammonium acetate (pH 7).
¢ BS determined as (TEB + ECEC) x 100.

TABLE E.5. Pedogenic metal oxides extractable in acid-ammonium oxalate and buffered dithionite by genetic horizon in the Honda A

soil. Fe_:Fe, ratio, oxalate-extractable iron/dithionite-extractable iron.

Dithionite extraction

Oxalate extraction

Horizon Al Fe Mn Al Fe Mn P Si Al+Y:Fe Fe_:Fe,
—cm— % mg g —%—

0-4 0.29 0.58 <0.01 2.88 2.98 0.01 0.28 0.07 0.44 0.52
4-16 0.94 1.93 <0.01 10.18 12.26 0.01 0.17 0.31 1.63 0.63
16-51 1.13 3.00 <0.01 13.01 14.56 0.01 0.08 1.27 2.03 0.48
S1-75 0.58 1.80 <0.01 5.89 1.83 <0.01 0.04 0.79 0.68 0.10
75-180 0.71 4.27 <0.01 5.13 1.25 <0.01 0.03 0.60 0.58 0.03
180-275 0.64 7.89 0.10 2.14 1.42 0.74 0.13 0.42 0.29 0.02
TABLE E.6. Total elements by nitric acid digestion by genetic horizon in the Honda A soil.

Horizon Al B Ca Cu Fe K Mg Mn Na P Zn
—cm— mg g~

0-4 22.8 0.012 4.95 0.027 12.9 0.89 2.37 0.08 0.70 0.641 0.034
4-16 68.2 <0.005 2.41 0.054 36.4 1.16 3.08 0.13 0.92 0.423 0.062
16-51 109.9 0.011 1.88 0.130 49.2 1.74 4.64 0.22 0.40 0.319 0.077
S1-75 149.4 <0.005 0.20 0.282 44.5 0.52 8.41 0.18 0.15 0.224 0.107
75-180 138.2 <0.005 0.09 0.277 69.2 0.20 8.51 0.19 0.14 0.326 0.144
180-275 123.5 <0.005 1.56 0.229 118.1 0.64 7.91 1.32 0.19 1.062 0.134
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TABLEE.7. Detailed particle-size distribution and glass contents in the Honda A profile (30-40 cm). Note that glass includes glass, glass
coated grains, and glass aggregates, although the majority were glass grains. For grain counts, 30% of the fine earth must be coarse silt

and sand (0.02 to 2 mm). GS = glass grains; GC = glass-coated grains; GA = glass aggregates. Fractions in bold were analyzed for glass
content; tr = trace.

Particle-size distribution (%) Grain counts (%)
Very
Coarse Very fine Fine Medium Coarse coarse Mean
Horizon Clay Fine silt silt sand sand sand sand sand  Coarse silt Fine sand glass®
—em— —Y— =Y —Y— =Y —%—  —Yo—  —%—
16-51 28.2 16.1 3.9 6.0 9.9 12.5 13.8 9.6 GS3,GCtr, GA,tr GA1,GStr, GCtr 1.5%

* Mass-weighted average of coarse silt and fine sand.

Additional Data: Honda A. BS = base saturation; CEC = cation exchange capacity; ECEC = effective
CEG; sat = saturation; TEB = total exchangeable bases; nd = not detected: tr = trace.

Dithionite—citrate

extraction Ammonium oxalate extraction
Horizon Al Fe Mn Al Fe Si Al+YFe Mn P
—cm— % % —mg kg !'——
4-16 1.5 2.9 nd 1.61 1.87 0.14 2.55 7.7 129.5
51-75 0.5 1.9 nd 0.40 0.14 0.05 0.47 1.1 6.4

Ammonium acetate extraction

Horizon Ca K Mg Na TEB CEC? BS CEC per kg clay
—cm— cmol_kg! % cmol_kg!
4-16 nd 0.1 0.1 tr 0.2 31.0 1 78.7

S1-75 nd tr 0.2 0.1 0.3 19.7 2 33.6

Barium chloride—triethanolamine

KCl extraction extraction (pH 8.2)
Horizon Al Mn Acidity CEC® BS ECECe Al sat
—cm— cmol_kg! mg kg! —mol_kg* % cmol_kg! %
4-16 2.3 0.1 54.3 54.5 0 2.5 92
S1-75 7.5 0.1 18.1 18.4 2 7.8 96

* NH,OAc extraction and measurement of the subsequently displaced NH, (i.e., includes bases, exchangeable
acidity, etc.).

® NH,OAc bases + acidity (at pH 8.2).

¢ ECEC (NH,OAc-extractable bases plus KCl-extractable Al).
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X-ray? Thermal

4-16 cm 51-82 cm 4-16 cm 51-82 cm

Peak size Yo
Kaolinite 2 nd 46 68
Goethite nd nd nd nd
Hematite nd nd nd nd
Halloysite nd 3 nd nd
Gibbsite 1 1 7 2
Vermiculite 2 1 nd nd
Montmorillonite nd nd nd nd
Cristobalite nd nd nd nd
Quartz nd nd nd nd
Interpretation Mixed Kaolinitic
* Values refer to relative peak size (5 = very large, 4 = large, 3 = medium, 2 = small,

1 = very small).



Soil taxonomy:
Profile location:

Latitude/longitude:
UTM:

Date and season:
Elevation:

Slope and site position:
Soil moisture regime:

Soil temperature regime:

Parent material:
Vegetation:

Drainage:

Surface features:
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NUMBER 112 o 89

F. Honba B Forest Census PLot, FORTUNA FOREST ResERVE, PANAMA (FIGURE 3.6)

Fine, kaolinitic, isothermic, Andic Haplohumult

Park at the Quebrada Honda bridge and enter the forest on the upstream side of the river. Follow the
trail uphill for about 20 minutes, taking the right fork. The trail becomes faint and crosses two rivers
before reaching the plot. The pit is located to the east and close to the trail (10 m away), downslope
~30 m from the 60,00 marker.

8.756892°N, -82.240770°E

17P, 363522 m E., 968200 m N.

2 July 2008 (wet season); reexamined 27 February 2010 (dry season)

1,241 m asl

Steep (53 %) linear midslope facing south-southeast; slightly convex lateral

Perudic: mean annual rainfall 6,159 + 617 mm, with 332 = 34 mm mean monthly dry season rainfall
(1 January-30 April)

Isothermic: mean annual temperature 17.9°C

Rhyolitic ash over undifferentiated mafic-volcanics

Lower montane tropical rainforest; canopy height 25 m; relatively open understory under a closed
canopy; common monodominant stands of the ectomycorrhizal tree Oreomunnea mexicana plus occa-
sional emergent oaks (Quercus spp.)

Moderately well drained

Thick, continuous cover of leaf litter

Few earthworms in the upper 10 cm; few small ant nests and tunnels

Weathered cobbles and boulders up to 1 m diameter

Throughout the profile to at least 180 ¢cm but mainly in the upper 25 cm

Control section:
Particle-size class: Fine (35%-60% clay)

Mineralogy class:

Between 10 and 60 cm below the soil surface (i.e., the upper 50 cm of the argillic horizon)

Kaolinitic (67% kaolinite by thermal XRF)

Cation-exchange activity class: No applicable to kaolinitic mineralogy

Diagnostic horizons/features:

2) Ochric epipedon from 0 to 10 cm

(1) Perudic moisture regime and isothermic temperature regime

(2)
(3) Moderate andic properties from 0 to 74 cm
(4)

4) Argillic horizon from 25 to 74 cm

General Features of the Soil

The Quebrada Honda watershed supports monodominant
forest composed of a member of the walnut family (Oreomun-
nea mexicana, Juglandaceae). This soil is similar to Honda A in
terms of taxonomy and parent material. It is formed in rhyolitic
ash over mafic-volcanics. It has moderate andic properties in the
epipedon, but the ash is sufficiently weathered that it classifies as
an Ultisol rather than an Andisol. It is organic rich and infertile,
with a clay-rich subsoil dominated by kaolinite. Roots extend
into the dark subsoil below 134 cm, presumably to obtain cat-
ions and phosphorus that are considerably enriched there.

Soil Taxonomy

The profile has moderate andic properties in the upper 25
cm, with bulk density <0.9 g cm= and oxalate-extractable Al+'2Fe
>1.0%. (Also, NZ P retention 30-50 cm is <85% and bulk den-
sity >1.0 g cm™3.) There is also >0.4% Al+'Fe in the Bt2 horizon

and 5% volcanic glass in the coarse silt fraction. However, these
are insufficient for Andisols. Instead, the argillic horizon and low
base saturation in the subsoil qualifies the profile as an Ultisol.
The soil is a Humult because of the high carbon stock (>16 kg
C m™2) in the upper 100 cm of soil as well as >0.9% carbon in
the upper 15 cm of the argillic horizon. In the absence of other
diagnostic features at the great group level, the profile classifies as
a Haplohumult. The moderate andic properties in >18 cm of the
upper 75 cm of the profile qualify it as an Andic Haplohumult.

Chemical and Physical Properties

The profile contains abundant coarse fragments of primarily
andesitic composition. Clay concentrations are almost 40% in
the argillic horizon, formed of 67% kaolinite and 3% gibbsite
by thermal X-ray diffraction (XRD), with peaks from halloysite,
gibbsite, and vermiculite. The deep subsoil contains 62% kaolin-
ite by thermal XRD. The soil is extremely to very strongly acid,
and the organic matter concentration is high in the epipedon.
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Exchangeable base cation concentrations are extremely low in
the subsoil, with low base saturation and high Al saturation.
Amorphous metals are moderately high, with Al+%Fe of 1.3%
to 1.4% in the upper 25 cm. Total Al is high (12%-13% in the
subsoil), but total Fe is low. There are small amounts of volcanic
glass throughout the upper 74 cm of the profile.

Horizon Description: Honda B

A—O0 to 10 cm; very dark brown (10YR 2.2) silt loam; mod-
erate coarse subangular blocky structure, breaking to
fine and very fine subangular blocky; moist and friable;
slightly sticky and slightly plastic; few hard subangular
medium gravel (<1%); coarse and common medium,
fine, and very fine roots, including a thin mat in the sur-
face few mm of the horizon; clear smooth boundary.

Bt1—10 to 25 cm; brown (10YR 5/3) gritty silty clay loam;
moderate coarse subangular blocky structure, breaking
to moderate fine and very fine subangular blocky; moist
and friable; slightly sticky and slightly plastic; faint dis-
continuous clay films on ped faces; about 15% hard,
subangular, medium and coarse andesitic gravel frag-
ments; common medium and few fine and very fine roots;
gradual wavy boundary.

Bt2—25 to 74 cm; light gray (2.5Y 7/2) gritty clay loam; mas-

sive, breaking to coarse angular blocky and then fine and
very fine subangular blocky; moist and firm; sticky and
slightly plastic; faint continuous clay films on ped faces
and pore linings; about 1% medium weathered gravel
fragments; few medium organic-enriched root channels
(krotovinas); few medium, fine, and very fine roots; clear
wavy boundary.

BC—74 to 134/165 cm; pale brown (2.5Y 7/3) bouldery gritty

silty clay loam; massive, breaking to moderate coarse
subangular blocky; moist and firm; sticky and plastic;
about 20% strongly weathered and fragmented andesitic
boulders; about 2% hard fine gravel; common patches of
reddish-yellow (7.5YR 6/8) silty clay loam below weath-
ered boulders; no clear clay films; common fine and very
fine roots proliferating in weathered boulders, with few
fine and medium roots elsewhere; clear wavy boundary.

2C—134/165 to 250 cm; dark brown (7.5YR 3/2) gritty

sandy clay loam; very fine subangular blocky structure;
upper part (15 cm) firm, sticky, and plastic; remainder
friable, slightly sticky, and not plastic; about 3% strongly
weathered fine subangular andesitic gravel; very few fine,
medium, and coarse roots; water table at 220 cm; bed-
rock/boulders at 250 cm.

Laboratory Analysis: Honda B

TABLE F.1. Soil physical properties, including bulk density and particle-size distribution, by genetic horizon in the Honda B soil.

nd = not determined.

Bulk density Coarse fragments
Horizon Designation (fine earth) (>2 mm) Sand Silt Clay Textural class Clayz:silt ratio
Cm gcm™ vol% % % %
0-10 A 0.53 <1 42.6 348 226 Loam 0.65
10-25 Btl 0.95 20 30.8 30,6 38.6 Clay loam 1.26
25-74 B2 1.32 1 24.5 381 375 Clay loam 0.98
74-134/165 BC nd 20 40.4 398 19.8 Loam 0.50
134/165-250 2C 1.29 3 34.0 433 226 Loam 0.52
TABLE F.2. Soil pH and total carbon and nitrogen by genetic horizon in the Honda B soil. Total P and C:P = nitric digestion.
Horizon —— Soil pH Total C Total N Total P C:N C:P
—cm— Water CaCl, BaCl, —%— —%— mg P kg™!
0-10 4.31 3.89 3.56 12.89 0.910 693.0 14.2 197
10-25 4.72 4.33 4.26 3.31 0.209 417.6 15.8 91
25-74 4.61 4.02 4.20 0.60 0.040 275.1 15.1 31
74-134/165 4.68 4.01 4.16 0.28 0.013 239.4 22.2 13
134/165-250 4.80 3.96 4.06 0.26 0.012 553.0 21.9 4
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TABLE F.3. Exchangeable cations and effective cation exchange capacity (ECEC) by extraction in 0.1 M barium chloride (BaCl,) by
genetic horizon in the Honda B soil. BS = base saturation; sat = saturation; TEB = total exchangeable bases.

ECEC per
Horizon Al Ca Fe K Mg Mn Na  TEB* ECECP BS¢ kg clay Alsat  Ca:Mg
—cm— mol_kg! —%— cmol_kg! —%—
0-10 6.90 0.94 0.05 0.30 0.72 0.09 0.13 2.09 9.1 22.9 40.4 76 1.31
10-25 2.36 0.24 <0.01 0.20 0.12 0.01 0.03 0.60 3.0 20.1 7.7 79 2.04
25-74 6.24 <0.01 <0.01 0.06 0.11 <0.01 0.07 0.23 6.5 3.6 17.3 96 <0.1
74-134/165 8.23 <0.01 <0.01 0.03 0.09 <0.01 0.06 0.19 8.4 2.3 42.4 98 <0.1
134/165-250 11.36 0.04 <0.01 0.07 0.14 <0.01 0.03 0.27 11.6 2.3 51.4 98 0.29

* TEB determined by extraction in 0.1 M BaCl,.
> ECEC determined as the sum of cations extracted in extraction in 0.1 M BaCl,.
¢ BS determined as (TEB + ECEC) x 100.

TABLE F.4. Extractable acidity, exchangeable cations, and cation exchange capacity (CEC) determined in buffered solutions by genetic

horizon in the Honda B soil. BS = base saturation; TEB = total exchangeable bases; dash (—) = not determined.

Extractable CEC by sum  BS by sum TEB by BS by
Horizon acidity of cations®  of cations® Ca K Mg Na CEC7¢ CEC7¢ CEC/clay CEC7¢
—cm— cmol_kg! cmol_kg! —%— cmol_kg! cmol kg clay  —%—
0-10 — — — — — — — — — — —
10-25 18.1 18.2 0.4 0.13 0.19  0.08 0.04 0.4 31.2 80.3 1.4
25-74 22.2 22.2 0.3 0.02 0.06 0.11 0.08 0.3 24.3 64.8 1.1
74-134/165 25.1 25.2 0.5 0.01 0.04 0.08 0.07 0.2 26.4 133.3 0.8

134/165-250 — — — — — — — — — — —

* Sum of extractable acidity and TEB.

b BS determined from TEB + CEC sum of cations x 100.

¢ TEB (sum of Ca, K, Mg, and Na) determined by extraction in ammonium acetate (pH 7).
4 CEC determined by extraction in ammonium acetate (pH 7).

¢ BS determined as (TEB + ECEC) x 100.

TABLE F.5. Pedogenic metal oxides extractable in acid-ammonium oxalate and buffered dithionite by genetic horizon in the Honda B
soil. Fe_:Fe, ratio, oxalate-extractable iron/dithionite-extractable iron.

Dithionite extraction Oxalate extraction
Horizon Al Fe Mn Al Fe Mn P Si Al+%Fe Fe_:Fe,
—cm— %o mg g —%—
0-10 0.83 1.46 <0.01 9.50 7.72 0.02 0.32 0.67 1.34 0.53
10-25 0.76 0.78 <0.01 11.54 4.89 <0.01 0.15 1.80 1.40 0.63
25-74 0.21 0.22 <0.01 3.72 0.70 <0.01 0.02 0.35 0.41 0.32
74-134/165 0.25 0.38 <0.01 3.96 0.42 <0.01 0.03 0.45 0.42 0.11

134/165-250 0.50 6.88 0.02 3.90 1.50 0.02 0.04 0.34 0.47 0.02
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TABLE F.6. Total elements by nitric acid digestion by genetic horizon in the Honda B soil.

Horizon Al B Ca Cu Fe K Mg Mn Na P Zn

—cm— mg g!

0-10 69.0 <0.005 3.04 0.065 28.4 2.65 3.19 0.25 0.70 0.653 0.112
10-25 118.8 <0.005 0.86 0.163 23.6 4.35 3.26 0.21 0.24 0.365 0.100
25-74 132.0 <0.005 0.06 0.229 17.2 2.78 2.47 0.15 0.08 0.195 0.095
74-134/165 133.8 <0.005 0.07 0.214 21.5 0.40 3.08 0.21 0.09 0.213 0.116
134/165-250 112.4 0.007 0.98 0.177 100.6 0.49 3.82 0.43 0.10 0.663 0.149

TABLE F.7. Detailed particle-size distribution and glass contents in the Honda B profile. Note that glass includes glass, glass coated
grains, and glass aggregates, although the majority were glass grains. For grain counts, 30% of the fine earth must be coarse silt and
sand (0.02 to 2 mm). GS = glass grains; GC = glass-coated grains; GA = glass aggregates.; tr = trace. Fractions in bold were analyzed

for glass content.

Particle-size distribution (%)

Grain counts (%)

Coarse Very fine  Fine  Medium Coarse Very coarse
Horizon Clay Finessilt silt sand sand sand sand sand Coarse silt  Fine sand ~ Mean glass®
—em— —%— —%— —%— —%—  —%—  —Y%—  —%—
10-25 22.9 36.4 7.2 6.3 7.5 9.3 6.6 3.8 GS1,GA1, GS1,GA1, 1%
GC, tr GC, tr
25-74 29.0 39.7 7.9 5.6 7.2 6.4 3.4 0.8 GSS5,GA2, GArwr 3.7%
GC, tr

* Mass-weighted average of coarse silt and fine sand.

Additional Data: Honda B (30-50 ¢cm and 150-200 cm). BS = base saturation; ECEC = effective cation exchange capacity;
sat = saturation; TEB = total exchangeable bases; nd = not detected; tr = trace.

Dithionite—citrate extraction

Ammonium oxalate extraction

Horizon Al Fe Mn Al Fe Si Al+%Fe Mn P
—cm— % % —mg kg'—
25-74 0.5 0.4 nd 0.81 0.22 0.21 0.92 1.1 177.6
134/165-250 0.5 8.6 tr 0.43 0.28 0.06 0.57 26.2 51.2
Ammonium acetate extraction
CEC per kg

Horizon Ca K Mg Na TEB CEC? BS clay

—cm— cmol_kg! % cmol_kg!

25-74 nd 0.1 tr tr 0.1 17.4 1 46.4

134/165-250 nd 0.1 0.1 tr 0.2 25.9 1 114.6
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Barium chloride—triethanolamine

KClI extraction

extraction (pH 8.2)

Horizon Al Mn Acidity CECP BS ECECt Al sat

cmol_kg! mg kg™ cmol_kg™! % cmol kg Y%
3 4.3 tr 23 0 4.4 98
7 11.4 0.1 23.8 1 11.6 98
* NH,OAC extraction and measurement of the subsequently displaced NH, (i.e., includes bases, exchangeable acidity, etc.).
» NH,OAC bases + acidity (at pH 8.2).
¢ ECEC (NH,OAC-extractable bases plus KCl-extractable Al).

X-ray? Thermal
30-50 cm 150-200 cm 30-50 cm 150-200 cm
Peak size

Kaolinite nd nd 67 62

Goethite nd nd nd nd

Hematite nd nd nd nd

Halloysite 2 2 nd nd

Gibbsite 1 nd 3 nd

Vermiculite 1 nd nd nd

Montmorillonite nd nd nd nd

Cristobalite nd nd nd nd

Quartz nd nd nd nd

Interpretation Kaolinitic Kaolinitic

* Values refer to relative peak size (5 = very large, 4 = large, 3 = medium, 2 = small, 1 = very small).
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Soil taxonomy:
Profile location:

Latitude/longitude:
UTM:

Date and season:
Elevation:

Slope and site position:
Soil moisture regime:

Soil temperature regime:

Parent material:
Vegetation:

Drainage:
Surface features:
Faunal activity:

G. Hornimo A Forest Census Prot, FORTUNA FOREST ResErVE, PANAMA (FIGURE 3.7)

Fine, kaolinitic, isothermic, Andic Haplohumult

Park at Hornito (south side of Continental Divide) at the entrance to the Jilguera Cabins. Climb
the clear trail marked with yellow signs toward the Lost and Found Hostel up and over the ridge
(~30 min). As the trail descends on the far side, a marked trail to the left leads to the plot. The pit was
located to the west of the plot near the 00,50 marker.

8.676193°N, -82.214611°E

17P, 0366371 m E.; 0959267 m N.

4 July 2008, wet season; reexamined 26 February 2010 (dry season) and 23 January 2016

1,330 m asl

Steep (~30%) irregular backslope, facing northwest; slightly convex lateral

Perudic: mean annual rainfall 5,164 = 232 mm, with 203 = 28 mm mean monthly dry season rainfall
(1 January-30 April)

Isothermic: mean annual temperature 17.2°C, with mean monthly temperature varying by <2°C over
the annual cycle

Porphyritic dacite (intermediate between andesite and rhyolite)

Lower montane tropical rainforest; canopy height 23 m; closed canopy, with abundant canopy trees
in the Myrtaceae, Meliaceae, and Sapotaceae; a few ectomycorrhizal oaks (Quercus spp.) and walnuts
(Juglandaceae) and large strangler figs (Ficus sp.); relatively open understory with small-stemmed bam-
boo (Chusquea)

Moderately well drained

Thick complete cover of leaf litter

Some earthworms and other grubs to >1 m

Coarse fragments:
Rooting depth:
Control section:
Mineralogy class:

Particle-size control section: Fine (35%-60% clay)

Weathered gravel and cobbles throughout

To at least 160 cm, with a thick root mat at the surface

Between 16 and 66 cm below the soil surface (i.e., the upper 50 cm of the argillic horizon)
Kaolinitic (>50% kaolinite by thermal XRF)

Cation-exchange activity class: Not applicable to kaolinitic mineralogy class

Diagnostic horizons/features:

(1) Perudic moisture regime and isothermic temperature regime
(2) Ochric epipedon from 8 to 16 cm

(3) Argillic horizon from 16 to 91 cm with a clay decrease of 220% below

General Features of the Soil

The soil is formed in porphyritic dacite, which is exposed on
the ridgeline above the plot. The profile is dark brown through-
out, with abundant weathered gravel and a thick organic hori-
zon composed primarily of fine roots. There are moderate andic
properties in the epipedon, which is relatively fertile, particularly
in terms of P and base cations. However, subsoil cation concen-
trations are very low. Augering through the pit floor was stopped
at 240 cm by boulders or bedrock.

Soil Taxonomy

The soil is an Ultisol because it has an argillic horizon and
low base saturation 125 cm below the upper boundary of the
argillic horizon (i.e., <35% by sum of cations at 141 cm). It is
a Humult because it contains >0.9% organic C in the upper
15 c¢m of the argillic horizon and >12 kg C m™2 in the upper meter

of soil (15.2 g C m2). There is no kandic horizon, as ECEC is
>12 cmol_kg! clay, and the clay concentration decreases by >20%
below the maximum in the upper 150 cm, so the profile qualifies
as a Haplohumult. The profile qualifies as an Andic Haplohumult
because it has a bulk density of <1.0 g cm= and contains Al+%:Fe
of >1.0% in at least 18 cm of the upper 75 cm of the mineral
soil (i.e., 1640 cm). The soil moisture regime is perudic because
rainfall exceeds evapotranspiration in all months.

Chemical and Physical Properties

The soil is clay rich, and there is a marked clay increase,
although clay films are clear only in the Bt2 horizon. The soil is
strongly acid throughout. Carbon concentrations are relatively
high in the upper meter of the profile. Exchangeable base cations
are low in the subsoil and dominated by Ca, with low concen-
trations of K. Base saturation declines with depth through the
profile. The subsoil contains high concentrations of dithionite Fe
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(b) Hornito B

FIGURE 3.7. The profiles at (a) Hornito A and (b) Hornito B.

and very high oxalate Mn concentrations. The profile has mod-
erate andic properties, particularly in the Bt horizon, but like the
other Andic Haplohumults (Honda A and Honda B), the clay
fraction of the Bt horizon is dominated by kaolinite. Vermiculite
is also present in the BC horizon (by XRF). The subsoil contains
8% dithionite Fe and very high Mn_.

Horizon Description: Hornito A

Oe—O0 to 8 cm; black (7.5YR 2.5/1) moderately decomposed
organic horizon; many coarse, medium, fine, and very
fine roots; abrupt smooth boundary.

A—8 to 16 cmj; very dark gray (7.5YR 3/1) gravelly sandy
loam; fine granular structure; slightly sticky and not plas-
tic; about 5% weathered cobbles and 11% weathered
gravel; many very fine, fine, medium, and coarse roots;
clear smooth boundary.

Bt1—16 to 40 cm; dark brown (7.5YR 3/2) gritty clay loam;
weak coarse subangular blocky structure, breaking to
moderate fine and very fine subangular blocky and fine

granular; moist and friable, sticky and plastic; about
10% weathered cobbles and gravel; no clear clay films;
common fine and very fine, and few medium and coarse
roots; gradual smooth boundary.

Bt2—40 to 91 cm; dark brown (7.5YR 3/2) clay; moderate fine

wedge structure, breaking to moderate fine and very fine
subangular blocky and fine granular; moist and friable;
sticky and very plastic; 4% weathered gravel, identified as
andesitic breccia; thin clay films on faces of fine peds; few
medium, fine, and very fine roots; gradual smooth boundary.

BC—91 to 180 cm; dark brown (7.5YR 3/3) cobbly clay

(loam); moderate coarse wedge structure, breaking to
moderate coarse subangular blocky and then fine and
very fine subangular blocky and fine granular; friable;
about 10% weathered cobbles and 7% weathered gravel;
sticky to very sticky and very plastic; thin clay films on
faces of fine peds; very few medium, fine, and very fine
roots; gradual smooth boundary.

C—180 to 240 cm; dark brown (7.5YR 3/3) sandy clay loam;

no stones; no roots.
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Laboratory Analysis: Hornito A

TABLE G.1. Soil physical properties, including bulk density and particle-size distribution, by genetic horizon in the Hornito A soil.
Dash (—) = not determined.

Horizon Designation Bulk density Stones (>2 mm) Sand Silt Clay Textural class Clay:silt ratio
—cm— —g cm>— —%— —%— —%— —%—

0-8 Oe 0.08 0 — — — Organic —

8-16 A 0.37 10.5 25.1 30.6 44.4 Clay 1.45
16-40 Bl 0.52 42 24.8 20.1 55.1 Clay 2.74
40-91 Bt2 1.15 3.5 24.4 23.9 S1.7 Clay 2.16
91-180 BC 1.37 7.8 26.4 29.6 44.0 Clay 1.49
180-240 C — — 36.4 25.8 37.7 Clay loam 1.46

TABLE G.2. Soil pH and total carbon and nitrogen by genetic horizon in the Hornito A soil.

Horizon —Soil H—— Total C Total N C:N C:P N:P
—cm— Water CaCl, BaCl, —%— —%—

0-8 4.97 4.67 4.19 43.55 3.42 12.7 234 18.4
8-16 5.31 4.80 4.36 7.38 0.68 10.9 73 6.7
16-40 5.08 4.23 4.17 3.05 0.28 10.8 50 4.5
40-91 5.05 4.19 4.13 1.39 0.13 10.5 30 2.8
91-180 5.09 4.09 4.07 0.29 0.02 12.8 10 0.7
180-240 5.27 4.17 4.03 0.40 0.05 8.4 12 1.5

TABLE G.3. Exchangeable cations and effective cation exchange capacity (ECEC) by extraction in 0.1 M barium chloride (BaCl,) by

genetic horizon in the Hornito A soil. BS = base saturation; sat = saturation; TEB = total exchangeable bases; dash (—) = not determined.
ECEC per

Horizon Al Ca Fe K Mg Mn Na  TEB* ECEC’ BS¢ kg clay Alsat  Ca:Mg
—cm— cmol_kg! —%— cmol_kg! —%—

0-8 1.19 51.06 0.02 1.49 9.37 2.03 0.57 62.5 65.7 95.1 — 2 5.4
8-16 1.16 12.25 0.02 0.35 3.67 0.54 0.17 16.4 18.2 90.5 40.9 6 3.3
16-40 4.37 3.16 0.03 0.05 1.29 0.32 0.14 4.6 9.4 49.6 17.0 47 2.4
40-91 6.22 2.10 <0.01 0.04 0.81 0.28 0.16 3.1 9.6 32.3 18.6 65 2.6
91-180 9.78 1.34 0.02 0.04 1.15 0.17 0.22 2.7 12.7 21.6 28.9 77 1.2
180-240 8.26 2.15 0.01 0.03 2.47 0.11 0.17 4.8 13.2 36.5 35.0 63 0.9

* TEB determined by extraction in 0.1 M BaCl,.
® ECEC determined as the sum of cations extracted in extraction in 0.1 M BaCl,.
¢ BS determined as (TEB + ECEC) x 100.
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TABLE G.4. Extractable acidity, exchangeable cations, and cation exchange capacity (CEC) determined in buffered solutions by genetic

horizon in the Hornito A soil. BS = base saturation; TEB = total exchangeable bases; dash (—) = not determined.

Extractable CEC by sum BS by sum TEB aby  BS by
Horizon acidity of cations*  of cations®  CEC7¢ Ca K Mg Na CEC7¢  CEC7°
—cm— cmol_kg! cmol kg —%— cmol_ kg cmol kg cmol kg cmol kg cmol kg cmol kg —%—
0-8 — — — — — — — — — —
8-16 — — — — — — — — — —
16-40 39.1 43.7 11 — — — — — — _
40-91 33.4 36.5 9 — — — — — — _
91-180 29.3 32.1 9 — — — — — — _
180-240 — — — — — — — — — _

@ Sum of extractable acidity and TEB.

b BS determined from TEB + CEC sum of cations x 100.

¢ CEC determined by extraction in ammonium acetate (pH 7).

¢TEB (sum of Ca, K, Mg, and Na) determined by extraction in ammonium acetate (pH 7).
¢ BS determined as (TEB + ECEC) x 100.

TABLE G.5. Pedogenic metal oxides extractable in acid-ammonium oxalate and buffered dithionite by genetic horizon in the Hornito A
soil. Fe_:Fe, ratio, oxalate-extractable iron/dithionite-extractable iron.

Dithionite extraction Oxalate extraction

Horizon Al Fe Mn Al Fe Mn P Si Al+%Fe Fe_:Fe,
—cm— % mg g~ —%—

0-8 0.50 0.46 0.09 5.14 0.68 0.53 0.61 0.04 0.55 0.15
8-16 0.94 5.45 0.25 9.97 7.90 1.73 0.42 0.84 1.39 0.14
16-40 0.86 5.97 0.19 9.15 7.92 1.32 0.23 0.79 1.31 0.13
40-91 0.81 6.10 0.18 8.29 6.88 1.14 0.15 0.93 1.17 0.11
91-180 0.79 7.54 0.16 5.56 2.92 0.89 0.06 0.57 0.70 0.04
180-240 0.73 6.05 0.15 6.44 3.65 0.89 0.08 0.68 0.83 0.06

TABLE G.6. Total elements by nitric acid digestion by genetic horizon in the Hornito A soil.

Horizon Al B Ca Cu Fe K Mg Mn Na P Zn
—cm— mg g™

0-8 12.1 0.028 13.28 0.027 6.6 0.99 2.17 0.84 0.23 1.554 0.047
8-16 97.6 0.013 3.95 0.111 83.6 2.05 8.90 2.66 0.45 0.940 0.121
16-40 111.7 0.007 1.83 0.160 105.4 1.80 13.28 2.29 0.41 0.556 0.115
40-91 123.6 0.017 1.06 0.172 99.1 1.99 8.14 2.19 0.30 0.480 0.110
91-180 130.1 0.010 0.60 0.160 108.9 1.52 9.18 1.79 0.21 0.377 0.099

180-240 129.2 <0.005 0.44 0.190 101.9 2.22 8.38 1.95 0.23 0.385 0.105
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Additional Data (NRCS): Hornito A. BS = base saturation; ECEC = effective cation exchange capacity;
sat = saturation; TEB = total exchangeable bases; nd = not detected; tr = trace.

Dithionite—citrate

extraction Ammonium oxalate extraction
Horizon Al Fe Mn Al Fe Si Al+%Fe Mn P
—cm— % % mg kg ——
16-40 1.0 8.0 0.2 1.02 1.10 0.10 1.57 1,834.9 236.2
90-100 0.9 8.1 0.2 0.83 0.65 0.12 1.16 1,290.6 100.5
Ammonium acetate extraction
CEC per
Horizon Ca K Mg Na TEB CEC? BS kg clay
—cm— mol_kg! Y% cmol_kg!
16-40 2.8 0.1 1.4 tr 4.3 27.6 16 50.1
90-100 0.8 0.1 0.8 nd 1.7 25.8 7 58.6
Barium chloride-triethanolamine
KCI extraction extraction (pH 8.2)
Horizon Al Mn Acidity CEC? BS ECECe Al sat
—cm— cmol_kg! mg kg™! cmol_kg! % cmol kg %
16-40 4.6 7.8 38.4 42.7 10 8.9 52
90-100 9.5 3.7 32.1 33.8 N 11.2 85

* NH,OAC extraction and measurement of the subsequently displaced NH, (i.e., includes bases, exchangeable acidity, etc.).

» NH,OAC bases + acidity (at pH 8.2).

¢ ECEC (NH,OAC-extractable bases plus KCl-extractable Al).

X-ray? Thermal
16-40 cm 90-100 cm 16-40 cm 90-100 cm

Peak size Y%
Kaolinite 2 nd 62 54
Goethite nd nd 7 9
Hematite nd nd nd nd
Halloysite nd 2 nd nd
Gibbsite 1 nd nd
Vermiculite 2 nd nd
Montmorillonite nd nd nd nd
Cristobalite nd nd nd nd
Quartz nd nd nd nd
Interpretation Kaolinitic Kaolinitic

@ Values refer to relative peak size (5 = very large, 4 = large, 3 = medium, 2 = small, 1 = very small).
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H. Hornimo B Forest Census PLot, FORTUNA FOREsT Reserve, PANAMA (FIGURE 3.7)

Very fine, parasesquic, isothermic, Typic Haplohumult

From the STRI station, drive south on the main road through the guard gate and park on the left
at UTM 17P, 0365570 m E., 0959026 m N., next to a small shop. Follow the track uphill toward
the Jilguera Cabins and Lost and Found hostel. Continue up and over the ridge, following the trail
downhill toward the river. Take the left trail at the fork and continue for ~5 minutes. The plot is
on the left (uphill) side of the trail, and the profile pit is ~50 m uphill from the trail on the end of a
broad spur. Hornito B is approximately 200 m downslope of the Hornito A plot.

7 December 2018; late wet season (wet-dry season transition)

8.678430°N, -82.213501°E

17P, 0366494 m E.; 0959514 m N.

1,296 m asl

Steep (35%) lower backslope, facing east; slightly convex radial and convex lateral

Porphyritic dacite (stones in the pit conform to this)

Perudic: mean annual rainfall at Hornito A 5,164 + 232 mm, with 203 = 28 mm mean monthly dry
season rainfall (1 January-30 April) (2 months max with <100 mm during year)

Isothermic: mean annual temperature at Hornito A 17.2°C, with mean monthly temperature vary-
ing by <2°C over the annual cycle

Lower montane tropical forest; canopy height 20 to 25 m; relatively open, moderately tall canopy
(~25 m tall) dominated by the ectomycorrhizal tree Oreomunnea mexicana (Juglandanceae); com-
mon small stems but relatively open understory with few ferns and very few palms

Moderately well drained

Thin discontinuous cover of wet leaves (~90%)

Few small earthworms in upper 36 cm

Common subangular coarse gravel in subsoil, with black cores and yellowish-red (5YR 5/6) weath-
ering rinds, with speckled features characteristic of weathered dacite porphyres

Throughout the profile to at least 185 cm, but fine roots predominantly in the upper 6 cm, and
coarse roots predominantly in the upper 56 cm

Between 20 and 70 cm below the soil surface (i.e., the upper 50 cm of the argillic horizon)
Parasesquic (dithionite Fe x 1.43 >10%)

Very fine (>60% clay)

Cation exchange activity class: Not applicable

Diagnostic horizons and features: (1) Perudic moisture regime and isothermic temperature regime
(2) Ochric epipedon from 6 to 20 cm
(3) Argillic horizon from 3,620 to 84 cm
(4) Clay decrease >20% below the maximum within 150 cm of the mineral soil surface

General Features of the Soil

This soil is developed on porphyritic dacite, although it is on
the boundary with undifferentiated mafic volcanics. It is acidic, clay
rich, and has a thin organic horizon over a shallow brown epipe-
don. The soil is well structured and infertile, with high concentra-
tions of iron oxides. Compared to Hornito A, this profile is more
acidic and has much lower Ca, Mg, and Mn and higher Al (and Al
saturation). In fact, concentrations of Ca are extremely low in Hor-
nito B. The soil organic matter has a much wider C:N ratio than
Hornito A, characteristic of ectomycorrhizal-dominated forest.

Soil Taxonomy

The profile has an argillic horizon, although this is mar-
ginal, with the clay concentration increasing from 55% to 63 %,

the minimum 8% increase allowed for high-clay soils. ECEC
and CEC values indicate low activity clays, but the clay increase
occurs over more than 15 cm, so the argillic horizon does not
qualify as kandic, and the profile therefore does not qualify as
an Oxisol. Instead, the argillic horizon and low base saturation
at depth qualifies the soil as an Ultisol. The profile is a Humult
because of the high concentration of organic matter in the upper
15 cm of the argillic horizon. It does not quite qualify as a Pale-
humult because the clay concentration decreases by 20% from
the maximum in the upper 150 cm. In the absence of other diag-
nostic features, the profile qualifies as a Typic Haplohumult.

The soil moisture regime is perudic because rainfall exceeds
potential evapotranspiration in all months.

The mineralogy class is parasesquic because Fe, x 1.43 =
>12%, and Hornito A contains some gibbsite (mentioned in
the parasesquic criteria). If the profile has an oxic horizon or a
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kandic horizon, the mineralogy class would likely be kaolinitic,
based on cation exchange capacity of the clay fraction and XRF
analysis of Hornito A.

This profile is on the boundary of Ultisol and Oxisol. If the
clay increase were just 1% greater in the 20 to 36 cm horizon,
then it would qualify as a kandic horizon, and the profile would
classify as an Oxisol (i.e., a kandic horizon and >40% clay). If
the clay concentration in the 36 to 56 cm horizon were 1% less,
then there would be no argillic horizon and the soil would also
qualify as an Oxisol (i.e., with an oxic horizon).

Chemical and Physical Properties

The soil has a thin organic horizon over a clay-rich mineral
soil. Cation concentrations are extremely low, and Al saturation
is very high (>90% in the mineral soil).

Horizon Description: Hornito B

Oe—0 to 6 cm; very dark brown (10YR 2/2) cohesive but
loose mat of moderately decomposed organic matter,
including many small leaf fragments, varying from 3 to
6 c¢m thick around the pit; many very fine, fine, medium,
and coarse roots; abrupt wavy boundary.

A—6 to 20 cm; brown (5YR 4/3) clay loam; strong fine and
very fine subangular blocky structure; moist and friable to
firm; sticky and plastic; few hard subangular mixed gravel
(<1%); common fine and medium tubular pores; few very
fine and fine, and common medium and coarse roots;

Bt1—20 to 36 cm; dark reddish-brown (5YR 4/4) clay; moder-
ate coarse subangular blocky structure, breaking to strong
fine and very fine subangular blocky; moist and firm;
sticky and very plastic; about 2% hard subangular fine

gravel; faint continuous clay films on ped faces and pore
linings; few fine and medium tubular pores; few very fine,
fine, and medium roots; gradual smooth boundary.

Bt2—36 to 56 cm; dark reddish-brown (5YR 3/4) clay; mod-
erate very coarse subangular blocky structure, breaking
to strong medium, fine, and very fine subangular blocky;
moist and firm; sticky and very plastic; few hard suban-
gular fine gravel (<1% ); faint continuous clay films on
ped faces; very few fine and medium tubular pores; few
very fine, fine, and medium, and common coarse roots —
appears to be a coarse root threshold at the lower bound-
ary; gradual smooth boundary.

Bt3—56 to 84 cm; dark reddish-brown (5YR 3/4) clay; moder-
ate coarse subangular blocky structure, breaking to strong
medium, fine, and very fine subangular blocky; moist and
firm; slightly sticky and very plastic; faint continuous
clay films on ped faces; very few fine and medium tubu-
lar pores; few very fine, fine, medium, and coarse roots;
gradual smooth boundary.

BC1—84 to 151 cm; reddish-brown (5YR 4/4) silty clay; weak
coarse subangular blocky structure, breaking to strong
medium, fine, and very fine subangular blocky; moist and
firm to friable; slightly sticky and very plastic; about 20%
weathered coarse gravel with black interiors, increasing in
abundance with depth; faint continuous clay films on ped
faces; very few fine tubular pores; very few very fine, fine,
and medium roots; gradual wavy boundary.

BC2—151 to 270+ cm; [includes auger sample] red (2.5YR
4/6) (silty) clay (loam); moderate coarse subangular
blocky structure, breaking to strong medium, fine, and
very fine subangular blocky; moist and firm; slightly sticky
and plastic; few very fine interstitial pores; very few fine
and medium roots; about 2% hard black coarse gravel.

Laboratory Analysis: Hornito B

TABLE H.1. Soil physical properties, including bulk density and particle-size distribution, by genetic horizon in the Hornito B soil.

Dash (—) = not determined.

Bulk density Coarse Clay:silt
Horizon Designation (fine earth) fragments Sand Silt Clay Textural class ratio
—cm— —g cm— —vol%— —%— —%— —%—
0-6 Oe 0.04 0 — — — — —
6-20 A 0.80 <1 15.7 29.7 54.6 Clay 1.8
20-36 Btl 1.15 2 9.5 29.0 61.6 Clay 2.1
36-56 Bt2 1.11 <1 9.3 28.1 62.6 Clay 2.2
56-84 Bt3 1.10 <1 7.5 29.8 62.7 Clay 2.1
84-151 BC1 1.20 20 7.0 34.1 58.9 Clay 1.7
151-185 BC2 (1) 1.25 2 5.2 44.4 50.4 Silty clay 1.1
185-270 BC2 (2) — — 5.3 45.9 48.8 Silty clay 1.1
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TABLE H.2. Soil pH and total carbon and nitrogen by genetic horizon in the Hornito B soil.

Horizon Soil pH Total C Total N C:N C:P N:P
—cm— Water CaCl, BaCl, —%— —%—

0-6 4.13 3.21 3.10 35.86 1.86 19.3 1064 55.2
6-20 4.36 3.66 4.10 5.22 0.31 16.7 201 11.9
20-36 4.78 3.87 3.94 1.36 0.08 17.1 54 3.2
36-56 4.79 4.00 4.11 1.13 0.06 18.9 67 3.6
56-84 4.81 3.94 4.15 0.90 0.05 17.9 45 2.5
84-151 4.71 3.92 4.12 0.63 0.03 18.4 25 1.2
151-185 4.60 3.90 4.07 0.28 0.01 19.8 10 0.4
185-270 4.64 3.85 4.04 0.28 0.02 18.3 N 0.4

TABLE H.3. Exchangeable cations and effective cation exchange capacity (ECEC) by extraction in 0.1 M barium chloride (BaCl,) by

genetic horizon in the Hornito B soil. BS = base saturation; sat = saturation; TEB = total exchangeable bases; dash (—) = not determined.
ECEC per

Horizon Al Ca Fe K Mg Mn Na  TEB* ECEC BS¢ kg clay Alsat  Ca:Mg
—cm— cmol_kg! —%— cmol_kg! —%—

0-6 1.44 10.40 0.14 0.83 3.88 0.80 0.55 15.65 18.0 86.8 — 8 2.7
6-20 5.81 0.12 0.04 0.05 0.05 <0.01 0.11 0.33 6.2 5.3 11.3 94 2.3
20-36 7.32 0.12 0.04 0.06 0.12 <0.01 0.05 0.35 7.7 4.5 12.5 95 1.0
36-56 6.02 0.10 <0.01 0.03 0.05 <0.01 0.03 0.21 6.2 3.3 10.0 96 2.2
56-84 6.26 0.09 <0.01 0.03 0.04 <0.01 0.04 0.19 6.5 3.0 10.3 97 2.3
84-151 7.08 0.05 <0.01 0.01 0.04 <0.01 0.05 0.15 7.2 2.1 12.3 98 1.1
151-185 8.71 0.03 <0.01 0.01 0.04 <0.01 0.04 0.12 8.8 1.4 17.5 99 0.6
185-270 9.68 0.02 <0.01 <0.01 0.05 0.01 0.05 0.13 9.8 1.3 20.1 99 0.5

* TEB determined by extraction in 0.1 M BaCl,.
> ECEC determined as the sum of cations extracted in extraction in 0.1 M BaCl,.
¢ BS determined as (TEB + ECEC) x 100.

