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ABSTRACT
Adey, Walter H., Thew S. Suskiewicz, and Douglas B. Rasher. Marine Ecosystem Analysis of Gouldsboro and Dyer 
Bays, Maine. Smithsonian Contributions to the Marine Sciences, number 43, viii + 192 pages, 9 figures, 3 tables, 1 ap-
pendix (94 appendix figures, 19 appendix tables), 2020. — In the early 1980s, the National Oceanic and Atmospheric 
Administration (NOAA) initiated an ecosystem analysis of Gouldsboro Bay in eastern Maine as part of a planned 
marine  sanctuary. The original report to NOAA by Walter H. Adey was not published after the sanctuary concept for 
Maine was abandoned. Because significant human-related climatic and ecosystem changes are underway in the Gulf of 
Maine, that report provides valuable baseline data and is included as the Appendix to this volume. After qualitatively 
describing the geological, physical, chemical, and biogeographical features of Gouldsboro Bay and adjacent Dyer Bay, 
we quantitatively describe the principal bay ecological communities with data collected during the 1981–1983 ecosys-
tem assessment as well as additional measurements taken within the past decade. We then undertake a comparison of 
the primary productivity of these bays with the Google Earth Pro polygon tool to determine component areas.

Benthic taxa are the dominant primary producers in both bays: rockweeds (primarily Ascophyllum  nodosum, with 
Fucus vesiculosus secondary) in the intertidal; Irish moss (Chondrus crispus, with Fucus distichus secondary) as a 
near monoculture in the lowest intertidal (infralittoral); kelps (primarily Saccharina latissima, Laminaria digitata, and 
Agarum clathratum) in the rocky subtidal; and the angiosperm Zostera marina (seagrass) in soft bottom substrate. The 
rocky intertidal, dominated by Ascophyllum with a specific productivity of 10.6 kg/m2/year, provides nearly one-third 
of all bay productivity. Because of the proportionally greater shore length relative to area of Dyer Bay, it has 45% 
greater productivity for its surface area than Gouldsboro Bay. Kelp has a specific productivity value of 7.2 kg/m2/year, 
and Zostera of 1.2 kg/m2/year. The kelps provide approximately 20% of Gouldsboro Bay’s primary productivity and 
35% of that of Dyer Bay. Zostera provides roughly 20% of total primary productivity in Gouldsboro Bay and 12% 
in Dyer Bay. With a primary productivity of 1.73 kg/m2/year, salt marshes provide only 3.7% (Gouldsboro) and 2.6% 
(Dyer) of total primary productivity. With a primary productivity of 0.06 kg/m2/year, plankton account for 23.8% of 
Gouldsboro Bay and 16% of Dyer Bay primary productivity.

Cover images (from left): Ascophyllum-rich rocky intertidal at low tide. Underwater Ascophyllum bed at high tide—
dark brown filaments are Polysiphonia lanosa, a red alga epiphytic on Ascophyllum. Underwater kelp Saccharina latis-
sima v. longicruris. Zostera marina at the boundary of the same kelp bed. All photos were taken along western shore 
of Dyer Bay. Far left photo by Karen Loveland Adey, taken at central western shore; all others by Alex Miller, taken 
near mouth of bay.
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Marine Ecosystem Analysis of Gouldsboro and 
Dyer Bays, Maine
Walter H. Adey,1 Thew S. Suskiewicz,2 and Douglas B. Rasher2

INTRODUCTION

Coastal environments and the ecosystem services they provide are areas of great sci-
entific interest. Changes in these ecosystems, whether driven by localized disturbance or 
global climate change, can result in reduced ecosystem functions and services. In the Gulf 
of Maine (GOM), a long history of resource extraction (e.g., fishing), coupled more re-
cently with seawater warming and acidification, has coincided with several large shifts in 
flora and fauna. Ideally, patterns and drivers of recent ecosystem change can be inferred 
by comparing historical baseline data to contemporary data. However, in the marine en-
vironment, especially in remote areas such as the northern GOM, these ecosystem- based 
analyses are relatively rare. Such studies are needed as a baseline to gauge future change 
in the world’s oceans.

This study was initiated by author Walter H. Adey (WHA) in 1981 as a marine 
natural history and systems analysis of Gouldsboro Bay and carried out as a preliminary 
analysis preparatory to the establishment of a Maine coast national marine sanctuary. 
The original research, supported by National Oceanic and Atmospheric Administration 
(NOAA), was canceled mid- project when the concept of a marine sanctuary was aban-
doned. A final report (Adey, 1982) for the two- year project was written by WHA for 
NOAA in late 1982 and is published here, for the first time, in the Appendix. Several 
master’s theses, part of a doctoral thesis (Shipp, 1989), and a single publication on the 
geomorphology of Gouldsboro Bay (Shipp et al., 1985) were completed in subsequent 
years; the essential elements of those publications have been included in this published 
version of the report by WHA. Most of the NOAA- supported research remains unpub-
lished and, as an undigitized report, remains unavailable to most researchers. The sub-
jects of this volume, Gouldsboro and Dyer Bays, are located at approximately 44°27′N 
latitude and 67°56′W longitude, 22 km ENE of Bar Harbor, Maine (Figure 1—see red X 
on map). Table 1 presents the physical parameters of each bay.

In the 60 years since WHA started his research on the Maine coast, the ecology of the 
nearshore ecosystem has changed substantially. Once abundant groundfish stocks, particu-
larly cod and haddock, have been depleted (Jackson et al., 2001). Populations of lobsters, 
crabs, and urchins exploded in the latter half of the twentieth century (Steneck et al., 2013), 
aided by increased food availability in the form of trap bait (Grabowski et al., 2010) and 
potentially as an ecological response to the absence of large finfish predators (i.e., a release 
from predation). After intense fishing in the 1980s and 1990s (Berkes et al., 2006; Johnson 
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FIGURE 1. Map of the Gulf of Maine with location of the Gouldsboro–Dyer Bay complex indicated (red X). The off- lying banks were cre-
ated as glacial terminal moraines, leaving a complex of basins and ridges that form the Gulf of Maine. Note the St. John (New Brunswick, 
Canada) label is displaced to the west by about 50 statute miles. Adapted from “Gulf of Maine 2” (https:// commons .wikimedia .org /wiki  
/File: GulfofMaine2 .jpg), Canadaolympic989 / CC- BY 3.0, Wikimedia Commons.

https://commons.wikimedia.org/wiki/File:GulfofMaine2.jpg
https://commons.wikimedia.org/wiki/File:GulfofMaine2.jpg
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et al., 2013), green sea urchins, the primary subtidal benthic her-
bivore, became functionally absent from much of the Maine coast. 
In the intertidal zone, blue mussel populations have decreased by 
more than 60%, likely resulting from a reduction in propagule 
settlement (Petraitis and Dudgeon, 2015). Rockweed harvesting 
is now one of the fastest growing fisheries. The harvest of clams 
and worms on the tidal flats was once a major supporter of local 
human populations in the mid- twentieth century; however, in part 
because of pollution of the upper bays, that fishery is now severely 
reduced. Moreover, seawater temperatures are now rising, and cli-
mate change joins other anthropogenic stressors in these highly 
impacted bay systems.

The Gouldsboro Bay analysis of the 1980s (see Appendix) 
measured the primary productivity of the key ecological com-
munities of Gouldsboro Bay. Here, utilizing more recent Google 
Earth Pro satellite imaging with increased spatial resolution, we 
recalculate total primary productivity for each benthic habitat 
and compare the different communities between these contrasting 
bays. Primary productivity values for Zostera and planktonic com-
munities are taken from more recent publications (Larsen, 2004; 
Ruesink et al., 2017). Through this analysis, we demonstrate that 
benthic primary productivity in these bays—primarily from mac-
roalgae—exceeds that generated by phytoplankton. We postulate 
further that bay geomorphology and shape, as determined by 

TABLE 1. Surface area, hydrology, and marine communities of Gouldsboro (G) and Dyer (D) Bays. Abbreviations: mhwsp = mean high 
water spring tide; mlwsp = mean low water spring tide. Values in square brackets are sums or percentages calculated for the full group; 
a dash (—) indicates no data available.

