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The drawing on the front cover represents a small piece of Antithamnion pectinatum, a small
epiphytic red alga common on local rocky shores. Characteristic features include oppositely
attached branches, gland cells (G) adjacent 10 at least two cells of the branchlets, and rhizoids
(R) and undeveioped indeterminate branches (I) arising from the basal cells of the
determinate branches. The latter two features permit fragments of A. pectinatum to reattach
to intertidal macroalgae, and grow into entire new plants.
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Executive Summary

Wiater Flounder Studies

The local Niantic River population of the winter
flounder (Pleuronecies americanus) is potentially
affected by the operation of MNPS, particularly by
entrmnment of larvae through the cooling-water
systems of the three operating units. As a result,
intensive swdies of the life history and population
dynamics of this valuable sport and commercial
species have been undertaken since 1976.

Because of heavy ice cover in the Niantic River in
carly 1994, the adult winter fliounder survey did not
begin antil March 22, the latest start in 19 years, and
only 4 weeks of sampling were completed. The
median trawl catch-per-unit-effort (CPUE) of fish
larger than 15 cm present dur.~r the spawning season
was 4.5. This value was more than twice the record
low CPUE of 1.9 for 1993, but nonetheless remains
as the second smallest CPUE for this time-series.
The Jolly stochastic model was used with mark and
recapture data 1o estimate the absolute abundance of
the adult spawning population (all winter flounder
larger than 20 cm, which includes some immature
fish). The most recent abundance estimate was
11,779 winter floundr for 1993, in contrast to
estimates between 33 and nearly 80 thousand fish for
198491,

About one-third 1o one-half of the winter flounder
found in the Niantic River during the spawning period
cach year are mature females. Annual female winter
flounder parental stock sizes were estimated using
available information on sex ratios, age, and size
composition. These estimates have ranged from
7,821 (1993) w 78,629 (1982) spawning females,
with corresponding total egg deposition ranging from
about 6.4 10 45.6 billion.

Estimates of larval winter flounder abundance at the
MNPS discharge (entrainment sampling) have been
obtained since 1976, at a station in mid-Niantic Bay
since 1979, and at three stations in the Niantic River
since 1983. The low abundance of newly-hatched
larvae in Niantic Bay compared 1o the Niantic River
suggested that most local spawning occurred in the
river. In addition, abundance indices of Stage 1 larvae
in the river were significantly correlaied with
independent estimates of female spawner egg
production, Abundance of Stage 1 and 2 larvae in the

Niantic River during 1994 were among the lowest
since sampling began in 1983. Abundances of Stage
3 and 4 larvae, however, were greate. and above the
long-term average. Annual larval abundances in the
bay since 1976 appeared to reflect region-wide trends,
because they were highly correlated 1w abundance
indices for Mount Hope Bay, MA and RL
Larval devciopmental suage and length were closely
relzica. Smaller larval size-classes predominated in
the river and larger size-classes were more prevalent in
the bay. In Niantic Bay, growth and development
were correlated with water temperature. In the river,
growth appeared to be related to both water iemper-
ature (nositively) and larval density (negatively).
Estimated mortality of larvae in the Niantic River for
1984-94 ranged from about 82 1o 98%. Mortality was
consistently highest during Stage 2 of development
(3- w 4-mm size-classes), which is when feeding first
occurs. This stage may include a "critical period” for
winter flounder as survival rates generally improve
progressively for larger size-classes. Density-depen-
dence was examined using a function comparing
mortality and egg production estimates. With 1993
data exciuded, a significant positive relationship was
apparent, such thai when egg production and larval
Young-of-the-year winier flounder have been
collected during late spring 'nd summer at two sta-
tions in the Niantic River since 1983. Corresponding
to late larval abundance, densities of newly meta-
morphosed young in 1994 were relatively high.
Median densities for late summer were among the
largest found in 12 years, with the 1994 year-class
having the potential to be relatively strong.

An index of abundance was calculated for young
winter flounder taken during the late fall and early
winter at the trawl monitoring program stations. The
1993-94 sbundance index (1993 year-class) was 7.4,
the lowest recorded since 1987-88. Since 1983, when
comparative data were available, this abundance index
was significantly correlated with that of young fish
taken in the Niantic River during summer. High
indices for the 1988 and 1992 year-classes indicated
that these were relatively abundant year-classes. Few
Juveniles were taken within the Niantic River during
the adult spawning population surveys in recent years.
Young-of-the-year abundence indices vere not
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significantly correlated or were negatively correlated
with those for age-3, 4, and 5 female adult spawners.
Thus, none of the early life stages were considered as
reliable indices of year-class strength for Niantic River
winter flounder stock.

Egg production estimates from annual spawning
surveys were scaled o numbers of spawning females
and used as recruitment indices. These indices
together with adult female spawning stock estimates
and mean annual February water iemperatures were
used to fit a thiee-parameter Ricker stock-recruitment
relationship (SRR). Additionally, the indirect esu-
mate of the winter flounder theoretical rate of incicase
(the SRR a parameter) derived by the Connecticut
Department of Environmental Protection (DEP) was
used for modeling the dynamics of the winter flounder
population for impact assessment purposes. The
value of @, re-scaled to units of fish numbers from
biomass units, was estimated as 5.42 and described the
inherent potential for increase of the Niantic River
winter flounder stock. The estimate of f (the second
SRR parameter), which describes the annual rate of
compensatory mortality as a function of stock size,
showed little annual variation since 1988. The third
and last parameter in the SRR described a negative
relationship between winter flounder recruitment and
water iemperatures in February, the month when most
spawning, egg incubation, and hatching occur.

The number of larvae entrained through the
condenser cooling-water system at MNPS is the most
direct measure of potential impact on winter flounder.
Annual estimates of entrainment were related o larval
densities in Niantic Bay, as well as to plant operation.
The entrainment estimate for 1994 of 182.1 million
was about average since three-unii operation began in
1986. Unit 1 was shut down from January 15
through May 23 because of a refueling outage. This
decrease in cooling water use resulted in a calculated
reduction in entrainment of about 21% (48.1 million
larvae) from that expected if Unit 1 had operated
during this period.

The impact of larval entrainment on the Niantic
River stock depends upon the fraction of its produc-
tion thai is entrained each year. Empirical mass-
balance calculations for 1984-94 indicated that a large
number of entrained larvae came from areas of Long
Istand Sound other than the Niantic River. An esu-
mated 14 10 38% of the larvae entrained at MNPS
appeared w have originated from the Niantic River dur-
ing thess years. Percentages of the river production
that were entrained annually ranged from about 5 10

vi  Monitoring Studies, 1994

22% and the estimated fraction of Niantic River winter
flounder production that would have been entrained
under full (100% capacity) three-unit operation ranged
from 5.4 10 25.0% (geometric mean of 12.1%).

A computer simulation model (SPDM) was used for
long-term assessments of MNPS impact. Inpui data
used by the model included basic life-table parameters,
the three-parameters of the SRR, February water
temperature statistics, and simuiation parameters
specific 10 each model run, including a random
variability component. Conditional mortality rates
corresponding to postulated larval entrainment and
juvenile and adult impingement at MNPS were
simulated according 1o historica) information and
projections. Fishing morality rates (F) were provided
by the DEP. Initially, F was set at 0.40 and remained
unchanged through the 1960s; increased gradually to
0.62 by 1988 and thereafter more rapidly to a maxi-
mum of 1.30 in 1991, Based on proposed regulatory
changes, F was projected to decrease substantially
through the late 1990s, dropping to 0.50 by 2001, and
remaining unchanged through the rest of the simu-
lation years. The winter flounder stock was simulated
as female spawner biomass (in Ibs), which is more
directly related to reproductive potential than fish
numbers. Annual rates of Niantic River winter floun-
der larval entrainment were based on actual or esti-
mated MNPS cooling-water flow and estimated or
projecied entrainment as derived from mass-balance
calculations. All SPDM runs were stochastic and
their output consisted of 100 Monte Carlo replicates
for each yearly stock projection over a 100-year period
(1960-2060).

An initial stock size of 98,104 Ibs was used w0
represent the theoretical (no fishing assumed)
maximum spawning potential (MSP) of the Niantic
River female spawning stock. When fishing effects
were simulated, the annual projections of the initially
unfished stock become the baseline time series of
annual spawning biomass for Niantic River winter
flounder subjected to fishing, but in the absence of
any plant impact. Under the exploitation rates simu-
lated, the stochastic mean stock size of the bascline
declined to 49,476 Ibs in 1970 and 1o its lowest point
of 12,907 Ibs in 1993. The latter value was about
one-half of a generally accepted critical stock size,
defined as 25% of MSP. Following simulated reduc-
tions in fishing, however, the stock rapidly recovered.
A new series of stock size projections were then
simulated by adding the effect of larval entrainment at
MNPS. The lowest projected stock biomass under
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simultaneous fishing and effects of MNPS occurred in
1993 (10,947 1bz), whereas the greatest absolute
decline relative 1o the bascline occwrred in 2003 (a
difference of 7,026 Ibs). Generally, however, greater
reductions in stock biomass resulted from fishing than
from larval entrainment, because fishing tends
remove larger fish and reduce average weight of the
remaining spawners. The simulated spawning stock
retumed 1o within 1,000 Ibs of baseline levels (44,000
Ibs, or 45% of MSP) about 6 years after the scheduled
termination of Unit 3 operation in 2025.

The probabilities that the Niantic River female
spawning stock biomass would fall below selected
reference sizes (25, 30, and 40% of MSF) were deter-
mined 1o help assess the long-term effects of MNPS
operation. A stock smaller than 25% of MSP is
considered overfished, whereas one that is at 40% of
MSP can maximize yield to the fisheries while
remaining stable. For both baseline and MNPS-
impact simulations, it was likely (p 2 0.95) that the
stocks were greater than 40% of MSP in 1970. Al
the lowest point of both stock projections in the mid-
1990s, all replicates were less than 25% of MSP.
Simulated reductions in fishing allowed for a rapid
increase in spawner biomass in 2000. By 2010, the
stocks had & high (p 2 0.95) likelihood of being
greater than 30% of MSP and the impacted stock had a
better than even chance of being greater than 40% of
MSP. This recovery, however, assumed that changes
in fishing regulations would be implemented as
scheduled and that they achieved expected reductions in
fishing mortality. Even with reductions in fishing
mortality, there still was a 34% chance that the new
equilibrium stock biomass would remain smaller than
40% of MSP.

Fish Ecology Studies

Studies of fish assemblages inhabiting the area
around MNPS were conducted to determine the effects
of staton operations. These effects have been defined
as power-plant related changes in the occurrence,
distribution, and abundance of fish species which
could affect community structure. Fish assemblages
could be adversely affected by losses due to
impingement of juvenile and adult fish on the intake
screens, entrainment of fish eggs and larvae through
the cooling water system, or by changes in thermal
regime or physical habitats

Since 1976, trawl, seine, and ichthyoplankton
monitoring programs have been conducted 1o deter-

mine the impact of MNPS on local fish assemblages.
Over 100 different fish taxa have been collected. Six
taxa (American sand lance, anchovies, grubby,
silversides, tautog, and cunner) were identified that
were potentially impacted by MNPS, either by
entrainment of their eggs and larvae or by exposure 10
clevaled seawater temperatures.

Abundance data were analyzed separately for two-
unit (1976-1985) and three-unit (1986-1994) opera-
tional periods and for the entire i8-year data series
(both periods combined) 0 determine if changes in
abundance have occurred. For the potentially impacted
fishes, declining abundance trends were found for so.ne
life stages in four (American sand lance larvae,
Auantic silverside juveniies, tautog eggs, and cunner
and tautog adults) of the six taxa. Because many
factors may affect the abundance of these taxa the
reasons for these declines were difficult to ascertain.
American sand lance larvae ranked third among fish
larvae entrained and have significantly decreased in
abundance in entrainment samples. Decreases in sand
lance abundance were also apparent in other arcas of
the Northwest Atlantic Ocean. Their abundance was
noted to have been inversely correlated with that of
Atlantic herring and Atlantic mackerel. Given the
large abundance changes of this species along the
Atantic coast, effects of MNPS operation on sand
lance were difficult to quantify. The bay anchovy is
typically the most abundant ichthyoplankton species
collected in estuaries within its range and it was the
dominant larval taxon entrained at MNPS. Egg and
larval densities and entrainment estimates for 1993
were within the historic range. Similar to the sand
lance, this fish also exhibits large natural abundance
fluctuations. Along the coast of Connecticut, the
Atlantic silverside and the inland silverside are among
the most common shore-zone species. Typical of
short-lived species, the catches of Atlantic silverside
by trawl and seine were highly variable and annual
catch indices ranged over two orders of magnitude.
The catches of Atlantic and inland silversides in seine
samples were all within historic ranges and were
greater than the two-unit period average, except for the
Aulantic silverside at the Jordan Cove station. Unlike
several other potentially impacted fishes, the grubby
experiences no fishing pressure. Both larval and adult
grubby abundance indices were stable throughout the
18 years of monitoring. The tautog was the second-
most abundant egg taxon entrained and accounted for
more than 30% of the wotal eggs collected since 1979
During the three-unit operational period there was 2
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significant negative trend in the densities of tautog
eggs. However, larval densities were within the
historic range. Trawl catches of adult tautog exhibited
8 highly significant negative slope for the 18-year data
series. Young-of-the-year rautog accounted for a high
proportion of the fish caught in the rawl since three-
unit operation began. The cunner was the most
abundant egg taxon entrained and accounted for more
than 50% of all eggs collected since 1979. The den-
sity of cunner eggs in 1993 was within the historic
range, and the 1993 egg entrainment estimate was the
highest since the three-unit operational period began.
The densities of larvae were low, but were within the
range of previous values. Comparable to tautog,
young-of -the-year cunner accounted for a higher propor-
tion of the fish caught in the trawl since three units
began operating.