TABLE H.4. Extractable acidity, exchangeable cations, and cation exchange capacity (CEC) determined in buffered solutions by genetic

horizon in the Hornito B soil. BS = base saturation; TEB = total exchangeable bases; dash (—) = not determined.

Extractable CEC by sum  BS by sum TEBby BSby  CEC7 per
Horizon acidity of cations? of cations®  CEC7¢ Ca K Mg Na CEC74 CEC7¢ kg clay
—cm— cmol kg cmol kg —%— cmol_kg! —%— cmol_kg!
0-6 — — — — — — — — — — —
6-20 — — — — — — — — — — —
20-36 — — — 7.3 0.03 0.07 0.05 0.02 0.17 2.3 11.8
36-56 — — — 8.3 0.03 0.05 0.04 0.02 0.13 1.6 13.2

(Continued)
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TABLE H.4. (Continued)

Extractable  CEC by sum  BS by sum TEBby BSby  CEC7 per
Horizon acidity of cations® of cations®  CEC7¢ Ca K Mg Na CEC7¢  CEC7¢ kg clay
—cm— cmol_kg! cmol_kg! —%— cmol_kg! —%— cmol_kg!
56-84 — — — 8.4 0.02 0.04 0.04 0.02 0.13 1.5 13.4
84-151 — — — 6.7 0.01 0.02 0.03 0.02 0.08 1.3 11.4
151-185 — — — — — — — — — — —
185-270 — — — — — — — — — — —

* Sum of extractable acidity and TEB.
b BS determined from TEB + CEC sum of cations x 100.
¢ CEC determined by extraction in ammonium acetate (pH 7).

¢TEB (sum of Ca, K, Mg, and Na) determined by extraction in ammonium acetate (pH 7).

¢ BS determined as (TEB + ECEC) x 100.

TABLE H.5. Pedogenic metal oxides extractable in acid-ammonium oxalate and buffered dithionite by genetic horizon in
the Hornito B soil. Fe_:Fe, ratio, oxalate-extractable iron/dithionite-extractable iron.

Dithionite extraction

Oxalate extraction

Horizon Al Fe Mn Al Fe Mn P Si Al+%:Fe Fe_:Fe,

—cm— %o mg g —%—

0-6 0.27 1.32 0.02 1.08 0.59 0.14 0.11 0.05 0.14 0.05

6-20 1.31 7.23 0.01 4.76 4.41 0.01 0.03 0.19 0.70 0.06

20-36 1.30 7.67 0.01 3.98 1.55 0.01 0.01 0.31 0.48 0.02

36-56 1.34 8.59 0.01 3.52 1.28 0.01 0.01 0.28 0.42 0.01

56-84 1.29 8.76 0.01 3.20 0.96 <0.01 0.01 0.28 0.37 0.01

84-151 1.15 8.47 0.01 3.39 0.88 <0.01 0.01 0.32 0.38 0.01

151-185 0.57 4.77 0.02 3.98 1.10 0.06 0.02 0.40 0.45 0.02

185-270 0.78 6.50 0.03 4.49 1.13 0.13 0.02 0.41 0.51 0.02
TABLE H.6. Total elements by nitric acid digestion by genetic horizon in the Hornito B soil.
Horizon Al B Ca Cu Fe K Mg Mn Na P Zn
—cm— mg g
0-6 13.2 0.027 1.33 0.019 11.3 0.58 0.71 0.16 0.15 0.337 0.012
6-20 79.5 <0.005 0.29 0.067 77.0 0.53 2.35 0.13 0.24 0.260 0.037
20-36 108.8 <0.005 0.08 0.102 86.8 0.82 2.64 0.17 0.15 0.253 0.042
36-56 70.3 <0.005 0.03 0.069 58.9 0.62 1.54 0.10 0.05 0.168 0.025
56-84 90.9 0.017 0.02 0.086 74.3 0.79 1.78 0.12 0.15 0.200 0.032
84-151 96.4 <0.005 0.01 0.114 78.8 0.94 1.72 0.13 0.07 0.254 0.031
151-185 72.6 0.018 <0.01 0.137 55.0 0.60 1.11 0.21 0.09 0.267 0.031
185-270 140.4 0.006 0.05 0.317 103.1 0.80 1.96 0.47 0.18 0.558 0.064
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. PaLo Seco Forest CeNsus PLot, Palo SEco FoRrest Reserve, PANAMA (FIGURE 3.8)

Fine, parasesquic, isothermic, Andic Dystrudept

From the Fortuna Station, cross the dam and continue over the Continental Divide. Park on the left
side of the road and follow a trail downhill to the plot. The profile pit was located close to 100,60
marker on the far side of the plot (down the trail and to the left, ~20 m from trail).

8.778643°N, -82.198143°E

17P, 0368219 m E., 0970590 m N.

4 July 2008 (wet season); reexamined 26 February 2010 (dry season)

878 m asl

Steep (>30%) shoulder on a narrow steeply sloping ridge

Perudic: mean annual rainfall 6,257 = 310 mm, with 445 = 33 mm mean monthly dry season rainfall
(1 January-30 April)

Isothermic: mean annual temperature 19.6°C, with mean monthly temperature varying by <2°C over
the annual cycle

Coarse-textured undifferentiated basalt, andesite, and diabase

Species-rich lower montane tropical rainforest; canopy height 23 m; closed canopy and very dense
understory almost completely filled with short-stature palms (Geonoma cuneata and Chamaedorea spp.)
Moderately well drained

Thick leaf litter layer; 100% cover

Many earthworms throughout the upper part of the profile

Common weathered andesite gravel and cobbles

Rooting depth:
Control section:
Particle-size class:
Mineralogy class: Parasesquic
Cation-exchange activity class: N/A

Diagnostic horizons/features:

Throughout the profile to at least 175 cm
Between 25 and 100 cm below the soil surface
Fine (between 35% and 60% clay)

(1) Perudic moisture regime and isothermic temperature regime
(2) Ochric epipedon from 0 to 10 cm
(3)

Cambic horizon from 10 to 80 cm

General Features of the Soil

This profile is on a steep slope formed in undifferentiated
mafic-volcanics. It supports a thick ground cover including many
palms. The soil is infertile, with moderate andic properties.

Soil Taxonomy

The profile is an Inceptisol because it has a cambic horizon
and a Udept because of the perudic moisture regime. The low
base saturation in the subsoil qualifies the profile as a Dystrud-
ept. Moderate andic properties, including bulk density <1.0 g
cm and oxalate Al+%4Fe >1.0%, in at least 18 cm of the upper
75 cm qualify the profile as an Andic Dystrudept.

The profile has parasesquic mineralogy class because total
iron oxides such as Fe,O, (Fe, x 1.43) plus gibbsite are >10
(Fe, in the control section = 5.73% x 1.43 = 8.2%, and gibbsite
in the clay fraction by thermal XRF = 7%-11% with control
section clay = 40.4%, giving gibbsite in the fine earth fraction
of 3.6%).

The soil moisture regime is perudic because rainfall exceeds
potential evapotranspiration in all months.

Chemical and Physical Properties

The profile has a shallow dark yellowish-brown epipedon
over a yellowish-brown subsoil. There are many weathered
coarse fragments throughout the profile, covered in thick ferro-
manganese coatings. The soil has a clay texture in the upper part,
over a loamy subsoil. Bulk density is low (<1.0 g cm™) through-
out. Soil pH is very strongly to strongly acid, and organic matter
concentrations are moderate, with C:N ratios between 12 and
16. Base cation concentrations are extremely low, with TEB of
=1.2 cmol_kg™' throughout the profile. Effective cation exchange
capacity and base saturation are also very low, although CEC
per kg clay at pH 7 is very high, indicating a considerable
pH-dependent charge. Aluminum concentrations and saturation
are high. Total Al and Fe are very high, both being >100 mg g™
throughout the subsoil, and total P is moderately high. Second-
ary Fe (Fe)) and amorphous Al and Fe are moderate; Al+2Fe
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(a) Palo Seco

(b) Pinola

FIGURE 3.8. The profiles at (a) Palo Seco and (b) Pinola.

by oxalate extraction <1.3%. Total Ca is very high in the deep
subsoil, but the reason is unclear and is not related to exchange-
able Ca.

Horizon Description: Palo Seco

A—0 to 10 cm; dark yellowish-brown (10YR 3/4) sandy clay;

moderate coarse subangular blocky structure, breaking
to moderate fine subangular blocky; wet and friable;
sticky and slightly plastic; many earthworms; common
medium and fine tubular pores; many very fine, fine,
and medium, and common coarse roots; gradual smooth
boundary.

B1—10 to 42 cm; brown (7.5YR 4/4) clay loam; moder-

ate medium subangular blocky structure; wet and
friable; sticky and slightly plastic; about 4% angular
weathered coarse andesite gravel; common medium
and fine tubular pores with clay enriched walls; faint

continuous clay films on ped faces; common very fine,
fine, and medium, and few coarse roots; clear smooth
boundary.

B2—42 to 80 cm; dark yellowish-brown (10YR 4/4) gravelly

sandy clay loam; moderate medium and coarse wedge
structure, breaking to weak to medium subangular
blocky; wet and friable; sticky and slightly plastic; few
medium and fine tubular pores; faint discontinuous clay
films on ped faces; about 20% angular weathered coarse
andesite gravel; few fine and very fine roots; gradual
smooth boundary.

BC—80 to 175 cm; dark yellowish-brown (10YR 4/4) grav-

elly loam; weak medium subangular blocky structure;
about 35% weathered subangular andesite coarse gravel
and cobbles; very few fine and very fine roots; gradual
wavy boundary.

C—175 to 235+ cm; olive brown (2.5Y 4/4) gritty loam;

weathered rock prevented further augering.
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TABLE I.1. Soil physical properties, including bulk density and particle-size distribution, by genetic horizon in the Palo Seco soil.

Dash (—) = not determined.
Bulk density Coarse fragments Clay:silt

Horizon Designation (fine earth) (>2 mm) Sand Silt Clay Textural class ratio
—cm— —g cm— —%— —%— —%— —%—
0-10 A 0.41 0 26.6 22.5 50.8 Clay 2.3
10-42 B1 0.72 4 20.3 27.8 51.9 Clay 1.9
42-80 B2 0.89 20 17.0 40.8 422 Silty clay 1.0
80-175 BC 0.97 35 30.3 426 272 Clay loam 0.6
175-235+ C — — 49.9 28.8 213 Loam 0.7

TABLE 1.2. Soil pH and total carbon and nitrogen by genetic horizon in the Palo Seco soil.

Horizon ——Soil pH Total C Total N C:N C:P N:P

—cm— Water CaCl, BaCl, —%— —%—

0-10 4.36 4.05 4.16 5.54 0.45 12.3 81.7 6.6

10-42 4.74 4.21 4.21 1.85 0.15 12.2 36.4 3.0

42-80 4.94 4.04 4.11 0.70 0.06 12.5 19.1 1.6

80-175 5.05 4.06 4.08 0.18 0.01 15.7 2.2 0.1

175-235+ 5.17 4.01 4.36 0.24 0.02 13.5 1.2 0.1

TABLE L.3. Exchangeable cations and effective cation exchange capacity (ECEC) by extraction in 0.1 M barium chloride (BaCl,) by
genetic horizon in the Palo Seco soil. BS = base saturation; sat = saturation; TEB = total exchangeable bases.

ECEC per

Horizon Al Ca Fe K Mg Mn Na  TEB* ECEC’ BS¢ kg clay Alsat  Ca:Mg
—cm— cmol_kg! —%— cmol_kg! —%—

0-10 5.77 0.57 0.03 0.16 0.40 0.09 0.09 1.22 7.1 17.2 14.0 81 1.4
10-42 4.83 0.15 0.02 0.02 0.04 0.05 0.06 0.27 5.2 5.2 10.0 93 3.8
42-80 8.71 0.09 0.02 <0.01 0.04 0.10 0.07 0.20 9.0 2.2 21.4 96 2.3
80-175 8.60 0.36 0.02 <0.01 0.37 0.08 0.10 0.83 9.5 8.7 35.1 90 1.0
175-235+ 2.07 0.22 0.02 <0.01 0.14 0.03 0.02 0.38 2.5 15.2 11.7 83 1.6

* TEB determined by extraction in 0.1 M BaCl,.
> ECEC determined as the sum of cations extracted in extraction in 0.1 M BaCl,.
¢ BS determined as (TEB + ECEC) x 100.
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TABLE 1.4. Extractable acidity, exchangeable cations, and cation exchange capacity (CEC) determined in buffered solutions by genetic
horizon in the Palo Seco soil. BS = base saturation; TEB = total exchangeable bases; dash (—) = not determined.

Extractable = CEC by sum  BS by sum TEBby BSby  CEC7 per
Horizon acidity of cations? of cations® CEC7¢ Ca K Mg Na CEC7¢  CEC7° kg clay
—cm— cmol kg cmol kg —%— cmol_kg! —%— cmol_kg!
0-10 — — — — — — — — — — —
10-42 — — — 26.7 0.08 0.05 0.09 0.06 0.3 1.0 51.4
42-80 — — — 28.4 0.05 0.03 0.11 0.06 0.2 0.8 67.2
80-175 — — — 30.3 0.20 0.02 0.32 0.09 0.6 2.1 111.5
175-235+ — — — — — — — — — — —

* Sum of extractable acidity and TEB.
b BS determined from TEB + CEC sum of cations x 100.
¢ CEC determined by extraction in ammonium acetate (pH 7).

¢ TEB (sum of Ca, K, Mg, and Na) determined by extraction in ammonium acetate (pH 7).
¢ BS determined as (TEB + ECEC) x 100.

TABLE L5. Pedogenic metal oxides extractable in acid-ammonium oxalate and buffered dithionite by genetic horizon in the Palo Seco
soil. Fe_:Fe, ratio, oxalate-extractable iron/dithionite-extractable iron.

Dithionite extraction

Oxalate extraction

Horizon Al Fe Mn Al Fe Mn P Si Al+¥%Fe Fe_:Fe,
—cm— Y% mg g} —%—
0-10 1.07 5.56 0.03 7.38 10.99 0.17 0.18 0.22 1.29 0.20
10-42 1.03 6.08 0.06 6.83 10.02 0.45 0.11 0.35 1.18 0.16
42-80 0.97 6.38 0.15 5.08 5.89 0.93 0.05 0.35 0.80 0.09
80-175 0.68 4.20 0.17 5.56 4.77 1.14 0.22 0.64 0.79 0.11
175-235+ 0.43 2.84 0.12 9.19 2.83 0.70 1.06 2.09 1.06 0.10
TABLE L.6. Total elements by nitric acid digestion by genetic horizon in the Palo Seco soil.

Nitric acid digestion for total elemental analysis
Horizon Al B Ca Cu Fe K Mg Mn Na P Zn
—cm— mg g
0-10 106.6 0.018 1.35 0.121 99.8 0.68 4.30 0.42 0.52 0.746 0.058
10-42 131.1 0.009 0.87 0.143 103.8 0.59 4.30 0.76 0.37 0.692 0.058
42-80 140.8 0.008 0.13 0.204 111.6 0.64 5.04 1.47 0.17 0.546 0.062
80-175 129.9 0.007 0.15 0.261 100.1 0.25 6.91 1.62 0.17 0.983 0.085
175-235+ 124.7 0.010 24.52 0.174 100.4 0.68 15.83 1.61 0.09 1.661 0.190
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Additional Data (NRCS): Palo Seco. BS = base saturation; ECEC = effective cation exchange
capacity; sat = saturation; TEB = total exchangeable bases; nd = not detected; tr = trace.

Dithionite—citrate ) .
Ammonium oxalate extraction

extraction
Horizon Al Fe Mn Al Fe Si Al+%Fe Mn P
—cm— % % —mg kg'—
30-40 1.1 8.2 0.1 0.55 1.01 0.04 1.06 365.2 53.9
90-100 0.7 4.0 0.2 0.59 0.68 0.07 0.93 1,262.3 169.7

Ammonium acetate extraction

CEC per
Horizon Ca K Mg Na TEB CEC? BS kg clay
—cm— ——omol_ kg'———— % cmol_kg!
30-40 nd tr 0.1 tr 0.1 18.3 1 35.3
90-100 nd tr 0.2 tr 0.2 18.9 1 69.5

Barium chloride-triethanolamine

KCI extraction extraction (pH 8.2)
Horizon Al Mn Acidity CEC® BS ECECe Al sat
—cm— cmol_kg! mg kg! ——cmol_kg'— %o cmol_kg! %o
30-40 5.8 0.8 25.9 26.0 <1 5.9 98
90-100 8.7 1.5 26.9 27.1 1 8.9 98

* NH,OAC extraction and measurement of the subsequently displaced NH, (i.., includes bases, exchangeable acidity, etc.).
» NH,OAC bases + acidity (at pH 8.2).
¢ ECEC (NH,OAC-extractable bases plus KCl-extractable Al).

X-ray? Thermal

10-42 cm 82-175 cm 10-42 cm 82-175 cm

Peak size Yo

Kaolinite nd nd 56 55
Goethite nd nd nd nd
Hematite nd nd nd nd
Halloysite 2 2 nd nd
Gibbsite 2 1 11 7
Vermiculite nd nd nd nd
Montmorillonite nd nd nd nd
Cristobalite nd nd nd nd
Quartz nd nd nd nd
Interpretation Kaolinitic Kaolinitic

! Values refer to relative peak size (5 = very large, 4 = large, 3 = medium, 2 = small,

1 = very small).
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J. PINoLa Forest Census PLoT, FORTUNA FoRresT Reserve, PANAMA (FIGURE 3.8)

Soil taxonomy:
Profile location:

Latitude/longitude:
UTM:

Date and season:
Elevation:

Slope and site position:
Soil moisture regime:

Soil temperature regime:

Parent material:
Vegetation:

Drainage:

Surface features:
Faunal activity:
Coarse fragments:
Rooting depth:
Control section:
Particle-size class:
Mineralogy class:

Cation-exchange activity class:

Diagnostic horizons/features:

Fine, mixed, superactive, isothermic, Andic Palehumult

From the east side of the dam wall, follow the road downbhill to the end. Enter the forest on the right
(east), following the trail uphill for ~5 minutes to the plot, arriving at the 00,00 marker. The pit is on
the far side of the plot close to the 60,100 marker.

8.754164°N, -82.259095°E

17P, 0361505 m E., 0967905 m N.

26 July 2010; wet season

1,135 m asl

Steep (~25%) midslope, facing west; concave radial and convex lateral

Perudic: mean annual rainfall 4,964 + 863 mm, with 159 = 27 mm mean monthly dry season rainfall
(1 January-30 April)

Isothermic: mean annual temperature 18.5°C, with mean monthly temperature varying by <2°C over
the annual cycle

Basalt

Lower montane tropical rainforest; canopy height 20 to 25 m; many understory palms (Chamaedorea
spp.) and small stems; ectomycorrhizal trees absent; abundant Moraceae, Meliaceae (Guarea), and
Fabaceae (Platymiscium)

Moderately well drained

Complete thin cover of wet leaves

Common earthworms in upper horizons

Hard angular basalt cobbles and stones in subsoil

Throughout the profile to 194 cm

Between 24 and 74 cm below the soil surface (i.e., the upper 50 cm of the argillic horizon)

Fine (clay between 35% and 60% and coarse fragments <35% of volume)

Mixed (kaolinite, hydroxy-interlayer vermiculite, gibbsite)

Superactive (CEC = 70 cmol_kg! clay by ammonium acetate pH 7)

(1) Perudic moisture regime and isothermic temperature regime
(2) Umbric epipedon from 0 to 24 cm

(3) Argillic horizon from 24 to 194 cm

(4) Moderate andic properties between 8 and 49 cm

(5)

5) Base saturation by sum of cations <35% between 49 and 194 cm

General Features of the Soil

This dark colored fertile soil is rich in organic matter and
nutrients. Developed on basalt, it contains high concentrations
of carbon, phosphorus, and exchangeable cations, particularly
Ca and Mg. The clay loam epipedon overlies a clay subsoil con-
taining more than 50% angular basalt cobbles and stones. There
appears to be a sombric horizon between 24 and 49 cm, which
is much darker than the overlying horizon, but organic C is not
greater.

Soil Taxonomy

The soil is an Ultisol because it has an argillic horizon and
a base saturation by sum of cations <35% at 125 cm below
the top of the argillic horizon. It is a Humult because there is
>0.9% organic C in the upper 15 ¢cm of the argillic horizon, and
>12 kg C m~ in the upper 100 cm of the profile (20.1 kg C m™2).

The profile is a Palehumult because there is no decline in clay
concentration with increasing depth in the upper 150 cm of
the profile. It is an Andic Palehumult because although there
is no volcanic ash, there is >18 c¢cm of the upper 75 cm of the
profile with bulk density <1.0 g cm=3, and amorphous Al+%:Fe
is >1.0% by oxalate extraction. The soil moisture regime is
perudic because rainfall exceeds potential evapotranspiration
in all months.

Chemical and Physical Properties

The soil has dark colors throughout, including a black
upper argillic horizon, matched by relatively high concentrations
of organic C (with 1.6% C below >130 c¢m). Bulk density is low
in the upper 49 cm and high below that. The epipedon is clay
loam over a clay subsoil. Soil pH is moderately to strongly acid
throughout, and so base saturation (at soil pH) is high (=87%)
throughout the profile. Exchangeable Ca and Mg are high, but



exchangeable P is relatively low, as expected for a soil devel-
oped in basalt. Similarly, total Ca and Mg are high compared to
total K. Total P is high, with up to 1,000 mg P kg™! in the epipe-
don. The soil contains moderate concentrations of dithionite Al
and Fe and relatively high concentrations of oxalate Al and Fe,
giving moderate andic properties sufficient for the Andic sub-
group. Manganese concentrations are high for both dithionite
and oxalate extracts.

Horizon Description: Pinola

A1—o0 to 8 cm; very dark brown (7.5YR 2.5/2) sandy loam;
moderate fine and very fine subangular blocky structure;
slightly sticky and slightly plastic; common coarse, many
medium, and common fine and very fine roots; clear
smooth boundary.

A2—38 to 24 cm; very dark brown (10YR 2/2) sandy clay loam;
moderate fine and very fine subangular blocky structure;
moist and friable; slightly sticky and slightly plastic; about
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4% angular basalt gravel; common earthworms; many
coarse and medium, and common fine and very fine roots;
clear smooth boundary.

Bt1—24 to 49 c¢m; black (7.5YR 2.5/1) very fine sandy clay
loam; sticky and slightly plastic; moderate coarse suban-
gular blocky structure; moist, friable to firm; few coarse,
medium, and fine roots; no clear clay films; clear smooth
boundary.

Bt2—49 to 131 cm; brown (10YR 4/3) very stony sandy clay;
moderate medium and fine subangular blocky structure;
sticky and very plastic; few faint clay films on ped faces;
about 50% hard angular cobbles and stones; few fine
and medium roots; gradual smooth boundary.

Bt3—131 to 194+ cm; dark yellowish-brown (10YR 4/4)
very stony sandy clay loam; moderate fine and very fine
subangular blocky structure; sticky and slightly plastic;
about 50% hard angular cobbles and stones and about
10% medium and coarse angular gravel; few medium
and fine roots.

Laboratory Analysis: Pinola

TABLE ].1. Soil physical properties, including bulk density and particle-size distribution, by genetic horizon in the Pinola soil.

Dash (—) = not determined.

Bulk density Coarse fragments
Horizon Designation (fine earth) (>2 mm) Sand Silt Clay Textural class Clay:silt ratio
—cm— —g cmS— —vol%— —%— —%— —%—
0-8 Al 0.51 0 43.5 21.8 34.7 Clay loam 1.59
8§-24 A2 0.67 4 44.8 21.5 33.7 Clay loam 1.57
24-49 Btl 0.92 0 29.2 28.5 42.3 Clay 1.48
49-131 Bt2 0.96 50 23.8 25.7 50.5 Clay 1.96
131-194 Bt3 — 65 21.3 29.6 49.1 Clay 1.66

TABLE J.2. Soil pH and total carbon and nitrogen by genetic horizon in the Pinola soil.

Horizonn ———SoilpH———  TotalC  TotalN  C:N C:p N:P
—cm— Water CaCl, BaCl, —%— —%—

0-8 5.64 5.20 4.66 7.88 0.66 12.0 73.4 6.2
8-24 5.45 4.84 4.40 4.16 0.38 10.8 42.8 3.9
24-49 5.37 4.58 4.25 3.25 0.24 13.7 41.6 3.1
49-131 5.48 4.78 4.43 2.11 0.17 12.2 26.4 2.1
131-194 5.53 4.84 4.49 1.60 0.15 10.8 21.7 2.0
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TABLE ].3. Exchangeable cations and effective cation exchange capacity (ECEC) by extraction in 0.1 M barium chloride (BaCl,) by

genetic horizon in the Pinola soil. BS = base saturation; sat = saturation; TEB = total exchangeable bases.

ECEC per
Horizon Al Ca Fe K Mg Mn Na  TEB* ECEC’ BSe kg clay Alsat  Ca:Mg
—cm— cmol_kg™! —%— cmol_kg!
0-8 0.17 26.58 0.01 0.91 4.01 0.61 0.08 31.6 32.4 97.6 93.3 0.5 6.6
8-24 0.66 8.68 <0.01 0.48 1.76 0.25 0.07 11.0 11.9 92.3 35.3 5.5 4.9
24-49 1.54 6.28 <0.01 0.10 1.59 0.12 0.07 8.0 9.7 82.9 22.9 15.9 4.0
49-131 0.59 6.42 <0.01 0.10 1.58 0.24 0.09 8.2 9.0 90.8 17.9 6.5 4.1
131-194 0.45 6.12 <0.01 0.15 1.68 0.26 0.07 8.0 8.7 91.9 17.8 51 3.6

* TEB determined by extraction in 0.1 M BaCl,.
> ECEC determined as the sum of cations extracted in extraction in 0.1 M BaCl,.
¢ BS determined as (TEB + ECEC) x 100.

TABLE ].4. Extractable acidity, exchangeable cations, and cation exchange capacity (CEC) determined in buffered solutions by genetic
horizon in the Pinola soil. BS = base saturation; TEB = total exchangeable bases; dash (—) = not determined.

Extractable  CEC by sum  BS by sum TEBby BSby  CEC7 per
Horizon acidity of cations® of cations® CEC7¢ Ca K Mg Na CEC7¢  CEC7¢ kg clay
—cm— cmol_kg! cmol_kg! —%— cmol_kg! —%— cmol kg
0-8 — — — 46.3 17.47 0.92 3.62 0.07 22.1 47.7 133
8-24 — — — 31.8 6.26 0.46 1.60 0.04 8.4 26.3 94
24-49 32.2 41.9 23 32.8 4.53 0.10 1.46 0.06 6.1 18.8 77
49-131 25.6 34.6 26 32.0 5.36 0.10 1.50 0.06 7.0 22.0 63
131-194 23.5 32.3 27 33.0 5.37 0.16 1.66 0.07 7.3 22.0 67

@ Sum of extractable acidity and TEB.

b BS determined from TEB + CEC sum of cations x 100.

¢ CEC determined by extraction in ammonium acetate (pH 7).

¢ TEB (sum of Ca, K, Mg, and Na) determined by extraction in ammonium acetate (pH 7).
¢ BS determined as (TEB + ECEC) x 100.

TABLE ].5. Pedogenic metal oxides extractable in acid-ammonium oxalate and buffered dithionite by
genetic horizon in the Pinola soil. Fe :Fe, ratio, oxalate-extractable iron/dithionite-extractable iron.

Dithionite extraction

Oxalate extraction

Horizon Al, Fe, Mn, Al Fe_ Mn_ P Si Al+%Fe Fe_:Fe,
—cm— Y% mg g! —%—

0-8 0.58 3.12 0.14 5.35 8.53 1.00 0.56 0.42 1.0 0.27
8-24 0.70 3.52 0.14 6.13 9.60 1.06 0.48 0.54 1.1 0.27
24-49 0.80 4.87 0.13 5.88 7.80 0.54 0.28 0.57 1.0 0.16
49-131 1.22 6.09 0.20 6.82 8.04 1.23 0.22 0.86 1.1 0.13
131-194 1.01 5.84 0.19 6.91 9.06 1.33 0.23 1.08 1.1 0.16
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TABLE ].6. Total elements by nitric acid digestion by genetic horizon in the Pinola soil.

Nitric acid digestion for total elemental analysis

Horizon Al B Ca Cu Fe K Mg Mn Na P Zn

em— mg g-!

0-8 51.5 <0.005 12.10 0.092 52.0 0.76 5.02 1.37 1.47 0.864 0.081
8-24 68.6 <0.005 8.70 0.134 57.1 0.67 4.95 1.51 1.33 1.049 0.095
24-49 85.4 <0.005 8.44 0.204 65.1 0.45 5.57 1.42 0.73 0.756 0.089
49-131 123.0 <0.005 6.58 0.267 85.5 0.75 7.69 2.10 0.20 0.890 0.121

131-194 118.5 <0.005 6.94 0.295 85.0 0.75 7.39 2.02 0.17 0.782 0.101
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K. Samupio Forest Census Prot, FORTUNA FOREST ReSERVE, PANAMA (FIGURE 3.9)

Soil taxonomy:
Profile location:

Fine-silty, mixed, superactive, isothermic, Aquandic Dystrudept
Park over the bridge slightly downhill and to the north of the Fortuna station. Follow the trail uphill for

~10 minutes, then follow a faint flagged trail to the left. The trail crosses the plot and rises steeply. The

profile pit was ~10 m west of the 00,00 plot marker in the southwest corner.

Latitude/longitude: 8.731185°N, -82.248065°E

UTM: 17P, 0362710 m E., 0965360 m N.

Date and season: 30 June 2008; wet season

Elevation: 1,215 m asl
Slope and site position:
Soil moisture regime:
Soil temperature regime:
the annual cycle
Parent material:

Vegetation:

Rhyolite over mafic-volcanics

Moderately steep (~20%) midslope facing northeast; slightly convex lateral and linear radial
Perudic; 4,833 = 219 mm mean annual rainfall; 215 + 30 mm mean monthly dry season rainfall
Isothermic: mean annual temperature 17.9°C, with mean monthly temperature varying by <2°C over

Species-rich lower montane tropical rainforest; canopy height 25 m; large amounts of recent canopy

disturbance resulting in a very dense understory filled with short-stature palms (Geonoma cuneata and

Chamaedorea spp.) beneath a tall but open canopy

Drainage:

Surface features:
Faunal activity:
Coarse fragments:
Rooting depth:
Control section:

Moderately poorly drained

Common earthworms
Many coarse fragments
The upper 75 cm of the profile

Particle-size class:

Mineralogy class:
Cation-exchange activity class:
Diagnostic horizons/features:

Thick, continuous cover of wet leaves

Between 25 and 100 cm below the soil surface

Fine-loamy (>15% sand and between 18 and 35% clay)

Mixed (47% kaolinite, 9% gibbsite); some volcanic glass
Superactive (CEC 70 cmol_kg* clay by NH,AOc)

(1) Perudic moisture regime and isothermic temperature regime
2) Ochric epipedon from 0 to 25 cm

(2)
(3) Cambic horizon from 25 to 80 cm
(4) Aquic conditions within 60 cm of the soil surface

General Features of the Soil

The profile is formed in rhyolite and has an organic-rich
mineral epipedon over a yellowish-brown subsoil. It has moder-
ate andic properties plus some volcanic glass, but this is margin-
ally insufficient to qualify the profile as an Andisol. The profile is
gravelly and becomes waterlogged in the upper meter. It is very
infertile, particularly in terms of base cations. The gravel is andes-
itic, indicating a contribution from landslides or volcanic ejecta.

Soil Taxonomy

The profile almost qualifies as an Andisol, but oxalate-
extractable is <2.0% throughout the upper 60 ¢cm and there is
insufficient volcanic glass to account for the difference. This is
based on grain counts of the B1 horizon (25-50 c¢m), in which
coarse silt (representing the silt fraction) contains 15% volcanic
glass (including glass-coated grains), but the fine sand fraction
(representing the sand fraction) contains only trace amounts. The
coarse silt plus fine sand fractions account for 10.8% and 11.8%,

respectively, of the total soil particles, so the mean glass content is
7%. This is less than the approximate 11% of glass required given
the Al+'Fe concentration. The profile is therefore an Inceptisol
because it has a cambic horizon. It is a Udept because of the peru-
dic moisture regime. It does not qualify for Humudepts because
the epipedon is ochric rather than umbric (it does not qualify as
umbric based on color in the AB horizon). The profile is there-
fore a Dystrudept because it has a base saturation of <60% by
NH,OAc between 25 and 75 cm below the soil surface. The pres-
ence of aquic conditions (including redox depletions with chroma
<2 in the upper 60 cm) and moderate andic properties (i.e., a bulk
density <1.0 g cm= and oxalate Al+%Fe >1% in at least 18 cm
of the upper 75 ¢cm) qualifies the profile as an Aquandic Dystrud-
ept. The soil moisture regime is perudic because rainfall exceeds
potential evapotranspiration in all months.

Chemical and Physical Properties

Bulk density is low (<1.0 g cm™) in the upper 50 cm of
the profile. The soil is very strongly acidic and has a clay loam



texture throughout the upper 75 cm. Organic matter is high in
the upper 50 cm, and C:N ratios are relatively high (13-14). Base
cations are extremely low, being <0.3 cmol_ kg™ below 10 cm
depth. Effective cation exchange capacity and base saturation
are also very low, with very high Al saturation (>90%) in the
B and C horizons. However, as is typical for soils with andic
properties, CEC is much greater at pH 7 and 8.2. Total P is low
(<200 mg P kg™') in the B horizon. Crystalline Al and Fe are rela-
tively low, but amorphous (noncrystalline) forms are relatively
high, with Al+'4Fe >1.0 in the upper 50 cm of the profile. As in
other rhyolite soils at Fortuna, all forms of extractable Mn are
extremely low throughout the profile. The clay fraction contains
47% kaolinite and 9% gibbsite, plus vermiculite and cristobalite.

Horizon Description: Samudio

A—O0 to 10 c¢m; very dark grayish-brown (10YR 3/2) clay
loam; moist and friable; many medium, fine, and very
fine roots, forming a thin mat in upper few cm of the
horizon; clear smooth boundary.

AB—10 to 25 cm; brown (10YR 4/3) clay loam; about 1%
subangular andesite gravel; common medium, fine, and
very fine roots; clear smooth boundary.
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FIGURE 3.9. The profile at Samudio.

B1—25 to 50 cm; light olive-brown (2.5Y 5/4) clay loam;
about 10% subangular andesite gravel and stones;
few medium, fine, and very fine roots; gradual smooth
boundary.

B2—350 to 75 cm; light yellowish-brown (2.5Y 6/3) gravelly
clay loam; few faint brownish-yellow (10YR 6/8) redox
concentrations and light gray (2.5Y 7/1) redox deple-
tions; about 10% subangular weathered andesite gravel
and cobbles and 10% stones; very few medium roots;
gradual smooth boundary.

Cgl1—75 to 120 cm; light yellowish-brown (2.5Y 6/4) grav-
elly loam; common brownish-yellow (10YR 6/8) redox
concentrations and light gray (2.5Y 7/1) redox deple-
tions; about 15% subangular and angular weathered
andesite gravel and cobbles; gradual smooth boundary.

Cg2—120 to 160 cm; mottled clay loam; many coarse
brownish-yellow (10YR 6/8) redox concentrations and
light gray (2.5Y 7/1) redox depletions; about 10% sub-
angular weathered andesite gravel and cobbles; gradual
smooth boundary.

Cg3—160 to 200+ cm; extremely cobbly loam; about 75%
angular gravel and cobbles in a reduced matrix with redox
concentrations; augering impeded by coarse fragments.
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Laboratory Analysis: Samudio

TABLE K.1. Soil physical properties, including bulk density and particle-size distribution, by genetic horizon in the Samudio soil.

Dash (—) = not determined.

Bulk density Coarse fragments
Horizon Designation (fine earth) (>2 mm) Sand Silt Clay Textural class Clay:silt ratio
—cm— —g cm~— —vol%— —%— —%— —%—
0-10 A 0.50 0 35.2 29.9 34.9 Clay loam 1.17
10-25 AB 0.71 1 26.1 35.6 38.3 Clay loam 1.08
25-50 B1 0.91 11 21.0 41.7 37.4 Clay loam 0.90
50-75 B2 1.22 20 21.8 42.4 35.8 Clay loam 0.84
75-120 Cgl 1.09 15 31.0 43.3 25.8 Loam 0.60
120-160 Cg2 — 10 20.3 49.8 30.0 Silty clay loam 0.60
160-200 Cg3 — 75 25.6 48.3 26.1 Loam 0.54

TABLE K.2. Soil pH and total carbon and nitrogen by genetic horizon in the Samudio soil.

Horizon Soil pH Total C Total N C:N C:P N:P
—cm— Water CaCl, BaCl, —%— —%—

0-10 4.52 3.91 3.88 12.15 0.86 14.1 281 19.9
10-25 4.79 4.22 4.24 5.24 0.36 13.2 192 13.2
25-50 4.90 4.42 4.37 2.28 0.17 13.6 119 8.9
50-75 4.90 4.16 4.20 0.74 0.06 13.2 66 5.4
75-120 4.96 4.05 4.11 0.39 0.03 12.7 27 2.1
120-160 5.03 4.07 4.13 0.32 0.02 20.9 22 1.4
160-200 5.05 4.12 4.11 0.24 0.02 12.3 15 1.3

TABLE K.3. Exchangeable cations and effective cation exchange capacity (ECEC) by extraction in 0.1 M barium chloride (BaCl,) by

genetic horizon in the Samudio soil. BS = base saturation; sat = saturation; TEB = total exchangeable bases; dash (—) = not determined.
ECEC per

Horizon Al Ca Fe K Mg Mn Na TEB* ECECP BS¢ kg clay Alsat Ca:Mg
—cm— cmol_kg! —%— cmol kg —%—

0-10 8.28 1.41 0.13 0.26 0.53 0.03 0.19 2.4 10.8 22.1 31.0 76.4 2.7
10-25 3.77 0.18 0.04 0.04 0.03 <0.01 0.04 0.3 4.1 7.1 10.7 92.0 6.0
25-50 2.75 0.15 0.06 0.04 <0.01 <0.01 0.07 0.3 3.1 8.3 8.2 89.9 —
50-75 5.26 0.12 0.03 0.01 0.02 <0.01 0.12 0.3 5.6 4.9 15.5 94.5 5.5
75-120 7.96 0.14 0.02 0.01 0.02 <0.01 0.10 0.3 8.3 3.4 32.0 96.4 6.0
120-160 8.89 0.15 <0.01 0.02 0.04 <0.01 0.10 0.3 9.2 3.2 30.7 96.8 4.1
160-200 7.85 0.46 <0.01 0.01 0.30 0.04 0.13 0.9 8.8 10.3 33.7 89.2 1.5

* TEB determined by extraction in 0.1 M BaCl,.

®» ECEC determined as the sum of cations extracted in extraction in 0.1 M BaCl,.

¢ BS determined as (TEB + ECEC) x 100.
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TABLE K.4. Extractable acidity, exchangeable cations, and cation exchange capacity (CEC) determined in buffered solutions by genetic

horizon in the Samudio soil. BS = base saturation; TEB = total exchangeable bases, dash (—) = not determined.

Extractable = CEC by sum  BS by sum TEBby BSby  CEC7 per
Horizon acidity of cations? of cations® CEC7¢ Ca K Mg Na CEC7¢  CEC7° kg clay
—cm— cmol_kg! cmol_kg! —%— cmol_kg! —%— cmol_kg!
0-10 — — — — — — — — — — —
10-25 — — — — — — — — — — —
25-50 — — — 2314 0.04  0.04 005 0.03 0.2 0.7 62
50-75 — — — 2201 005 0.03 008 0.05 0.2 0.9 61
75-120 — — — 2260 010  0.03 0.11  0.08 0.3 1.4 88
120-160 — — — — — — — — — — —
160-200 — — — — — — — — — — —

* Sum of extractable acidity and TEB.

b BS determined from TEB + CEC sum of cations x 100.

¢ CEC determined by extraction in ammonium acetate (pH 7).

¢ TEB (sum of Ca, K, Mg, and Na) determined by extraction in ammonium acetate (pH 7).
¢ BS determined as (TEB + ECEC) x 100.

TABLE K.5. Pedogenic metal oxides extractable in acid-ammonium oxalate and buffered dithionite by genetic
horizon in the Samudio soil. Fe_:Fe, ratio, oxalate-extractable iron/dithionite-extractable iron.

Dithionite extraction Oxalate extraction

Horizon Al Fe Mn Al Fe Mn P Si Al+%Fe Fe_:Fe,
—cm— Y% mg g~ —%—

0-10 0.91 1.34 <0.01 8.69 9.15 0.01 0.23 0.16 1.33 0.68
10-25 0.77 1.58 <0.01 8.64 11.16 <0.01 0.13 0.30 1.42 0.71
25-50 0.80 1.49 <0.01 10.32 11.67 <0.01 0.05 1.20 1.61 0.78
50-75 0.43 0.56 <0.01 6.37 2.77 <0.01 0.04 1.15 0.78 0.50
75-120 0.44 1.02 <0.01 5.22 1.41 <0.01 0.06 0.94 0.59 0.14
120-160 0.40 1.24 <0.01 5.05 1.71 <0.01 0.05 0.83 0.59 0.14
160-200 0.43 3.59 0.05 4.31 2.76 0.33 0.03 0.75 0.57 0.08

TABLE K.6. Total elements by nitric acid digestion by genetic horizon in the Samudio soil.

Nitric acid digestion for total elemental analysis

Horizon Al B Ca Cu Fe K Mg Mn Na P Zn
—em— mg gl

0-10 56.4 0.016 2.43 0.039 22.85 1.43 2.76 0.20 0.90 0.433 0.031
10-25 70.6 0.008 2.61 0.055 29.88 1.60 3.40 0.26 0.98 0.273 0.039
25-50 92.2 0.020 1.83 0.082 25.89 2.46 3.80 0.26 0.79 0.171 0.050
50-75 126.4 0.011 1.24 0.145 21.76 2.88 9.41 0.50 0.43 0.145 0.084
75-120 136.7 0.007 1.02 0.213 30.62 1.92 13.37 0.64 0.20 0.189 0.094
120-160 147.1 0.013 0.98 0.210 30.97 1.70 9.21 0.50 0.21 0.212 0.099

160-200 133.5 0.009 1.04 0.228 54.70 1.67 9.60 1.01 0.28 0.198 0.111
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TABLE K.7. Detailed particle-size distribution and glass contents in the Samudio profile. Note that glass includes glass, glass coated
grains, or glass aggregates, although the majority were glass grains. For grain counts, 30% of the fine earth must be coarse silt and sand
(0.02-2 mm). GS = glass grains; GC = glass-coated grains; GA = glass aggregates; tr = trace. Fractions in bold were analyzed for glass
content.

Particle-size distribution (%) Grain counts (%)
Coarse Very fine Medium Coarse Very coarse
Horizon Clay Finesilt  silt sand Fine sand  sand sand sand Coarse silt  Fine sand  Mean glass®
—em— Yo =% —Yo— —%—  —Yo—  —Yo— Yo
GS 14, GC
20-50 28.2 31.8 10.6 10.8 11.8 4.7 1.5 0.6 1. GA.t GS tr, GA tr 7.1%
3 e r

* Mass-weighted average of coarse silt and fine sand.

Additional Data: Samudio. BS = base saturation; ECEC = effective cation exchange
capacity; sat = saturation; TEB = total exchangeable bases; nd = not detected; tr = trace.

Dithionite—citrate

extraction Ammonium oxalate extraction
Horizon Al Fe Mn Al Fe Si Al+¥Fe Mn P
—cm— % Yo —mg kg'—
20-50 0.8 1.7 nd 0.94 1.44 0.09 1.66 3.2 76.8

Ammonium acetate extraction

CEC per
Horizon Ca K Mg Na TEB CEC? BS kg clay
—cm— cmol kg %o cmol_kg!
20-50 nd 0.1 tr nd 0.1 18.5 1 44.6

Barium chloride-TEA
KCI extraction extraction (pH 8.2)

Horizon Al Mn Acidity CEC? BS ECEC¢ Al sat
—cm— cmol_kg! mg kg! ——cmol_kg'— Y% cmol kg Y%
20-50 2.9 tr 33.0 33.1 <1 3.0 97

* NH,OAC extraction and measurement of the subsequently displaced NH, (i.e., includes bases, exchangeable
acidity, etc.).