Measured characteristic Gouldsboro Bay Dyer Bay Dyer/Gouldsboro ratio

Physical characteristics
Length (centerline) 13,140 m 8,500 m 0.65

Total shoreline 63,262 m 47,578 m 0.75

Area (mhwsp) 28,259,791 m2 11,918,906 m2 0.42

Hydrologic characteristics (spring tides)
Volume (m3)

 High tide 2.27 × 108 0.80 × 108 0.35

 Low tide 1.61 × 108 0.42 × 108 0.26

Tidal exchange (m3) 0.66 × 108 0.38 × 108 0.58

Tidal exchange (%) 29% 48% 1.66

Biological communities (area)

 (m2) % (m2) % D/G % =f(area)a

Benthic

 Intertidal [Total] b [6,694,916] [23.7] [2,910,541] [24.4] [0.44] [1.03]

  Rocky shore (Ascophyllum) 755,710 2.7 491,295 4.1 0.64 1.5

  Rocky (miscellaneous) c 1,067,844 3.8 701,193 5.9 0.65 1.6

  Mud and sand 4,010,253 14.2 1,368,512 11.5 0.34 0.81

  Salt marshes (Spartina) 699,564 2.5 294,350 2.4 0.41 0.96

  Mussel beds (Mytilus) 161,545 0.6 55,191 0.6 0.34 1

 Subtidal photic: Kelp and Zostera beds [Total] b [2,602,717] [9.2] [1,686,117] [14] [0.64] [1.52]

  1/2 kelp; 1/4 Zostera 784,209 2.8 1,129,487 9.5 1.45 3.39

  1/4 kelp; 1/2 Zostera 898,384 3.2 490,126 4.1 0.54 1.28

  1/8 kelp; 1/2 Zostera 759,097 2.7 66,504 0.6 0.09 0.22

  Only Zostera 161,027 0.6 0 0 n/a n/a

 Lobster pounds 0 0 75,000 0.6 n/a n/a

 Armored and shell hash 3,000,917 10.6 703,642 5.9 0.23 0.56

 Subphotic silt/mud bottoms 15,961,241 56.5 6,544,006 54.9 0.41 0.97

Planktonic (whole bay, mlwsp intertidal)  21,565,875 m2 76.4 9,008,365 m2 75.6 0.42 —

a The function f(area) indicates the ratio between Dyer Bay and Gouldsboro Bay in proportion to bay area.
b Totals for all subcategories.
c Includes sand, gravel, black zone, mussel zone, barnacle patches, and isolated rocks with rockweed.
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ancient drainage basins developed on a complex bedrock terrain, 
followed by extensive glacial deposition, significantly contribute 
to the differences observed between these two bays.

The original Gouldsboro Bay study, by including an exami-
nation of the extensive soft bottom community with its infauna 
and a brief analysis of secondary productivity, allowed the devel-
opment of a preliminary systems diagram based in mass flows. 
We reference that work (see Appendix), but without the resources 
to carry out an equivalent survey of Dyer Bay, we do not attempt 
to expand that part of the NOAA- supported study in this paper.

GeoloGical History

Coastal biotic communities are shaped by their physical en-
vironments, which are determined in large part by their under-
lying geology and hydrology. Shipp et al. (1985) described the 
geomorphological environment of Gouldsboro Bay in detail, and 
Adey and Loveland (2007) presented a summary (Figure 2).

The bedrock geology of the Gouldsboro–Dyer Bay complex 
is primarily that of Paleozoic granites. The surface of these hard 
granites was repeatedly wiped clean by a series of Pleistocene 
glaciations, several of which reached well out onto the continen-
tal shelf and across the area now occupied by the GOM (Den-
ton and Hughes, 1981). The morphology of the granitic surface, 
resulting from glacial modification of preglacial stream valleys, 
controls the basic shoreline shape of bays and therefore wave 
exposure and, in part, tidal characteristics.

About 13,000 years before present (bp), the northwestward- 
retreating Wisconsinan glaciers left an irregular layer of till, includ-
ing both ground moraine and more linear recessional moraines, 
that provides considerable local modification of drainage, shore 
morphology, and tidal influence (Denny, 1982; Smith, 1982). Be-
cause the current coastal area was greatly depressed by the weight 
of glacial ice, the coastline was well inland of its present location as 
the ice retreated. Thus, before crustal rebound, the drowned mo-
rainal surface was covered by a thin blanket of bluish glacial clay 
(the Presumpscot formation). Crustal rebound in the  interval of 
13,000–10,000 years bp brought the coast well below present sea 
level (to approximately −60 m), and a thin soil zone was developed 
on top of the Presumpscot clay (Figure 2, top, dark line beneath fine 
marine sediment). Recent sea level rise (10,000 years bp to the pres-
ent) related to continued global-scale deglaciation, has brought the 
sea level to its present position and has subtidally produced a layer 
of marine sediment on top of the fossil soil zone (Figure 2, top). Sea 
level rise has also removed glacial and postglacial sediments from 
the zone of wave action (Figure 2, bottom) and produced the land-
forms of a drowned coast, with the shoreline complex of glacial 
till deposition being reworked by waves and currents. The surficial 
geomorphology of Gouldsboro Bay is treated in detail by Shipp et 
al. (1985), and sea level rise relative to coastal topography is shown 
in the Appendix (see Appendix Figures 46, 47).

The two bays, being tributaries in a small pre- Wisconsinan 
drainage basin (Appendix Figure 47), show a marked difference 
in sedimentological character because of the random placement 

of recessional moraines. Dyer Bay harbors a significant depo-
sitional basin in the lower bay, and Gouldsboro Bay harbors a 
minor basin in the upper bay. Although tidal flows in this system 
have a role in sediment movement and biological community 
structure, they are not strong enough to remove the sedimentary 
basins created by glacial till deposition.

PHysical and cHemical oceanoGraPHy

Largely because of the macrotidal environment (Garrett, 
1972) and the rapid overturn of Maine bay waters, along with a 
lack of large influent rivers, the GOM, with its distinctive ocean-
ography, has strong control over most coastal bays. In brief, as a 
result of the shallow terminal moraines of Georges and Browns 
Banks, the Gulf is a semi- enclosed body of water. Prevailing west-
erly winds, especially the very strong winter northwest winds, 
blow surface waters out of the Gulf across the Banks (Figures 
1, 3). Over the course of a year, this surface water is replaced by 
relatively warm (8°–10°C), deep, nutrient- rich, and salty shelf 
water that enters the GOM through the deep Northeast Chan-
nel and by the inflow of fresher coastal water (ultimately largely 
derived from the Gulf of St. Lawrence) from the Nova Scotia 
coast. During the winter, the shallow water mass of the Gulf, to 
100–200 m deep, is chilled to 1°–5°C, and Coriolis forces form 
a strong counterclockwise gyre in the Gulf, moving the surface 
water westward along the Maine coast, and ultimately out of 
the Gulf over the banks to the southeast (Lynch et al., 1996). 
Roughly two- thirds of the inflowing water derives from the deep 
and nutrient- rich slope water coming in through the Northeast 
Channel, effectively producing an upwelling effect, particularly 
in the eastern portion of the Gulf (Brooks and Townsend, 1989).

Gouldsboro and Dyer Bays are adjacent to the Eastern 
Maine Coastal Current (Bigelow, 1927; Graham, 1970; Lynch 
et al., 1996), a cold current that flows westward from the well- 
mixed waters at the mouth of the Bay of Fundy. When these bays 
are flushed by the strong tides, the flushing water is ultimately 
derived largely from the deep Northeast Channel and its adjacent 
shelf, as well as the Gulf of St. Lawrence, as previously described. 
These source waters are largely nutrient rich and prehistorically 
were responsible for the rich production of eastern Maine bays.

climate and BioGeoGraPHy

Gouldsboro and Dyer Bays are mid- latitude coastal inden-
tations on the northeast side of the North American continent. 
Consequently, on land the atmosphere produces a cold temper-
ate continental climate. In the twentieth century, winter air tem-
peratures often dipped below –10°C at night and most bays froze 
over during the winter, while daytime summer air temperatures 
were typically warm, in the 20°–25°C range. On the other hand, 
as we briefly describe below, the peculiar oceanography of the 
GOM (Bigelow, 1927; Graham, 1970; Lynch et al., 1996), cou-
pled with a tidal regime driven by the shape of the GOM (Gar-
rett, 1972), provided a water climate that is mixed Subarctic/
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FIGURE 2. Idealized representational cross sections of Gouldsboro–Dyer Bay complex. Top: Upper bay. Bottom: Exposed shore. The geological 
surface—both bedrock and glacial deposits—as modified by wave action, determines the presence of rocky intertidal and subtidal communities. 
Abbreviations: MHW = mean high water; MLW = mean low water; D = depth (in meters). The legend for benthic seaweeds and eelgrass in both 
sections is shown at bottom. Adapted from Adey and Loveland (2007).
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Boreal in the east, toward the mouth of the Bay of Fundy, and 
cold temperate in the west (Massachusetts Bay), with summer 
water temperatures in the lower 20°C range.