Entrainment of wrasse (cunner and tautog) eggs was
identified as the primary potential impact 1o these
fishes because over 85% of the eggs entrained at
MNPS were of these species. The spatial distribution
of wrasse eggs was studied in 1994, Results indicated
that these eggs were not concentrated near MNPS
intakes, but were representative of a more homo-
genous distribution, including areas outside Niantic
Bay. This apparent widepsread standing stock of
tautog and cunner eggs in the MNPS area would
minimize any impact from entrainment loss.

Lobster Studies

One of the most valuable species in the Connecticut
fishing industry is the Amer. :an lobster (Homarus
americanus). Annual Connecticut landings of 0.8 to
2.7 million pounds yielded between $2.4 and 8.4
million to lobstermen employed in the fishery.
Lobsters are highly exploited throughout their range
and the fishery is almost completely dependent on new
animals molting into legal size each year. In Long
Island Sound (LIS), more than 90% of all the lobsters
gbove the minimum legal size are removed by fishing.
Over the past decade, the lobstier fishery has become
highly regulated in an effort 10 reduce fishing
mortality rates and to increase larval production and
subsequent recruitment. Since 1984, Connecticut
lobstermen have been required to install escape vents
in traps; the escape vents allow sublegal-sized lobsters
to escape from traps and thereby reduce injury and
mortality to this portion of the population. The
minimum legal size (carapace length) of lobster was
increased in Connecticut in 1989 from 81.0 mm (3
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3/16 in) 1o 81.8 mm (3 7/3; in); minimum size was
increased again in 1990 1o 82.6 mm (3 1/4 in).
Because of the regional economic importance of
lobsters, adult lobsters have been monitored from May
through October since 1978 using wire lobster traps
se' at three stations around MNPS; additionally, since
1984, studies have been conducted during the hatching
scason 10 estimate the number of lobster larvae
entrained through cooling water systems. The objec-
tive of the lobster monitoring program is (o determine
if operation of MNPS has caused changes in local
lobster abundance beyond those expected from natural
variability and high fishing mortality rates.

The total number of lobsters caught and total catch
per unit effort (CPUE) in our study area reached record
levels in 1992 and remained high during 1993 and
1994. However, legal lobster caiches (those indiv-
iduals 2 82.6 mm carapace lenigth) have significantly
declined since the NUSCO study began in 1978.
Legal caiches were expected to improve in 1993 and
1994 after large numbers of lobsters, observed to be
jus® below legal size in the 1992 and 1993 catwches,
molted to lega! size. Instead, legal CPUE has
continued 1o decline the past 2 years, in contrast with
recruitment patierns observed in previous studies when
strong recruit classes were followed by an increase in
legal caiches one 10 two years later. The fact that
CPUE of legal-sized lobsters continued to decline
despite the strong recruit classes observed since 1992
may be further evidence that the local lobster resource
is currently overfished.

During 1994, the peak in number of molting
lobsters was later, and growth per molt was lower
than previously observed in our studies; these
conditions were attributed to below normal water
temperatures during spring 1994. Changes observed
in the size structure, sex ratio, and proportion of
berried females of local lobsters may be primarily due
to increased fishing rates and 1o implementation of
new fishery regulations. During three-unit studies,
the incidence of claw loss was lower, and recapture
rates and size structure of tagged lobsters caught by
NUSCO and commercial lobstermen were inconsistent
with results observed during two-unit studies. These
changes were attributed to the implementation of the
escape vent regulation in 1984. The percentage of
berried females collected nearly doubled during three-
unit studies and was probably related to regulations
increasing the minimum legal size. The new regula-
tions implemented to sustain the lobster resource by
improving lobster survival appeared 1o be effective.
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However, fishing effort continues to escalate and
fishery managers question the long-term stability of
the resource under that kind of fishing pressure.

The density of lobster larvae collected in samples of
the MNPS cooling water was higher during three-unit
studies due o the higher percentage of berried females.
Estimates of the total number of larvae entrained at
10 a combination of higher larval densities and higher
cooling water demand of Unit 3. The potential impact
of higher larval entrainment on subsequent legal
lobster abundance is difficult 1o assess because of the
uncertainry that exists concerning larval origin, larval
survival, and recruitment rates to legal size. However,
the high total CPUE for lobsters in ¢-r area over the
past 3 years suggests that entrainment during the
initial years (1986-88) of three-unit operation has not
adversely affected the local adult population.

Marine Woodborer Study

The Marine Woodborer Study report describes the
local distribution of Teredo bartschi, 8 semitropical
shipworm common from Texas 1o South Carolina,
but not found farther north except in close proximity
to nuclear power plants in New Jersey and
Connecticut. Consistent recruitment and survival of
Teredo bartschi has been observed in MNPS discharge
waters from 1975 o 1994, Within the effluent
quarry, high recruitment of T. bartschi was again
observed in 1994, primarily in panels on the western
side. This finding was consistent with the previous
Exposure Pane! Studies and Distribution Studies
conducted since 1975. Outside the effluent quarry, 7.
bartschi remains closely associated with discharge
waters, with highest recruitment at the quarry cuts
(undiluted effluent). Recruitment decreased substan-
tially with distance from the outfall; in 1994,
relatively few individuals were found in panels 100 m
from the quarry cuts and none were found at sites S00
m away. Sampling sites 500 m from the quarry cuts
appear 10 be near the limit of suitable thermal
conditions for T. bartschi recruitment; several
individuals recruited onto panels there in 1993,
although none were coliected in 1994. 7. bartschi has
not expanded its occurrence 1o other areas in Long
Island Sound unaffected by MNPS discharge.
Although present in MNPS discharge waters for over
20 years, this species has not adapted 1o near-ambient
or ambient temperature conditions outside the effluent
quarry. Furthermore, discontinued use of woodchips

after Unit 1 retubing in 1993 may result in future
declines of the T. bartschi population within the
effluent quarry.

Eelgruss

Eelgrass studies during 1994 monitored three
populations in the Millstone area: Jordan Cove (JC),
White Point (WP) and the Niantic River (NR).
Results from 1994 indicated generally poor regional
conditions for growth and reproduction ! these local
populations. Population parameters at WP measured
in 1994 were relatively low, but still within ranges
established over the previous 9 study years. The
deeper water WP study site provides more protection
against elevated temperatures from insolation in the
summer, sediment freezing during low tides in winter,
and swan grazing. Eelgrass populations at shallow
water gites are more susceptible to these stress
mechanisms. Overall environmental stress was
apparently greatest at NR in 1994, and was related o0
regional and site-specific (depth-related) factors, and
possibly water quality conditions in the Niantic River.
Zostera populations were elimination at NR by
September 1994, Similar localized elimination events
have been observed at other sites in the Niantic River
in 1986 and 1993, indicating an overall long-term
population decline in the Niantic River during the
study period. This population is at its lowest level
since studies began in 1985, in terms of abundance
and distribution, and now consists of only small
isolated patches.

Shallow-water stress, as iemperature extremes, were
measured directly at JC, and may have contributed w0
population declines observed at that site. Sediment
freezing likely occurred during two extreme low tide
events in the winter of 1993-94. Alihough hydro-
thermal modeling studies indicate some thermal plume
incursion to JC, elevated temperatures measured at JC
during the summer appeared more related to insolation
of the shallow sand flats in Jordan Cove than 10
thermal plume incursion. Large-scale decline/recovery
cycles in Zostera populations throughout North
America and Europe have been observed since the
1930s and attributed to disease and eutrophication. In
particular, populations on the east coast North
America, including Long Island Sound, have been
declining steadily since the 1960s. It is likely that
population declines at JC and other sites in the
Millstone area are part of this regional trend, and not
the result of MNPS operation.
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Rocky Intertidal Studies

Rocky intertidal studies in 1994 characterized nearby
shore communities impacted by the MNPS thermal
plume, as well as those farther away and unimpacted.
Condiuons resulting in much of the variability among
communities at sampling sites outside the influence
of MNPS were related to natural factors including site
orientation to prevailing wind-generated waves, the
ability of available substratum (slope) to dissipate the
horizontal force of those waves, and the character of
that substratum (e.g., boulders, bedrock ledge, etc.).
Community differences beyond those attributed to
natural factors occurred within the thermal plume area
at sites located on Fox Island (FE and FN), and were
directly attributed to MNPS operation. Various
aspects of the impact-related community changes at
Fox Island were identified through separate studies
which included qualitative algal sampling, estimations
of intertidai organism abundance, and studies of local
Ascophyllum nodosum populations.

Elevated temperature conditions caused by the three-
unit thermal plume allowed development of a unigue
flora at FE. The most notable shifts in species
occurrence, revealed by qualitative algal sampling,
were the presence of warm waier-tolerant species not
typical of other sites (Agardhiella subulata, Gracilana
tikvahiae, and Sargassum filipendula), absence of
common cold water species (Mastocarpus stellatus,
Dumoniia contorta, and Polysiphonia lanosa) and
extended or reduced periods of occurrence of seasonal
species with warm water or cold water affinities,
respectively.

During 1994, power plant impacts on dominant
species abundance patterns, caused by two-cut water
circulation patterns and by three-unit operations, were
observed only at FE, and were most pronounced in the
low intertidal, where temperature conditions were
most severe. The low intertidal community at FE,
which prior to 1983 had been unimpacted and
characterized by perennial populations of Fucus,
Chondrus, and Ascophyllum and predictable seasonal
peaks in bamacle and Monostroma abundance, has
been replaced by a persistent community dominated by
Codium, Ulva, Enteromorpha, and Polysiphonia.
Also, populations of species observed in undisturbed
transects only at FE (Sargassum, Gracilaria) continued
w0 persist and expard during 1994,

Ascophyllum populations at three stations in the
vicinity of MNPS continued to be monitored in 1993.
Elevated temperatures (2-3'C above ambient) at our
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station nearest the discharge (FN) caused Ascophyllum
to grow longer and more rapidly at this site, relative
to stations farther away. A moderate level of growth
enhancement was observed at FN during 1993-94,
when compared to previous years, attributed to
lessened thermal plume incursion resulting from an
extended outage of Unit 3 for much of the peak
growing season. As in previous years, Ascophyllum
mortality, or loss of tagged plants and tips, at our
present sampling sites was not related to proximity to
the power plant but rather to degree of exposure to
storm farces.

Benthic Infauna

Benthic infaunal studies during 1994 continued to
monitor subtidal soft-bottom habitats in the vicinity
of MNPS for power plant-related changes in
sedimentary characteristics and infaunal community
structure (total abundance, species number, and species
composition;. The top four most dominant taxa at
each station in 1994 accounted for more than 60% of
all individuals collected. These were: Oligochaeta,
Protodorvillea gaspeensis, Tellina ayilis, and
Archiannelida at EF, Oligochaeta, Tharyx spp.,
Mediomastus ambiseta , and Protodorvillea gaspeensis
at GN; Aricidea catherinae, Oligochaeta, Mediomastus
ambiseta, and Tellina agilis at IN; and Mediomastus
ambiseta, Aricidea catherinae , Oligochaeta, and Tharyx
spp. at JC. In most cases, these organisms were
dominant taxa in both two-unit and three-unit
operational periods. Most stations were characterized
by one or more clearly dominant taxa (oligochaetes at
EF, GN, and JC, Aricidea catherinae at GN and JC,
and Tharyx spp. at GN) during both operational
periods. There has been no single dominant taxon at
IN during either operational period, where mean
relative abundance of any single taxon rarely exceeded
10% The control site at GN continues to exhibit
stability in terms of the sedimentary environment and
infaunal community structure. Some stability in
these parameters has aiso been noted in recent years,
including 1994, at sites impacted by short-term
episodic disturbance events (e.g., dredging and
construction activities at IN, and siltation at JC).
Community recovery is ongoing, but is not complete
at either site. Effluent scour at EF remains a
dominant structuring factor on both the sedimentary
environment and infaunal community, and is expected
to continue throughout MNPS three-unit operation.
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Introduction

Reporting Requirements

This report summarizes results of ongoing environ-
mental monitoring programs conducted by Northeast
Utilities Service Company (NUSCO) in relation w0
the operation of the three-unit Millstone Nuclear
Power Station (MNPS). MNPS can affect local
marine biota in several ways: large organisms may be
impinged on the traveling screens that protect the
condenser cooling and service water pumps; smaller
ones may be entrained through the condenser cooling-
water system, which subjects them to various
mechanical, thermal, and chemical effects; and marine
communities in the discharge area may be subjecied
1o thermal, chemical, and mechanical effects resulting
from the outflow of the cooling water. In addition,
occasional maintenance dredging is done in the
vicinity of the intake structures. The basis for the
studies is the National Pollutant Discharge Elimin-
ation System (NPDES) permit (CT0003263) issued
by the Connecticut Deparument of Environmental
Protection on December 14, 1992 1o Northeast
Nuclear Energy Company (NNECO), on whose
behalf NUSCO has undertaken this work. The regu-
lations in the permit allow the MNPS cooling water
10 be discharged into Long Island Sound (LIS) in
accordance with Section 22a-430 of Chapter 446k of
the Connecticut General Statutes and Section 301 of
the Federal Clean Water Act, as amended. Paragraph
5 of the MNPS NPDES permit states that:

The permittee shall conduct or continue to conduct
biological studies of the supplying and receiving
waters, entrainmen! studies, and intake impinge-
ment monitoring. The studies shall include studies
of intertidal and subtidal benthic communities,
finfish communities and entrained plankion and
shall include detailed studies of lobster populations
and winder flounder populations.

In addition, paragraph 7 of the permit requires that:
On or before April 30, 1993 and annually
thereafier, submit for review and approval of the
Commissioner a deiailed report of the ongoing
biological studies reguired by paragraph 5 and as
approved under paragraph 6.