® NH,OAC bases + acidity (at pH 8.2).

¢ ECEC (NH,OAC-extractable bases plus KCl-extractable Al).



X-ray? Thermal

20-50 cm 20-50 cm
—Peak size— Yo
Kaolinite 3 47
Goethite nd nd
Hematite nd nd
Halloysite nd nd
Gibbsite 2 9
Vermiculite 2 nd
Montmorillonite nd nd
Cristobalite 1 nd
Quartz nd nd

Interpretation Mixed

* Values refer to relative peak size (5 = very large, 4 = large, 3 =

medium, 2 = small, 1 = very small).
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L. VErruGOSA A ForesT CeNnsus PLoT, PALo Seco ForesT Reserve, PANAMA (FiGUre 3.10)

Soil taxonomy:
Profile location:

Latitude/longitude:
UTM:

Date and season:
Elevation:

Slope and site position:

Soil moisture regime:
Soil temperature regime:

Parent material:
Vegetation:

Drainage:

Surface features:
Faunal activity:
Coarse fragments:
Rooting depth:
Control section:
Particle-size class:
Mineralogy class:

Cation-exchange activity class:

Diagnostic horizons/features:

Clayey-skeletal, parasesquic, isothermic, Typic Dystrudept
Cross the dam and continue past the Palo Seco entrance, parking on the right at a small farm. Walk
through the farm property and follow a trail uphill to a fork (~30 min). Take the right at the fork in
the trail and follow uphill for ~1 hour to the plot. The pit is located at the 100,80 marker.
8.778184°N, -82.180279°E
17P, 370184 m E., 970533 m N.
28 July 2010; wet season
969 m asl
Moderately steep (>25%) shoulder in hilly terrain, dropping steeply below; convex radial and complex
lateral
Perudic: mean annual rainfall at nearby Palo Seco 6,257 + 310 mm, with 445 = 33 mm mean monthly
dry season rainfall (1 January-30 April)
Isothermic: mean annual temperature at nearby Palo Seco 19.6°C, with mean monthly temperature
varying by <2°C over the annual cycle
Undifferentiated mafic-volcanics, including andesite, basalt, and diabase
Species-rich lower montane tropical rainforest; canopy height 20 to 25 m; Wettinia quinaria palms
abundant in the canopy; understory filled with short-stature palms (principally Geonoma cuneata and
G. deversa)
Moderately well drained
Discontinuous cover of wet leaves
Many earthworms in the upper 50 cm of soil
Strongly weathered subangular cobbles
Throughout the profile but mainly the upper 10 cm
Between 25 and 100 cm below the soil surface
Clayey-skeletal
Parasesquic
N/A
Perudic moisture regime and isothermic temperature regime

(1)
(2) Ochric epipedon from 0 to 10 cm
(3) Cambic horizon from 10 to 59 cm

General Features of the Soil

This soil is formed in undifferentiated mafic-volcanics. It
contains abundant strongly weathered coarse fragments and is
extremely infertile, with extremely low concentrations of base
cations. In addition, the high Al saturation and low Ca:Mg ratios
represent a harsh environment for root growth.

Soil Taxonomy

The B horizon is not oxic because, although ECEC is <12
cmol_kg! clay, CEC by NH,AOc is >16 cmol_kg™* clay. The soil is
therefore an Inceptisol because it has a cambic horizon and a Udept
because of the perudic moisture regime. It is a Dystrudept because
of the extremely low base saturation throughout the profile. The
profile does not qualify as Andic because Al+'%Fe by oxalate
extraction is <1.0% throughout. In the absence of other diagnostic
features at the subgroup level, the profile qualifies as a Typic Dys-
trudept. Mineralogy is parasesquic because Fe,O, is >10% in the

control section (measured as Fe, x 1.43). The clay fraction includes
kaolinite, goethite, and hydroxy-interlayer vermiculite determined
by x-ray diffraction. The soil moisture regime is perudic because
rainfall exceeds potential evapotranspiration in all months.

Chemical and Physical Properties

The profile has a shallow brown epipedon over a yellowish-
brown subsoil. There are many strongly weathered coarse frag-
ments throughout; these are hard in the upper 60 cm but are soft
below and therefore classed as parabouldery. All coarse fragments
are almost entirely weathered and covered in thick ferromanga-
nese coatings. The soil has a clay texture in the upper part over a
silty clay loam subsoil. Soil pH is very strongly acid throughout,
and organic matter concentrations are moderate, with C:N ratios
between 13 and 15. Base cation concentrations are extremely low,
with TEB of <0.17 cmol_ kg™ throughout the subsoil. Effective
cation exchange capacity and base saturation are also very low,
sufficient to qualify for oxic conditions, but CEC at pH 7 is very
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(a) Verrugosa A (b) Verrugosa B

high, indicating a considerable pH-dependent charge. Aluminum
concentrations and saturation are high, and Ca:Mg ratios are
very low throughout the subsoil. Total Al and Fe are very high,
and total P is moderately high. Secondary Fe (Fe,) is very high
(>10% throughout the upper meter), although amorphous Al and
Fe are moderate (Al+%Fe by oxalate extraction <1.0%).

Horizon Description: Verrugosa A

A—0 to 10 cm; dark brown (10YR 3/3) silty clay loam; mod-
erate fine and very fine subangular blocky structure;
sticky and plastic; many earthworms; common coarse
and very coarse and many medium, fine, and very fine
roots; clear smooth boundary.

B1—10 to 24 cm; dark yellowish-brown (10YR 4/6) sandy
clay; moderate coarse subangular blocky structure, break-
ing to moderate medium and fine subangular blocky;
sticky and plastic; moist and friable; about 2% hard but
strongly weathered gravel fragments; many earthworms;
many medium tubular pores with thick clay films enriched
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FIGURE 3.10. The profiles at (a) Verrugosa A with (upper)
and without (lower) camera flash and (b) Verrugosa B with
(upper) and without (lower) camera flash.

with organic C; common medium and few fine and very
fine roots; gradual smooth boundary.

B2—24 to 41 cm; brown (7.5YR 4/4) cobbly clay; moderate

coarse to very coarse subangular blocky structure; plastic
and very sticky; moist and friable; about 25% hard but
strongly weathered subangular gravel and cobbles; many
earthworms; many medium tubular pores; thick, con-
tinuous clay films in pore linings and on faces between
rocks and soils; few fine and medium roots; gradual
smooth boundary.

Bo3—41 to 59 cm; yellowish-brown (10YR 5/4) very cob-

bly sandy clay loam; moderate very coarse subangular
blocky structure; moist and friable; sticky and slightly
plastic; about 10% hard angular medium gravel frag-
ments; about 40% hard but strongly weathered suban-
gular cobbles; common earthworms; common medium
tubular pores; thick, continuous clay films in pore linings;
few medium and fine roots; gradual smooth boundary.

BC—59 to 110 cm; dark yellowish-brown (10YR 4/4) par-

abouldery sandy clay loam; weak medium angular blocky
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structure; slightly sticky and slightly plastic; moist and firm;
about 50% strongly weathered rock, with thick black Mn
precipitates on surfaces; few fine black Mn nodules; few
earthworms; very few fine and medium roots; gradual

SMITHSONIAN CONTRIBUTIONS TO BOTANY

smooth boundary.

CB—110 to 189 cm dark yellowish-brown (10YR 3/4) par-
abouldery sandy clay loam; massive; slightly sticky and

slightly plastic; moist and friable; very few medium and
fine roots; about 50% weathered rock, with thick black
Mn precipitates on surfaces.

Laboratory Analysis: Verrugosa A

TABLE L.1. Soil physical properties, including bulk density and particle-size distribution, by genetic horizon in the Verrugosa A soil.

Dash (—) = not determined.
Bulk density Coarse fragments Clay:silt

Horizon Designation (fine earth) (>2 mm) Sand Silt Clay Textural class ratio
—cm— —g cm— —%— —%— —%— —%—

0-10 A — 0 23.0 28.6 48.4 Clay 1.69
10-24 B1 0.94 2 17.9 30.8 51.4 Clay 1.67
24-41 B2 1.20 25 14.1 37.6 48.3 Clay 1.28
41-59 B3 1.18 50 12.1 45.5 42.4 Silty clay 0.93
59-110 BC — 50 13.0 57.5 29.6 Silty clay loam 0.51
110-189 CB 1.15 50 7.6 58.1 34.3 Silty clay loam 0.59

TABLE L.2. Soil pH and total carbon and nitrogen by genetic horizon in the Verrugosa A soil.

Horizon Soil pH Total C Total N C:N C:P N:P
—cm— Water CaCl, BaCl, —%— —%—

0-10 4.50 3.67 3.65 8.79 0.61 14.5 129 8.9
10-24 4.66 4.13 4.15 2.07 0.15 13.6 60 2.6
24-41 4.84 4.24 4.24 0.98 0.07 14.3 26 1.0
41-59 4.90 4.24 4.24 0.90 0.06 15.4 24 0.9
59-110 4.90 4.19 4.16 0.22 0.02 14.4 4.8 0.2
110-189 4.87 4.12 4.06 0.09 0.01 12.6 1.2 0.1

TABLE L.3. Exchangeable cations and effective cation exchange capacity (ECEC) by extraction in 0.1 M barium chloride (BaCl,) by

genetic horizon in the Verrugosa A soil. BS = base saturation; sat = saturation; TEB = total exchangeable bases.

ECEC per

Horizon Al Ca Fe K Mg Mn Na TEB* ECEC? BS¢ kg clay Alsat Ca:Mg
—cm— cmol_kg! —%— cmol_kg! —%—

0-10 6.29 0.49 0.05 0.14 0.47 0.02 0.05 1.15 7.5 15.3 15.5 83.9 1.1
10-24 3.26 0.06 0.01 0.02 0.09 0.01 <0.01 0.17 3.5 5.0 6.7 94.3 0.7
24-41 3.12 0.02 <0.01 <0.01 0.07 0.03 <0.01 0.09 3.2 2.6 6.7 96.4 0.2
41-59 3.14 0.02 <0.01 <0.01 0.08 0.01 <0.01 0.10 3.3 3.2 7.7 96.4 0.3
59-110 5.35 <0.01 <0.01 <0.01 0.03 <0.01 <0.01 0.03 5.4 0.6 18.2 99.4 0.1
110-189 7.89 <0.01 <0.01 <0.01 0.05 <0.01 0.04 0.09 8.0 1.1 23.3 98.9 0.1

* TEB determined by extraction in 0.1 M BaCl,.

> ECEC determined as the sum of cations extracted in extraction in 0.1 M BaCl,.

¢ BS determined as (TEB + ECEC) x 100.
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TABLE L.4. Extractable acidity, exchangeable cations, and cation exchange capacity (CEC) determined in buffered solutions by genetic
horizon in the Verrugosa A soil. BS = base saturation; TEB = total exchangeable bases; dash (—) = not determined.
Extractable = CEC by sum  BS by sum TEBby BSby  CEC7 per

Horizon acidity of cations? of cations® CEC7¢ Ca K Mg Na CEC7¢  CEC7¢ kg clay
—cm— cmol_kg! cmol_kg! —%— cmol_kg! —Y%— cmol kg
0-10 — — — — — — — — — — —
10-24 — — — 14.95 0.03 0.04 0.07 0.02 0.2 1.1 29.1
24-41 17.4 17.5 1 17.07 0.01 0.02 0.06 0.02 0.1 0.7 35.3
41-59 15.6 15.7 1 15.99 0.01 0.02 0.06 0.02 0.1 0.7 37.7
59-110 12.5 12.5 0 — — — — — — — —
110-189 — — — — — — — — — — —
* Sum of extractable acidity and TEB.
b BS determined from TEB + CEC sum of cations x 100.
¢ CEC determined by extraction in ammonium acetate (pH 7).
¢ TEB (sum of Ca, K, Mg, and Na) determined by extraction in ammonium acetate (pH 7).
¢ BS determined as (TEB + ECEC) x 100.

TABLE L.5. Pedogenic metal oxides extractable in acid-ammonium oxalate and buffered dithionite by genetic hori-

zon in the Verrugosa A soil. Fe_:Fe, ratio, oxalate-extractable iron/dithionite-extractable iron.

Dithionite extraction Oxalate extraction

Horizon Al Fe Mn Al Fe Mn P Si Al+Y5Fe Fe_:Fe,

—cm— Y% mg g —%—

0-10 1.08 7.51 0.01 4.29 8.96 0.03 0.13 0.07 0.88 0.12

10-24 1.32 10.47 0.04 3.23 7.58 0.25 0.03 0.12 0.70 0.07

24-41 1.36 10.28 0.20 2.83 3.56 1.25 0.01 0.17 0.46 0.03

41-59 1.46 11.77 0.09 2.34 3.07 0.39 0.01 0.14 0.39 0.03

59-110 0.99 9.47 0.04 1.78 0.43 0.10 <0.01 0.15 0.20 <0.01

110-189 0.74 7.57 0.02 2.52 0.49 0.03 0.02 0.24 0.28 <0.01

TABLE L.6. Total elements by nitric acid digestion by genetic horizon in the Verrugosa A soil.

Horizon Al B Ca Cu Fe K Mg Mn Na P Zn

—em— mg g!

0-10 76.0 <0.005 0.95 0.076 89.0 0.58 2.10 0.21 0.36 0.683 0.047

10-24 105.7 <0.005 0.43 0.112 120.6 0.60 2.01 0.51 0.21 0.587 0.062

24-41 120.4 <0.005 0.08 0.144 124.9 0.75 1.98 1.87 0.09 0.680 0.056

41-59 119.5 <0.005 0.08 0.152 139.5 0.79 1.90 0.90 0.08 0.694 0.060

59-110 128.5 <0.005 0.03 0.161 119.0 0.81 2.36 0.39 0.08 0.922 0.058

110-189 133.7 <0.005 0.04 0.238 100.9 0.23 2.92 0.28 0.09 0.876 0.055
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M. VERRUGOSA B Forest Census PLot, PALO Seco Forest Reserve, PANAMA (FIGURE 3.10)

Soil taxonomy:
Profile location:

Latitude/longitude:
UTM:

Date and season:
Elevation:

Slope and site position:
Soil moisture regime:

Soil temperature regime:

Parent material:
Vegetation:

Drainage:

Surface features:
Faunal activity:
Coarse fragments:
Rooting depth:
Control section:
Particle-size class:
Mineralogy class:

Cation-exchange activity class:
Diagnostic horizons/features:

General Features of the Soil

This soil is formed in undifferentiated mafic-volcanics. It

Very fine, mixed, active, isothermic, Typic Dystrudept

Cross the dam and continue past the Palo Seco entrance, parking on the right at a small farm. Walk
through the farm property and follow a trail uphill to a fork (~30 min). Take the left fork and follow it
downbhill, crossing two rivers, then up to the plot. The profile pit was on the far side of the plot at the
20,00 marker.

8.777998°N, -82.170315°E

17P, 0371280 m E., 0970509 m N.

27 July 2010; mid—wet season

858 m asl

Steep (35%) foot slope above a relatively flat area; concave radial and convex lateral

Perudic: mean annual rainfall at nearby Palo Seco 6,257 + 310 mm, with 445 = 33 mm mean monthly
dry season rainfall (1 January-30 April)

Isothermic: mean annual temperature at nearby Palo Seco 19.6°C, with mean monthly temperature
varying by <2°C over the annual cycle

Undifferentiated mafic-volcanics, including andesite, basalt, and diabase

Species-rich lower montane tropical rainforest; canopy height 20 to 25 m; compositionally similar to
Verrugosa A but with fewer canopy and understory palms and more tree ferns (Alsophila erinacea)
Moderately well drained

Incomplete (90%) cover of wet leaves

Common medium earthworms in the upper 60 cm

Many weathered gravel and cobbles throughout the profile

Throughout the profile to 200 cm

Between 25 and 100 cm below the soil surface

Very fine (>60% clay)

Mixed (small peaks from kaolinite, gibbsite, mica, and montmorillonite determined by XRD)

Active (CEC by NH,AOc = 42.6 cmolc kg™ clay)

(1) Perudic moisture regime and isothermic temperature regime

(2) Ochric epipedon from 0 to 15 cm

(3) Cambic horizon between 15 and 86 cm

extraction x 1.43) in the control section is <10%. Instead, the clay
mineralogy is mixed, and includes kaolinite, mica, and gibbsite.
The soil moisture regime is perudic because rainfall exceeds

contains abundant strongly weathered coarse fragments and is
extremely infertile. In particular, the low base cations and high
Al saturation in the subsoil represent a harsh environment for
root growth.

Soil Taxonomy

The clay distribution is irregular throughout the profile, so
there is no argillic horizon. The profile is therefore an Incepti-
sol because of the cambic horizon and a Udept because of the
perudic moisture regime. It is a Dystrudept because of the very
low base saturation throughout the profile. It does not qualify as
Andic because Al+%Fe by oxalate extraction is <1.0% through-
out the profile. In the absence of other diagnostic features at the
subgroup level, the profile qualifies as a Typic Dystrudept. Unlike
Verrugosa A, this profile does not have a parasesquic mineral-
ogy class because Fe,O, (measured as secondary Fe by dithionite

potential evapotranspiration in all months.
Chemical and Physical Properties

The profile has a shallow dark reddish-brown epipedon
over a reddish-brown subsoil. There are many strongly weath-
ered coarse fragments throughout the profile. The soil has a
clay texture throughout the upper 150 cm of the profile. Soil
pH is strongly to very strongly acid, and organic matter con-
centrations are moderate, with C:N ratios between 7 and 12.
Base cation concentrations are very low, with TEB of <1.4
cmol kg™ throughout the subsoil. Effective cation exchange
capacity and base saturation are also low, but CEC at pH 7
is very high, indicating a considerable pH-dependent charge.
Aluminum concentrations and saturation are high (>80%)
throughout the subsoil. Total Al and Fe are very high, and total
P is moderately high.



Horizon Description: Verrugosa B

A—0 to 15 cm; dark reddish-brown (5YR 3/3) silty clay loam;
moderate fine and very fine subangular blocky structure;
slightly sticky and slightly plastic; about 2% hard angu-
lar coarse gravel fragments; common coarse and many
medium, fine, and very fine roots; clear smooth boundary.

B1—15 to 46 cm; dark reddish-brown (5YR 3/3) sandy clay
loam; moderate coarse subangular blocky structure,
breaking to fine and very fine blocky; moist and fri-
able; slightly sticky and slightly plastic; about 2% hard
angular coarse gravel; common earthworms; common
coarse, medium, fine, and very fine roots; clear smooth
boundary.

B2—46 to 68 cm; reddish-brown to dark reddish-brown (5YR
4/3 to 3/3) gravelly sandy clay loam; moderate medium
and fine subangular blocky structure; sticky; about 25%
hard but weathered (crushable) medium gravel; common
medium earthworms; common coarse and medium and
few fine and very fine roots; clear smooth boundary.

B3—68 to 77 cm; dark reddish-brown (2.5YR 3/3) grav-
elly sandy loam; fine and very fine subangular blocky
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structure; moist and friable; about 30% hard angular
medium and coarse gravel; very few fine roots; clear
smooth boundary.

B4—77 to 86 cm; yellowish-red (SYR 4/6) gravelly sandy
clay loam; moderate fine and very fine subangular blocky
structure; moist and firm; slightly sticky; about 35%
medium hard angular gravel; thick, continuous black
Mn films on gravel faces; few fine and very fine roots;
clear wavy boundary.

BC—86 to 119 cm; reddish-brown (5YR 4/3) massive clay;
very sticky and very plastic; about 2% hard angular fine
gravel fragments at the base of the horizon; very few fine
and very fine roots; clear wavy boundary.

CB—119 to 150 cm; dark reddish-brown (2.5YR 3/3) grav-
elly sandy clay loam; massive; moist and friable; sticky
and plastic; very few fine and very fine roots; about 35%
hard but crushable fine, medium, and coarse gravel;
gradual wavy boundary

C—150 to 201+ cm; extremely gravelly clay loam; about
90% hard angular coarse gravel and cobbles; thick black
Mn films on gravel surfaces; bright yellow precipitate in
upper part of the horizon.

Laboratory Analysis: Verrugosa B

TABLE M.1. Soil physical properties, including bulk density and particle-size distribution, by genetic horizon in the Verrugosa B

soil. Dash (—) = not determined.

Bulk density Coarse fragments Textural Clay:silt

Horizon Designation (fine earth) (>2 mm) Sand Silt Clay class ratio
—cm— —g cm~— —%— —%— —%— —%—

0-15 A — 2 18.8 29.0 52.2 Clay 1.80
15-46 B1 1.03 2 23.4 29.6 47.0 Clay 1.59
46-68 B2 1.35 25 17.9 20.2 61.9 Clay 3.06
68-77 B3 — 30 12.0 35.2 52.9 Clay 1.50
77-86 B4 — 35 18.2 25.8 55.9 Clay 2.17
86-119 BC 1.11 2 8.4 29.9 61.7 Clay 2.06
119-150 CB — 35 14.5 31.6 53.9 Clay 1.71
150-201+ C — 90 30.4 31.2 38.4 Clay loam 1.23

TABLE M.2. Soil pH and total carbon and nitrogen by genetic horizon in the Verrugosa B soil.

Horizon — SoilpH——— Total C Total N C:N C:P N:P
—cm— Water CaCl, BaCl, —%— —%—

0-15 5.01 4.28 4.03 7.03 0.58 12.2 111.8 9.2
15-46 4.76 4.15 4.11 2.82 0.30 9.4 44.1 4.7
46-68 4.98 4.24 4.16 0.95 0.10 9.1 20.6 2.2
68-77 5.14 4.14 4.12 0.20 0.03 7.7 7.6 1.1

(Continued)
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TABLE M.2. (Continued)

Horizon Soil pH Total C Total N C:N C:P N:P
—cm— Water CaCl, BaCl, —%— —%—

77-86 4.99 4.14 4.09 0.34 0.04 8.6 7.6 0.9
86-119 4.99 3.93 3.97 0.36 0.04 8.0 27.7 3.1
119-150 5.09 4.06 4.10 0.19 0.03 7.3 7.1 1.1
150-201+ 5.05 4.20 4.15 0.21 0.03 8.0 2.2 0.3

TABLE M.3. Exchangeable cations and effective cation exchange capacity (ECEC) by extraction in 0.1 M barium chloride (BaCl,) by
genetic horizon in the Verrugosa B soil. BS = base saturation; sat = saturation; TEB = total exchangeable bases.

ECEC per

Horizon Al Ca Fe K Mg Mn Na  TEB* ECEC’ BS¢ kg clay Alsat  Ca:Mg
—cm— cmol_kg! —%— cmol_kg! —%—

0-15 4.66 6.27 0.01 0.20 1.96 0.29 0.15 8.6 13.5 63.4 25.9 34.4 3.2
15-46 7.58 0.27 0.01 0.07 0.38 0.10 0.07 0.8 8.5 9.2 18.0 89.4 0.7
46-68 7.35 0.90 0.01 0.14 0.38 0.07 0.02 1.4 8.9 16.2 14.3 82.9 2.3
68-77 12.11 0.64 0.01 0.05 0.65 0.03 0.04 1.4 13.5 10.2 25.6 89.5 1.0
77-86 10.29 0.43 0.01 0.02 0.55 0.06 0.08 1.1 11.4 9.4 20.4 90.0 0.8
86-119 17.25 0.25 <0.01 0.02 0.64 0.02 0.05 1.0 18.2 5.3 29.5 94.6 0.4
119-150 13.19 0.17 0.01 0.03 0.35 0.02 0.02 0.6 13.8 4.2 25.6 95.6 0.5
150-201+ 4.84 0.13 0.01 <0.01 0.17 0.03 0.03 0.3 5.2 6.4 13.6 93.0 0.8

* TEB determined by extraction in 0.1 M BaCl,.
> ECEC determined as the sum of cations extracted in extraction in 0.1 M BaCl,.
¢ BS determined as (TEB + ECEC) x 100.

TABLE M.4. Extractable acidity, exchangeable cations, and cation exchange capacity (CEC) determined in buffered solutions by genetic
horizon in the Verrugosa B soil. BS = base saturation; TEB = total exchangeable bases, dash (—) = not determined.

Extractable  CEC by sum  BS by sum TEBby BSby  CEC7 per
Horizon acidity of cations? of cations® CEC7¢ Ca K Mg Na CEC7¢  CEC7¢ kg clay
—cm— cmol kg™ cmol kg —%— cmol_kg! —%— cmol_kg!
0-15 — — — — — — — — — — —
15-46 28.7 29.5 3 241 016 008 035  0.07 0.7 2.7 51.3
46-68 21.7 23.1 6 206 078 017 039  0.03 1.4 6.7 332
68-77 21.0 22.4 6 229 036 004 051  0.07 1.0 43 433
77-86 232 24.3 4 — — — — — — — —
86-119 — — — — — — — — — — —
119-150 — — — — — — — — — — —
150-201+ — — — — — — — — — — —

@ Sum of extractable acidity and TEB.

b BS determined from TEB + CEC sum of cations x 100.

¢ CEC determined by extraction in ammonium acetate (pH 7).

¢TEB (sum of Ca, K, Mg, and Na) determined by extraction in ammonium acetate (pH 7).
¢ BS determined as (TEB + ECEC) x 100.
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TABLE M.5. Pedogenic metal oxides extractable in acid-ammonium oxalate and buffered dithionite by
genetic horizon in the Verrugosa B soil. Fe_:Fe, ratio, oxalate-extractable iron/dithionite-extractable iron.

Dithionite extraction Oxalate extraction

Horizon Al Fe Mn Al Fe Mn P Si Al+%Fe Fe_:Fe,
—cm— %o mg g —%—

0-15 0.66 4.55 0.17 5.01 5.59 1.29 0.26 0.10 0.78 0.12
15-46 0.70 5.26 0.15 5.19 6.51 1.19 0.20 0.19 0.84 0.12
46-68 0.60 5.96 0.20 5.53 3.92 1.61 0.11 0.30 0.75 0.07
68-77 0.44 6.63 0.12 3.50 1.08 0.84 0.03 0.10 0.40 0.02
77-86 0.83 7.34 0.24 4.09 2.64 1.58 0.03 0.25 0.54 0.04
86-119 0.56 8.40 0.06 3.54 2.87 0.49 0.01 0.08 0.50 0.03
119-150 0.55 6.45 0.16 3.79 1.63 1.05 0.03 0.11 0.46 0.03
150-201+ 1.04 6.83 0.72 517 4.04 5.05 0.24 0.38 0.72 0.06

TABLE M.6. Total elements by nitric acid digestion by genetic horizon in the Verrugosa B soil.

Horizon Al B Ca Cu Fe K Mg Mn Na P Zn

—cm— mg g~

0-15 77.8 0.008 2.39 0.130 65.8 6.87 3.53 1.76 3.51 0.817 0.068
15-46 92.6 0.006 1.09 0.152 75.9 9.52 3.80 1.70 3.97 0.742 0.064
46-68 113.5 0.006 0.66 0.232 80.9 18.06 4.64 1.89 5.34 0.455 0.086
68-77 111.9 0.007 0.44 0.157 87.1 21.25 3.47 1.25 5.29 0.309 0.071
77-86 109.9 <0.005 0.29 0.261 94.3 8.38 3.87 2.20 3.44 0.575 0.080
86-119 110.2 <0.005 0.52 0.087 99.8 12.47 2.02 0.59 8.23 0.144 0.052
119-150 111.0 0.007 0.39 0.154 82.9 16.54 2.64 1.47 5.70 0.332 0.052

150-201+ 106.7 <0.005 0.21 0.254 92.4 5.43 7.11 6.65 2.20 1.265 0.129
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Soil taxonomy:
Profile location:

Latitude/longitude:
UTM:

Date and season:
Elevation:

Slope and site position:
Soil moisture regime:

Soil temperature regime:

Parent material:
Vegetation:

Drainage:

Surface features:
Faunal activity:
Coarse fragments:
Rooting depth:
Control section:
Particle-size class:
Mineralogy class:

Cation-exchange activity class:

Diagnostic horizons/features:

(a) Zarceadero

SMITHSONIAN CONTRIBUTIONS TO BOTANY

N. ZARCEADERO, FORTUNA FOREST RESERVE, PANAMA (FIGURE 3.11)

Fine, mixed, active, isothermic, Typic Haplohumult

Follow the gravel road down from the dam on the north side, following the right fork (left fork goes
to the Pinola plot) and park at the spillway after about 3 km. Cross the river and follow the steep trail
up the ridge line to the profile pit.

8.762611°N, -82.269477°E

17P, 0360366 m E., 0968843 m N.

20 January 2014; early dry season

1,150 m asl

Crest of a moderately steep (22%) narrow linear SSE trending interfluve ridge

Perudic: mean annual rainfall at nearby Pinola 4,964 + 863 mm, with 159 =+ 27 mm mean monthly dry
season rainfall (1 January-30 April)

Isothermic: mean annual temperature at nearby Pinola 18.5°C, with mean monthly temperature
varying by <2°C over the annual cycle

Granodiorite

Montane tropical rainforest; canopy height 20 to 25 m; patches dominated by the ectomycorrhizal tree
Oreomunnea mexicana (Juglandaceae) and frequent small stems, including tree ferns

Well drained

Incomplete cover of dry leaves and twigs

Common earthworms and grubs in the upper horizons

Granodiorite boulders in subsoil

Throughout the profile, but mainly in the upper 10 cm

Between 20 and 66 cm (i.e., the entire argillic horizon)

Fine (35%-60% clay)

Mixed (predominantly gibbsite, with kaolinite, hydroxy-interlayer vermiculite, and cristobalite)
Active (CEC by NH,AOc = 42 cmol_kg™ clay)

(1) Perudic moisture regime and isothermic temperature regime

(2) Ochric epipedon from 0 to 20 cm

(3) Argillic horizon from 20 to 66 cm

(4) Clay decrease of >20% below the maximum in the upper 150 cm

FIGURE 3.11. The profiles at (a) Zarceadero and
(b) Zorro A.
(b) Zorro A




General Features of the Soil

This profile is representative of soils formed on granodiorite
on relatively stable slopes. It is the same taxonomic class as the
profiles at Hornito, developed on dacite, which is the volcanic
equivalent (chemically) of granodiorite. However, the Zarceadero
profile contains less clay and has a more pronounced argillic hori-
zon. It contrasts with the pedogenically younger Zorro profile
that appears to have formed on a more active slope. Soil C:N
ratios are high, typical of soils supporting ectomycorrhizal forest.

Soil Taxonomy

The soil is an Ultisol because it has an argillic horizon with
low base saturation at depth (i.e., <35% by sum of cations at
125 cm below the top of the argillic horizon). The soil is a Humult
because the upper 15 cm of the argillic horizon contains >0.9%
C, and there is >12 kg C m~ in the upper 100 cm of the profile.
Although ECEC is <12 cmol kg™ clay in the argillic horizon, CEC
by NH,OAc s high (>40 cmol_kg clay), so there is no kandic hori-
zon. The clay decrease of >20% below the maximum in the upper
150 cm of the profile means it does not qualify as a Palehumult.
The profile is therefore a Haplohumult. In the absence of other
diagnostic features at the subgroup level, the profile qualifies as a
Typic Haplohumult. The soil moisture regime is perudic because
rainfall exceeds potential evapotranspiration in all months.

Chemical and Physical Properties

Despite the strong red colors, the subsoil contains only
moderate concentrations of crystalline Fe, although Al is high.
Indeed, the largest identified clay mineral is gibbsite (large peak)
with small peaks from kaolinite and others minerals, giving a
mixed mineralogy class. The soil is acidic and contains extremely
low concentrations of base cations in the subsoil.

Horizon Description: Zarceadero

A—0 to 10 cm; dark brown (7.5YR 3/2) sandy clay loam;
strong fine subangular blocky structure; slightly dry and
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friable; sticky and very plastic; many interstitial pores;
few small earthworms; clear smooth boundary.

AB—10 to 20 cm; dark brown (7.5YR 3/4) sandy clay loam;
strong medium subangular blocky structure, breaking
to fine and very fine subangular blocky; slightly dry and
friable; about 2% medium and coarse weathered grano-
diorite gravel; sticky and plastic; no clay films; few earth-
worms and grubs; few fine charcoal fragments; clear
smooth boundary.

Bt1—20 to 39 cm; brown (7.5YR 4/4) sandy clay; moderate
medium subangular blocky structure, breaking to very
fine subangular blocky and fine granular; slightly moist
and firm; sticky and very plastic; about 2% medium and
coarse moderately weathered granodiorite gravel; faint
continuous clay films on ped faces and pore linings; grad-
ual smooth boundary.

Bt2—39 to 66 cm; strong brown (7.5YR 4/6) sandy clay
loam; strong medium and coarse subangular blocky
structure, breaking to very fine subangular blocky
and fine granular; slightly moist and firm; sticky and
slightly plastic; no clear clay films; about 12% hard but
slightly weathered granodiorite cobbles and about 2%
medium weathered granodiorite gravel; gradual smooth
boundary.

Bol—66 to 124 cm; yellowish-red (5YR 5/6) stony sandy
clay loam; strong coarse subangular blocky structure,
breaking to strong fine subangular blocky and fine
granular; slightly moist and firm; no clay films; sticky
and slightly plastic; about 60% hard but slightly weath-
ered granodiorite cobbles and stones; gradual smooth
boundary.

Bo2—124 to 152 c¢m; red (2.5YR 5/6) sandy clay loam;
moderate medium subangular blocky structure, break-
ing to strong fine subangular blocky and fine granular;
slightly moist and friable; sticky and slightly plastic;
common flat golden shiny mineral grains; clear wavy
boundary.

C—152+ cm; strong brown (7.5YR 5/6) stony coarse sandy
loam; about 90% hard granodiorite cobbles and stones;
fine granular structure; slightly moist and friable.

Laboratory Analysis: Zarceadero

TABLE N.1. Soil physical properties, including bulk density and particle-size distribution, by genetic horizon in the Zarceadero soil.

Dash (—) = not determined.

Bulk density Coarse fragments
Horizon Designation (fine earth) (>2 mm) Sand Silt Clay Textural class Clay:silt ratio
—cm— —g cm~— —vol%— —%— —%— —%—
0-10 A 0.62 0 42.8 27.8 29.4 Clay loam 1.06
10-20 AB 0.99 1 43.9 21.1 35.0 Clay loam 1.66

(Continued)
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TABLE N.1. (Continued)

Bulk density Coarse fragments

Horizon Designation (fine earth) (>2 mm) Sand Silt Clay Textural class Clay:silt ratio
—cm— —g cm— —vol%— —%— —%— —%—

20-39 Btl 0.99 1 38.0 20.7 41.2 Clay 1.99
39-66 Bt2 1.14 13 33.9 24.9 41.2 Clay 1.65
66-124 Bwl 1.16 60 44.0 26.4 29.6 Clay loam 1.12
124-152 Bw2 1.26 0 46.6 29.5 23.9 Loam 0.81

152+ C — 90 58.1 23.6 18.3 Sandy loam 0.78

TABLE N.2. Soil pH and total carbon and nitrogen by genetic horizon in the Zarceadero soil.

Horizon Soil pH Total C Total N C:N C:P N:P
—cm— Water CaCl, BaCl, —%— —%—

0-10 4.93 4.16 3.85 5.91 0.37 16.0 168.9 10.6
10-20 4.98 4.42 4.17 3.08 0.19 16.2 98.0 6.0
20-39 5.02 4.41 4.40 1.69 0.09 18.8 60.8 3.2
39-66 4.95 4.30 4.36 0.83 0.04 20.8 30.4 1.5
66-124 S5.12 4.21 4.35 0.32 0.01 32.0 13.3 0.4
124-152 5.03 4.09 4.22 0.12 0.01 12.0 6.3 0.5
152+ 5.01 4.22 4.16 0.17 0.01 17.0 3.6 0.2

TABLE N.3. Exchangeable cations and effective cation exchange capacity (ECEC) by extraction in 0.1 M barium chloride (BaCl,) by
genetic horizon in the Zarceadero soil. BS = base saturation; sat = saturation; TEB = total exchangeable bases.

ECEC per

Horizon Al Ca Fe K Mg Mn Na TEB* ECECP BS® kg clay Alsat Ca:Mg
—cm— cmol_kg! —%— cmol_kg! —%—

0-10 3.45 0.82 0.04 0.19 0.72 0.05 0.04 1.8 5.3 33.4 18.0 64.9 1.1
10-20 1.79 0.11 <0.01 0.08 0.16 0.01 0.02 0.4 2.2 17.1 6.2 82.1 0.7
20-39 1.62 0.07 <0.01 0.05 0.13 0.02 <0.01 0.3 1.9 13.4 4.6 85.4 0.6
39-66 2.28 0.08 <0.01 0.06 0.49 0.01 0.01 0.6 2.9 21.6 7.1 78.2 0.2
66-124 3.11 0.08 <0.01 0.41 0.28 0.02 <0.01 0.8 3.9 19.8 13.1 79.8 0.3
124-152 S5.14 0.21 <0.01 0.29 0.33 0.03 0.01 0.8 6.0 14.0 25.2 85.4 0.6
152+ 2.36 0.07 <0.01 0.16 0.19 0.04 0.01 0.4 2.8 15.2 15.5 83.3 0.4

* TEB determined by extraction in 0.1 M BaCl,.
> ECEC determined as the sum of cations extracted in extraction in 0.1 M BaCl,.
¢ BS determined as (TEB + ECEC) x 100.
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TABLE N.4. Extractable acidity, exchangeable cations, and cation exchange capacity (CEC) determined in buffered solutions by genetic

horizon in the Zarceadero soil. BS = base saturation; TEB = total exchangeable bases; dash (—) = not determined.

Extractable = CEC by sum  BS by sum TEBby BSby  CEC7 per
Horizon acidity of cations? of cations®  CEC7¢ Ca K Mg Na CEC7¢  CEC7¢ kg clay
—cm— cmol_kg! cmol_kg! —%— cmol_kg! —%— cmol kg
0-10 — — — — — — — — — — —
10-20 — — — 21.21 0.05 0.07 0.09 0.03 0.2 1.1 60.6
20-39 21.4 21.6 1 17.39 0.05 0.05 0.08 0.02 0.2 1.1 42.2
39-66 16.0 16.7 4 17.15 0.05 0.05 0.38 0.02 0.5 3.0 41.6
66-124 12.4 13.2 6 — — — — — — — —
124-152 11.4 12.2 7 — — — — — — — —
152+ — — — — — — — — — — —

* Sum of extractable acidity and TEB.

b BS determined from TEB + CEC sum of cations x 100.

¢ CEC determined by extraction in ammonium acetate (pH 7).

¢TEB (sum of Ca, K, Mg, and Na) determined by extraction in ammonium acetate (pH 7).
¢ BS determined as (TEB + ECEC) x 100.

TABLE N.5. Pedogenic metal oxides extractable in acid-ammonium oxalate and buffered dithionite by genetic
horizon in the Zarceadero soil. Fe_:Fe, ratio, oxalate-extractable iron/dithionite-extractable iron.

Dithionite extraction Oxalate extraction

Horizon Al Fe Mn Al Fe Mn P Si Al+%Fe Fe_:Fe,
—cm— Y% mg g! —%—

0-10 0.86 3.02 <0.01 5.48 6.83 0.04 0.09 0.23 0.89 0.23
10-20 1.10 3.74 <0.01 6.96 6.90 0.03 0.06 0.56 1.04 0.18
20-39 1.14 4.37 <0.01 5.28 5.23 0.03 0.03 0.47 0.79 0.12
39-66 1.04 4.63 <0.01 3.46 2.43 0.01 0.02 0.37 0.47 0.05
66—124 0.60 3.16 <0.01 2.64 1.43 0.04 0.01 0.33 0.34 0.05
124-152 0.34 2.31 0.02 2.03 0.55 0.11 <0.01 0.19 0.23 0.02
152+ 0.36 2.31 0.02 1.76 0.74 0.15 0.02 0.23 0.21 0.03

TABLE N.6. Total elements by nitric acid digestion by genetic horizon in the Zarceadero soil.

Horizon Al B Ca Cu Fe K Mg Mn Na P Zn
—cm— mg g

0-10 74.6 <0.005 1.54 0.068 48.8 0.51 2.74 0.17 0.47 0.350 0.036
10-20 93.2 0.010 1.18 0.086 54.7 0.54 2.78 0.18 0.41 0.314 0.040
20-39 108.7 <0.005 0.66 0.105 61.4 0.59 2.98 0.18 0.23 0.278 0.045
39-66 124.1 <0.005 0.24 0.138 65.8 1.06 4.42 0.19 0.08 0.273 0.052
66-124 112.8 <0.005 0.17 0.143 64.2 1.92 5.88 0.24 0.04 0.240 0.065

124-152 106.0 <0.005 0.10 0.124 61.2 2.60 5.26 0.33 0.07 0.190 0.065
152+ 106.0 <0.005 0.15 0.156 63.3 3.13 7.41 0.40 0.07 0.473 0.086
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Soil taxonomy:
Profile location:

Latitude/longitude:
UTM:

Date and season:
Elevation:

Slope and site position:

Soil moisture regime:

Soil temperature regime:

Parent material:
Vegetation:

Drainage:

Surface features:
Faunal activity:
Coarse fragments:

O. Zorro A Forest CeNsus PLot, FORTUNA FOREST Reserve, PANAMA (FIGURE 3.11)

Fine-loamy, mixed, active, isothermic, Typic Humudept

Park car at small cabin on road below dam and follow the trail 500 m to the plot. The pit is located
close to the 100,80 marker (00,00 in SW corner)

8.762396°N, -82.260959°E

17P, 0361303 m E., 0968816 m N.

8 May 2016; early wet season

1,360 m asl

Steep (32%) linear narrow interfluve, running up to a peak on the Continental Divide; dropping 70%
toward the valley below

Perudic: mean annual rainfall at nearby Pinola 4,964 = 863 mm, with 159 + 27 mm mean monthly dry
season rainfall (1 January-30 April)

Isothermic: mean annual temperature at nearby Pinola 18.5°C, with mean monthly temperature
varying by <2°C over the annual cycle

Granodiorite with common angular mafic-volcanic gravel

Montane tropical rainforest; canopy height 15 to 20 m; open understory with patches dominated by the
ectomycorrhizal tree Oreomunnea mexicana (Juglandaceae), although none near pit; mainly smaller stems
(~10 cm DBH) reflecting past human disturbance or landslide; abundant tree ferns; few understory palms
Well drained

Complete thin cover of wet leaves and twigs

Common small and medium earthworms in the upper horizons

Granodiorite cobbles and boulders; common basaltic/volcanic angular fragments

Rooting depth:
Control section:
Particle-size class:
Mineralogy class:

Mainly the upper 1 m, with none observed below 145 cm

Between 25 and 100 ¢cm below the mineral surface

Fine-loamy (>15% sand and between 18% and 35% clay; 32% clay in the control section)

Mixed (predominantly gibbsite, with smaller amounts of goethite and kaolinite by x-ray diffraction)

Cation-exchange activity class: Active (CEC by NH,AOc = 42 cmol_kg! clay)

Diagnostic horizons/features:

(1) Perudic moisture regime and isothermic temperature regime

(2) Umbric epipedon from 0 to 26 cm
(3) Cambic horizon from 26 to 145 cm

General Features of the Soil

This profile represents soils developed on relatively unstable
slopes on granodiorite. It contrasts with the Zarceadero profile on
a more stable slope that has developed into an Ultisol. The Zorro
profile shows evidence of clay enrichment, including clay films,
but this is insufficient for Ultisols. The profile has an organic-rich
mineral epipedon over a reddish subsoil and is infertile, with very
low base cation concentrations. However, CEC at pH 7 is very
high, indicating a considerable pH-dependent charge. The profile
contains dark gray volcanic angular coarse gravel and cobbles,
which are of different lithology to the parent granodiorite and
might therefore be linked to landslide activity or volcanic ejecta.

Soil Taxonomy

The clay increase is insufficient for an argillic horizon, so the
profile qualifies as an Inceptisol because it has a cambic horizon.
The profile is therefore a Udept because of the perudic moisture
regime. The epipedon is umbric because the upper 18 cm has moist

color value and chroma <3, >0.6% organic C, and base saturation
by NH,OAc at pH 7 of <50%. The profile therefore qualifies as
a Humudept because of the umbric epipedon. In the absence of
other diagnostic features, the profile qualifies as a Typic Humud-
ept. This is a relatively recent addition to soil taxonomy, appearing
in the 11th edition of Keys to Soil Taxonomy (Soil Survey Staff,
2010). Prior to 2010, the profile would have been classified as a
Humic Dystrudept. The soil moisture regime is perudic because
rainfall exceeds potential evapotranspiration in all months.