Shallow benthic communities are significantly controlled 
by wind- driven wave action. In addition to the cold temperate 
climate, modified by macrotidal action, the prevailing winds are 

westerlies, with southwesterlies prevailing in summer and north-
westerlies in winter. Although winter winds are offshore on the 
eastern Maine Coast, the summer southwesterlies provide mod-
erate wave action to the outer coast, thereby providing a rocky 
shore largely devoid of fine sediment. In addition, storm tracks 
across the North American continent tend to converge on or just 

FIGURE 3. Movement of the major water masses in the Gulf of Maine. Diagram shows a counterclockwise arc of flow from the easternmost 
Northeast Channel to Great South Channel offshore of Cape Cod. The counterclockwise arc runs offshore of the Maine Coast and results in an 
east- to- west net current along the coast. Legend: dark arrows represent deep water currents; open arrows represent shallow currents; dashed ar-
rows represent winter blow-out water from strong northwesterlies; Sv (Sverdrup) is a unit of flow volume in ocean currents (1 Sv = 1 Mm3sec−1). 
Roughly three quarters of the water flow into the Gulf of Maine derives from deep, nutrient-rich, slope water through the Northeast Channel. 
Most of the remainder is the Nova Scotia coastal current, in part deriving from the Gulf of St. Lawrence and the St. Lawrence River. From Adey 
and Loveland (2007).
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offshore of the GOM. These storms provide northeasterly storm 
winds, sometimes of great strength, that are considerable modi-
fiers of coastal glacial sediment.

Utilizing the biomass of macroalgal species, the relationship 
of the algal community structure of the Maine coast to the larger 
biogeographical framework of the North Atlantic and Holarctic 
has been described by Adey and Hayek (2005, 2011). The rocky 
Maine coast is highly dominated by “European” Boreal species 
in shallow water. However, along the exposed coast, includ-
ing the outermost parts of the Gouldsboro–Dyer Bay complex, 
Subarctic species dominate at depths below 5–10 m. During the 
twentieth century, there has been a considerable summer tem-
perature gradient along the Maine coast with colder tempera-
tures (~10°C) in the east and warmer temperatures (~20°C) in 
the west (Garrett et al., 1978; Lynch et al., 1996). As Adey and 
Steneck (2001) have shown, based on the abundance of coral-
line algal species in mid- century, the easternmost Maine coast 
biogeographically laid close to the North Atlantic Subarctic core 
(the Strait of Belle Isle between Newfoundland and Labrador), 
whereas the westernmost Coast (Massachusetts Bay) was almost 
entirely Boreal in character, and the outer Nova Scotia Coast to 
the east, dominantly Boreal, had a lower percentage of Subarctic 
species in deeper water. The GOM has recently entered a period 
of rapid warming, which may have corresponding effects on the 
biota and the functioning of these bay ecosystems.

Larsen (2004) proposed a “uniquely” high biodiversity for 
Cobscook Bay within the western North Atlantic and related 
that high biodiversity to the large tides of that bay. However, 
“exceptional character” referred to a contrast with the generally 
well- studied central Maine coast and the western GOM where 
Subarctic species (adding to the dominant Boreal flora) were less 
abundant or absent. An understanding of the biogeographical 
development of the marine coastal Northern Hemisphere, as well 
as the evolution of the macrotides related to the shape of the Bay 
of Fundy, is also essential to understanding that “unique” biodi-
versity. It is not just Cobscook Bay, but the eastern GOM in gen-
eral, that has provided the conditions for local high biodiversity 
based in the mixing of Boreal and Subarctic species over a verti-
cal and offshore/inshore gradient. The location of the Goulds-
boro–Dyer Bay complex within that framework is important.

The purpose of this paper is to examine the ecosystem 
characteristics of two typical bays on the eastern Maine Coast, 
especially regarding community structure and primary produc-
tivity. Our primary interest is in the principal physical/geological 
controlling factors, the extent of ecological communities, their 
dominant organic components, and the elements of primary pro-
ductivity. It is not our intention to examine the flora and fauna of 
these bays in taxonomic detail. Modern taxonomic studies exist 
that can provide identifications of organisms (e.g., Trott, 2004; 
Mathieson et al., 2008; Sears, 2002), and numerous research pa-
pers exist that cover the biology and ecology of individual spe-
cies throughout this region (e.g., Bryson et al., 1994; Scheibling 
and Hatcher, 2001; Petraitis et al., 2008; Kordas and Dudgen, 
2009; Johnson et al., 2012; Steneck et al., 2013).

MATERIALS AND METHODS

We assessed the rates and sources of primary productivity 
of all major community types of Dyer and Gouldsboro Bays 
and characterized the hydrography and geological history of 
this region. A detailed description of the materials and meth-
ods utilized in the Gouldsboro Bay precedent study in the early 
1980s is shown in the Appendix. Briefly, intertidal, subtidal, and 
planktonic communities were assessed across multiple regions 
within and outside the bay throughout the year. In each of these 
areas, researchers quantified the biota periodically during a two- 
year period, including during the winter months. Both the inter-
tidal and subtidal zones were sampled with 1/16 m2 quadrats 
(individual zone sampling, n, ranged from 6 to 28) at three dif-
ferent tidal heights (intertidal) and three different depth zones 
(subtidal). Quadrats were haphazardly placed within each target 
depth zone (intertidal: 2–3 m, 0.5–1 m, and −1 to 0 m, mean 
low water; subtidal: 2.5 m, 5 m, and 10 m, mean low water). 
For each quadrat, all conspicuous macroalgae and invertebrates 
were assessed, and species- specific biomasses were obtained.

We estimated total primary productivity (g/m2/day) for the 
dominant intertidal rockweed Ascophyllum nodosum utilizing 
demographic data based in the annual weight increase of grow-
ing branch tips in Gouldsboro Bay (see Appendix, p. 23); those 
data are compared with more recent studies in Cobscook Bay 
(Vadas et al., 2004a). Kelp growth was measured for the three 
most common species (Saccharina latissima, Laminaria digitata, 
and Agarum clathratum) using the hole- punch method (sensu 
Mann, 1973; also described in the Appendix pp. 29–30), which 
provides a measurement of total elongation (cm/day) indepen-
dent of distal tissue loss. Zostera (eelgrass) is essentially an an-
nual in these bays, so annual productivity was estimated from 
late summer standing crop in mudflats and shallow subtidal en-
vironments (see Appendix pp. 59–60, Appendix Table 17). In 
addition, photointensity (and thereby attenuation and turbidity) 
throughout the bay was recorded during the summer months 
within 1 h of the solar zenith using a submersible photosyntheti-
cally active radiation (PAR) sensor (Li- Cor LI- 185A; LiCor Inc.) 
at depths of 0, 2.5, 5, and 10 m.

Soft bottom habitats were sampled with a series of box cores 
(n > 90). For each core the size fraction and percentage of organic 
material were determined, and all macroinvertebrate species were 
recorded. Nutrient data were collected by freezing filtered water 
samples and returning them to the Marine Systems Laboratory 
at the Smithsonian Institution for calorimetric analysis. Plank-
ton and zooplankton collections were made by towing nets of 
90 µm and 150 µm mesh size from a small boat. Phytoplankton 
primary productivity was determined by the 14C method using 
a Packard 2660 liquid scintillation counter. Phytoplankton bio-
mass was examined both as chlorophyll concentration and as 14C 
uptake in suspended light/dark bottles. These standing crop and 
productivity data are compared to those available for other bays 
in the literature, and in some cases, we utilize those results or 
modify the Gouldsboro results accordingly where the data are 
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more extensive (Vadas et al., 2004a–c). Although most data were 
collected in Gouldsboro Bay in the 1980s, the authors re- sampled 
the hard bottom substrate in 2017 and 2018 for the purpose of 
detecting shifts in the macroalgal and macroinvertebrate commu-
nities. Inter- decadal changes in the biota are covered briefly in the 
Discussion but are the focus of another manuscript.

The intertidal zone of Dyer Bay was surveyed by skiff and 
on foot during a 2009 summer field season, and numerous still 
images were taken for future comparison. Twenty- three subtidal 
cross- shore scuba transects distributed from north to south in 
Dyer Bay were carried out from mean low water spring tide 
(mlwsp) to the limit of rock, gravel, or shell substrate. Still im-
ages and video footage were taken along the transects, and these 
data were utilized in determining the extent of subtidal commu-
nities. These data are available from the Smithsonian Natural 
History Museum coralline and algal herbarium (National Mu-
seum of Natural History, Botany Department, 2019).

The original community mapping presented in the Appen-
dix was based on National Ocean Service (NOS) nautical chart 
13324 and a low tide photomosaic made from 9 × 9 black and 

white aerial photographs taken on 16 May 1944 by the former 
Coast and Geodetic Survey (C&GS). In this updated study, we 
utilized Google Earth Pro photo mosaics (25 September 2016), 
which were taken near mlwsp on an extremely calm day (e.g., 
individual lobster floats are visible). The spatial resolution from 
the Google Earth Pro mosaics was substantially better than the 
earlier C&GS surveys used in the Appendix; resolution within 
Google Earth Pro is approximately 65 cm, whereas the C&GS 
surveys were more (approximately 2–5 m).