Furthermore, & decision and order of the Connecticut

Siting Council (CSC) requires that NNECO inform

the Council of results of MNPS environmental

impact monitoring studies and any modifications
made o these studies (paragraph 6 of the proceeding

entitled "Docket No. 4, Certificate of Environmental
Compatibility and Public Need for an Electric
Generating Facility Identified as "Milistone Nuclear
Power Station, Unit 3,' located in the Town of
Waterford, Connecticut” and daied March 22, 1976).
This report satisfies the requirements of the NPDES
permit and of the CSC by updating and summarizing
various studies conducted at MNPS that were
presented most recently in NUSCO (1994).

Study Area

MNPS is situated on Millstone Point, about 8 km
west-southwest of New London on the Connecticut
shore of LIS (Fig. 1). The property, covering an area
of about 200 ha, is bounded to the west by Niantic
Bay, to the east by Jordan Cove, and to the south by
Twotree Island Channel. The MNPS monitoring
wogmnsnmpleamdymdmimmlyso
km* that extends from the northemn portions of the
Niantic River and Jordan Cove 1o Giants Neck, 2 km
south of Twotree Island, and 2 km east of White
Point. Work takes place from the shoreline into areas
as deep as 20 in southwest of Twotree Island.

Strong tidal currents predominate in the vicinity of
Millstone Point and influence the physical charac-
teristics of the area. Average tidal flow through Two-
wree Island Channel is approximately 3,400 m*-sec”!
and at maximum is about 8,500 m*-sec”! (NUSCO
1983). Current velocities are about 1 10 1.8 knots in
the channel, slightly less (1 to 1.5 knots) near the
plant and in Niantic Bay, and relatively weak in
Jordan Cove and in the upper Niantic River. The
currents are driven by semi-diumnal tides that have a
mean and maximum range of 0.8 and 1.0 m,
respectively. Thermal and salinity induced stratifi-
cation may occur in regions unaffected by strong tdal
currents. The greatest temperature variation has been
observed in nearshore areas where water temperature
can vary from -3 o 25°C; salinity varies much less
and ranges from 26 w 30%c. The bottom is generally
composed of fine to medium sand throughout the
area, but also includes some rock outcrops and muddy
sand, especially near shore. Strong winds, particu-
larly from the southwesi, can at times result in
locally heavy seas (up to 1.5 m or greater) near
Millstone Point. Additional information on local
hydrography and meteorology can be found in
NUSQO (1983).

Introduction 1
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Fig. 1. The ares in which biologicel monitoring studies are being conducted to assess the effects of the operation of MNPS.

Millstone Nuclear Power Station

The MNPS complex consists of three operating
nuciear power units; a detailed description of the
station was given in NUSCO (1983). Unit 1, a 660-
MWe boiling water reactor, began commercial
operation on November 29, 1970; Unit 2 is an 870-
MWe pressurized water reactor that began commercial
operation in December 1975; and Unit 3 (1150-MWe
presswrized water reactor) commenced commercial
operation on April 23, 1986. All three units use
once-through condenser cooling water systems with
rated circulating water flows of 26.5, 34.6, ard 56

m>sec™! for Units 1 through 3, respectively. Cool-
Mwuuhwﬁmdeptbd&omlmbem
mean sea level by separate shoreline intakes locaied
on Niantic Bay (Fig. 2). The intake structures,
typical of many coastal power plants, have coarse bar
racks (6.4 cm on center, 5. -cm gap) preceding
vertical traveling screens to protect the plants from
debris. Units 1 and 2 have always had 9.5-mm mesh
screens. Unit 3 originally had 4. 8-mm mesh screens,

2 Monitoring Studies, 1994

a combination of 9.5- and 4.8-mm mesh screens from
early 1990 through summer 1992, and only 9.5-mm
mesh screens as of August 15, 1992. Fish retun
systems (sluiceways) were installed at Unit 1 in
December 1983 and at Unit 3 during its construction
10 return aquatic organisms washed off the traveling
screens back to LIS. The installation and operation
of sluiceways have minimized the impact of impinge-
ment at MNPS (NUSCO 1986, 1988a). A chron-
ology of significant events associated with MNPS
construction and operation, including installation of
devices designed to mitigate environmental effects and
unit operational shutdowns exceeding 2 weeks, are
found in Table 1. Capacity factors (the electricity
produced as a percentage of maximum possible
production) during 1994 were 58.3% for Unit 1,
48.2% for Unit 2, and 94.0% for Unit 3.

MNPS cooling water is nominally heated in Units
1,2, and 3 from ambient temperature 10 8 maximum
of 13.9, 12.7, and 9.5°C, respectively. Each unit has
separale discharge structures that release the effluent
into an abandoned graniie quarry (ca. 3.5 ha surface

*
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TABLE 1. Chwonology of msjor construction and operstion events at MNPS through 1994,

Date Activity Reference*
December 1965 Constroction initisted for Unit 1 NUSCO (1973)
November 1969 Construction initisted for Unit 2 began NUSCO (1973)
October 26, 1970 Unit | initial criticality; produced first thermal effluent DNGL
November 29, 1970 Unit | initial phase 10 grid DNGL
December 28, 1970 Unit | began commercial aperstion DNGL
January 15, 1971 1w February 22, 1971 Unit 1 shuidown DNGL
August-December 1972 Sarfoce boom st Unit 1 NUSCO (1978)
November 1972 Fish barrier installed st quarry cut NUEL
Seprember 3, 1972 w March 20, 1973 Unit | shutdown DNGL
November 1972 Unit 2 coffer dam removed NUSCO (1973)
April 18 10 July 28, 1973 Unit | shutdown DNGL
Augus -December 1973 Surface boom at Uit | NUSCO (1978)
July-December 1974 Surface boom st Unit | NUSCO (1978)
Seprember 1 w0 Novemaber 5, 1974 Unit | shutdown DNGL
July Ocwober 1975 Surface boom st Unit | NUSCO (1978)
July 1975 Botiom boom instalied & Unit | NUSCO (1978)
Augum 5, 1975 Unit 3 coffer dam construction began NUEL
Seprember 10 10 October 20, 1975 Unit 1 shutdown DNGL
October 7, 1975 Unit 2 produced first effluent EDAN
November 7, 1975 Unit 2 initial criticality; produced first thennal effluent EDAN
November 13, 1975 Unit 2 initial phase 1o gnid DNGL
December 1975 Unit 2 began commescial aperation NUEL
March 19, 1976 Unit 3 coffer dam construction finished NUEL
June-Ociober 1976 Surface boom st Unit 2 NUSCO (1978)
October 1 10 December 2, 1976 Unit | shuidown DNGL
December 20, 1976 to January 20, 1977 Unit 2 shutdown DNGL
May 6 1 June 25, 1977 Unit 2 shutdown DNGL
June Ocsoher 1977 Surface boom st Unit 2 NUSCO (1978)
November 20, 1977 10 May |, 1978 Unit 2 shuidowr: DNGL
Murch 10 10 April 15, 1978 Unit 1 shutdown DNGL
March 10 10 May 21, 1979 Unit 2 shutdown DNGL
April 28 w June 27, 1979 Unit | shardown DNGL
August 100 25,1979 Unit 2 shutdown DNGL
November 1 10 December $, 1979 Unit 2 shutdown DNGL
May 7w June 19, 1980 Unit 2 shutdown DNGL
June 1 10 June 18, 1980 Unit | shudown DNGL
August 15 10 October 19, 1980 Unit 2 shutdown DNGL
October 3, 1980 10 June 16, 1981 Unit 1 shutdown DNGL
January 2 10 19, 1981 Unit 2 shutdown DNGL
December 5, 1981 w March 15, 1982 Unat 2 shutdown DNGL
Marh 1981 Botom boom removed & Unit | NUEL
September 10 to November 18, 1982 Unit | shutdown DNGL
March 2 w 18, 1983 Unit 2 shutdown DNGL
April-Seprember 1963 Unit 3 coffer darn removed, intake maintenance dredging NUEL
May 28, 1963 10 Jenvary 12, 1984 Unit 2 shutdown DNGL
December 1983 Fish retum rystem installad o the Unit | intake NUEL
August 1983 Second quarry cut opened NUEL
April 13 10 June 29, 1984 Unit ! shutdown DNGL
February 15 1w July 4, 1985 Unit 2 shutdown DNGL
June 1985 Intake maintenance dredging NUEL
Seprember 28 w0 November 7, 1985 Uit 2 ghutdown DNGL
Ocaober 25 10 December 22, 1985 Unit | shurdown DNGL
November 1985 Unit 3 produced first effluent EDAN
February 12, 1986 Unit 3 produced first thermal effluent EDAN
Apiil 23, 1986 Unit 3 began commercial opemtion DNCL

Introduction 3
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TABLE 1. (comt)

July 25 w Augun 17, 1986 Unit 3 shutdown
Seprember 20 w December 18, 1966 Unit 2 shutdown
December 1 w0 15, 1986 Ut | shutdown
January 30 1o Pebruary 16, 1987 Unit 2 shundown
March 14 10 April 10, 1987 Unit 3 shundown
June $ 1o August 17, 1987 Ui 1 shutdown
November 1, 1987 w February 17, 1988 Unit 3 shuwdown
December 31, 1987 w0 Febeuary 20, 1988 Unit 2 shurdown
April 14 10 May 1, 1988 Unit 3 shuidown
May 7-22, 1968 Unit 2 shutdown
Ocwober 23 1o November 8, 1988 Unit 3 shurdown
February 4 10 April 29, 1989 Unit 2 shundown
April B 10 June 4, 1989 Unit | shutdown
May 12 w June 12, 1989 Unit 3 shutdown
Ociober 21 1o November 24, 1989 Unit 2 shutdown

March 30 to April 20, 1990

Unit 3 shutdown; installation of some 9.5-mm intake screen pancls DNGL

May 8 10 June 15, 1990 Unit 2 shutdown DNGL
September 14 10 November 9, 1990 Unit 2 shutdown DNGL
February 2 w April 17, 1991 Unit 3 shutdown; inswallation of new fish buckets and sprayen DNGL
April 7 w Seprember 2, 1991 Unit 1 shuidown DNGL
April 23 10 May 11, 1991 Unit 2 shuidown DNGL
May 26 w suly 7, 1991 Unit 2 shuidown DNGL
July 25, 1991 w0 February 6, 1992 Unit 3 shutdown; installation of new fish buckets snd sprayens DNGL
Auguet 7 10 September 11, 1991 Unit 2 shuidown DNGL
Ocwober 1, 1991 w March 3, 1992 Unut | shutdown MOSR
November 6 to December 27, 1991 Unit 2 shutdown MOSR
Janvary 28 w February 14, 1992 Unit 2 shutdown MOSR
March 22 w0 April 6, 1992 Unat | shutdown MOSR
May 16 © June 4, 1992 Unit 3 shutdown; insiallation of new fish buckets and sprayens MOSR
May 29, 1992 w January 13, 1993 Unis 2 shutdown MOSR
July 4 w Augum 15, 1992 Unit | shutdown MOSR
August 15, 1992 Completed installation of new fish backeis and sprayers at Unit 3 NUEL
Seprember 30 w November 4, 1992 Unit 3 shutdown MOSR
July 31 10 November 10, 1993 Unit 3 shutdown MOSR
Sepuember 15 1 October 10, 1993 Unit 2 shutdown MOSR
January 17 10 May 1, 1994 Unit 1 shutdown MOSR
April 22 1w June 18, 1994 Unat 2 shuidown MOSR
July 27 w Seprember 3, 1994 Uit 2 shurdown MOSR
September §-22, 1994 Unit 3 shutdown MOSR
October 1, 1994 1w spring 1995 Unit 2 shutdown MOSR

* DNGL refers 10 the daily ner generation dog, NUEL 10 NUSCO Eavironmental Laboratory records, EDAN w the environmental data

acquisition network, and MOSR to the maonthly nuclear plant operating status report.

area, maximum depth of approximately 30 m). The
thermal discharge (about 11°C warmer than ambient
under typical three-unit operation) exits the quarry
through two channels (cuts), whereapon the thermal
effluent mixes with LIS water (Fig. 2). The cuts are
equipped with fish barriers comsisting of 19-mm
metal grates, which serve to keep larger fish out of
the quarry, The thermal! plume is warmest in the
immediate vicinity of the cuts and within about 1,100
m of the quarry the surface-oriented plume cools o
within 2.2°C above ambient. Beyond this distance
the plume is highly dynamic and varies with tidal

4 Monitoring Studies, 1994

currents (Fig. 3). Hydrothermal surveys conducted at
MNPS were described in NUSCO (1988b).

