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PREFACE

“For now we see through a glass, darkly; but then face
to face:"(1)

This volume constitutes the proceedings of the first joint
conference of two scientific organizations sharing a common
border, a common oceanographic system, and a common interest iIn
the characteristics of estuarine and coastal systems. The New
England Estuarine Research Society originated In 1969 to provide
a forum for communication between scientists Interested in
estuaries of the New England area. lts membership 1is largely
based at U.S. universities, colleges and research laboratories.
The Fundy Environmental Studies Committee arose in 1977 to
provide a similar framework for Information exchange and, more
importantly, practical cooperation between scientists interested
in the Bay of Fundy - an interest group that was generated by
proposals for large scale development of tidal power In the upper
Bay of Fundy. The focus of this group was much more pragmatic
because of the perception that decisions regarding tidal power
development might be made within a few years(2). Although the
only tidal power development yet to occur has been the pilot
project at Annapolis Royal, Nova Scotia, the value of the Fundy
Environmental Studies Committee may be measured Iin terms of the
rapid accumuiation of knowledge concerning the unique macrotidal
estuaries at the head of the Bay. From being one of the least
known of coastal ecosystems in eastern Canada a decade ago, the
upper Fundy region may now be the best known of Canada‘s many
estuaries(3). Undoubtediy the specific focus and extensive
cooperative effort involving more than one hundred scientists
played a major role in that development.

With settlement of the Canada-U.S. boundary dispute over
Georges Bank, the mounting concerns over management and conserva-
tion of fisheries in the Gulf of Maine, and recognition of the
fimited knowledge of the Gulf and outer Bay of Fundy, it was
natural that scientists would seek ways to Iinitiate essential
research programmes in the region. The joint FESC-NEERS
conference held at Yarmouth, N.S. on 24-25 October 1985, which
was financially supported by the Atilantic Provinces Councili on
the Sciences (APICS) and Environment Canada, was one such step.

The conference consisted of a series of invited
presentations around the theme of the probable effects of rising
sea level and increasing tidal range on ecosystems of the Bay of
Fundy - Guif of Maline system. As Titus and Wells point out, an

inexorable rise in sea level of 2-3 mm yr‘1 may be accelerating



as a resuilt of the greenhouse effect. Such a rise has serious
ecological and economic Implications for all coastal systems and
communities. These demand that coherant planning processes be
initlated without delay. Greenberg and DeWolfe's papers builld on
Greenberg‘s original mathematical model of the Gulf and Bay. On
the one hand they describe aspects of the natural variability of
physical features of the system - tides, currents, waves, etc. -
and on the other hand explore the extent to which the negative
effects of a tidal power development might be ameliorated by
changing operational procedures of the development.

As with Fundy, the biological constituents of the Gulf of
Maine are now poorly known. Gordon reviews the major sources of
primary production of the system, and Larsen the benthic
resources. It is apparent from these two articles that much
remains to be done just to document the biological resources and
productivity of the region. An Important first step, however ,
has already been taken in Campbell ‘s development of an ecosystem
mode |l for the Gulif region. Although presently limited to the
pelagic zone, a generalized ecosystem model will form a sound
foundation for development of comprehensive, cooperative research
programmes. This was a lesson that the Fundy Environmental
Studies group learned perhaps a little late(4). It is
interesting to note that Campbell’'s model emphasizes the
importance of tidal mixing in stimutating primary production and,
consequently, fish production in some portions of the Gulf, but

not all. Since rising sea level is associated with Increased
tidal range(5), and the relationship between tidal mixing and
tidal range is non-linear(6), some enhancement of coastal
production may be expected over time. In their review of

implications for regional fisheries, Rullfson and Dadswel | concur
with this interpretation, although they also point out the

extensive interactions that take place between numerous
environmental variables, and consequently the difficulty of
interpreting historical data. This makes a very convincing

argument for an enlarged and integrated programme of research
into the fisheries resources of the Bay of Fundy - Gulf of Maine
region. Although not part of the original programme, the
Addendum by Bleakney is a timely reminder that in estuaries
dynamic processes of erosion and sedimentation lead to continual
reshaping of estuarine morphometry. In the upper Bay of Fundy,
tuning of the estuary resulting in elevation of tidal range may
have been a greater source of change than sea level rise - and
certainly one with a complex history.

The programme was completed with a number of contributed
papers and posters, the abstracts or titles of which are inciuded

in this volume. They testify to the diversity of talent and
interest in estuarine and coastal sclence in this northeast
corner of North America. They also assure us that If the
problems of management and jurisdiction of this most Important
and remarkable coastal system prove intractable, it witl not be
for lack of scientific potential. It is to be hoped that this
first small step will be the foundation for extensive cross-

boundary scientific cooperation Iin the years to come.
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|. GREENHOUSE EFFECT AND SEA LEVEL RISE:
AN UPDATE
James G. Titus and John Bruce Welils

INTRODUCT ION

Around the Bay of Fundy, unl ike most of the rest of the

coast, people have focused far more on the implications of
changes in tidal range than on changes in sea level. In an area
where tidal fluctuations are three to sixteen meters, while the
sea Is rising at two to three millimeters per year, this focus is

understandablie--especially given the prospect of tidal power
plants that could change the tidal range by 10 percent.

Nevertheless, a growing body of evidence suggests that in
the coming decades rising sea level will be an increasingly
important issue. Increasing concentrations of carbon dioxide,

methane, chlorofluorocarbons, and other gases released by human
activities are expected to warm the earth several degrees; such a
warming could raise sea level roughly one meter in the next
century by expanding ocean water, melting mountain glaciers, and
perhaps eventually, causing polar glaciers to stide into the
oceans. Fortunately, much of the research that has been
conducted to assess the consequences of tidal changes will also
be useful for understanding the consequences of sea level rise.

In this paper, we discuss the basis for expecting a rise in
sea level, summarizing previous studies and presenting updated
sea tevel scenarios based on the recently reteased report
Glaciers, Ilce Sheets, and Sea Level by the U.S. National Academy
of Sciences’' Polar Research Board(5). We then discuss studies
conducted by the U.S. Environmental Protection Agency (EPA) on
the impacts of future sea level rise on various communities in
the United States. Although EPA has not assessed the potential

impacts onh the Bay of Fundy area, we conclude with a discussion
of the types of impacts that need to be investigated in this
region.



PREVIOUS STUDIES

Although sea level rose about one meter per century from
18,000 years ago until 6,000 years ago, It has been relatively
stable In recent centuries. Simifarly, although the earth has
warmed about 4C° since the last ice age, global temperatures have
fluctuated by only about 1C° in the last thousand vears. The
next century, however, may be very different. The human race is
releasing gases into the atmosphere that are likely to warm our
planet another four degrees in the next century by a mechanism
commonty known as the “"greenhouse effect."

Trace gases that absorb radiation, such as COp, are critical
components of the earth’'s atmosphere. Our planet would be too
cold to support life were it not for the greenhouse effect of the
atmosphere. Since the beginning of the industrial revolution,
however, the level of COo in the atmosphere has been increasing
as a result of the combustion of fossi! fuels and deforestation.
Although precise measurements only began in 1957, indirect
techniques such as the analyslis of alr trapped in polar ice cores
show that COp concentrations have increased about 25 percent
since the middie of the 19th century. Energy experts generally
expect the level of COp to be double its preindustriat
concentration during the third quarter of the twenty-first
century.

The prospect that society is altering the geophysical
properties of the atmosphere spurred scientists to investigate
the climatic effects of such increases, particularly after 1860.
By 1979 sufficient evidence had accumulated for the National
Academy of Sciences (NAS) to conclude that the earth is likely to
warm substantially(1). The NAS estimated that a doubling of
atmospheric COz (or equivalent increases in other trace gases)
would eventually raise the average global surface temperature by
1.5 to 4.5°C, with more warming at high latitudes and less
warming near the equator. Other sclentific groups have reached
similar conclusions(2).

Although researchers focused their early attention on
COz2, scientists have concluded in the last few years, that other
trace gases, such as methane, nitrous oxide, and
chlorofluoroCarbons, may be equally important. Var ious basic and
diverse activities produce these trace gases. For example,
growing rice, raising cattie, mining minerais, burning fossil
fuels and clearing forests all reiease methane. Combustion of
fossil fuels and fertilization of crops release nitrous oxide.
Chlorofluorocarbons are linked to more advanced processes:
cleaning computer chips and use of such products as insulation,
refrigerators and alr conditioners release these gases. Other
economic activities are increasing the emissions of other
radiatively active trace gases (See Fig. 1-1).

One of the effects of warmer temperatures would be a rise in
sea level, which was estimated for the first time In 1983 by two
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independent reports. In the National Academy of Sciences report
Changling Climate, Revel le estimated that the thermal expansion

of ocean water would raise sea level about 30 cm in the next
century, that melting of Greenlandic and alpline glaciers wou ld
each add 12 cm, and that other factors responsible for current
trends would continue for a total rise of 70 cm(3). Aithough he

stated that Antarctica could contribute two meters per century to
sea level starting around 2050, Revelle did not add that contri-
bution to his estimate.

In a report by the Environmental Protection Agency entitled
Proiecting Future Sea lLevel Rise, Hoffman et al, stated that the
uncertainties regarding the factors that could influence sea
level are so numerous that a single estimate of future sea level
rise is not practical(4). Instead they specified high, medium,
and low estimates for fossil fuel use, the absorption of carbon
dioxide through natural processes, future emissions of other
greenhouse g¢ases, the global warming from a doubling of
greenhouse gases, the diffusion of heat into the oceans, and the
impact of ice and snow. They concluded that if all the low
estimates prove correct, sea level will rise 13 cm by 2025 and 24
cm by 2050. If all the high estimates are correct, the sea will
rise 55 cm by 2025 and 117 cm by 2050. However , because it is
unlikely that either all the high or all the low estimates will
prove to be correct, the authors concluded that the rise will
be between 26 and 39 cm by 2025 and between 53 and 78 cm by 2050.
They stressed however, that the absence of glacial process models
severely limited the confidence that could be placed in this
first set of scenarios.

UPDATED SCENARIOS

tn the summer of 1985, the National Academy of Sciences
Polar Research Board released the first comprehensive study to
model the glacial response to a global warming(5). Accordingly,
it seemed like a good time to update previous scenarios of sea
level rise. This time, however, we do not estimate extremely
high or low scenarios but focus oniy on the |likely range of

future sea level rise.

Emissions and Concentrations of Greenhouse Gases

Many groups have projected the future concentrations of
greenhouse gases, based on the observed relations between
emissions and basic societal measures such as population and
gross national product. To ensure that thelr projections are
conservative, researchers usually assume that population and
economic growth will decelerate. In addition, they often assume
that technological improvements will reduce emissions. Because
projections are inherently uncertain, researchers usually report
low, medium, and high estimates. Table 1-1 summar izes published
estimates of future concentrations.
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Based on this body of research, we construct two scenarios

for trace gas emlissions and concentrations. To reflect our
uncertainty In projecting the distant future, we divide our
estimates into three time periods. We are most certain of the
near future, 1985 to 2000, which we call our "“forecast period."
In this period we reiy on well-accepted forecasts of current
market trends. As unforseeable events deflect these trends, our
uncertainty Increases. Nonetheless, we can place reasonable

bounds on such basic forces as population growth and overal/l
economic activity for the period from 2000 to 2030, which we call

the "scenarios period." Beyond 2030, we lose confidence in our
projections of population and economic growth. All we can do is
test various contingencies; thus we call the period from of 2030

to 2060 the "contingency period."

For projecting carbon dioxide emissions we adopt the NAS
projections(6). Our low case is drawn from the NAS 25th
percentile, and our high case from the NAS 75th percentile. The
CO2 concentrations which result from these emissions will depend
on the global carbon cycle. Following Seidel! and Keyes(7), who
evaluated the results of the Oak Rldge National Laboratory Carbon
Cycle Model, we assume that the fraction of carbon emissions
which remains airborne as COo will rise as global warming alters
the carbon cycle.’

To project the future emissions of the most widely used
chlorofluorocarbons, CFC-11 and CFC-12, we use scenar ios
developed by Quinn et al.(8) of the RAND Corporation. These
researchers found that in the developed countries CFC-11 and
CFC-12 use has grown approximately three times as fast as
national income. In the absence of new governmental regulations,
this relation should continue. We base our estimate of the
resulting concentrations on the work of Rind and Lebedeff(9), who
constructed an exponential decay model to fit past atmospheric
measurements.

Our projections for methane and nitrous oxlde concentrations
fall within the range reported by Ramanathan et al.(10) and
Wuebbles et al.(11). Numerous other trace gases, linked to such
diverse economic activities as aluminum smelting and dry
cleaning, may affect the climate. We have adopted the concentra-
tion projections of Ramanathan et al.(11).

Future Global Warming

Although the NAS estimates that the earth's equilibrium
response to a doubling of greenhouse gases would be a 1.5 to 4.5
degrees warming, the major climate models(12) show a narrower
uncertainty ranging from 2 to 4°C; we adopt this narrower range.

To estimate the direct radiative forcing of greenhouse gases
we  use "the modeél developed by Lacis et al. of the Goddard
Institute for Space Studies(13). We modify the model to include
many of the trace gases identified by Ramanathan et al.(14).



Table {-2 presents the trace gases included in the modified
model . Because we do not iInclude possible changes in water vapor
and the distribution of ozone, we may underestimate the total
radiative forcing. '

The timing of future temperature increases will depend on
the absorption of heat by the oceans. Estimating this absorption
is difficult because we cannot fully describe the oceanic
mechanisms by which heat Is transported. Based on transient
tracer analysis, Broecker and Peng(15) developed an average eddy
diffusion coefficient for the oceans of 1.7 cm/sec?. We use this
value, accepted by many as a reasonable surrogate measure, at
least for small perturbations.

For our low and high scenarios, Figure 1-2 shows the global
temperature changes that the model predicts for each time period.
For our market period of 1980 to 2000, we project an Increase in
the average global temperature of 0.2 to 0.4 degrees. By the end

of our scenario period in 2030, the increase is from 0.7 to 1.6
degrees. In 2060, the end of the contingency period, the
temperature increase is 1.4 to 3.4 degrees. Figure 1-3 shows the
projected "unrealized warming, " i.e., warming that will
eventually occur but has not yet occurred because oceans delay
the warming. The estimates of unreallized warming imply that by
2060, society will have released enough gases for a total
equiltibrium warming of 2.5 to 9 degrees. This unreallzed warming
Implies that | f society waits until the warming Is observed
before taking measures to limit the warming, it will be too late

to avoid additional warming of several degrees.

Euture Sea Leve! Rise

Estimates of global sea level rise must consider ali the
processes by which global temperature rise can increase oceanic
water volume. Estimates for particular regions must also
consider changes in such local conditions as land subsidence and
construction. For example, along the coast of Maine one must add

1-2 mm/yr to the projections of global sea level rise.

Global temperature rise can elevate the sea level in four
ways: by raising the temperatures of the oceans, which expands
the volume; by meiting alpine glaciers, which adds water to the
ocean basins; by metlting the fringes of polar glaciers (Greenland
and Antarctica) sufficiently to exceed the effects of possibile

increases in snowfall associated with a global warming; and by
increasing the discharge of ice from Greenliand and Antarctica ice
caps Into the ocean. Our degree of certainty about each process
varies.

Oceanic absorption of heat is the major force that delays

global warming. Absorbed heat, however, is the primary
- contributor  6f sea level rise.  We can estimate the rise by
applying expansion coefficients to the estimated annuat
increments of heat. While a three dimensional ocean model would



Table 1-2.

SUMMARY OF SCENARIOS USED IN THIS STUDY

Average Growth Rates (Percent) in Concentrations

Forecast Period Bounding Period Contingency Period

1 to 2 {2000 to 2030) (2030 _to 2060)

Low High Low High Low High
COo 0.33 0.47 0.54 0.77 0.61 0.94
CHg4 0.70 1.40 0.70 1.40 0.70 1.40
N2O c.20 0.25 0.20 0.25 0.20 0.30
CFCq1 5.26 5.87 2.48 4.21 1.52 2.75 »
CFC12 4.60 4.92 2.49 3.85 1.70 2.87

Other trace gases:

SO2, CF4, CoFg, CHC1Fo, CC1Fg,
CH2C13, CHC13, CCl1g4, CHzCC1g,
CBrFg, CoHp

Low: Linear .interpolation to Ramanathan et
al. (1984) best guess in 2030; constant
thereafter.

High: Linear interpolation to Ramanathan et

al. (1984) high estimate in 2030;
extrapolated thereafter.

b4
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provide the most accurate resuilt, comparative analyses show
little dIfference In the results of three and one dimensional
models(16).. We therefore use the one dimensional model of heat
diffusion developed by Lacis et al.(17). Figure 1-4 displays our
results. We estimate that by the year 2000, thermal expansion
will raise sea level 2 to 4 cm; by 2030, 7 to 15 cm; and by 21860,
15 to 35 cm.

Alpine glaciers will probably be the next most Important
source of sea level rise in the next seventy-five vears.
Meier(18) estimates that the global temperature increase of 0.5C°
in the last 100 yYears caused meltwater from alpine glaciers to
contribute approximately 28 mm to global sea level. He suggests
that future temperature increases will similarly correlate with
increases in alpine meltwater. We use this relation to yield the
estimates shown in Figure -4, a contribution from alpine
meltwater of 1.3 to 2.2 cm by 2000; 3.9 to 8.3 cm by 2030; and
7.2 to 18.3 cm by 2060.

Meltwater from Greenland may also contribute to sea level
rise. In the recent Polar Research Board report,
Binschandler(19) conducts a mass balance of Greenlandic ice and
links changes In each process to changes in surface temperature.
In our model, we assume that the contribution to sea level in
centimeters will be the increase in Greenland’s temperature
raised to the 1.5 power, multiplied by 0.248; this equation
approximates Binschandler‘s results. Figure I-4 displays our
results: 0.0 to 0.1 cm by 2000, 0.5 to 1.4 cm by 2030, and 2.0
to 6.7 cm by 2060.

Researchers have not yet estimated the contribution of
Antarctic meltwater to future sea level rise. One climate
model (20) indicates that doubling CO2 could increase the rate of
mel twater from Antarctica enough to add one meter per century to
global sea level . However, none of the models realistically
simulates precipitation and surface runoff, and one should not
take that result as a quantitative estimate. It does suggest
that the forces which influence surface meltwater runoff should
be more carefully analyzed in the future. In this paper we
assume the contribution from Antarctic meltwater to be zero.