The Google Earth Pro polygon tool was used to measure 
community area in both Gouldsboro and Dyer Bays (Figures 
4–6). Finer- scale features such as rocky intertidal, subtidal, 
and Mytilus beds were mapped at an eye height of 185 m (600 
ft); larger- scale areas, such as mudflats and salt marshes, were 
mapped at an eye height of 1,850 m (6,000 ft). Rocky intertidal 
covered with rockweed was measured first, followed by the entire 
non- mudflat intertidal. The latter consisted largely of the higher 
black zone (lichen/cyanobacteria zone), intermittent pebble, 
gravel, and sand patches, and the lower intertidal/ infralittoral 
Mytilus edulis/Chondrus crispus band; it was separated from the 

FIGURE 4. Gouldsboro and Dyer Bays at an eye altitude of 13,400 m (43,550 ft). Intertidal community boundaries taken from low- altitude 
imaging (see Figures 5, 6) as verified by ground truthing. Subtidal community boundaries were verified by diving on transects. Color coding as 
follows: white- outlined areas, rocky intertidal; brown, kelp (exposed) grading to Zostera (protected);  gold, mudflats at low tide; light green, 
salt marsh; dark green, armored bottom/shell hash; dark blue, Mytilus mussel beds; light blue, subtidal soft bottom (margins verified by divers); 
medium blue, unstudied lake and bay areas; beige, land. Map created with and adapted from Google Earth Pro. 
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rockweed zones by subtracting the total area from the rockweed 
zones in units of about 200 m in length. This separation was not 
accomplished in the earlier study because sufficient detail was 
lacking in the geographic tools available at that time.

We assume that there has been little change in substrate 
area between the survey times of the early 1980s (Gouldsboro 
Bay), in 2009 (Dyer Bay), and the Google Earth Pro images of 
2016. Visual comparisons between the original C&GS images 
and those provided by Google Earth Pro showed no apparent 
significant shifts in substrate for either bay. Productivity data 
are derived from the 1980s surveys; the community productivity 
data presented herein are those of the 1980s and therefore pro-
vide the baseline time for future analyses. We treat these issues 
again in the Discussion.

The physical dimensions and hydrography of Gouldsboro 
and Dyer Bays were obtained from C&GS Hydrographic Chart 
13324. To determine high tide and low tide volumes (based 
on mhwsp and mlwsp) for each bay, we first divided the entire 

region into a grid of cells 10 m per side. The average depth for 
each cell was determined from the chart soundings to obtain 
high (mhwsp) and low (mlwsp) volumes. From those data, we 
were able to obtain the amount of bay flushing at spring tides 
(i.e., the percent change in water volume between high and low 
tides; see Table 1).

RESULTS

Biomass/standinG stock of PrinciPal communities

Community areas for both bays are shown in Table 1, and the 
standing stocks (biomass) of the principal components of primary 
productivity are shown in Table 2A–C (modified from the Appen-
dix). Primary productivity was dominantly provided by benthic 
macrophytes in both Gouldsboro and Dyer Bays; phytoplankton 
was a minor component of total productivity (see Table 3). 

FIGURE 5. Stanley Cove area of southwestern Dyer Bay at an eye altitude of 964 m (3,136 ft), showing the primary ecological communities of 
the Bay. Additional notes on color-coded areas: dark green, armored bottom/shell hash; brown, kelp (exposed) grading to Zostera (protected); 
gold, mud flats at low tide; white, rockweed intertidal; gray, mixed miscellaneous—these areas between the high tide shoreline and either sub-
tidal mud flat (gold) or the kelp/Zostera (brown) zones include both rockweed intertidal (white) and a mixed community of black zone, patchy 
rockweed, sand, and an infralittoral mussel band with scattered Chondrus sp. in more exposed areas (not labeled). Map adapted from Google 
Earth Pro.
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FIGURE 6. Northern Joy Bay region of Gouldsboro Bay at an eye altitude of 3,158 m (10,262 ft), showing the bay’s primary ecological 
communities. The mixed intertidal community designation and other notes on color-coded areas are as described in Figure 5 caption. Note 
the abundance of Mytilus beds (dark blue), a characteristic of both Gouldsboro and Dyer Bays in the northernmost mudflat regions. Map 
adapted from Google Earth Pro.
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The dominant primary producer communities in Gouldsboro 
and Dyer Bays included rockweeds (primarily Ascophyllum no-
dosum with Fucus vesiculosus secondary) in the intertidal; Irish 
moss (Chondrus crispus), which often forms a near monoculture 
under the rockweed in the lowest intertidal (the infralittoral zone 
between spring and neap tides, with Fucus distichus secondary in 
exposed areas); the kelps (primarily Saccharina latissima, Lami-
naria digitata, and Agarum clathratum) in the rocky subtidal; and 
the angiosperm Zostera marina (eelgrass) in soft bottom substrate 
(Table 2). These results are largely consistent with the extensive 
studies of Vadas et al. (2004a–c) for Cobscook Bay and those by 
Adey and Hayek (2011) for the entire Maine coast.

The Gouldsboro Bay study in the 1980s (Appendix) ana-
lyzed the planktonic community, the range and effects of the 
principal macroinvertebrate grazers and predators, and the soft 
bottom infaunal community. Other than carrying out visual sur-
veys, as described above, we have not had the resources to carry 
out equivalent studies on Dyer Bay. However, as indicated from 
these manual surveys, as well as the still images and video foot-
age, the larger- scale community structure and standing stock are 
similar for these two bays. Some conspicuous changes in more re-
cent surveys include an abundance of green crabs and barnacles 
in 2009 in the rocky subtidal and a greatly reduced number of 
sea urchins. In the Discussion, we consider the potential role of 
the overharvest of sea urchins in the 1980s to 1990s in changes 
to subtidal kelp biomass. The biomass of the green urchin Stron-
gylocentrotus droebachiensis in 1981–1982 frequently exceeded 
500 g/m2 throughout Gouldsboro Bay (see Appendix Table 8), 
and sea urchins were the dominant mobile invertebrate (Johnson 
et al., 2013). It appears that urchin density has decreased by at 
least two orders of magnitude in the lower bay and along the 
exposed shoreline of both bays. Sea urchin standing stocks pre-
sented in the Appendix are those of 1982, preceding sea urchin 
reduction resulting from extensive harvesting effort.

Primary Productivity

Analyses were carried out in summer, except for the kelps, 
which were studied in both summer and winter. The summed 
primary productivity results for both Gouldsboro and Dyer Bays 
are given in Table 3, with a comparative analysis of the two bays.

Macroalgae: Intertidal

The Ascophyllum rocky intertidal provided a specific pro-
ductivity of 10.6 kg/m2/year (Appendix). Because the intertidal 
of these bays tends to occur as more or less large rock “reefs” 
that could be separated in the Google Earth images, these were 
measured as a unit and then the entire (generally rocky) intertidal 
was separated as a miscellaneous zone (upper black zone and 
Spartina patches, scattered boulders with Ascophyllum, lower 
Mytilus zone, barnacle patches, and sand and gravel areas). This 
zone has more scattered algae, including patches of Ascophyl-
lum, Fucus, and Chondrus (lowest intertidal), as well as the pho-
tosynthetic Cyanobacteria of the black zone, and thus provides 

significant primary productivity. We estimated the productivity 
of the miscellaneous zone as one- quarter of those areas more 
dense in Ascophyllum (see Table 2B for the infralittoral) and as-
signed a value of 2.1 kg/m2/year. As can be seen from Table 3, the 
rocky intertidal provides about one-third of productivity of both 
bays (with the Ascophyllum “patches” comprising one- quarter 
of the total). The rocky intertidal of Dyer Bay provides more 
than 60% productivity of the total (as compared to Gouldsboro 
Bay). In Dyer Bay, the proportion is higher because of bay size 
and shape and the proportionally greater amount of rocky shore 
(Table 1).

Macroalgae and Zostera: Subtidal

The current study is restricted to the bays (see Topography, 
below), where more exposed rocky bottoms tend to include 
sandy- mud patches, which are usually occupied by Zostera. A 
gradual but irregular change occurs in this zone, from all kelp 
at the bay mouths to all Zostera at the upper bay reaches. Pure 
kelp quadrats have a specific productivity value of 7.2 kg/m2/year 
and pure Zostera quadrats are 1.2 kg/m2/year (see Appendix) 
(Ruesink et al., 2017). Based on those values, we have devel-
oped an exposure gradient, ranging from exposed to protected 
(kelp: Zostera) in our analysis (Table 3). The kelps provide ap-
proximately 20% of the Gouldsboro Bay primary productivity 
and 35% of that of Dyer Bay; as in the intertidal, the relatively 
longer Dyer Bay rocky shore provides for a substantially greater 
proportion of whole bay productivity.