Monitoring Programs

This report contains a separate section for each
major monitoring program, some of which have been
ongoing since 1968, These long-term studies have
provided the representative data and scientific bases
necessary 10 assess potential biological impacts as a
resuli of MNPS construction and operation. The sig-
nificance of changes found for various communities

»
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Fig. 2 The MNPS site, showing the intake and discharge of each unit, the quarry, and the two quarry discharge cuts.

and populations beyond thos~ that were expected to
occur naturally were evaluated using best available
methodologies. Programs discussed below include
Winter Flounder Studies, Fish Ecology Studies,
Lobster Studies, Marine Woodborer Study, Eelgrass,
Rocky Intertidal Studies, and Benthic Infauna. Repon-
ing periods for each section vary and were predicated
on biological considerations and processing time
necessary for samples, as well as on regulatory
requirements. In cases where the seasonal abundance
of organisms differed from arbitrary annual reporting
periods, the periods chosen were adjusted ‘o best
define the season of interest for a particular species or
community
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Introduction

The winter flounder (Pleuronectes americanus) has
been a focus of environmental impact studies by
Northeast Utilities Service Company (NUSCO) at the
Millstone Nuclear Power Station (MNPS) since 1973.
It is an important sport and commercial fish in
Connecticut (Smith et al. 1989) and an abundant
member of the local demersal fish community. The
winter flounder has been reported from Labrador to
Georgia, but is most numerous in the central part of
its range (Scott and Scott 1988), which includes Long
Island Sound (LIS). Movement patterns and repro-
ductive activity are seasonally specific and well-
documented (e.g., Klein-MacPhee 1978). Most aduli
fish enter estuaries in late fall and early winter and
spawn in upper portions of estuaries during late winter
and early spring at temperatures between 1 and 10°C
(peaking at 2 -5°C) and salinities of 10 10 35 %o
(Bigelow and Schroeder 1953; Pearcy 1962; Scarlent
and Allen 1992). Three years are required for oocyte
maturation (Dunn and Tyler 1969; Dunn 1970; Burion
and ldler 1984). In eastern LIS, females begin to
mature at age 3 and 4 and males at age 2 (NUSCO
1987). Average fecundity of Niantic River females is
about 561,000 eggs per fish. Eggs are demersal and
hatch in about 15 days, and larval development takes
about 2 months; both processes are temperature-
dependent. Small larvae are planktonic and although
many remain near the estuarine spawning grounds,
others are carried into coastal waters by tidal currents
(Smith et al. 1975; NUSCO 1989; Crawford 1990).
Some of the displaced larvae are retuned to the estuary
on subsequent incoming tides, but many of them are
swept away from the area into coastal waters, where
their survival inay be diminished. Larger larvae
maintain som® control over their position by vertical
movements ‘and may spend considerable time on the
bottom. Fcflowing metamorphosis, demersal young-
of-the-year winter flounder predominantly settle or
move into £ 1allow inshore waters. Yearlings (age-1
fish) become photonegatve and most of them are
usually, found in deeper waters (Pearcy 1962;
Mc:Cracken 1963). Some adult fish remain in
estuaries following spawning, while others disperse
offshore. By summer, most adults leave warmer
shallow waters as their preferred temperature range is

Winter Flounder Studies

12-15°C (McCracken 1963), although some remain in
estuaries. These fish apparently avoid temperatures
above 22.5°C by burying themselves in cooler bottom
sediments (Ollz et al. 1969). Other aspects of winter
flounder life history have been summarized by
Klein-MacPhee (1978). Because the early life history
of the congeneric European plaice (Plewonectes
platessa) has many similarities to that of the winter
flounder, relevant literature was also reviewed for this
report to gain further insights into winter flounder
population dynamics.

MNPS operation results in the impingement of
juvenile and adult winter flounder on the traveling
screens of the cooling-water intakes and the entrain-
ment of larvae through the condenser cooling-water
system. The impact of fish impingement at MNPS
has been largely mitigated by the installation and
operation of fish return sluiceways at MNPS Units 1
and 3 (NUSCO 1986b, 1994c). The mortality of
entrained larvae potentially has greater significance as
the winter flounder, unlike many marine fishes, is a
product of local spawning with geographically isolated
stocks associated with individual estuaries or specific
coastal areas (Lobell 1939; Perlmutter 1947; Saila
1961). In particular, the population of winter flounder
spawning in the nearby Niantic River has been studied
in detail to assess the long-term effect of larval
entrainment through the MNPS cooling-water system.
The 1994 spawning scason was the ninth year in
which winter flounder have experienced impact from
the operation of all three MNPS units. Although
knowledge of annual variability is important (o assess
short-term impacts, most significant changes in
populations affected by fisheries tend o occur on
longer time scales (Cushing 1977; Sieele et al. 1980).
Therefore, development of a long-term assessment
capability was the uitimate goal of NUSCO winter
flounder studies. Presently, a combination of various
sampling programs and analytical methods are used to
examine current abundance of the Niantic River
population for annual estimates of the spawning
stock; this report section summarizes data collected
during 1994 and updates results reported previously in
NUSCO (1994a). A computer population simulation
model, the NUSCO winter flounder stochastic popula-
tion dynamics model (SPDM), is used for assessing
long-term effects of MNPS operation. The SPDM
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can simulate the long-term effects of historical and
projected rates of fishing mortality and simultaneous
plant operation, resulting in annual montalities from
impingement of juveniles and adults and the entrain-
ment of larvae through the MNPS cooling-water sys-
tem. Resuits of SPDM simulations and a proba-
bilistic risk assessment provide a measure of the
Niantic River winter flounder population through the
year 2060, well after the scheduled shutdown of
MNPS Unit 3 in 2026.

Materials and Methods

Sampling programs

Data needed to assess MNPS impac? on the winter
flounder come from severe! biological sampling
programs. Some programs (e.g., Niantic River adult
and larval surveys, age-0 survey) were designed to
investigate specific life history stages of winter
flounder. Other information comes from year-round
sampling of the entire local fish community, such as
the trawi monitoring program (TMP) and the
entrainment ichthyoplankion monitoring program at

MNPS. Additional information used in various assess-
ments was presented in NUSCO (1987), which
summarized various life history studies of the winter
flounder prior to the operation of Unit 3. Ongoing
sampling programs that contributed data 1o the Niantic
River winter flounder studies are shown in Figure 1,
which includes the se»~~nal duration of sampling and
timing relative to th  .nual life-cycle of Niantic
River winter flounder. Brief descriptions of field
methodologies used in these programs are given be-
low. Information on water temperature was obtained
from continuous temperature recorders at the intakes
of MNPS Units 1 and 2; daily mean temperatures
were determined from available records of 15-min
average temperatures. Monthly, seasonal, or annual
means were calculated using daily means.

Adult winter flounder sampling

Basic sampling methodology for the adult winter
flounder spawning surveys in the Niantic River has
remained unchanged since 1982 (NUSCO 1987).
Surveys started during mid-February through mid-
March, after most ice cover disappeared from the river,

5 Trawl monitoring

—SSANNNNNN

. :‘\\‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\S Age - 0 Juvenile Survey

Ichthyoplankton Monitoring

2 N\\\\\\\\\\\W Winter Flounder Larval Survey

1 W Niantic River Winter Flounder Survey
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* Year - 1 ’l
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. February-April sampling (spawning season) for adults and juveniles throughout the Niantic River.

. February-June larval sampling at three stations in the Niantic River and one in Niantic Bay.

. Year-round monitoring of all ichthyoplankton at the MNPS discharges.

. May-September sampling of age-0 juveniles at two stations in the Niantic River.

. Year-round monitoring of all benthic fishes at six stations near MNPS (juvenile data come from two stations

in November, four in December, and six in January-April).

Fig. 1. Current sampling programs contributing dats for computation of winter flounder abundance indices (hatched area

show months from which dats were used in this report).
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and continued into April. Sampling usually ceased
when the proportion of reproductively active females
decreased 10 less than 10% of all females examined for
2 consecutive weeks, an indication of completion of
most spawning. In each survey, the Niantic River
was divided into 2 number of sampling areas, referred
to as stations (Fig. 2). Since 1979 no samples have
been taken outside of the navigationa! channel in the
lower portion of the river because of an agreement
made with the East Lyme-Waterford Shelifish Com-
mission to protect habitat of the bay scallop
(Argopecten irradians). Winter flounder were collecied
on at least 2 days of each survey week using a 9.1-m
otter trawl with a8 6.4-mm bar mesh codend liner,
Fish caught in each tow were heid 1 water-filled
containers aboard the survey vessel befure processing.
Since 1983, each fish larger than 20 cm was measured
to the nearest mm in Lxal length and its gender
ascertained. Before 1953, at least 200 randomly
selected winter flounder were measured during each
week of sampling. Those fish not measured were
classified into various length and gender groupings; at
minimum, all winter flounder examined were classi-
fied as smaller or larger than 15 cm. The gender and
reproductive condition of larger winter flounder was
determined by either observing eggs or milt, or as
Smigielski (1975) suggested, by noting the presence
(males) or absence (females) of cienii on lefi-side
caudal peduncle scales. Before release, healthy fish
larger than 15 cm (1977-82) or 20 cm (1983 and afier)
were marked in a specific location with a number or
letter made by a brass brand cooled in liquid nirrogen.
Marks and brand location were varied in a manner such
that the year of marking would be apparent in future
collections.

Larval winter flounder sampling

Winter flounder larvae entrained through the MNPS
cooling-water system were sampled at the MNPS
discharges (station EN, Fig. 3) since 1976. Collec-
tions usually alternated becween the discharges of
Units 1 and 2, depending upon plant operation and
water flow. Larvae were coliected in a2 1.0 x 3.6-m
plankion net of 333-um mesh deployed from a gantry
system. Four General Oceanic (GO) Model 2030
flowmeters were positioned in the net mouth to
account for horizontal and vertical flow variation;
sample volume was determined by averaging the four
volume estimates from the flowmeters. Starting in
1993, the net was deployed for 3 0 4 minutes

(filtering about 200 m*), but this varied depending
upon the number of circulating pumps in operation
and tidal stage. In previous years, sampling time was
longer and filtered about 400 m®. Frequency of the

Niantic

Fig. 2. Location of stations sampled in the Niantic River
during 1994 for adult winter flounder from March 22
through April 14 (numbers) and age-0 winter flounder
from May 25 through September 27 (letters).
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Fig. 3. Location of stations sampled for larval winter flounder during 1994.

sampling has varied since 1976 (NUSCO 1987). In
1994, samples were collected once per week during
both day and night in February and June. During
March through May, samples were taken on three days
and nights per week. This was similar to 1993, but
was one day and one night sample less per week than
during March through May of 1983 through 1992.
All ichthyoplankion samples, including those de-
scribed below, were preserved with 10% formalin.
Winter flounder larvac have been collected in
Niantic Bay at station NB since 1979 and in the
Niantic River at stations A, B, and C since 1983 (Fig.
3). A 60-cm bongo plankion sampler was weighied
with a 22.7-kg oceanographic depressor and fied with
3.3-m long neis with mesh size of 202 um during
February and March and 333 um during the remainder
of the scason. Volume of water filtered was deter-
mined using a single GO flowmeter mounted in the
center of each bongo opening. The sampler was
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towed at approximately 2 knots using & stepwise
oblique tow pattern, with equal sampling time at sur-
face, mid-depth, and near bottom. The length of low
Jine necessary to sample the mid-water and bottom
strata was determined by water depth and tow-line
angle measured with an inclinometer. Nets were
towed for 6 minutes (filtering about 120 m?). One of
the duplicate samples from the bongo sampler was
retained for laboratory processing. The larval winter
flounder sampling schedule for Niantic River and Bay
was based on knowledge gained during previous years
and was designed o increase data collection efficiency
while minimizing sampling biases (NUSCO 1987).
Larval sampling at the three Niantic River stations
usually starts in early 10 mid-February, but due 1o ice
conditions in 1994 sampling was not possible until
March 2 and then only in the lower river at station C.
Collections at stations A and B began on March 17.
From then through the end of March, daytime tows



were conducted within 1 hour of low slack tde
During the remainder of the season, until the disap-
pearance of larvae at each station, tows were made at
night during the second half of a flood tide. From
1983 through 1990, sampling was conducted 2 days &
week. Starting in 1991, sampling was reduced to |
day a week (NUSCO 1991a). Through 1992, station
NB was sampled day and night every two weeks
during February and at least once 8 week from March
through the end of the larval wintex flounder season.
Beginning in 1993, station NB was sampled weekly
only during the day from the start of the larval season
though March and at night from April through the
remainder of the larval season. Jellyfish medusae at
the three river stations were removed (1-cm mesh
sieve) from the samples and measured volumetrically
io the nearest 100 mL.

Juvenile winter flounder sampling

Information on juvenile (age-0 and age-1) winter
flounder was obtained from three sources (Fig. 1). A
special sampling program specifically targeted post-
larval young-of-the-year, A second source of data is
the rawl monitoring program (TMP), and the third is
the Niantic River adult spawning abundance surveys,
during which winter flounder juveniles are collected
incidentally. Data on juvenile fish abundance were
available from about May of their birth year into
Apnl of the following year. Juvenile indices were
referred o as age-0 when fish were collected as post-
larval young in summer and during the subsequent fall
and winter by the TMP. These fish became age-1
when taken during the February-April adult spawning
surveys.

The abundance of posi-larval age-0 winter flounder
has been monitored at two stations (Fig. 2) in the
Niantic River since 1983 (LR) or late 1984 (WA)
Through 1992, collections were made weekly, but in
1993 and 1994 the sampling frequency was reduced o
biweekly. Stations were sampled during daylight
from about 2 hours before to 1 hour after high tide.
Monitoring began in late May and continued through
the end of September.

Young winter flounder were sampled using a 1-m
beam trawl having two tickler chains and with inter-
changeable nets of 0.8-, 1.6-, 3.2-, and 6.4-mn: mesh.
In 1983, wriplicate tows were made at LR using nets
of increasing larger mesh as the season progressed
Beginning in 1984, two nets of successively larges
mesh were used during each sampling trip; nets were

deployed in a random order. A change to the next
larger mesh in the four-net sequence was made when
fish had grown enough to become retained by it, as
use of larger meshes reduced the amount of detritus
and algae collected. At each station, four replicate
tows were made, two each with the two nets in use.
Rarely, because of bad weather r damage to the net,
only three tows were 1aken at a station. Tow distance
was estimated by letting out 8 measured line attached
10 a lead weight as the net was hauled at approximate-
ly 25 m-min™". The length of each tow was increased
from 40 to 100 m in 20- or 40-m increments at &
station as fish abundance decreased over time.
However, in years when young were abundant,
maximum tow length at & station was 60 or 80 m.
Catches from the TMP (see the Fish Ecology
section of this report for methods) were used 1o follow
the abundance of age-0 winter flounder during fall and
winter, In addition to the TMP, juvenile winter
flounder smaller than 15 cm in length (mostly age-1)
were caught along with adults in the annual Niantic
River spawning stock surveys. These fish were
processed similarly as adults, although gender was
usually not specified, and the fish were not branded.
When small winter flounder were abundant, &
subsample of at least 200 fish was measured each
survey week; otherwise, all specimens were measured.