The remaining possible contributor to sea level rise is
enhanced lice discharge from Greenland and Antarctica, the areas
that have received the most attention in the popular press, but
which are the most uncertain and long-range. Because the
physical processes that will influence ice discharge from
Greenland are less well understood than those of Antarctica, we
include no estimates for Greenland.

Most attention concerning Antarctica has focused on the West
Antarctic lce Sheet which Is buttressed by large floating ice
shelves that appear to regulate the rates of ice discharge from
the intand sheet. Much of the West Antarctic lce Sheet is
grounded below sea level. If warming polar waters thin the

10



surrounding ice shelves, the inland ice sheet could begin to move
more rapidly Into the sea.

If the entire West Antarctic lIce Sheet was to collapse into
the ocean, the sea would rise approximately 6 meters. However,
even extreme conditions of climatic warming could not overcome
the physical constraints on the rate at which the ice could
either meit or flow into the ocean. Current estimates suggest
that complete coltapse of this ice sheet would take at least 300
vears, and possibly 500 years or longer. Although this process
might be slow, It might aiso be irreversible.

In the recent Polar Research Board report, Thomas(21)
analyses possible contributions from antarctic ice discharge.
His analysis shows that physical constraints delay most of  the
ice discharge until after 2040. His estimates for the year 2100
vary from an unl!likely 2 meters to a "most likely" 24 cm. Within
the time frame of our analysis, his estimates of the contribution
to total sea level rise do not vary greatly. Flgure |I-4 presents
estimates of sea level rise from this source: no contribution
before 2000; 0.4 to 2.3 cm by 2030; and 2.8 to 43.6 cm by 2060.
By studying Figure 1-4, the reader may gain some Insight into the

magnitude and sources of sea level rise over time. Figures 1-5,
| -6, and I1-7 allow a closer examination of sea level rise for
each time period. Table 1-3 shows the effect of varying ocean
heat absorption from its assumed values by a factor of 2: a
change in relative contribution from the different processes, but
not in total sea ltevel rise. These estimates do not include any

contribution from Greenland ice dlscharge or Antarctic meltwater
runoff, an omission that needs to be remedied.

The updated scenarios imply that sea level Is likely to rise
4 to 6 cm by 2000, 12 to 27 cm by 2030, and 27 to 104 cm by 2060.
Altthough new information has caused us to change many of the
assumptions underlying the 1983 report Projecting Future Sea

Level Rise(22), the major change In our results is that glacial
processes do not appear as llkely to contribute significantly to
sea level rise in the near term. The analysis by the Potar
Research Board suggests, however, that the rise In sea Ilevel
after the middle of the next century is likely to be of the same

order as projected in the earlier reports.

EPA STUDIES OF THE IMPACTS OF FUTURE SEA LEVEL RISE

Only a few studies have estimated the economic and
environmental impacts of future sea level rise. A
multidisciplinary team of researchers examined the potential
Iimpacts at Charleston, South Carolina(23). The research team

conslidered inundation, erosion, storm surges from increased ocean
flooding, and saltwater Intrusion.

in Chartfeston, most of the land low enough to be Iinundated
by a one to two meter rise in sea level is marsh or swamp. Kana,
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Baca, and Williams(24) estimate that a 1.5 m rise in sea level

would drown approximately 80 percent of the wetlands in
Char leston, in spite of the marshes’ ability to accrete
vertically through sedimentation and peat formation. Their

estimates also assume that houses immediately Inland of today ‘s
marsh are moved out of the area so that the new marsh can form
infand as sea level rises. |f developed areas are protected with
levées and butkheads, new marsh will not form and the area could
lose 90 percent of its wetlands.

Gibbs(25) estimates that the economic impact in Charlieston
for a 1.5 m rise would be 1.9 billlion dollars by 2075 -- 286
percent of the total economic activity in the area —— if current
policies continue and the area fails to anticipate the future
consequences of sea level rise. However , Gibbs also estimates
that if the area anticipates the rise and modifies its land use
policies and building codes, the Impact could be reduced by over
60 percent. Studies in Galveston, Texas show similar
results(26). In the part of Galveston not protected by a
seawall, much of the island is lost to inundation or erosion, and
the economic impacts on the area could be reduced from $965
million to $550 mitilion through advanced planning.

Rising sea level also increases storm flooding in coastal
areas. The higher sea level provides a higher base on which
storm surges can build. Moreover, the erosion caused by sea
level rise can leave properties closer to the water and more
vulnerable to storm damage. Kana et al.(27) estimate that a 1 m
rise in sea level would increase the portion of the Char leston
area within the 10-year floodplain from 30 percent to 45 percent,
and a 1.5 m rise would increase this portion to over 60 percent,

the current size of the 100-year floodplain. Leatherman(28)
estimates that in Galveston a 1.5 m rise would allow a 100-year
storm to overtop the Galveston Seawall and put almost the entire

area within the 100-year floodplain.

Al though Inundation will account for most of the land loss
in areas with low wave energles such as Charleston, land along
the open  coast above sea level can erode as sea level rises.
This possibllity is particularly important to ocean resort
communities with extremely high property values. Everts(29)
examines the situation at Ocean City, Maryland, the largest beach
resort near Washington, D.C. Using an approach derived from

Bruun(30) he estimates that for every centimeter the sea rises,
the beach at Ocean City would erode approximately 65 centimeters.
However, because significant losses of sand due to longshore
transport are expected, he projects that the 34-cm rise he uses
would result In shoreline erosion of approximately 70 m by 2025
(a large percentage of the beach). Leatherman(31) and Kriebel
and Dean(32) arrive at similar estimates of the sand needed to
maintain Ocean City. Using the results of these analyses,
Titus(33) concluded that if sea level Is going to rise, it would
be better for the community to address current erosion problems
by pumping sand onto Its beach than by continuing to bultd
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groins, a conclusion that was subsequently endorsed by the State
of Maryland.

A rilse in sea level would also Increase the salinity of
rivers, bays, and aquifers. Hulti and Tortoriello(34), for
example, estimate that even a 13 cm rise in sea level could cause
the 250 ppm isochlor to migrate upstream 2-4 kilometers in the
Delaware River. In a draft report prepared for the Environmental
Protection Agency and the Delaware River Basin Commission(35) the
authors estimate that a 73 cm rise would increase salinity enough
to threaten parts of Philadelphia‘s water supply during droughts
and contaminate aquifers in New Jersey that are recharged by the
Delaware River.

WHAT DOES IT MEAN TO THE BAY OF FUNDY?

The Bay of Fundy area appears to be far less vulnerable to a

rise in sea level than most of the U.S. coast. To a large extent
the area has steep rocky shorelines rather than the flat sandy
shores that characterize much of the Atlantic Coast. Moreover,
the large tidal range Implies that much of the physical and

biological systems are already adjusted to large changes in water
levels.

Nevertheless, the impacts will have to be addressed. There
are some flat areas and there is development near the high tide
l'ine. If some of the coastal interests are concerned about the

erosion from a thirty centimeter (one-foot) increase in the tidal
range, they have to be concerned about the erosion from a rise in
sea level of one meter or more. Interestingly, Maine is one of
the few states whose coastal zone management program requires a
builder to demonstrate that long-term (100-year) erosion will not
threaten a proposed structure. Thus, the prospect of future sea
level rise is already relevant to that program.

Perhaps the most important implication of the greenhouse

effect, however, is not the rise in sea level but the likely
changes in temperatures. If the water warms four degrees (C) one
may find completely different species occupying the Bay. Waters

now too «cold for swimming may be just the right temperature to
attract .increasing summer visitors, thereby generating a level of
coastal development that today would seem unlikely.

The body of research on the implications of tidal power
generating plants can be used to gain an understanding of the
implications of the greenhouse effect for the Bay of Fundy

Region. In some instances, the two phenomena may have additive
effects; a rise in sea level and an increase in the tidal range
both will result In increased erosion and flooding. On the other

hand, Richards(36) suggests that the power plant would lead to
cooler winters, which would bé offset by the greenhouse effect.
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Research on the consequences of the greenhouse effect, |l ike
studies on tidal power plants, can be used both to help
adaptation to expected environmental changes and to evaluate
whether those changes are acceptable. An Important difference is
that If the power plant Is bullt, we will already understand the
likely consequences. By contrast, we are already setting ‘in
motion the giobal warming without understanding the consequences.
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11. TIME AND SPACE VARIATIONS OF WATER LEVELS IN
THE BAY OF FUNDY AND GULF OF MAINE

David A. Greenberg
INTRODUCT ION

There are many factors governing whether or not a given
level of a shore will be covered by water or exposed to the air
at a given time of a given day. In the Bay of Fundy and Guilf of
Maine, attention is most often focussed on the tides, and
frequently any change in sea level Is incorrectly lumped under
the title "tide." This paper catalogues different processes that
influence sea level and estimates magnitudes and scales in time
and space.

CURRENTS

Hydr i radient

In the open sea, it is rare that large currents and large
current gradients would cause a noticeable draw-down of the sea
surface, but in constricted areas this phenomenon is more common.
Results from a mutltigrid model(5,6) indicate that Iin the narrows
by Cape Split the strong tidal currents, peaking at 4 m s",
lower the mean sea level beside the Cape by as much as 0.5 m.
Tidal currents would probably have similar effects around the
islands and irregular coastiine in the Guif of Maine. Outside of
estuaries, currents other than tidal are probably not strong
enough or regular enough to cause this hydraulic effect.

Lar | tr | rrent

Large, steady barotropic currents can cause a set up or set
down along a coast. An examplie of such a current is EI Nifo,
whose arrival is noted by a sea level rise along western South
America. In the open ocean, sea level can differ by 1 m across
the Gulif Stream. Seasonal mean currents along the east coast of
North America also have a sea level signature. In the Fundy-
Maine system, the most noticeable effects should be from
transport Iinto the system from the Scotian Shelf. Wright et
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al.(186) indicate that the set up associated with Smith's(14)

estimates of average annual Inflow are In the order of 2.5
cm (Fig. 1i1-1). Smith noted a pronounced seasonal cycle in which
the transport varied from near zero in summer, to twice the

annual average in winter(14).

DENSITY EFFECTS

The seasonal transport along the Scotian shelf, mentioned
above, is associated with the fresh water runoff from the St.
Lawrence. Besides the barotropic effect already noted, steric
effects also have an influence. A rough calculation by
Drinkwater (personal communication), based on Halifax section data
spread over 25 years, indicates a mean annual variation of about
8 cm (Fig. 11-=2). This baroclinic effect Is about the same
magnitude as variations from the barotropic current. Similar
effects could be found in the Fundy-Maine system due to Saint
John River and St. Croix River runoff, but the author is unaware
of any detailed cailculations.

AlIR PRESSURE

A sea surface in isostatic equilibrium with air pressure
will exhibit the Inverse barometer effect. This means that at a
given location, sea level will rise by roughly 1 cm for each 1 mb
fall in atmospheric pressure. Thus an atmospheric pressure

gradient would be compensated by an opposing sea level siope such
that there is no net pressure gradient (or current) Iin the water.
The weather systems may be classified by thelr central sea level
pressure as follows(2):

Strong p > 1035 mb
HIGH Moderate 1025 - 1034

Weak 1019 - 1024

Standard Atmosphere 1013.25

Weak 1001 - 1005
LOW Moderate 991 - 1000

Deep p < 890
Given the above, It can be seen that large sea level variations
due to air pressure would be in the range 40-50 cm. The relevant
scales of this effect depend on the speed, size and track of the

different pressure systems.
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Fig. 11-2. The steric anomalies at station 1 relative to 200 m
at station 3 of the Halifax sectlion (Drinkwater, personal
communication), based on data spread over 25 years. Steric

anomalies refer to changes in height of a water column required
to malntain a constant pressure at some reference level as the
fluid density changes due to temperature or salinity varlations.

WIND

rf Wav

Surface waves can be thought of in terms of locally
generated waves, and those generated by distant storms which
propagate as swell. Strong currents can considerably enhance
local wave generation. Perlods typically range from 1 to 15
seconds with higher waves associated with larger periods.
Because there is a demand for the one, ten and one hundred year
significant wave height, statistical estimates of these
quantities are made from observations (Fig. 11-3), but the data
base is rarely adequate and the large uncertainties increase with
the extrapolation to longer times. Accuracy to within a factor
of two for a 100 year wave might be considered good. The Gulf of
Maine |Is protected by the coast, and the shallows of Nantucket
Shoals and Georges Bank. Thus there is a decreasing progression
of wave energy from the North Atlantic, through the Gulf of
Maine, up the Bay of Fundy to the very protected upper Bay. The
rough estimates made indicate that wave heights can on occasion
be greater than the tide heights through much of the Guif of
Maine system, and are generally much greater in many areas.

torm r

lLarge storms can have a significant Impact on water
levels (Fig. 11-4). The surges have space scales similar to the
driving system and time scales of several hours. They are of
more concern in the western Gulf where they can have magnltudes
greater than the tides. In the upper Bay of Fundy they can stil|
cause problems when storm surges arrive at high water.
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Fig. 11-3. The one year (a) and the 100 year (b) significant
wave height (in metres) in the Gulf of Maline (cf. 4). Wave
T"energy decreases near the coast from these open—sea-values:——
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n i d

Steady winds can have a small, but noticeable effect on sea
level . In the Fundy-Malne system, components persisting for more
than a few days result in steady current and elevation patterns.
Saunders’(12) analysis of wind stress shows seasonal differences
that would cause similar variations in sea level. Wright et
al.(18) show that the magnitude of these variations could be 5 or
6 cm along the Maine coast (Fig. 1I1-5). Longer term ciimatic
variations are known to exist(15). Noble and Butman(11), looking

at wind-induced sea level variations along Eastern North America,
have found good correlations between coastal sea level and wind
stress with periods between 60 and 600 hours.

TSUNAMIS
In the Canadian classification, the Atlantic provincés are
rated as being moderately active seismically, with fault lines

delineated down the middle of the Bay of Fundy and its branches.
The 1929 earthquake off Newfoundliand is known to have given rise
to a significant tsunami with flooding reported(10) on the south
shore of Newfoundland due to a wave over 30 m high in Burin
Inlet. Recent earthquakes in New Brunswick have been small and
no water level effects have been reported but tsunamis cannot be
dismissed as being unimportant. Tsunamis are deep water waves
with periods from 5 to 90 minutes. The most damaging ones are
usually attributed to a combination of large earthquakes, usually
but not always centered under the sea, and local resonance
effects.

TIDES

Semidiurnal and Diurnal Tides

The Fundy-Maine system has a natural period of about 13.3
hours(3) and Is in near resonance with the semidiurnal tides.
This glves rise to an amplification of the Mo tide from 1 m range
at the edge of the continental shelf to over 12 m in upper Minas

Basin (Fig. 11-86). Combined with other constituents a tidal
range of close to 17 m has been observed - the highest tides in
the world. All of the semidiurnal constituents are amplified in
the system, but Mo is the largest and can be considered the mean
tide. The diurnal constituents do not vary much throughout
Fundy-Maine as there is little resonant amplification at periods
‘as large as 24 hours. The largest diurnals have amplitudes

between 10 and 20 cm.
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MINAS BASIN

MODEL PREDICTION OF
M, TIDAL REGIME
= AMPLITUDE {meires)

—— PHASE (degrees)

SCOTIAN SHELF
[

Flg. 11-6. The amplitude and phase of the My tide as calculated
from a numer lcal model (5).

Per iods lLonger Than Diurnal

The tidal constituents with periods greater than the
diurnals and up to one year are very small and are usually
significant only when annual or seasonal climate and fresh water
effects are large. Variation of the semi-diurnal and diurnal
tides at these periods is due to the individual constituents
moving in and out of phase on fortnightly, monthly, semiannual
and annual time scales.

When analyzing tidal records, allowance Is made for an
amplitude variation with period 18.6 years - caused by variations
in the declination of the moon’'s orbit. Theoretically, the
amp| itude of the My tide varies by +3.7% over the 18.6 vyear
period. Ku et al.(9) found agreement in simple theory,
observation and numerical model results, that resonance and
friction effects reduce this amplification to about 2.4% in the
Fundy-Maine system. Since the analysis and prediction of tides
by Canadians and Americans -assumes the 3.7% value, the

predictions would be wrong by as much as 2.5% (about 8 ecm at
Saint John) In Mz depending on the year of analysis and the year
of prediction. Some of the other semidiurnals might also be
affected. The diurnals seem to follow the theoretical pattern
since they are not influenced by Fundy-Maine resonance.

Changes Due to Tidal Power

Greenberg(5) has calculated changes that might occur in the
Fundy-Maine tidal regime if tidal barriers were to be constructed
at the head of the Bay. These changes were related to resonance
and frictional properties of the system. Tides would decrease
near the barrier and increase away from the barrier by as much as
22 cm in Mg tidal amplitude (Fig. 11-7). The changes would be
felt throughout the Bay of Fundy and Guif of Maine and would
diminish as one moves out of thg Gulf by Cape Cod and around
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southwest Nova Scotia. In the reservoir behind the barrier more
dramatic effects would be notliced. The tides would be very much
reduced, and mean l|level would depend on the type of operation.
More detailed descriptions of the physical oceanography and

changes due to tidal power can be found elsewhere(7,8). A
further Investigation of tidal effects has been carried out by
DeWolfe (Chapter I[11 this volume) using the same mode! to look at

some different aspects of barrier operation and installation.

Ti nd Mean Level

A change in mean sea level would also bring about a change
in the tide. Scott and Greenberg(13) have investigated the
problem of changing tide with changing sea level and have found
that the principal factor determining the magnitude of the tides
is the depth of water on the continental shelf seaward of a |ine
from Cape Cod to Yarmouth. The detail of the tidal regime (the
last few per cent) will depend on local depth changes, frictional
and resonance effects, but the blocking effect of Georges Bank
seems to be the most Iimportant factor. Tides in the Inner Gulf
of Maine are predicted to increase by about 1.7% for every one
meter increase in depth on the outer shelf. Thus i f the
predicted sea leve! rise of 30 cm per century(1) is accurate, a
further increase of high water by about 0.5% per century can also
be expected.

CONCLUD ING REMARKS

1. The surface defined by the mean sea level at different
points Is not necessarily level (in a gravitational sense)
and may vary in time depending on the averaging period.

2. The large tides in the Bay of Fundy and Gulf of Maine are
not the only source of variation in sea level. Storm surges
and waves can dominate in many areas, and other processes
can still be significant.

3. I'n determining extremes for flood forecasting and designing
shore defence systems it should be remembered that the
individual processes are not aliways i ndependent. The
coincidence of a deep low pressure raising static water
levels, a storm surge and high surface waves, is certainly a
real possibility. Storm surges and tides can interact,
modifying both from the form they would take if considered
independently.