Chemical and Physical Properties

The profile has a brown epipedon over a reddish subsoil.
There are gravel and cobbles throughout the profile. The soil has
a sandy clay loam texture in the epipedon over a clay loam sub-
soil. Soil pH is very strongly acid, and organic matter concentra-
tions are high in the upper 50 cm, with wide C:N ratios between
13 and 23, reflecting the dominance of ectomycorrhizal trees at
this site. Base cation concentrations are extremely low, with TEB
of =0.10 cmol_ kg™ throughout the subsoil to 183 cm. Effective



cation exchange capacity and base saturation are also low, but
CEC at pH 7 is high, indicating a considerable pH-dependent
charge. Extractable Al concentrations are moderate in the B hori-
zon, but the extremely low base cation concentrations mean that
Al saturation is high (>80%) throughout the subsoil. Calcium
concentrations are particularly low, including exchangeable and
total Ca. Total P is moderate. Clay mineralogy was not deter-
mined but is presumed to be similar to nearby Zarceadero on
identical lithology. In particular, the Zorro profile contains very
high total Al (about 16% in the deep subsoil), which is reflected
in the predominance of gibbsite in the clay fraction.

Horizon Description: Zorro A

A—O0 to 10 cm; very dark brown (7.5YR 2.5/2) moist, dark
brown (10YR 3/3) dry, silt loam; strong fine and very fine
subangular blocky structure, breaking to very fine gran-
ular; moist and friable; slightly sticky and very plastic;
common very fine, fine, and coarse, and many medium
roots; many fine interstitial pores; about 2% granodio-
rite cobbles; clear smooth boundary.

AB—10 to 26 cm; dark brown (7.5YR 3/3) moist, dark
yellowish-brown (10YR 4/4) dry, silty clay loam; strong
fine subangular blocky structure, breaking to fine granu-
lar; moist and friable; sticky and plastic; common very
fine, fine, medium, and coarse roots; no clay films; about
10% granodiorite and dark gray cobbles and boulders;
clear smooth boundary.

B1—26 to 50 cm; strong brown (7.5YR 4/6) moist, brownish-
yellow (10YR 6/6) dry, clay loam; moderate medium and
coarse subangular blocky structure, breaking to very fine
subangular blocky and fine granular; moist and friable;
slightly sticky and plastic; common very fine and fine
and few medium and coarse roots; common small and
medium earthworms; faint clay films on ped faces; about
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5% granodiorite and dark gray angular coarse gravel;
gradual smooth boundary.

B2—50 to 94 cm; [jumbled stone layer of coarse gravel and

cobbles] strong brown (7.5YR 5/6) moist, brownish-
yellow (10YR 6/6) dry, sandy clay; moderate medium
subangular blocky structure, breaking to very fine suban-
gular blocky and fine granular; moist and friable; sticky
and very plastic; few very fine, fine, and medium roots;
faint clay films on ped faces and pore linings; about 10%
rounded granodiorite cobbles and 10% angular dark
gray andesite coarse gravel; wavy gradual boundary.

B3—94 to 145 cm; yellowish-red (5YR 5/6) moist, reddish-

yellow (7.5YR 6/6) dry, sandy clay; moderate coarse
subangular blocky structure, breaking to very fine sub-
angular blocky and fine granular; moist and friable;
slightly sticky and plastic; very few very fine, fine, and
medium roots; faint clay films on ped faces and pore lin-
ings; about 10% granodiorite cobbles and 5% dark gray
angular andesite coarse gravel; wavy gradual boundary.

B4—145 to 183 cm; red (2.5YR 5/6) moist, reddish-yellow

(7.5YR 7/6) dry, sandy clay (loam); moderate medium
subangular blocky structure, breaking to very fine sub-
angular blocky and fine granular; moist and firm; slightly
sticky and slightly plastic; no roots; faint clay films on
ped faces; about 10% angular dark gray andesite coarse
gravel and cobbles; wavy gradual boundary.

BC—183 to 210 cm; yellowish-brown (10YR 6/6) moist,

very pale brown (10YR 8/4) dry, sandy clay loam; mod-
erate medium subangular blocky structure, breaking to
moderate very fine subangular blocky and fine granular;
moist and firm; slightly sticky and not plastic; no roots;
very few fine tubular pores; faint clay films in pore lin-
ings; about 50% rounded weathered granodiorite boul-
ders and 2% angular dark gray andesite coarse gravel.

R—210+ cm; weathered granodiorite.

Laboratory Analysis: Zorro A

TABLE O.1. Soil physical properties, including bulk density and particle-size distribution, by genetic horizon in the Zorro soil.

Bulk density Stones Clayz:silt

Horizon Designation (fine earth) (>2 mm) Sand Silt Clay Textural class ratio
—cm— —g cmTS— —%— —%— —%— —%—

0-10 A 0.42 2 48.4 24.3 27.3 Sandy clay loam 1.12
10-26 AB 0.81 10 47.6 22.0 30.5 Sandy clay loam 1.39
26-50 B1 1.08 S 41.8 27.4 30.8 Clay loam 1.12
50-94 B2 1.27 20 39.7 28.3 32.0 Clay loam 1.13
94-145 B3 1.60 15 44.9 23.4 31.7 Clay loam 1.36
145-183 B4 1.50 10 40.4 23.1 36.5 Clay loam 1.58
183-210 BC 1.61 50 35.9 25.1 39.0 Clay loam 1.56
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TABLE O.2. Soil pH and total carbon and nitrogen by genetic horizon in the Zorro soil.

Horizon Soil pH Total C Total N C:N C:P N:P
—cm— Water CaCl, BaCl, —%— —%—

0-10 4.80 3.95 3.85 9.80 0.73 13.3 158.3 11.9
10-26 4.96 4.29 4.17 6.67 0.46 14.6 124.7 8.5
26-50 4.98 4.63 4.40 2.89 0.17 17.0 63.5 3.7
50-94 4.85 4.39 4.36 0.85 0.04 19.6 24.4 1.2
94-145 4.80 4.37 4.35 0.55 0.03 19.6 16.8 0.9
145-183 4.79 4.27 4.22 0.32 0.01 22.8 11.4 0.5
183-210 4.75 4.14 4.16 0.40 0.02 17.9 12.8 0.7

TABLE O.3. Exchangeable cations and effective cation exchange capacity (ECEC) by extraction in 0.1 M barium chloride (BaCl,) by
genetic horizon in the Zorro soil. BS = base saturation; sat = saturation; TEB = total exchangeable bases.

ECEC per

Horizon Al Ca Fe K Mg Mn Na TEB* ECEC! BS¢ kg clay Alsat  Ca:Mg
—cm— cmol_kg! —%— cmol_kg! —%—

0-10 4.54 1.83 0.08 0.25 0.40 0.02 0.07 2.56 7.2 35.5 26.4 63 4.5
10-26 2.48 0.27 0.06 0.09 0.10 <0.01 0.03 0.48 3.0 16.0 9.9 82 2.7
26-50 0.54 0.03 0.02 0.03 0.02 <0.01 0.01 0.10 0.7 14.6 2.1 82 1.3
50-94 0.58 0.02 <0.01 0.01 0.01 <0.01 0.02 0.06 0.7 9.8 2.0 920 1.8
94-145 0.69 0.01 <0.01 0.03 0.01 <0.01 0.01 0.07 0.8 9.1 2.4 920 0.8
145-183 1.17 <0.01 <0.01 0.03 0.02 <0.01 0.02 0.08 1.3 6.2 3.4 93 0.2
183-210 2.37 0.06 <0.01 0.04 0.03 <0.01 0.02 0.16 2.5 6.4 6.5 93 1.9

* TEB determined by extraction in 0.1 M BaCl,.
> ECEC determined as the sum of cations extracted in extraction in 0.1 M BaCl,.
¢ BS determined as (TEB + ECEC) x 100.

TABLE O.4. Extractable acidity, exchangeable cations, and cation exchange capacity (CEC) determined in buffered solutions by genetic
horizon in the Zorro soil. BS = base saturation; TEB = total exchangeable bases; dash (—) = not determined.

Extractable  CEC by sum  BS by sum TEBby BSby  CEC7 per
Horizon acidity of cations? of cations®  CEC7¢ Ca K Mg Na CEC7¢  CEC7¢ kg clay
—cm— cmol_kg! cmol_kg! —%— cmol_kg! —%— cmol_kg™!
0-10 — — — 36.5 0.86 0.21 0.32 0.05 1.4 3.9 133.6
10-26 — — — 26.8 0.10 0.08 0.08 0.02 0.3 1.0 87.8
26-50 — — — 18.0 0.01 0.03 0.02 0.01 <0.1 0.4 58.4
50-94 — — — 10.9 0.01 0.02 0.01 0.01 <0.1 0.4 34.2
94-14S5 — — — 8.9 0.01 0.02 0.01 0.01 <0.1 0.6 28.1
145-183 — — — — — — — — — — —
183-210 — — — — — — — — — — —

2 Sum of extractable acidity and TEB.

b BS determined from TEB + CEC sum of cations x 100.

¢ CEC determined by extraction in ammonium acetate (pH 7).

4TEB (sum of Ca, K, Mg, and Na) determined by extraction in ammonium acetate (pH 7).
¢ BS determined as (TEB + ECEC) x 100.
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TABLE O.5. Pedogenic metal oxides extractable in acid-ammonium oxalate and buffered dithionite by
genetic horizon in the Zorro soil. Fe_:Fe, ratio, oxalate-extractable iron/dithionite-extractable iron.

Dithionite extraction Oxalate extraction

Horizon Al Fe Mn Al Fe Mn P Si Al+%Fe Fe_:Fe,
—cm— %o mg g~ —%—

0-10 1.43 3.42 0.004 1.81 1.72 <0.01 0.04 0.07 0.27 0.05
10-26 1.99 4.16 0.003 2.30 1.82 <0.01 0.03 0.14 0.32 0.04
26-50 1.82 5.04 0.008 2.12 1.89 <0.01 0.02 0.26 0.31 0.04
50-94 1.13 5.52 0.011 0.56 0.44 0.01 <0.01 0.04 0.08 0.01
94-145 0.91 5.48 0.018 0.30 0.22 0.02 <0.01 0.03 0.04 <0.01
145-183 0.88 5.28 0.012 0.33 0.20 0.01 <0.01 0.04 0.04 <0.01
183-210 0.69 4.55 0.009 0.36 0.11 <0.01 <0.01 0.03 0.04 <0.01

TABLE O.6. Total elements by nitric acid digestion by genetic horizon in the Zorro soil.

Horizon Al B Ca Cu Fe K Mg Mn Na P Zn
—cm— mg g™

0-10 83.8 0.020 1.74 0.056 50.6 0.52 1.64 0.10 0.72 0.619 0.029
10-26 96.5 <0.005 1.34 0.071 62.1 0.46 1.55 0.12 0.71 0.535 0.039
26-50 131.6 0.013 0.65 0.095 67.4 0.66 1.62 0.14 0.42 0.455 0.039
50-94 147.6 <0.005 0.08 0.094 69.3 0.97 1.09 0.21 0.23 0.346 0.040
94-145 159.7 <0.005 0.06 0.088 73.1 1.00 1.67 0.20 0.22 0.329 0.041

145-183 157.2 <0.005 0.03 0.104 72.9 0.78 1.42 0.17 0.17 0.283 0.048
183-210 144.9 <0.005 0.05 0.126 60.5 1.04 1.98 0.15 0.19 0.309 0.052
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ABSTRACT. Panamanian montane forests harbor a high diversity of fungi, particularly of ecto-
mycorrhizal (ECM) fungi; however their taxonomy and diversity patterns remain for the most part
unexplored. We present state of the art fungal taxonomy and diversity patterns at Fortuna Forest
Reserve based on morphological and molecular identification of more than 1,000 fruiting body
collections of macromycetes made over a period of 5 years. We compare these new results with
previously published work based on environmental sampling of Oreomunnea mexicana root tips.
We compiled a preliminary list of species and report new records of 22 genera and 33 species for
Panama. Based on fruiting body collection data, we compare the species composition of ECM fungal
communities associated with Oreomunnea stands across sites differing in soil fertility and amount of
rainfall. We also examine the effect of a long-term nitrogen addition treatment on the fruiting body
production of ECM fungi. Finally, we discuss the biogeographic importance of Panama collections,
which fill in the knowledge gap of ECM fungal records between Costa Rica and Colombia. Given
that the Isthmus of Panama was an important migration route of ECM tree and fungal species from
northern temperate areas to South America, the ECM fungal communities of Panama might show a
high degree of isolation and therefore a high level of endemism. We expect that the forests at Fortuna
will continue to yield new ECM macromycete data as we continue to study the collected specimens
and describe new species.

INTRODUCTION

Fungi play essential roles in tropical ecosystems. They are involved in organic matter
decomposition, plant nutrition, nutrient cycling, and in some cases can regulate the local
abundances of plants (Tedersoo et al., 2014). In neotropical montane cloud forests, fungi
are highly diverse and show strong endemism patterns (Del Olmo-Ruiz et al., 2017). In a
recent review of fungal species associated with tropical montane cloud forests, Del Olmo-
Ruiz et al. (2017) found 2,962 fungal species distributed within the neotropics. Of that
total, only 220 species were originally described from neotropical montane forests, while
many others species were shared mostly with the northern temperate region (Del Olmo-
Ruiz et al., 2017). This study suggests a large gap in the knowledge of fungal species
from underexplored areas in Central and South America where a great part of their
diversity likely remains unknown. In the case of Panama, Del Olmo-Ruiz et al. (2017)
only report 23 species of fungi from montane cloud forests. Even though Panama has a
detailed checklist of fungi containing records of 2,772 species for the country (based on
Piepenbring, 2006, 2007; maintained at http://biogeodb.stri.si.edu/fungi), most of the
species are from lowland forests, and therefore there is a lack of knowledge of fungal
communities from Panamanian montane forests.

In forested ecosystems, saprotrophic and mycorrhizal fungi are the most abundant
functional groups of fungi. Saprotrophic fungi decompose organic matter into more
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simple carbohydrates that can be used for energy. Mycorrhi-
zal fungi form symbiotic associations with the roots of plants
receiving sugar from their host while helping them to obtain
nutrients from the soil. Mycorrhizal fungi can be classified into
two main groups: ECM and arbuscular mycorrhizal (AM).
Tropical montane forests between 1,500 and 2,500 m above
sea level (asl) are particularly rich in ECM fungal species due
to high density of ECM host trees, intermediate temperatures,
and high precipitation (Corrales et al., 2018; Geml et al., 2014;
Gomez-Herndndez et al., 2012). The diversity patterns of fungi
associated with ECM host plant species have been studied on
only a few occasions in montane forests in tropical America.
Fungi associated with Quercus-dominated forests in Mex-
ico, Costa Rica, and Colombia are the best-known montane
ECM systems in the neotropics (Franco-Molano et al., 2010;
Halling and Mueller, 2002, 1999; Halling and Ovrebo, 1987;
Morris et al., 2008; Mueller and Halling, 1995) starting with
the pioneering work of Singer (1963) in oak forest of Colom-
bia. Alnus-dominated forests in Mexico, Bolivia, and Argentina
have been studied to a lesser extent, for the most part based
on sequencing of root symbiotic fungi using metagenomic
approaches (Kennedy et al., 2015, 2011; Pdlme et al., 2013;
Wicaksono et al., 2017).

This chapter summarizes the research done at the Fortuna
Forest Reserve (Fortuna) on the taxonomy and ecology of mac-
rofungi. For the most part, we describe the communities asso-
ciated with the ECM host tree O. mexicana (Juglandaceae)
based on new data from fruiting body surveys and sequencing of
ECM colonized root tips previously published by Corrales et al.
(2016, 2017). Other ECM host plants, including Quercus spp.,
Coccoloba spp., and Alfaroa costaricensis, are also present in
Fortuna at lower abundances, and therefore some of the species
included in this chapter may be shared or associated with these
species as well. To our knowledge, this is the first study that uses
fruiting bodies to characterize the fungal communities associated
with O. mexicana. This work, which focuses on the morpho-
logical and molecular identification of voucher specimens, not
only constitutes an essential tool to document molecular ecology
studies at Fortuna Forest Reserve but also provides a resource
for other studies focusing on the ecology and biogeography of
macrofungi in tropical montane forests in Central America and
northern South America.

METHODS

Fruiting body collections of macromycetes were made
mainly in stands of O. mexicana located in four watersheds in
the Fortuna Forest Reserve (Fortuna): Alto Frio (AF), Hornito
(HO), Honda (HA and HB), and Zarceadero (Za) (for a detailed
site description of AF, HO, HA, and HB, see Corrales et al.,
2016). Two different studies involving collection of fruiting
bodies were done at these sites. First, during February to July
2012, we established 50 x 4 m transects that were revisited

every 2 weeks to collect fruiting bodies of all the species of
macromycetes present. This study aimed to compare mush-
room diversity in sites with contrasting soil fertility and rainfall
conditions. Second, during September 2013 to January 2014,
collections were also made in a nitrogen (N) addition experi-
ment that has been running since 2006 in the Honda watershed
(Corre et al., 2010). Transects of 40 x 4 m were established in
three N-addition and four control plots containing Oreomun-
nea trees. These transects were revisited every 2 weeks with the
aim of determining the effect of N addition on the production
of ECM fruiting bodies.

To augment the data from the transects, we collected fruit-
ing bodies opportunistically in areas near the transects and
other sites at Fortuna where O. mexicana is present along with
Quercus spp. These collections were made over 5 years, between
2011 and 2015. The intent of this collecting effort was to cap-
ture diversity that might have been missed along the transects in
order to ensure a more complete inventory.

Macromorphology of fresh fruiting bodies was recorded in
the field, and a tissue sample was preserved for DNA extraction.
Vouchers of fruiting bodies are deposited at the University of
Arizona Robert L. Gilbertson Mycological Herbarium (ARIZ),
the herbarium of the University of Central Oklahoma (CSU),
and Herbario de la Universidad de Panama (PMA). Genomic
DNA was extracted using the REDExtract-N-Amp tissue PCR
kit (following the manufacturer’s instructions; Sigma-Aldrich).
Primers ITS1F 1TS4, and ITS4B were used for DNA amplifica-
tion. Methods for species molecular identification follows (Cor-
rales et al., 2016). Voucher collections were identified on the
basis of their morphology and DNA, with the help of specialists
in the group, and names were assigned when possible. Because
of the high diversity and challenging taxonomy of many of the
groups, and the possibility that collections represent new spe-
cies, some species names as well as total diversity of certain
genera were assigned on the basis of sequence similarity with
a 97% threshold used to classify fungal operational taxonomic
units (OTUs).

PRELIMINARY LIST OF FUNGAL SPECIES
FOR THE FORTUNA FOREST RESERVE
WITH NEW REPORTS FOR PANAMA

During 5 years of collection, 1,003 fruiting body collections
were made and processed as herbarium specimens. In addition,
400 of these collections were sequenced to obtain fungal barcode
data (ITS region). This section summarizes the most up-to-date
results that we have for the fungal inventory. The list of fungi of
Fortuna is still a work in progress given that many of the col-
lected specimens likely represent new species. Currently, we are
in the process of describing more than 20 species in collabora-
tion with the specialists in each taxonomic group.

We have found 157 species (including morphospecies and
OTUs), with most species belonging to Basidiomycota and only



4 species belonging to Ascomycota. These species are distributed
in 65 genera (29 ECM, 37 saprotrophs, and 2 fungal parasites)
and 35 families (14 ECM, 20 saprotrophs, and 1 fungal parasite;
appendix 4.1). The most species-rich genus was Russula, with
about 40 species (defined on the basis of OTUs; Corrales et al.,
unpublished data) and Lactarius with 8 species. The family with
the most genera was Boletaceae, with 12 genera, followed by
Russulaceae, Entolomataceae, Hymenogastraceae, Marasmia-
ceae, Mycenaceae, Phallaceae, and Physalacriaceae, all of them
with 3 genera (appendix 4.1).

After revising the checklist of Panamanian fungi (http://
biogeodb.stri.si.edu/fungi) and recent mycological publications from
Panama, we report 22 genera newly reported for the country. For
ECM fungi, 13 out of 28 genera were new records for the country,
while for saprotrophic fungi, 7 out of 37 genera were new records.
Both genera of fungal parasitic fungi were also new records for
Panama. From the specimens that were possible to identify to spe-
cies level, we report 33 new records of fungal species for Panama
(21 ECM and 12 saprotrophs; appendix 4.1). This is not surpris-
ing given that the checklist maintained on the Smithsonian Tropi-
cal Research Institute (STRI) website includes very few ECM genera
among the 657 species of Agaricomycetes reported from Panama.
Finally, while 12 out of the 28 ECM basidiomycete genera listed
in appendix 4.1 are on the STRI checklist, they mostly indicate the
presence of only a single species. Exceptions are Russula with 7 spe-
cies and Ramaria with 6 species listed.

GENERIC DIVERSITY PATTERNS OF
ECTOMYCORRHIZAL FUNGI ASSOCIATED
WITH STANDS OF OREOMUNNEA
MEXICANA GROWING ON SITES WITH
CONTRASTING ABIOTIC CONDITIONS

Based on 297 fruiting body collections, made in sites with
contrasting soil fertility and rainfall conditions, we found that,
overall, the most abundant genera at Fortuna were Russula, Lac-
tarius, Laccaria, Cortinarius, Cantharellus, Boletus,and Amanita.
At the genus level, the HA and AF sites show the highest number
of genera, with 19 and 18 genera respectively. From the seven
most abundant ECM genera, only Amanita, Laccaria, and Rus-
sula were found across all sites, while Cortinarius (not collected
in AF and ZA), Lactarius (not collected in ZA), Boletus (not col-
lected in HB), and Cantharellus (not found in HO) were found
in some sites but not in all (Figure 4.1). Interestingly, few of the
genera missing from some transects were later collected during
the opportunistic surveys. It could be that some of these taxa are
only symbionts of Quercus or other ECM hosts present in low
abundance at these sites or that they produced fruiting bodies at
times when collecting was not done.

Previous molecular inventories using O. mexicana root
tips have found that fungal ECM communities at Fortuna show
high species richness and compositional turnover among sites
with contrasting soil and rainfall conditions (Corrales et al.,
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FIGURE 4.1. Number of collections for the seven most abundant
ECM genera in each of the sites sampled along transects at Fortuna
using fruiting bodies (left) and root tips (right; using data published
by Corrales et al., 2016). Site abbreviations are Alto Frio (AF),
Hornito (HO), Honda A (HA), Honda B (HB), and Zarceadero (ZA).
Root tip (RT).

2016). Given that most of our fruiting body collections were
made at the same transects studied by Corrales et al. (2016),
a direct comparison of the results from fruiting body collec-
tions (aboveground surveys) with root tips inventories (below-
ground surveys) is possible. Overall, Russula, Cortinarius,
Laccaria, and Lactarius were found among the top seven most
abundant genera for both aboveground and belowground sur-
veys (Figure 4.1). However, Tomentella, Byssocorticium, and
Elaphomyces were either rare or absent from fruiting body sur-
veys, while these genera round out the top seven most abundant
genera in root tip inventories. This is an expected finding given
that these genera produce inconspicuous or truffle-like fruit-
ing bodies that are usually overlooked in aboveground inven-
tories (Koljalg et al., 2000; Tedersoo et al., 2014). However,
Cantharellus, the third-most abundant genus in terms of num-
ber of fruiting body collections, was also absent from root tip
inventories. This could be due to the very long and variable
internal transcribed spacer (ITS) region of Cantharellus that
is usually difficult to amplify using universal fungal primers
ITS1F/ITS4 (Buyck et al., 2014).

Based on rarefaction curves constructed using 167 fruit-
ing body collections that have been sequenced and assigned to
OTUs (Figure 4.2), we found that the site with the strongest
seasonality in moisture availability, AF, had the highest alpha
diversity of ECM fungal species, while the continually moist
site, HB, had the lowest. This finding contrasts with the results
from belowground surveys where AF showed the lowest alpha
diversity of OTUs (Corrales et al., 2016). This pattern could be
associated with a higher investment in dispersal or reproduction
of species growing on sites that are at least temporarily limited
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FIGURE 4.2. Ectomycorrhizal species accumulation curves and
95% confidence per site based on operational taxonomic units from
fruiting bodies. Site abbreviations are Alto Frio (AF), Hornito (HO),
Honda A (HA), Honda B (HB), and Zarceadero (ZA).

by water in contrast with a higher investment on mycelium
growth in species that are not limited by this resource (Ekblad
et al., 2013).

The timing of fruiting body production, or mushroom phe-
nology, seems to be heavily influenced by differences in the rainfall
patterns among sites at Fortuna. Based on fruiting body collec-
tions and rainfall data from 2012 (Dalling et al., this volume),
sites with a marked dry season between December and April
(HO and AF) showed a strong peak of fruiting body production
at the beginning of the rainy season between late April and June,
similar to phenological observations obtained in nearby lowland
vegetation (Piepenbring et al., 2015). This was most noticeable
at AF, where more than 50 species were found fruiting in just
one week (Figure 4.3A). In sites where the total amount of rain-
fall is higher and more evenly distributed throughout the year
(HA and HB), fruiting body production occurred over the entire
collecting period with peaks of fructification in February, April,
and June (Figure 4.3B). Even though this is a small window of
time to make generalizations about the local mushroom phenol-
ogy, this is a first approximation to an aspect of fungal ecology
that has been little studied in tropical forests. Over the years,
we have also observed that the timing of the rainy season and
the peak of fruiting body production could be very variable and
is becoming more unpredictable due to local climate change.
In future research, it would be interesting to monitor these
changes over a longer period of time to understand the dynam-
ics of the reproductive cycles of ECM fungi and the potential
implications that climate change could have on those dynamics
at Fortuna.
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FIGURE 4.3. Number of fruiting body collections (solid line) dur-
ing February to July 2012 and the local precipitation recorded at
each site (dashed line). Number of collections were grouped by sites
with differences in rainfall patterns following Corrales et al. (2016).
(a) Sites with dry period with <100 mm of rainfall (AF: Alto Frio;
HO: Hornito). (b) Sites with no months with <100 mm of rainfall
(HA: Honda A; HB: Honda B).

INFLUENCE OF NITROGEN ADDITION
ON ECTOMYCORRHIZAL FRUITING
BODY PRODUCTION, DIVERSITY, AND
SPECIES COMPOSITION

It is well recognized that ECM fungal communities respond
to increases in N availability associated with anthropogenic fer-
tilization or N deposition for both aboveground and below-
ground structures (Lilleskov et al., 2011; van der Linde et al.,
2018). However, most of these studies have been done in tem-
perate or boreal forest, and information about tropical ECM
communities is scarce or nonexistent. Results from environ-
mental sequencing of O. mexicana root tips at Fortuna suggest
that N fertilization could be associated with changes in ECM
fungal community composition and could cause a reduction
in soil enzyme activity and ECM root colonization (Corrales
et al., 2017).



Surveys of ECM fruiting bodies done along transects at the
same experimental plots used by Corrales et al. (2017) show that
N addition could also have an effect on the overall production of
fruiting bodies and frequency of fructification of some ECM gen-
era. A total of 313 mushroom collections were made along seven
transects. In control plots, we made an average of 44 (SD = 9)
collections per plot belonging to 15 (SD = 1) genera, while in
N-addition plots, we made an average of 46 (SD = 4) collec-
tions per plot belonging to 12 (SD = 0.6) genera. This lower
generic diversity found in N-addition plots was also observed
in the species-accumulation curves based on OTUs (obtained
from sequencing of fruiting body collections) that show a lower
species alpha diversity of the mushroom community present in
N-addition plots compared with control plots (Figure 4.4A).
Community composition, however, did not show significant
differences based on ordination and adonis analyses performed
using mushroom species presence-absence (Figure 4.4B) and
abundance data (not shown) contrasting with results found by
Corrales et al. (2017) based on environmental sequencing of
Oreomunnea root tips that showed a significant change in spe-
cies composition based on nonmetric multidimensional scaling
(NMDS) and adonis analysis.

Russula, Lactarius, Cortinarius, and Leotia were the most
abundant genera in plots from both treatments (Figure 4.5),
accounting for about 50% of all the collections. Russula and
Cortinarius showed a strong reduction in the number of fruit-
ing body collections between control and N-addition treatments.
A total of 41 collections of Russula were made in the control
plots versus only 17 collections made in the N-addition plots. For
Cortinarius, there were 18 collections made in control plots and
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8 in N-addition plots. In contrast, Leotia showed a much higher
number of fruiting body collections in N-addition plots com-
pared with control plots with 17 and 10 collections respectively
(Figure 4.5). Results based on environmental sequences of
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FIGURE 4.5. Number of fruiting body collections for the most
abundant ECM genera in control (C) and nitrogen (N) addition
plots sampled using transects at Fortuna.
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FIGURE 4.4. (a) Species-accumulation curves of ECM fungi for N treatments (C: control; N: nitrogen addition) based on operational taxo-
nomic units obtained from sequencing of fruiting body collections. (b) Nonmetric multidimensional scaling for the mushroom community from
C and N plots based on presence-absence data and excluding singletons. Adonis analysis (P(>F) = 0.23, R? = 0.244).
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Oreomunnea ECM root tips published by Corrales et al. (2017) also
showed a lower number of sequences of Cortinarius in N-addition
plots compared with control plots but showed a higher abundance
of Laccaria and Lactarius in N-addition plots compared with con-
trol plots that was not reflected in the production of fruiting bodies.

RUSSULA DIVERSITY AT
FORTUNA FOREST RESERVE

Russula has been found to be the most diverse genus of ECM
fungi at Fortuna in both aboveground and belowground surveys
(Corrales et al., 2016, Corrales et al., 2017). Results from our
mushroom inventories show that Russula accounted for ~37%
of the total number of ECM mushroom species and 25% of total
number of species recorded at the study site, including sapro-
trophs (Table 4.1). Molecular identification of fruiting body col-
lections using Sanger sequencing indicated the existence of 40
OTUs, based on 97% similarity over the whole ITS region. This
level of sequence similarity could be interpreted as consistent with
species-level variation (Smith et al., 2007). The selected OTUs
represented six Russula subgenera sensu Buyck et al. (2018). The
most diverse subgenus was Russula 2 with 19 OTUs, followed
by subgenus Heterophylla with 9 OTUs, subgenus Compactae
and Crassotunicata with 5 OTUs each, subgenus Russula 1 with
2 OTUs, and subgenus Malodora with 1 OTU. Preliminary phy-
logenetic placement of the OTUs suggests that most, if not all,
Russula spp. from Fortuna are new to science, but more work is
required to confirm this finding (B. Buyck, personal communica-
tion). So far, only one Russula species (R. fortunae Corrales) was
recently described from Fortuna (Adaméik et al., 2019) and one
OTU confirmed by collections Corrales 182 and 626 matched an
existing species (R. nigricans Fr.) based on morphology and 99%
similarity of the ITS region. However, since this is a European spe-
cies, more sequencing is required to confirm this name.

A remarkable feature of the Fortuna Russula community
is its high diversity, containing species belonging to six out of
eight subgenera recognized by Buyck et al. (2018). The only sub-
genera as yet uncollected at Fortuna are Archea and Brevipes.
Also remarkable is that the Fortuna dataset is particularly rich
in species in the subgenus Crassotunicata given that there are
only three species described for this subgenus worldwide (Buyck
et al., 2018). At present, five OTUs of this subgenus found at
Fortuna do not match any of the described species (S. Adam¢ik,
personal communication).

BIOGEOGRAPHIC CONSIDERATIONS
OF THE ECTOMYCORRHIZAL
COMMUNITIES AT FORTUNA

Many of the ECM host tree species in montane forests in
Central and South America are considered relict species with a
northern hemisphere temperate origin, and therefore their asso-
ciated fungal communities show a strong affinity with the ones

found in North America (Halling, 2001). Pollen fossil records
show that Oreomunnea has been present in Panama since the
Early Miocene (Graham, 1989; Herrera et al., 2014), while
Quercus arrived probably much later (Kappelle, 2006). Ectomy-
corrhizal fungal species associated with these host trees might
have a particular evolutionary history given the high degree of iso-
lation and potential speciation that they might have undergone.
Mueller and Halling (1995), based on the analysis of the four
best-known ECM fungal genera associated with Quercus forests,
established that in Central and South America, the ECM fungal
communities associated with this genus show a high degree of
endemism, with most species having limited geographic ranges.
Comparisons of the ECM macromycete community compo-
sition of Fortuna with other cloud forests is difficult at this time
because of a lack of comparable studies in neotropical montane
sites that include intensive multiyear collecting over lengthy periods.
Our approach of inventorying all fruiting bodies of the ECM fungi
has yielded a wealth of diversity that will require the aid of spe-
cialists to assist at arriving at species determinations. Comparisons
with fungal inventories from other tropical countries is currently
possible only at the genus level. However, future species-level com-
parisons will yield the most valuable biogeographic information.
Nearly all of the ECM genera that are reported here
(Table 4.1, Figures 4.6—4.9) are common genera that can be
found from the neotropics to high latitudes in North America
(Corrales et al., 2018) as long as their associated ECM tree hosts
are present. The only genus found at Fortuna that is likely to
have a mainly or exclusively tropical distribution is Veligaster
(Figure 4.9¢; Guzman et al., 2004; Kasuya and Guzman, 2007).
As many as 70% of the ECM fungal species in a newly
explored area may be undescribed (Henkel et al., 2012). At this
point, we can comment on the distribution of only a few species
that have been identified at Fortuna (appendix 4.1). Amanita
spp. were abundant at the study area, and we have confirmed
identifications for three species: A. garabitoana Tulloss, Halling,
and Mueller; A. flavoconia var. inquinata Tulloss, Ovrebo, and
Halling; and A. brunneolocularis Tulloss, Ovrebo, and Halling.
Amanita garabitoana has been recorded from Honduras to Costa
Rica (Tulloss et al., 2011), and A. flavoconia var. inquinata and
A. brunneolocularis (Figure 4.6a, c) are reported from Colombia
and Costa Rica (Tulloss, 2005). Tulloss (2005) reports these spe-
cies as occurring with Quercus, but we are unsure if these species
are associated with Quercus or Oreomunnea in our study area
given that they occur in forests where both host taxa are abun-
dant. Cortinarius species were also abundant at the study area,
and we have identified two species: C. neotropicus Harrower
and C. costaricensis Ammirati, Halling, and Garnica. Cortinarius
neotropicus (Figure 4.6b) was described from Costa Rica and
has also been reported from Colombia (Harrower et al., 2015) as
occurring under Quercus. At Fortuna, this species was also found
growing in Quercus-dominated forest. Cortinarius costaricensis
was described from under Quercus on the basis of a single basidi-
ome from Costa Rica; we have now made several additional col-
lections to add to its distribution and to add Oreomunnea as a new
potential host. We have also confirmed the identity of Phylloporus
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TABLE 4.1. Estimates of fungal species per family and per genus based on morphology and DNA of fruiting body
surveys at Fortuna. *Presumably biotrophic genus **New genus records for Panama

No. No. No.
Taxa species | Taxa species | Taxa species
Ectomycorrhizal
Amanitaceae 8 Tylopilus** 3 Hydnaceae 2
Amanita 8 Veloporphyrellus** 1 Hydnum** 2
Bankeraceae 2 Calostomataceae 1 Hydnangiaceae 4
Hydnellum** 1 Calostoma 1 Laccaria 4
Phellodon 1 Cantharellaceae 4 | Hymenogastraceae 1
Boletaceae 20 Cantharellus 2 Phacocollybia™* 1
Austroboletus** 1 Craterellus 2 Leotiaceae 2
Aureoboletus** 1 Cortinariaceae 11 Leotia 2
Boletellus 3 Cortinarius 8 Russulaceae 51
Boletus** 1 Inocybe** 3 Lactarius 8
Leccinum 2 Elaphomycetaceae 1 Lactifluus** 3
Phylloporus 6 Elaphomyces** 1 Russula 40
Retiboletus** 1 Gomphaceae 1 Sclerodermataceae 1
Strobilomyces** 1 Ramaria 1 Veligaster 1
Saprotrophic
Agaricaceae 2 Hymenogastraceae 3 Phallaceae 3
Agaricus 1 Gymmnopilus 1 Aseroe** 1
Leucocoprinus 1 Psilocybe 1 Laternea 1
Auriculariaceae 1 Marasmiaceae 8 Phallus 1
Auricularia 1 Crinipellis** 1 Psathyrellaceae 1
Auriscalpiaceae 1 Gerronema 1 Psathyrella 1
Artomyces** 1 Marasmius 6 | Physalacriaceae 3
Entolomataceae 4 Meruliaceae 2 Armillaria 1
Alboleptonia 1 Cymatoderma 1 Cyptotrama** 1
Inocephalus** 1 Podoscypha 1 Xerula 1
Entoloma* 2 Mycenaceae 4 Polyporaceae 2
Fistulinaceae 1 Filoboletus 1 Lentinus 1
Fistulina 1 Mpycena 2 Polyporus 1
Ganodermataceae 1 Xeromphalina 1 Strophariaceae 1
Ganoderma 1 Omphalotaceae 4 Agrocybe** 1
Hygrophoraceae 3 Gymnopus 3 Tapinellaceae 1
Hygrocybe 3 Marasmiellus 1 Tapinella** 1
Hymenochaetaceae 1 Tricholomataceae 1
Hymenochaete 1 Clitocybe 1
Fungal parasite
Boletaceae 1 Ophiocordycipitaceae 1
Chalciporus™** 1 Tolypocladium™* 1




144 o SMITHSONIAN CONTRIBUTIONS TO BOTANY

Mﬂ“’m

‘”“;.,ufﬂl}f?{fgm !

FIGURE 4.6. (A) Amanita brunneolocularis. (B) Cortinarius neotropicus. (C) Amanita flavoconia var. inquinita. (D) Lactarius aff. piperatus.
(E) Amanita sp. (F) Lactarius sp.
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FIGURE 4.7. (A) Russula sp. (B) Russula sp. (C) Russula sp. (D) Austroboletus neotropicalis. (E) Boletellus ananas. (F) Veloporphyrellus
pantoleucus.
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FIGURE 4.8. (A, B) Phylloporus centroamericanus. (C) Craterellus sp. (D) Calostoma cinnabarina. (E) Gymnopus omphalodes. (F) Aseroe rubra.
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FIGURE 4.9. (A) Marasmius heliomyces. (B) Mycena margarita. (C) Crinipellis sp. (D) Laternea pusilla. (E) Veligaster nitidus. (F) Hygrocybe sp.
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centroamericanus (Figure 4.8a, b), previously known only from
the oak forests of Costa Rica (Neves and Halling, 2010), and
Phylloporus caballeroi Singer described from Argentina and also
reported for Bolivia, Costa Rica, and Panama growing under
Alnus acuminata forest (Neves and Halling, 2010). In Panama,
this species has been previously collected in the Parque Interna-
cional La Amistad, Chiriqui, by R. Halling (REH 7906, NYBG).
Phellodon niger (Fr.) P. Karst occurs at Fortuna and is also
known from the temperate forests of North America. For boletes,
Leccinum talamancae Halling, Gomez, and Lannoy and L. tablense
Halling and G. M. Mueller were described from Costa Rica from
under Quercus, and we have now collected them at Fortuna. Nota-
bly, the ECM genus Hebeloma, reported for Panama based on the
STRI fungi checklist, has not yet been encountered at Fortuna.
Also absent from the STRI checklist and yet to be collected at For-
tuna or sequenced from roots is the genus Tricholoma, known to
occur in the oak forests of Colombia and Costa Rica (Halling and
Mueller, 2005; Mueller et al., 2006; Ovrebo et al., 2019).

The new species and genus records from Fortuna are bio-
geographically relevant because they fill a gap of ECM records
between the montane forests of Costa Rica and Colombia.
Several ECM host plants, including Quercus, Oreomunnea, and
Alfaroa, reach their most southern latitudinal distribution in
Colombia, and the Panama isthmus must have been an impor-
tant bridge for migration of these species and their associated
fungi. Research on the occurrence of fungi in Panama there-
fore provides important insights into the factors that control
the diversity and biogeographical patterns of fungi in northern
South America. The forests at Fortuna should continue to yield
new ECM macromycete data in a number of ways that will help
to improve our understanding of macromycete biodiversity and
biogeography, including (1) information on the fungal associates
of O. mexicana and Quercus spp.; (2) data on the occurrence of
fungi in the cloud forest ecosystem; (3) comparisons with the bio-
diversity of adjacent countries such as Colombia and Costa Rica,
where more fieldwork has been done, especially in the oak for-
ests; and (4) contribution to the knowledge of fungal biodiversity
of Panama. Finally, while ECM fungi have been the main focus
of our work, saprotrophic macromycetes (and micromycetes)
should not be neglected because they might be a source of impor-
tant information on fungal biogeography and biodiversity, espe-
cially compared to AM-dominated forests where saprotrophs are
generally the most abundant group of Agaricomycete fungi.

CONCLUSIONS AND FUTURE DIRECTIONS

Based on our preliminary list of macrofungi in the Fortuna
Forest Reserve, we conclude that this area harbors a high diversity
of ECM fungi, and although not a particular focus of our work,
there may be a rich diversity of saprotrophic fungi that future field-
work will reveal. Here we report 22 new records of genera and 33
species records for Panama. In the near future, we expect the num-
ber of species at Fortuna to grow considerably as we work closely
with specialists to describe new species. These long-term taxonomic

efforts will be important in improving the growing database of fun-
gal records that is being compiled for Panama. Furthermore, explor-
ing undersampled ecosystems and new host species will improve
the quality of reference voucher and DNA collections needed to
inform environmental next-generation sequencing methods.

We hope that our work continues to fill in the gap of knowl-
edge regarding fungal diversity in montane cloud forests and also
contributes to the database of knowledge of oak forest ECM
fungi, particularly in comparison to Costa Rica and Colombia,
where more intensive oak forest inventories have been made.
Upon completion of the identification of our collections, we
should be able to make more accurate statements about the
degree of endemism in the Fortuna region as well.

Given the functional importance of fungi in ecosystems
and the high susceptibility of tropical montane forest to climate
change, characterizing the fungal communities associated with
this ecosystem and their variability along environmental gradi-
ents is essential for a better understanding of the microbial driv-
ers of key ecosystems functions. Fungi play a key role in soil
nutrient cycling and in the adaptation of plants to novel environ-
mental conditions, two processes that are crucial under a global
change scenery particularly in tropical montane forests.
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APPENDIX 4.1

Preliminary list of fungal species from Fortuna Forest
Reserve. The column “New record or literature report” corre-
spond to new records for Panama (“Yes”), new species described
from Fortuna (“New species”), or “Unknown” in cases when
the species were not fully identified. Species that have been
already reported for the country have references to the original

NUMBER 112 o 149

publication. Selected collection numbers with herbarium codes
indicating where the collections are currently housed are given
for vouchered specimens. For genera such as Boletus, Cantharel-

2]

lus, Russula, Lactarius, and others, “spp.” indicates more than
one unidentified species, and no collections are cited—replaced
by “Numerous.” Guild abbreviations are as follows: ectomycor-
rhizal (EM), saprotroph (SAP), and fungal parasite (FP). Ecto-

mycorrhizal guild assignment is based on Tedersoo et al. (2010).