Zostera (eelgrass) is essentially an annual in these bays (see 
Appendix), so annual productivity has been estimated from late 
summer standing crop on mudflats and in the shallow subtidal 
environments. With a specific productivity of 1.2 kg/m2/year 
both on intertidal mudflats and subtidally, Zostera provides 
roughly 20% of total primary productivity in Gouldsboro Bay 
and 12% in the adjacent Dyer Bay (Table 3). The productivity 
proportion of Gouldsboro Bay is higher than that of Dyer Bay 
largely because of the greater extent of Zostera- covered mudflats 
in Gouldsboro Bay.

Salt Marsh

Salt marsh primary productivity at 1.73 kg/m2/year is de-
rived from the literature (Roman et al., 1990). This latter study, 
on the large Nauset Marsh on Cape Cod, is a whole marsh anal-
ysis that includes intermixed macroalgae as well as both Spartina 
grasses. In that respect, it is quite relevant to the current study. 
Salt marshes provide only 3.7% (Gouldsboro) and 2.6% (Dyer), 
respectively, of the productivity of these bays.

Planktonic Communities

We estimated the primary productivity of all planktonic 
communities in Gouldsboro Bay using chlorophyll concentra-
tions and light penetration. Taking rocky intertidal productiv-
ity as the standard (described above), the ratios were used to 
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estimate the productivity of the other communities (see Appen-
dix Table 15). The resultant value of 0.06 kg/m2/year was 17% 
of the 0.36 kg/m2/year obtained using standard light/dark bottle 
14C methods. We use the 14C numbers for our calculations of 
planktonic productivity in Table 3, as the results are comparable 
to the more chlorophyll- based work undertaken in Cobscook 
Bay by Phinney et al. (2004).

Planktonic productivity is significantly affected by turbidity, 
which strongly increases inland along the bay axes (Appendix). In 
the Gouldsboro–Dyer Bay complex, in- bay productivity is about 
one- half of that reported for the Cobscook study, whereas the 
outer (exposed) waters were nearly twice as productive as Cob-
scook waters. These numbers seem reasonable, considering the 
basic differences between the bays. Gouldsboro and Dyer Bays 
have a strong gradient of turbidity from the outer shores to the 
inner bays. Chlorophyll concentration was considerably higher in 
inner Goldsboro Bay, even though productivity, as measured with 
14C techniques, fell sharply, inversely proportional to increasing 
turbidity. The intertidal does not suffer from the turbidity prob-
lem, and because Ascophyllum survives well in silty environments, 
and remains abundant well into the upper reaches of Dyer Bay, 
intertidal productivity increases up- bay (Appendix Figure 64).

Using a mean specific phytoplankton productivity of 0.36 
kg/m2/year, at 7.8 × 106 kg/year for Gouldsboro Bay and 3.2 × 
106 kg/year for Dyer Bay, phytoplankton provide approximately 
24% and 16%, respectively, of the total productivity of the two 
bays. The greater proportion of Gouldsboro Bay primary pro-
ductivity supplied by phytoplankton, as compared to Dyer Bay, 
derives from the greater open water area as compared to shore-
line length.

toPoGraPHy

At mean high water spring tide (mhwsp) and 13.1 km axial 
length, Dyer Bay is 65% of the Gouldsboro Bay axial length at 
8.5 km (Table 1). However, Dyer Bay covers only 42% of the 
total area relative to Gouldsboro Bay (11.9 × 106 m2 and 28.3 
× 106 m2, respectively). In part, the difference is the result of 
postglacial “capture” of the adjacent Prospect Bay to the west 
by a recessional moraine blocking its potential mouth at Pros-
pect Harbor; the shallow arm created includes Grand Marsh Bay 
and West Bay, together considerably larger than the equivalent 
northwest arm of Dyer Bay (Dyer Harbor). Dyer Bay has the 
contrasting Carrying Place Cove extending southeast opposite 

TABLE 3. Primary productivity of marine communities of Gouldsboro (Goulds) and Dyer Bays. “Ratio re area” refers to productivity 
proportion of Dyer to Gouldsboro Bay relative to total bay area (e.g., in last row, Dyer Bay has 0.61 the productivity of Gouldsboro 
Bay but relative to its area, the productivity is 1.45 times higher); “tr” indicates trace amount.

Biological communities

Table 1 specific  
productivity 
(kg/m2/year)

Total Productivity (kg/year × 106)

%  
Dyer/Goulds

Ratio  
re area

Gouldsboro 
Bay % Dyer Bay %

Benthic

 Intertidal total — [16.14] — [8.76] [44] [0.54] [1.29]

  Rocky shore (Ascophyllum) 10.6 8.01 24.4 5.2 26.1 0.65 1.55

  Rocky (miscellaneous)
a

2 2.1 6.4 1.4 7 0.67 1.6

  Mud and sand (with Zostera) 1.2 4.8 14.6 1.64 8.2 0.34 0.81

  Salt marshes (Spartina) 1.73 1.2 3.7 0.51 2.6 0.43 1

  Mussel beds (Mytilus) 0.2 0.03 tr 0.01 tr 0.33 0.8

 Subtidal photic

  Kelp and Zostera beds 7.2b [8.89] — [7.9] [39.7] [0.91] [2.17]

   3/4 kelp; 1/4 Zostera 5.7 4.5 13.7 6.4 32.2 1.42 3.38

   1/4 kelp; 3/4 Zostera 2.7 2.4 7.3 1.3 6.5 0.54 1.29

   1/8 kelp; 7/8 Zostera 2 1.5 4.6 0.13 0.7 0.09 0.2

   Only Zostera 1.2 0.19 0.6 0 0 0 0

  Armored and shell hash 0.1 0.3 0.9 0.07 0.6 0.23 0.6

Total benthic — 25.03 76.2 16.7 83.9 0.66 1.6

Planktonic (whole bay: intertidal) 0.36 7.8 23.8 3.2 16 0.41 0.98

Total primary productivity — 32.8 100 19.9 99.9 0.61 1.45

a “Rocky” intertidal minus rocky Ascophyllum (rockweed) patches (includes black zone, Mytilus zone, and sand and gravel patches; see text).
b Kelp only for this calculation.
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Dyer Harbor (and Gouldsboro Bay lacks an equivalent lateral 
arm), but it is considerable smaller than Gouldsboro’s Grand 
Marsh and West Bays.

Axial profiles of the two bays are given in Figure 7. Al-
though Dyer Bay is slightly narrower than Gouldsboro Bay (Fig-
ures 8, 9), and the depths are similar, the bottom topography is 
markedly different (Figure 7). The Dyer Neck recessional mo-
raine causes a marked rise in the topography of the upper part 
of the main body of Gouldsboro Bay, providing a small basin 
southeast of Jordan Point. The equivalent “Yellow Birch Head” 
moraine in Dyer Bay lies at its mouth, creating a narrow con-
striction between Yellow Birch Head and Stanley Point. The net 
result is that there is a very shallow, barely noticeable basin in 
the upper part of the main body of Gouldsboro Bay, and the bot-
tom profile slopes gradually from there to its mouth and beyond, 
whereas Dyer Bay has a distinctive basin in the lower main bay.

HydroloGy and Wave exPosure

With a surface area, at mean spring high tides, of 12 × 
106 m2, and with a high tide volume of 80 × 106 m3, Dyer Bay 
is smaller than the 28 × 106 m2 area of Gouldsboro Bay, the 
latter having a high tide volume of more than 227 × 106 m3 
(Table 1). With roughly three- quarters of the centerline length 
and shoreline length, the area of Dyer Bay at high water spring 

FIGURE 9. Mean mid-  to upper bay profiles of Gouldsboro and 
Dyer Bays. Dyer Bay, with its sill produced by a recessional mo-
raine at its mouth, retains its V- shaped profile. Gouldsboro Bay 
has a shallow basin in the upper bay because of the large Dyer 
Neck recessional moraine that crosses from northeast to south-
west in the upper mid-bay. Map created by author WHA with 
Google Earth Pro.

FIGURE 8. Mean lower bay depth profiles of Gouldsboro and Dyer 
Bays. Although the depths are the same, Dyer Bay is narrower and 
presents steeper profiles. Abbreviations: mlwsp = mean low water 
spring tide; hwsp = high water spring tide.

FIGURE 7. Axial profiles of Gouldsboro and Dyer Bays; mwlsp = 
mean low water spring tide. Recessional glacial moraines determine 
the bottom profiles of the two bays, but the locations of the moraines 
(mid- to upper bay in Gouldsboro Bay and bay mouth in Dyer Bay) 
produce very different profiles.
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tide is about one- third that of Gouldsboro Bay and at low tide 
about one- quarter that of the larger bay. Critically, despite hav-
ing a substantially smaller volume, the shoreline of Dyer Bay 
is roughly three- quarters that of Gouldsboro Bay (Table 1); as 
we present below, it is the shoreline (both intertidal and shallow 
subtidal) which generates a substantial majority of the primary 
productivity in these coastal habitats.