4. Although most of the Interest in sea level variation is
addressed to the problems associated with exceeding certain
levels, it should be remembered that there are processes
that are bound to lower water levei. (See pp. 123-125 this

vo iume. ) The above phenomena apply equally to these.
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ttl1. AN UPDATE ON THE EFFECTS OF TIDAL POWER DEVELOPMENT ON
THE TIDAL REGIME OF THE BAY OF FUNDY AND THE GULF OF MAINE

David L. DeWol!lfe

BACKGROUND AND INTRODUCTION

it has long been known that the installation and operation
of a tidal power plant in the upper reaches of the Bay of Fundy
will cause changes to the tidal! regime throughout the Bay of
Fundy and the Gulf of Maine. The most recent detailed work by
Greenberg(4) shows the magnitude of these changes.

Since Greenberg’s work, new strategies have been developed
in the proposed configuration of tidal power plants(5). These
recent developments were incorporated into a new specification
of a barrier and the Greenberg model was then rerun to provide
insight into the effects of different configurations on the tidal
regime of the Funhdy-Maine system.

It is known that the changes to the tidal regime are related
to the volume of flow through the barrier. A major purpose of
this work was therefore to determine the relationship between the
permeability of the barrier and the magnitude of the changes to
the tidal regime throughout the Bay of Fundy and Gulf of
Maine. Relevant experiments for both the Cumberland Basin (A8)
and Economy Point-Tennycape (B9) sites are described in this
paper.

The generally accepted figures for the change in the
tidal regime in the Bay of Fundy and Gulf of Maine have been
based on the results of the Greenberg model wusing the Mo
tidal constituent only. However, in order to get a realistic
assessment of barrier-induced changes, as well as their
frequency distributions, it Is necessary to calculate the
changes that result from the operation of the tidal power
plant over a lunar month. This allows the neap-spring cycle and
the perigee-apogee cycle to be modelled and the changes to
the tidal regime can then be investigated in a statistical
manner. This work Is also described in this paper.
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THE MODEL

Iintrod tion

The numerical mode | that forms the basis for this work

is the finlite-difference M2 tidal mode | descr ibed by
Greenberg(4). It covers the entire Bay of Fundy and Gulf of Maine
out to the continental shelf, as well as a portion of the

Scotlan Shelf and the area south of Cape Cod. The model grid is
shown in Fig. Il1-1.

The equations of motion and continuity used in this model
are In their non-linear form and include Coriolis acceleration,
real depth and quadratic friction. The advective terms in
the equations of motion are commonly excluded in numerical
tidal modelling. In Greenberg(4) they were included for Minas
Channel and Minas Basin because they have an important influence
where strong tidal currents change direction rapidly within
confined areas. Greenberg(4) has since revised the model to
Include the advective terms Iin the entlire sea area covered by
the model, and this revised version is used in this work.

Calibration

The earlier results(3) for both the natural regime and the
tidal regime modified by a barrier at B9 were
duplicated. Since this earlier work computed the advective terms
in Minas Channel and Minas Basin only, the advective terms in the
present version had to be *"switched off" and the friction
readjusted in order to get a close agreement with the previous
work . This was done for both the natural regime and for a
B9-modified regime until the results of Greenberg(3) were
satisfactorily duplicated.

Once verification was complete, the advective terms for
the entire area were ‘“switched on" and the friction read justed
to produce a benchmark run of the natural tidal regime to serve
as the basis for measuring all barrier-induced changes to the
tidal regime.

Updating the Barrier Specification

The previous work used a relatively simple specification
of the flow through a turbine, which was assumed to have the
same flow characteristics as a sluice. This did not
allow for complications of flow through an optimized turbine.
In addition, the specification of the number of siuices and
turbines In the barriers has been updated. To allow for these
changes, new barrier subroutines were developed and Incorporated
into the model for both the A8 and BS barriers. The layouts are
as follows:
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A8 37 turbines, 35 operating, 24 slulces
B9 128 turbines, 120 operating, 97.5 sluices

The new barriers simulate a greater installed capacity as well as
more physically realistic turbine fiow.

VARIATION OF THE BARRIER PERMEABILITY

Introduction

Before experimenting with changing the permeability of a

barrier, the mode | was run to duplicate the natural tidal
regime. The amplitudes and phases of the My tide for this run
were recorded for all the grids in the model, for both elevation
and the U and V components of the M current. This calcula-

tion became the "benchmark" from which to measure the barrier-
Induced changes to the tidal regime.

The objective was to assess changes in the tidal
regime throughout the Bay of Fundy and Gulf of Maine that wouid
result from changing the permeablility of the barrier. A run
was made with the optimized +turbine barriers for both A8 and
B9. The experiment at A8 consisted of calculfating the tidal
regime with normal barrier operation using the optimized
turbines and a run in which the sluices were left open. In the
case of B9 there were four experiments:

1) normal operation using the optimized turbines

2) vary the starting and ending heads

3) vary the sluice capacity

4) leave the sluices open and vary the sluice capacity.

The results of these experiments for both A8 and B9 are shown
Iin Tables 1i1-1 and {11-2.

Results and Discussion

The tidal regime resulting from the "new" barrage with
normal operation at B9 and A8 was almost ldentical to that
calculated by Greenberg(4). The results of all of these
experiments are shown in Tables I11-1 and 11!1-2 and are grouped
according to the similarity of the experiment. It appeared that

the phase of the system was essentially Impossible to change
with a barrier at either B9 or A8 and that only the ampl itudes
of the My tide could be modified by operation of the barrage.

There appears to be a predictable relationship between
the operation of the barriers at both A8 and B9 and the
resulting changes to the tidal regime in the Bay of Fundy and

Gulf of Maine. It could be concluded that it is possible to
modify the changes to the tidal regime In the Bay of Fundy and
Gulf of Maine by varying the operation of the barrage. This

38



Table I111-1. Amplitude changes of the M tide at selected
locations In the Bay of Fundy/Gulf of Maine system that result
from the various experiments listed at the bottom of the table.

EXP Headpond Barrier St. John Yarmouth Bar Hr. Boston
Seaward
(cm) (cm) (cm) (cm) {(cm) (cm)
1(a) -407 -37 17 8 13 13
(b) -395 -38 16 8 12 12
(c) -391 -35 16 7 12 12
2(a) -378 -41 16 8 12 12
(b) -410 -36 18 8 13 13
3 -188 -71 5 5 7 8
4(a) =77 -31 2 2 3 3
(b) —-156 -42 5 4 5 6
(c) -331 -40 14 7 11 11
5(a) -396 -4 12 6 10 12
(b) -386 -186 13 7 11 11
(c) -385 -17 14 7 10 11
(d) -419 -27 15 7 11 11
6(a) -259 -31 0] 1 2

O =
(@]
O

(b) -53 ~-15 -1

EXPERIMENT

1. B9 Variation of starting and ending heads.
(a) Starting head 625 cm, end head 187 cm
(b) Starting head 450 cm, end head 125 cm
(c) Starting head 312 cm, end head 187 cm

2. (a) B9 optimized turbines, normal operation.
(b) BS optimized turbines, normal operation sluices = 1/3
normal capacity.

3. B9 optimized turbines, all flows doubled.

4. (a) B9 optimized turbines, all sluices left open.
(b) BS optimized turbines, 2/3 sluices left open.
(c) B9 optimized turbines, 1/3 sluices left open.

5. (a) B9, sluices opened at 2 hours before iow water.
(b) B9, sluices opened at 1 hour before low water.
(c) B9, sluices opened at low water.

(d) B9, sluices opened 1 hour after low water.

6. (a) A8 optimized turbines, normal operation.
(b) A8 optimized turbines, all sluices left open.
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Table 11i-2. Phase changes of the M2 tide at selected locations
In the Bay of Fundy/Gulf of Maine as a result of the experiments
listed at the bottom of the tabie. Phase changes in degrees.

EXP Headpond Barrier St. John Yarmouth Bar Hr. Boston -
Seaward
(deg) (deg) (deg) (deg) (deg) (deg)
1(a) 55 -16 -2 (0] (0] 2
(b) 51 -15 -2 ¢] (0] 2
(c) 48 -15 -2 0 0 2
2(a) 51 -15 -2 0 0 2
(b) 58 -17 -2 0] (8] 2
3 35 -7 -3 -1 -1 6]
4(a) 15 -4 -1 -1 -1 o]
(b) 25 -7 -2 -1 -1 0
(c) 42 -14 -2 0 0 2
5(a) 51 -15 -2 (0] -1 1
(b) 60 -15 -2 (o] (0] 1
(c) 66 -15 -2 o o] 1
(d) 65 -17 -2 (0] 0 1
6(a) 62 -3 -1 -1 -1 0
(b) 22 0 0 0 0 0

EXPERIMENT

1. B9 1976 version. Variation of starting and ending heads.
(a) Starting head 625 cm, end head 187 cm
(b) Starting head 450 cm, end head 125 cm
(c) Starting head 312 cm, end head 187 cm

2. (a) BS optimized turbines, normal operation.
(b) B9 optimized turbines, normal operation; siuices = 1/3
normal capacity.

3. BS optimized turbines, all flows doubiled.

4. (a) BS optimized turbines, all sluices left open.
(b) B9 optimized turbines, 2/3 sluices left open.
(c) B9 optimized turbines, 1/3 sluices left open.

5. (a) B9, sluices opened at 2 hours before low water.
(b) B9, sluices opened at 1 hour before fow water.
(c) B9, siuices opened at low water.

(d) B9, sluices opened 1t hour after low water.

6. (a) A8 optimized turbines, normal operation.
(b) A8 optimized turbines, all siulces left open.
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Is an Important result because It shows that the operators of
a barrage would have some measure of control over the far field

changes resulting from a tldal barrage. At times of extreme
water levels such as those that occur during storm surges and
other high tide events, damage due to flooding could be

minimized by simply opening the siuices at the plant and
leaving them open unti!| the danger is past.

MODELLING THE TIDES FOR A LUNAR MONTH

Introduction

The model ling discussed so far used only the Mo
tidal constituent, which more or less represents the mean tide
in the Bay of Fundy. Other constituents are responsible for
variations such as the neap-spring cycle, the perigee-apogee
cycle, and AL the diurnal inequalities. These cycles <can be
effectively reproduced by six principail tidal constituents, Oj,
K4, N2, M2, L2, and Sp. A much more realistic tide for the Bay
of Fundy and Gulf of Maine could be simulated if the mode |
is run for a period of a lunar month with the above constituents
as inputs. To do this, the elevation specified at the open

boundary had to be altered to reflect that which would result
from using the above constituents rather than Mo alone.

The mode i had to be re-calibrated because the
introduction of additional constituents necessitates the
reduction of friction throughout the model area. The model was
started from a previous calculation with the My constituent
which had an elevation field very close to what was required
for the start of the long runs, and then run for a period of 33
days with a time-step of 30 sec. for both the natural tidal
regime and a B9-modified regime. The first four days were

discarded because of the necessity of the model to “warm-up®",
and the remaining 29 days were saved as a set of hour ly
elevations at 14 l|locations around the system.

Analysis

The analysis of the model output at the 14 locations
followed the same path as if these were real tidal data
col lected in the field. The first step was to perform a
least squares harmonic analysis on the data for the
amp | i tudes and phases of the principal harmonic constituents.
The nodal factor (18.6 yr. nodal cycle) was specified to be
1.0 in the analyses. This allowed comparisons to be made with

other years with other values of the nodal cycle.

The tidal constituents themseives were then analyzed
to determine the lunitidal intervals and ratios, which Is the
same method used to calculate tidal datum planes In Canada --
being higher high water large tides (HHWLT), lower Ilow water
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large tides (LLWLT), higher high water and Iower low water mean
tides (HHWMT and LLWMT), and Ilower low water mean tide and the
higher low water mean tide (LLWMT and HLWMT). These figures
permit the calculation of the spring tilde range, neap tlde
range, the mean tide range as well as chart datum.

The constituents calculated for both the natural regime and
the B9 modified tidal regime, were then used to predict the high
and low tide for a year at each of the output locations. This
allowed calculation of the frequency distribution of the barrier
induced changes to the high and low water levels over +the Bay

of Fundy and Gulf of Maine. It also allowed investigation of the
effects of nodal modulation on these changes. Predictions
were made for three different years -- 1978 when the semi-
diurnal nodal modulation is maximum, 1987 when it is minimum,

and 1992 when it Is equal to 1.

Results

The amplitudes and phases of the six harmonic constituents
for the barrier modified tidal regime, together with their
changes from the natural regime, are listed in Tables 111-3 and
it 1—-4. The phases shown in Table {ii-4 have been corrected to

Atlantic Standard Time, (GMT-4 hr).

The mean tide and large tide ranges for locations around
the Bay of Fundy and Gulf of Maine were calculated from the
harmonic constituents, and are shown in Table 111-5. Mean tides
are under the headings "observed", "natural" and "B9".
“"Observed" values are extracted from tide tables and other
appropriate publications such as the Mar ine Environment
Data Service "blue file". -"Natural" values are calculated
from the model. The quality of the calibration of the model at
the various locations around the Bay of Fundy and Gulf of
Maine can be seen by comparing - the "observed" with the
"natural™" values. The differences are generally within 10
cm at Providence, Boston, Saint John, Cape Enrage, Grindstone
and Cap d’'Or. For other locations such as St. Andrews and
Yarmouth, the di fferences between the "observed" and "natural®
mean tide are somewhat larger. In generatl, the calibration of

the model for the 29 day runs is considered good.

The changes to the values of mean tide and large tide were
determined from the ltunitidal calculations for both the natural

and the B9 modified tidal regime and are shown in Table |1{-6.
In general, changes to the high water large tides are greater
than to the high water mean tides. Similarty, both the low
water large tides and the low water mean tides are lower than
without the barrier. The low water large tide is lower than
the low water mean tide. The exception to this is the area
just seaward of the barrier where the My tide is decreased.
At Flve Islands for example, the barrier-modified high water
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Table 111-3. The ampl itudes of the principal tidal constituents
for the B9-modifled tidat regime, obtained by harmonic analysis
of the model output. The change Iin amplitude from the natural
regime is tabulated In the *change’ row.

01 K1 No Mo Lo So
(cm) (cm) (cm) (cm) (em) (cm)

Georges Bank 7.4 7.9 8.9 42.5 2.2 5.3
change o] 0 -0.1 1.5 O -0.5
Providence 6.1 7.2 11.7 58.8 2.4 11.0
change 0O -0.1 o] -0.4 0.1 o}
Boston 10.9 12.0 29.6 152.1 4.3 23.2
change -0.1 0] 1.3 12.5 -0.5 0.8
Porttland 10.9 12.1 29.3 153.4 4.3 24.0
change -0.1 0 1.3 2.1 -0.56 1.0
Bar Harbour 10.8 12.4 33.2 178.3 4.9 27.3
change 0] 0] 1.5 12.8 -0.7 1.2
St. Andrews 11.8 13.8 52.8 300.0 7.2 49.0
change -0.2 -0.1 2.2 17.0 0.1 2.7
Saint John 11.7 13.8 57.3 323.0 7.9 53.1
change -0.1 -0.1 2.6 17.2 -1.3 2.9
Cape Enrage 12.3 14.8 80.3 463.6 11.5 78.5
change -0.2 -0.1 3.6 18.5 -1.6 4.4
Grindstone 12.5 14.6 85.7 501.2 12.2 85.4
change -0.1 -0.6 3.7 20.1 -1.3 4.6
Cape D’'Or 12.4 14.8 78.3 453.4 11.1 76.7
change -0.2 -0.2 3.4 14.4 -2.8 1.8
Five lIslands 12.7 15.5 92.8 548.9 14.6 94.0
change -0.6 -0.2 2.5 -15.5 -7.4 2.1
Cobequid Bay i 14.5 9.6 156.3 214.0 32.2 20.6
change 1.0 -6.2 -82.5 -404.3 6.8 -80.7
Yarmouth 10.4 12.3 30.0 156.5 4.2 25.6
change -0.1 -0.1 0.6 7.0 -0.4 0.3
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Table 111-4. The phases of the principal! tidal constituents for
the B9-modified tidal regime, obtained by harmonic analysis of
the model output. The change In phase from the natural regime is
tabulated Iin the ‘change’ rows.

(oF K1 No M2 Lo So
(deg) (deg) (deg) (deg) (deg) (deg)
Georges Bank 128 110 226 243 211 268
change 4 0 3 4 -1 5
Providence 143 112 241 253 210 272
change 0 1 0] (0] 1 0
Boston 133 147 331 357 12 33
change 0 0] 3 2 -21 7
Portiand 127 142 322 349 7 24
change 0] 0 3 1 -23 6
Bar Harbour 118 135 308 337 13 11
change 0 0] 2 0 -21
St. Andrews 132 144 319 348 329 25
change 0 0 1 -1 -22 3
Saint John 117 136 313 340 329 19
change -1 0 -1 -2 -22 1
Cape Enrage 116 133 311 346 327 28
change -1 -1 -2 -4 -26 0
Gr indstone 119 134 320 345 327 32
change -2 -2 -2 -3 ~-26 o)
Cape D'Or 115 136 316 340 357 19
change -1 -1 -4 -6 -23 -3
Five Islands 131 140 338 355 20 40
change -3 -8 -14 -14 -17 ~-14
Cobequid Bay 232 252 43 65 69 118
change 96 98 51 52 65 51
Yarmouth 109 122 282 306 345 340
change 0] 0 2 0] -19 4
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Table 111-5. Mean tide (MT) and Large tide (LT) ranges for
locations around the Bay of Fundy and the Gulf of Maine listed
for the observed values (obs), the no-barrier model {(nat) and
for the model with the B9 barrier (B9) inserted at Economy Point.
The mean tide range is calculated according to the US convention
for the stations in US waters, in order to make proper
compar isons.