New record or

Guild  Family Genus Species Voucher collection literature report
EM Amanitaceae Amanita aff. bisporigera Corrales 87 (ARIZ) Unknown
EM Amanitaceae Amanita brunneolocularis Ovrebo 5284, 5520, 5302 (CSU) Yes
EM Amanitaceae Amanita garabitoana Corrales 151 (ARIZ) Yes
EM Amanitaceae Amanita flavoconia var. inquinata Ovrebo 5268 (CSU) Yes
EM Boletaceae Aureoboletus auriporus Corrales 370 (ARIZ) Yes
EM Boletaceae Austroboletus neotropicalis Corrales 311 (ARIZ), Yes
Ovrebo 5533 (CSU)
EM Boletaceae Boletus spp- Numerous Yes
EM Boletaceae Boletellus ananas Corrales 179 (ARIZ), Mayor et al., 2008
771 (PMA)
EM Boletaceae Boletellus sp. Ovrebo 5506 (CSU) Unknown
EM Calostomataceae Calostoma cf. cinnabarinum Ovrebo 5354 (PMA) Guzman and
Corrales 765 PMA Piepenbring, 2011
EM Cantharellaceae Cantharellus spp- Numerous Guzman and
Piepenbring, 2011
EM Cantharellaceae Cantharellus atrolilacinus Corrales 195 (ARIZ), Yes
Ovrebo 5245 (CSU)
EM Cortinariaceae Cortinarius bolaris Ovrebo 5252, 5311 (CSU) Yes
EM Cortinariaceae Cortinarius neotropicus Ovrebo 5342 (CSU) Yes
EM Cortinariaceae Cortinarius costaricensis Ovrebo 5331, 5262 (CSU) Yes
EM Cortinariaceae Cortinarius spp.- Numerous Unknown
EM Cantharellaceae Craterellus sp. Corrales 178 (ARIZ), Unknown
Ovrebo 5260 (CSU)
EM Cantharellaceae Craterellus cf. boyacensis Corrales 519 (CSU) Unknown
EM Elaphomycetaceae Elaphomyces sp. Corrales 388 (CSU) Yes
EM Bankeraceae Hydnellum spp- Ovrebo 5347, 5348 (CSU) Yes
EM Hydnaceae Hydnum spp- Numerous Yes
EM Cortinariaceae Inocybe spp- Numerous Yes
EM Hydnangiaceae Laccaria dallingii See publication New species
(Corrales et al., 2020)
EM Hydnangiaceae Laccaria fortunensis See publication New species
(Corrales et al., 2020)
EM Hydnangiaceae Laccaria nitrophila See publication New species
(Corrales et al., 2020)
EM Hydnangiaceae Laccaria stellata Corrales 27 (ARIZ), 576 (CSU) New species
(Popa et al., 2016)
EM Russulaceae Lactarius aff. piperatus Ovrebo 5338, 5454 (CSU) Yes

(Continued)
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New record or

Guild  Family Genus Species Voucher collection literature report
EM Russulaceae Lactarius aff. indigo Corrales 319 (ARIZ), Guzman and
Ovrebo 5240 (CSU) Piepenbring, 2011
EM Russulaceae Lactarius spp. Numerous Unknown
EM Russulaceae Lactarius hygrophoroides Ovrebo 5500 (CSU) Yes
EM Boletaceae Leccinum tablense Ovrebo 5235 (CSU) Yes
EM Boletaceae Leccinum talamancae Ovrebo 5239 (CSU) Yes
EM Leotiaceae Leotia sp. Corrales 288, 333 (ARIZ), Yes
358, (CSU)
EM Leotiaceae Leotia lubrica Corrales 483, 486, 650 (CSU) Guzman and
Piepenbring, 2011
EM Hymenogastraceae Phaeocollybia spp- Numerous Yes
EM Bankeraceae Phellodon niger Ovrebo 5348 (CSU) Yes
EM Boletaceae Phylloporus centroamericanus Ovrebo 5265 (CSU) Yes
EM Boletaceae Phylloporus caballeroi Corrales 378 (CSU) Yes
EM Boletaceae Phylloporus aff. leucomycelinus Numerous Unknown
EM Boletaceae Phylloporus spp- Numerous Unknown
EM Boletaceae Xerocomus cf. subtomentosus Corrales 308 (ARIZ) Yes
EM Gomphaceae Ramaria sp. Ovrebo 5353 (CSU) Unknown
EM Boletaceae Retiboletus ornatipes Ovrebo 5508 (CSU) Yes
EM Russulaceae Russula fortunae See publication New species (Adaméik
et al., 2019)
EM Russulaceae Russula spp- Numerous Unknown
EM Boletaceae Strobilomyces sp. Corrales 152 (ARIZ), Yes
Ovrebo 5343 (CSU)
EM Boletaceae Tylopilus spp- Numerous Yes
EM Boletaceae Tylopilus oradivensis Ovrebo 5480 (CSU) Yes
EM Sclerodermataceae Veligaster nitidus Corrales 200 (ARIZ), Guzman and
Ovrebo 5266 (CSU) Piepenbring, 2011
EM Boletaceae Veloporphyrellus pantoleucus Corrales 89 (ARIZ), Yes
Ovrebo 5304 (CSU)
SAP Agaricaceae Agaricus sp. Ovrebo 5505 (CSU) Unknown
SAP Strophariaceae Agrocybe sp. Ovrebo 5291 (CSU) Yes
SAP Entolomataceae Alboleptonia sp. Ovrebo 5499 (CSU) Unknown
SAP Polyporaceae Amauroderma sp. Corrales 269 (ARIZ) Guzman and
Piepenbring, 2011
SAP Physalacriaceae Armillaria spp- Numerous Guzmén and
Piepenbring, 2011
SAP Auriculariaceae Auricularia delicata Ovrebo 5537 (CSU) Guzman and
Piepenbring, 2011
SAP Auriscalpiaceae Artomyces stephenii Ovrebo 5450 (CSU) Yes
SAP Phallaceae Aseroé rubra Ovrebo 5314 (CSU) Yes
SAP Tricholomataceae Clitocybe sp. Ovrebo 5344 (CSU) Unknown
SAP Marasmiaceae Crinipellis sp. Ovrebo 5528 (CSU) Yes
SAP Meruliaceae Cymatoderma sp. Ovrebo 5448 (CSU) Unknown
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New record or

Guild  Family Genus Species Voucher collection literature report

SAP Physalacriaceae Cyptotrama asprata Ovrebo 5497 (CSU) Yes

SAP Entolomataceae Entoloma nitidum Corrales 434, 451 (CSU) Yes

SAP Entolomataceae Entoloma sp. Ovrebo 5280 (CSU) Unknown

SAP Mycenaceae Filoboletus gracilis Ovrebo 5492 (CSU) Guzman and
Piepenbring, 2011

SAP Fistulinaceae Fistulina hepatica Ovrebo 5362 (CSU) Yes

SAP Ganodermataceae Ganoderma sp. Corrales 269 (ARIZ) Unknown

SAP Marasmiaceae Gerronema sp. Ovrebo 5523 (CSU) Unknown

SAP Omphalotaceae Gymnopus omphalodes Ovrebo 5357 (CSU) Mata and Ovrebo, 2009

SAP Omphalotaceae Gymnopus pseudolodgeae Ovrebo 5306 (CSU) Yes

SAP Omphalotaceae Gymnopus spp- Numerous Unknown

SAP Hymenogastraceae Gymnopilus sp. Ovrebo 5512 (CSU) Unknown

SAP Hygrophoraceae Hygrocybe spp- Numerous Unknown

SAP Hymenochaetaceae Hymenochaete damaecornis Ovrebo 5220 (CSU) Parmasto, 2001

SAP Entolomataceae Inocephalus sp. Ovrebo 5233 (CSU) Yes

SAP Phallaceae Laternea pusilla Ovrebo 5251 (CSU) Guzman and
Piepenbring, 2011

SAP Polyporaceae Lentinus sp. Ovrebo 5471 (CSU) Unknown

SAP Agaricaceae Lepiota sp. Corrales 115 (ARIZ) Unknown

SAP Agaricaceae Leucocoprinus fragilissimus Photo, anecdotal record Guzmén and
Piepenbring, 2011;
Piepenbring et al.,
2015, appendix C

SAP Omphalotaceae Marasmiellus sp. Ovrebo 5295 (CSU) Unknown

SAP Marasmiaceae Marasmius berteroi Ovrebo 5317 (CSU) Yes

SAP Marasmiaceae Marasmius cladophyllus Ovrebo 5217 (PMA) Guzman and
Piepenbring, 2011

SAP Marasmiaceae Marasmius niveus Ovrebo 5215 (CSU) Yes

SAP Marasmiaceae Marasmius spp. Numerous Unknown

SAP Marasmiaceae Marasmius heliomyces Ovrebo 5212 (CSU) Yes

SAP Mycenaceae Mycena cf. holoporphyra Ovrebo 5358 (CSU) Unknown

SAP Mycenaceae Mycena margarita Ovrebo 5346 (CSU) Yes

SAP Phallaceae Phallus indusiatus Ovrebo 5313 (CSU) Piepenbring et al., 2011

SAP Meruliaceae Podoscypha venustula Ovrebo 5535 (CSU) Welden, 2010

SAP Polyporaceae Polyporus tenuiculus Ovrebo 5323 (CSU) STRI check list

SAP Psathyrellaceae Psathyrella sp. Corrales 58 (ARIZ) Guzman and
Piepenbring, 2011

SAP Hymenogastraceae Psilocybe sp. Corrales 154 (ARIZ) Unknown

SAP Tapinellaceae Tapinella atrotomentosa Ovrebo 5339 (CSU) Yes

SAP Mycenaceae Xeromphalina tenuipes Ovrebo 5474 (CSU) Yes

SAP Physalacriaceae Xerula hispida Corrales 276 (ARIZ), Yes

Ovrebo 5283 (CSU)
FP Boletaceae Chalciporus cf. piperatus Corrales 8, 117, 160 (ARIZ) Yes
FP Ophiocordycipitaceae Tolypocladium sp. Corrales 420 (CSU) Yes
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ABSTRACT. Systematic collections of the vegetation of the Fortuna Forest Reserve, including
bryophytes, started in 1976 within the framework of the studies on the environmental and human
impacts of the Fortuna Hydroelectric Project. For the lower montane flora of Fortuna, 396 species
of bryophytes in 164 genera, 2 subspecies, and 12 varieties are reported. Three taxa (a foliose liver-
wort, a moss) and a variety of a moss were previously described as new to science from bryophytes
of Fortuna. Of these, the liverwort Plagiochila salazariae is endemic to Panama. There is a pre-
dominance of mosses, with 214 species and 8 varieties, followed by the liverworts, with 174 species,
2 subspecies, and 4 varieties; the hornworts are the smallest group, with 8 species. The most diverse
family among the mosses is the Hookeriaceae, with 37 species that grow in very humid to wet places;
and among the liverworts, the most diverse is the actively evolving Lejeuneaceae, with 87 species
that grow in a variety of environments. The bryoflora of Fortuna accounts for ~32% of the total
bryophytes known for Panama, 35.9% of all liverworts and hornworts, and 28.5% of the moss flora
of the country. Affinities of the bryoflora are with the Neotropics followed, in descending order, by
species with pantropical, African, and subcosmopolitan distribution. Seventeen major collecting
sites were distinguished from collectors’ notes and literature survey. Quebrada Bonita, the foothills
of Cerro Pinola, northeast of the camping site (where members of the University of Panama, Botany
Department stayed while surveying the flora of Fortuna during the building of the dam in 1976)
and Quebrada Arena account for the highest diversity of bryophytes. The bryoflora of Fortuna is a
heterogeneous assemblage of ancestral lowland tropical and north temperate, cool-adapted elements
from North (Laurasia, e.g., Anthoceros) and South temperate (Gondwana, e.g., Macromitrium) and
also those of Neotropical origins (e.g., members of the Lejeuneaceae). The bryoflora of Fortuna
is another example of the importance of the Isthmus of Panama as a biological corridor for the
exchange of biota between the adjacent continental masses.

INTRODUCTION

When collecting for bryophytes, the Province of Chiriqui is one of the most
visited areas of Panama besides the provinces of Panama, Coclé, Veraguas, and the
Panama Canal. This is due to its accessibility and diverse geographic landscapes with
lowland areas including coastal seashores and mountains that range from 1,000 to
3,475 m at the highest mountain in Panama, the Volcin Bart. Bryophytes (mosses,
liverworts, and hornworts) are the second-most diverse group of land plants after the
angiosperms. The initial transition of plants to land and their earliest diversification
dates back to the Ordovician. Bryophytes are among the oldest groups of land plants,
having persisted for approximately half a billion years and are considered the clos-
est ancestors of the earliest diverging terrestrial plants (Vanderpoorten and Goffinet,
2009; Renzaglia et al., 2018). Extant bryophytes include three groups (divisions or
phyla): mosses (Bryophyta), liverworts (Marchantiophyta), and hornworts (Anthocero-
tophyta). The mosses include approximately 9,000 to 13,000 species (Magill, 2010);
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the liverworts, 4,000 to 9,000; and the hornworts, approxi-
mately 215 (Soderstrom et al., 2016). Bryophytes are poikilo-
hydric organisms photosynthesizing and growing when moist
and becoming “dormant” (suspending their metabolism) when
dry (Proctor, 2009; Vanderpoorten and Goffinet, 2009). They
take up water and nutrients through the whole surface of their
shoots (Proctor, 2009). Bryophytes are found on a variety of
substrates (soil, rock, trees, and leaves) and in ecosystems from
the most extreme environments of the Arctic and the Antarctic
to the tropics, except in the sea. They are more diverse in the
tropics where they can be found from dry or seasonally dry
rainforests to cloud forests and paramos. Their diversity and
biomass increase in forests of higher elevations, particularly
in cloud forests where they are an important component of
the epiphytic vegetation. In these forests, they grow in soil on
riverbanks, creeks, rocks, leaves (epiphylls), and decomposing
logs. Bryophytes sometimes form symbioses with cyanobacte-
ria (capable of fixing atmospheric nitrogen) and with various
fungi (Bentley, 1987; Adams and Duggan, 2008; Papaefthi-
miou et al., 2008; Renzaglia et al., 2009; Desiro et al., 2013).
These plants are important in the capture, storage, and cycling
of water and nutrients (among these, nitrogen) in cloud for-
ests (Pocs, 1980; Clark et al., 1998; Nadkarni and Solano,
2002; Ah-Peng et al., 2017; Horwath et al., 2019; Rodriguez-
Quiel et al., 2019). Ecological studies in cloud and elfin for-
ests have estimated that moisture stored by bryophytes from
the interception of fog and rainfall exceeds by 50% to 90%
the total annual rainfall (Pbcs, 1980; Cavalier and Goldstein,
1989; Jarvis and Mulligan, 2011). Bryophytes are also impor-
tant in the carbon cycling of tropical forests. Carbon budgets
for cloud forests remain incomplete unless the epiphytic bio-
mass is included (Horwath et al., 2019). Thus, through their
growth and decomposition, bryophytes play a major role in the
cycling of carbon and nutrients in the forests (Vanderpoorten
and Goffinet, 2009). Bryophytes provide shelter and food to a
myriad of invertebrates, such as tardigrades, scorpions, snails;
insect nymphs, such as Disdercus spiders (e.g., the green spider
[Uloboridae] and the tiny money spider [Linifiidae]; D. Quin-
tero, personal communication); and sawflies, among various
organisms observed in cloud forests in Panama. For a thorough
review of insects associated with bryophytes, see Glime (2017).
In addition, the association of bryophytes with microbes could
contribute to the nutrient budget of the forests (Alcaraz et al.,
2018; Aschenbrenner et al., 2016; Berg et al., 2011; Coxson,
2011; Turetsky, 2003). Because bryophytes absorb water and
nutrients exclusively or mostly through their surfaces, they are
therefore good indicators of water and air pollution, heavy
metal contamination, and radioactivity (Ayrault et al., 2002;
Acto et al., 2003; Frahm, 2003; Ares et al., 2018).

Among bryophytes, the liverworts produce a wide array of
active secondary metabolites, especially terpenoids and aromatic
compounds. They are of taxonomic, chemical, and pharmaceuti-
cal importance, and many of these compounds have not been
found in any other plants, fungi, or marine organisms (Asakawa,
1982, 1995, 2008; Asakawa et al., 2013).

PRrevious STUDIES

One of the first collections of bryophytes reported for Pan-
ama are those of Berthold Seemann between 1846 and 1851,
published in Botany of the Voyage of H.M.S. Herald. W. Wilson
identified the mosses and W. Mitten, the liverworts (Seemann,
1852-1854; Crum and Steere, 1950). These collections are
mainly from lowland areas with few from Volcan Bard and other
unspecified sites. Many foreign botanists have collected in the
area of what is now the Fortuna Forest Reserve (Reserva Forestal
Fortuna) in the province of Chiriqui (Figure 5.1). Among these
are botanists and bryologists from the Missouri Botanical
Garden, the New York Botanical Garden, the Field Museum of
Natural History, and from the various European herbaria.

In 1976, the government, through the Institute of Hydraulic
Resources and Electricity (IRHE) of that time, selected the Gorgas
Memorial Laboratory to do a multidisciplinary study of the envi-
ronment and human ecology of the Fortuna area where two hydro-
electric projects, Estrella de los Valles and Fortuna, were going to
be constructed. Dr. Abdiel Adames, then a scientist at the Gorgas
Memorial Laboratory, directed the project (Adames, 1977). The
Department of Botany of the University of Panama was responsi-
ble for the botanical part. Vascular plants, bryophytes, and lichens
were collected in the area before the logging started.

Salazar Allen was in charge of the bryophyte and lichen part
of the survey. Two hundred fifty samples were collected between
June and September 1976. Eleven of them were identified to spe-
cies, genus, or family for the published report (Mayo et al., 1977).
Upon request of the Fortuna Hydroelectric Project, in April and
May 1987, Salazar Allen and her students, M. Johnston and
D. Santamaria, made four field trips to five logging areas that
were going to be inundated for the enlargement of the reservoir
during the second phase of the hydroelectric project (IRHE,
1986). Most samples were collected along the nature trails of a
secondary forest in Quebrada Bonita, Quebrada Arena, Trocha
Las Mellizas, along Rio Chiriqui, and in the primary forest at the
foothills of Cerro Pinola (Johnston, 1990; Santamaria, 1991).
Approximately 1,150 samples were gathered during those trips.
In May 1988, a German student, J. Sporle, who was working
on the chemistry of bryophytes, joined the team and made addi-
tional collections in the logged area of Cerro Fortuna, in Palo
Seco, and in Quijada del Diablo (Sporle, 1990) (Figures 5.1-5.2).
Personnel of the Autonomous University of Chiriqui (UNACHI)
contributed with collections made at Quebrada Honda. Some
of these collections were identified or revised, for mosses by
S. P. Churchill (some Lepidopilum), D. Griffin III (Bartramia-
ceae), H. Ochi (1) (Bryaceae), J.-P. Frahm (1) (Campylopus),
R. A. Pursell (1) (Fissidentaceae), W. C. Steere (1), R. H. Zander
(Pottiaceae), and personnel of the Missouri Botanical Gar-
den (M. R. Crosby and B. H. Allen); and for the liverworts,
G. Dauphin (Ceratolejeunea), K. Feldberg (Herbertus),
M. Fulford (1), R. S. Gradstein, J. Heinrich (1) (Plagiochila),
R. Stotler (1) (Frullania), and M. E. Reiner-Drehwald (Lejeunea).

In March 1996, participants of the workshop Bryophytes
as Non-woody Biodiversity Indicators collected and identified
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FIGURE 5.1. Main collecting sites: 1 = Continental Divide, Trail to Palo Seco (900-1,200 m); 2 = Quebrada Bonita (920-1,150 m);

3 = Quebrada Arena (900-1,000 m); 4 = Trail to Quebrada Las Mellizas (1,200 m); 5 = Cerro Pata de Macho (1,700-1,800 m); 6 = Cerro
Hornito (1,670-2,300 m); 7 = Valle de Hornito (1,300-1,700 m); 8 = Trail along Rio Hornito (1,200 m); 9 = Quijada del Diablo (1,200-1,600 m);
10 = Quebrada Mono (1,100-1,300 m); 11 = Quebrada Aleman (1,200-1,400 m); 12 = Institute of Hydraulic Resources and Electricity’s plant
nursery (1,100 m); 13 = At mouth of Quebrada Samudio (1,100-1,280 m); 14 = SW of camping site, from Finca Pitti to foothills of Cerro
Fortuna (1,000-1,270 m); 15 = NW of camping site (1,000-1,200 m); 16 = Foothills of Cerro Pinola (1,280-2,000 m); 17 =
site (900-1,200 m).

NE of camping
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FIGURE 5.2. (A) Cut areas to be flooded during the last part of the construction of the Fortuna Dam Project; in the
foreground part of the lake, in the background Rio Chiriqui entering the lake (May 1988). (B) Cerro Pinola (May 1988).
(C) Vegetation in Trocha Palo Seco. (D) Quebrada Bonita (May 1988). (E) Logging area in Quebrada Bonita (May 1988).




bryophytes of Fortuna. In June 2017, a visit to Fortuna by pro-
fessors and students of the International Bryophyte Biology
Workshop held at Bocas del Toro added new reports.

Data CoOLLECTION

The list of bryophytes was compiled from various sources:
personal collections and database of Salazar Allen; the database
of the University of Panama Herbarium (PMA); the database
from the Autonomous University of Chiriqui Herbarium (UCH),
and the Missouri Botanical Garden website TROPICOS (accessed
2018-2019). Additional sources included a revision of publica-
tions on the flora of Panama (Mayo et al., 1977; Stotler et al.,
1998; Sporle, 1990; Dauphin et al., 2006; Dauphin, 2007; Dau-
phin et al., 20135; Schifer-Verwimp, 2014); selected monographs
(Reese, 1993; Allen, 1994, 2002, 2010, 2018; Reiner-Drehwald
and Ilkiu-Borges, 2007; Wei et al., 2014); unpublished BA the-
ses by Johnston (1990), Santamaria E. (1991), and Chung C.
(1995); and collections from the workshops described previ-
ously. The classification and nomenclature of liverworts is based
on Crandall-Stotler et al. (2009), Soderstrom et al. (2016), and
Gradstein and Ilkiu-Borges (2009) for Neotropical Herbertus;
Soderstrom et al. (2013) for the Lophocoleaceae; Bastos (2017)
for Cheilolejeunea of the Americas; Ye et al. (2015) for Chei-
lolejeunea and the former Omphalanthus; and Gradstein (2015)
for Plagiochila. For the mosses, it is based on Goffinet and Buck
(2019) and Allen (1994, 2002, 2010, 2018). Collecting sites in
the Fortuna Forest Reserve with their approximate coordinates
and elevations are based on information in the collectors’ note-
books and the database at PMA and UCH.

Monographs and other taxonomic publications and con-
sultation with specialists provided additional information on
the geographical distribution of liverworts. Unlike it is for the
mosses, information on species distribution of liverworts is
not compiled in an international database such as LATMOSS
(Delgadillo et al., 2013) or TROPICOS (Missouri Botanical
Garden); thus, because of the extensive list of documents revised,
this literature and a few for mosses are listed in Appendix 1.
Information for the tables on geographical distribution and geo-
graphical affinities of the bryophytes of Fortuna is based mainly
on Allen (1994, 2002, 2010, 2018), Camara (2011), LATMOSS,
and TROPICOS. When applicable, for the altitudinal range of
bryophytes in Panama, comparisons are made with the known
flora of Barro Colorado Island (BCI) in the Panama Canal area
(liverworts and mosses), the region of Bahia Honda in Veraguas
Province (mosses), and the Reserva Natural Privada Chucanti in
Darién Province (hornworts and mosses). This last site has both
lowland and premontane rainforests.

LATMOSS distribution was modified as follows (Table 5.1):

North America (Greenland, Alaska, Canada, western United
States, and unknown sites in the region.)

Mexico (only Mexico)

Central America (Guatemala, Belize, El Salvador, Honduras,
Nicaragua, Costa Rica, and Panama)
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Northern South America (Colombia, Venezuela, Guyana,
Suriname, French Guiana, and Trinidad and Tobago)

Mid-South America (Ecuador, including the Galapagos, Peru,
Bolivia, and Brazil)

Southern South America (Chile, Argentina, Paraguay, Uruguay,
and Falkland Islands)

Caribbean (Cuba, Haiti, Dominican Republic, Puerto Rico,
Virgin Islands, and Lesser Antilles)

Africa (North, West, East, and South Africa, Madagascar and
adjacent islands)

Europe (including the Union of Soviet Socialist Republics)

Asia (China, Malesia, Japan, Korea, Thailand, Vietnam,
Laos, and Cambodia).

India (Indian subcontinent and Western Indian Ocean)

Hawaii and Eastern and South Pacific Islands

Australia and New Zealand

FLORISTIC RELATIONSHIPS

Based on geographical distribution of the species, the fol-
lowing floristic elements are recognized: NEO (Neotropical) —
distributed from southern North American to Central America,
the Caribbean and South America; NEO-AF-EU - neotropical
species distributed in Africa and Europe; AF-AM - Species dis-
tributed in Africa, Madagascar and adjacent islands, and the
Americas; PAN (Pantropical) — distributed throughout the Trop-
ics; and SUBCOS (Subcosmopolitan) — with a worldwide distri-
bution. Restricted or disjunct distribution of neotropical species
are recognized as follows: NEO-AS — distributed in América
and Asia; NEOC - only in continental America, unrecorded
for the Caribbean; NEO-CAM - only in Central America; and
NEO-PMA - endemic to Panama. To evaluate the total num-
ber of species, subspecies, and varieties that were distributed in
each geographical area, every name was taken as an individual
record (e.g., Syrrhopodon incompletus is an African—~American
species, but its variety S. incompletus var. berteroanus is Neo-
tropical. The first one was included with the AF-AM species
and the second with the NEO species; Eucamptodontopsis brit-
toniae and E. brittoniae var. mcphersonii both are growing in
Central America and were counted as two NEO records).

RESULTS AND DISCUSSION
TaxoNoMIC DIversITY

To date, the total number of bryophytes recorded for Panama
is 1,236 species. Some 752 species are mosses, 484 liverworts and
hornworts (Dauphin et al., 2015; N. Salazar Allen, personal com-
munication). Three hundred ninety-six species of bryophytes in
164 genera, 2 subspecies, and 12 varieties are reported for Fortuna
(Tables 5.1 and 5.2; Figure 5.3). Before this study, three species and
one variety were described as new to science from plants of For-
tuna: Plagiochila salazariae (Inoue, 1989), Eucamptodontopsis
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TABLE 5.1. Phytogeographic affinities and world distribution of the bryophytes of Fortuna. Next to the family, in parenthesis, the digits
refer to the number of genera/species/subspecies/varieties reported for each family, a dash (=) = unreported. Abbreviations for Affini-
ties: AF, Africa; AM, America; AS, Asia; CAM, Central America; Chocd, Choco biogeographic region; EU, Europe; N Andes, Northern
Andes; NEO, Neotropical; NEOC, Neotropical continental, unreported for the Caribbean; PAN, pantropical; PMA, Panama; SUBCOS,
subcosmopolitan. Abbreviations for World distribution: NA, North America; MX, Mexico; CA, Central America; NW, South America;
MS, mid-South America; SS, southern South America; CR, Caribbean Antilles; AF, Africa; EU, Europe; AS, Asia; IN, India; PO, Hawaii
and South Pacific (Oceania); AU, Australia; NZ, New Zealand. Asterisk (*) = reported for the area; (—) = unreported.

Worldwide distribution

Species by division and family Affinities NA MX CA NW MS SS WI AF EU AS IN PO AU NZ
HORNWORTS (ANTHOCEROTOPHYTA)
Anthocerotaceae (1/2/-/-)
Anthoceros lamellatus Steph. NEOC T
A. tuberculatus Lehm. & Lindenb. NEO — % * * o
Dendrocerotaceae (3/5/-/-)
Dendroceros crispatus (Hook.) Nees PAN . s L
D. crispus (Sw.) Nees PAN — % * * O o x
Nothoceros schizophyllus (Steph.) J.C.Villarreal NEO — - = o &
N. vincentianus (Lehm. & Lindenb.) NEO - * * * ok
J.C.Villarreal
Phaeomegaceros fimbriatus (Gottsche) NEO _ = * e = =
R.J.Duff, J.C.Villarreal, Cargill & Renzaglia
Notothyladaceae (1/1/-/-)
Phaeoceros laevis (L.) Prosk. SUBCOS oo * * * * * o L —
LIVERWORTS (MARCHANTIOPHYTA)
Acrobolbaceae (1/1/-/-)
Acrobolbus laxus (Lehm. & Lindenb.) Briscoe AF-AM —  ® * * oo o
Aneuraceae (2/3/-/-)
Aneura pinguis (L.) Dumort. SUBCOS * * oo * * *
Riccardia fucoidea (Sw.) C.Massal. NEO — ¢ * T
R. poeppigiana (Lehm. & Lindenb.) NEO - * * k.
Hissel ex Meenks & C.De Jong
Balantiopsidaceae (2/2/-/-)
Isotachis multiceps (Lindenb. & Gottsche) NEO — % *® * o
Gottsche
Neesioscyphus argillaceus (Nees) Grolle NEOC _ = * e — — = = —
Calypogeiaceae (2/4/-/-)
Calypogeia peruviana Nees & Mont. AF-AM * * * o % U
C. rhombifolia (Spruce) Steph. NEO — — % * o
Mmnioloma cyclostipum (Spruce) R.M.Schust. NEO _ - * o - = = —
M. rhynchophyllum Herzog NEOC — — E = = = = = =
Cephaloziaceae (3/3/-/-)
Alobiellopsis dominicensis (Spruce) Fulford NEO _ - ® = e
Fuscocephaloziopsis crassifolia (Lindenb. & NEO —  ® * * e
Gottsche) Vana & L.Soderstr.
Odontoschisma variabile (Lindenb. & AF-AM —_ * * o o# .

Gottsche) Trevis.



NUMBER 112 o 161

TABLE 5.1. (Continued)

Worldwide distribution

Species by division and family Affinities NA MX CA NW MS SS WI AF EU AS IN PO AU NZ
Dumortieraceae (1/1/-/-)
Dumortiera hirsuta (Sw.) Nees PAN * * * * * * * * * * * * *
Frullaniaceae (1/12/-/1)
Frullania bicornistipula Spruce NEOC-N. —_ - % * - = = = = = =
Andes
E brasiliensis Raddi NEO —  * # * * * o
E caulisequa (Nees) Mont. NEO o— ¥ * AU U U
E dusenii Steph. NEO —_ - * U
E ericoides (Nees) Mont. PAN % * * * * = = * o
E exilis Taylor NEO - * * o w _ _ _
E kunzei (Lehm. & Lindenb.) Lehm. & NEO o ® * e =
Lindenb.
E macrocephala (Lehm. & Lindenb.) NEO —_ = " * %
Lehm. & Lindenb.
F. mirabilis ].B.Jack & Steph. NEOC R — * - = = = =
E obscura (Sw.) Mont. var. spiniloba (Steph.) NEO - - * * S
Hentschel & von Konrat
E pittieri Steph. NEOC —_ = * o
E uleana Steph. NEO —_ = —
Herbertaceae (2/3/1/-)
Herbertus bivittatus Spruce NEO o E o w o w w0
H. juniperoideus (Sw.) Grolle AF-AM — * * o % A
H. pensilis (Taylor) Spruce NEO — — % * o
Lejeuneaceae (26/87/1/2)
Acanthocoleus aberrans (Lindenb. & AF-AM —  * * * * * * = = =
Gottsche) Kruijt var. laevis Gradst.
Anoplolejeunea conferta (C.EW.Meissn. NEO _ - * o = =
ex Spreng.) A.Evans
Brachiolejeunea laxifolia (Taylor) Schiffn. NEO - * * = w _ _ — —
Bryopteris filicina (Sw.) Nees NEO - * * * ok
Ceratolejeunea cornuta (Lindenb.) Steph. PAN —  * * * oo o x
C. fallax (Lehm. & Lindenb.) Bonner AF-AM —_ = * o o# .
C. filaria (Taylor ex Lehm.) Steph. NEO —_ * * o x
C. spinosa (Gottsche) Steph. NEO _ = % * U
Cheilolejeunea acutangula (Nees) Grolle NEO —— * * U
C. aneogyna (Spruce) A.Evans NEO —_ - F * A G U
C. comans (Spruce) R.M.Schust. NEO —_ = * * * o =
C. filiformis (Sw.) W.Ye, R.L.Zhu & Gradst. NEO — # * o
C. holostipa (Spruce) Grolle & R.L.Zhu NEO - — % * o
C. inflexa (Hampe ex Lehm.) Grolle NEO - — % * o
C. lineata (Lehm. & Lindenb.) Steph. NEO — * * k=
C. oncophylla (Angstr.) Grolle & M.E.Reiner NEO —_ - * * * * o

(Continued)
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TABLE 5.1. (Continued)

Worldwide distribution

Species by division and family Affinities NA MX CA NW MS SS WI AF EU AS IN PO AU NZ
C. trifaria (Reinw., Blume & Nees) Mizut. PAN — % * * * * * % * * I
C. xanthocarpa (Lehm. & Lindenb.) Malombe PAN LN * * * * L
Cololejeunea appressa (A.Evans) Benedix PAN — * o % o # o
C. camillii (Lehm.) A.Evans NEO —_ * * * * o
C. diaphana A.Evans PAN LI * B w s
C. gracilis (Jovet-Ast) Pocs NEO —_ = * * O
C. jamesii (Austin) M.E.Reiner & Pécs PAN * * * * * * *® o x _ _ _
C. linopteroides H.Rob. NEOC - — = o
C. papilliloba (Steph.) Steph. AF-AM — * * o s
C. papillosa (K.I1.Goebel) Mizut. NEO-AS —_ = " * o x . x
C. sicifolia (Gottsche ex A.Evans) Pocs & NEO T

Bernecker subsp. jamaicensis (R.M.Schust.)
Bernecker & Pécs

C. subcardiocarpa Tixier NEO — * * O
C. submarginata Tixier NEO — * * k.
C. yelitzae Pocs & Bernecker NEOC —_ = * o - = = = =
Cyclolejeunea accedens (Gottsche) A.Evans NEO R — * ot =
C. chitonia (Taylor ex Lehm.) A.Evans NEO — — % * o
C. convexistipa (Lehm. & Lindenb.) A.Evans NEO — * * % =
C. peruviana (Lehm. & Lindenb.) A.Evans NEO _ - % * o
Diplasiolejeunea caribea Tixier NEO - — % * o
D. cavifolia Steph. PAN —  * * * o # o w o
D. jobnsonii A.Evans NEO —_ B x
D. pellucida (C.EW.Meissn. ex Spreng.) PAN * * * * o # e w
Schiffn.
D. pluridentata Schif.-Verw. NEOC - e e - = = =
D. rudolphiana Steph. PAN * * * * oo ok
D. unidentata (Lehm. & Lindenb.) Schiffn. NEO —  ® * * e =
Drepanolejeunea bidens (Prantl) A.Evans NEO R * e
D. orthophylla (Nees & Mont.) Bischl. NEO — * * e =
Fulfordianthus pterobryoides (Spruce) NEOC-Chocé 7 T U —
Gradst.
Harpalejeunea stricta (Lindenb. & Gottsche) NEO * * * * o w _ _
Steph.
H. uncinata Steph. NEO _ = % * O U
Lejeunea adpressa Nees AF-AM o k% * * S
L. angusta (Lehm. & Lindenb.) Mont NEOC — = o = = = =
L. aphanes Spruce AF-AM o x * % S
L. asperrima Spruce NEO —  ® * * o
L. bermudiana (A.Evans) R.M.Schust. NEO e w _x_h
L. caulicalyx (Steph.) M.E.Reiner & Goda NEO —_ - * * v =
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TABLE 5.1. (Continued)

Worldwide distribution

Species by division and family Affinities NA MX CA NW MS SS WI AF EU AS IN PO AU NZ
L. cerina (Lehm. & Lindenb.) Lehm. & NEO S — * — - - - = = = =
Lindenb.
L. cristuliflora (Steph.) M.E.Reiner & Goda NEOC S — — - - - = = = = = =
L. deplanata Nees NEO — * * - v = =
L. flava (Sw.) Nees PAN k * * * * * d — *
L. cf. glaucescens Gottsche NEO — * — - - - = = =
L. herminieri (Steph.) R.L.Zhu NEO — * — e
L. laeta (Lehm. & Lindenb.) Lehm. & NEO — * - - - = = =
Lindenb.
L. laetevirens Nees & Mont. NEO — * - - - - = = =
L. cf. lusoria (Lindenb. et Gottsche) Steph. NEOC - — * _ - = = = = = = =
L. obtusangula Spruce NEO * # - - - = = = =
L. paucidentata (Steph.) Grolle NEO N — - - — -
L. rotundifolia Mitt. NEOC I — * - = =
L. sulphurea (Lehm. & Lindenb.) Spruce NEO - — — U
L. venezuelana (R.M.Schust.) R.L.Zhu & NEOC - — - - - = = = = = = =
W.Ye
Lepidolejeunea cordifissa (Taylor) NEOC - — - - - = = = = =
M.E.Reiner
L. involuta (Gottsche) Grolle NEO — * — S
Lopholejeunea nigricans (Lindenb.) Schiffn. PAN * o * —
L. subfusca (Nees) Schiffn. PAN ; * * —_ = ; * —
Marchesinia brachiata (Sw.) Schiffn. AF-AM — * * * * - - = =
M. robusta (Mitt.) Schiffn. NEOC —_ — * - - - = = = = = =
Microlejeunea bullata (Taylor) Steph. NEO — * — - - - = = =
M. crenulifolia (Gottsche) Steph. NEO —_ - * — - - - = = =
M. diversiloba (Spruce) Mull. Frib. NEO — * — - - - = = =
M. epiphylla Bischl. NEO o * — - - - = = =
Neurolejeunea breutelii (Gottsche) A.Evans NEO * * — - -
Odontolejeunea lunulata (F.Weber) Schiffn. AF-AM — * — - - = = = =
Otigoniolejeunea huctumalcensis (Lindenb. & NEO — * — - - - = = = =
Gottsche) Y.M.Wei, R.L.Zhu & Gradst.
Prionolejeunea cf. aemula (Gottsche) NEO —_ — — e
A.Evans
P. schlimiana (Gottsche) Steph. NEOC — — - - - - = = = = =
Pycnolejeunea decurviloba Steph. NEOC - — - - - = = = = = =
Schiffneriolejeunea polycarpa (Nees) Gradst. PAN — * — - =
Stictolejeunea squamata (Willd. ex FEWeber) NEO — * - - - = = =

Schiffn. Jong

Symbiezidium dentatum Herzog

NEOC-Chocé

(Continued)
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TABLE 5.1. (Continued)

Worldwide distribution

Species by division and family Affinities NA MX CA NW MS SS WI AF EU AS IN PO AU NZ
S. transversale (Sw.) Trevis. var. hookerianum NEO —_ = % * —_ e — — = = = —
(Gottsche, Lindenb. & Nees) Gradst. &
J-Beek
Thysananthus auriculatus (Wilson & Hook.) AF-AM * * * * * * * = = = = =

Sukkharak & Gradst.
Lepicoleaceae (1/1/-/-)

Lepicolea pruinosa (Taylor) Spruce NEOC — * * * o = =
Lepidoziaceae (7/11/-/-)
Bazzania cuneistipula (Gottsche & Lindenb.) NEO _ - * ot L - = = —
Trevis.
B. hookeri (Lindenb.) Trevis. NEO R * * v =
B. stolonifera (Sw.) Trevis. NEO — * * e
Kurzia capillaris (Sw.) Grolle AF-AM - ® * * * * * o
Lepidozia cupressina (Sw.) Lindenb. NEO-AF-EU - ® * * * * £
L. macrocolea Spruce NEO - ® * = e
L. patens Lindenb. NEO _ - " * o x
Micropterygium cf. trachyphyllum Reimers NEO - - % * .
Mytilopsis albifrons Spruce NEO - — % * U
Telaranea nematodes (Gottsche ex Austin) NEO-AF-EU — * * * * * o
M.Howe
Zoopsidella integrifolia (Spruce) R.M.Schust. NEOC — = % * o = = =
Lophocoleaceae (5/8/-/-)
Chiloscyphus quadridentatus (Spruce) NEO - — % * o
J.J.Engel & R.M.Schust.
Cryptolophocolea connata (Sw.) NEO — * * o
L.Soderstr. & Vana
Heteroscyphus marginatus (Steph.) Fulford NEOC — - % * = = = =
Leptoscyphus gibbosus (Taylor) Mitt. NEO —_ = * * O
L. porphyrius (Nees) Grolle NEO _ - * e
L. trapezoides (Mont.) L.Soderstr. NEO — * * * * o
Lophocolea liebmanniana Gottsche NEO - * * o w
L. muricata (Lehm.) Nees PAN * * * * * * * % * o
Marchantiaceae (1/2/-/-)
Marchantia chenopoda L. NEO — * * o = =
M. polymorpha L. SUBCOS * * * * * * o o
Metzgeriaceae (1/6/-/-)
Metzgeria albinea Spruce AF-AM - * * * * * .
M. attenuata Steph. AF-AM _ - % * o # S
M. ciliata Raddi PAN — # * * * * o x % *
M. conjugata Lindb. PAN * * * * o x % I
M. leptoneura Spruce PAN * * * * o % * * o= *

M. procera Mitt. NEO —_ - F * v = =
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Species by division and family

Affinities

Worldwide distribution

NA MX CA NW MS SS WI AF EU AS

IN PO AU NZ

Monocleaceae (1/1/1/-)
Monoclea gottschei Lindb. subsp. gottschei
Pallaviciniaceae (1/3/-/-)

Symphyogyna aspera Steph. ex
F.A.McCormick

S. brasiliensis Nees
S. brongniartii Mont.
Plagiochilaceae (1/15/-/1)
Plagiochila adianthoides (Sw.) Lindenb.
P. aerea Taylor
P. bifaria (Sw.) Lindenb.
P. cristata (Sw.) Lindenb.

P. disticha (Lehm. & Lindenb.) Lehm. &
Lindenb.

P. gymnocalycina (Lehm. & Lindenb.)
Mont. & Nees

P. laetevirens Lindenb.

P. patula (Sw.) Nees & Mont. ex Lindenb.
P. raddiana Lindenb.

P. rudischusteri H.Rob.

P. rutilans Lindenb.

P. rutilans var. moritziana (Lindenb. &
Gottsche ex Hampe) Heinrichs

P. salazariae Inoue

P. simplex (Sw.) Lindenb.

P. subplana Lindenb.

P. superba (Nees ex Spreng.) Mont. & Nees
Radulaceae (1/6/-/-)

Radula episcia Spruce

R. fendleri Gottsche ex Steph.

R. gottscheana Taylor

R. kegelii Gottsche ex Steph.

R. cf. sinuata Gottsche ex Steph.

R. stenocalyx Mont.
Scapaniaceae (1/1/-/-)

Scapania portoricensis Hampe & Gottsche
Trichocoleaceae (1/4/-/-)

Leiomitra flaccida Spruce

L. paraphyllina Spruce

L. sprucei (Steph) T.Katagiri

L. tomentosa (Sw.) Lindb.

NEO

NEO

AF-AM
NEO

NEO
NEO
NEO-AF-EU
NEO
NEO

NEO

NEOC

NEO

NEO
NEOC-Chocé
NEO

NEO

NEO-PMA
NEO
NEO-AS
NEO

NEOC
NEO
NEO
NEO
NEOC
PAN

NEO

NEO
NEO
NEO
NEO

(Continued)
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TABLE 5.1. (Continued)

Worldwide distribution

Species by division and family Affinities NA MX CA NW MS SS WI AF EU AS IN PO AU NZ

MOSSES (BRYOPHYTA)

Bartramiaceae (3/5/-/-)

Breutelia tomentosa (Sw. ex Brid.) A.Jaeger AF-AM — R ww e
Leiomela bartramioides (Hook.) Paris PAN — * * o T
Philonotis elongata (Dism.) H.A.Crum & NEO T T N —
Steere
P. sphaericarpa (Hedw.) Brid. NEO * * * * * * o
P. uncinata (Schwigr.) Brid. NEO * * * * v =
Brachytheciaceae (2/2/-/-)
Eurbynchium cf. clinocarpum (Taylor) Paris NEO o E o ww w0
Rhynchostegium scariosum (Taylor) NEO —_ * * o x
A.Jaeger
Bryaceae (4/9/-/-)
Anomobryum conicum (Hornsch.) Broth. NEO — * * =
A. julaceum (Schrad. ex G.Gaertn., SUBCOS T
B. Mey. & Scherb.) Schimp.
Brachymenium columbicum (De Not.) Broth. NEO — * * o w
B. speciosum (Hook. & Wilson) Steere NEO o * U
Bryum apiculatum Schwigr. PAN * * * * * * * * * * * —
B. argenteum Hedw. SUBCOS * * * * * * * * * * * * *
B. billarderii Schwigr. SUBCOS * * * * * * * £ * * *
B. incrassatolimbatum Cardot NEO-CAM * o - = = = =
B. limbatum Miill. Hal. NEO . * * * * o
Poblia sp. — - - - - - - - - = = = ==
Calymperaceae (2/8/-/2)
Calymperes nicaraguense Renauld & NEO — * * o
Cardot
Syrrhopodon circinatus (Brid.) Mitt. NEO - * * o w
S. hornschuchii Mart. NEO — * * o
S. incompletus Schwigt. AF-AM * * * * @ s
S. incompletus var. berteroanus (Brid.) NEO —_ * * o x
‘W.D.Reese
S. leprieurii Mont. NEO —_ = * o w _ _
S. lycopodioides (Sw. ex Brid.) Miill. Hal. NEO —— * * U
S. parasiticus (Sw. ex Brid.) Besch. PAN * * * * * * * o x _ _x
S. prolifer Schwigr. PAN — * * * * * L o
S. prolifer var. cincinnatus (Hampe) NEO - — % * o
W.D.Reese

Daltoniaceae (2/2/-/-)
Daltonia sp. — - - - - - - - = = = = = = =
Leskeodon andicola (Spruce ex Mitt.) Broth. NEO — * * o
L. cubensis (Mitt.) Thér. NEO — * * o =
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Species by division and family

Affinities

Worldwide distribution

NA MX CA NW MS SS WI AF EU AS

IN PO AU NZ

Dicranaceae (10/24/-/1)

Bryohumbertia filifolia (Hornsch.)
J.-P.Frahm

Campylopus arctocarpus (Hornsch.) Mitt.

C. asperifolius Mitt.

C. atlanticus B.H.Allen

C. densicoma (Mill. Hal.) Paris

C. flexuosus (Hedw.) Brid.

C. fragilis (Brid.) Bruch & Schimp.

C. savannarum (Miill. Hal.) Mitt.
Dicranella harrisii (Miill. Hal.) Broth.
D. hilariana (Mont.) Mitt.
Dicranodontium pulchroalare Broth.
Dicranum flagellare Hedw.

D. frigidum Maull. Hal.

Eucamptodontopsis brittoniae (E.B.Bartram)

B.H.Allen

E. brittoniae var. mcphersonii B.H.Allen

Holomitrium arboretum Mitt.

H. flexuosum Mitt.

H. longifolium Hampe

H. pulchellum Mitt.

H. sinuosum B.H.Allen

Leucoloma cruegerianum (Mill. Hal.)
A.Jaeger

L. serrulatum Brid.

Microcampylopus leucogaster (Mill. Hal.)

B.H.Allen

Schliephackea meteorioides (R.S.Williams)

Broth.
Entodontaceae (1/1/-/-)
Entodon hampeanus Mill. Hal.
Fissidentaceae (1/11/-/5)

Fissidens anguste-limbatus Mitt. var.
anguste-limbatus

E asplenioides Hedw.
E bryoides Hedw.