Indices of abundance

Data from the field sampling programs described
above were used to calculate annual and seasonal
indices of relative abundancs. Indices, calculated using
various sampling statistics, were computed for various
life-stages of winter flounder, from newly hatched
larvae to aduli spawners and also included estimates of
egg production. Specifics of each abundance index
depended upon the particular stage of life, sampling
effort, and suitability of the data; a detailed description
of each follows. The indices enabled timely assess-
ments to be made regarding the current status of the
Niantic River winter flounder population and many of
these data were used with the SPDM for long-term
predictions of MNPS impact.

Relative annual abundance of adults
The relative annual abundance of winter flounder in
the Niantic River during the late February-early April

spawning season is described by trawl catch-per-unit-
effort (CPUE). An annual CPUE was calculated by
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using the med:an caich following data standardization.
Components of standardization included tow length,
tow duration, weekly effort, and fish length and gender
categories. Tow distance (with exceptions noted
below) was fixed in 1983 because using the same tow
length at all stations was expected to reduce variability
in CPUE; previously, tows of variable length had
been taken at all stations and catch was standardized by
time of tow. A distance of 0.55 km was selected as
the standard because it represented the maximum
length of a tow that was formerly possibie at station
1. Particularly during 1987 and 1989-91, tows one-
half or two-thirds of this length were frequently taken
in the upper river 1 avoid overloading the trawl with
macroalgae and detritus. Because catch data from
station 2 were used also in the TMP, tows there were
made over 0.69 km, the standard for that particular
sampling. Since 1990, tow distance at station 1 was
reduced 1o 0.46 km because of the construction of a
new bridge at the mouth of the river and the destruc-
tion of the old bridge.

Caiches of winter flounder larger than 15 cm in
tows made throughout the spawning surveys were
standardized (o either 15-min tows at stations 1 and 2
or 12-min tows at all other stations, as a standard tow
distance was no: set prior to 1983, Duration of tows
varied and was usually greater in the lower river than
in the upper river because of differences in tidal
currents and amounts of extraneous material collected
in the trawl, even though distance was similar. To
lessen error in the calculation of CPUE, data from
either exceptionally long or brief tows made prior 1o
1983 were exciuded from the analyses. The minimum
length of 15 cm used for CPUE calculation was
smalier than the 20 cm used for mark and recapture
estimates described below because of data limitations
from the 1977-82 surveys. Effort was standardized
within each year by replicating the median CPUE
estimate in a given week as needed so that effort (num-
ber of tows) was the same for each week sampled. A
95% confidence interval (CT) was calculated for each
annual median CPUE using a distribution-free method
based on order statistics (Snedecor and Cochran 1967).

A second relative index of abundance used the gender
and size distribution of the fish from adult spawning
survey catches standardized by variable weekly and
yearly effort. Adjustments to the catches were made
using sampling effort 10 insure that each size and sex
group of fish was given equal weight within each
week of work, among weeks in each survey year, and
to adjust for varying effort among years, Detailed

16 Monitoring Studies, 1994

methods of calculating these values were given in
NUSCO (1989). To avoid confusion with the CPUE
index, this measure is referred to as "annual standard-
ized catch” throughout the remainder of this report.
The annual standardized caich was the basis for the
calculation of annual recruitment and egg production
described below.

Absolute abundance estimates of adults

Absolute abundance estimates of winter flounder
spawning in the Niantic River were obtained using
mark-and-recapture methodology and the Jolly (1965)
stochastic model. This model is considered among the
most useful in providing abundance estimates for open
populations as long as basic assumptions are approx-
imately met (Carmack 1968; Southwood 1978; Begon
1979, Pollock et al. 1990). Annual absolute abun-
dance estimates for Niantic River winter flounder
larger than 20 cm were ~.uculisted by pooling together
all fish marked and re’ ;ased during each annual survey
and by observing th-: recaptures made in subsequent
years. Absolute atundance estimates could not be
generated for years p.ior to 1984 because of uncertain-
ty in data records and ambiguity in brands used during
early surveys. Estimates were made of annual popu-
lation size (V) and other model parameters, including
survival (¢), recruitment (B), and sampling intensity
(p), using the computer program 'JOLLY" (Pollock et
al. 1990).

Adult spawning stock size
and egg production

The proportion of mature female winter flounder in
each 0.5-cm length increment beginning at 20 cm was
estimated from qualitative observations of reproductive
condition (percent maturity by 0.5-mm size-classes)
made from 1981 through the present. Pooled esti-
mates were adjusted to give continuously increasing
fractions of mature fish through 34 cm; all females
this length or larger were considered to be mature.
The fecundity (annual egg production per female) was
estimated for each 0.5-cm size-class by using the
following relationship determined for Niantic River
winter flounder (NUSCO 1987):

fecundity = 0.0824-(length in cm)® 5% m

This relationship was used with the annua! standard-
ized catch of mature females and their length com-



position 10 calculate egg production. Annual mean
fecundity was determined by dividing the sum of all
individual egg production estimates by the standardized
catch of females spawning per year.

Absolute estimates of spawning females and
corresponding annual egg production estimates for
1977 through 1994 were determined by assuming that
the relative values represented 3.5% of the absolute
values (see Absolute abundance estimates in Results
and Discussion for how this fraction was determined).
Annual estimates of the number of female spawners
were also used in the derivation of a relationship
between stock and recruitment for Niantic River
winter flounder.

Development a:’:‘gfromh. abundance,
and mortality of larvae

Ichthyoplankton samples were split to at least one-
half volume in the laboratory. Sample material was
viewed through a dissecting microscope and winter
flounder larvae were removed and counted. Up to 50
randomly selected larvac were measured to the nearest
0.1 mm in standard length (snout tip to notochord
tip). The developmental stage of each measured larva
was recorded using the following identification

Stage 1. The yolk-sac was present or the eyes
were not pigmented (yolk-sac iarvae);

Stage 2. The eyes were pigmented, no yolk-sac
was present, no fin ray development,
and no flexion of the notochord;

Stage 3. Fin rays were present and flexion of the
notochord had started, but the left *ye
had not migrated o the midline;

Stage 4. The left eye had reached the midline,
but juvenile characteristics were not
present;

Stage S. Transformation to the juvenile stage
was complete and intense pigmentation
was present near the base of the caudal
fin.

Larval data analyses were based on standardized
densities (number-500m > of water sampled). A geo-
metric mean of weekly densities was used in analyses
because the data generally followed a lognormal distri-
bution (McConnaughey and Conquest 1993) and
weekly sampling frequencies varied among some
stations. Because older larvae apparently remained
near the bottom during the day and were not as
suscepuible o entrainment or the bongo sampler, data

from daylight samples collected after March at stations
EN and NB were excluded from abundance calcula-
tions, except for estimating entrainment at MNPS,

The distribution of larval abundance data over time
is usually skewed because densities increase rapidly to
a maximum and then decline slowly. A cumulative
density over time from this type of distribution resulis
in a sigmoid-shaped curve, where the time of peak
abundance coincides with the inflection point. The
Gompertz function (Draper and Smith 1981; Gendron
1989) was used 1o describe this cumulative abundance
distribution because the inflection point of this
function is not constrained to the mid-point of the
sigmoid curve. The form of the Gompertz function
used was:

C, = aexp(-exp[-x-{r-p]]) @)

where C, = cuinulative density at time ¢

1 = time i days from February 15

a = total or asymptotic cumulative density

p = infiection point scaled in days since February

15

x = shape parameter
The time of peak abundance was estimated by the
parameter p. The origin of the time scale was set 1o
February 15, which is the approximate date when
winter flounder larvae first appear in the Niantic
River. Least-squares estimates, standard errors, and
asympiotic 95% confidence intervals for these param-
eters were obtained by fitting the above equation to
the cumulative abundance data using nonlinear
regression methods (SAS Institute Inc. 1985).
Cumulative data were obtained as the running sums of
the weekly geometric means of the abundance data.
The o parameter of the cumulative curve was used as
an index to com.pare annual abundances.

A "density" function was derived algebraically by
calculating the first derivative of the Gompertz
function (Eq. 2) with respect to time. This density
function, which directly describes the larval abundance
over time (abundance curve), has the form:

d, = a’ x-exp(-exp[-x-[t-p)] ~x-[t=p)) ()

where d, = density at time ¢ and all other parameters
are as described for Equation 2, except for @, which
was re-scaled by a factor of 7 (i.e., a” = 7o) because
the cumulative densities were based on weekly
geometric means and, thus, accounted for a 7-day
peniod.
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Larval mortality rates were estimated from data
collected at the three Niantic River stations; data from
1983 were excluded as smaller larvae were
undersampled because of net extrusion (NUSCO
1987). The abundance of 3-mm and smaller larvae
was used (o calculate an index of newly-hatched larvae
because 3 mm was the apnroximate length st hatch-
ing. The decline in the frequency of larvae in pro-
gressively larger size-classes (ir. 1-mm groups) was
attritated to both natural mortality and as a result of
tidal flushing from the river. Hess et al. (1975)
estimated the loss of larvac from the entire river as 4%
per tidal cycle and also determined that the loss from
the lower portion of the river was about 28% per tidal
cycle. Thus, the weekly abundance estimates of larvae
3 mm and smalier at station C in the lower porton of
the river were re-scaled by a factor of 1.93 to com-
pensate for the 28% decline per tidal cycle (two cycles
per day). The abundance of larvae in the 7.mm size-
class was used to calculate an index of larval abun-
dance just prior to metamorphosis. Because previous
studies (NUSCO 1987, 1989) showed a net import of
larger larvae into the Niantic River, the weekiy
abundance of larvae in the 7-mm size-class at station
C was not adjusted for tidal flushing. To calculate
each annual rate of mortality, sums were made of
weekly mean abundance indices (three stations
combined) of newly-hatched larvae (after adjusting for
tidal flushing) and larvae in the 7-mm size-class.
Survival rates from hatching through larval develop-
ment were estimated as the ratio of the abundance
index of the larger larvae (7-mm size-class) to that of
the smaller larvae (3-mm and smaller size-classes).

The presence of density-dependent morwality was
investigated by relating annual larval abundance in the
7-mm and larger size-classes from station EN 1o the
annual egg production estimate for the Niantic River
using the following relationship (Ricker 1975):

loge(L/E)=a+bE 7))

where L = annual larval abundance of larvae 7-mm and
larger at EN as estimated by @ (see Eq. 2)
E = annual estimate of egg production in the
Niantic River
a = intercept
b = slope or index of mortality dependence upon
annua! egg abundance
Since the ratio L divided by E represents the fraction
of larvae surviving from eggs to 7 mm, density-
dependent mortalicy may be assumed when the slope

18 Monitoring Stadies, 1994

(b) is significantly different from zero. This mortality
is compensatory when the slope b is negative and
depensatory if positive.

Regression analyses were used to exam:ne possible
relationships between variables and, at times, to make
predictions. (~dinary least-squares linesr regression
was used when the independent vanable was assumed
10 be measured without error (e.g., water iemperature).
The test of a relationship was based on the slope
being siguificantly (p € 0.05) different from zero.
Functional regression methods developed by Ricker
(1973, 1984) were used in the cases where the inde-
pendent variable was measured with error (e.g.,
abundance indices). For functional regressions, the
probability that r (correlation coefficient) was signif-
icantly (p < 0.05) different from zero was the criterion
used 1o decide whether a valid relationship existed
prior to determining the slope and the 95% coafidence
interval for the slope.

Abundance, growth, and mortality
of juveniles in summer

To analyze data and calculate CPUE, the catch of
young-of-the-year winier flounder in each of the three
or four replicated 1-m beam trawl tows was standard-
ized 10 a 100-m tow distance before taking a meas.
density was expressed as the number per 100 m? of
bottom. For some comparisons among years, 8 mov-
ing average of three (1983-92) or two (1993-4) weekly
density estimates was used o smooth fluctuations in
abundance.

Nearly all of the age-) winter flounder collected
were measured fresh in either the field or laboratory 10
the nearest (.5 mm in total length «TL). During the
first few weeks of study, standard length (SL) was also
mezsured because many of the specimens had damaged
caudal fin rays and total length coald not be ascer-
tained. A relationchip beiween the two lengths
determined by a functional regression was used 1o con-
vert SL w TL whenever necossary:

TL iamm = 0.2 + 1.212(SL in mm) )

Growth of age-0 winter flounder at each station was
exemined by following weekly mean lengths through-
out the sampling season. Mean lengths of young
taken at the Niantic River statious LR and WA from
late July through September were compared using an
analysis of variance; significant differences among
means were determined with Duncan's multiple-range



test (SAS Institute Inc. 1985,

To calculate a total instantaneous mortality rate (Z),
all young were assumed 1o comprise a single cohort.
A caich curve was constructed such that the natural
logarithm of density was plotted against time in
weeks; the slope of the descending portion of the
curve provided an estimate of the weekly rate for Z.
Ongce this raie was determined, the monthly mortality
rate (Zpmeo) Was calculated as Z-(304 /7).

Abundance of juveniles during fall and winter

In fall and early winter, age-0 winter flounder
graduclly disperse from areas near the shoreline to
deeper waters, Cawch of these fish during this time
period at the TMP stations (see the Fish Ecology
section elsewhere in this report for methods) was also
used as an index of relative abundance. Data used
incluéea November through February for inshore sta-
tions (INR and JC), December through February for
nearshore Niantic Bay stations (IN and NB), and
January and February at offshore stations (TT and
BR). This resulted in a uniform sample size of 42
collectiors per scason. These catches were pooled and
used to calculate year-class abundance described by a
A-mean CPUE (NUSCO 1988b). This index of
abundance is the best estimator of the population
mean when the data come from a distribution that
contains numerous zero values and is approximately
lognormal (Hennemuth et al. 1980; Pennington 1983,
1986).

The annual median CPUE of juveniles smaller than
15 cm (mostly age-1 fish) taken during the adult
winter flounder spawning surveys was determined as
described previously for fish larger than 15 cm.
Median values were calculated for stations in the lower
Niantic River navigational channel (1 and 2) as well
as for all river stations combined, when sufficient data
were available. For comparative purposes, an annual
A-mean abundance index of juvenile fish of similar
size was also delermined using catch data from the five
trawl monitoring program stations outside of the
Niantic River during the period of January through
April (annual sample size of 45 collections), which
emporally overlapped the adult spawning surveys.