MT MT MT LT LT LT
obs nat B9 obs nat Bg
(m) (m) (m) (m) (m) (m)
Providence RI 1.490 1.35 1.34 1.73 1.78 1.77
Boston MA 2.90 2.88 3.13 3.356 4.10 4.43
Portiand ME 2.74 2.92 3.12 3.17 4.16 4.46
Bar Harb. ME 3.20 3.40 3.65 3.69 4.81 5.12
St. Andrews NB 5.97 6.12 6.44 8.03 8.03 8.44
Saint John NB 6.54 6.55 6.89 8.74 8.64 9.08
Cape Enrage NB 9.45 9.49 9.886 12.77 12.42 12.91
Grindstone NB 10.20 10.27 10.65 13.80 13.45 13.94
Cape D'Or NS 9.33 9.34 9.64 12.46 12.20 12.62
Five lIs. NS 11.56 11.92 11.64 15.40 15.43 15.27
Cobequid NS 12.80 13.06 4.85 16.68 16.88 5.81
Yarmouth NS 3.71 3.43 3.57 5§.02 4.53 4.88
Lunenburg NS 1.54 1.47 1.47 2.17 2.08 2.08
Georges Bank 1.00 0.98 1.01 1.33 1.30 1.33
Table I111-6. Mean tide (MT) and Large tide (LT) changes as a
result of the BS barrage at Economy Point. The values have been
calculated with respect to local datum and are shown for low
water large tides, low water mean tides, high water mean tides

and high water large tides.

LW LW HW HW

Location LT MT MT LT
(m) (m) (m) (m)

Providence R .01 .00 -.01 .00
Boston MA -.14 -.14 .11 .18
Portitand ME -.15 -.13 .11 .15
Bar Harb. ME -.18 -.13 .12 .13
St. Andrews NB -.22 -.186 .18 .19
Saint John NB -.25 -.17 .19 .19
Cape Enrage NB -.25 -.16 .22 .24
Gr indstone NB -.25 -.16 .24 .24
Cape D’'Or NS -.18 -.19 .12 .24
Five Is. NS .06 .04 -.23 —. 11
Cobequid NS 1.74 -.21 -5.73 -7.09
Yarmouth NS -.10 -.08 .08 .08
Lunenburg NS o 0 0 o)
Georges Bank -.01 -.01 .02 .02
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large tides are 11 cm lower and the high water mean tides 23
cm lower . There Is essentlally no change at Providence and
Georges Bank.

These flgures represent the necessary adjustment to tide

tables should a B9 barrier be constructed. The same
lunitidal calculation shows the change in the arrival time of
high and Iow tide due to a BY barrier (Table I11-7). Note that
the headpond shows a lag of 1 hr 45 min. at high water and a lag
of 2 hrs 1 min. at low water. Canadian and Amer ican methods
of computing the mean tide range are different. In the U.Ss.
the mean tide range is the difference between mean high water
and mean low water, where mean high water is the average of two
successive high waters and mean low water is the average of two
successive low waters. In Canada, the mean tide range is
the higher of the two high tides in the day, minus the lower of
the two low tides in the day. It is therefore larger than the

U.s. figure. For this paper, the U.S. method Is used for U.S.
locations, and the Canadian method for Canadian locatlions.

It is generailly assumed that twice the Mo ampliitude should

more or less equal the mean tide range. Twice the Ms range was
compared with both the American and Canadian mean tide
ranges (Table [11-8). In general, 2 * Mo amplitude is roughiy 3%
less than the mean tide range <caliculated by the American
method, but varies between 6 and 10% greater with <the
Canadian method. This is because the diurnal inequal ity is
not averaged out in the Canadian calculation, and it thus

becomes a larger percentage of the mean tide range for places
where the tidal range is lower.

Table 111-7. Time changes in high and low tide resulting from
the B9 barrage at Economy Point. The time differences are
computed from the lunitidal intervals resulting from an analysis

of the output of the model 29 day runs.

Lw HW

{(min) (min)
Providence R o] 0
Boston MA 6 0
Portiand ME 4 2.5
Bar Harb. ME -1.5 2.5
St. Andrews NB -4.0 0]
Saint John NB -7.0 -2.5
Cape Enrage NB -8.5 -6.5
Gr indstone NB -8.5 -6.0
Cape D'Or NS -8.5 -13.5
Five Is. NS -26.0 -31.0
Cobequid NS 121.0 105.0
Yarmouth NS o} 2.5
Georges Bank 9.0 9.0
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Table 111-8. Compar ison of mean tide range with twice the Mo

ampl i tude. The mean tlde range is calculated by two methods.
The Amer ican way, being mean high water minus mean low water, is
labelled as MT(A). The Canadian way, being higher high water
mean tides minus lower low water mean tides, is labelled MT(C).
2*M2 MT(A) MT(C)
(m) (m) (m)
Providence R1 1.18 1.22 1.35
Boston MA 2.78 2.87 3.10
Portland ME 2.83 2.92 3.15
Bar Harb. ME 3.31 3.40 3.863
St. Andrews NB 5.66 5.86 6.12
Saint John NB 6.12 6.28 6.55
Cape Enrage NB 8.90 9.17 9.49
Gr indstone NB 9.62 9.95 10.27
Cape D’'Or NS 8.78 9.03 S9.34
Five Is. NS 11.29 11.59 11.92
Cobequid NS 12.37 12.73 13.06
Yarmouth NS 3.13 3.22 3.43
Lunenburg NS 1.26 1.33 1.47
Georges Bank 0.82 0.85 0.98

Distribution of the Changes

In general, the changes to the tidal regime as a consequence
of a tidal power plant have been assumed to be the value of
the amplitude of Mz. This |is clearly incorrect because of
the variability of the tide (e.g. the perigee-apogee cycle, and
the spring-neap cycle). Fig. 111-2 shows the predicted high
and low tide for Boston for 1992 and Fig. 111-3 shows the
changes to the predicted tides for Boston resuliting from a B9
barrier for the same vyear. The maximum changes to the tidal
regime occurred when the tides were at their max imum, and the
minimum changes to the tidal regime occurred when the tides
were at their minimum range. The changes to the high tide
essentially mirrored the changes to the fow tide. Therefore
the frequency distributions shown for the changes Iin high tide
are essentially identical to those that would have been shown
for the changes in low tide. These differences for the
high tides at Boston and Saint John are shown in Fig. tl1l-4 as a

set of bar charts.

Changes that result from a barrier at B9 can also be shown

by a cumulative frequency distribution. Table 111-9 shows this
for all of the output locations for which the changes
were positive (increased). At Five Islands and Cobequid in the
headpond, the changes were negative and are not shown in this
table. Table 111-2 should be -interpreted-as fol lows:-the-change —— -
In the elevation of high water at Saint John was at least 7 cm
all of the time, 18 or more cm 51% of the time, and 26 or more

47



Fig. 111-2.

The predicted high and low tides for Boston

in 1992, using the constituents derived from
the one month model run for the natural
tidal regime.
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Fig. 111-3. The changes to the tidal regime at Boston in 1992

obtained by subtracting the predicted high and

low tides for the natural regime from the B9-
modified regime.
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Fig. 111-4. Frequency distribution of tidal range Increments at
Boston, MA and Saint John, N.B. following construction of a B9
barrage.
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Table 111-9. Cumutative frequency distribution of the changes to
the tidal regime as a result of a barrier at Economy Point, (B9).
These results were calculated by differencing one vear of high
tides for the natural regime and one year of the high tides
resulting from the B9 modified tidal regime. They are expressed
as the percent of the time at which the tide is at or above the
tabulated change, and clearly show the effect of the neap-spring
and perigee-apogee cycles on the tidal regime changes. The
changes for low tide are virtually the mirror image of those for
high tide.

[A]l= Providence,RI [B]l= Georges Bank [C]l= Yarmouth, NS
[D]l= Boston, MA [E]l= Portiand, ME [F]l= Bar Harbour, ME
[G]l= St. Andrews, NB [H]= St. John, NB [1]= Cape D‘or, NS

[J]l= Cape Enrage, NB [K]= Grindstone, NB

Change [A] [B] [C] [Dl I[E]l [F]1 1[Gl [H]1 [1] [J1 K1

(cm) % % % % % % % % % % %
33 0 0
32 1 2
31 4 5
30 5 7
39 7 10
28 10 14
27 12 19
26 1 14 23
25 4 18 27
24 2 8 20 34
23 8 13 2 23 40
22 15 19 5 27 46
21 22 25 9 32 53
20 30 33 15 36 59
19 42 42 21 42 67
18 50 51 28 49 70
17 2 58 61 36 56 74
16 6 2 9 67 69 46 62 77
15 16 11 25 75 74 56 67 80
14 32 26 44 80 79 64 72 83
13 53 46 57 84 82 70 76 85
12 70 63 73 90 86 74 81 87
11 83 77 84 93 90 78 85 90
10 92 88 92 97 93 82 88 92

9 12 99 96 98 99 97 85 93 95

8 41 100 100 100 100 99 88 95 97

7 63 100 92 98 98

6 85 g5 99 99

5 98 98 100 100

4 100 99

3 5 100

2 41

1 25 82 o
0 100 100
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cm 1% of the time. The previous assessment of changes at Boston
stated simply that the elevation at Boston would increase by 15
cm., This present work indicates that the change at Boston
wiil be 15 cm or more only 16% of the time, but will be at ieast
8 cm all of the time.

The Nodal Modulation

The inclination of the moon’s orbit to the earth’'s equator
varies between 18.3° and 28.6° over a period of 18.6 vyears.
This causes the oceanic nodal tide which has a period of 18.61
years. The nodal modulation for the My tide varies between
+/- 2.5% to +/-3.7%. The modulation of the main lunar diurnal
tides (OF and K¢ are larger, being +/- 19% and +/-11%
respectively, and out of phase with the M> modutation(1).

The nodal modulation has a measurable effect on the heights
of high and low tides. The high and low tides for both Boston
and Saint John were predicted for 1978 (nodal maximum), 1892
(nodal =1) and 1987 (nodal minimum). Table 111-10 shows some
effects of the nodal modulation on the tidal regime at Boston
and Saint John. The average difference between the no-barrier
tidal regime and the B9 tidal regime at Boston and Saint
John did not change appreciably from one year to the next.

To look at the frequency distribution of the B9-induced
changes In the tidal regime, the predicted tides for Boston
and Saint John were calculated for both the barrier and the

no-barrier case, and were then differenced. This was done for
each of the three predictions of the nodal cycle and the results
displayed as a cumulative frequency distribution (Table =11y,
This shows that the B9-induced tidal change is not dependent on
the value of the lunar noda! modulation for any particular
year. Thus, although the BS barrier would modify the tides, the
particular value of the nodal cycle would not affect these

changes in any signiflicant way.

SUMMARY & CONCLUS IONS

The Greenberg model has been updated for this work in a
number of important ways. The advective terms in the equations
of motion have been extended to include the entire model area
out to the continentatl shelf. The operational and structural
specifications of the tidal barrage have been upgraded to
reflect work done in the last few years(5). Recent specifica-
tions and calculations of fiows through turbines

optimized for maximum power output have also been incorporated.

As a result of updated experiments to determine the effects

on the tidal regime of barrier permeability, it was found that
the barrier-induced alteration of the natural tidal regime was
more or less a predictable function of barrier permeabiiity.
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Table 111-10. Effect of the 18.6 year nodal modulation on the
changes to the tidal! regime at Boston and Saint John as a result
of a barrier at Economy Point (B9). The changes are expressed as
a cumulative frequency distribution of one year’'s predicted high
tide for 1978 (nodal maximum), 1992 (nodal = 1) and 1987 (nodal
minimum) . The changes for the low tides virtually mirror those
for high tide.

Change - —————- Boston—————- ———— Saint John—--—-
1978 1992 1987 1978 1992 1987
(cm) % % % % % %
29 0 0
28 4 2
27 6 5
26 10 1 8
25 14 4 12
24 18 8 14
23 22 13 20
22 27 19 23
21 33 25 27
20 40 33 33
19 46 42 33
18 3 1 53 51 45
17 9 6 60 61 50
16 17 5 13 865 69 55
15 27 16 21 72 74 63
14 40 32 32 76 79 69
13 52 53 43 80 82 73
12 68 70 53 82 86 76
11 78 83 65 87 S0 80
10 86 92 77 89 83 84
9 95 99 85 93 97 86
8 99 100 93 95 99 g0
7 100 99 a8 100 93
6 100 99 g6
5 100 98
4 99
3 100
2
1
0
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Table 111-11. Some effects of the nodal modulation on the tidal
regime at Boston and Saint John. 1978 represents a year In which
the nodal modulation is maximum, 1992 a year for which it is
equal to 1 (average value) and 1987 is a year for which the nodal
modulation is minimum.

————— Boston—-———-— —-~--Saint John---
1978 1982 1987 1978 1992 1987
maximum amplitude, T
natural regime (cm) 202 200 194 421 416 3388
max imum amplitude,
modified regime (cm) 216 214 208 449 441 424
mean change (cm) 12.7 12.5 11.9 17.7 17.3 16.4
standard deviation (cm) 2.6 1.9 2.9 5.8 4.5 6.2
largest change (cm) 18 16 18 29 26 29
smal lest change (cm) 7 8 6 5 7 3
1t Is notable that when thé sluices are left open over a

whole tidal cycle the far-field changes in the tidal regime were
substantially reduced.

Simulation of both the natural and B9-modified tidal regimes

in the Bay of Fundy and Gulf of Malne for a lunar cycle shows
the maximum change to the tidal regime that will take place as
well as the frequency distributions of the changes
throughout the year. The effects of the 18.6 year nodal

modulation on the far-field barrier-induced changes have been
determined to be negligible.
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IV. A BRIEF REVIEW OF PRIMARY PRODUCTION iN THE
GULF OF MAINE AND THE BAY OF FUNDY

Donald C. Gordon, Jr.

INTRODUCT ION

The Gulf of Malne and Bay of Fundy (Fig. IV=-1) are dynamic
environments subject to continuous change.  Local sea level has
been rising for about the past 7000 years due to crustal
subsidence and continues today at a rate estimated to be 13-21 cm

century‘1(23). Sea level is also Increasing at an unknown rate
because of global warming, brought about by the ‘greenhouse
effect,’ which is melting polar ice (cf. Titus & Wells Ch. 1).

As the depth over Georges Bank .increases, so does the tidal
ampl itude, at a rate of about 4 cm century“1(23). On top of all
this, tidal power development in the upper reaches of the Bay of
Fundy could also increase tida! range over most of the Gulf of
Maine and Bay of Fundy by as much as 30 cm In Jjust a few vyears.

The net effect of all these processes onh mean sea level, mean
high water and mean low water is summarized in Fig. 1v-2.

Such changes in water levels, and the corresponding
alterations in tidal currents, influence a wide variety of

ecological processes In the Guif of Maine and Bay of Fundy. This
paper examines in a very preliminary fashion the likely impacts
on primary production by phytoplankton, macroalgae, saltmarshes
and sediment microalgae. Because of time constraints and the
lack of data In some instances, this is by no means an exhaustive
review but It should iliustrate the general level of our present
understanding. Hopefully this paper will also stimulate some of
the research necessary to fill the many data gaps.

PRESENT PRIMARY PRODUCTION PATTERNS

Phytoplankton

Phytoptankton are most abundant in the welli-mixed frontal
areas over Nantucket Shoals and Georges Bank, off southwest Nova
Scotia, at the mouth of the Bay of Fundy and along the Maine
coast. Abundance in the centre of the Guif of Maine is rela-
tively fow(30). Concentrations seem to be especially high In
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- — — - with construction of Cobequid Bay barrage (BS) at

year 20. [Effect of a Cumberland Basin barrage (A8) would be

much smallier.]
MHW, mean high water; MSL, mean sea level; MLW, mean low water.
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transition zones between mixed and stratifled areas where
vertical mixling supplies abundant nutrients but stratification is
sufficient to keep phytoplankton up In the euphotic zone(6).
Garrett et al.(7) demonstrated, using Greenberg’s(8) tidal model,
that these well-mixed frontal areas are formed primarily by tidatl

mixing. Their analysis, however, failed to pick up the frontal
region along the Maine coast identified by satellite imagery
which is probabily wind-driven(30). All observations indicate

that these fronts are fairly consistent in location from yvyear to
vear.

The only place where the direct relationship between mixing
and phytoplankton abundance seems to break down is within the Bay
of Fundy. Although mixing increases up the axis of the Bay (7)
phytoplankton biomass, as measured by chlorophyl i, decl ines(14)
due to increasing turbidity which limits light penetration.

Estimates of annual phytoplankton production are summar i zed

in Table {v-1. The most productive region is obviously Georges
Bank which ranks as one of the most productive fishing banks in
the worid. On average, values for the Gulf of Maine are about
half those for Georges Bank and about two thirds of its
production occurs in the frontal regions which only occupy 30% of
the area(30). Production drops sharply up the Bay of Fundy due

primarily to tight Iimitation(21). Not surprisingly, the general
pattern of phytoplankton production about the Gul f of Maine and
Bay of Fundy matches fish catch very closely(12).

Macroalgae

Macroalgae are especially abundant along the Malne coast and
the outer Bay of Fundy where much of the Iintertidal zone is rocky

and the tidal range relatively targe. They are less abundant
along upper Fundy and the southern Gulf of Maine where sediments
dominate the intertidal zone. The fucoids Fucus and Ascophyli lum

are the major species. Annual primary production is on the order
of 750 g C m‘2y‘1 along the central Maine coast(28) and 845 g C

m-cy 1 Iin the lower Bay of Fundy(21). Waves and ice export much
of the production Into coastal water.

Saltmarsh

Saltmarshes commonly occur around the Gulf of Malne and Bay
of Fundy In low energy sedimentary environments. Fundy
saltmarshes have developed upon thick deposits of marine silt in
the upper estuaries such as Shepody Bay, Cumberland Basin and
Minas Basin. Massachusetts saltmarshes in contrast are built
upon marine peat and usually develop behind protective barrier
beaches or at the mouths of rivers(4). A variety of mechanisms
appears responsible for the formation of Maine saltmarshes
(George Jacobson, personal communication). Fundy saltmarshes are
particuiarly extenslve because of the large tidal range and
abundant supplles of marine sediment. It iIs estimated that
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Tabite IV-1. ESTIMATES OF PHYTOPLANKTON PRIMARY PRODUCT ION
IN THE GULF OF MAINE AND BAY OF FUNDY

Annual Primary Production

-2,-1

Region g C m*cy Reference
Guif of Maine 150-200 Mills 1980 (17)
180 Sheldon et al. 1977 (24)
415 O'Reilly et al. 1981 (19)
Georges Bank 450 Mills 1980 (17)
665 O'Reilly et al. 1981(19)
400-500 Cohen et al. 1981 (5)
SW Nova Scotia 102-128 Mills 1880 (17)
Bay of Fundy Prouse et al., 1984 (21)
Outer Bay 133
Inner Bay 27
Upper estuaries 156




before European coilonization, Fundy saltmarshes covered about 360
km2 but since then most of the high marsh area has been diked for
agricultural development. The present saltmarsh area In the Bay
of Fundy is about 65 km2(21). Almquist et al.(1) report that
saltmarshes cover approximately 20% of Maine's 5970 km coastl ine.
Jacobson et al.(13) caliculate a total saltmarsh area for Maine of
78 km2, most of which occurs south of Penobscot . Bay. They
estimate the total marsh area of the entire Gulf of Maine to be
twice this.