E crispus Mont.

E flaccidus Mitt.

E guianensis Mont.

E lagenarius Mitt. var. lagenarius

NEO

AF-AM
NEOC
NEO-CAM
NEOC
SUBCOS
SUBCOS
AF-AM
NEO
NEO
NEOC
SUBCOS
NEO
NEOC

NEO-CAM
NEO
NEO
NEO
NEO
NEO
NEO

NEO
NEO

NEO

NEO

NEOC

PAN
NEO
SUBCOS
PAN
NEO
NEO

(Continued)
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Worldwide distribution

Species by division and family Affinities NA MX CA NW MS SS WI AF EU AS IN PO AU NZ
E pellucidus Hornsch. var. pellucidus PAN * — - -
E polypodioides Hedw. NEO * — - - - = = =
E weirii Mitt. AF-AM — * * — d o - = = —
E weirii var. hemicraspedophyllus (Cardot) NEO — * * - v = = =
Pursell
E zollingeri Mont. SUBCOS * L — -
Funariaceae (1/1/-/-)
Funaria bygrometrica Hedw. SUBCOS * — —
Hookeriaceae (15/37/-/-)
Actinodontium sprucei (Mitt.) A.Jaeger NEO — * — - - - = = =
Amblytropis bispidula (Mitt.) Broth. NEOC - — * - - - - = = = = =
Brymela angustiretis (E.B.Bartram) B.H.Allen NEO-CAM - — - - - - - - = = = = =
B. crosbyi (B.H.Allen) B.H.Allen NEO-CAM I — - - = = =
B. obtusifolia (E.B.Bartram) W.R.Buck NEOC S — - - - - = = = = = =
Callicostella callicostelloides (Herzog & NEO — - - — - - - = = = =
Thér.) B.H.Allen
C. oerstediana (Mull. Hal.) A.Jaeger NEOC - — - - - = = = = = =
C. pallida (Hornsch.) Angstr. NEO * S
Crossomitrium epiphyllum (Mitt.) Miill. Hal. NEO —_ — * — - - - = = =
C. patrisiae (Brid.) Mill. Hal. NEO —_ - * U
Cyclodictyon albicans (Hedw.) Kuntze NEO — * * : =
C. roridum (Hampe) Kuntze NEO —_ — * — - - - = = =
C. rubrisetum (Mitt.) Kuntze NEOC — * - - - - = = = = =
C. subtortifolium (E.B.Bartram) W.R.Buck NEO — * — - - - = = =
C. varians (Sull.) Kuntze NEO * * — P
Hemiragis aurea (Lam. ex Brid.) Kindb. NEO - — * — P
Hookeria acutifolia Hook. & Grev. PAN * * — N -
Hypnella diversifolia (Mitt.) A.Jaeger NEO S — * — .
H. pallescens (Hook.) A.Jaeger NEO - — * — - - =
Lepidopilidium divaricatum (Dozy & AF-AM — - - = =
Molk.) Broth.
Lepidopilum amplirete (Sull.) Mitt. NEO - — e
L. brevipes Mitt. NEO — — - - = = = =
L. diaphanum (Sw. ex Hedw.) Mitt. NEO S — * — —
L. longifolium Hampe NEO — * — - - - = = =
L. muelleri (Hampe) Hampe NEO — * * =
L. permarginatum R.S.Williams NEOC —_ = * - = = = = = = = =
L. polytrichoides (Hedw.) Brid. NEO * — - - - = = =
L. scabrisetum (Schwigr.) Steere NEO — * — - - - - = = =
L. tortifolium Mitt. NEO — * — - - - = = =
Pilotrichidium callicostatum (Mill. Hal.) NEO — * — - - - = = =

A.Jaeger
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TABLE 5.1. (Continued)

Species by division and family

Affinities

Worldwide distribution

NA MX CA NW MS

SS

WI AF EU

AS

IN PO AU NZ

Stenodictyon wrightii (Sull. & Lesq.) Crosby

Thamniopsis cruegeriana (Miill. Hal.)
W.R.Buck

T. pendula (Hook.) M.Fleisch.

T. undata (Hedw.) W.R.Buck

Trachyxiphium guadalupense (Brid.) W.R.Buck

T. subfalcatum (Hampe) W.R.Buck

T. variabile (Hornsch. ex Mitt.) W.R.Buck
Hypnaceae (11/14/-/1)

Caribaeobypnum polypterum (Mitt.)
Ando & Higuchi

Chryso-bypnum diminutivum (Hampe)
W.R.Buck
Ctenidium malacodes Mitt.

Ectropothecium leptochaeton (Schwigt.)
W.R.Buck

Mittenothammnium langsdorffii (Hook.) Cardot
M. reduncum (Schimp. ex Mitt.) Ochyra

M. reptans (Hedw.) Cardot

M. substriatum (Mitt.) Cardot

Phyllodon truncatulus (Miill. Hal.) W.R.Buck
Puiggariopsis aurifolia (Mitt.) M.Menzel

Pylaisiadelpha tenuirostris (Bruch &
Schimp. ex Sull.) W.R.Buck

Rbhacopilopsis trinitensis (Miill. Hal.)
E.Britton & Dixon

Taxiphyllum laevifolium (Mitt.) W.R.Buck

Vesicularia vesicularis (Schwigr.) Broth.
var. rutilans (Brid.) W.R.Buck

Hypopterygiaceae (1/1/-/-)

Hypopterygium tamarisci (Sw.) Brid. ex
Maill. Hal.

Lembophyllaceae (2/2/-/-)

Lepyrodontopsis trichophylla (Sw. ex
Hedw.) Broth.

Pilotrichella flexilis (Hedw.) Angstr.
Leskeaceae (2/5/-/-)

Pelekium minutulum (Hedw.) Touw

Thuidium carantae (Miill. Hal.) A.Jaeger

T. delicatulum (Hedw.) Schimp.

T. pseudoprotensum (Miill. Hal.) Mitt.

T. tomentosum Schimp.

NEOC
NEOC

NEOC
NEO
NEO
NEOC
NEOC

NEO

NEO

NEO
NEO

NEO
NEOC
PAN
NEO
NEO
NEOC
SUBCOS

PAN

NEO
NEO

PAN

NEO

PAN

NEO-AF-EU
NEOC
SUBCOS
NEO

NEO

*

*

=

(Continued)
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TABLE 5.1. (Continued)

Worldwide distribution

Species by division and family Affinities NA MX CA NW MS SS WI AF EU AS IN PO AU NZ
Leucobryaceae (1/5/-/-)
Leucobryum antillarum Schimp. ex Besch. NEO * * * * .  — — —
L. crispum Mill. Hal. NEO — * * =
L. giganteum Miill. Hal. NEO — * * =
L. martianum (Hornsch.) Hampe ex NEO — * * o
Miill. Hal.
L. polakowskyi (Miill. Hal. ex Besch.) Cardot NEO —_ * * O
Leucomiaceae (2/2/-/-)
Leucomium strumosum (Hornsch.) Mitt. PAN — % * * = % o * o
Rhynchostegiopsis flexuosa (Sull.) Mill. Hal. NEO - * = e

Meteoriaceae (6/9/-/-)

Barbella sp. — - - - - - = = = = = = = = =

Meteoridium remotifolium (Mill. Hal.) NEO —_ * * * * o
Manuel

Meteorium deppei (Hornsch. ex Mill. Hal.) NEO - * * * o =
Mitt.

Squamidium isocladum (Renauld & Cardot) NEO o E o ww w0
Broth.

S. leucotrichum (Taylor) Broth. NEO —_ * * o — = = —

S. livens (Schwigr.) Broth. NEO R * o =

Toloxis imponderosa (Taylor) W.R.Buck NEO — * * o

Zelometeorium ambiguum (Hornsch.) AF-AM T R
Manuel

Z. patulum (Hedw.) Manuel NEO * * * * * * v

Z. recurvifolium (Hornsch. in Mart.) Manuel NEOC — - % * = = = =

Mniaceae (3/3/-/-)

Plagiomnium rhynchophorum (Hook.) SUBCOS * * * * * * * % =
T.J.Kop.

Pyrrbobryum spiniforme (Hedw.) Mitt. PAN * * * * * * * o # o *

Rhizogonium lindigii (Hampe) Mitt. NEO - * * * * o

Neckeraceae (7/12/-/-)

Homaliodendron piniforme (Brid.) Enroth PAN - ® * * o o# o

Isodrepanium lentulum (Wilson) E.Britton NEO —_ * * o x

Neckeropsis undulata (Hedw.) Reichardt NEO * * * * o - =

Orthostichella rigida (Miill. Hal.) PAN —— * * S
B.H.Allen & Magill

O. versicolor (Miill. Hal.) B.H.Allen & PAN —_ * * * * * o x
W.R.Buck

Porotrichodendron lindigii (Hampe) NEO L
W.R.Buck

Porotrichum brevifolium E.B.Bartram NEO-CAM - - = = = = =

P. korthalsianum (Dozy & Molk.) Mitt. NEO — * * o

P. longirostre (Hook.) Mitt. NEO —_ ¢ * * O U —
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TABLE 5.1. (Continued)

Worldwide distribution

Species by division and family Affinities NA MX CA NW MS SS WI AF EU AS IN PO AU NZ
P. mutabile Hampe NEO — ¥ * * o r = =
P. substriatum (Hampe) Mitt. AF-AM - * * oo £
Thamnomalia glabella (Hedw.) S.Olsson, NEO —_ ¢ * * O -

Enroth & D.Quandt
Octoblepharaceae (1/3/-/-)

Octoblepharum cocuiense Mitt. NEO — * * o
O. erectifolium Mitt. ex R.S.Williams NEO —_ * * O
O. pulvinatum (Dozy & Molk.) Mitt. NEO —_ * * e -
Orthotrichaceae (3/18/-/-)
Groutiella apiculata (Hook.) H.A.Crum & NEO — * * T
Steere
G. chimborazensis (Spruce ex Mitt.) Florsch. NEO —_ * * o x
G. mucronifolia (Hook. & Grev.) NEO —_ * * %
H.A.Crum & Steere
G. tomentosa (Hornsch.) Wijk & Margad. PAN * * * * S 0 o E
Macromitrium cirrosum (Hedw.) Brid. NEO — * * e =
M. echinatum B.H.Allen NEOC —_ = * o = =
M. fuscoaureum E.B.Bartram NEOC —_ - F * - - = = = = = =
M. guatemalense Miill. Hal. NEO —_ % * * U
M. leprieurii Mont. NEO _ - * o - - = = —
M. longifolium (Hook.) Brid. NEO — * * o
M. mcphersonii B.H.Allen NEO-CAM - - = = = = =
M. punctatum (Hook. & Grev.) Brid. NEO — % * * ok
M. scoparium Mitt. NEO —_ = F * 0 = =
M. standleyi E.B.Bartram NEOC _ - - e e = = = = =
M. subcirrbosum Mill. Hal. NEO — - % o o+
M. ulophyllum Mitt. NEOC _ - * * o
Schlotheimia jamesonii (Arnott) Brid. NEO —  ® * * e =
S. rugifolia (Arn.) Brid. NEO * * * * * * o
Phyllogoniaceae (1/2/-/-)
Phyllogonium fulgens (Hedw.) Brid. NEO — ¢ * * .
P. viscosum (P.Beauv.) Mitt. AF-AM — * * o A
Pilotrichaceae (1/5/-/-)
Pilotrichum andersonii Crosby NEOC . Ew w0
P. bipinnatum (Schwigr.) Brid. NEO - — % * o
P. evanescens (Miill. Hal.) Crosby NEO — * * o
P. fendleri Mill. Hal. NEO — * * o
P. ramosissimum Mitt. NEOC —  * * * - - - = = = = =
Polytrichaceae (4/7/-/-)
Atrichum oerstedianum (Mull. Hal.) Mitt. NEO - * * * o
A. polycarpum (Miill. Hal.) Mitt. NEO - — % * * * o

(Continued)
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TABLE 5.1. (Continued)

Worldwide distribution

Species by division and family Affinities NA MX CA NW MS SS WI AF EU AS IN PO AU NZ
Pogonatum campylocarpum (Mull. Hal.) Mitt. NEO — * * * * =
P. procerum (Lindb.) Schimp. NEO —_ B x e
P. tortile (Sw.) Brid. NEO — * * ok
Polytrichum juniperinum Hedw. SUBCOS * * * * * * * * * o
Steereobryon subulirostrum (Schimp. ex NEO — * * o

Besch.) G.L.Sm.
Pottiaceae (1/1/-/-)
Hyopbhila involuta (Hook.) A.Jaeger SUBCOS * * * * * * * * * * o
Pterobryaceae (6/7/-/-)

Orthostichidium quadrangulare (Schwigr.) NEO L
B.H.Allen & Magill
Orthostichopsis tetragona (Sw. ex Hedw.) NEO —_ * * .
Broth.
Pireella angustifolia (Mill. Hal.) Arzeni NEO —_ * * o x
P. pycnothallodes (Miill. Hal.) M.Fleisch. NEO — % s =
Pterobryon densum Hornsch. NEO —  ® * * * * o
Pterobryopsis mexicana (Renauld & Cardot) NEOC —— o - = = = = =
M.Fleisch.
Renauldia paradoxica B.H.Allen NEOC - — % o - = = = = = =
Pylaisiadelphaceae (2/2/-/-)
Isopterygium tenerum (Sw.) Mitt. SUBCOS * * * * * * * * * o
Taxithelium planum (Brid.) Mitt. AF-AM * * * o o
Racopilaceae (1/1/-/-)
Racopilum tomentosum (Hedw.) Brid. NEO * * * * * * L
Sematophyllaceae (3/16/-/-)
Acroporium caespitosum (Hedw.) W.R.Buck NEO-AS - r e e
A. longirostre (Brid.) W.R.Buck NEO — e
A. pungens (Hedw.) Broth. PAN - ® * * = # L
Sematophyllum adnatum (Michx.) E.Britton PAN * * * * o %
S. cochleatum (Broth.) Broth. NEOC R * - = = = =
S. cuspidiferum Mitt. NEOC —_ * * o - = = =
S. galipense (Mill. Hal.) Mitt. AF-AM — * * * * o
S. cf. hampei (Besch.) Broth. NEO — = * s o
S. marylandicum (Mill. Hal.) E.Britton NEOC * * o = = =
S. squarrosum W.R.Buck AF-AM _ - % S
S. subpinnatum (Brid.) E.Britton PAN * * # * * * * o * * o
S. cf. subsimplex (Hedw.) Mitt. AF-AM . * * o o
S. swartzii (Schwigr.) W.H.Welch & NEO —_ * * e
H.A.Crum
Trichosteleum fluviale (Mitt.) A.Jaeger AF-AM — o E o w o w e
T. papillosum (Hornsch.) A.Jaeger AF-AM —  F * * o o =

T. sentosum (Sull.) A.Jaeger NEO B D U U
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TABLE 5.2. Summary of families, genera, species, subspecies and varieties of bryophytes reported for Fortuna and their geographic
affinities. NEO = Neotropical; AF-AM = affinities with Africa; PAN = pantropical; SUBCOS = subcosmopolitan.

Family Genera Species Subspecies Variety NEO AF-AM PAN SUBCOS

HORNWORTS (ANTHOCEROTOPHYTA)

Anthocerotaceae 1 2 2

Dendrocerotaceae 3 S 3 2

Notothyladaceae 1 1 1

Subtotals 5 8 5 2 1
LIVERWORTS (MARCHANTIOPHYTA)

Acrobolbaceae 1 1 1

Aneuraceae 2 3 2 1

Balantiopsidaceae 2 2 2

Calypogeiaceae 2 4 3 1

Cephaloziaceae 3 3 2 1

Dumortieraceae 1 1 1

Frullaniaceae 1 12 1 11 1

Herbertaceae 1 3 2 1

Lejeuneaceae 26 87 1 2 66 8 13

Lepicoleaceae 1 1 1

Lepidoziaceae 7 11 10 1

Lophocoleaceae 5 8 7 1

Marchantiaceae 1 2 1 1

Metzgeriaceae 1 6 1 2 3

Monocleaceae 1 1 1 1

Pallaviciniaceae 1 3 2 1

Plagiochilaceae 1 15 1 16

Radulaceae 1 6 N 1

Scapaniaceae 1 1 1

Trichocoleaceae 1 4 4

Subtotals 60 174 2 4 137 16 20 2

MOSSES (BRYOPHYTA)

Bartramiaceae 3 S 3 1 1

Brachytheciaceae 2 2 2

Bryaceae 4 9 N 1 3

Calymperaceae 2 8 2 7 1 2

Daltoniaceae 2 2 2

Dicranaceae 10 23 1 19 2 3

Entodontaceae 1 1 1

Fissidentaceae 1 11 4 6 1 3 2

Funariaceae 1 1 1

Hookeriaceae 15 37 35 1 1

Hypnaceae 11 14 1 11 2 1

Hypopterygiaceae 1 1 1

(Continued)
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TABLE 5.2. (Continued)

Family Genera Species Subspecies Variety NEO AF-AM PAN SUBCOS
Lembophyllaceae 2 2 1 1

Leskeaceae 2 5 4 1
Leucobryaceae 1 5 5

Leucomiaceae 2 2 1 1

Meteoriaceae 6 9 8 1

Mhniaceae 3 3 1 1 1
Neckeraceae 7 12 8 1 3
Octoblepharaceae 1 3 3

Orthotrichaceae 3 18 17 1
Phyllogoniaceae 1 2 1 1

Pilotrichaceae 1 5 5

Polytrichaceae 4 7 6 1
Pottiaceae 1 1 1
Pterobryaceae 6 7 7

Pylaisiadelphaceae 2 2 1 1
Racopilaceae 1 1 1

Sematophyllaceae 3 16 8 5 3

Subtotals 929 214 8 167 15 21 15
Totals for all taxa 164 396 12 309 31 43 18

brittoniae, E. brittoniae var. mcphersonii (Allen, 1994), and Mac-
romitrium mcphersonii (Allen, 2002). Most bryophytes collected
in Fortuna are epiphytes on trunks, branches, and leaves and epi-
petric on rocks. A small number grow in soil, particularly thallose
liverworts, some hornworts, and, for mosses, some members of
Bartramiaceae, Dicranaceae, Fissidentaceae, Polytrichaceae, and
Sematophyllaceae. According to Gradstein (1995a), montane for-
ests have approximately 2.5 times as many bryophyte families as
lowland forests have. Fortuna has twice the number of bryophyte
families (52) that the lowland forest of BCI has (26). It is interest-
ing to note that the state of Rhode Island in the United States,
approximately 1.6 times the size of the Reserva Forestal Fortuna,
has only 118 species of bryophytes (97 mosses and 21 liverworts;
Miller and Buck, 2008).

Bryophytes inventories in tropical montane forests have
shown that liverworts species outnumber those found in the
lowland forests (Richards, 1984; Gradstein et al., 1989; Dau-
phin, 1999; Horwath et al., 2019), although less than previously
assumed if canopy flora is fully accounted (Gradstein et al., 1990;
Gradstein, 1995b; Gehrig-Downie et al., 2013). In Fortuna, the
highest number of mosses compared to liverworts may indicate
that the forests in the areas studied comprise many more spe-
cies from the humid lowlands that extend their ranges into the
humid premontane to montane forest and fewer species charac-
teristic of high montane forests that descend to this humid forest.
However, this difference may also be related, at least in part, to

collecting sites that are generally close to roads (accessibility), in
secondary forests, in disturbed forests, and at the foothills of the
mountains, with less intense collections in the primary forests at
higher elevations and the canopy areas.

In the account that follows, only the main families in rich-
ness of species are discussed for each bryophyte division found
in Fortuna.

Hornworts (Anthocerotophyta)

The hornworts (Anthocerotophyta) are the smallest taxon in
number of species (8) and genera (5) of the bryophytes of Fortuna
(Tables 5.1 and 5.2, Figures 5.3 and 5.4). The hornworts are a
lineage of Paleozoic origin (Villarreal et al., 2015) with approxi-
mately 2135 species worldwide (Soderstrom et al., 2016). Although
with few species compared to other bryophytes, the hornworts
are very important morphologically and genetically for under-
standing the transition of plants to land. Unlike all other land
plants, the hornworts are the only terrestrial taxon with species
having a pyrenoid (carbon-concentrating organelle) in their chlo-
roplasts, as occurs in green algae. Most hornworts grow in soil or
rocks in very moist to wet environments, near creeks, waterfalls,
and some even in indoor and outdoor gardens (e.g., Notothylas).
Collections of Fortuna were from rocks near rivers or creeks or
from soil in the forest floor. The paucity of species of hornworts
in Fortuna is related, in part, to difficulties in identifying sterile
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FIGURE 5.3. Number of genera, species, subspecies and varieties of the hornworts (Anthocerotophyta), liverworts (Marchantiophyta) and

mosses (Bryophyta) of Fortuna.

dried material and to the small number of fertile collections.
Of the eight species found in Fortuna, only two, Dendroceros
crispatus and Phaeoceros laevis, have a wide distribution in
tropical and temperate regions (Tables 5.1 and 5.2). The Neo-
tropical Anthoceros lamellatus, A. tuberculatus, and Phaeoceros
laevis, like some mosses (Atrichum, Dicranum, and Pelekium),
are ancestrally derived from northern temperate (Laurasian) ele-
ments that radiated south into temperate and tropical areas of the
Americas. Unlike these species, the ancestral region for Nothoc-
eros, Phaeomegaceros (Villarreal et al., 2015), some liverworts
such as Monoclea (Gradstein et al., 1996), and the mosses Macro-
mitrium (Vitt and Ramsay, 1985a, 1985b), Campylopus (Frahm,
1988), and Leucoloma (La Farge-England, 1998) are considered
to be southern temperate (Gondwana) with northern dispersal to
tropical America. Of the hornworts reported for Fortuna, only
the genus Nothoceros has been found in Chucanti (J. Gudifio,

personal communication). None of the species of hornworts of
Fortuna is reported for BCL

Liverworts (Marchantiophyta)

Liverworts (Marchantiophyta; Figure 5.4) include 174 spe-
cies, 60 genera, 2 subspecies, and 4 varieties (Figure 5.3). Impor-
tant families in richness of species are the Lejeuneaceae (87 spp.,
26 gen.), Plagiochilaceae (15 spp., 1 gen.), Frullaniaceae (12 spp.,
1 gen.), and Lepidoziaceae (11 spp., 7 gen.) (Tables 5.1 and 5.2).
All of these are leafy liverworts. Nevertheless, the diversity of
leafy liverworts is incomplete. Many samples of the large tropical
family Lejeuneaceae and other liverwort families still need to be
identified. Thalloid liverworts are comparatively few in number of
species and genera and include the families Metzgeriaceae (6 spp.,
1 gen.), Aneuraceae (3 spp., 2 gen.), Pallaviciniaceae (3 spp.,
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FIGURE 5.4. HORNWORTS: (A) Nothoceros vincentianus (Lehm. & Lindenb.) J. C. Villarreal (scale bar = 7.1 mm);
(B) Anthoceros tuberculatus Lehm. & Lindenb. (scale bar = 15.8 mm). THALLOID LIVERWORTS: (C) Aneura pinguis
(L.) Dumort. (scale bar = 8.6 mm); (D) Dumortiera hirsuta (Sw.) Nees (scale bar = 26.5 mm); (E) Symphyogyna aspera
Steph. ex F. A. McCormick (scale bar = 5.2 mm).




1 gen.), Marchantiaceae (2 spp., 1 gen.), Dumortieraceae (1 sp.,
1 gen.), and Monocleaceae (1 sp., 1 gen.) (Figure 5.3). Twenty-
five species of liverworts are shared between the lowland forests
of BCI and Fortuna (Salazar Allen et al., n.d.).

The Lejeuneaceae (Figure 5.5a—c) is one of the largest fami-
lies of liverworts with 1,000 species and 68 currently accepted
genera. The number of genera has been reduced on the basis
of recent molecular studies (Gradstein, 2013a). It is the most
important family in the lowland rain forests; more than three-
quarters of the liverwort’s species are members of this family
(Gradstein et al., 2003). They inhabit many niches, tree trunks
and branches, twigs, lianas, stones, boulders, and the surface of
leaves (epiphylls) (Gradstein et al., 2003). Species diversity in
Lejeunea accounts for 300 currently accepted species (Lee and
Gradstein, 2013), but the precise number of species is unclear
due to the unavailability of modern taxonomic studies (Hein-
richs et al., 2013). Molecular phylogenetic studies have shown
that Lejeunea is a pantropical genus with origins in the Neo-
tropics. From the Neotropical lineages, there was a postcoloniza-
tion into tropical and temperate regions (Heinrichs et al., 2013).
In Fortuna, the most diverse genus in the family is Lejeunea with
20 species, that is, 23% of the species of the Lejeuneaceae.

The Lejeuneaceae accounts for ~70% of the lowland flora
and ~20% to 45% of flora in montane forests (Gradstein,
1995a). In the lowland forest of BCI, the Lejeuneaceae accounts
for ~39% of the bryoflora (Salazar Allen et al., n.d.), while in
Fortuna, the family accounts for 22%. However, taking into
account only the liverwort flora, the Lejeuneaceae represents
75.5% of the liverworts of BCI, while in Fortuna, it is 50%. A
decrease in the diversity of Lejeuneaceae in submontane, mon-
tane, and subalpine forests has been reported in previous stud-
ies (Gradstein et al., 1989; Gradstein and Salazar Allen, 1992;
Gradstein, 1995b, 2006; Horwath et al., 2019). This phenom-
enon probably can be explained by the reduced surface area in
terms of habitats available in the mountains as compared to in
the lowland forests (Aryanti and Gradstein, 2007) or to the sexu-
ality and dispersal capacities of Lejeuneaceae. About two-thirds
of the liverworts are dioicous (Vanderpoorten and Goffinet,
2009), but this varies in different genera, and only few have been
studied (Heinrichs et al., 2013). Several authors have suggested
that autoicous species have wider ranges than dioicous species
(van Zanten and Pécs, 1981; Longton and Schuster, 1983); how-
ever, the importance of long-distance dispersal and monoicy for
an epiphytic mode of life is still unclear for many taxa (Heinrich
et al., 2013).

Common lowland Neotropical genera of Lejeuneaceae
(Gradstein, 1995a) that are not present in Fortuna are Acrole-
jeunea, Aphanolejeunea, Archilejeunea, Caudalejeunea, Lep-
tolejeunea, Mastigolejeunea, Rectolejeunea, Thysananthus, and
Trachylejeunea. These genera plus Lopholejeunea and Neurole-
jeunea are absent or rare in the mountains (Gradstein, 1995a).
Species of six of these genera have been found in BCI. In For-
tuna, there are two species of Lopholejeunea; one of them,
L. subfusca, is also known for BCI, while L. nigricans is a montane
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element (Gradstein, 1994). Lopholejeunea subfusca is a pioneer,
xerotolerant species growing on bark in the high canopy, most
common in lowland environments (Gradstein, 1994). Its pres-
ence in Fortuna (Quebrada Bonita; Table 5.3) may reflect its
adaptation to grow in humid cool environments.

The Plagiochilaceae is also a predominant liverwort fam-
ily in moist and very humid lowland to lower and montane
forests. In Fortuna, Plagiochila is the only genus in this family
(Figure 5.5d). It is considered monophyletic with the exclusion
of P. radiculosa, which was transferred to a new genus (Crypto-
plagiochila gen. nov.; Patzak et al., 2016). Plagiochila is the larg-
est genus of liverworts (Inoue, 1984; Gradstein, 2001). Species
of the genus are common from lowland to mountain forests and
alpine regions (Gradstein, 2001). It is the most abundant and
conspicuous bryophyte genus in montane cloud forests (Grad-
stein, 2001). Three of the 16 species of Plagiochila found in
Fortuna occur in the lowland forests of BCI (P. disticha, P. laete-
virens, and P. raddiana). Of the Neotropical species of Plagio-
chila, P. bifaria is the only species distributed in America, Africa,
and southern Europe while P. subplana is known for the Ameri-
cas (Heinrichs et al., 1999) and Asia (P6cs 1971; Bakalin and
Nguyen, 2016). Plagiochila rudischusteri is a species that also
occurs in the northern half of the Choc6 biogeographical region
(S. R. Gradstein, personal communication). Plagiochila salaz-
ariae (Inoue, 1989), described from a specimen from Fortuna, is
the only species endemic to Fortuna and the second endemic liv-
erwort for Panama. Nevertheless, after its description, it has not
been revised on a worldwide basis; thus, it is unknown whether
it can be found in other countries (Soderstrom, 2016).

The Frullaniaceae, like the Lejeuneaceae, is a very important
epiphytic family in tropical rainforests. In Fortuna, Frullania is
the only genus known for the family (Figure 5.5e). It is a large
genus with 300 to 375 species. It includes nearly cosmopolitan
species to narrow endemics (Hentschel et al., 2009). It is a pre-
dominantly epiphytic genus on bark of trees from mid-trunk to
the canopy, branches, and twigs and is less frequently found on
rocks and living leaves (Schuster, 1992; Gradstein, 2001). Many
species of Frullania occur not only in moist but also in rather dry
forests (Hentschel et al., 2009). There is a high concentration
of species in the tropics; the humid montane areas adjacent to
the tropics; the warm temperate regions; and geologically “old”
regions, particularly those that have not been recently glaciated
or submerged (Schuster, 1992). Most species of Frullania from
Fortuna (e.g., Frullania caulisequa, also reported for BCI) have
a wide elevation range from lowlands to submontane and mon-
tane forests (Salazar Allen et al., n.d.). Of the 12 species and
one variety found in Fortuna, 11 are Neotropical and only one
is pantropical in distribution (E ericoides) (Tables 5.1 and 5.2).
Gradstein (2006) considered E brasiliensis, E caulisequa, and
E kunzei to be canopy specialists. Molecular studies suggest that
the distribution patterns within Frullania may reflect dispersal
events rather than Gondwanan vicariance (Hentschel et al.,
2009). A similar scenario was proposed for the genus Plagiochila
(Heinrichs et al., 2006).
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FIGURE 5.5. FOLIOSE LIVERWORTS: (A) Cyclolejeunea convexistipa (Lehm. & Lindenb.) A. Evans (scale bar = 5.4 mm).
(B) Cololejeunea subcardiocarpa Tixier (scale bar = 0.7 mm). (C) Fulfordianthus pterobryoides (Spruce) Gradst. (scale
bar = 9.7 mm). (D) Plagiochila adianthoides (Sw.) Lindenb. (scale bar = 2.5 mm). (E) Frullania bicornistipula Spruce
(scale bar = 2.3 mm). (F) Bazzamnia stolonifera (Sw.) Trevis (scale bar = 4.5 mm).




The Lepidoziaceae, Lophocoleaceae, Marchantiaceae, Mon-
ocleaceae, Pallaviciniaceae, Scapaniaceae, and Trichocoleaceae
of Fortuna are composed of species characteristic of the lower
montane to montane forests (Gradstein, 1995a). Species of these
families have not been reported for BCI, and only one species
of Lepidoziaceae (Zoopsidella antillana) unknown for Fortuna
was reported for Bahia Honda. In the Lepidoziaceae, all species
of Bazzania are Neotropical, occurring from Mexico to Cen-
tral America, northwest to mid-South America and the Carib-
bean, while other genera of the family have wider distributions
(Table 5.1, Figure 5.5f). Gradstein (2017) suggested that the
scarcity of intercontinental ranges of Bazzania may have to do
with the absence of asexual propagules suitable for long-distance
dispersal, the rarity of sexual reproduction, and thus spore pro-
duction. This may apply also to other liverworts with restricted
distribution.

The Metzgeriaceae are thalloid liverworts represented in
America by species of the genus Metzgeria (Costa, 2008). The
family has a cosmopolitan distribution with a concentration of
species in the Neotropics. The species grow in mountain coastal
and continental areas (Costa, 2008). Of the six species of Metz-
geria reported for Fortuna, only one, M. procera, is neotropi-
cal. Metzgeria albinea and M. attenuata are AF-AM species,
while M. ciliata, M. conjugata and M. leptoneura are pantropi-
cal (Table 5.1).

In the Radulaceae, there are species that grow in lowlands
to lower and montane forests, such as R. kegelii. One species,
R. episcia, is reported for Central America and southern South
America. It is unknown for the Caribbean (Table 5.1). None of
the species of Radula from Fortuna have been found in BCL

Mosses (Bryophyta)

There is a predominance of mosses (Bryophyta) in the bryo-
flora of Fortuna, with 214 species and 8 varieties (Figure 5.3). The
most speciose families are the Hookeriaceae (37 spp., 15 gen.),
Dicranaceae (23 spp., 10 gen.), Orthotrichaceae (18 spp., 3 gen.),
Sematophyllaceae (16 spp., 3 gen.), and Neckeraceae (12 spp.,
7 gen.) (Tables 5.1 and 5.2). Most species of mosses are Neo-
tropical except for some widely distributed (SUBCOS) species,
such as Bryum argenteum, Fissidens crispus, E. flaccidus, Funaria
hygrometrica, Hyophila involuta, and Polytrichum juniperinum,
among them (Tables 5.1 and 5.2). A variety of the Dicranaceae,
Eucamptodontopsis brittoniae var. mcphersonii and a species of
Orthotrichaceae, Macromitrium mcphersonii, were described
as new to science from collections from Fortuna (Allen 1994,
2002). Due to space and time constraint, the five most diverse
families are discussed with only few comments on additional
selected families.

The Hookeriaceae is a family of pantropical and South-
ern Hemisphere elements with approximately 200 species in
the Neotropics (Churchill and Salazar Allen, 2001) (Table 5.1).
Members of this family grow in very moist lowland to lower and
montane forests. They can be recognized by the double costa
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(nerve) in their leaf, although there are few species (e.g., Hooke-
ria) that lack it. All genera in Fortuna are Neotropical except for
the American, African, and Asiatic Lepidopilidium (Churchill
and Salazar Allen, 2001; Atwood, 2015). Hookeria acutifolia,
the only species of Hookeria in the Neotropics, is widespread
in the Americas and Asia. It is a genus with northern temper-
ate affinities (Churchill and Salazar Allen, 2001). Two species of
the Neotropical Brymela, B. angustiretis and B. crosbyi, have a
restricted distribution known only for Central America (NEO-
CAM), while B. obtusifolia is distributed in Central America
and northern South America, and all three are unrecorded for
the Caribbean (NEOC) (Table 5.1). These species grow in very
humid to wet lowland to lower and montane forests (Churchill
and Salazar Allen, 2001; Allen, 2010). Although Callicostella is
a pantropical genus (Churchill and Salazar Allen, 2001), all spe-
cies in Fortuna are Neotropical. Callicostella callicostelloides and
C. pallida, known for Fortuna, have also been recorded from the
humid lowland forests of BCI (Salazar Allen et al., 1991), Bahia
Honda (Salazar Allen and Chung, 2005), and Chucanti (Darién)
(Gudifio and Salazar Allen, 2017). Similarly, Lepidopilum poly-
trichoides, L. scabrisetum, and Pilotrichidium callicostatum,
found in Fortuna, are reported from those lowland areas. These
species grow from lowlands to approximately 1,000 m. Cros-
somitrium is a Neotropical genus widespread in continental and
Caribbean areas (Churchill and Salazar Allen, 2001). It is one
of the few epiphyllous mosses, although it can also grow on
twigs, lianas, tree branches, and trunks (Allen, 2010). The genus
Cyclodictyon, although widely distributed in tropical Africa,
is best represented in the Neotropics (Buck, 1998). Of the five
species that occur in Fortuna, only C. rubrisetum is continen-
tal (NEOC) in distribution and does not occur in the Caribbean
(Table 5.1). Hemiragis is a monospecific genus (H. aurea) dis-
tributed in Central America, western and northern South Amer-
ica, and the Caribbean (Buck, 1998; Allen, 2018) (Table 5.1).
Lepidopilum is primarily a Neotropical genus with few species in
mountain habitats of Africa (Churchill and Salazar Allen, 2001)
(Figure 5.6a). The species in this genus are mainly epiphytic on
tree trunks, branches, lianas, and bamboo nodes from near sea
level to 3,700 m (Churchill and Salazar Allen, 2001). Species of
Amblytropis, Brymela (not common), Stenodictyon, and Tham-
niopsis were considered by Gradstein and Raeymaekers (2000)
as indicators of undisturbed submontane rainforests from 500
to 1,500 m. Likewise, species of Holomitrium (usually those in
the canopy), Macromitrium (widespread), Meteoridium remo-
tifolium, Mittenothamnium, Toloxis, Pilotrichella flexilis, and
species of Porotrichum grow frequently in undisturbed montane
rainforest (1,500-3,000 m). Gradstein and Raeymaekers (2000)
considered these species indicators of this type of forest.

The Dicranaceae is one of the largest families in tropical
America (Churchill and Salazar Allen, 2001) and the largest in
number of species in Central America (Allen, 1990). It is the
main component of the open montane and alpine environments
(Churchill and Salazar Allen, 2001), although it has species
that can grow in lowland forests, among them, for example,
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FIGURE 5.6. Mossks: (A) Lepidopilum polytrichoides (Hedw.) Brid. (scale bar = 3.8 mm). (B) Dicranella hilari-
ana (Mont.) Mitt. (scale bar = 4.7 mm). (C) Macromitrium fuscoaurewm E. B. Bartram (scale bar = 4.9 mm).
(D) Ectropothecium leptochaeton (Schwigr.) W. R. Buck (scale bar = 10.8 mm). (E) Porotrichum mutabile
Hampe (scale bar = 7.1 mm). (F) Acroporium pungens (Hedw.) Broth. (scale bar = 3.3 mm). (G) apical leaf cells
(scale bar = 35.8 pm). (H) Trichosteleum fluviale (Mitt.) A. Jaeger (scale bar = 3.8 mm). (I) unipapillose apical leaf
cells (scale bar = 44.6 pm). (J) Pyrrbobryum spiniforme (Hedw.) Mitt. (scale bar = 1.8 mm).




Dicranella hilariana, D. harrisii, Leucoloma cruegerianum, and
Holomitrium arboreum (Allen, 1994) (Figure 5.6b). They grow
epiphytic on tree trunks, branches, in soil, and on rocks. Of the 24
species in Fortuna, 19 are Neotropical, 3 are subcosmopolitan,
and two are African—American elements (Tables 5.1 and 5.2).
Campylopus is a genus of tropical and warm temperate areas
and one of the largest genera of mosses (Frahm, 1990, 2002). It
is assumed that the genus is of Gondwanan origin with recent
diversification (Frahm, 1988, 1990). Taxa of this genus have a
wide ecological range in habitats that extend from the subantarc-
tic to the subarctic and from sea level to more than 4,500 m. All
species prefer acidic substrates (Frahm, 1990). Five species of the
Neotropical Campylopus and Schliephackea are distributed in the
American continent (NEOC) and do not occur in the Caribbean
(Table 5.1). The species of Campylopus from Fortuna include
two subcosmopolitan species, two African—American species,
and four Neotropicals, with one of them, C. atlanticus, restricted
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to Central America (NEO-CAM) (Allen, 1994) (Table 5.1). The
type specimen of this species was collected near Fortuna Dam, in
Bocas del Toro province (Allen, 1994). In the genus Dicranum,
according to Allen (1994), the two species known for Fortuna,
D. flagellare and D. frigidum, represent two phytogeographic
groups. The first one belongs to the Northern Hemisphere and
the second to the Southern Hemisphere group. Both species grow
in cloud forests of premontane to montane forests at higher ele-
vations, from 1,000 m to 3,700 m (Allen, 1994). In Fortuna,
D. flagellare was collected between 1,000 and 1,200 m at the
northwest camping site (Site 15, Figure 5.1, Table 5.3), and
D. frigidum was collected at 1,670 to 2,300 m at Cerro Hornito
(Site 6, Figure 5.1, Table 5.3). Two species of Leucoloma,
L. cruegerianum and L. serrulatum, are Neotropical from Mexico
to northern South America and the Caribbean. None of the Neo-
tropical species occur in Africa (Table 5.1). The genus Leuco-
loma is pantropical with its center of diversity in Madagascar

TABLE 5.3. Species distribution in the main collecting sites of Fortuna. Sites: 1 = Continental Divide, Trail Palo Seco (900-1,200 m);
2 = Quebrada Bonita (920-1,150 m); 3 = Quebrada Arena (900-1,100 m); 4 = trail to Quebrada Las Mellizas; 5 = Cerro Pata de Macho
(1,700-1,800 m); 6 = Cerro Hornito (1,670-2,300 m); 7 = Valle de Hornito (1,300-1,700 m); 8 = trail along Rio Hornito (1,200 m);
9 = Quijada del Diablo (1,200-1,600 m); 10 = Quebrada Mono (1,100-1,300 m); 11 = Quebrada Alemén (1,200-1,400 m); 12 =
Institute of Hydraulic Resources and Electricity’s plant nursery (1,100 m); 13 = at mouth of Quebrada Samudio (1,100-1,280 m);
14 = SW of camping site, from Finca Pitti to foothills of Cerro Fortuna (1,000-1,270 m); 15 = NW of camping site (1,000-1,200 m);
16 = foothills of Cerro Pinola (1,280-2,000 m); 17 = NE of camping site (900-1,200 m). Asterisk (*) = presence of the species; dash

(—) = absence of the species.