Both Dyer Bay and Gouldsboro Bay experience a high de-
gree of tidal flushing. At spring tides, about 29% of the water in 
Gouldsboro Bay is exchanged, and nearly half (48%) of Dyer Bay 
is exchanged on each spring tide. Bay volumes and tidal flushing 
with moderately high nutrient coastal water, as already described, 
provide the key to the essential lack of nutrient control over pri-
mary productivity and to the structuring of the ecosystems of the 
bays. As described for Cobscook Bay (Larsen, 2004) and noted 
above, it is the offshore GOM dynamic oceanography that pro-
vides this nutrient- rich environment. The strong tidal currents 
peculiar to the eastern Gulf (resulting from the volume and shape 
of the Gulf/Bay of Fundy complex) have ensured in the past that 
the seaweeds in this bay complex have not been nutrient limited. 
Considering the long shorelines for both bays, and the rich inter-
tidal and subtidal macroalgal and eelgrass standing crops, along 
with considerable water movement caused by the large tides, nu-
trient supply provides little constraint to primary productivity.

The intense wave action of the outer coast, especially in 
winter, removes a considerable amount of algal biomass from the 
rocky substrate (see Appendix). Intertidal standing stock biomass 
along the outer coast was roughly half that observed in the lower 
bays, and total algal productivity, largely from Ascophyllum, is 
20%–50% lower than in the bays. In the exposed subtidal, kelp 
standing crops at 2.5 and 5 m depth and productivities are two 
to three times higher in summer than in spring, when biomass 
is reduced (see Appendix Figures 76–78). Rates of primary pro-
ductivity are significantly higher on outer bay shores than further 
into the bays, partly caused by the lack of intense in- bay wave 
action to provide mixing, and increasingly up- bay by the lack 
of hard substrate. On the other hand, individual Ascophyllum 
and kelp plants can demonstrate multiyear longevity in the bays 
when not subjected to human activity (Gendron et al., 2017).

community structure and distriBution

A combined Gouldsboro/Dyer Bay ecological community 
map, based on Google Earth Pro analysis, is given in Figure 4. 
Close- ups of selected areas, at lower sight altitudes, are shown 
in Figures 5 and 6. The collated whole bay areas of the ecologi-
cal communities are given in Table 1. The typical distribution of 
seaweed and Zostera communities relative to geomorphological 
substrate is shown in the Appendix (Figure 53).

The remapping of Gouldsboro Bay with Google Earth Pro 
differs somewhat from the 1980s survey as the result of finer- 
grained analyses and, subsequently, increased spatial precision. 
The total area of the bay was increased by 34%, but the sub-
photic, silt/mud open water bottoms constitute three- quarters of 

that increase. In the productivity analysis, this provided more 
phytoplankton production; however, the low specific produc-
tivity of phytoplankton resulted in little change in the analysis 
presented here as compared to the 1982 report. With the greatly 
improved areal visibility, habitat previously characterized as 
“rocky intertidal” was further subdivided into Ascophyllum- 
covered rocky patches, mats of the red seaweed Chondrus cris-
pus, and the high and low tide bands of the black and barnacle 
zones, mussel bands, and interspersed sand patches referred to as 
“rocky (miscellaneous).” Although this characterization reduced 
the rocky Ascophyllum zone (as compared to 1982) by 40%, 
and the miscellaneous intertidal was allocated a productivity of 
only 20% that of the Ascophyllum zone, total intertidal produc-
tivity was little affected because mudflats (with Zostera) and salt 
marsh areas increased when measured in the satellite images. A 
visual comparison with the 1980s approach can be seen in Ap-
pendix Figures 18, 19, and 53.

DISCUSSION

The extensive benthic analyses presented in the Appendix 
for Gouldsboro Bay parallel the more recent research published 
for Cobscook Bay in most aspects (Larsen, 2004). Although the 
planktonic research presented in this study is considerably less 
extensive than that of the Cobscook Bay project, it is very much 
in agreement with that study, in its basics, and thus is applicable 
to the whole bay analysis that we provide in this paper.

As in Cobscook Bay, benthic macroalgae, and to a lesser 
extent Zostera, contribute more primary productivity to the 
system than do the phytoplankton; also, as in Cobscook Bay, 
nutrients are generally not limiting because of the constant tidal- 
driven supply from large- scale “upwelling” in the GOM (Garrett 
et al., 1978; Townsend et al., 1987). Benthic primary produc-
tivity, mostly by Ascophyllum, the kelps, and Zostera, provide 
76% and 84%, respectively, of Gouldsboro Bay and Dyer Bay 
productivity. Clearly these are benthic- driven systems, with Dyer 
Bay being more strongly benthic because of its higher coastline- 
to- area ratio.

Although the tidal range in the Gouldsboro–Dyer complex is 
about 60% of that in Cobscook Bay, the Gouldsboro–Dyer com-
plex, unlike that of Cobscook Bay, is partially open to the Atlan-
tic Ocean. On the Maine coast, wave action produces the rocky 
bottoms necessary for a considerable development of macroalgae. 
Tidal current action is not nearly as effective in producing rocky 
bottoms; where tidal action is effective in these bays, in forming 
pebble/shell armored bottoms, only the low- producing coralline 
algae can successfully colonize. Local in- bay wave action can be 
important in driving primary productivity in the rocky intertidal 
and even shallow subtidal zones. However, although Cobscook 
Bay is several times larger than Gouldsboro Bay, it is broken up 
into narrow sub- bays, so local wave action is minimized.

Wave action is a driving force in subtidal macroalgal pri-
mary production (Leigh et al., 1987; Doty, 1971; Suskiewicz et 
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al., in press). In Gouldsboro Bay, there is a substantial differ-
ence in productivity rates and seasonal biomass loss between 
the outer coast and inside the bay (see Appendix Figures 60, 
76–79). Higher productivity by kelps occurs in the subtidal at 
the more exposed locations, despite greater standing crop loss. 
The situation is reversed in the intertidal because Ascophyllum—
the primary intertidal producer—is less resistant to wave action; 
thus removal of plants by wave action (especially in winter) in 
the more exposed areas greatly reduces productivity. The inner, 
partially protected areas of these bays have the greatest inter-
tidal standing crops and highest net productivities. The upper-
most reaches of the bays, with no open water wave action, are 
largely depositional environments characterized by mudflats, salt 
marshes, and soft bottom subtidal. Rocky, mostly cobble “bars” 
are scattered in the upper reaches of the bays, and Ascophyl-
lum (rockweed) develops on those “bars” (Figure 6); however, 
this represents only a very small part of the bay surface. Zostera 
and microalgae provide only a minimum level of primary pro-
ductivity in these protected environments. Salt marshes, while 
moderately productive, do not attain the higher levels of kelps 
and Ascophyllum, with only 2%–4% of bay productivity, re-
spectively. As most of that productivity is retained within the 
marshes, even this low level is likely a trace component of the 
total energy budget of the broader bay.

We do not update the preliminary systems analysis, based 
in biomass transfers, that was presented in the Appendix (see 
Appendix Figure 90). Biomass transfers are likely more suitable 
to understanding human perturbations and climate change, and 
that analysis, as it stands, will support the future development of 
an energy- based model. As the Appendix model presents, mac-
roalgal biomass, when torn from the substrate by wave action, 
grazers, or other perturbation, ultimately breaks down to par-
ticulate detritus on the bay bottoms, particularly on the upper 
sections of cobble and gravelly beaches. These bays are detrital 
systems largely based in the very large primary production by 
seaweeds (and to a lesser extent by Zostera), both intertidal and 
subtidal. Most of this production remains in the bay on the silty 
deeper bottoms and on the mudflats, where it provides particu-
late food for a great diversity and biomass of invertebrates, as 
described in the Appendix. The percent of organic compounds in 
the bottom sediment increases landward, from about 2% in the 
lower bays to more than 10% on the mudflats; clearly, there is 
a hydrographic mechanism driving organic detritus landward to 
the flats (see Appendix).

comParison of Productivity of  
GouldsBoro and dyer Bays

As we have shown, Dyer Bay has only 42% of the area of 
Gouldsboro Bay (Table 1), yet, using the same specific primary 
productivities for each community in both bays, Dyer Bay has 
45% greater productivity per unit area (as shown at bottom of 
the far right column in Table 3). This greater productivity is al-
most entirely the result of the larger fraction of rocky intertidal 

and subtidal habitat in Dyer Bay compared to Gouldsboro Bay 
(Table 1). This difference derives mostly from two factors: an 
80% greater shoreline length for Dyer Bay (in proportion to bay 
area) and a smaller proportion of highly protected, lower pro-
ductivity up- bay areas compared to Gouldsboro Bay.

Our productivity analyses indicated that total benthic pri-
mary productivity is more than an order of magnitude higher 
than total phytoplankton productivity in bays along this region 
of the Maine coast. In general, the narrower a bay, the greater 
will be the proportion of benthic shore, both intertidal and sub-
tidal, and the greater will be the total bay productivity. Bays with 
abundant islands also tend to be highly productive because of 
the greater shore lengths. However, it seems likely that there is 
a limit to this rule in that lack of in- bay wave action, increased 
silting, and reduced wave energy contact will reduce both mac-
roalgal standing crop and productivity.