Saltmarsh ecology studies have focused on the two ends of
the Gulf of Maine/Bay of Fundy system, namely Barnstable Harbor
on the biceps of Cape Cod(22) and the upper reaches of the Bay of
Fundy(9,18,25). Few published studies have been conducted in
between, namely Thomas(27) in the Quoddy region and Linthurst and
Reimold(16) at Bar Harbor.

Saltmarsh annual net aerial primary production in upper
Fundy averages about 215 g C m'zy‘1(21). This value is very low
for North American saltmarshes and production should generally
increase toward the southern part of the Gulf of Maine with
decreasing latitude(29). Linthurst and Reimoid(16) reported that
the annual production of §Q%Lllﬂﬁ alterniflora at Bar Harbor
averaged about 730 g C m‘zy' (assuming a carbon content of 43%
dry weight). Jacobson et al.(13) estimated that the net annual
primary productivity of saltmarshes along the Gulf is on the
order of 10119 y‘1. Most of the Fundy low marsh production is
exported into coastal water because of the high tidal energy(9).
Below ground production is pooriy understood. While probably
substantial, most of it appears to be utilized | situ.

Sediment Microalgae

Microalgae (primarily diatoms) are ubiquitous in intertidal
sediments surrounding the Gulf of Maine and Bay of Fundy.
Concentratlions tend to be Inversely related to sediment grain
size and generally greatest on low energy mudflats.

The only detailed studies of sediment microalgal production
in the region are those of Hargrave et al.(11) at two sites in
upper Fundy. On the basis of these data and sediment chlorophyl |
concentrations, Prouse et al.(21) estimated that the annual
primary production ranged from 9 to 38 g C m‘2y"1 in different
intertidal regions around the Bay of Fundy. Comparable figures
are not available for the Guif of Maine coast but probably fall
in the same range.

TJotal Production

Total annual! primary production estimates were prepared for
the Bay of Fundy by Prouse et al.(21) and are summarized in Table
V-2, Phytoptiankton production dominates the lower part of the
Bay while saltmarsh and sediment microalgae dominate the upper
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estuarlies. Macroalgae only make a measurable contribution in the
lower Bay. Average total production is greatest at the mouth of
the Bay (135 g C m“2y‘1) and decreases almost an order of
magnitude to_ very low levels In Minas Basin and Chignecto Bay
(16-17 g C m‘2y‘1) where waters are very turbid and intertidal

areas are relatively smatl. It increases slightly in the upper
estuaries (21-44 g C m‘?y") due to the contribution of
saltmarshes and sediment microalgae. Chemosynthetic production

is not included in these figures.

Similar total annual primary production estimates have not
been prepared for the Gulf of Maine. However, for the purpose of
discussion, some very crude estimates are presented in Table V-
3. The total area of the Gulf of Maine is taken to be 1.40 x 10°
km? of which 1% is coastal(30). The intertidal area was
estimated wusing a coastline length of 8000 km and an average
width of 50 m for a total area of 400 km2. The marsh area is
estimated to be 156 km2(13). The balance is assumed to be hatlf
rock and half sediment. Average production rates are based upon
data summar ized above unless noted otherwise.

As expected, primary production in the Gulf of Maine is
overwhelmingly dominated by phytoptankton. Even in the coastal
region, phytoplankton appears to be responsible for about two
thirds of the production, In sharp contrast to upper Fundy. The
macroalgae also appear to be much more important Iin the coastal
region of the Gulf of Maine compared to Fundy. On the other
hand, the relative contributions of saftmarsh and sediment
microalgae seem much less. The average values for total primar
production are much higher in the Gulf of Maine (200-300 g C m~
y':) than they are anywhere in the Bay of Fundy (16-135 g C m—2
y=l).

In summary, all evidence suggests that the Gulf of Maine is
more productive than the Bay of Fundy. Both regions are
dominated by phytoplankton production. The major Ilimiting factor
in the-Bay of Fundy is undoubtedly Iight availability because of
the excessive water column turbidity. Large tidal range and
abundant intertidal sediment increase the relative Importance of
production by saltmarshes and sediment microalgae in the upper
Bay of Fundy. Clear water and prevalence of rocky coastline
favour the dominance of phytoplankton and macroalgae productlion
in the coastal zone of the Gulf of Maine, especially along the
Maine coast.

LIKELY IMPACTS OF CHANGING WATER LEVELS

Considerable attention has been given to understanding the
environmental impacts of changing water levels that would result
from tildal power development in the upper reaches of the Bay of

Fundy. Canadian sclentists have focused thelr Interests up to
the present on the headpond reglon behind a barrage where water
level changes will be most dramatic. Predicted Impacts are
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reviewed In Gordon and DadSwell(10). Much less g known about

the Impacts Seaward of the barrage. Larsen and Topinka(15) have
conducted a pretiminary evaluation of Impacts along the Malne
coast. Campbell(2) and Campbel |l and Wroblewskl(B) have more

recently conducted detailed studies In the Gulf of Maine.

The Impacts of natural changes in water levels, as well as

those expected to result from the ‘greenhouse effect, ' have
received littie if any attention to date. They will be very
similar to the impacts expected from tidal pbower development
since increasing tidal range is involved(23) (Fig. IV-2).
Increasing mean sea level will shift the entire intertidal Zone

upward In elevation and exacerbate flooding problems above
present mean high water.

Possible impacts on the four primary producers in the Gulf
of Maine and the lower Bay of Fundy are Suggested below,.

Phytoplankton

Increased tidai range will increase tidal currents as more
water moves into and out of the Gulf of Maine and Bay of Fundy on
each tide. Garrett et al.(7) have demonstrated that tidal power

development would have very little effect on the area of wel |-
mixed frontal regions except for a possible increase between
Nantucket Shoals and Georges Bank. Smaller scale Cchanges along
the coast of Maine have not been evaluated. Such an increase
should promote phytoplankton production since fronts are more
productive than stratified regions. On the other hand, increased
vertical mixing in exlisting fronts might decrease pProduction as
phytoplankton spend less time in the euphotic zZone. It is
therefore Possible that some regions could experience an increase
in phytoplankton production while others €Xperience a decrease.
Any significant net effect would be expected to have an Important
Iimpact on the Gulf of Maine and Bay of Fundy since Phytoptankton
contribute most of the primary production.

Campbel | and Wroblewskl(S) have examined the possibie
effects of tidal power development on GuUlf of Maine potential
fish production using an €cosystem mode] . They predict that a 5
to  10% increase in tidal amplitude wili increase fish production
along the western Maine coast by 7-12% through enhanced vertical
mixing and Increased phytoplankton production, Fish production
along the eastern Maine coast and In of fshore waters s predicted
to remain at Present levels.

Campbel | (2, and this volume Ch. Vi) has advanced the
hypothesis that the Gulif of Maine Is a macroestuary . He
formuilated an énergy clrcuit modei based on the Premise that the
Productivity is controlled by Import—-export eXchanges., The mode|
Suggests that Increased exhange will stimulate production.
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Macroalgae

Increased tldal range should Increase the area of intertidal

habltat available for macroalgae. Assuming that Increased tidal
currents do not have a negative effect, it seems reasonable that
the production of macroalgae will increase because of enhanced

nutrient supply.

Saltmarsh

Saltmarshes respond in several ways to increasing sea
level (20). Increased tidal range should increase the production
of existing saltmarshes(26). It should also increase the export
of production to coastal! waters. Increasing the elevation of
mean high water will give saltmarshes the opportunity to expand
in a landward direction. In regions where sediment supply is
sufflcient, upward marsh growth should keep up to sea level rise.
Where not, high marsh should slowly convert to more productive
low marsh. At the present level of understanding, the likely
Impacts on saltmarsh production seem mostly positive. Both
Fundy(9) and Maline marshes (Peter Larsen, personal communication)
are currently subjected to erosion which should increase with
rising sea level.

Sediment Microalgae

Increased tldal range should increase the area of Intertidal
sediment flats which, other factors belng equal, should increase
the production of sediment microalgae. Increased tidal currents
on the other hand may lead to coarser sediments which would
reduce production. The effect of any net impact should be very
smail since sediment microalgae seem to contribute such a smal i

amount of the total primary production in the Gulf of Maine
coastal zone (Table 1V-3).

SUMMARY

Present understanding is insufficient to make exact
predictions of the effects of increasing tidal range and mean sea
level on primary production in the Gulf of Maine and Bay of
Fundy. However, in general terms, the net impact of the various
gains and losses averaged over the entire region wilil probably be
small and difficult to detect above natural variation. Localized
impacts will probably be visibie at a number of coastal
locations. The most <critical impact will be that on the
phytoplankton which overwhelmingly dominate the primary
production.

More precise predictions in the Gulf of Maine require the
following information, listed in order of priority:
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1. Phytoplankton
- More detailed mapping of the distribution of phytoplankton

biomass, production and interannual variability,
especlally In the coastal zone.

- Improved understanding of the relationships between
phytoplankton production and water column

mixing/stratification processes.

2. Macroalgae
— Detailed mapping of rocky intertidal habitat.
- More ©biomass and productivity measurements at selected
sites.
~ Improved understanding of the importance of tidal currents
on production.

3. Saltmarshes
- Detailed mapping of saltmarsh area, elevation and
vegetation.
- More productivity/export measurements at selected sites.
- Improved understanding of the ecological importance of
exported production.

4. Sediment microalgae
-~ Detailed mapping of sediment Iintertidal habitat and
microalgal biomass.
— Productivity measurements at selected sites.
- Improved understanding of the effects of increasing tidal

currents on intertidal sediment grain size and microalgal

biomass.
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V. A BRIEF REVIEW OF BENTHIC COMMUNITIES
OF THE GULF OF MAINE AND BAY OF FUNDY
WITH REFERENCE TO TIME AND TIDES!

Peter F. Larsen

INTRODUCT ION

The Gulf of Maine-Bay of Fundy system is a semi-enclosed,
macrotidal sea, strongly influenced by a continental climate.
lts complex topography and hydrography, in combination with a
recent and rapid geological evotution, have created a highly
productive, ecologically unique, system. Over the last few
thousand years major changes have occurred in both sea level and
tidal range. These physical alterations have had, and continue
to have, a great influence in shaping the biological character of
the Gulf of Maine system. Presently it would seem that both sea
level and tidal range in the Gulf of Malne-Bay of Fundy system
may be further altered by man‘s activities. This will
undoubtedly produce responses in the biological system.

The purpose of this paper is to Ilnitiate a discussion of how
the impending modifications of basic physical forcing functions
might influence the benthic macroinvertebrate communities in the
Gulf of Maine-Bay of Fundy system. | begin with a brief overview
of the benthic communities of the region with emphasis on several
unique features that may be related to -  past and present
hydrographic conditions. Next, | discuss the distribution of
sand beach communities in terms of tidal mixing patterns. This
Is followed by some archaeological evidence supporting the
contention that previous sea level changes have resulted in the
appearance and disappearance of benthic faunas. Finally, |
speculate on what sort of biotic changes might be expected from
predicted changes in sea level and tidal range. I wish to
emphasize the preliminary nature of this paper. | have made no
effort to be comprehensive but hope some points are made
convincingly enough to stimulate further thought and discussion.

1Contributlon No. 85032 of the Bigelow Laboratory for Ocean
Sclences.
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BENTHIC COMMUNITIES

Although the Gulf of Malne-Bay of Fundy system is assigned
to the boreal Acadian biogeographlc provincée, subregions of this
area range from warm-water pockets characterized by species of
Virginian affinities to tidally well mixed expanses dominated by
subarctic fauna(3). The resulting diverse fauna which is readily
available intertidally, has made the Guif of Maine, especially
its physiographically complex Quoddy region, a mecca for
naturalists and taxonomists. indeed, during the nineteenth and
early twentieth centuries, much of the fauna of the northwest
Atlantic was described from this area. In spite of the
voluminous systematic and taxonomic literature from the Gulf of
Maine region, quantitative descriptions of the region’s
macrobenthic communities are not very complete. The situation in
the Bay of Fundy area has recently been reviewed(21,22,23) so !
will timit my remarks to the Gulf of Maine proper, with emphasis
on the coastal zone of the northern Gulf.

btidal nth - muniti

Quantitative descriptions of offshore benthic communities in

the Gulf of Maine are especially scarce. | am aware of only one
published account which is that of Rowe et al.(17), which
described the fauna of Wilkinson and Murray Basins. A large

amount of Information complled by the National Marine Fisheries
Service is being summarized by Theroux and Wigley, but this
material is not generally available. In addition, researchers at
both the University of Maine and the Bigelow Laboratory have
recently undertaken several cruises in the Gulf of Maine which
may result in coomunity descriptions In the near future. These
efforts indicate that the offshore regions of the Gulilf are
characterized by low benthic densities.

The communities of hard substrata, both offshore and in the
coastal region, are being examined by investigators at the
University of Malne, the University of New Hampshire and
Northeastern University.

Only four quantitative studies of coastal soft-bottom
communities in the northern Gulf of Maine have been published and

each of these Is extremely limited in its geographic extent.
Hanks(6) described the communities in two coves in the lower
Sheepscot Estuary. The same stations were occupled 18 vyears
later by Larsen(7) who documented dramatic changes Iin density,
dominance and species composition. Bilyard(2) catalogued the
invertebrate fauna associated with the scaphopod Dent ium

stimpsoni just offshore of Boothbay Harbor and Shorey(20) studied
the community Iinhabiting sawdust bearing sediments In the upper
Penobscot River estuary.

In the last decade, larger scale benthic surveys of
Penobscot Bay, Casco Bay, Massachusetts Bay and the Sheepscot

72



River Estuary have been undertaken. Much of the data is only
available In report form(g,13,15). Compar isons of these results
with those of similar studies In other temperate and boreal
reglons Indicates that Gulf of Maine subtlidal macrobenthic
communities rank relatively high in terms of both density and

speclies richness. For example, mean density in Casco Bay,
Penobscot Bay and the Sheepscot Estuary ranged from 3,475 to
8,743 individuals m~2 with an overall mean of 5,715 m~2, By
compar ison, flve other studies using _the same methodology

exhibited a density range of 722-4,198 m—2 with a mean of 2,255
m‘z. The same northern Guif of Maine embayments harbored 231-470
species each for a mean of 362 species per site. Six other sites
wor ldwide manifested between 33 and 298 species for a mean of

255,

Intertidal Benthic Communities

Intertidal communities have received more Iinvestigation than
subtidal communities. This is especially true of the rocky shore
Intertidal which has received considerable attention from the
faculty and students of the University of Maine as well as from
individuals from throughout the United States.. Several
publications are available describing different aspects of the
ecology of rocky shores.

The communities of sandy shores in southern Maine and New
Hampshire have been extensively studied by Croker and his
students from the University of New Hampshire. The more northern
sand beaches and other sedimentary intertidal hablitats have been
sampled by Larsen and his colleagues. These data are available
in publications or report form(8,11,12,14) and one data set will
be discussed briefly below.

m ni tur

There are several unique features of the benthic fauna of
the Gulf of Maine that need to be emphasized. The first Is the
vast species richness. About 1500 species of benthic
invertebrates have been identified from the Quoddy region and
1400 species are included in a draft checklist of the benthic

invertebrates of the Malne coast(4). This is about twice the
number of species found in checklists from other areas of the
east coast. The northern Gulf of Maine is arguably the most

diverse region Iin eastern North America north of the tropics(24).

In eastern Maine many species can be found intertidally that

are confined to the subtidal in other regions. Some notable
examples from Cobscook Bay include brachiopods, priapulids and
five species of Astarte. Based on the intertidal surveys and
llterature used in compiling the checklist mentioned.. above,.

Larsen and Doggett (unpublished) were able to produce a list of
99 species which were found intertidally only In eastern Maine.
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In the Quoddy region several species exhiblit the phenomenon
of glantism. In Cobscook Bay It Is not unusual to find
periwinkles, starfish and sea urchins that are two or three times
thelr normal size.

We believe all of these phenomena can be related to the
oceanographic conditions and, I'n particutar, to tidal mixing.
Tidal mixing dampens the seasonal fluctuation of temperature

allowing the survival of both cold- and heat-sensitive species.
The cool summer water temperatures produce an abundance of fog
which protects intertidal species from desiccation. Eastport,
Maine is foggy on 40% of the days In July. We speculate that
giantism is related to tidal mixing either through lengthening of
the feeding season (i.e., by accelerating growth) or by delaying
sexual maturity as a function of reduced summer temperatures and
thereby allowing for longer somatic growth.

COMMUNITY COMPOSITION AND OCEANIC FRONTS

Water column stabllity plays a role in structuring benthic
communities as is evidenced in the distribution of sand beach
fauna Iin the northern Gulf of Maine(8). Cluster analysis of the

data from eight beaches formed three geographically .distinct
groups that could not be explained by difference in wave exposure

or sediment type. Physical oceanographic data suggested that
temperature might be the operative ecological mechanism.
Examination of thermal satellite images showed the existence of

seasonal ly persistent thermal features which correspond very well
with the distribution of the objectively and independentiy
defined faunal assemblages. These thermal features are the Fundy
and Jeffreys Bank frontal areas, in eastern and central Maine
respectively, and the highly stratified area Iin the western Gul!f
of Maine. The supposition is that the existence and intensity of
vertical mixing determines the surface water temperature which,
in turn, is a factor which can influence the distribution of
littoral fauna.

ARCHAEOLOGICAL EVIDENCE

Archaeological evidence that sea level rise can have a
profound effect on the development of benthic communities comes
from the Damariscotta River estuary, Malne(10). In the upper

Damariscotta River are located Indian shell middens that are
remarkable not only for their size (up to nine meters thick) but
because they are principally composed of Amer ican oyster shells,

a species which no longer reproduces In the Rliver. Evidence
Indicates that these middens began to accumulate about 2500 vears
BP and continued untii about 500 years BP. Since sheilfish
utilization occurred in the region from at least 5200 BP, it is
assumed that oyster utilization was a simpie function of their
availability, i.e., the species appeared and flourished in the
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upper Damariscotta for about 2,000 years and then died out.
Early researchers of these middens were quick to Invoke sea level
rise as the causal environmental factor in the appearance and
subsequent disappearance of the oyster. Presently, oniy two
natural populations of oysters survive along the northern New
England coast. :

It 1is belleved that about 2500 years BP sea level rose high

enough for saline water to pass over a siltt Iin  the upper
Damariscotta River. Thls produced a warm, shallow area with
sufficient salinity for the oyster to flourish. For the next
2000 years it Is belleved that sea level rose very slow]y,
maintaining this superior oyster habltat. This Is consistent

with the views of Scott and Greenberg(19) on rates of sea level
rise.