Stock and recruitment relationship
A stock-recruitment relationship (SRR) described by

Ricker (1954, 1975) is the basis of the life-cycle
algorithm that drives the population dynamics sim-

ulation mode! of Niantic River winter flounder.
Application of this SRR to MNPS winter flounder
stock assessment was described in detail in NUSCO
(1989, 1990). The stock and recruitment data for
determining the SRR were derived from the catch-at-
age of female winter flounder during the Niantic River
spawning survey. Because the spawning stock is
made up of many year-classes, the true recruitment
consists of the total reproductive contribution over the
life of each individual in a given year-class (Garrod and
Jones 1974; Cushing and Horwood 1977). Therefore,
the index of annual parental stock size was based on
derived egg production ard the index of recruits or
year-class size was based on calculated egg production
accumulated over the life-time of the recruits. This
method accounted for variations in year-class strength
and in fecundity by size and age. The assumptions
and methods used to age Niantic River winter flounder
and to calculate a recruitment index expressed as
equivalent numbers of female spawners were described
in detail in NUSCO (1989, 1990) and is summarized
below,

Stock and recruitment indices. Methods
used to calculate the annual standardized catch index
and wotal egg production of the parental stock were
given previously. The recruitment index was deter-
mined by applying an age-length key described in
NUSCO (1989) 1o the annual standardized caiches of
females partitioned into length categories. A common
age-length key was used over all years because
Witherell and Burnett (1993) reported that no trends
were observed in mean length-at-age during 1983-91
for Massachusetts winter floundei despite a 50%
reduction in biomass over that period. Aging the
females allowed for the determination of their numbers
by year-class present at ages 3, 4, 5, and 6* during
successive spawning seasons. The age-6* group was
further subdivided into the numbers of fish expected to
survive 10 & terminal age of 15 by assuming various
ennual instantaneous mortality rates as fishing
pressure increased from the 1970s into the 1990s. To
follow each year-class from 1977 through 1990 10 its
terminal age (e.g., 2005 for the 1990 year-class),
values of Z (= F + M) were used that represented
estimates of current and anticipated annual instanta-
neous rate of fishing (F) as provided by the Connecti-
cut Department of Environmental Protection (CT
DEP). The instantaneous natural mortality rate (M)
was assumed constant at 0.35 over all years. These
were the same mortality rates used in the stochastic
population dynamics model, discussed below. From

Winter Flounder 19




observations made of abundance and age over the
years, a large fraction of age-3 females, considerable
numbers of age-4 fish, and even some age-5 females
were apparently immature and not present in the
Niantic River during the spawning season (NUSCO
1989). Thus, the total number of females was reduced
to spawning females using length-specific proportions
of mature fish estimated from annual catches in the
Niantic River for fish age-3 10 §; all females age-6 and
older were assumed to be mature. Because the
estimates of age-3 fish were thought to be unreliable,
this estimation process was only carried through the
1990 year-class (age-4 females taken in 1994). The
adjusted numbers of mature fish provided an index of
the fully recruited year-class expressed as the aggre-
gated number of female spawners passing through
each age-class. An implied assumption was that
catches in the Niantic River were representative of the
population, with the exception of immature fish that
did not enter the river until fully recruited. Although
this recruitment index could be used together with the
annual number of female spawners to derive an SRR,
this would ignore size composition differences that
affected annual egg production. Therefore, the above
index was adjusted for differences in fecundity among
fish using the length-fecundity relationship of Niantic
River winter flounder given above (Eq. 1). Finally,
annual egg production was summed up over the
lifetime of each year-class 1o determine the recruitment
index as eggs and, then, converted 1o equivalent female
spawners at the rate of one ferale spawner for each
561,000 eggs (i.e., the mean fecundity).

SRR parameters and biological reference
points. The Ricker SRR appeared best suited for
use with the Niantic River winter flounder stock
because the relationship between recruitment and
spawning stock indices was a dome-shaped curve with
substantial decline in recruitment when the stock was
larger than average (NUSCO 1989). Furthermore,
this particular form of a SRR has been applied to
other New England flounder stocks (Gibson 1989).
The mathematical form of this SRR is:

R, = P exp(-BP) 6)

where R, is the recruitment index for the progeny of
the spawning stock P, in year ¢ and a and B are para-
meters estimated from the data. The o parameter
describes the growth potential of the stock and
log.(a), the slope of the SRR at the origin, is
equivalent 10 the intrinsic natural rate of increase
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(Roughgarden 1979) when the stock is not exploited.
The B parameter is the instantaneous rate at which
recruitment declines at large stock sizes due to some
form of density-dependent mortality. The natural
logarithm of winter flounder recruitment was found
correlated with mean water temperature during Febru-
ary at the intakes of MNPS, which is when most
spawning and carly larval development occurs
(NUSCO 1988a, 1989). Therefore, the parameters o
and B were estimated initially by fitting Equation 6 to
the data and then re-estimated under the assumption
that there was a significant temperature effect; this
was accomplished by adding a temperature-effect
component to Equation 6. Following Lorda and
Crecco (1987) and Gibson (1987), annual mean water
temperatures for a particular period were used as an
explanatory variable to adjust the two-parameter SRR
for temperature effects, which served to reduce re-
cruitment variability and obtain more reliable parame-
ter estimates for the SRR. The temperawre-dependent
SRR had the form:

R = aPrexp(-p-P)exp(¢- Trep) 0]

where the second exponential describes the effect of
February water temperature on recruitment and the
new parameter ¢ represents the strength of that effect
This effect either decreases or increases the number of
recruits-per-spawner produced each year because
temperature was defined as the deviation (Tgg,) of each
particular mean February temperature from a long-
term (1977-90) average of February water tempera-
tures. When the February mean water temperature is
equal to the long-term average, the deviation (T gep) in
Equation 7 becomes zero and the exponential term
equals unity (i.e.,, no temperature effect). Thus,
Equation 7 reduces to its initial form (Eq. 6) under
average temperature conditions. Nonlinear regression
methods (SAS Institute Inc. 1985) were used for
estimating the parameters in the above equations.

Fishing mortality (F) is an important factor affect-
ing the growth potential of the stock (Goodyear 1977)
and, thus, is relevant for assessing other impacts.
Because fishing and natural mortality of winter floun-
der take place concurrently through the year, the actual
fraction of the stock removed by the fishery esch year
(i.c., the exploitation rate) is obtained as:

u= (F/ZX1 - exp[-Z]) ®

Stock-recruitment theory and the interpretation of



several biological reference points derived from
Ricker's SRR model were discussed in detail in
NUSCO (1989). The equilibrium or sustainable stock
size of an exploited stock (i.e., when F > 0) is given

' Pagry = (logelo) - F) /B ®)

Rearranging the terms and solving for the rate of
fishing that would achieve a given equilibrium stock
size results in:

F = log.(a) - B-(Pgery) (10)

For F = 0, Equation 9 becomes the equilibrium or
replacement level of the unfished stock:

Prep = (loge[a]) /B (1

The fishing rate for “recruitment overfishing” has been
recently defined for winter flounder stocks as the rate
of fishing that reduces the stock biomass to less than
25% of the maximum spawning potential (Howell et
al. 1992).

Although the above equations (9-11) can be used 1o
calculate equilibrium stock sizes and fishing rates for
the winter flounder, the results are only deterministic
approximatious that ignore age-structured effects.
Therefore, these equations are primarily useful o cal-
culate initial values of the corresponding biological
reference points. These are better estimated through
simulations using the SPDM or other similar pop-
ulation or production models that include age structure
and both natural and fishing mortality.

Assessment of MNPS operation on
Niantic River winter flounder

Several well-established methods available for stock
assessment are based on stock-recruitment theory
(Smith 1988). These methods assume constant fish-
ing rates and populations with stable age-structure,
which result in equilibrium or steady-state stocks that
replace themselves year afier year. Some analytical
methods are based on equilibrium equations, such as
Equations 9 through 11, which have been modified w
incorporaie effects of mortality caused by activities
other than fishing. Several problems may exist with
an SRR-based approach to impact assessment at
MNPS. Becsuse stock-recruitment theory (Ricker
1954) was developed for semelparous fish (i.e., those
which spawn only once in their lifetime), Equation 11

may provide unreliable estimates of equilibrium stock
sizes for iteroparous fish (multi-aged spawning
stocks), such as the winter flounder. Although the
parameter & in Equation 9 could be adjusted for the
efiect of repeat spawning, this equation also assumes
that no fishing mortality occurs prior 10 maturation.
This assumption cannot be met in the case of winter
flounder because many .mmature fish (ages-2 and 3)
are vulnerabl: to fishing gear. Wigley and Gabriel
(1991) noted that concentrations of immature winter
flounder found off Phode Island may be subjected o
significant mortality from fishing. Howell and
Langan (1987, 1992) found that discard mortality rates
of rawl-caught fish in New England waters may be
substantial. Simpson (1989) reported that about 72%
of LIS winter flounder landed by the commercial
fishery were between 28 and 32 cm; many of these
fish would have been age-3. Additional problems are
found when applying deterministic models (i.e.,
assuming steady-state conditions) to fish stocks whose
exploitation rates are not stable, especially when such
stocks increasc in abundance, as in the case of the
winter flounder during the late 1970s and early 1980s
(Smith et al. 1989). Environmental variability also
results in year-to-year variation of natural mortality
rates, which further weakens the results of determin-
istic assessmens.

An approach 1o stock assessment incorporating
environmental variability and all types of mortality,
boih constant and variable, invoives the computer
simulation of fich populations using a simple model
of population renewal with spawning stock feed-back
(=.g., a functional stock-recruitment relationship).
This approach has two aavantages: assumptions of
population equilibrium are not necessary, and much
detail can be incorporated into the conditions or
scenanios used o simulaie changes in fish populations
through time. An additional advantage is that Monte
Carlo methods readily provides the stochastic (as
opposed to deterministic) framework needed for
probabilistic risk assessment and for testing hypothe-
ses about the probable size of the stock at some future
point. This simulation approach was applied in
NUSCO (1990) 10 assess the impact of larval
entrainment under a simple scenario. In NUSCO
(1991b), the same approach used various combina-
tions of historic and projected fishing and larval
entrainment rates 1o assess more realistically the
impact of MNPS operations on local winter flounder.
In NUSCO (1992a), the impact resulting from the
impingement of juvenile and adult winter flounder was
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also simulated. The basic steps leading to the final
impact assessment using this simulation approach are:
direct estimation of annual larval entrainment rates al
MNPS, mass-balance calculations to estimate the
{-action of Niantic River annual flounder production
lost through larval entrainment at MNPS; estimation
of the equivalent instantaneous mortality rates of
females that were attributed to impingement;
stochastic simulation of the winter fiounder stock
dynamics to predict stock biomass at selected levels of
entrainment and fishing rates; and an analyses of
simulation results leading 1o estimates of the proba-
bility that the stock would fall below selected refer-
ence sizes.

Eztimates of larval entrainment at MNPS

The estimated number of larvae entrained in the
MNPS condenser cooling water system each year is a
direct measure of impact or the local winter flounder
swii. Annual estimates were determined using larval
densities at station EN (Fig. 3) and the volume of
cooling water used by MNPS. The Gompertz density
function (Eq. 3) was fitted to larval data and daily
densities (number-S00m™®) were calculated. Daily
entrainment estimates were determined after adjusting
for the daily condenser cooling-water volume and an
annual estimate was calculated by summing all daily
estimates during the larval season.

The reduction in entrainment as a result of the
January 15 - May 23 refueling outage 2t Unit 1 was
determined by computing entrainment estimates for
these dates using the methodology given above for all
three units combined and then simulating estimates
using full Unit 1 flows (29.18 m*-sec™) for the same
period. The difference between the two estimates was
the reduction in entrainment attributed 10 the outage.