Plankton primary productivity in the Gouldsboro–Dyer 
complex was measured at 36.5 g C/m2/year, far below the esti-
mate of 150 g C/m2/year provided by the Fish and Wildlife Ser-
vice for coastal Maine. This difference can be explained by light 
attenuation within the bay caused by high turbidity. Large bays 
such as nearby Frenchman’s Bay will have a far lower primary 
productivity as they are highly phytoplankton dominated by 
their greater average depth and lower ratio of shallow coastline 
to surface area. Even though more open to wave action than 
bays such as Gouldsboro and Dyer, the considerably higher pri-
mary productivity of wave- exposed subtidal kelp in Frenchman’s 
Bay may be offset by the lower productivity of intertidal Asco-
phyllum caused by wave damage. All these factors must be taken 
into account when accessing the susceptibility of Maine bays to 
anthropogenic perturbation. Western Maine bays, which have a 
much smaller tidal amplitude coupled with higher summer water 
temperatures, which can be stressful to kelp productivity, may 
fundamentally differ in their primary productivity. 

resamPlinG efforts in GouldsBoro Bay  
and comParisons across decades

As described in Materials and Methods, most of our data and 
analyses regarding the biological communities of Gouldsboro bay 
were collected in the 1980s whereas the data from Dyer Bay were 
from 2009. Because the areas of dominant communities have been 
remeasured as part of this study, only changes in standing crop 
and productivity would affect our analyses with time.

As indicated in our Introduction, the GOM has undergone 
extraordinary changes in the past several decades. To address 
the temporal differences in our sampling, we resampled the 
rocky benthic stations and several of the soft bottom stations in 
Gouldsboro Bay in 2017 as well as the entrance to Dyer Bay. Al-
though changes in biota, which are described in detail in upcom-
ing manuscripts, are not the focus of this paper, we can offer the 
following observations. As is the trend throughout the GOM, 
sea urchins have become rare or absent throughout the Goulds-
boro–Dyer Bay complex; urchins were rarely encountered during 
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any of our 2017 sampling. Both lobsters and crabs (Cancer bo-
realis, Carcinus maenas) were common, and fishing pressure has 
increased substantially, as evidenced by landings data (DMR, 
2018) and the number of lobster traps set throughout both bays 
(WHA, personal observation). The intertidal zone continues to 
be dominated by Ascophyllum nodosum, as our surveys in 2009 
and 2010 demonstrate. Subtidally, the seaweed assemblages con-
tinue to be a mixture of Subarctic and Boreal species, although 
with a measurable reduction of several Subarctic species. Our 
most recent surveys did not detect any of the more recently in-
troduced invasive algae (e.g., Dasysiphonia japonica), which are 
having an impact on communities of the southern Gulf (Dijk-
stra et al., 2017). Curiously, much of the rocky bottom habitat 
in deeper water was coated with a thin layer of fine sediment 
and barnacles. As we will show in a future publication (Adey 
and Suskiewicz, unpublished data), many coralline- covered rock 
samples collected from exposed sites in the 1960s were almost 
entirely devoid of subtidal barnacles; similar samples taken in 
2017, from the same stations, were often densely coated with 
these filter feeders. This suggests an increase of both sedimenta-
tion and nutrient concentrations in the water column.

Although there do not appear to be major changes in mac-
roalgal and Zostera biomass and productivity since the baseline 
data were collected in the 1980s, the bay- wide productivities 
presented here represent the status of these bays in the 1980s. In 
that respect, they are a valuable baseline against which to com-
pare future ecosystem function.

CONCLUSIONS

Our analysis of Gouldsboro and Dyer Bays highlights the 
contributions of benthic primary productivity to ecosystem func-
tion on the eastern Maine coast, and especially demonstrates 
the role of underlying geology and glacially derived topography 
in shaping ecosystem structure and function. The large (4.2 m) 
tidal fluctuations aid water column mixing and prevent nutrient 
depletion in these otherwise narrow bays; however, coastal water 
column mixing likely will not offset human- derived eutrophica-
tion because of the primary coastal water source in deep shelf 
waters and the secondary source from the Gulf of St. Lawrence. 
The results presented here, and in the Appendix, will provide an 
effective baseline for detecting ecosystem changes going forward; 
however, because of the ever- increasing utilization of marine re-
sources by coastal populations, it is essential that similar base-
line studies of system function be established at several localities 
along the entire length of the Maine coast.
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Appendix: A Resource 
Assessment of Gouldsboro 
Bay, Maine

The following pages contain the first author’s original 1982 ecological analysis  report 
on the Gulf of Maine to the National Oceanic and Atmospheric Administration. The 
report was not originally intended for viewing two-page spreads of a hand-held booklet, 
so left–right pagination was not consistent. Only pages with report text were numbered; 
pages with figures and tables were not paginated. The report’s original pagination is re-
tained herein as displayed at the bottom center of each page that was numbered. 





N U M B E R  4 3   •   21





























































2 2   •   S M I T H S O N I A N  C O N T R I B U T I O N S  T O  T H E  M A R I N E  S C I E N C E S

Infrared satellite photograph of Gouldsboro area.
The tide is relatively high, and only a small part of the rocky intertidal is exposed.  However, the bright red 
color of those areas is indicative of the high chlorophyll levels and the resulting high primary productivity.
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Figure   2.     Aerial photograph of the Pleasant Bay/Western Bay
area just to the east of Gouldsboro Bay.

Figure   3. Inner end of the Bay complex in the same area
showing typical mud flat/tidal stream situation.
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Figure   4.   Exposed rocky shore - Moose Peak light on Mistake Island.

Figure   5.   Mud/flat fringing marsh complex in Washington County.  Taken in spring.



N U M B E R  4 3   •   31

Figure   6.   Mill River - one of the few, well-developed marsh complexes in eastern Maine.

Figure   7.    In protected areas of bays, the forest extends nearly to high tide line.  
In many locations, stumps can be found in the intertidal.
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Figure   8.   Topographic map of the Gouldsboro Bay area.
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Figure   9. Gouldsboro Bay from offshore showing the inshore and bay regions

Figure  10.  The inner end of Joy Bay and Gouldsboro Bay
showing Tunk Stream and the town of Steuben.
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Figure  11. Close in aerial of Gouldsboro Bay looking north; the islands at the mouth 
of the bay appear in the foreground.

Figure  12. Village of Corea near the mouth of Gouldsboro Bay (upper right).
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Figure  13. 100 ft Research ship Marsys Resolute used to 
carry out research in Gouldsboro Bay.
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Figure  14. Boston Whaler used for a variety of work from diving to coring.
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Figure  15. Inflatables were used for a large part of the benthic studies.

Figure  16.  Benthic studies crew unloading gear at the end of a dive.
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Figure  17. Bay temperatures in winter are generally less than 0oC and require special gear for efficient working.
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Figure  18.   Base map of Gouldsboro Bay showing geological stations.  Sediment samples x; Cores.



N U M B E R  4 3   •   41

Figure 19.   Base map of Gouldsboro Bay showing biological stations.  
Benthic transects _____5; Zostera stations O; Plankton stations X. 
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Figure 20.   Auger coring for locations of Presumpscot clay near the forest/Great Marsh boundary.

Figure 21.   Removing and packing section of Presumpscot clay from a beach core.
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Figure 22.   Setting up tripod to remove core barrel.

Figure 23.   Core barrel with 5m long core of marsh peat following extraction.
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Figure 23.   Core barrel with 5m long core of marsh peat following extraction.

Figure 24.   Taking temperature/salinity profiles with the Beckman salinometer.

Figure 25.   Tide station on lobster boat pier at the northwestern corner of the main bay.
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Figure 27.   Sampling box core for chlorophyll concentration.

Figure 26.   Box-coring on a Joy Bay mud flat.
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Figure 28.   Typical dense Ascophyllum nodosum (rockweed) bed in the 
mid-intertidal of mid Gouldsboro Bay 

Figure 29.   Establishing grazer feeding cages in the Gouldsboro Bay intertidal.
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Figure 30.   Grand Marsh in early summer, looking south.  Note the now-unused dike in the foreground.

Figure 31.   Grand Marsh, looking north, taken in early October.  The foliage change is well underway.
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Figure 32.   Islands at the mouth of Gouldsboro Bay during a period of heavy seas in September.

Figure 33.   Cobble/boulder berm in exposed cove at the southern end of Dyer Neck.  These berms are 
        maintained and slowly driven landward by a combination of slowly rising sea level and a few intense winter storms. 
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Figure 34.  Late winter on the upper end of West Bay.  West Bay and Joy Bay are frozen over 
during an average  winter.