Three theories exist for the subsequent disappearance of the
oysters:

1) Pollution from lumbering or agricultural activities of
the early colonists;

2) A decrease in water temperature caused by the ever
deepening sea, i.e., as more sea water poured over the
sill temperatures fell below the breeding threshold of
the oysters; and

3) The rising sea level Increased the salinity to the point
where predators and competitors were able to invade.

We probably wili never know which of these factors, singly
or In combination, was responsible for the demise of the
Damar iscotta oyster beds and the associated fauna, but the third
Is perhaps the most plausible. Early colonial lumbering and
farming aiso occurred on the ad jacent Sheepscot estuary and
oysters still survive there today. The present day water
temperatures in the upper Damar iscotta estuary seem sufficient
for oyster reproduction. These facts reduce our confidence in
the first two theories. Supporting the third theory is evidence

that oysters low In the mliddens show fewer signs of associated
boring species than those high In the middens(16). This suggests
that as salinity rose with the sea level, the community became
more complex and blologically stressful until the oyster itself
was eliminated. An increase in the tidal range could be expected
to produce the same results.

TOWARDS THE FUTURE

In the above we have seen that the Gulf of Maline contains a

very rich macrobenthic fauna. This fauna also exhibits certaln
unusual features, such as intertidal occurrences of normally
subtidal species, and glantism, which are probably retlated to
tidal mixing. in addition, there Is strong evidence that
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patterns of water column structure, often a function of tidal
mixing, are factors influencing the distribution of certain
benthic communities. Finally, archaeologlical evidence
demonstrates that sea level rise can account for the appearance
and disappearance of individual species and entire estuarine
communities. With this background It is possible to engage in
some very preliminary speculation on how the benthic fauna of the
Gulf of Maine-Bay of Fundy system might respond to further rises
in sea level and an increase in tidal range.

A larger tidal range wiill produce stronger tidal currents
which could influence benthic speclies and community development
through changes in temporal and seasonal patterns of primary
productivity, rate of supply of food to suspension feeders,
modification of sedimentary environments, etc. Although these
effects may be important, and deserve thorough consideration,
they are indirect consequences which are best considered in a
more general context. This discussion will be limited to the
direct influence of the modified physical regime on benthic
organisms.

Stronger tidal currents will enhance tidal mixing in many
areas. Although Garrett et al.(5) conclude that the Great South
Channel will be the only area to be significantly affected by

increased mixing, the scale of their model is too large to detect
the many localized areas where Increased mixing could be

biologically important. An example would be island mixing zones
such as that around Monhegan Island. These areas, which undergo
blological changes over spring-neap tidal cycles(1) will be
shifted towards their spring tide configuration. The result vis
a Yyis the benthos will be reduced +temperature varliation and,
hence, reduced stress. We can expect that speclies rich areas
that are presentliy maintained by tidal mixing will be enhanced

and expanded.

Some of the most dramatic effects of sea level rise and
tidal range alteration will be manifested in estuaries. A larger
tidal excursion will enhance the dispersion of larvae. This may

lead to greater gene flow between mesohaline and oligohaline
populations In neighboring estuaries, but It also might lead to
the export of enough larvae from a particular estuary to reduce
the reproductive success of Isolated parent populations. The
rate at which certain groups, such as the peracarid crustaceans,
are expanding their ranges could be expected to accelerate.

Higher tides and elevated sea level will Iincrease ocean
water penetration into estuaries and resuit in modifications such
as  occurred prehistorically in the Damariscotta Estuary. The
reduced temperatures assocliated with the landward penetration of
cool sea water will erode the pockets of Virgintan fauna for
which some Gulf of Maine estuaries, such as the Sheepscot, are
noted. In particular, we may expect the American oyster, the
quahog, xanthid crabs, and other species requiring warm water
for reproduction, to disappear from the northern Gulf of Maine.
The concommittant increase In salinity wlii al low the
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Introduction of predators, competitors and even diseases, which
were previously excluded by their limited tolerance. to reduced
salinitles, further hastening the demise of existing estuarine
communities.

The wunusual geomorphology of some of our estuaries makes
them particularly susceptible to rapld faunistic changes due to
salinity Intrusion. The upper Sheepscot estuary Is protected by

a sill which prevents the salinity from rising above 200/00. At
the head of the Kennebec estuary liles Merrymeeting Bay, one of
the largest tidal freshwater habitats in North America. It is
also protected from significant intrusions of salt water by a
sill, Higher ocean levels will cause an increased flow of salt
water over these sills resuiting in salinity stresses which will
dramatlcally modify the biota. This is especially true in

Merrymeeting Bay which could change from a freshwater to a
brackish water habitat.

Many rivers in the northern Gulf of Maine have a steep slope
extending all the way to the coastal zone. The result is that
the tidal portion of their estuaries reaches to the fall line.
Some estuarine faunal zones are not fully developed because salt
water extends to the fall tine(10). In many of these estuaries a
significant rise In sea fevel could result in the compaction, or
even truncation, of estuarine faunal zones. In other words, a
rise in sea level will not result in a landward migration of
estuarine zones as might be the case In coastal plain estuaries,
but will result in the diminution, or even loss, of the tidal
freshwater, ollgohaline and even mesohal ine zones. Such changes
are highly predictable.

The degree of physiological stress an estuarine organism
exper iences is a function of the rate of change of salinity and
this Is a dominant factor in the structuring of estuarine
communities. The rate of salinity change over a tidal cycle in
an estuary Iis related to the tidal prism, the freshwater flow and
the volume of the estuary. Both sea level rise and tidal range
modification <can increase the salinity fluctuation over a tidal
cycle by effectively reducing the volume of the estuary and by
Increasing the tidal prism, respectively. The ecologlcal resuit

is that most estuaries in the northern Gu!if of Maine will become
more poikilohaline with associated shifts In fauna. Physical
changes of this sort can be predicted with methods and data now
available. Unfortunately, more needs to be known about the

biological components of these estuaries before the ecological
consequences can be evaluated.

SUMMARY

The above preliminary consideration of the potential
consequences of sea level rise and increased tidal range to the
benthic communities of the Gulf of Malne can be summarized by six
general points:
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1. The Gulf of Maine supports a rich benthic fauna;

2. Many unique faunal features can be related to tidal
mixing;.

3. Community distribution can be related to tidal mixing;

4. Sea level rise can be shown to Influence community

development;

5. Some predictions can presently be made on the effects of
sea level rise and tidal changes; and

6. The accuracy of the predictions could be increased
significantly with further research.

NOTES AND REFERENCES

1 Balch, W.M. 1981. An apparent lunar tidal cycle of
phytoplankton blooming and community succession in the Gulf of
Maine. J. Exp. Mar. Biol. Ecol. 55:65-77.

2 Bilyard, G.R. 1874. The feeding habits and ecology of
Dentalium entale stimpsoni, Henderson (Mollusca: Scaphopoda) .
Veliger 17:126-138.

3 Bousfield, E. L. and M.L.H. Thomas. 1975 Postglacial
changes in the distribution of littoral marine Invertebrates in
the Canadian Atlantic Region. Proc. N.S. Inst. Sci. 27(Suppt.
3): 47-80.

4 Doggett, L.F., P.F. Larsen and S.C. Sykes. In Prep. An

annotated <checklist of the marine and estuarine invertebrates of
Maine.

5 Garrett, C.J.R., J.R. Keeley and D.A. Greenberg. 1978.
Tidal mixing versus thermal stratification in the Bay of Fundy
and Gulf of Maine. Atmosphere-Ocean 16:403-423.

6 Hanks, R.W. 1964. A benthic community in the Sheepscot
River estuary, Maine. Fish. Bull. 63:343-353.
7 Larsen, P.F. 1979. The shallow water macrobenthos of a

northern New England estuary. Mar. Biol. 55:69-78.

8 LLarsen, P.F. 1986. The sand beach macrofauna of the Gulf
of Maline with inferences on the roie of oceanic fronts in
determining community structure. J.Coast. Res.:In press.

9 Larsen, P.F. and L.F. Doggett. 1978. Benthos study of the
Sheepscot River estuary. Bigelow Laboratory for Ocean Sciences,
Tech. Rept. No.10-78. 555 pp.

10 Larsen, P.F. and L.F. Doggett. 1979. The salinity and

temperature distributions of selected Maine estuaries. Maine
State Planning Office, Augusta, Maine. 112 pp.

78



11 Larsen, P.F., L.F. Doggett and V.M. Berounsky. 1979. Data
report on intertidal iInvertebrates on the coast of Maline. Maline
State Planning Offlce, Augusta, Maine. 722 pp.

12 Larsen, P.F., and L.F. Doggett. 1981. The ecology of
Maine’s intertidal habitats. Malne State Planning Office,
Augusta, Maine. 183 pp.

13 Larsen, P. F., L.F. Doggett and A.C. Johnson. 1983a.
Environmental benchmark studies in Casco Bay-Portland Harbor,
Maine, April 18980. NOAA Tech. Memor. NMFS-F/NEC-19. 173 pp.

14 Larsen, P.F., L.F. Doggett and A.C. Johnson. 1983b. The
macroinvertebrate fauna associated with five sand flats in the
northern Gulf of Maine. Proc. N.S. Inst. Sci. 33:57-63.

15 Larsen, P.F., and A.C. Johnson. 1985 The macrobenthos of
Penobscot Bay, Maine. Bigelow Laboratory for Ocean Sciences,
Tech. Rept. No. 51. 83 pp.

16 Myers, A. 1965. The Damar iscotta oyster shell heaps: some
further considerations. B.A. thesis in Geology. Princeton
University, Princeton, NJ.

17 Rowe, G.T., P.T. Pol loni and R.L. Haedr ich. 1975.
Quantitative biological assessment of the benthic fauna in deep
basins of the Gulf of Maline. J. Fish. Res. Bd. Can. 32:1805-
1812.

18 Sanger, D. 1985. Sea-level rise and archaeology in the
Damar iscotta River. in: Investigations of recent crustal
movement in Maine during fiscal year 1983. W.B. Thompson and
J.T. Kelley (eds.). Maine Geological Survey, Augusta, Maline.
pp. 598-72.

18 Scott, D.B. and D.A. Greenberg. 1983. Relative sea-level
rise and tidal development in the Fundy tidal system. Can. J.
Earth Sci. 20:1554-1564.

20 Shorey, W.K. 1973. Macrobenthic ecology of a sawdust-
bearing substrate in the Penobscot River estuary (Maine). J.
Fish. Res. Bd. Can. 30:493-497.

21 Thomas, M.L.H. 1977. Intertidal resources of the Bay of
Fundy. dn: Fundy Tidal Power and the Environment; proceedings
of a workshop on the environmental implications of Fundy tidal

power . G.R. Daborn (ed.). Acadlia University Institute, No. 28,
pp. 148-159. .

22 Wildish, D.J. 1877. The marine and estuarine sublittoral
benthos of the Bay of Fundy and Gulf of Maine. in: Fundy Tidal
Power _and the Environment; proceedings of a workshop on the
environmental Implications of Fundy tidal power . G.R. Daborn

(ed.). Acadia University Institute, No. 28, pp. 160-1863.

79



23 Wild

ish, D.J. 1984. A review of subtidal

benthic ecological

research In the Bay of Fundy; 1976-1982. dn: Update on_ the
Marine Environmental Conseguences of Tidal Power Development |n
the Upper Reaches of the Bay of Fundy. D.C. Gordon, Jr., and
M.J. Dadswell (eds.). Can. Tech. Rept. Fish. Aquat. Sci. No.
1256:97-104.

24 Wass, M.L. Personal communication.

80




Vi. POSSIBLE EFFECTS OF FUNDY TIDAL POWER DEVELOPMENT
ON PELAGIC PRODUCTIVITY OF WELL-MIXED WATERS
ON GEORGES BANK AND IN THE GULF OF MA INE

Daniel E. Campbell
INTRODUCT ION

The present marine ecosystem of the Gulf of Maine and Bay of
Fundy Is greatly iInfluenced by tidal energy. Greenberg(16) used
a mathematical hydrodynamic model! of the Gulf of Maine and the
Bay of Fundy to predict that construction of a proposed dam

across the Minas Basin in the upper Bay of Fundy would result in
an average 10% increase in tidal amplitudes along the U.S. and
Canadian coasts. Garrett(12) estimated that this Increase would
amount to a 5% change in tidal velocities averaged over the
entire Guif of Maine. Since the energy in tidally driven mixing
is proportional to the cube of tidal velocity, a 5-10% velocity
change results in a 16-33% change in tidal mixing energy. High

levels of summertime primary production in the Gulf of Maine have
been shown to be largely dependent upon the nutrients supplied by
vertical and horizontal mixing processes along tidal mixing
fronts(42). For this reason any alteration of the energy
available for tidal mixling could have an Important effect on
mar ine ecosystem productivity on Georges Bank and In the Gulf of
Maine.

Primary production in the well-mixed waters on Georges Bank

and in the Gulf of Maine from May to October Is largely
controlled by the interaction of available solar radiation with
nutrients supplied by physical mixing processes(23,42). Garrett

et al.(13) demonstrate that frictionally dissipated tidal energy
is largely responsibie for creating and maintaining these well-

mixed areas. in addition, Loder and Greenberg(22) presented
evidence that wind Is an Iimportant factor determining the extent
of mixed areas In the Guif of Maine. Campbel |l and Wroblewski(4)
formulated a simple mathematical model which described the
tradeoff between |ight and nutrient limitation experlenced by
phytoplankton In waters mixed by a combination of wind and tidal
energies. Their model included a simple pelagic food chain which
allowed the effect of altered primary production on pelagic fish
production to be estimated. This model is used here to evaluate

the possible effects of Increased mixing on the pelagic fish
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production of Georges Bank, the SW Nova Scotian coast, and along
the coasts of eastern Maine and New Brunswick.

MODEL DEVELOPMENT

Spatial boundaries for subsystems within the Gulf of Maine
which might be affected by increased tidal mixing brought about
by construction of a tidal power dam at the B9 site in the upper
Bay of Fundy are defined in Fig. VI-1. The total area shal lower
than 100 m was assumed to be an estimate of the maximum extent of
the influence of tidal mixing. This area was then divided
according to the distribution of stratified versus vertically
mixed areas (cf. 13,42). This division led to the separation of
the stratified western and central portions of the Gulf (D & E,
Fig. VI-1) from the well-mixed waters of eastern Maine (Flig. VI-
1,C) SW Nova Scotia (Fig. VI-1,B) and Georges Bank (Fig. VI-1,A).
The stratified areas D and E and the well-mixed area C in Fig.
Vi-1 have been considered elsewhere(4). Here | evaluate the
possible effects of increased tidal mixing on the well-mixed
waters of areas A, B. and C in Fig. VIi-1 during the half year
(0.5 yr) from May to October when primary productivity in the
Gulf is largely controlied by the extent of mixing(42).

lles and Sinclair(17) hypothesized that the stock size and
productivity of herring may be dependent on the size and
productivity of larval retention areas which are also the
spawning areas in well-mixed waters of the Gulf of Malne. They
pointed out that herring spawning areas in the Gulf of Maine and
on Georges Bank correspond closely with the areas of strong tidal
mixing shown by Garrett et al.(13). Graham(14) has demonstrated
that estuaries are the areas of overwintering herring larval
retention along the Maine coast but the larvae also depend on
coastal production for survival(37). Results indicate that most
of the herring larvae spawned along the eastern Maine coast are
retained by estuaries in area C of Fig. VIi-1(15). Therefore,
areas A, B, and C in Fig. VI-1 include most of the spawning and
larval retention area for herring stocks on Georges Bank, SW Nova
Scotia and eastern Maine and New Brunswick, respectively.

For this model the hypothesis of lles and Sinclair(17) is
assumed to be correct. In addition pelagic productivity was
considered to be representative of a moderately exploited herring
fishery within which the majority (90%) of pelagic production is
accounted for by herring(34). Herring production is dependent
upon primary production through a simple food chain leading from
phytoplankton through zooplankton to fish. Pelagic fish do not
use all zoopifankton productlon, and more than half of the
zooplankton production remains to support benthic food webs and
other pelagic predators.

Primary production Is controllied by the interaction of light

and nutrients modulated by mixing. Mixing increases the supply
of nutrients enhancing primary production, but it also carrles
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phytoplankton cells out of the euphotic zone decreasing primary
production. In this analysis the idea of mixing Is generalized
and therefore both horizontal and vertical mixing processes are
included in the analysis. For example, the Georges Bank case
uses the deep nitrogen concentration found from 65-120 m
surrounding the well-mixed area shallower than 65 m. In this
case mixing energies include vertical and horizontal mixing
processes and both are assumed to be roughly proportional to the
amount of available kinetic energy in the water column.

Filgure Vi-2a, b, and c shows the evaluated energy circuit

models representing the pelagic ecosystems of Georges Bank, the
SW Nova Scotian coast, and the eastern Maine and New Brunswick
coasts, respectively. The model is discussed in detail
elsewhere(4). In the energy circuit tanguage(25,26) each symbol
has a precise mathematical definition and the equations for this
mode | are given in Table VIi-1. A detailed description of the
mode | and the methods used in its evaluation are presented in

Appendix Vi-1.

S IMULATION METHODS

The models shown in Flg. VI-2 were simulated and the
sensitivity of fish yield, J11, and nitrogen storage, N, to
changes in the amount of tidal energy available for mixing were
recorded for several values of the tidal energy mixing
efficiency. This analysis was performed by first running the
evaluated models to obtain steady state values for the storages
and flows. In subsequent runs the amount of tidal energy Input

to the model was changed and the response of the model variables
to this change was noted after the new steady state values (those

corresponding to the altered Input) were obtained. The
sensitivity of the model to variations in solar energy input was
examined in a simiiar fashion. All model runs were for a period

of two simulated summers and steady state values were recorded at
the end of this period. The results of this sensitivity analysis
were expressed as plots of dimensionless variables in which the
new steady state values (the steady state value after
perturbation) was scaled or divided by the original steady state
value.