Main collecting sites

Species by division and family 1 2 3 4

6 7 8 9 10 11 12 13 14 15 16 17

HORNWORTS (ANTHOCEROTOPHYTA)

Anthocerotaceae

Anthoceros lamellatus =

A. tuberculatus % .

Dendrocerotaceae

Dendroceros crispatus LI -

D. crispus —
Nothoceros schizophyllus B
N. vincentianus — -

Phaeomegaceros fimbriatus —_ - - —

Notothyladaceae

Phaeoceros laevis - - — _—

LIVERWORTS (MARCHANTIOPHYTA)

Acrobolbaceae

Acrobolbus laxus - - =

Aneuraceae

Aneura pinguis —_ - = =
Riccardia fucoidea S

R. poeppigiana -

(Continued)
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TABLE 5.3. (Continued)

Species by division and family

Main collecting sites

6

7

8

9

10 11

12

13 14 15

16 17

Balantiopsidaceae
Isotachis multiceps
Neesioscyphus argillaceus
Calypogeiaceae
Calypogeia peruviana
C. rhombifolia
Mmnioloma cyclostipum
M. rbynchophyllum
Cephaloziaceae
Alobiellopsis dominicensis
Fuscocephaloziopsis crassifolia
Odontoschisma variabile
Dumortieraceae
Dumortiera hirsuta
Frullaniaceae
Frullania bicornistipula
E brasiliensis
E caulisequa
E dusenii
E ericoides
E exilis
E kunzei
E macrocephala
E mirabilis
E obscura var. spiniloba
E pittieri
E uleana
Herbertaceae
Herbertus bivittatus
H. juniperoideus
H. pensilis
Lejeuneaceae
Acanthocoleus aberrans var. laevis
Anoplolejeunea conferta
Brachiolejeunea laxifolia
Bryopteris filicina
Ceratolejeunea cornuta
C. fallax
C. filaria
C. spinosa

Cheilolejeunea acutangula
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TABLE 5.3. (Continued)

Species by division and family

Main collecting sites

7

8

9

10 11 12 13 14 15

16 17

@]

. aneogyna
comans

. filiformis

. holostipa
inflexa
lineata

. oncophylla

. trifaria

OO0 000000

. xanthocarpa
Cololejeunea appressa
C. camillii

C. diaphana

C. gracilis

C. jamesii

C. linopteroides

C. papilliloba

C. papillosa

C. sicifolia subsp. jamaicensis
C. subcardiocarpa

C. submarginata

C. yelitzae
Cyclolejeunea accedens
C. chitonia

C. convexistipa

C. peruviana
Diplasiolejeunea caribea
D. cavifolia

D. johnsonii

D. pellucida

D. pluridentata

D. rudolphiana

D. unidentata
Drepanolejeunea bidens
D. orthophylla
Fulfordianthus pterobryoides
Harpalejeunea stricta
H. uncinata

Lejeunea adpressa

L. angusta

L. aphanes

;.r

(Continued)
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TABLE 5.3. (Continued)

Species by division and family

Main collecting sites

7 8 9 10 11 12 13 14 15

16 17

=~

. asperrima

. bermudiana
. caulicalyx
cerina

. cristuliflora

. deplanata
flava

. cf. glaucescens
. herminieri
laeta

. laetevirens

. cf. lusoria

. obtusangula
. paucidentata
. rotundifolia

. sulphurea

eI T R B e B I R B T i o T B B T o

. venezuelana
Lepidolejeunea cordifissa
L. involuta
Lopholejeunea nigricans
L. subfusca
Marchesinia brachiata
M. robusta
Microlejeunea bullata
M. crenulifolia

M. diversiloba

M. epiphylla
Neurolejeunea breutelii

Odontolejeunea lunulata

Otigoniolejeunea huctumalcensis

Prionolejeunea cf. aemula
P. schlimiana

Pycnolejeunea decurviloba

Schiffneriolejeunea polycarpa

Stictolejeunea squamata

Symbiezidium dentatum

S. transversale var. hookerianum

Thysananthus auriculatus
Lepicoleaceae

Lepicolea pruinosa

%
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TABLE 5.3. (Continued)

Species by division and family

Main collecting sites

6

7

8

9

10 11

12

13 14 15

16 17

Lepidoziaceae

Bazzania cuneistipula

B. hookeri

B. stolonifera

Kurzia capillaris

Lepidozia cupressina

L. macrocolea

L. patens

Micropterygium cf. trachyphyllum

Mpytilopsis albifrons

Telaranea nematodes

Zoopsidella integrifolia
Lophocoleaceae

Chiloscyphus quadridentatus

Cryptolophocolea connata

Heteroscyphus marginatus

Leptoscyphus gibbosus

L. porphyrius

L. trapezoides

Lophocolea liecbmanniana

L. muricata
Marchantiaceae

Marchantia chenopoda

M. polymorpha
Metzgeriaceae

Metzgeria albinea

M. attenuata

M. ciliata

M. conjugata

M. leptoneura

M. procera

Monocleaceae

Monoclea gottschei subsp. gottschei

Pallaviciniaceae
Symphyogyna aspera
S. brasiliensis
S. brongniartii
Plagiochilaceae
Plagiochila adianthoides

P. aerea

(Continued)
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TABLE 5.3. (Continued)

Species by division and family

Main collecting sites

7

8

9

10 11

12

13 14 15

16 17

P. bifaria

P. cristata

P. disticha

P. gymnocalycina

P. laetevirens

P. patula

P. raddiana

P. rudischusteri

P. rutilans

P. rutilans var. moritziana

P. salazariae

P. simplex

P. subplana

P. superba
Radulaceae

Radula episcia

R. fendleri

R. gottscheana

R. kegelii

R. cf. sinuata

R. stenocalyx
Scapaniaceae

Scapania portoricensis
Trichocoleaceae

Leiomitra flaccida

L. paraphyllina

L. sprucei

L. tomentosa

MOSSES (BRYOPHYTA)

Bartramiaceae
Breutelia tomentosa
Leiomela bartramioides
Philonotis elongata
P. sphaericarpa
P. uncinata
Brachytheciaceae
Eurbynchium cf. clinocarpum
Rhynchostegium scariosum
Bryaceae
Anomobryum conicum

A. julaceum

*
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TABLE 5.3. (Continued)

Main collecting sites

Species by division and family 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Brachymenium columbicum - - - - - - = = = ===
B. speciosum =
Bryum apiculatum - - - - - = = — = = = = = = =
B. argenteum - r - - - - = = = = = = = ===
B. billarderii - - - = = = = ===
B. incrassatolimbatum —— o - = = = = = = = = =
B. limbatum - - - - = - === ===
Poblia sp. - - - = = = = = = = = = = = = = =

Calymperaceae
Calymperes nicaraguense e
Syrrhopodon circinatus - - - - - - - - - == == ==
S. hornschuchii - - - - - - == = = ==
S. incompletus B
S. incompletus var. berteroanus U
S. leprieurii * o - = = = = = = = = =
S. lycopodioides * * ok = = = = =
S. parasiticus U
S. prolifer * * o - - - - = = = == =
S. prolifer var. cincinnatus e

Daltoniaceae
Daltonia sp. O
Leskeodon andicola — = = = — = = ==
L. cubensis U

Dicranaceae
Bryohumbertia filifolia - r - - - = ===
Campylopus arctocarpus e e
C. asperifolius _ - = = = = = = = = = = = =
C. atlanticus s = = = = = = = = =
C. densicoma - v - = = = = ==
C. flexuosus o+ s .
C. fragilis - - - - - = = = = = = ==
C. savannarum _ - - = = = = = = = = = = = = = =
Dicranella harrisii E— - = = = = = = = = = =
D. hilariana E—— o - - = = = = = = = ===
Dicranodontium pulchroalare - = = = = = = == =
Dicranum flagellare — - - - - = = = = = = ==
D. frigidum - - - v = ===
Eucamptodontopsis brittoniae _ - = = v = = = = = =
E. brittoniae var. mcphersonii — - = = v = = =
Holomitrium arboretum S
H. flexuosum _ - = = = = = = = = = = = = = = =

(Continued)
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TABLE 5.3. (Continued)

Species by division and family

Main collecting sites

7

8

9

10 11

12

13 14 15

16 17

H. longifolium

H. pulchellum

H. sinuosum

Leucoloma cruegerianum

L. serrulatum

Microcampylopus leucogaster

Schliephackea meteorioides
Entodontaceae

Entodon hampeanus
Fissidentaceae

Fissidens anguste-limbatus var.
anguste-limbatus

E asplenioides

E bryoides

E crispus

E flaccidus

E guianensis

E lagenarius var. lagenarius
E pellucidus var. pellucidus
E polypodioides

E weirii

E weirii var. hemicraspedophyllus

E zollingeri
Funariaceae
Funaria bygrometrica
Hookeriaceae
Actinodontium sprucei
Amblytropis hispidula
Brymela angustiretis
B. crosbyi
B. obtusifolia
Callicostella callicostelloides
C. oerstediana
C. pallida
Crossomitrium epiphyllum
C. patrisiae
Cyclodictyon albicans
C. roridum
C. rubrisetum
C. subtortifolium
C

. varians

*
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TABLE 5.3. (Continued)

Main collecting sites

Species by division and family 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Hemiragis aurea * * = = =
Hookeria acutifolia .
Hypnella diversifolia E— - - = = = = = = = ===
H. pallescens — v = = = = = = = == =
Lepidopilidium divaricatum U
Lepidopilum amplirete — s - - = = = =
L. brevipes U
L. diaphanum .
L. longifolium B
L. muelleri - - - == ==
L. permarginatum - - = = = = = = = = = = = =
L. polytrichoides —  r = = = = = = = =
L. scabrisetum U —
L. tortifolium — - = = = = = = = = = =
Pilotrichidium callicostatum U —
Stenodictyon wrightii * * S
Thamniopsis cruegeriana —  F - - = = = = = = = = = = %
T. pendula E—— o - = = = = = = = = ===
T. undata E—— o - - = = = = = = = = ==
Trachyxiphium guadalupense U —
T. subfalcatum U
T. variabile U

Hypnaceae
Caribaeobypnum polypterum - r = = = = = = ==
Chryso-bypnum diminutivum — r = = = = = = = =
Ctenidium malacodes _ * * N - .
Ectropothecium leptochaeton _ - - = = = = = = = = = ==y
Mittenothamnium langsdorffii U
M. reduncum - - - - - - - - = = = = = ===
M. reptans —_ 0 m e e = = = = d * g
M. substriatum - —r = = = = = = =
Phyllodon truncatulus - — - = = = ==
Puiggariopsis aurifolia P
Pylaisiadelpha tenuirostris - - - - - - - - - = = = = ==
Rbhacopilopsis trinitensis - - - - - - - - - = = = == o
Taxiphyllum laevifolium — o = = = = = = =
Vesicularia vesicularis var. rutilans U

Hypopterygiaceae
Hypopterygium tamarisci - - - = = = = = = = = *

(Continued)
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TABLE 5.3. (Continued)

Main collecting sites

Species by division and family 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Lembophyllaceae
Lepyrodontopsis trichophylla =
Pilotrichella flexilis — = = L *
Leskeaceae
Pelekium minutulum - - - - - - = = = = £
Thuidium carantae - - - - - - - = = = = = = ===
T. delicatulum — = = = = = =
T. pseudoprotensum - - - = = = = = = = = = = = = = =
T. tomentosum - - - - - - - - = - - ===
Leucobryaceae
Leucobryum antillarum O .
L. crispum * * * e _w
L. giganteum —_ iU
L. martianum — * N * * _
L. polakowskyi - - - - - - = = = = = = =
Leucomiaceae
Leucomium strumosum —_ e - = — = — = = d * d
Rhynchostegiopsis flexuosa - - - - - - - = = = ===
Meteoriaceae
Barbella sp. - - - - = = = = = == =
Meteoridium remotifolium o v
Meteorium deppei S #
Squamidium isocladum E—— o - - - = = = = == o
S. leucotrichum * o - - - = = = == # * *
S. livens B
Toloxis imponderosa L U S
Zelometeorium ambiguum - - - - - A = = ===
Z. patulum — * o -
Z. recurvifolium O
Mhniaceae
Plagiomnium rbynchophorum - — = = = = = = =
Pyrrhobryum spiniforme — = x _x = . . .
Rhizogonium lindigii - = =
Neckeraceae
Homaliodendron piniforme - - - - - - - - = ===
Isodrepanium lentulum * * - = =
Neckeropsis undulata - - - - - - - - = = = = == o
Orthostichella rigida - - - - = = = = = = = = = == E
O. versicolor o = = ==
Porotrichodendron lindigii U U S —

Porotrichum brevifolium - - - - - - - = = = = = = ==
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TABLE 5.3. (Continued)

Species by division and family

Main collecting sites

7 8 9 10 11

12

13 14 15

16 17

P. korthalsianum

P. longirostre

P. mutabile

P. substriatum
Thamnomalia glabella

Octoblepharaceae

Octoblepharum cocuiense Mitt.

O. erectifolium
O. pulvinatum
Orthotrichaceae

Groutiella apiculata
G. chimborazensis
G. mucronifolia
G. tomentosa
Macromitrium cirrosum

. echinatum

. fuscoaureum

. guatemalense

. leprieurii

. longifolium

M

M

M

M

M

M. mcphersonii

M. punctatum

M. scoparium

M. standleyi

M. subcirrbosum

M. ulophyllum
Schlotheimia jamesonii
S. rugifolia

Phyllogoniaceae
Phyllogonium fulgens
P. viscosum

Pilotrichaceae
Pilotrichum andersonii
P. bipinnatum
P. evanescens
P. fendleri
P. ramosissimum

Polytrichaceae
Atrichum oerstedianum

A. polycarpum

*

(Continued)
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TABLE 5.3. (Continued)

Main collecting sites

Species by division and family 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Pogonatum campylocarpum - x .  — — = == ===
P. procerum U
P. tortile — = * *
Polytrichum juniperinum - - - - - - - - - = = = ===
Steereobryon subulirostrum —— - = = = = = = = = = =
Pottiaceae
Hyophila involuta - - - - = = = — == =
Pterobryaceae
Orthostichidium quadrangulare — ¢ - - = = = = = = =
Orthostichopsis tetragona L w
Pireella angustifolia - - - - - - - - == ===
P. pycnothallodes U
Pterobryon densum U —
Pterobryopsis mexicana U
Renauldia paradoxica - - - - - = = = = e ===
Pylaisiadelphaceae
Isopterygium tenerum U
Taxithelium planum . S
Racopilaceae
Racopilum tomentosum U #
Sematophyllaceae
Acroporium caespitosum - - - - = = = = = = = = = = = ==
A. longirostre - - - - - = = = = = = = = = = ==
A. pungens # * o - - e *
Sematophyllum adnatum - - - - - - - - = ===
S. cochleatum - - = = ===
S. cuspidiferum P
S. galipense — = :
S. cf. hampei - - - - = = = = = = = = = = = = =
S. marylandicum = = = = == =
S. squarrosum L - = — = = = = e = = d
S. subpinnatum - = = = = = = = = ==
S. cf. subsimplex - - - - - - - - - = = = ===
S. swartzii = * ® » o
*

Trichosteleum fluviale — e
T. papillosum - - - - - - = - = = = == =

T. sentosum = =




(La Farge-England, 1998). The genus has primarily a Gondwana
distribution, and thus, it is presumed that its ancestors originated
in Gondwana (La Farge-England, 1998). Without fossil record,
it is hypothesized that Leucoloma diversified in the last 100 mil-
lion years and that speciation took place after the breakup of
Gondwana followed by few dispersal events (La Farge-England,
1998). Schliephackea is an element of the Chocé biogeographical
region, although it extends to submontane and upper montane
regions (Churchill and Salazar Allen, 2001). Holomitrium is a
genus of approximately 50 species associated with the Southern
Hemisphere (Sudrez et al., 2014). Fifteen of these species occur
in the Neotropics. The species are common elements of the lower
and upper montane forests (Churchill and Salazar Allen, 2001).
They are uncommon in the lowlands except for Holomitrium
arboreum. This species is the most common species of the genus
in Central America (Allen, 1990) and grows from sea level to
3,950 m (Churchill and Salazar Allen, 2001).

The Orthotrichaceae are widely distributed in the world,
including continental Antarctica (Allen, 2002). Most genera con-
tain few species, but two of them, Macromitrium and Orthotri-
chum, have many species (Figure 5.6¢; Allen, 2002). In Fortuna,
18 species in 3 genera have been collected: Macromitrium
with 12 species, Groutiella with 4, and Schlotheimia with 2
(Table 5.1). Groutiella is a genus with distribution primarily in
the Neotropics and various species recorded for the Paleo-
tropics (Churchill and Salazar Allen, 2001). The species grow
from humid lowland to submontane and montane forests and
are mostly epiphytic on branches, trunks, and decomposing logs.
One of the species, Groutiella apiculata, was recorded for BCI
(Salazar Allen et al., 1991). In Fortuna, Groutiella was collected
from 1,000 to 1,200 m. Species of Groutiella grow at lower ele-
vations than most species of Macromitrium. Species of Macro-
mitrium are highly adapted to situations of high light intensities
where periodic events of wetting and drying may cause extremes
in the water regime (Vitt and Ramsay, 1985a). The evolution of
physiological ability to tolerate the extreme fluctuations in the
water content due to their poikilohydry is considered a feature
of all species of Macromitrium (Vitt and Ramsay, 1985a; see also
experiments with M. cirrosum in Fortuna by Zotz et al., 1997).
Macromitrium is more diverse at higher elevations in submontane
to montane forests. In Fortuna, it grows from 900 to 2,300 m.
In the cloud forests of Cerro Chucanti in Darién, the two spe-
cies of Groutiella that it shares with Fortuna (G. chimborazensis
and G. tomentosa) grow at lower elevations (730-900 m), and
three species of Macromitrium (M. cirrosum, M. punctatum, and
M. scoparium) are found at 1,150 to 1,328 m (Gudifio et al.,
n.d.). However, only M. guatemalense was reported for Bahia
Honda (Salazar Allen and Chung, 2005). In the submontane for-
est of Cerro Pirre (Darién), Macromitrium was found at 800 to
1100 m (Gradstein and Salazar Allen, 1992). Vitt and Ramsay
(1985b) suggested that Macromitrium as a genus differentiated
on the intact continent of Gondwana and that the extant species
of Macromitrium evolved after the breakup of this continental
mass approximately 80 to 100 million years ago in middle to
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late Cretaceous. Nevertheless, they added that, if Australasian
species were to be found in either the Paleotropics or Neotropics,
they would suspect that they originated from a “wide-ranging
stock” of recent origin (Vitt and Ramsay, 1995b). Today, none

«

of the neotropical species found in Fortuna has been reported for
the Paleotropics.

The Sematophyllaceae is primarily a family of tropical and
subtropical species with 30 to 40 genera (Allen, 2018). The fam-
ily is widespread in the Neotropics and the Asian Paleotropics,
although it can be found in some temperate regions (Tusbota
et al., 2001). Its members generally occupy epiphytic habi-
tats (trunk, branches, even rocks). The family is deemed to be
“comparatively young” and still evolving (O’Shea, 1999) with
considerably plasticity in gametophytic characters (Ramsay,
2012). Two genera widely distributed in the Neotropics are
Acroporium and Sematophyllum (Figure 5.6f). These two gen-
era differ from the third genus, Trichosteleum, in their smooth
leaf cells, although a few species of Acroporium can also have
unipapillose leaf cells, but the papillae tend to be rather small
and in the upper third of the leaf (Ramsay, 2012) instead
of in the center of the leaf lumen, as occurs in Trichosteleum
(Figure 5.6f-i). In Fortuna, there are 3 species of Acroporium
and 10 of Sematophyllum (Table 5.1). Based on molecular stud-
ies (chloroplast rbcL sequences), Acroporium is considered a
monophyletic genus (Tsubota et al., 2001). The genus is pan-
tropical with many species in the Paleotropics. Two species of
Acroporium are Neotropical, while A. pungens is pantropical
in distribution (Table 5.1). According to Allen (2018), there are
eight species of Acroporium in the Neotropics. Acroporium caes-
pitosum is a high-elevation moss in Central America that is often
epiphytic on twigs, although Buck (1998) found it at 500 m in
the Caribbean. In Fortuna, it was collected at 1,000 m on humid
rocks and decomposing logs. The other two species, A. longi-
rostre and A. pungens, grow from near sea level to 2,000 m (Buck,
1998; Allen, 2018). Three species of Sematophyllum (S. cuspid-
iferum, S. cochleatum, and S. marylandicum) are Neotropical
(Allen, 2018), distributed from eastern United States to Mexico
and northern South America (Table 5.1). They are absent in the
Caribbean. Although Sematophyllum marylandicum is a com-
mon eastern North America species, it is less frequently found
in Central America. It grows at higher elevations (Allen, 2018).
It was collected at the Continental Divide at 1,250-1,550 m
(Table 5.3). Sematophyllum adnatum and S. subpinnatum are
pantropical with the first species having a narrower distribution
range (Table 5.1). Three species are African—American elements:
S. galipense, S. squarrosum, and S. subsimplex. Sematophyllum
cochleatum was collected in Quebrada Arena at 1,100 m grow-
ing on boulders and rocks in the stream (Table 5.3). Trichos-
teleum is a pantropical genus of approximately 130 species,
with the greatest diversity in the Paleotropics (Churchill and
Salazar Allen, 2001; Allen, 2018). Two species, T. fluviale and
T. papillosum, are African—American elements, while T. sen-
tosum has a distribution in Central America, South America,
and the Caribbean (Allen, 2018) (Table 5.1). Seven species of
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Sematophyllaceae are shared with Chucanti (Gudifo et al., n.d.),
five with Parque Nacional de Coiba (Salazar Allen and Chung,
1997) and three (Sematophyllum subsimplex, Trichosteleum
fluviale, and T. sentosum) are shared with the lowlands of BCI
(Salazar Allen et al., 1991) and Bahia Honda (Salazar Allen and
Chung, 20035).

The Hypnaceae is one of the oldest families of mosses, and
its circumscription has changed in time (Allen, 2018). There
have been many taxonomic changes resulting in some members
transferred to other families. In his treatment of the moss flora
of Central America, Allen (2018) considered that the Hypna-
ceae are closely related to the Sematophyllaceae and Pylaisiadel-
phaceae. Allen’s treatment of the Hypnaceae is followed in this
work. Fourteen species are registered for Fortuna (Table 5.1).
Eleven species are Neotropical elements, with two of them, Miz-
tenothamnium reduncum and Puiggariopsis aurifolia, occurring
only in continental Neotropics (Table 5.1). Mittenothamnium
is a pantropical genus with a large number of species, showing
plasticity in many of their characters. The genus is in need of a
taxonomic revision (Allen, 2018). Most species are concentrated
in the Neotropics and tropical Africa, with few in Asia and Oce-
ania (Allen, 2018). Three species are registered for Fortuna, two
of them Neotropical and one, Mittenothamnium reptans, pan-
tropical. Mittenothamnium reduncum is documented by a single
collection (Correa 2461A) and growing on humid rock at 1,000
to 1,200 m in what is now the dam site (Table 5.3). According
to Allen (2018), the substrate on which it grows is wet rocks or
boulders near waterfalls and in or along streams. The second
Neotropical species, M. substriatum, is a high-elevation moss in
Central America mostly growing as an epiphyte on tree trunks,
vines, and in soil (Allen, 2018). Gradstein and Raeymaekers
(2000) considered the last two species to be indicators of undis-
turbed submontane to montane rainforests. Chryso-hypnum
diminutivum grows in humid lowland forests of BCI (Salazar
Allen et al., 1991), Parque Nacional de Coiba (Salazar Allen and
Chung, 1997), Bahia Honda (Salazar Allen and Chung, 2005),
and Chucanti at 732 to 870 m (Gudifio et al., n.d.). Rbhacopi-
lopsis trinitensis has been collected at sea level in Bahia Honda
(Salazar Allen and Chung, 2005) and at 1,055 to 1,340 m in
Chucanti (Gudifo et al., n.d.).

Neckeraceae is a family of 10 genera in the Neotropics
(Churchill and Salazar Allen, 2001; Allen, 2018), and seven of
these occur in Fortuna. Of the 12 species registered for Fortuna,
three are pantropical in distribution, one is an African—America
element, and eight are Neotropical (Tables 5.1 and 5.2). Of the
species with a pantropical distribution, only Orthostichella rigida
does not occur in the Caribbean (Table 5.1), although the species
is frequent in Central America and most common in Africa (Allen,
2018). It grows from 350 to 3,175 m. Allen (2018) considered
Orthostichella versicolor the most common species of the genus
in Central America. It grows from lowland humid forests to over
2,000 m (Allen, 2018). This species has been reported for BCI
(Salazar Allen et al., 1991) and the forests of Chucanti (Darién)
from 850 to 1,155 m (Gudifio et al., n.d.). Another species of

Neckeraceae that occurs only in the continent (NEOC) is the
Neotropical Porotrichum brevifolium, which is known only for
Central America (Table 5.1). This species grows in lowland humid
forests to 1,100 m (Allen, 2018; Buck, 1998). Porotrichum
korthalsianum and P. substriatum (an African—American spe-
cies) have been reported for BCI (Salazar Allen et al., 1991) and
Chucanti (Gudifio et al., n.d.). Porotrichum mutabile (Figure 5.6€)
is also present in Chucanti at elevations above 1,100 m. In Central
America, it occurs from 400 to 2,480 m (Allen, 2018). Neckerop-
sis is a genus primarily of tropical regions of the world (Allen,
2018). Sastre (1987) treated the Neotropical Neckeropsis. There
have been other treatments of the Neckeraceae of Africa and
Asia with further taxonomic revisions (see Allen, 2018, for
details). Neckeropsis undulata grows in moist forests from near
sea level to lower montane forests (Buck, 1998), from southern
United States to northeastern and northwestern South America
to Brazil (Allen, 2018) (Table 5.1). In Panama, the species has
been reported for BCI (Salazar Allen et al., 1991), Parque Nacio-
nal Altos de Campana (Panamd Oeste) (Chung, 1995), Parque
Nacional de Coiba (Salazar Allen and Chung, 1997), Chucanti
(Darién) at 800 to 1,105 m (Gudifno et al., n.d.), and Bahia
Honda (Salazar Allen and Chung, 2005). Thamnomalia glabella
is a species of wet and shaded habitats from lowlands to 3,000 m
(Allen, 2010).

Taxonomic note: Recent molecular studies (Enroth et al.,
2019) have separated Orthostichella into its own family, Orthos-
tichellaceae. However, due to time constraints, the species is here
treated in the Neckeraceae.

PHYTOGEOGRAPHIC PATTERNS

Approximately 77% of the flora of Fortuna is Neotropi-
cal, 11% pantropical, 8% African—American, and 4% subcos-
mopolitan. Seventy-one of the Neotropical species, including
46 mosses, are restricted to continental America (NEOC) and
have not been reported for the Caribbean (Table 5.1). An endemic
liverwort (Plagiochila salazariae) and five species and one vari-
ety of mosses have been reported only for Central America.
These are Campylopus atlanticus, Brymela angustirete, B. cros-
byi, Macromitrium mcphersonii, Porotrichum brevifolium, and
Eucamptodontopsis brittoniae subsp. mcphersonii (Allen, 1994,
2002, 2010) (Table 5.1). A liverwort, Cololejeunea papillosa,
has a circum-Pacific distribution (T. Pdcs, personal communica-
tion) (Table 5.1). Plagiochila subplana, a widespread Neotropi-
cal species occurring in lowland and lower montane rainforests
to approximately 1,900 m (Heinrichs et al., 1999) have been
reported for Vietnam (Pdcs, 1971; Bakalin and Nguyen, 2016)
(Table 5.1). This species has asexual reproduction by caducous
leaves (Heinrichs et al., 1999). A similar case is known for Acro-
porium caespitosum distributed in Central America, the Carib-
bean (Allen, 2018), and Vietnam (TROPICOS, He and Nguyen
42098) (Table 5.1). This mostly epiphytic, autoicous species pro-
duces abundant sporophytes on a rather long seta (8-17 mm)
and lacks asexual reproductive propagules (Buck, 1998; Allen,



2018). As has been suggested for other taxa, they may have
arrived in Asia and the South Pacific via long-distance dispersal
(van Zanten, 1978; van Zanten and Pd6cs, 1981; Reese, 1987;
Gradstein and Vana 1987; Gradstein, 2013b, 2018).

Due to its recent geological history, the bryophytes of Pan-
ama and of Fortuna arrived from the two adjacent continental
masses most probably by long-distance dispersal of spores and/
or asexual propagules. The near absence of endemism in the
bryoflora of Panama and Fortuna may reflect the continuous
exchange of plants and animals from the adjacent landmasses
since the emergence of the Isthmus. Vanderpoorten and Goffinet
(2009) have suggested that the low global rates of endemism in
bryophytes may be due to the strong floristic exchange that may
prevent diversification of bryophytes. Gradstein et al. (1989)
have indicated that understories of the submontane and lower
montane forests, below 3,000 m, are composed of a wide range
of tropical (Neotropical and widely distributed) species. This
appears to be the case for the bryoflora of Fortuna.

DISTRIBUTION OF SPECIES PER SITE

Seventeen collecting sites were determined with informa-
tion obtained from collectors’ notes, TROPICOS, and published
and unpublished records (e.g., Stotler et al., 1998; Johnston,
1990; Santamaria, 1991; Schifer-Verwimp, 2014) (Table 5.3;
Figure 5.2). Most of the sites are close to the highway and along
the creeks and major rivers. The eastern and southeast areas of
the Fortuna Forest Reserve, as well as the buffer zone, have been
sparsely botanized.

Among the sites studied (Figure 5.1; Table 5.3), the highest
species diversities were found in Quebrada Bonita (Site 2, 136
spp.); foothills of Cerro Pinola (Site 16, 85 spp.); northeast of
the camping site (Site 17, 82 spp.); Quebrada Arena (Site 3, 59
spp.); southwest of the camping site (Site 14, 49 spp.), southeast
of the camping site from Finca Pitti to foothills of Cerro Fortuna,
(Site 14, 49 spp.), and northwest of the camping site (Site 15, 48
spp.). The camping site was located close to where the dam is
today. There were no geographic coordinates recorded for this
site. Thus, the geographic location of the sites that appear in
Figure 5.1 and in Table 5.3 as NE, NW, and SW of the camping
site are approximate.

The first collections for the environmental evaluation
(botanical part) of the Fortuna Dam area in 1976 were gathered
northeast, northwest, and southwest of the camping site. Descrip-
tion of the forest in these areas is taken from Adames (1977).
The northeast forest was a dense forest rich in species with a
good representation of epiphytes (Araceae, ferns, and mosses).
Mosses were frequent in more humid areas, near the creeks and
even on rocks in the creeks. Large trees were well represented
but not as many as in the area northwest of the camping site.
Those in the northeast were considered remnants of the original
vegetation. The rest of the vegetation was considered to have
appeared after a regrowth of the area that was possibly used for
agriculture or livestock. Heading north, in front of the camping
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site, the understory was dense, although not as rich in species as
the previous one. Epiphytes, particularly mosses and liverworts,
were well represented when compared with the northeast area.
Large trees in the north forest were more numerous than in the
northeast forest.

Northwest of the camping site, the understory was sparse
and large trees were numerous. Epiphytes, including mosses, liv-
erworts, and Araceae, were found in less quantity than in the
north and northeast forests. Members of the Bromeliaceae were
frequent and more numerous than in the other forests. In the
southwest site, known as Sitio Pitti or Finca Pitti, the forest was
cut for livestock activities. However, beyond this area, in the
same southwest direction, there were areas of forest rich in trees
with epiphytes, and the understory was quite dense.

The description of the vegetation agrees with the diversity
of bryophytes found in those areas. Bryophytes are more diverse
in the forests northeast of the camping site (82 spp.) than in the
northwest forests (48 spp.). In the southwest site, the diversity
in the areas from Finca Pitti to the foothills of Cerro Fortuna
has similar diversity (49 spp.) to that in the northwest. Because
of the distance between the Pitti site and Cerro Fortuna, only
forests at the foothills were surveyed. If bryophytes at higher
elevations in Cerro Fortuna had been collected, it is most prob-
able that they would have increased the diversity of bryophytes
in that area.

Species diversity of sites reflects, in part, the collecting efforts
centered in selected areas and also the emphasis on the identifica-
tion of mosses. Quebrada Bonita, Quebrada Arena, and the foot-
hills of Cerro Pinola were the sites where Salazar Allen and her
students (i.e., Santamaria and Johnston) collected during April
and May 1987 (Figure 5.1, Sites 2, 3, and 16). The students used
part of the collections for their baccalaureate research theses in
the University of Panama’s Department of Botany. Likewise, the
high diversity of liverwort species at Valle de Hornito (Site 7)
reflects, to a great extent, the intense collection made in that area
by Schifer-Verwimp and his wife during tourist trips in 2010 and
2013 (Schafer-Verwimp, 2014).

None of the species reported are distributed in all sites. The
pantropical Pyrrhobryum spiniforme is the most widely distrib-
uted bryophyte. It is registered in 9 of the 17 sites (Table 5.3).
The species grows in wet lowlands to upper montane forests
from nearly sea level to above 3,000 m (Churchill and Salazar
Allen, 2001). Fossils of this species dating from the Miocene
have been found in amber of the Dominican Republic (Frahm,
2008).

Many collections at PMA are still in need of identification
and verification, particularly of liverworts. With the advances in
molecular studies, species concepts and distribution are in flux,
particularly in tropical taxa (see taxonomic note in the earlier
discussion of Neckeraceae). Communities of tropical bryophytes,
unlike those of temperate areas, are very heterogeneous in com-
position. When unidentified collections remaining at PMA are
studied, species diversity and distribution as well as similarities
among sites, most probably, will be properly assessed.
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CONCLUSIONS

This contribution includes the first systematic studies of the
bryoflora of Fortuna ever accomplished in Panama. Because of
these efforts, the country counts, with a database, information of
the species and their distribution in the Fortuna Forest Reserve. In
addition, the documentation of new species described from bryo-
phytes of the area include the second endemic liverwort of Panama.

The bryophytes of Fortuna are very diverse with 214 species
of mosses, 174 of liverworts, and 8 of hornworts. One-third of
the total bryoflora of Panama is found in Fortuna. One-third of
all mosses and more than one-third of the liverworts and horn-
worts reported for Panama occur in Fortuna. The bryoflora of the
Fortuna Forest Reserve is a heterogeneous assemblage of species
with a mixture of lowland tropical and temperate species, cool-
adapted bryophytes from north and south temperate origins, and
additional Neotropical species. Phytogeographically, the major
component of the bryoflora of Fortuna is neotropical, followed in
order by pantropical, African-related, and subcosmopolitan ele-
ments. There has been a concentration of collecting activities on
the northern and southern sides of the reservoir along and on the
sides of the highway. There is a need for expanding the bryophyte
surveys to the eastern and southeastern sides of the reserve, the
adjacent mountains, and the buffer zone. The occurrence of new
species and varieties described from Fortuna suggests that this for-
est, with additional surveys of the vegetation, could be a cradle of
new species, varieties, or forms as the bryophytes adapt morpho-
logically, physiological, and genetically to cooler climates (lowland
species) and the highland species adapt to warmer conditions.

In addition, bryophytes, with their overall capacity to inter-
cept and retain water and nutrients from clouds and fog, provide
important ecosystem services for Fortuna. These include protec-
tion against erosion that deposit sediments in the lake, endan-
gering the operation of the hydroelectric dam and threatening
its capacity to provide energy for the country. Bryophytes also
contribute to stabilization of streamflow and provide water and
nutrients to downstream areas as well as shelter and water for
small animals.

The government of Panama must prioritize the protection
of the Biological Corridor of the Atlantic of Panama, of which
the Fortuna Forest Reserve is a part, to assure the connectivity
for the continuous exchange of biota and the potential of these
forests as biological laboratories for studies of climate change at
the macro and micro scales.

The recent geological age of the Isthmus as a consolidated
biological corridor for the exchange of flora and fauna from
adjacent landmasses accounts for the diversity of the bryoflora of
Panama and Fortuna. The circumscription of the bryophyte flora
of Fortuna still requires a finer definition through systematic
and ecological studies, identification and revision of collections
remaining at PMA, and canopy sampling. It is our hope that this
working list will stimulate further research on the bryophytes of
the Fortuna Forest Reserve.
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ABSTRACT. Lower montane tropical forests are typically characterized by substantial epiphyte
loads. One of the important ecological roles of epiphytes in these forest systems is the intercep-
tion of rainwater with a major impact on forest hydrology. Several morphological traits of epi-
phytes assure a dependable water supply and greatly increase the water-holding capacity of the
forest canopy. We quantified the epiphyte water-holding capacity at the stand level and the effect of
epiphytes on rainfall interception and stemflow in lower montane tropical forest at Fortuna Forest
Reserve, western Panama. Specifically, we determined the water-holding capacity of all epiphytic
matter from 22 tree trunks varying in diameter at breast height (DBH) and from 28 canopy branches.
We extrapolated our data to the stand level on the basis of biomass—tree-size relationships and us-
ing tree DBH data from a nearby 1 ha plot. The stand-level epiphytic water-holding capacity was
estimated at 2.5 mm. From rainfall, throughfall, and stemflow data, we estimated total canopy inter-
ception to be 40% of this value. Interception by epiphytes alone would be about 20% (0.5 mm d-)
assuming water-holding capacity to be fully exchanged on a daily basis, but this measure decreases
to much lower values considering that epiphytic matter in the forest studied normally maintains its
capacity partially filled. We also compared stemflow from stem-halves with and without epiphytes
of 12 of the 22 trees. Variation was large, but on average, epiphytes reduced stemflow, indicating a
modest effect on water and probably nutrient fluxes through stemflow at the stand level. Epiphytes
play a special role in the hydrology of the Fortuna forest, making it pertinent to understand their
responses to ongoing climatic changes to predict changes in local and regional hydrological patterns.

INTRODUCTION

The abundance and diversity of epiphytes in tropical montane cloud forests (TMCFs)
can strongly influence the hydrology of the entire forest (Darby et al., 2016; Gotsch et al.,
2016; Holscher et al., 2004; Kohler et al., 2007), as epiphytes can intercept large frac-
tions of total precipitation because of their high water-holding capacity (Holscher et al.,
2004). Nonvascular epiphytes, in particular, have been shown to play a major role in
forest hydrology, while the impact of vascular epiphytes seems to be generally modest
(Zotz, 2016). For example, epiphytic mosses can hold several times their own mass in
water (Frahm, 1990; Kirschner and Parolly, 2004; Pocs 1980), with typical values of up
to 400% of their dry mass (Holscher et al., 2004; Kohler et al., 2007) and records of
>1,000% in some cushion mosses (Zotz et al., 1997). As mosses tend to be very abundant
in TMCFs, these plants can thus significantly increase the overall water-holding capacity
of the canopies of such forests (Holscher et al., 2004; Kohler et al., 2007). The water-
holding capacity of mosses at the stand level in a lower montane tropical forest (LMTF)
in Costa Rica has been estimated to exceed 40,000 L ha-! (Kohler et al., 2007). Although
vascular epiphytes may not play as important a role hydrologically as nonvascular epi-
phytes, this may be different for tank bromeliads, which can hold considerable amounts
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of water in their overlapping leaf bases (Zotz et al., 1999). Still,
existing estimates of their water-holding capacity do not reach
the magnitude of bryophytes: the highest published value is
33,000 L ha! in a dwarf forest with very high tank-bromeliad
density in Puerto Rico (Richardson et al., 2000).

The process in which rainfall is captured by the vegetation
(including tree foliage, branches, and epiphytes) and returned
directly to the atmosphere without reaching the ground is called
interception loss (Bakar et al., 2012; Nadkarni and Sumera,
2004). Interception loss can be estimated as the difference
between rainfall reaching the canopy and the sum of through-
fall and stemflow under the canopy (Crockford and Richardson,
2000; McJannet et al., 2007). Throughfall is the water that
reaches the soil as it drips off the plant canopy, and stemflow is
the water that flows down the stems until it reaches the base of
the plants (Garcia-Estringana et al., 2010). Estimates of rainfall
interception in tropical montane forests vary considerably. For
example, Veneklaas and Van Ek (1990) report 13% of intercep-
tion loss in a tropical upper-montane cloud forest (TUMCF) in
Colombia, whereas Ataroff and Rada (2000) report 51% for a
TUMCEF in Venezuela.

As epiphytes can modify canopy temperature and circula-
tion patterns (Clark et al., 1998; Freiberg, 2001), they also affect
canopy evaporation rates (Van Stan et al., 2016), so the effect
on interception is not only through direct water capture. Inter-
cepted water starts to evaporate immediately after or even during
a rainfall event (Garcia-Estringana et al., 2010). Even though
epiphytic matter (dead and alive epiphytic components) can
have a large water-holding capacity, this capacity will affect total
interception only if it is not already used, that is, if the epiphytes
are not more or less saturated with water due to previous precip-
itation (Calder, 2001). Therefore, the realized interception will
also strongly depend on rainfall dynamics as well as the canopy
microclimate at each site (Gotsch et al., 2016; Zotz, 2016).

A recent review of stemflow studies (Levia and Germer,
2015) shows that the funneling of precipitation to the base of
the tree stem significantly affects a number of ecohydrological
processes in wooded ecosystems. Stemflow is likely to be higher
on larger trees because their canopy leaf area is larger. There-
fore, tree size should affect the amount of stemflow. This posi-
tive relationship was observed in Picea sitchensis plantations in
southern Scotland (Ford and Deans, 1978). However, Johnson
(1990) found that, despite the greater crown size, stemflow was
inversely correlated with tree age and interception capacity in a
forest in highland Scotland. Due to different crown architectures,
tree-size—stemflow relationships are probably species-specific as
well as dependent on forest canopy structure. For cloud for-
est trees, the relationship between stemflow and tree size is not
known, but characteristics such as leaf pubescence, insertion
angle of the leaves, rigidity of the branches, and structure of the
tree canopy are determining factors for the water-storage capac-
ity, both directly and by affecting the accumulation of epiphytic
biomass (Garcia-Estrigana et al., 2010), and thus these factors
also affect stemflow.

Stemflow begins at the base of branches. If something
obstructs the path along the branch to the stem, drip points will
occur, turning potential stemflow into throughfall (Williams,
2004). If the obstruction is capable of absorbing water, as in the
case of a dry epiphyte, it may also turn potential stemflow into
intercepted canopy water. Therefore, the presence of epiphytes
on trunks should decrease stemflow. However, Fleischbein
et al. (2005) and Oyarzun et al. (2011) addressed this ques-
tion and found no such relationship in a lower montane forest
in Ecuador and in forest in the Andes of south-central Chile,
respectively.

Overall, there is substantial variation in currently avail-
able data on hydrological processes in forests, particularly in the
tropics. The role of epiphytes in these processes is even less well
understood, with widely varying results obtained in different
studies. Thus, there is a need for more data to assess the roles
of epiphytes on water cycling in tropical forests. The purposes
of this study were (1) to estimate the water-holding capacity of
different components of epiphytic matter at the stand level in the
LMTF of the Fortuna Forest Reserve, (2) to assess the influence
of vascular and nonvascular epiphytes on stemflow, (3) to calcu-
late interception losses in this forest at the stand level, and (4) to
estimate the relative contribution of epiphytes to total intercep-
tion in this forest.

STUDY SITE AND CLIMATIC CONDITIONS

The study site was located in an LMTF in the Fortuna Forest
Reserve (FFR), in western Panama, in the Quebrada Honda water-
shed (8°45'40”N, 82°14'22”W, 1,150 m above sea level [asl]).
Important tree species at the location include Oreomunnea mexi-
cana, Quercus sp., and genera including Hedyosmum, Faramea,
Trichilia, Guettarda, Ardisia, and Inga (Goémez Gonzdlez et al.,
2017). Long-term data (Prada et al., 2017) indicate annual precipi-
tation of ~3,500 mm y-!. Due to equipment failure, precipitation
could be quantified only for part of the study period, from May to
November 2014: 2,461 mm (HOBO RG3 data-logging rain gauge
[Onset Computer Corp., Cape Cod, MA, USA] located ~20 m
outside the forest). The mean temperature was 18°C according to
recordings using HOBO data logging.

MATERIALS AND METHODS
SAMPLING OF EPIPHYTIC MATTER

We sampled trunk and branch epiphytic matter (sensu Zotz,
2016), separating dead and live epiphytic components. Trees
were climbed using single-rope techniques or were accessed with
ladders in the case of smaller trees. Epiphytic matter of 22 trees
of different DBHs and species was sampled from one-half of
the entire tree trunk (from the beginning of the crown down to
the base). Epiphytic matter in the tree crowns was estimated by



sampling all epiphytes from 28 branches (2-11 c¢m basal diam-
eter) from 15 trees after cutting and lowering the branches to the
ground. This allowed us to establish the relationship between
branch diameter and epiphytic matter and obtain an estimate
of the epiphytic matter on the branches of the 22 sampled trees.
Epiphytic matter per stand area was derived from the relation-
ship between epiphytic matter and tree DBH and information on
DBH distributions of all trees greater than 5 cm in a nearby 1 ha
plot (Prada et al., 2017; see Gomez Gonzélez et al., 2017, for
details of the sampling and estimates of epiphytic matter).

WaTErR-HoLDING CAPACITY OF EPIPHYTIC MATTER

In the laboratory, the epiphytic matter was separated into five
components: dead organic matter (DOM), lichens, bryophytes,
vascular-plant epiphytes, and vascular-plant hemiepiphytes and
nomadic vines (lumped into one group; for definitions of dif-
ferent life forms, see Zotz, 2016). Vascular plants were identi-
fied and voucher specimens were deposited in the herbaria of the
University of Panama (PMA) and University of Chiriqui (UCH).
For detailed results, see Gomez Gonzalez et al. (2017).

Vascular plants were weighed within 2 h of collection to
obtain fresh weights. Maximum water-holding capacity was
determined gravimetrically after immersion in water for 5 h and
subsequent draining for 30 min, and comparison was made of
this saturated mass with sample fresh mass (for vascular plants;
modified from Veneklaas and van Ek, 1990) or sample dry mass
(for DOM and bryophytes; lichen biomass was negligible and not
further considered). The different reference masses for the groups
are related to the hydration dynamics of the groups: DOM and
bryophytes can potentially dry out completely and thus absorb
and release water relative to their dry weight, whereas vascular
plants (except filmy ferns with negligible biomass in our samples)
maintain a more or less constant internal water content, so that
water is intercepted and released from their surface only, which
scales with plant fresh weight.

Additionally, to account for the water impounded in tank
bromeliads, we measured the maximum tank water content of
17 tank bromeliads of different species ranging in fresh mass
from 0.005 to 1.00 kg. The water-holding capacity of these tank
bromeliads was regressed against their fresh mass, and the func-
tion obtained was used to estimate the water-holding capacity of
bromeliads at the stand level. This estimate was based on mea-
surements of the total bromeliad fresh mass on the sampled trees
(all species identified except one, which is relatively rare, are
classified as tank bromeliads). These estimates were then extrap-
olated to the stand scale on the basis of the relationship between
bromeliad fresh mass and tree DBH and the DBH distributions
of all trees >5 cm in the nearby 1 ha plot.

After saturated weights were determined, all material was
dried at 60°C, and dry mass was determined after a period of 48 h
(for most of the living tissues) or 96 h in the case of some Araceae
and Bromeliaceae (depending on their size and level of succulence)
and dead organic matter (modified from Chen et al., 2010).
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The total water-holding capacity for each group was deter-
mined as (saturated mass - dry mass) + dry mass for DOM
and bryophytes, and as (saturated mass - fresh mass) + fresh
mass for vascular epiphytes. The water-holding capacity was
extrapolated to the stand level on the basis of the estimated
dry mass and fresh mass, respectively, of these epiphytic matter
components in the nearby 1 ha forest plot (Gomez Gonzalez
et al., 2017).

STEMFLOW, THROUGHFALL, AND RAINFALL MEASUREMENT

Interception, throughfall, and stemflow are all related to
plant morphology, structure, and biomass (Garcia-Estringana
et al., 2010). We therefore measured throughfall and stemflow
under trees of different species, varying in DBH and structural
characteristics.

Stemflow was determined for 12 of the 22 trees from which
we had previously removed the epiphytic matter. Each trunk had
two distinct halves: one-half of the column with intact epiphyte
cover and the other half without epiphytes. We compared the
amount of stemflow between these two treatments using collec-
tors made of polyurethane foam collars fitted around the trunks
1 m above the forest floor. Each collar was divided in two halves
that collected the stemflow from each half, with and without
epiphytes, separately and drained into separate water collectors
(Stanton et al., 2014; Levia et al., 2010, modified). The amounts
of collected stemflow water were determined weekly from May
2014 to May 2015.