Mass-balance calculations

The number of winter flounder larvae entrained de-
pends upon larval densities in Niantic Bay. Potential
impact to the Niantic River stock from larval entrain-
ment should be related 1o the number of larvae in
Niantic Bay that originated from the river. Mass-
balance caiculations were used to investigate whether
the number of winter flounder larvac entering Niantic
Bay fruin the Niantic River could sustain the number
of larvae observed in the bay during the winter fioun-
der larval season each year (1984-94) Three potential
larval inputs 10 Niantic Bay include eggs hatching in
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the bay, larvae flushed from the Niantic River, and
larvae entering the bay from LIS across the boundary
between Millstone Point and Black Point (Fig. 3).
The few yolk-sac larvae collected annually in Niantic
Bay suggested that minimal spawning and subsequent
hatching occurred in the bay, which was therefore
considered a negligible source of larvae. Larvae were
known 1o be flushed from the river into the bay and
this input to the bay was estimated from available
data. The number of larvae entering Niantic Bay from
LIS was unknown. Four ways in which larvae may
leave Niantic Bay include natural mortality, entering
the Niantic River during a flood tide, being entrained
at MNPS, and flushing from the bay into LIS. Esti-
mates could be made for the number of larvae lost
through natural mortality, entering the Niantic River,
and entrained at MNPS, but little was known about
the number of larvae flushed into LIS. The numbers
of larvae flushed to and from LIS were combined as
the unknown (Source or Sink) in the mass-balance
calculations. Thus, the form of the mass-balance
equation was:

NB,,s = NB, - Ent - Mort + FromNR - ToNR
t (Source or Sink) (12)

where 1 = time in days
NB,, s = number of larvae in Niantic Bay S days
afier day ¢ (instantaneous daily esti-
mate)

N8B, = initial number of larvae in Niantic Bay on
day 1 (instantaneous daily estimate)

Ent = number of larvae lost from Niantic Bay due
to entrainment in the condenser cooling-
walter systern (over a S-day period)

Mort = number of larvae lost from Niantic Bay
due 10 natural mortality (over a 5-day
period)

FromNR = number of larvae flushed from the

Niantic River (over a 5-day period)

ToNR = number of larvae entering the Niantic

River (over a S-day period)

Source or Sink = unknown number of larvae in
Niantic Bay that flush to LIS
or enter the bay from LIS
(over a 5-day period)

Solving for the unknown Source or Sink term, the
equation was rearranged as:

Source or Sink = NB, , s - NB,+ Ent + Mort -
FromNR + ToNR (13)



Because these mass-balance calculations were based on
the change in the number of larvae in Niantic Bay
over a S-day period:

S-day change = NB, , s - NB, (14)

Thus:
Sowrce or Sink = 5-day change + Ent + Mort -
FromNR + ToNR (15)

Daily abundance estimates were derived from the
Gompertz density equation (Eq. 3) and the daily
densities for Niantic Bay at two points in time (NB,
and NB, , s) for each S5-day period were calculated from
data coliecied at stations NB and EN combined. These
densities, adjusted for the volume of Niantic Bay
(about 50 x 10° m*; E. Adams, Massachusetts
Institute of Technology, Cambridge, MA., pers.
comm.), provided an estimate of the instantaneous
daily standing stock. The difference between these
two estimates (NB, and NB, , ) was the term S-day
change in Equation 15, The selection of S days as the
period of change was arbitrary and a cursory examina-
tion of results based on 10-day periods showed that the
same conciusions were reached with either 5- or
10-day penods

Daily entrainment estimates were based on data col-
lected at station EN and the actual daily volume of
condenser cooling water used at MNPS. The daily
entrainment estirnates were summed over each S-day
period (Enr). Annual stage-specific mortality rates for
1984-89 were determined by Crecco and Howell
(1990), for 1990 (V. Crecco, DEP Division of Marine
Fisheries, Old Lyme, CT, pers. comm.), and for 1991
through 1994 by NUSCO staff. Mortality was parti-
tioned among developmental stages by comparing the
rates of decline of predominant size-classes of each
stage. Each developmental stage was assigned a
portion of the total annual larval mortality rate (Z);
similar mortality rates were assumed for Stages 3 and
4. Although estimating stage-specific mortality in
this manner was not precise, sensitivity analysis on
the mass-balance calculations (NUSCO 1991b)
indicated that larval mortality was the least sensitive
parameter. These annual rates were modified w daily
stage-specific mortality rates by assuming 10-day
stage durations for Stages 1, 3, and 4 larvae, and 20
days for Stage 2 larvae. The proportion of each stage
collected at station EN during each 5-day period was
applied to the daily standing stock for Niantic Bay
(NB)) 10 estimate the number of larvae in each devel-

opmental stage for stage-specific mortality calcu-
lations. The daily loss due to natural monality was
summed for each 5-day period (Mort).

The S-day input of larvae to Niantic Bay from the
river (FromNR) was based on daily density estimates
for station C in the river after adjusting for the rate of
flushing between station C and the mouth of the river.
To determine the relationship between the estimated
daily density at station C and the average deasity of
larvae leaving the river on an ebb tide, the geometric
mean density of samples collected during an ebb tide
for ten import-export studies conducted at the mouth
of the Niantic River during 1984, 1985, and 1988
(NUSCO 1985, 1986a, 1989) were compared to the
estimated daily Jensities at station C. The average
density of larvae flushed from the Niantic River was
estimated by the significant (r = 0.969; p = 0.001)
functional regression equation:

FromNR = 9.751 + 0.473(Daily density at
station C) (16)

The 95% confidence interval for the slope was 0.287 -
0.579. The estimated average density, the average
tidal prism of 2.7 x 10° m’ (Kollmeyer 1972), and
about 1.9 udal prisms per day were used to estimate
the daily flushing of larvae from the river into Niantic
Bay. This daily input to the bay was summed for
each 5-day period 0 calculate the term FromNR in the
mass-balance equation.

Stepwise obligue tows were collected during 1991
in the channel south of the Niantic River railroad
bridge (station RM) during a flood tide o estimate an
average density to compute ToNR (NUSCQO 1992a).
In 1992 and 1993, sampling again was conducted at
RM during a flood tide, but the collections were made
by mooring the research vessel 1o the railroad bridge
and taking continuous oblique tows (NUSCO 1994a).
Comparison of densities from the paired stations of
NB and RM showed a poor relationship. Therefore,
daily densities at the two stations were estimated
using the Gompertz density curve (Eq. 3). For station
RM in 1992, the equation could only be adequately fit
by smoothing the data using a 3-week running average
prior 0 calculating 8 weekly cumulative density, The
Gompertz function could not be fit 1o data collected at
station NB during 1993. Therefore, caiches from
stations NB and EN were combined to calculate the
weekly geometric means prior o fitting the Gompertz
functon and estimating daily densities for Niantic
Bay. Daily density estimates for 1991-93 were
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combined and functional regression was used to
determine the relationship between abundance at
stations NB and RM. The average density of larvae
flushed from Niantic Bay into the river was estimated
by the significant (r = 0.705; p = 0.001) functional
Tegression equation:

ToNR = 128.149 + 2073.NB, an

The 95% confidence interval for the slope was 1.827 -
2.351. Afier being adjusted for the average tidal prism
and the number of tidal prisms per day, these daily
estimates o: ¢ number of larvae entering the river
during a flood tide were summed over each 5-day
period to calculate the term ToNK in the mass-balance
equation. Because of the large intercept in the above
regression line when no larvae were present in Niantic
Bay (NB, = 0), the term ToNR was conservatively set
to zero. The term Source or Sink in Equation 15
represents the net loss from or gain to Niantic Bay of
larvae from LIS during & S-day period that is required
to balance the calculation. For a net loss of larvae
(flushed to LIS), the Source or Sink term would be
negative and for a net gain of larvae (imported from
LIS), the Sowrce or Sink term would be positive.

Stochastic simulation of winter
flounder stock dynamics

Modeling strategy and background. The
stochastic population dynamics model (SPDM) deve -
oped for the Niantic River winter flounder stock was
based on the Ricker SRR fitted to the data, even
though Equation 7 does not explicitly appear in the
model formulation. The mechanisms unaerlying the
Ricker form of recruitment are incorporated in the set
of equations that the model uses to caiculate mortality
through the first year of life. Beyond chat point (i.e.,
age-1) in the life-cycle simulation, the population
model simply describes the annual reduction of each
year-class through natural mortality and fishing
together with aging and reproduction. This process
occurs at the beginning of each model time-step of
length equal to 1 year. The projection of adult fish
populations over time has been implemented in many
models by means of Leslie matrix equations (e.g.,
Hess et al. 1975; Vaughan 1981; Spaulding et al.
1983; Reed et al. 1984; Goodyear and Christensen
1984). In the SPDM, adult winter flounder were
projected over time by grouping fish into distinct age-
classes and by carrying out the computations needed
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(mostly additions and multiplications) iteratively over
the age index (1 through 15) and over the number of
years specified for each simulation. This approach
was algebraically identical to the Leslie matrix
formulation, facilitated the understanding of how the
model works, and simplified the computer code when
describing the fish population either as biomass
(allowing for size variation within each age-class) or
numbers of fish. A similar implementation of an
adult fish population dynamics simulation was used
by Crecco and Savoy (1987) in their model of Con-
necticut River American shad (Alosa sapidissima).

Model components. Figure 4 illustrates the
components of the computer program used for the
SPDM. Components depicted by solid-line boxes
constitute the mode! presently in use and one depicied
by a box with dashed lines illustrates a pant of the
model that was not used in the present application,
but could be used in future applications. The func-
tionality of most model components should be clear
from the flow chart and no further details will be
provided. Some critical components, such as the one
labeled age-1 cohort and the two random input boxes
are described below. A list of the actual input data
used in the application of the model to the Niantic
River winter flounder stock is also given.

The most critical aspects in the formulation of a
stock-recruitment based population model are the
specific equation and parameters used to calculate total
monality during the first year of life (i.e., from egg
through age-1). The equation used fo. this purpose in
the SPDM was derived from Ricker's equilibrium
equation for Zg (total instantaneous mortality from
egg through maturation age). This involved the exten-
sion of stock-recruitment theory, which was developed
for fish that spawn only once, to iteroparous fish with
multi-age spawning stocks. The form of the equation

as used in the present model was:
Zo, = 10g(FEC) + log(ASF) ~ loge(a) + n, -
OWT,-Z,,+BP, (18)

where the subscript ¢ denotes the time-step (each time-
step represents a year, and non-subscripted terms
remain constant from year to year; a, f, and ¢ are the
parameters of the 3R function (Eq. 7); FEC is the
mean fecundity of the stock expressed as the number
of female eggs produced per female spawner; ASF is a
scaling factor to adjust a for the effect of a multi-age
spawning stock; n, and WT, are independent random
variates from two specified normal distributions that
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Fig. 4. Diagram of NUSCO stochastic population dynamics computer model for assessing the long-term effect of larval
winter flounder entrainment at MNPS. Dashed boxes and arrows refer w components and calculations which are not sn

integral part of the model.

are described below; Z ; is the instantaneous mortali-
ty through the immature age-classes; and the last term
(B-P,) is the feed-back mechanism simulating stock-
dependent compensatory mortality, which varies
according to the size of the annual spawning stock P,.
The compiete derivation of the above equation was
given in NUSCO (1990: appendix to the winter
flounder section). The scaling factor ASF is a
multiplier that converts age-3 female recruits into the
total spawning poiential of the year-class. This
spawning potential is defined as the cumulative
number of mature females from the same year-class
that survive 10 spawn year afler year during the
lifetime of the fish. The algebraic form of this multi-

plier is identical to the numerator of Equation A-4 in
Christensen and Goodyear (1988).

Stochasticity in the winter flounder model (Fig. 4)
has two annual components: a random term that rep-
resents uncertainties associated with the estimate of
Ricker's a parameter and annual environmental vari-
ability in the form of random deviations from the
long-term mean February water temperature. These
two components of annual variability are incorporated
into the calculation of each new year-class via the
mortality from egg to age-1 (Eq. 18). The term n,in
Equation 18 (random noise) is simulated as indepen-
dent random variates from a norma! distribution with
2er0 mean and variance equal 10 0%. The value of o is
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estimated during the model calibration runs as the
amount of variance required 1o generate & values
within the 95% confidence interval of the estimate of
o used in the model (NUSCO 1990). Similarly, the
term ¢-WT, in Equation 18 represents the effect of
annual environmental variability of February water
temperatures on larval survival. This effect becomes
random when the February water temperatures are
themselves simulated as independent random variates
from a normal distribution with mean and vaniance
equal to the mean and variance of February water
temperatures at the MNPS intakes for 1977-90.

The stochastic simulation of fish population
dynamics provides a framework for probabilistic risk
assessment methodology. This type of assessment is
based on Monte Carlo methods (Rubinstein 1981),
where many independent random replicates of the
ume-series are generated so that the mean of the series
and its standard error can be esiimated. Monte Carlo
replications can be used to derive the sample distri-
bution function (Stuart and Ord 1987) without
assuming any particular statistical distribution. This
methodology was used to assess the risk of stock
reduction resulting from the effects of entrainment and
impingement ai MNPS. The probabilities of stock
reductions were empirically derived from 100 Monte
Carlo replicates of winter flounder annual abundances
in the time-series of impacted stocks. Briefly, the
probability that a stock will be smaller than some
postulated size is given by the proportion of replicates
that are smaller than the reference size in a given year.
Additionally, the 5th and 95th percentiles of the
frequency distribution of stock sizes for specific years
were calculated. These percentiles help describe the
uncertainty associated with point estimates of annual
stock sizes in the SPDM projections.

SPDM assumptions and limitations.
Major assumptions relate to the underlying form of
the SRR used and the reliability of the SRR parameter
estimates. Because the SPDM incorporated the Ricker
form of SRR, it was assumed that stock-depcndent
compensation and the postulated effect of water
temperature on larval survival (Eqs. 7 and 18) applied
reasonably well to the Niantic River winter flounder
stock. A second assumption was that the three
parameters of the SRR were correctly estimated and
that «, in particular, was a reliable estimate. Al-
though the population was not assumed to be at
sicady state, the average fecundity and survival rates
for fish age-1 and older were assumed to remain fairly
stable over the period corresponding to the time-series

26 Monitoring Studies, 1994

data used o estimate the SRR parameters. Although
this last assumption can generally be met in the case
of fecundity rates and adult natural mortality, fishing
mortality rates are much less stable. Changes in
exploitation rates from year to year should not cause
estimation problems as long as the changes are not
systematic (i.e., change in the same direction year
after year). Because these assumptions are seldom
completely met, early applications of the mode!
(NUSCO 1990) included calibration runs to validate
predictions under both deterministic and stochastic
modes by comparing model results to recent series of
stock abundance data. Finally, no temperature trend or
large-scale environmental changes (e.g., global
warming) were assumed to have occurred during the
years simulated in each population projection.

Model input data. The dynamics of the Niantic
River winter flounder stock were simulated using the
SPDM under a credible real-time scenario running
from 1960, well before operation of Unit 1, to 2060,
long after the projected sautdown date for Unit 3 in
2025 (Table 1). The scenarios used power plant
effects based on actual generating units in operation
each year, concurrently with estimates of F that were
based on historic and projected 1ates of commercial
exploitation and sport fishing for winter flounder in
Connecticut. Parameters used in the SPDM included:
F, with an additional mortality equivalent of 0.01 w
account for impingement (IMP) losses (NUSCO
1992a); conditional mortality rates (i.e., fraction of
the annual production of winter flounder removed as a
result of power plant yperation) determined for larval
entrainment (ENT); a schedule of changes when any of
these rates was not assumed constant; and the length
of the time-series in years. The combined mortality
of F + IMP was used only during the simulation
period (1971-2025) that corresponded to MNPS
operation (Table 1).