SIMULATION RESULTS

The evaluated models shown In Fig. Vi-2 show that wind
mixing 1Is most Important (relative to tidal mixing) along the
eastern Maine and New Brunswick coasts and least important on
Georges Bank. The largest fish yleld per square meter was found
off SW Nova Scotia which was also the area with the most
available mixing energy and the largest primary production per
square meter. The high productivity values shown for Georges
Bank and SW Nova Scotia are heavily dependent upon nitrogen
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Table Vi-1. Equations describing the models in Fig. VI-2A-C.
See Appendix Vi-1 for definitions of component variables,Q, and
pathway flows,J, where J; = kjQ, and kj is a transfer
coefficient.

(1) J]

JR =
1+ KoN/WT
(2) K 1NJR
PN =
WT(1+ ko+ kgzZ)
(3) dZ/dt = kg4ZPN- ksZ- K7ZF
(4) dF/dt = kgZF- kgF- kq{4FE

(5) dN/dt = JN +k1g{(Np-NIW+ K13(Np-N) + K1oPN+KkgZ+

KioF—- k1sJRN/WT- k14N

(6) dT/dt = J7- kq17T- k1g(Np=-N)T

(7) dw/dt = Jy—- kigW~ Kog(Np-N)W
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supplied by mixing processes. However, Georges Bank has 26% more
solar energy avallable to support primary production than does Sw
Nova Scotla. The balance between solar radiation and nitrogen
supplied by mixing energy Iis seen in the sensltivity of pelagic
fish yield and nltrogen storage to changes in the amount of
available tidal energy (Fig. VI-3 and VI-4, respectively).

r Bank

An Increase in tidal energy results in an increase in the
yield of pelagic fish from Georges Bank (Vi-3a). When tidal
energy - was decreased, pelagic fish yielid fell sharply. This
pattern was similar for mixing efficiencies of 2.6 and 0.26%, but
the higher mixing efficiency was more sensitive to changes in
tidal energy input.

Nitrogen in the water column was a monotonically Increasing
function of tidal energy input. Nitrogen in the water was also
most sensitive to changes in tidal energy for the higher mixing
efficiency.

Table VI-2 shows the changes in pelagic fish productivity
corresponding to the predicted increase in tidal mixing energy as

well as the changes caused by simllar decreases in tidal mixing.
The most probable result for Georges Bank is a 1.5 to 2.3%
increase Iin pelagic fish production corresponding to a 5%
increase In tidal velocities and a 16% Increase In tidal mixing
energy on the bank. Table VIi-3 shows that this change Is similar
to the variation in pelagic fish production caused by changes in

solar energy input of 1 to 3%.

W Nov ti

The variation of fish yield with changes in tidal energy
exhibits a different pattern In SW Nova Scotian waters (Flig.
Vi-3b). Here an increase in tidal energy causes a small decrease
in pelagic fish yield, whereas 16% and 33% decreases in tidal
energy bring about small increases in pelagic fish production.
Pelagic fish yield falls off sharply for larger decreases in
tidal energy for the higher mixing efficiency, but vield
continues to rise for a 50% decrease in tidal energy at the lower
mixing efficiency. Unlike Georges Bank pelagic fish yield is
most sensitive to increased tidal energy at the lower mixing
efficiency of 0.26%.

Figure VIi-4b shows the variation of nitrogen in the water
cotumn for changes in tidal energy. The variatlion is simitar to
that observed for Georges Bank In that nitrogen increases
monotonically with tidal energy and the model is most sensitive
to the higher mixing efficiency. One difference between the two
curves is that the Georges Bank curve has an Inflection point at
the present value of tidal mixing energy, whereas the slope of
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Fig. VI-3. Response of fish yield to changes in the tidal energy
on (A) Georges Bank; (B) SW Nova Scotia coast; (C) eastern Maine
and New Brunswick coasts for several mixing efficiencies.
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Fig. Vi—-4. The response of Nitrogen (N) In the water to changes
in tidal energy on (A) Georges Bank; (B) SW Nova Scotian coast;
(C) eastern Malne and New Brunswick coasts for several mixing
efficlencles.
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Table VI-2. Percentage changes in pelagic fish yield resulting
from tidal mixing energy increases and decreases for Georges Bank
(A), SW Nova Scotia (B), and the eastern Maine and New Brunswick
ecosystems (C). The predictions are shown for tidal mixing
efficiencies of 2.6% and 0.26%.

Percent Change in Tidal Energy

Location! 33 16 -16 -33

A Georges Bank
Mixing Eff.=2.6% 3.3 2.3 -5.1 -17

Mixing Eff.=0.26% 2.2 1.6 -3.3 -10.5

B SW Nova Scotia
Mixing Eff.=2.6% -3.8 -1.8 1.3 1.7

Mixing Eff.=0.26% -4.3 -2.1 2.0 3.9

C Eastern Maine and New Brunswick
Mixing Eff.=2.6% -3.6 -1.7 1.3 2.0

Mixing Eff.=0.26% -5.1 -2.86 2.7 5.9

TRefer to Fig. VI-1
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Table VI-3. Percentage changes in pelagic fish yield resulting
from changes in available solar energy for Georges Bank (A), SW
Nova Scotia (B), and the eastern Maine and New Brunswick
ecosystems (C). The predictions are shown for a tidal mixing
efficiency of 2.6%.

Percent Change in Solar Energy

Location1 3 1 ~1 -3

A Georges Bank

Mixing Eff.=2.6% 5.54 1.88 -1.91 -5.80

B SW Nova Scotia

Mixing Eff.=2.6% 6.80 2.27 -2.80 -6.87

C Eastern Maine and New Brunswick

Mixing Eff.=2.6% 6.73 2.25 -2.26 -6.80

TRefer to Fig. Vi-1
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the nitrogen curve increases monotonically for SW Nova Scotian
waters over the range of tidal energies tested.

Table VI-2 presents the model estimates of changes in
pelagic fish production for the predicted increases in tidal
mixing, as well as for similar decreases in tidal mixing energy.
Pelagic fish yield Is predicted to decrease from 2 to 4% in SW
Nova Scotian waters for a 16 to 33% increase in tidal mixing

energy. Table VI-3 shows that the change in pelagic fish yvield
(-2.8 to -6.8%) to be expected for a 1 to 3% decrease in solar
energy is simiiar to changes produced by a 16 to 33% increase in

tidal energy for SW Nova Scotia.

Eastern Maine and New Bruynswick

The response of pelagic fish yield to variations in tidal
energy input for eastern Maine and New Brunswick waters (Fig. Vi-
3c) was similar to the model response observed off SW Nova
Scotia. Increased tidal energy produced a decrease in fish vield
while decreased mixing caused an increase In yield, except for
the largest decrease (50%) in tidal energy at the highest mixing
efficiency (2.6%), which caused a decrease in fish yield. Fish
yield was most sensitive to increases in tidal energy at lower
mixing efficiencies.

Figure Vi—-4c shows that nitrogen in the water is a
monotonically increasing function of tidal energy input as
expected from the two previous cases. Once again nitrogen in the
water column is most sensitive to changes in tidal mixing for

higher mixing efficiencies.

Pelagic fish yield is predicted to decrease from 2 to 5% for
the predicted 16 to 33% Increase Iin tidal mixing (Table VI-2).
This change s similar to that caused by a 1 to 3% decrease in
solar radiation (Table Vi-3). Table VI-2 demonstrates that for
lower mixing efficiencies eastern Maine and New Brunswick waters
are more sensitive than SW Nova Scotian waters to changes in
tidal mixing.

DISCUSSION

Area C in Fig. VIi-1 was defined with boundaries different
from those of Campbell and Wroblewski(4). In the present study
New Brunswlick waters were Included with the eastern Maine coastal
waters (eastern Maine waters include both central and eastern
Maine herring assessment areas) to comprise area C In Fig. VIi-1.
Table VI-4 shows a comparison of the long-term average herring
production for areas in the Gulf of Maine region. From Table VI-
4 and Fig. VI-2 it is evident that New Brunswick waters are far
more productive than expected based on the light and nutrient
supply to primary production in this area. The waters of eastern
Maine produce somewhat less herring biomass than expected based
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Table VIi-4. Compar ison of herring production for coastal areas
of the Gulf of Maine and Georges Bank shown in Fig. Vi-1.
[Values compiled from Refs. 1, 6, 11.]

Location Herring Production
g m=2 yr‘1
New Brunswick (n=33) 15.8
SW Nova Scotia (n=27) 11.2
Georges Bank (n=21) 9.3
Central! Maine (n=38) 4.3
Eastern Maine (n=38) 3.6
Western Maine (n=38) 3.4
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on the energies available to support primary production from May
to October. There Is no reason to expect New Brunswick waters to
be more productive than the waters of Georges Bank or SW Nova
Scotla. Also there |Iis no basis for assuming that energy
transfers through the trophic chain will be more efficient In New
Brunswick than elsehwere. Both the high New Brunswick herring
production and the low eastern Maine herring production coul!d be
explained If there was a migration of herring eastward along the
Maine coast. Herring tagging studies do present evidence for an
eastward migratlon of herring along the Maine coast(5,9). New
Brunswick and eastern Maine waters were combined on the basis of
this evidence.

An increase in tidal mixing energy leads to more nitrogen in
the water column in all cases, as expected. However, increased
tidal mixing causes an increase in pelagic fish yielid on Georges
Bank, but a decrease in fish yleld for SW Nova Scotian as well as
eastern Maine and New Brunswick waters. The mechanism by which
these alternate behaviors are produced was first described by
Riley(31). These two opposite results can occur In the same
model| because there is an optimum tidal mixing energy for maximum
fish production. It is therefore most important that the values
for the model storages and flows are correct, since they will
determine which of these two contrasting behaviors is observed.
An increase in primary production and therefore in fish produc-
tion with increased tidal mixing implies a nutrient timited
condition, whereas, a decrease in primary production under
simitlar conditions implies light Ilimitation.

The mixing effliciency used here represents the tidally
dissipated energy that goes Into the dispersion of materials
within -the water column.producing a net transport from areas of
higher to lower concentration. At the tidal front boundary this
mixing efficlency wiil be equal to the efficliency at which
tidally dissipated energy is just able to break down the thermal
stratification of the water column, determined to be 0.268%(13).
For shallower waters this mixing efficiency for transport could

be considerably larger. Therefore, it is represented as an order
of magnitude larger than the mixing efficiency at the frontal
boundary. In the model an Increase in the mixling efficiency of
tidal energy causes the tide to be more important refative to
wind energy in mixing processes. On Georges Bank where primary
production Is nutrient Iimited a higher mixing efficiency means a
larger relative increase or decrease in nutrients supplied, and

therefore, the model is more sensitive to changes in tidal energy
at higher mixing efficlency. For the SW Nova Scotian and eastern
Maine and New Brunswick cases the increased Iimportance of tide
relative to wind In supplying nitrogen at higher mixling
efficiencies causes decreases in primary production to be less
severe than for lower mixing efficiencies where the positive
stimulation of additional nitrogen is not as great.

Change in the primary production of tidally mixed areas Is
only one mechanism by which the productivity of pelagic fisheries
may be altered by increased tidal mixing. Another possible
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effect Is that the well mixed area Itself will increase in size.
Garrett et al.(13) examined this possibility and found that the
tidally mixed areas on Georges Bank and along SW Nova Scotla were
slightly expanded. An increase In the herring stock support area
could increase the size of the stock and produce a larger total
fish yleld.

It is possible that an increase in the land-sea temperature
contrast caused by surface water temperatures - |[owered by
Increased tldal mixing could iIncrease the incidence of fog along
the already light limited coasts of SW Nova Scotia and eastern
Maline and New Brunswick. If avallable solar radiation decreased
1% due to the Increased incidence of fog, pelagic fish production
would be lowered about the same amount as for a 16% increase in
tidal mixing energy (Table VI-2 and VI-3). A 3% variation in
solar energy input may be expected from year to year based on
variable climatic conditions along the coasts of the Gulf of
Maine(4). A comparison of Tables VI-2 and Vi-3 shows that the
variation In pelagic fish production due to normal climatic
variabllity |Is slightly greater than any predicted changes from
the construction of a tidal power dam. Therefore, if a tidal
power dam Is constructed In the upper Bay of Fundy it wilf
probably be very difficult to detect any effects it may have on
fisherles production In the Gulf of Maine and on Georges Bank.
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APPENDIX VI-1

MODEL. EVALUATION

The pathways, storages, and forcing functions shown iIn Fig.

Vi-2 are defined In this appendix. The appropriate symbol from
Fig. VI-2 Is given along with Its definition and a description of
how its value was calculated. Any references or assumptions

necessary to obtain a value for the expression are explained.

The final values shown for Figure Vi-2c were determined by a
recursive procedure starting with the values given below. The
model was completely evaluated and then the amount of additional
nitrogen necessary to satisfy phytoplankton demands was compared
to the amount of nitrogen that the available mixing energy in
this area could supply, [f the rate of nutrient supp!ied per unit
of total mixing - energy available was similar to the SW Nova

Scotian case. All flows were reevaluated to reflect the smaller
potential for nutrient supply and thils process was continued
until the amount of nitrogen required was less than the maximum

amount that could be supplied based on the avalilable mixing
energy.

Forcing Functions

J1 is the solar Insolation at the water surface. The May to
October (hereafter referred to as 0.5 yr) mean of the total
possible direct plus diffuse solar radiation was calculated using
formulas for an atmospheric transmission coefficient of 0.9(21).
The average latitudes for Georges Bank, the SW Nova Scotlia coast,
and the eastern Maine and New Brunswick coast are 41.5, 43.5, and
44.5 degrees, respectively. The May to October average percent
possible direct sotar insotation received at Portland, Maine was
60% for the years 1941 to 1981(38). This value was applied to
Georges Bank. A similar average from 1958 to 1970 at Yarmouth,
NS showed that 45% of the total possible direct solar insolation
was received from May to October (10). This value was used for
the SW Nova Scotian coastal area and an average of the two
stations used to give 53% of possible solar insolation received
on the eastern Maine and New Brunswick coast. These calculiations
give 8.5x10% kcal m=2 0.5yr-! for Georges Bank, 6.7x10° kcal m-2
0.5yr=! for the SW Nova Scotian coast, and 7.5x105 kcal m-2 o.5-1
for the eastern Maine and New Brunswick coast.

JR Is the albedo, estimated as 10% of incident solar
radiation for 42 degrees north latitude(41).

JN Is the nitrogen transported into the surface waters by
rain, land runoff, ocean currents and upwelling. Values for
these flows are assumed to be the same for each part of the Gulf
of  Maine system(cf. 33). 1.8 g N m—2 O.5yr‘1 enter in the
surface waters rounding Cape Sable, 0.1 g N m—2 O.5yr"1 enters
through river runoff, 0.2 g N m"2 O.5yr"1 enters In rainfall, and
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2.19 g N m=2 0.5yr'1 Is wupweliled to the surface waters.
Upwel ling Is calculated from the difference between surface water
losses down the shelf and surface water Inputs. The total
advective addition of nitrogen iIs 4.3 g N m—2 0.5yr‘1.

Np is the nitrogen in the deep water layer from 50 to 100 m.
A value of 9.4 g N m~2 for the eastern Maine coast was calculated
from Apollonio and Applin(2). S g N m—2 were measured in
November for surface waters off Southwest Nova Scotia(24) and
this value is assumed to reflect the nitrogen concentrations at
depths of 50-100 m in summer. A May to October average of 8.6 g
N m~2 from the northern and southern flanks of Georges Bank at
depths 65 to 120 m is taken from Pastuszak et al.(28). An
average NH4:NO3 ratio of 1:10 for nitrogen in Gulf of Maine
waters 50 to 100 m deep was estimated from Ketchum(19). The
estimates of Np based on nitrate concentrations were increased
10% to include ammonia nitrogen.

JT is the average tidal energy dissipated in waters
shallower than 100 m except for Georges Bank where the area
shal lower than 60 m was used. An area welghted average(from 16)
gave 7.5%x10"% w em-2 or 2823 kcal m—2 0.5 yr~' for the area of
Georges Bank <60 m In depth, 7.3x1075% w cm=2 or 2748 kcal m~2 0.5
yr'1 for the SW Scotian coast <100 m in depth, and 5.4x10~5 w
cm—2 or 2033 kcal m~2 0.5 yr'1 from Gran Manan to St. John, New

Brunswick. Greenberg 's(16) grid spacing of 22 km does not
adequately resolve the Maine coast out to the 100 m isobath which
Is no more than 22 km wide in some places. For this reason tidal

dissipation along the Maine coast was calculated using the
formula from Garrett et al.(13):

D = (4/3m)ve us (1)

where € is the water density, ¥ 1is the frictional drag
coefficient equal to 0.0024 and U3 Is the depth averaged tidal
velocity. The depth averaged tidal velocity along the eastern
Maine coast was 0.52 m 3‘1(38) assuming zero velocity at the
bottom and a |inear decay of veloclty from mid-depth. Vermersch
et al.(40) found a depth averaged velocity of 0.038 m s~ ! at the
100 meter contour near Monhegan Island. The average velocity
over the eastern Maine coast is then 0.28 m s—1, Substituting
this value into equation (1) we obtain a tidal dissipation of 885
kcal m—2 0.5 yr“. An area weighted average for eastern Maine
and New Brunswick gave 1185 kcal m—2 0.5 yr"1 of tidal energy
dissipation.

Jw is the wind energy transferred to the water surface.
Wind stress over the Guif of Maine shallower than 100 m was taken
from Saunders(32). An average_of summer and fall values gave
wind stresses of 0.23 dynes cm—2 over Georges Bank, 0.31 dynes
cm—2 over SW Nova Scotia; and 0.46 dynes cm—2 over the eastern
Maine coastal area. The relationship between shear stress and

wind velocity Is given by

T = € Cp(Uqp )2 (2)
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where € Iis the air density gliven a value of 1.2x10'3 g cm‘3, Cp
is the drag coefficlent assumed to be 1.0x10-3 for wind
velocitlies around 5 m 3‘1(35), and Uig Is the wind velocity 10 m
above the water surface.

Substituting the shear stress values given above into
equation (2) we obtain an average wind velocity of 619 cm s—1 for
the eastern coast, 438 cm S‘L*for”Géorges Bank, and 500 cm s—1

for the area off SW Nova Scotia. Multiplying average shear
stress by the average velocity gives an average avallable energy
of 285 ergs s=1 em~2 for the eastern coast, 101 ergs cm™ for
Georges Bank, and 155 ergs cm—2 along the SW Scotian coast. For

the half year from May to October we have 1073 kcal m—2 0.5 yr"1
available along the eastern coast, 380 kcal m~2 0.5 yr‘1 over
Georges Bank, and 584 kcal m‘2 0.5 yr'1 along the SW Scotian

coast.