Figure 35.   Western shore of the main section of Gouldsboro Bay during an early March northwester.  
The main bay will sometimes freeze on a calm night in late winter, but generally it is the province of loose pack ice.
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Figure 36.   Fog bank ‘hanging’ offshore in July. In the Gouldsboro area, a slight shift to the 
south under hot humid conditions inland will bring dense fog over the entire bay.

Figure 37.   Ice limit in Joy Bay, the first week in March, 1982.
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Figure 38.   Mid-bay ice pack and shore-fast ice lip (in distance), the first week in March, 1982.

Figure 39.   Outer, open shore, the first week in March, 1982. No shore front ice (ice lip) is present on the 
exposed coast, and only an occasional piece of pack ice from the adjacent Bay is brought out by wind and tide.
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Figure 40.   Mean maximum, me minimum coastal temperature framework for the world ocean.
 Note that at 12-50C mean max. and 00C (mean min.), Gouldsboro Bay would place in the middle of the 
eastern Canada shores temperature regime. Winter temperatures in Europe are generally warmer (boreal). 

After Adey and Steneck). 
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Figure 41A.   Contours of area of mean maximum and mean minimum temperatures for unit 
60 nautical miles of coast.  Note that Gouldsboro Bay is placed In a small 

North Atlantic equivalent of a large North Pacific subarctic which includes the Okhotsk Sea.
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Figure 41B.   Mean coastal temperature framework for the Pleistocene.  The North Atlantic Subarctic 
is not a major element. Thus, the eastern Gulf of Maine, along with the Gulf of St. Lawrence, Nova Scotia

 and Newfoundland is dominated by a (North Pacific) Subarctic biota with a small component of
 Celtic (boreal) elements. 
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Figure 42.   Granitic, exposed shore of the outer islands off Gouldsboro Bay. The once continuous forest 
overlying glacial till is gradually being removed by wave action and sea level rise.

Figure 43   Jointed granitic shore on outer Dyer Neck.
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Figure 44.   Till bluff being slowly removed by bay wave action.

Figure 45.   Sandy-gravelly beach in topographic low area of northwest Gouldsboro Bay.
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Figure 45.   Sandy-gravelly beach in topographic low area of northwest Gouldsboro Bay.
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Figure 46.   Sea level position, relative to present sea level, over the last 13,000 years.
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Figure 47.   Shorelines of the latest Pleistocene and Holocene  In the Gouldsboro Bay area.
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Figure 48.   Inner end of the Grand Marsh showing retreating forest.

Figure 49.   Fringing marsh along the border of a mud flat.
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Figure 50.   Section across of upper bay showing sub-bottom stratigraphy.
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Figure 50.   Section across of upper bay showing sub-bottom stratigraphy. Figure 51.   Section across bid bay showing sub-bottom stratigraphy.
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Figure 52   Longitudinal (N-S) sub-bottom seismic profile from the upper part of the main stem of 
Gouldsboro Bay showing the extensive layer of marine clay (the Presumpscot Formation) laid down at 

12-13,000 yrs. BP. 
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Figure 53.   Aerial extent of the biological communities of Gouldsboro Bay.
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Figure 58.   Rocky intertidal of the eastern shore of Gouldsboro Bay.

Figure 59.   Area shown in figure 58 from the water.  Note the extensive rock weed cover.
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Table  2.    Algal functional groups as used in benthic analysis.
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Figure 60.   Biomass and productivity (harvest) of Ascophyllum nodosum in Gouldsboro Bay. 
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Figure 61.   Rock weed coverage in the rocky intertidal.  Most of the light, yellow to dark green plant
 material is Ascophyllum.  The darker, more textured material in the foreground is Fucus.

Figure 62.   Abundant littorinid snails on Chondrus crispus bed at low water spring tide 
in the outer part of Gouldsboro Bay.



9 2   •   S M I T H S O N I A N  C O N T R I B U T I O N S  T O  T H E  M A R I N E  S C I E N C E S





 









 



















 























N U M B E R  4 3   •   9 3

Figure 63A-D.   Invertebrate populations, rocky intertidal and subtidal of Gouldsboro Bay.

A
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Figure 63A-D.   Invertebrate populations, rocky intertidal and subtidal of Gouldsboro Bay.

B
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Figure 63A-D.   Invertebrate populations, rocky intertidal and subtidal of Gouldsboro Bay.
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Figure 63A-D.   Invertebrate populations, rocky intertidal and subtidal of Gouldsboro Bay.

D
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Figure 64.   Estimated productivity of filamentous and foliose algae of the rocky inter-and subtidal.
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Figure 65.   Mud flat in late summer showing an extensive coverage of yearling Zostera (dark green).

Figure 66.   Close up on flat showing a nearly complete cover of Zostera.
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Figure 67.   Mussel bars in Joy Bay at about a mean low water tide.
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Figure 67.   Mussel bars in Joy Bay at about a mean low water tide.

Figure 68.   Close up of mussel bar on a Joy Bay mud flat.
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Figure 69.   Little Marsh in northeast West Bay.
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Figure 70.   Shallow water (lm below mlw) with young Laminaria Kelps and the mid-ribbed Alaria kelp.  
The pink crustose coralline which underlies most kelp cover becomes the dominant algal form under 

heavy urchin grazing.

Figure 71.   Lower end of the kelp zone at boundary of “armoured” bottom. The dominant kelp here is 
the perforated Agarum which is very low on the sea urchin food preference list.
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Figure 72.   The urchin Strongylocentrotus droebachiensis, sea cucumber 
Cucumaria frondosa and mussel Modiolus modiolus 

Figure 73.   Armoured bottom inside the channel between Eastern Island and Bald Rock.  The pebbles, 
which are constantly overturned become coated with coralline algae, principally Lithothamnium glaciale 

and Leptophytum laeve at this depth (60 feet).
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Figure 77.   Rates of elongation of dominant kelp species, by season, in the Gouldsboro Bay area.
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Figure 78.   Primary production for dominant kelp species as a function of season and region in the 
Gouldsboro Bay area.  These data were derived from information on number of plants per m2, elongation rates 

and mean frond widths. (a)Comparison of productivity in the inner and outer Bay and offshore. 
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Figure 78A.   Primary production for dominant kelp species as a function of season and region in the 
Gouldsboro Bay area.  These data were derived from information on number of plants per m2, elongation rates 

and mean frond widths. (a)Comparison of productivity in the inner and outer Bay and offshore. 
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Table 5.  Growth rates of Laminaria longicruris in Gouldsboro Bay and offlying waters.
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Table 6.  Subtidal light levels (uE/m2/sec) in Gouldsboro Bay waters.

Table 7.  Nutrient concentrations in Gouldsboro Bay waters.
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Table 8.  Comparison of green sea urchin numbers, biomass andgrazing rates with algal 
biomass and production rates.
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Figure 79.   Kelp biomass by season and depth as a function of kelp production minus kelp grazed by sea urchins.
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Figure 80.   Echinarachnius parma (sand dollar) shell-hash community at 30 feet in the 
southwestern corner of the Bay.

Figure 81.   Silty mud community at 40 feet in the central part of the bay. The light brown 
haze on the surface is a diatom cover.
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Figure 82.     Dominant planktonic diatoms of inner Gouldsboro Bay.
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Table 13.    Species of copepods occurring offshore Gouldsboro Bay and at other offshore 
northwestern Atlantic localities.
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Table 14. Species of copepods occurring within Gouldsboro Bay and other Gulf of Maine bays
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Figure 83.   Copepods common to both Bay and Gulf of Maine waters. 
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Figure 84A.   Copepods occurring only within Bay waters of Gouldsboro Bay.
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Figure 84B.   Copepods occurring in inshore waters outside of Gouldsboro Bay, but not within the Bay.
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Figure 85.   Planktonic primary productivity of Gouldsboro Bay
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Table 16.   Light penetration, Chlorophyll A concentrations and reactive nitrogen levels in Gouldsboro Bay.
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Table 18. 1980 Maine landings of species valued at more than $50,000.
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Figure 86.   Clam diggers working a mud flat at low water.

Figure 87.   Herring weir at the northeastern corner of Gouldsboro Bay
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Figure 88.   Close up of Herring weir with the “trap” section and the fish deflector 
extending to shore (upper right).

Figure 89.   Lone lobsterman retrieves his pots outside of Bald Rock.
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Table 19. Fishery landings per year from Gouldsboro Bay.
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Figure 90.   Preliminary systems diagram for Gouldsboro Bay.
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Figure 91.   Determining quantities of algal beach drift on the Western shore of Gouldsboro Bay.

Figure 92.   “Algal soup,” breakdown of Ascophyllum on beach.
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Figure 93.   “Washout” of algal soup at spring tides (Winter Harbor).
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Figure 94.   Primary productivity of the bay, inshore and offshore environments of Gouldsboro Bay area.
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