There was no relationship between the amount of stem-
flow and DBH of the tree trunks for either treatment (R? = 0.01,
P > 0.05, treatment with epiphytes; and R* = 0.21, P > 0.05,
treatment without epiphytes). Therefore, to calculate total stem-
flow at the stand level, the mean annual stemflow per half-trunk
(16.6 + 0.4 L, n = 12; treatment with epiphytes) and (24.4 = 0.6 L,
n = 12; treatment without epiphytes) was multiplied by two,
converting half-trunks into whole-trunks, and by the number of
trees =25 cm DBH in the 1 ha plot (7 = 5,318, Prada et al., unpub-
lished data census 2013).

Throughfall collectors were placed 1 m above the ground to
avoid overestimation by splash water. In total, 24 collectors with
a reception area of 240 cm? each were placed in the understory
below the crown of the 12 trees where stemflow was measured
(2 collectors below each tree). Collectors consisted of circular fun-
nels attached to water collectors via a hose. A polyethylene net
with a 0.5 mm mesh was placed in every funnel in order to mini-
mize measurement errors due to organic material or insects block-
ing the funnel entrance. Similar to stemflow, throughfall was also
measured every week from May 2014 to May 2015. Throughfall
was extrapolated to the stand level by simple extrapolation of the
amount collected per area.

Rainfall was measured by a tipping-bucket rain gauge
(HOBO RG3) with a resolution of 0.2 mm. The rain gauge
was located ~20 m outside the forest in a large clearing. Data
were recorded from May 2014 to November 2014, after which
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the rain gauge stopped working. Tipping events per week were
summed up to obtain weekly rain values to be compared with
the simultaneous stemflow and throughfall measurements.
Interception losses were estimated from total rainfall,
throughfall, and stemflow over the 27 wk period when rainfall
was accurately recorded. Unfortunately, we could not use the
graphical method suggested by Leyton et al. (1967) to estimate
the water-holding capacity of a canopy from the relationship
between throughfall and rainfall because this method requires
data for single rain events, whereas we had only weekly totals.

RESULTS
WaTErR-HOLDING CAPACITY OF EPIPHYTIC MATTER

The water-holding capacity of epiphytic matter at the stand
level was estimated at 25,390 L ha™!, or 2.5 mm (Table 6.1). Dead
organic matter contributed most to this capacity, with 13,266 L
ha-! (1.3 mm). This was due to the high contribution of DOM
to epiphytic matter (62%) and the relatively high water-holding
capacity per unit weight: 131% of dry mass (Table 6.1). Even
though bryophytes represented just 6% of epiphytic matter in
the forest, their very high water-holding capacity (734% of dry
weight) explains their important contribution of 7,428 L ha!
(0.7 mm; Table 6.1).

The water-holding capacity of individual bromeliads increased
linearly with fresh mass (R? = 0.90, P < 0.001) and ranged from
0.02 to 0.65 L (Figure 6.1). We found 311 bromeliads on the sam-
pled trees and estimated the total fresh mass at 15,077 kg ha-'.
Using the linear relationship obtained, we estimated the stand-
level water-holding capacity of all tank bromeliads at 2,700 L ha!
(0.2 mm), that is, 10% of the total.

STEMFLOW, THROUGHFALL, RAINFALL, AND INTERCEPTION

Total rainfall from 15 May 2014 to 10 November 2014 was
2,461 mm. Throughfall during the same 27 wk period was 1,471 =
26 mm (mean = SD, n = 24), corresponding to 59% of rainfall.
During this period, the average stemflow in the treatment without
epiphytes was 18.2 + 0.8 mm (1 = 12) compared to 10.7 = 0.4 mm
(n = 12) with epiphytes. Stemflow thus represented 0.7% (treat-
ment without epiphytes) and 0.4 % (control with epiphytes) of rain-
fall. Based on these totals, interception loss was estimated at 40%.

The effect of epiphyte cover on stemflow was consistent
through time, with average stemflow of trunk portions with epi-
phytes being nearly always similar to or lower than stemflow on
those without (Figure 6.2). However, between trees, the effect of
epiphyte cover was highly variable (Figure 6.3). In five trees with
high stemflow, the half-trunks without epiphytes yielded more
water, whereas in one tree with high stemflow, this pattern was
reversed. In the trees with lower stemflow, the two patterns were
equally frequent. There was no relationship between DBH and
stemflow (Pearson correlation, P > 0.05).

Rainfall was variable during the study period, which was, of
course, reflected in the amount of throughfall (Figure 6.4). The
lowest throughfall occurred in weeks 40 and 46 of the study year,
corresponding to January and February 2015, which is the drier
season in Panama (Figure 6.4). However, even during the drier sea-
son, it rained enough to create substantial throughfall every week
except one, and drier periods never lasted more than 2 weeks.

As expected, the variation in throughfall plus stemflow was
linearly related to rainfall (Figure 6.5). Temporal fluctuations in
rainfall, throughfall, and stemflow were clearly correlated, but
there were also some conspicuous discrepancies in particular
weeks. For example, most rainfall peaks (those of weeks 1, 6,9, 12,
18, 20, and 22) resulted in clear peaks in throughfall and stemflow,

TABLE 6.1. Total epiphytic matter (dry mass of dead organic matter (DOM) and bryophytes,
fresh mass for vascular plants), total water-holding capacity at stand level, and water-holding

capacity per unit mass of epiphytic matter in a tropical montane cloud forest at 1,150 m above

sea level at Quebrada Honda, Fortuna Forest Reserve, western Panama.

Matter (dry mass) Water-holding Water-holding capacity
in forest (kg ha™) capacity (1 ha™) (% of dry weight)
DOM 10,136 13,266 131
Bryophytes 1,012 7,428 734
Matter (fresh weight) Water-holding Water-holding capacity
in forest (kg ha™) capacity (1 ha™) (% of fresh weight)
Hemiepiphytes 1,481 363 25
Vascular plants 4,893 1,633 33
Tank bromeliads 15,077 2,700 50
Total 32,599 25,390 —
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FIGURE 6.1. Relationship between the tank water-holding capacity and plant size of bromeliads (including different species) collected from

a lower montane forest at Quebrada Honda, Fortuna Forest Reserve, western Panama (tank water content = 0.02 + 0.68 x bromeliad fresh

weight, R? = 0.90, P > 0.001, Pearson regression model).

whereas the peaks in weeks 15 and 26 did not result in a response
in either throughfall or stemflow (Figure 6.4). From week 28
onward, we have no data for rainfall, but despite peaks in through-
fall between weeks 30 and 40, stemflow stayed low. Another inter-
esting observation is that in weeks 24 to 39 (Figures 6.2 and 6.4),
after and during a period of high rainfall, we found no difference
between stem-halves with and without epiphytes.

DISCUSSION

Because of the irregularity of their water supply, many epi-
phytes are specialized to absorb and retain water very effectively,
leading to the expectation of a large water-holding capacity of
the epiphytes in the Fortuna forest. In our study, epiphytic matter
was estimated at 16,439 kg ha™! (Gomez Gonzalez et al., 2017),
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FIGURE 6.2. Average weekly stemflow (mm) from 12 half-trunks with epiphytes (E+) paired with half-trunks without epiphytes (E-) in a period
of 52 weeks (May 2014-May 2015) in a lower montane tropical forest (1,150 m asl) in western Panama (Quebrada Honda, Fortuna).

which in turn could hold 25,390 1 ha!, or 2.5 mm, of water.
Theoretically, if this capacity were to be filled up daily, which
would require a daily shower followed by desiccating conditions
to return all water back to the atmosphere, it would result in an
annual interception potential exceeding 900 mm. As total pre-
cipitation over 27 weeks was 2,461 mm, which could be extrap-
olated to ~4,700 mm y-! rainfall (assuming relatively constant

conditions), this would be equivalent to an interception of about
20% by epiphytic matter alone.

However, this daily filling and draining scenario is not real-
istic in Fortuna or any moist forest. Our data do not allow us
to estimate the contribution of epiphytes to the 40% intercep-
tion at the stand level, but it will certainly be much less than
the theoretical maximum of 20% mentioned in the preceding
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FIGURE 6.3. Mean total stemflow (ml) from 12 half-trunks with epiphytes (E+) paired with half-trunks without epiphytes (E-) with different
diameter at breast height (ordered by DBH, from small, to large [cm]) over a period of 52 weeks (May 2014-May 2015) in a lower montane
tropical forest (1,150 m asl) in western Panama (Quebrada Honda, Fortuna).

paragraph. Actual interception depends on how much of the
water-holding capacity is already used, which in turn depends
on temporal and spatial precipitation patterns, including occult
or horizontal precipitation such as fog, and on evapotranspira-
tion rates (Holscher et al., 2004). These dependencies appear to
be reflected in the temporal patterns of throughfall relative to
rainfall, as shown in Figure 6.5, where in some weeks follow-
ing a week with low rainfall (e.g., weeks 15 and 26), high rain-
fall was not associated with high throughfall. We suspect that,
during this time, the canopy was relatively dry, and interception
therefore was particularly high.

Our estimation of 2.5 mm of water-holding capacity at the
stand level is within the range previously reported for tropical
upper montane forests (2-5 mm) in studies using similar direct
measurement methods (Holscher et al., 2004; Kohler et al.,
2007; Veneklaas and Van Ek, 1990). It agrees particularly well
with the capacity of 2.6 mm calculated by Cavelier et al. (1997)
for interception in a forest in another part of the Fortuna For-
est Reserve. These authors based their estimate on the method
of Leyton et al. (1967) using rainfall and throughfall data for
individual rain events.

Likewise, the estimated canopy interception (40%) is within
the range of values (Veneklaas and Van Ek, 1990; Ataroff and
Rada, 2000) reported from other tropical montane forests
(Cavelier et al., 1997; Holscher et al., 2004; Oyarzun et al., 2011)
and, again, almost identical to an estimated 37% for a nearby for-
est (Cavelier et al., 1997). These values may be due to the dense
canopy and abundant epiphytes present. Still, the actual amount of
water captured in the canopy may be even higher than suggested by
this balance between rainfall and throughfall because of additional
water inputs by fog, which is frequent in our study area. Inter-
cepted water from passing clouds could even result in throughfall
exceeding rainfall on some days, which would result in negative
interception estimates. Even in less extreme cases, not account-
ing for fog input is likely to lead to an underestimation of canopy
interception.

It has been suggested that the presence of epiphytes results in
decreased stemflow and an increase in interception loss (Garcia-
Estringana et al., 2010; Van Stan and Pypker, 2015). As stemflow
can be an important source of nutrients for trees, this implies
effects of epiphytes on nutrient fluxes (Stanton et al., 2014).
However, differences between the amount of stemflow on trunks
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with and without epiphytes were inconsistent. Fleischbein et al.
(2005) mentioned that the amount of stemflow decreases in the
presence of bryophytes and lichens but tends to increase in the pres-
ence of vascular epiphytes in a tropical lower montane forest in the
south Ecuadorian Andes. Such contrasting effects of vascular and
nonvascular epiphytes may partly explain our results, because the
epiphytic vegetation was composed of a mixture of both groups.
There was a dominance of vascular epiphytes in terms of biomass,
but we can expect a disproportionately large effect of bryophytes
due to their larger water-holding capacity. Variation in stemflow
between trunk-halves can also arise from local asymmetries in the
canopy or inclination of the trunks. Overall, our data suggest a gen-
erally negative effect of epiphytes on stemflow. However, the large
variation between trees requires that this experiment be repeated
with a larger sample size. Conversely, the duration of the experi-
ment can be reduced to cover only a few rainy weeks, because the
differences between the treatments were quite consistent through
time. It should also be considered that stemflow is initiated in the
crown, so that manipulating only trunk epiphytes should not affect
stemflow as much as a full canopy manipulation would.
According to Stanton et al. (2014), the presence of epiphytes
affects host plants because epiphytes take up water that would
otherwise reach the soil and benefit the tree. This may be the case
in the coastal fog deserts of their study, because (1) canopies and
epiphytes are frequently dry, and epiphytes can take up water

according to their water-holding capacity; and (2) vegetation is
strongly moisture limited. In our forest, however, neither condi-
tion was met, so that negative effects on host trees via hydro-
logical changes are less likely. However, another observation by
Stanton et al. (2014), the stabilization of the forest microclimate
through the slow release of water, should be relevant in our study
system as well, particularly for the epiphytes themselves.

In summary, rainfall interception was high in the studied
forest of the Fortuna Forest Reserve (40%). This is partly related
to the high water-holding capacity of the abundant epiphytic
matter, even if the potential 20% interception by epiphytes is
never reached because part of the capacity is always used in this
environment with frequent rainfall and prevailing high humidity.
The presence of epiphytes on tree trunks reduced the amount of
stemflow not on every single tree but on average. This indicates
that at the stand level, stem epiphytes affect stem water fluxes
modestly but that, potentially more important, they may also
affect nutrient fluxes. Even though we could not quantify all con-
tributions of epiphytes to hydrological fluxes in detail, our study
documents their role in increasing the water-holding capacity of
the forest and in redirecting flows. These hydrological roles, as
well as other ecosystem functions, such as carbon storage and
habitat provision for other organisms, highlight the importance
of monitoring and understanding the fate of these aerial plants
to ongoing climatic changes.
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ABSTRACT. Tropical montane forests are sites of known high orchid diversity, but their number
of species, population health, and resource acquisition remain understudied. The Fortuna Forest
Reserve in western Panama harbors orchid species with broad distribution and shared origins with
North and South America as well as endemic and endangered species. In this chapter, recorded data
from herbarium specimens and values of leaf stable isotopic composition of carbon (§**C) and ni-
trogen (8"°N) inform an updated inventory of the orchid flora for Fortuna and an evaluation of the
diversity of resource use strategies and patterns of nutrient utilization with implications for tropical
montane orchid conservation. These data indicate that orchids can integrate different nitrogen (N)
sources at a local scale. Epiphytic orchids show negative 8"*N values compared to terrestrial, sug-
gesting an atmospheric signal from wet deposition in the form of ammonium and nitrate. Terrestrial
species with higher N content and higher '*N may allow for an increase in photosynthesis, espe-
cially on exposed sites or road banks where light intensity is expected to be higher. Orchid conserva-
tion programs at Fortuna can be accomplished by focusing on inventories to monitor the diversity
of orchids and by targeting individual key species on the long-term basis. An integrated approach
with local agencies is required for long-term sustainability.

INTRODUCTION

Orchidaceae is one of the largest and most widespread families of vascular plants,
with 30,080 species reported worldwide (Plants of the World Online [POWO], n.d.).
Tropical montane forests are known sites for high orchid diversity, especially miniature
species, because high rainfall, moist environments, and humidity promote epiphytism,
which in turn is linked to accelerated diversification rates (Gravendeel et al., 2004;
Givnish et al., 2015). The Mesoamerican region, which includes the western volcanic
region of Panama, is particularly rich in orchid diversity — nearly 10% of all orchid
species are found here (Bogarin et al., 2013; Bogarin et al., 2014). Panama has 1,432
reported orchid species (POWO, n.d.) and has one of the largest lists of endemic species
from all of Mesoamerica (Bogarin et al., 2013). The Fortuna Forest Reserve in western
Panama is one of the largest mid-elevation cloud forest sites in Central America, with at
least 20% of the plant diversity for the country and a significant portion of species being
endemic to this region (Dalling et al., this volume).

Epiphytes are one of the most frequent life forms found in tropical montane cloud
forests, with orchids being by far the most species-rich group (Gradstein, 2008; Gémez
Gonzilez et al., 2017). Epiphytic orchids may have the ability to colonize fine-scale niche
sites because altitudinal variations in fog deposition and micro-conditions within the
branches of tree canopies create a multifaceted array of suitable conditions (Givnish
et al., 2015). Orchid diversity in Panama peaks at altitudinal ranges between 1,000 and
1,500 m above sea level (asl) (Silvera et al., 2009; Givnish et al., 2015). The diversity at
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the Fortuna Forest Reserve has a range from 700 to 2,000 m asl.
Patterns of abundant species diversification and endemism at
high-elevation sites are determined not only by combinations of
climatic variables but also by historical and evolutionary pro-
cesses and dispersal limitations (Gradstein, 2008; Kessler and
Kluge, 2008). However, assessments of the quality and diversity
of epiphytes in tropical montane forests remain sparse (Gomez
Gonzdlez et al., 2017).

The orchid diversity for the Fortuna Forest Reserve in
western Panama combines species that have broad distribution
and shared origins with North and South America as well as
species that are shared between Costa Rica and Panama and
found nowhere else (35 out of 186 species; Table 7.1). In addi-
tion, at least 10 species that are endemic to Panama are present
in Fortuna (Table 7.1 and appendix 7.1). The Jardin Botdnico
Lankester in Costa Rica and the Autonomous University of
Chiriqui Herbarium (UCH) in Panama have joined efforts and

established a long-term collaboration focused on the study of the
Orchidaceae family (Bogarin et al., 2013; Bogarin et al., 2014).
These efforts have produced inventories and vouchers, and new
records for the orchid family, many of which have been docu-
mented through the database Epidendra, maintained by Jardin
Botanico Lankester. A checklist for the Fortuna dam region in
Chiriqui and Bocas del Toro, published by the Missouri Botanical
Garden, lists 252 orchid species for this region (McPherson
et al., 2010; for Fortuna orchid images, see https:/fortuna.life.
illinois.edu). In this analysis, recorded information from herbar-
ium specimens and values of leaf isotopic composition of §*C
and 8N are used to first provide an inventory of the orchid flora
for the Fortuna Forest Reserve with emphasis on the two larg-
est genera present in these records, Maxillaria and Epidendrum,
and then to evaluate the diversity of resource use strategies and
patterns of nutrient utilization with implications for tropical
montane orchid conservation.

TABLE 7.1. Leaf carbon and nitrogen stable isotopic composition (8"*C and 8'°N), growth form, %N, %C, and C:N ratio for 186
Fortuna orchid species collected from herbarium sheets. Species nomenclature follows the Plants of the World database managed by the

Royal Botanic Gardens, Kew. Species names provided in parentheses correspond to the synonym names given in the herbarium sheet.

Herbarium accession number and collection localities are provided in Table 7.2. Asterisk (*) = endemic species; dash (—) = no data.

Growth
Species name Form 313C %N BN %C C:N ratio
Acianthera glumacea (Lindl.) Pridgeon & M.W.Chase Epiphytic -30.01 0.95 -4.02 47.86 50.38
(Pleurothallis alexandrae)
Acianthera sicaria (Lindl.) Pridgeon & M.W.Chase Epiphytic -22.89 — — 51.85 —
Anathallis cuspidata (Luer) Pridgeon & M.W.Chase Epiphytic -28.69 0.98 -2.72 44.57 45.48
(Pleurothallis cuspidata)
Barbosella dolichorhiza Schltr. Epiphytic -25.89 0.84 -2.64 54.18 64.50
Barbosella prorepens (Rchb.f.) Schltr. Epiphytic -26.92 1.43 -0.03 51.35 35.91
Baskervilla colombiana Garay Terrestrial -34.57 2.31 1.92 44.83 19.41
Brachionidium dressleri Luer Terrestrial -32.25 3.36 -2.63 47.05 14.00
Brassia chlorops Endrés & Rchb.f. (Ada chlorops) Epiphytic -27.25 — — 50.56 —
Brassia chlorops Endrés & Rchb.f. (Ada chlorops) Epiphytic -26.82 1.31 -3.18 54.59 41.67
Brassia horichii (LBock) M.W.Chase (Mesospinidium horichii) Epiphytic -29.37 2.23 -0.33 50.03 22.43
Brassia horichii (LBock) M.W.Chase (Mesospinidium horichii) Epiphytic -28.73 — — 49.98 —
Campylocentrum brenesii Schltr. Epiphytic -18.62 — — 49.47 —
Coccineorchis bracteosa (Ames & C.Schweinf.) Garay Terrestrial -31.90 — — 45.56 —
Coccineorchis warszewicziana Szlach., Rutk. & Mytnik Terrestrial -26.89 1.05 -0.89 42.23 40.22
Cyclopogon plantagineus Schltr. Terrestrial -30.01 4.39 3.42 45.47 10.36
Cyrtochiloides ochmatochila (Rchb.f.) N.H.Williams & Epiphytic -29.68 — — 49.72 —
M. W.Chase (Oncidium ochmatochilum)
Cyrtochiloides ochmatochila (Rchb.f.) N.H.Williams & Epiphytic -24.69 1.32 — 53.57 40.58
M.W.Chase (Oncidium ochmatochilum)
Daiotyla crassa (Dressler) Dressler (Chondrorbyncha crassa)* Epiphytic -32.45 1.45 -3.09 42.09 29.03

Dichaea costaricensis Schltr.

Epiphytic -28.82 1.40 -2.70 51.09 36.49
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TABLE 7.1. (Continued)

Growth
Species name Form o1C %N SN %C C:N ratio
Dichaea dressleri Folsom* Epiphytic -31.36 1.51 -2.86 42.41 28.09
Diodonopsis erinacea (Rchb.f.) Pridgeon & M.W.Chase Epiphytic -31.06 0.87 -3.73 46.85 53.85
(Masdevallia erinacea)
Echinosepala sempergemmata (Luer) Pridgeon & M.W.Chase Epiphytic -28.33 1.48 -3.58 51.08 34.51
(Myoxanthus sempergemmatus)
Elleanthus glaucophyllus Schltr. Epiphytic -29.05 — — 46.76 —
Elleanthus hymenophorus (Rchb.f.) Rchb.f. Terrestrial -30.19 1.84 — 35.16 19.11
Elleanthus jimenezii (Schltr.) C.Schweinf. (Epilyna jimenexzii) Epiphytic -29.44 0.56 — 54.77 97.80
Elleanthus jimenezii (Schltr.) C.Schweinf. (Epilyna jimenezii) Epiphytic -28.61 — — 52.77 —
Elleanthus poiformis Schltr. Epiphytic -29.83 1.16 0.38 51.18 44.12
Elleanthus stolonifer Barringer Epiphytic -29.52 1.44 — 49.85 34.62
Epidendrum allenii L.O.Williams Epiphytic -28.71 2.03 -2.83 45.62 22.47
Epidendrum exile Ames Epiphytic -29.12 — — 47.23 —
Epidendrum exile Ames Epiphytic -28.25 — — 47.47 —
Epidendrum fortunae Hagsater & Dressler Epiphytic -30.41 1.69 — 50.36 29.80
(Oerstedella fortunae)*
Epidendrum intermixtum Ames & C.Schweinf. Epiphytic -27.79 2.32 -2.02 47.03 20.27
Epidendrum intermixtum Ames & C.Schweinf. Epiphytic -27.47 — -3.17 — —
(Oerstedella intermixta)
Epidendrum jejunum Rchb.f. Epiphytic -26.98 — — 42.72 —
Epidendrum lacustre Lindl. Epiphytic -34.44 — — 43.40 —
Epidendrum lacustre Lindl. Epiphytic -27.88 — — 44.43 —
Epidendrum muscicola Schltr. Epiphytic -28.44 — — 50.49 —
Epidendrum muscicola Schltr. Epiphytic -27.79 — — 50.14 —
Epidendrum muscicola Schltr. Epiphytic -27.26 — — 53.92 —
Epidendrum notabile Schltr. Epiphytic -31.60 — — 46.42 —
Epidendrum notabile Schltr. Epiphytic -30.20 — — 46.53 —
Epidendrum notabile Schltr. Epiphytic -28.10 — — 46.03 —
Epidendrum odontochilum Hégsater Epiphytic -25.36 — — 44.60 —
Epidendrum paranthicum Rchb.f. (Epidendrum sancti-ramoni) Epiphytic -26.85 0.75 -3.15 52.97 70.63
Epidendrum phyllocharis Rchb.f. Epiphytic -32.52 — — 45.13 —
Epidendrum platystigma Rchb.f. Epiphytic -29.60 — — 51.32 —
Epidendrum pleurothalloides Hagsater Epiphytic -29.28 — — 49.86 —
Epidendrum radicans Pav. ex Lindl. Terrestrial -15.39 — — 49.55 —
Epidendrum sanchoi Ames Epiphytic -33.50 — — 49.69 —
Epidendrum sanchoi Ames Epiphytic -30.36 — — 49.05 —
Epidendrum selaginella Schltr. Epiphytic -33.93 — — 46.05 —
Epidendrum talamancanum (J.T.Atwood) Mora-Ret. & Epiphytic -28.49 1.24 -3.92 53.02 42.76
Garcia Castro
Epidendrum turialvae Rchb.f. Epiphytic -31.60 — — 43.62 —
Goodyera erosa (Ames & C.Schweinf.) Ames, ET.Hubb. & Terrestrial -33.30 — — 44.15 —

C.Schweinf.

(Continued)
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TABLE 7.1. (Continued)

Growth
Species name Form o1C %N SN %C C:N ratio
Goodyera striata Rchb.f. Terrestrial -33.09 — — 44.96 —
Habenaria repens Nutt. Terrestrial -31.68 — — 41.31 —
Jacquiniella globosa (Jacq.) Schltr. Epiphytic -27.57 — — 50.04 —
Jacquiniella standleyi (Ames) Dressler Epiphytic -29.58 — — 52.27 —
Jacquiniella teretifolia (Sw.) Britton & P.Wilson Epiphytic -25.93 0.77 -5.60 46.28 60.10
Kefersteinia excentrica Dressler & Mora—Ret. Epiphytic -26.57 2.06 -1.21 48.67 23.63
Kefersteinia lactea (Rchb.f.) Schltr. Epiphytic -29.14 1.93 -0.78 49.79 25.80
Kreodanthus sarcochilus E.A.Christ. sp. nov. ined. Terrestrial -31.53 2.29 -0.93 43.80 19.13
Lepanthes brunnescens Luer™ Epiphytic -31.91 1.61 -3.26 43.36 26.93
Lepanthes wendlandii Rchb.f. Epiphytic -29.89 0.71 -7.04 47.09 66.32
Lycaste schilleriana Rchb.f. Epiphytic -30.32 1.11 -0.80 42.06 37.89
Lycaste schilleriana Rchb.f. Epiphytic -30.02 — — 44.04 —
Macroclinium alleniorum Dressler & Pupulin Epiphytic -17.11 — — 54.69 —
Malaxis excavata (Lindl.) Kuntze (Malaxis hastilabia) Terrestrial -35.56 — — 47.98 —
Malaxis pandurata (Schltr.) Ames Terrestrial -33.36 3.01 4.15 43.57 14.48
Malaxis simillima (Rchb.f.) Kuntze Terrestrial -28.33 3.15 -1.08 46.83 14.87
Masdevallia chasei Luer Epiphytic -27.32 0.85 -1.77 43.14 50.75
Masdevallia nidifica Rchb.f. Epiphytic -30.53 2.18 -1.38 45.89 21.05
Maxillaria acervata Rchb.f. Epiphytic -31.74 — — 51.00 —
Maxillaria adendrobium (Rchb.f.) Dressler (Ornithidium Epiphytic -27.19 — — 50.54 —
adendrobium)
Maxillaria angustissima Ames, ET.Hubb. & C.Schweinf.* Epiphytic -32.36 1.22 46.07 37.76
Maxillaria angustissima Ames, ET.Hubb. & C.Schweinf.* Epiphytic -29.28 — -5.10 — —
Maxillaria arachnitiflora Ames & C.Schweinf. Epiphytic -28.84 — -3.49 — —
Maxillaria bicallosa (Rchb.f.) Garay Epiphytic -28.63 1.07 49.16 45.94
Maxillaria biolleyi (Schltr.) L.O.Williams Epiphytic -26.10 — -1.89 — —
Maxillaria bracteata (Schltr.) Ames & Correll Epiphytic -28.64 — -3.22 — —
Maxillaria calcarata (Schltr.) Molinari (Cryptocentrum Epiphytic -22.95 1.66 -3.49 50.49 30.42
calcaratum)
Maxillaria carinulata Rchb.f. (Maxillaria amplifora) Epiphytic -28.69 — — 49.30 —
Maxillaria chionantha ].T.Atwood Epiphytic -30.03 1.48 — 50.02 33.80
Maxillaria costaricensis Schltr. Epiphytic -29.90 0.98 — 54.95 56.07
Maxillaria dendrobioides (Schltr.) L.O.Williams Epiphytic -28.25 1.22 — 54.00 44.26
Maxillaria diuturna Ames & C.Schweinf. Epiphytic -33.39 — — 49.30 —
Maxillaria diuturna Ames & C.Schweinf. Epiphytic -28.99 — -2.60 — —
Maxillaria flava Ames, ET.Hubb. & C.Schweinf. Epiphytic -31.27 — — 53.48 —
(Camaridium ramonense)
Maxillaria fulgens (Rchb.f.) L.O. Williams Epiphytic -28.08 — — 49.58 —
(Ornithidium fulgens)
Maxillaria fulgens (Rchb.f.) L.O.Williams Epiphytic -27.96 — — 52.73 —
(Ornithidium fulgens)
Maxillaria inaequisepala (C.Schweinf.) Molinari Epiphytic -24.96 — — 49.12 —

(Cryptocentrum inaequisepalum)
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TABLE 7.1. (Continued)

Growth
Species name Form o1C %N SN %C C:N ratio
Maxillaria inaudita Rehb.f. (Camaridium inauditum) Epiphytic -33.85 — — 45.78 —
Maxillaria inaudita Rchb.f. (Camaridium inauditum) Epiphytic -29.83 — — 49.00 —
Maxillaria longicolumna J.T.Atwood* Epiphytic -28.70 1.43 -3.43 52.90 36.99
Maxillaria minus (Schltr.) L.O.Williams (Maxillaria minor) Epiphytic -28.74 — -3.19 — —
Maxillaria monteverdensis J.T.Atwood & Barboza Epiphytic -33.05 — — 55.19 —
(Camaridium monteverdense)
Maxillaria nutantiflora Schltr. (Camaridium nutantiflorum)* Epiphytic -28.00 — — 49.78 —
Maxillaria ramonensis Schltr. Epiphytic -28.71 — -3.13 — —
Maxillaria reichenbeimiana Endrés & Rchb.f. Epiphytic -33.47 — 42.68 —
Maxillaria scalariformis J.T.Atwood* Epiphytic -29.04 — -2.14 — —
Maxillaria standleyi (Ames) Molinari (Cryptocentrum Epiphytic -31.38 — — 46.79 —
standleyi)
Maxillaria trilobata Ames & Correll Epiphytic -30.12 — -0.21 — —
Maxillaria valerioi Ames & C.Schweinf. Epiphytic -27.79 — -2.43 — —
Maxillaria variabilis Bateman ex Lindl. Epiphytic -29.69 — -2.91 — —
Maxillaria wercklei (Schltr.) L.O.Williams Epiphytic -32.06 1.70 — 51.43 30.25
Microchilus nigrescens (Schltr.) Ormerod Terrestrial -27.30 — — 42.87 —
Microchilus nigrescens (Schltr.) Ormerod (Erythrodes killipii) Terrestrial -33.81 — — 43.33 —
Miltoniopsis warszewiczii (Rchb.f.) Garay & Dunst. Epiphytic -27.86 1.25 -3.53 50.56 40.45
Muscarella segregatifolia (Ames & C.Schweinf.) Karremans Epiphytic -29.45 2.08 -1.07 43.66 20.99
(Pleurothallis segregatifolia)
Myoxanthus trachychlamys (Schltr.) Luer Epiphytic -28.30 0.72 -7.61 47.09 65.40
Octomeria costaricensis Schltr. Epiphytic -27.84 — — 50.45 —
Oncidium bryolophotum Rchb.f. Epiphytic -30.20 3.40 — 49.27 14.49
Oncidium bryolophotum Rchb.f. Epiphytic -29.88 — — 44.68 —
Oncidium cheirophorum Rchb.f. Epiphytic -26.85 1.72 — 53.00 30.81
Oncidium cheirophorum Rehb.f. (Oncidium exauriculatum) Epiphytic -27.57 0.91 — 46.97 51.62
Oncidium exalatum Hagsater* Epiphytic -28.80 1.10 — 51.08 46.44
Oncidium luteum Rolfe Epiphytic -27.52 1.92 — 47.32 24.65
Oncidium macrobulbon (Kraenzl.) M.W.Chase & Epiphytic -28.81 1.87 — 47.34 25.32
N.H.Williams (Sigmatostalix macrobulbon)
Oncidium nebulosum Lindl. (Oncidium klotzschianum) Epiphytic -31.24 — — 52.00 —
Oncidium schroederianum (O'Brien) Garay & Stacy Epiphytic -28.10 1.27 — 47.49 37.39
Oncidium warszewiczii Rchb.f. Epiphytic -31.20 — — 50.20 —
Oncidium warszewiczii Rchb.f. Epiphytic -27.09 1.53 -2.79 49.65 32.45
Otoglossum chiriquense (Rchb.f.) Garay & Dunst. Epiphytic -27.82 1.50 -2.12 52.28 34.85
Otoglossum chiriquense (Rchb.f.) Garay & Dunst. Epiphytic -27.44 — — 56.40 —
Palmorchis silvicola L.O.Williams Epiphytic -32.30 3.18 1.16 41.23 12.97
Palmorchis trilobulata L.O.Williams Terrestrial -33.31 3.99 -1.12 45.03 11.29
Palmorchis trilobulata L.O.Williams Terrestrial -32.57 — — 41.58 —
Pescatoria cerina (Lindl. & Paxton) Rchb.f. Terrestrial -24.40 — — 48.71 —
Phragmipedium caudatum (Lindl.) Rolfe Epiphytic -26.00 — — 53.83 —

(Continued)
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TABLE 7.1. (Continued)

Growth
Species name Form o1C %N SN %C C:N ratio
Phragmipedium warszewiczianum (Rchb.f.) Schltr. Epiphytic -26.89 2.09 55.62 26.61
Platystele aurea Garay (Pleurothallis rubella) Epiphytic -30.25 0.88 -5.20 45.57 51.78
Platystele caudatisepala (C.Schweinf.) Garay Epiphytic -33.20 — — 49.01 —
Platystele lancilabris (Rchb.f.) Schltr. Epiphytic -30.34 — — 46.28 —
Platystele ovalifolia (H.Focke) Garay & Dunst. Epiphytic -30.82 — — 55.34 —
Platystele oxyglossa (Schltr.) Garay Epiphytic -31.08 1.07 -11.11 47.74 44.62
Platystele stenostachya (Rchb.f.) Garay Epiphytic -29.37 1.01 -5.76 45.66 45.21
Platystele stenostachya (Rchb.f.) Garay Epiphytic -29.21 — — 46.30 —
Pleurothallis bivalvis Lindl. (Pleurothallis angusta) Epiphytic -28.86 1.05 -4.53 46.78 44.55
Pleurothallis bivalvis Lindl. (Pleurothallis antonensis) Epiphytic -30.19 0.88 -4.40 46.26 52.57
Pleurothallis coriacardia Rchb.f. Epiphytic -30.90 1.02 -1.41 46.50 45.59
Pleurothallis dentipetala Rolfe ex Ames Epiphytic -31.76 1.31 -0.03 46.62 35.59
Pleurothallis eumecocaulon Schltr. Epiphytic -28.08 0.86 -5.00 50.39 58.59
Pleurothallis palliolata Ames Epiphytic -28.96 1.43 1.02 48.84 34.15
Pleurothallis rectipetala Ames & C.Schweinf. Epiphytic -29.47 0.53 -7.15 44.42 83.81
Pleurothallis ruscifolia (Jacq.) R.Br. Epiphytic -29.02 0.79 -4.82 46.09 58.34
Pleurothallis titan Luer Epiphytic -26.38 1.07 -3.12 47.09 44.01
Pleurothallopsis ujarensis (Rchb.f.) Pridgeon & M.W.Chase Epiphytic -25.53 0.91 -3.45 48.86 53.69
(Restrepiopsis ujarensis)

Ponthieva brenesii Schltr. Epiphytic -30.14 1.91 3.47 42.73 22.37
Psilochilus macrophyllus (Lindl.) Ames Terrestrial -28.73 2.58 -1.49 45.84 17.77
Psilochilus physurifolius (Rchb.f.) Lejtnant Terrestrial -30.03 — — 45.85 —
Scaphosepalum microdactylum Rolfe Epiphytic -27.93 — — 44.51 —
Scaphyglottis amparoana (Schltr.) Dressler Epiphytic -23.89 0.82 — 51.00 62.20
Scaphyglottis arctata (Dressler) B.R.Adams Epiphytic -27.36 1.04 -4.36 52.77 50.74
Scaphyglottis densa (Schltr.) B.R.Adams Epiphytic -26.66 — — 51.28 —
Scaphyglottis gigantea Dressler Epiphytic -26.68 — — 49.96 —
Scaphyglottis gigantea Dressler Epiphytic -24.90 1.19 — 49.45 41.55
Scaphyglottis modesta (Rchb.f.) Schltr. Epiphytic -30.52 — — 44.76 —
Scaphyglottis prolifera (R.Br.) Cogn. Epiphytic -26.37 — — 50.32 —
Scaphyglottis prolifera (R.Br.) Cogn. Epiphytic -25.66 — — 48.29 —
Scaphyglottis sessiliflora B.R.Adams Epiphytic -31.79 1.88 — 49.39 26.27
Scaphyglottis sigmoidea (Ames & C.Schweinf.) B.R.Adams Epiphytic -32.17 1.51 — 49.10 32.52
Scaphyglottis sigmoidea (Ames & C.Schweinf.) B.R.Adams Epiphytic -29.10 — — 49.03 —
Sobralia amabilis (Rchb.f.) L.O.Williams Epiphytic -28.63 0.97 — 54.09 55.76
Sobralia candida (Poepp. & Endl.) Rchb.f. Epiphytic -30.60 1.33 — 50.91 38.28
Sobralia carazoi C.H.Lank. & Ames Epiphytic -29.29 1.32 — 46.72 35.39
Sobralia chrysostoma Dressler Terrestrial -29.37 0.51 — 52.41 102.76
Sobralia kerryae Dressler Epiphytic -29.05 1.01 — 52.24 51.72
Sobralia leucoxantha Rchb.f. Epiphytic -27.51 — — 50.90 —
Sobralia undatocarinata C.Schweinf. Terrestrial -32.22 2.02 — 43.21 21.39



NUMBER 112 o 219
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Growth
Species name Form 1C %N SN %C C:N ratio
Sobralia undatocarinata C.Schweinf. Epiphytic -31.63 1.09 — 47.79 43.84
Specklinia colombiana (Garay) Pridgeon & M.W.Chase Epiphytic -32.04 — — 45.84 —
(Acostaea costaricensis)
Stelis despectans Schltr. Epiphytic -29.74 0.55 — 46.21 84.02
Stelis gigantea Pridgeon & M.W.Chase (Pleurothallis powellii) Epiphytic -25.71 1.48 -2.03 45.13 30.49
Stelis microchila Schltr. Epiphytic -28.89 1.12 — 49.23 43.96
Stelis pilosa Pridgeon & M.W.Chase (Pleurothallis Epiphytic -27.05 1.00 -3.13 49.78 49.78
amparoanum)
Stelis segoviensis (Rchb.f.) Pridgeon & M.W.Chase Epiphytic -29.78 — — 47.73 —
Stelis storkii Ames Epiphytic -29.09 0.87 — 44.33 50.95
Stelis superbiens Lindl. (Stelis leucopogon) Epiphytic -29.55 0.89 — 42.58 47.84
Stellamaris pergrata (Ames) Mel.Fernandez & Bogarin Terrestrial -33.51 1.49 — 42.71 28.66
(Trichosalpinx pergrata)
Stenorrbynchos speciosum (Jacq.) Rich. Epiphytic -32.67 1.98 — 44.09 22.27
Systeloglossum panamense Dressler & N.H.Williams* Epiphytic -28.17 1.13 — 52.88 46.80
Trichosalpinx arbuscula (Lindl.) Luer Epiphytic -27.31 0.67 — 40.14 59.91
Trichosalpinx ciliaris (Lindl.) Luer Epiphytic -28.58 0.99 -4.44 43.59 44.03
Trichosalpinx dura (Lindl.) Luer (Pleurothallis foliata) Epiphytic -28.24 0.57 -7.64 47.69 83.67

CARBON AND NITROGEN LEAF Isotoric COMPOSITION
FOR STUDYING FUNCTIONAL STRATEGIES IN ORCHIDS

How epiphytic orchids species without access to mineral
soil nutrients manage to acquire nutrients remains poorly under-
stood. Nitrogen is often considered a limiting nutrient in wet
tropical montane forests (Vitousek, 1984; Tanner et al., 1998).
Unraveling sources of nutrient and whether epiphytic tropical
orchid species may rely solely on atmospheric deposition as their
main source of nitrogen and terrestrial orchid species may take
up nitrogen through roots that are in contact with soil is impor-
tant to understand ecosystem nutrient dynamics. Many epiphytic
orchid species can grow as terrestrial species whenever a thick
mat of humid and not fully decomposed organic matter is con-
centrated near the top layer of the soil and roots are present but
not entirely buried, such as in the case of Epidendrum radicans
Pav. ex Lindl, a ground-dwelling species at the Fortuna Forest
Reserve (Figure 7.1). Litter nutrients in montane forests may
have higher total concentrations of N and lower C to N ratios
(C:N) with decreased cycling of nutrients because of organic
matter buildup due to incomplete decomposition and low soil
temperature effects on nutrient mobilization and microbial
activity (Korner, 1989; Tanner et al., 1998; Wegner, et al. 2003).
Other sources of N for both terrestrial and epiphytic orchids
may come from N, fixed by microorganisms and as a direct N
transfer from various forms of mycorrhizae (Stewart et al., 1995;

Hietz et al., 1999; Hietz et al., 2002). Studies that examine leaf
N and C composition between growth forms such as epiphytes
and terrestrial species at tropical montane cloud forests are few
and sparse. The use of stable isotopes to measure 3'3C provides
a quick and efficient way to identify which photosynthetic path-
ways is acquired (Bender, 1971; Santiago et al., 2005; Silvera
et al., 2010; Silvera and Lasso, 2016). Similarly, the use of 8N
and its signature can be helpful to determine preferential sources
and pathways by which N is acquired by orchids, whether atmo-
spheric or soil based sources (Stewart et al., 1995; Hogberg,
1997; Hietz et al., 1999; Hietz et al., 2002). This chapter details
an analysis conducted of N and C using stable isotopic composi-
tion of leaf tissue from orchids collected at different sites at the
Fortuna Forest Reserve to understand if there are differences in
nutrient source availability and to identify resource acquisition
tendencies between terrestrial and epiphytic growth forms.

METHODS

Small fragments (2-5 mg) of dried leaf tissue were col-
lected from herbarium sheets from 186 specimens encompass-
ing 52 genera and 157 species of plants that were collected at
different sites within the Fortuna Forest Reserve and deposited
at five main herbaria known to host large numbers of Panama-
nian orchid species: Missouri Botanical Gardens Herbarium
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FIGURE 7.1. Epidendrum radicans Pav. ex Lindl. A ground-rooting
terrestrial orchid species with bright orange-red flowers commonly
found on roadsides and grasslands. This species can grow as an epi-
phyte on lower-elevation sites. At the Fortuna Forest Reserve, plants
are often found sprawling along the ground or climbing over grass-
land vegetation with stems usually erect. Plants are often vigorous
and can withstand high winds and direct sunlight.

(MOBOT), Marie Selby Botanical Gardens Herbarium (SEL),
University of Florida Herbarium (FLAS), University of Panama
Herbarium (Universidad de Panama), and the Smithsonian Trop-
ical Research Institute Herbarium (SCZ).

Values for 8'3C were determined for 186 leaf samples. From
these, 174 were also analyzed for C concentration (%C), 99 for
N concentration (%N), and 73 for 8N composition using an
elemental analyzer (Europa ANCA-SL, Europa Scientific, Ltd.,
Crewe, UK) on a continuous-flow isotope ratio mass spectrom-
eter (PDZ Europa 20/20 Mass Spectrometer, PDZ Europa Sci-
entific, Ltd.; and the Finnigan-MAT DELTA Plus XL, Thermo
Fisher Scientific, Waltham, MA, USA) at the Center for Stable
Isotope Biogeochemistry, University of California Berkeley,
or the Facility for Isotope Ratio Mass Spectrometry (FIRMS),
University of California Riverside, using an elemental analyzer

(Elemental Combustion System ECS 4010, Costech, Valencia,
CA, USA) interfaced with an isotope ratio mass spectrometer
(Delta V Advantage, Thermo Scientific, Bremen, Germany).

Both 83C and 8N are expressed in delta notation (%o)
relative to the international standards for C (Pee Dee Belem-
nite standard Belemnitella americana) and N (atmospheric, N,).
Orchid nomenclature provided within each herbarium sheet was
updated following the Plants of the World database managed by
the Royal Botanic Gardens, Kew.

RESULTS

Leaf 8"C values across all species ranged between a mini-
mum of -35.56%o for the terrestrial species Malaxis excavata
(Lindl.) Kuntze and a maximum of -15.39%0 for the terres-
trial species Epidendrum radicans (Table 7.1) with an average
of -29.13%o. Leaf 8" N values ranged between a minimum of
-11.11%o for the epiphytic species Platystele oxyglossa (Schltr.)
Garayand and a maximum of 4.15%. for the terrestrial species
Malaxis pandurata (Schltr.) Ames (Table 7.1) with an average
value of -2.63%o across all 73 samples measured. Leaf N con-
centration ranged from a minimum of 0.51% to a maximum of
4.39%. Similarly, leaf C concentration ranged from a minimum
of 35.16% to a maximum of 56.40% with an average value of
48.08%. Th