Richman and Garrett(30) estimate that 4 to 9 percent of the

available wind energy is transferred to the mixed layer. Usin
their average estimate or 6.5%, the values for Jw are 70 kcal m~
0.5 yr"'1 for the eastern Maine and New Brunswick area, 25 kcal

m=2 0.5 yr"1 for Georges Bank, and 38 kcal m~2 0.5 yr“1 for the
SW Nova Scotia Coast. .

E is the fishing effort which is a constant In this analysis
equal to the average effort over the period from which average
yield of the respective areas was calculated.

Storages
PN Is the amount of phytoplankton in the surface water. It
I's an instantaneous storage and therefore is Ilisted here. PN s

calculated as the difference (J1-Ja-J3).

R denotes the site of phytoplankton metabolic processes. It
is a reminder that there is an energy cost for maintenance of the
phytoplankton even though they are not explicitly included in the
mode | .

T Is the tidal kinetic energy stored in the water column.
The area weighted averages of the tidal! kinetic energy in the
water are 0.82 j cm'2 for Georges Bank < 60 m In depth, 1.04 J
cm~2 along the SW Scotian coast, and 0.24 | cm—2 along the
eastern Maine coast(16). These values convert to 2.0 kcal m'2,
2.5 kcal m’z, and 0.6 kcal m“2, for each area respectively.

W is the wind kinetic energy In the water column. The mean
value of wind energy in the mixed layer at any glven time is
calculated from the average value of wind energy transferred to
the mixed layer per day, Jw, with an average decay time, 1/k, of
0.42 'days(20). At steady state, W approaches an asymptote of

Jw/k equal to 0.18 kcal m for the eastern coast (W in Fig. Vi-
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2c), 0.06 kcal m~2 for Georges Bank, and 0.09 kcal m—2 for the Sw
Nova Scotian coast.

Z Is the biomass of macrozooplankton, microzooplankton, and
protozoans(33). The total biomass In these three groups for the
Gulf of Maine was 55 kcal m~—2 and over Georges Bank the total! was
35 kcal m~=2, The Georges Bank value Is assumed to be the better
approximation of zooplankton biomass in well mixed waters of the
Gulf of Maine as well. Their value for the Guif of Maine is
thought to be more appropriate for the stratified deeper waters
of the Gulf. The biomass values shown in Fig. VI-2 were obtained
by dividing zooplankton production by an aggregated production to
biomass ratio of 15. P:B ratios were assumed to be 7 and 25 for
macro and microzooplankton, respectively(7) and a P:B ratio of 40
was assumed for protozoans.

F is the biomass of pelagic fish. Herring are assumed to
account for 90% of pelagic fish biomass as was the case for the
moderately exploited herring fishery on Georges Bank in the early
sixties(34). The size of the Georges Bank stock from 1861 to
1976 was estimated as 69.6 kcal m~—2 assuming that the area < 60 m
Is responsible for supporting the stock(1). The herring stock
off SW Nova Scotia was estimated at 62.2 kcal m‘2(17). Pelagic
fish biomass for eastern Maine and New Brunswick was calculated
from fish yield using a P:B ratio of .3(34).

N Is the nitrogen in the surface layer of water. Summer
nitrate nitrogen concentrations of 3.8 g N m—2 were measured for
the eastern Maine coastal area(2). An area weighted average of
nitrate in the surface waters of Georges Bank from May to October
was found to be 1.44 g N m‘2(28). An average of April and
September stations from O‘Boyle et al.(24) gives 3.8 g N m—2 in
the surface waters off southwest Nova Scotia. We assume that
ammonia is 45% of surface water nitrate concentrations(33),
therefore these values are increased by 45% in Fig. VI-2,

Pathway Fluxes

Jo=KoN/WT Is the solar radiation absorbed by the ecosystem,
and it Is calculated by the difference (J|-JRr).

J1=k{NJR/WT Iis gross primary production. Values for the net
dissolved and particulate carbon production from May to October

were calculated from O'Reilly and Busch(27). The portion of
Georges Bank < 60 m in depth was found to have a primary
production of 2679 kcal m~=2 0.5 yr=1. Thelr value of 1653 kcal

m=2 0.5 yr‘1 for the Guif of Maine was adjusted to reflect the
observation that summer production of the well mixed areas is 2.5

times g¢greater than In the stratified areas(42). Making  this
adjustment, there are 2850 kcal m=2 0.5 yr"1 of primary
production avalilable to the ecosystems of eastern Maine and SW
Nova Scotian coasts. Gross production was obtained by adding

phytoplankton respliration equal to ten percent of net production
to each value.
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Jo=KoPN s phytoplankton respiration and excretion.
Respiration Is estimated as 10% of net primary production(386).
An average value for phytoplankton excretion of 10% was
adopted(27).

J3k3ZPN is zooplankton ingestion. Average zooplankton
production on Georges Banhk was estimated at 18% of phytoplankton
production(7). Estimating zooplankton production directiy from

phytoplankton production, Ji, gives 482 kcal m—2 0.5 yr‘1 for
Georges Bank; 513 kcal m'2 0.5 yr'1 for the eastern Maine and SW
Nova Scotia coast. Zooplankton respiration and excretion account
for 755 kcal m~2 0.5 yr"1 along the coasts of eastern Maine and
SW Nova Scotia, and 709 kcal m=—2 0.5 yr‘1 on Georges Bank. I f
assimilation is equal to production plus respiration and
excretion and 90% of the food ingested is assimilated then 1409
kcal m~2 0.5 yr"1 are ingested along the coasts of eastern Maine
and SW Nova Scotia, and 1323 kcal m-2 0.5 yr‘1 are ingested over
Georges Bank.

Jg=K4ZPN Is zooplankton assimilation which is assumed to
have a value of 90% of ingested dry weight(8). This assumption
Is perhaps not unreasonable since the entire silze spectrum of
zooplankton is included in this variable.

Jg=kgZ is zooplankton respiration and excretion. These
values were obtained from the flows in Jg by multiplying g N by
C:N ratjo of 6.625:1(29) to get gC and then multiplying by 10
kcal gc=1(7).

Jg=kgZ is the nitrogen remineralized from zooplankton.
Remineralization by macro and microzooplankton and protozoa was
estimated to be 11.4 g N m—2 0.5 yr‘1 along the Maine and Nova
Scotia coasts and 10.7 g N m—2 0.5 yr"1 over Georges Bank(cf.
33).

J7=k7ZF is ingestion by pelagic fish. Sissenwine et al.(34)
estimated that pelagic fish on Georges Bank in the mid-sixties
consumed 4.5 times their biomass and 15 times their production.
If fish consume 75% of their nutritional requirements from May to
October an estimation of Ingestion from stock size gives 233
kcal m‘2 0.5 yr'1 along SW Nova Scotian coast, 260 kcal m~2 0.5

yr‘1 over Georges Bank, and 98 kcal m~—2 0.5 yr‘1 along the
eastern Maine and New Brunswick coast.

Jg=kgZF is assimilation of pelagic fish. We assumed an
assimiiation for herring of 90%(3).

Jg=kgF is fish respiration, excretion and natural mortality,
and was calculated as the difference (Jg-J11).

Jio=k1oF is remineralization from fish and is <calculated
from Jg using a C:N ratio of 6.625:1.
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J11=k11FE Is harvest of pelagic flish. Herring catch data
were taken from refs. 1, 9 and 11. The average yleld of area C
In Fig. VI-1 was 8.7 kcal m—2 yr'1 based on 38 years of data from
the central and eastern Maine coastal flsheries and 33 years of

data from New Brunswick. The average yield of the Nova Scotian
(n=27) fishery was 14 kcal m—2 yr“. The average vyield (n=21)
for the Georges Bank fishery was 11.6 kcal m—2 yr‘1. Herring

yield is assumed to comprise 90% of pelagic fish yield.

J12=k12PN Is remineralization from phytoplankton, and was
calculated from Js using a C:N ratio of 6.625:1.

J13=k13T(Np-N) Is the nitrogen input to the mixed layer from
tidal mixing. The nitrogen necessary to support the observed
primary production and not supplied by recycling or advection is
assumed to come from the net transport of vertical and/or
horizontal mixing driven by the wind and tide. The amount of
nitrogen input due to the tide Is prorated by the ratio
Ji1g/(J18+J20) . Energy from either source is assumed to be
equally effective at mixing nutrients into the surface layer.

J14=K14N is the advectlive nitrogen loss down the shelf and
was taken as 2.9 g N m~2 0.5 yr—1(33).

J15=K1gNJR/WT is the nitrogen requirement of the phyto-
plankton which is found from J1 by dividing by 11.4 kcal gC“(?)
and 6.625 g N g c-1.

J1g=k1gW(Np-N) Is the nitrogen input to the mixed layer from
wind mixing. This value is calculated as in Ji3z, but it is
prorated as the ratio Jzp/(J1g+J20).

J17=k17T is the tidal energy dissipated in processes other
than mixing, and it Is calculated by the difference (Jt-J18) .

J1g=k18T(Np~N) Is the tidal energy used in mixing. Garrett
et al.(13) calculated a mixing efflciency of 0.26% at the frontal
boundary. Garrett’'s mixing efficlency refers to the amount of
energy that goes Into breaking down the thermal stratification of
the water coiumn. This mixing efficiency is only equal to the
mixing efficiency for transport at the frontal boundary. It
seems logical to assume that more tidal energy will go into
vertical transport of materials within the water column where the
gradient Is less or the depth shallower. The model is run for
several values of the mixing efflciency but the evaluations in
Fig. VI-2 are shown for 0.26%.

J1g=k1gW Is the wind energy dissipated in processes other
than tidal mixing, and it is calculated by the difference (JIw-
Jao0) -

J20=k20W(Np-N) is the wind energy used in mixing. Richman

and Garrett(30 -~ using data from 18) estimate that 6 to 8% of the
energy transferred to the mixed layer goes into vertical mixing.
Using a value of 7%, the energy which goes into vertical mixing
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is 4.9 kcal m—2 0.5~yr'1 for the eastern Malne and New Brunswick
coast, 1.8 kcal m—2 0.5 yr'1 for Georges Bank, and 2.7 kcal m—2
0.5 yr"1 for the SW Nova Scotian coast.

Joi Is the amount of zooplankton production that is
avallabie to predators other than pelagic fish. :
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VIil. SEA LEVEL CHANGE AND OCEAN CLIMATE: ITS EFFECT ON
FISHERIES RESOURCES IN THE BAY OF FUNDY AND GULF OF MAINE

M. J. Dadswell and R. A. Rulifson

INTRODUCT iON

The Bay of Fundy-Gulf of Maine system is important to many
commercial and recreational fisheries of the Northwest Atlantic.
At least 43 flish specles inhabit tideflat waters of the upper Bay
of Fundy(6), many of which support important commercial fisheries
throughout the Bay of Fundy-Gulf of Maine region (Table VIii-1).
Some of the more valuable and abundant fish species in the upper
Bay include Atlantic salmon (Salimo salar), Amer ican shad (Alosa
sapidissima), Atlantic herring (Clupea harengus), mackere|

(Scomber scombrus), striped bass (Morone saxatillis). in the
outer Bay of Fundy and Gulf of Maine, major fisheries exist for
lobster (Homarus americanus), scallop (Placopecten magellanicus),

herring (Clupea harengus), cod (Gadus morhua) and haddock
(Melanogrammus aeglefinus).

The purpose of this paper is: (1) to summarize the possible
effects of sea-level rise presented by thematic session speakers;
(2) to present an overview of the more valuable commercial
fisheries in the region and methodologies of capture; and (3) to
suggest recommendations for future activities predicting effects
of sea-level rise on fishery resources In the Bay of Fundy and
Gulf of Maine. The effects on fisheries caused by tidal power
developments have been explored elsewhere(5,7).

GENERAL EFFECTS OF SEA-LEVEL RISE

Sea level has been rising since the last ice age,
approximately 20,000 years ago, when the shore was near the
present shelf break(12). Changes In the shoreline since that
time have been due to crustal warping, subsidence of landmasses,
and glacial melting. The nodal tidal cycle of 18.61 years(18),
combined with the potential problems associated with the
greenhouse effect(15,21) and tidal-power development in the
Maritime provinces will produce further physical changes in the
Gulf of Maine-Bay of Fundy system that may have beneficial or
detrimental effects on fish stocks of the reglion.
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Rise in sea level will result In iIncreased tidal amp | i tude,
which will Iincrease water circulation and vertical mixing (Fig.
Vil-1). The cooler, nutrient-rich bottom waters will be brought
to the surface by upwellling, causling a decrease In sea-surface
temperature and Increases In nutrient recirculation and primary
productivity.

Historical catch data(8,20) show that some fish stocks are
affected by changes In ocean temperatures. Lower sea-sur face
temperatures resulting from upwel t ing may decrease the abundance
and occasional occurrence of southern finfish species which are
now at the northern limit of their range. Examples of these
species include = menhaden (Brevoortia tyrannuys), bluefish
(Pomatomus saltatrix), alewife (Alosa pseudoharengus), and
butterfish (Poronotus eriacanthus). Pelagic fish species, such
as the Atlantic herring, which show positive correlations of
abundance with changes in sea-surface temperature, will most
llkely exhibit decreased stock size in the Bay of Fundy-Gulf of
Maine complex(1). Species near the southern Iimit of their range
(cod, hal ibut, pollock, cusk) typically show a negative
correlation of abundance with sea-surface temperature; stocks of
these species may increase In abundance with sea-level rise.
Some fish stocks will not exhibit detectable shifts in abundance
as a result of lower sea-surface temperatures.

Temperature changes may also alter migration patterns of
migratory species by changing migratory cues. Increased
turbulence and vertical mixing from sea-level rise may alter
formation of isotherms, and the upper range of temperatures may

be restricted. For example, a particular species cueing on a
17°C isotherm for guidance during migration may find that the
Isotherm is nonexistent or has shifted in occurrence to other
areas of the region, thereby restricting migratory movements

within the Bay of Fundy-Gulf of Malne.

Changes 1In ocean circulation patterns in the Gulf of Maine
and Bay of Fundy due to sea-level rise and tidal-power
development may also affect fish migrations. Pelagic fishes
utilizing Gulf and Bay currents as migratory cues may alter
migration patterns, thereby shifting centers of abundance to
other areas. Increased circulation may alter larval fish
survival due to <changes in food abundance or changes In

distribution associated with pelagic transport.

Predicting general changes in the distribution and abundance
of fish stocks in the Bay of Fundy-Gulf of Malne system due to
changes in sea level is difficult. What may be a detrimental
effect for one species may enhance abundance for another species.
In the next section, we discuss several of the more commercially-
important fish stocks and the harvest methods for each.
Predictions of sea-level rise effects on fish stocks are made for
each species.
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FISHERIES AND IMPACTS

Fisheries resources of the Bay of Fundy - Gulf of Malne -
Georges Bank complex support a large and dliverse fishery in
Canada, the United States and, through international agreements,
several foreign countries (USSR, Spaln, Germany, etc.). Although
a large number of fish and shellfish are exploited, tandings are
dominated by a few specles (Table VIi-2).

Lobster (Homarus americanus) and scallop (Placopecten
magellanicus) are the two most valuable species. Combined they
represent less than 5% of annual landings by weight, but
contribute over 50% of the value of the fishery. Scallop
fisheries are concentrated In the Bay of Fundy, along the Maine
coast and on Georges Bank(13). The majority of landings are made
by large vessels fishing on Georges Bank. Lobsters are fished
out of every small port over the entire coast!ine of the region
and offshore on Browns and Georges Banks. The majority of

landings are made by vessels under 16 m.

Shrimp (Pandalus borealis) are fished in the deep southern
portion of the Gulf of Maine in summer and Inshore from Maline to
New Brunswick in winter. Although landings have been poor
lately, recent assessments indicate the stock has rebuiit and
will provide good landings in the near future. Landings are

predominately on the Maine coast but during its last cycle of
abundance, valuablie tandings of shrimp were made in southwest New
Brunswick(14).

The remaining invertebrate fisheries are based on resources
in the intertidal zone. Mar ine worms (Glycera, Nereis),
softshel | cltam (Mya arenaria) and hardshell clam or quahog
(Mercenaria) are all dug from tide flats using labor-Intensive
methods. The fisheries for marine worms and hardshel | clam are
almost totally concentrated on the Maine coast. Annual landed
value of marine worms often has equaled or exceeded that of
lobsters Iin Maine(9).

A traditional fishery of the Gulf of Malne region Is that
for herring (Clupea harengus). This species is exploited by both

fixed (weirs) and mobile (gillnets, purse seine) gear. Herring
support the dgreatest landings by weight for the region (Table
Vii-2). The majorlity of the world‘s canned sardines are provided

by this fishery.

Cod (Gadus morhua), haddock (Melanogrammus aegleflinus) and

pollock (Pollachjus virens) are widely distributed throughout the
region(13). All are fished with gillnets or by trawlers and are
commonly captured together. Ma Jor concentrations of haddock
occur on Georges and Browns Banks, and of pollock In the southern
Gulf of Maine where they support large seasonal fisherles. . Cod .
are more generally distributed and are caught in most areas

throughout the year.



TABLE VIiIl1-2.

4X, and 5Y

Species

lLobster

Scal lops (meats)
Shrimp
Soft-shell clam
Quahog

Marine worms
Herring

Cod

Haddock

Pollock

Landings

and values of some
species from the outer Bay of Fundy - Gulf of Maine Region,

nada 1984
ka x 103 3 x 103
8381 64,767
3433 41,981

0 0

3618 3,178

0 0

0 0
81589 10,691
58490 25,042
25527 19,139
28789 6.965
$174,763

important commercial
NAFO

USA 1983
kg x 103 $ x 103
10319 79,743
7453 91, 140
15672 2,358
1884 7,249
229 3,630
23000 3,013
13867 5,937
5583 4,193
7377 1.785
$199,048



Except for the more or less sedentary molluscs and worms,
all species are strongly migratory(13). Although the role that
migration plays In the Iife history of lobsters is unproven to
date, thls species makes extenslive movements from Malne to the
Bay of Fundy and back and from Georges Banhk Inshore and

return(4). Herring migrate throughout the region on a seasonal
cycle which appears to be largely related to reproduction
needs(17). Inshore fixed gear (weirs) for juvenile herring are
concentrated in bays and estuaries. These are summer fisheries
and movement of herring appears to be for feeding purposes and
related to local current structures(i16). Cod, haddock and
pollock all exhibit an inshore movement in summer and offshore in
winter(19). The general movement appears to be in a counter
clockwise d