Because the ability of a fish stock to withstand
additional stress is reduced by fishing mortality
(Goodyear 1980), simulations of the long-term
entrainment of winter flounder larvae also included ef-
fects due to the substantial exploitation of the stock.
The annual schedule of nominal fishing raies was
determined from recent DEP estimates (V. Crecco, CT
DEP, Old Lyme, CT, pers. comm.). These exploita-
tion rates took into account length-limit regulations
in effect from 1982-94 and from changes in regula-
tions proposed by the DEP to reduce fishing mortality
in Connecticut waters (Tables 2 and 3). Vulnerability
factors for age-classes 1 through 5+ were calculated for



TABLE 1. Cooling-water requirements and dates of operation for MNPS Units | through 3, each with an assumed life-span of 40 years.

Cooling-water flow Fraction of MNPS First year of  Projected last year
Unit (m*sec?) 1otal flow Siarnt-up date entrainment of operation
1 29.18 0227 November 1970 1971 2010
2 e 0292 December 1975 1976 2018
3 61.91 0.481 April 1986 1986 2025
MNPS total 12871 1.000

TABLE 2. Eastem Long lsland Sound winter flounder length-limit and seasonal closure regulations in effect or proposed for the commercial
and spont fisheries since 1982

Minimum length Limit (in) Minimum length limit (mm)

Penod Commercial fishery Spon fishery Commercial fishery Spon fishery Seasonal closure

1982+ I3 8 203 203 None
1983 (Jan-May) 8 8 203 203 None
1983 (Jun-Dec) 11 13 21 203 None
1984 (Jun-Auvg) 11 ¥ 2% 23 None
1984 (Sep-Dec) 10 ] 254 203 None
1985-1986 10 10 254 54 None
1987 (Jan-Aug) 10 10 254 254 Dec 1 - Mar 31 (within Niantic River)
1987 (Sep-Dec) 11 10 279 254 Dec 1 - Mar 31 (within Niantic River)
1988-1993 11 10 279 254 Dec 1 - Mar 31 (within Niantic River)

2 1994 12 11 305 m Mar 1 - Apr 14 (in all state waters)

¢ Prior w 1982 there were no size regulations, but it was sssumed that fish between 6 inches (152 mm) and 8 inches (203 mm) were
subjected 10 about 50% of the nominal fishing monality for each year. Fish larger than B inches were fully recruited 10 the fishery.

b Minimum trawl mesh codend size also increased from 4.5 10 5.0 inches.

¢ Includes an increase in the minimum trawl mesh codend size 10 5.5 inches for the commercial fishery and an 8 fish creel Limit for the spont
fishery.

TABLE 3. Vulnerahility factorns® for eastern LIS winter flounder by age®, adjusted for discsrd mortality of undersized fish vulnerable to the
commercial (60% of wial landings) and spont (40%) fisheries, according o fishing regulations in effect for the periods listed.

Commercial Sport Total fishery
3

Period 1 2 3 4 5+ 1 2 3 4 5+ 1 2 4 5+

< 1981 003 036 060 0860 060 006 024 040 040 04 008 060 100 100 100
1982 000 036 060 060 060 006 013 040 040 040 006 049 100 100 100
1983-84 000 030 060 060 060 006 013 04 040 04 006 043 100 100 100
1965-87 000 030 060 060 060 006 006 040 040 040 006 036 100 100 100
196892 000 012 057 060 080 006 006 04 040 040 006 018 097 100 100

1993 000 004 042 056 060 006 006 040 040 040 006 010 082 09 100
219%4 000 00i 025 050 060 005 006 030 040 040 006 €07 055 0% 100

* These factors assume discard monality at 50% the nominal F rate for fish caught by commercial gear and at 15% of the nominal F rate for
all undersized fish caught by anglens (CT DEP estimates; P. Howell, Old Lyme, CT, pers. comm.).
* The notation 5+ refers 1o fish that are age-5 and older,

the commercial fishery (60% of the total winter trawl fishery codend sizes; the size-at-age of female
flounder cat~h) and were based on actual or proposed Niantic River winter flounder at mid-year (age + 0.5)
changes in length limits and minimum commercial determined using the von Bertalanffy growth equation
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(NUSCO 1987); selection curves for 114-mm
(4.5-in), 127-mm (5-in), and 140-mm (5.5-in) trawl
mesh codends provided by the DEP; and a discard
mortality rate of 50% for undersized fish. The sport
fishery was estimated 1o take 40% of the wtal catch,
having a discard monality rate of 15%. The values of
F used in the simulations were stepped up from 0.40
in the 1960s w & peak of 1.30 in 1991 (Fig. 5),
which reflected the recent historical increase in fishing
and the current high exploitation of winter flounder.
The value of F was subsequently reduced 1o meet a tar-
geted rate of 0.50 by 2001. Although the Atlantic
States Marine Fisheries Commission management
plan for inshore stocks of winter flounder (Howell et
al. 1992) calls for a further reduction in F to about
0.43, the perhaps more realistically attainable value of
0.50 was used for all remaining years after consulting
with DEP staff (V. Crecco and P. Howell, DEP
Division of Marine Fisheries, Old Lyme, CT, pers.
comm.). The effect of the changing fishing rates on
parually vulnerable fish is seen in Figure 6. Asa
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INSTANTANEOQOUS FISHING MORTALITY RATE (PLUS iIMP)

result of more protective regulations, the effect of
commercial fishing on ages-1 a. ' ! has been or will
be greatly diminished and many age-3 and 4 fish
should be protected as well. The derivation of the
equivalent morality rate IMP was given in NUSCO
(1992a) and is an additional small (0.01) component
of mortality added to F during the years of MNPS
operation. Other data, rates, and inputs 1 the SPDM
are summarized on Table 4 and include the number of
age-classes, age-specific rates of maturation, natural
mortality, average weight and fecundity at age, the
three-parameter SRR estimates, February water
temperature statistics, and other specific factors for
each simulation.

Conditional mortality rates for larval entrainment
(ENT) from 1984 through 1994 used in SPDM
simulations under actual operating conditions were
estimated directly using the mass-balance calculations
described above, Values of ENT determined for other
years were varied stochastically. An annual value of
ENT was chosen from the range of values determined
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Fig. 5. Historic and projected annual mortality rate due to fishing (F), as determined in consulation with the CT DEP, plus &
small (0.01) component sccounting for impingement mortality (IMP) at MNPS as implemented in the SPDM simulstions.
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Fig. 6. Estimated reductions in F (including discard mo:tality) for age-]1 through 4 winter flounder as & result of actusl or
planned regulations impused by the CT DEP on the winter flounder commercial and sport fisheries.

from the mass-balance calculations for full MNPS
three-unit operation. This was done by resampling
with replacement using uniform probabilities to
randorize the process. These estimates were calcu-
lated under the assumption that all three units used
eoolin!wuerpumpadumuimumcqmity(ll.lx
10% m”-day’’). The selected value of ENT was then
scaled by both the number of units in operation in &
particular year (Table 1) and the fractions of cooling-
water flow actually used during the annual March-May
larval winter flounder season (Table 5). MNPS
cooling-water use was known for 1976 through 1994
and actual flow values were used to scale the randomly
selected value of ENT. Because no data were available
during 1971-75 for Unit 1, flow values for these years
were estimated from net electrical generation records.
Estimates for 1972 and 1975, years in which this unit
apparently operated near maximum capacity, were
normalized 1w the value for 1987, the year of maxi-
mum flow for the Unit 1 ime-series; other years were
scaled accordingly. Since the simuiation time-series
extended o 2060 (including & recovery period follow-
ing the end of MNPS operation), historic cooling-

water flow rates calculated for 1971-94 were re-used
predict entrainment for 1995-2025 by resampling the
historic flows with replacement using uniform
probabilities to randomize the process. This approach
assumed that the existing 24-year record of MNPS
operation adequately described the operational vari-
ability expecied at the station in the future. Except
for those cases where randomly chosen values for a
year had all three units operating near 100% capacity,
annual values of ENT used in the simulations were
less than the theoretical maximum under full three-
unit operation.

Simulation of MNPS impact. Simulation
output consisted of a time-series of annual stock sizes
generated under a specified set of population parame-
ters and conditions (including random variability) that
constituted 2 scenario. All model runs consisted of
100 replicates of the 1960-2060 stock projection
series. The final population projection resulted from
averaging these identically generated 100 replicate
time-series, except for the random components used to
compute annual fish rurvival rates. It was previousty
concluded that 100 replicates were sufficient, given the
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TABLE 4. Dats, raies, and other inputs used with the Niantic River winier flounder population dynamics simulation model

Model mput Value used or evailsble
Number of age-classes in population 15
Earliest age st which all fermales are mature 6
Fraction mature, mean w1 (The), and mean fecundity by age:
Age-1 females 0 0.011 0
Age-2 females 0 0.125 0
Age-3 females 0.08 0554 23735 .
Age-4 females 0.36 0811 378584
Age-S females 092 1.089 568,243
Age -6 females 1.00 13M 785 897 ~
Age-7 females 1.00 1645 1,004,776 .
Age-8 females 1.00 1.873 1,201,125
Age-9 females 1.00 2057 1,366,951
Age-10 females 1.00 2203 1502557 &
Age-11 females 1.00 2304  1,598597
Age-12 females 1.00 2390  1,682208
Age-13 females 1.00 2461 1,754,800
Age-14 females 100 2516 1,809,000
Age-15 femnles 1.00 1552 1,845800
Age afier which annual mortality is constant 3
Instantaneous mornality rates M and F at age-1 0.50 L g
Inswantaneous monality retes M and F at sge-2 035 0
Insuntaneous mornality rases M and F at age-3+ 035 0
Initial number of female spawners 67,658°
Biomass of female spawners 96,104 Ibs
Mean fecundity of the siock (eggs per female spawner) £71,000%
@ from the three-parameter SRR for the virgin (F = 0) stock (numbers of fish) 5.42¢
P from the three-parsmeser SRR 2498 X 10
¢ from the three-parameter SRR 0.379
Mean February (1977-90) water tempersture (*C) 261
sandard deviation 1.16
MUMMAT tempersture 0.36
MAXIMUMm lemperature 428
Number of spawning cycles {years) o simulate 100
Number of simulstion replicates per run 100
Fraction of age-0 group entrmimed st MNPS (ie., impact) 0.00¢ B

* Values are entered here only when monalities remain constant during all the ypewning cycles or years simulated. Zer~ o5 direct the ¥
model 10 got & detailed schedule of monalities from an suxiliary input file set up as & look-up table (see Resulis and ) .

¥ Cormesponds 10 the unfished sock st equilibriom (see Table 32 in Results and Discussion).

¢ Indirect)y calculated from life history parsmeters (see Siock -recruitment relationship in Results and Discussion).

¢ A zero mmulsies & non-impecied mock; otherwise the conditional monality due 10 entrainment is used. .

amount of variability present in SPDM simulations in units of spawning biomass (Ibs) because over-
(NUSCO 1990). Thus, the Monte Carlo sample size fishing criteria ofien rely on measurements of biomass
was set 10 100 and the geometric mean of the repli- and biomass assessments tend 1o be more conservative
cales was computed. All stock projections are given than those based on fish numbers. Furthermore,
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TABLE §. A—umm-mmumdmmm.mumlwammm-&y
winier flounder larval entrainment season from 1971 through 1994,

Unit 1 Uals 2 Unit 3
Nominal flow at
100% capacity: 29.18 m¥sec! 37.62 m*eec”’ 61.91 m*sec’
Fraction of wtal MNPS flow: 027 0.292 C.481
Maerch-May March-May Merch-May
flow % of nominal ¢ flow % of nomingl m‘c flow % of nominal
i Yesr* : 30: ! : DARIMGM inm®eec’ maximum inm moumem
1971 - 6741
b 1972 - 9564
. 1973 - 3351
1974 - 83.50 - -
1975 . 99.64 . -
. 1976 2539 $0.80 29.16 80.83
977 2761 98.73 24.61 68.20
1978 1748 653 1891 5241
979 17.18 6144 21.48 59.53
1980 27.60 9870 317 B8.01
1981 152 543 3398 04.18
1982 27.60 98.70 3233 B9.61
1983 2679 9583 309 B85.63
1984 i3.88 4961 358 %31
1985 27.86 90 64 16.40 4545 - -
1986 2721 925 3689 98.07 9.8 80.48
1987 29.01 9 .40 36.9% 98.32 47.12 76.12
1988 2884 9881 328 8727 §5.58 8978
1989 13.85 47.46 2472 65.712 51.33 8291
1990 2755 9439 33.28 B8.48 4871 78.68
199) 10.79 3698 322 £85.83 3865 62.44
1992 25.11 8606 28.50 75.78 51.10 82.55
1993 21718 9521 1.5 89.10 58.82 95.00
1994 433 14.84 31.39 8344 $8.20 94.01

* No records of cooling-water flow were svailable for 1971-75. Net eleitrical generation records were used 1o estimate flow, with values for
1972 and 1975 normalized 1o the value for 1985 (maximum of the Unit ) time-senes); 1971, 1973, and 1974 were adjusted accordingly.

larval entrainment effects result in long-term stock mortality (i.e., the baseline time-series without
reductions which can be quite different depending on MNPS effects); and the expected biomass when all
whether the stock is expressed as fish numbers or as three types of anthropogenic mortality (F, IMP, and
biomass. Population reproductive capacity is more ENT) occurred. The first time-series with no fishing
‘ accurately reflected by biomass, which takes into or plant effects was the reference series against whica
account the size of individua! females (egg production the potential for recruitment failure was evaluated
. is 8 function of length or weight), as well as the when the largest reductions of stock biomass occurred
- number of spawners. during any of the other simulations. The second time-
A complete simulation of MNPS impact consisted series represented the most likely trajectory of the
of three model runs, which provided a set of time- exploiied stock without MNPS operation. The third
. series generated under the same scenario, but with time-series was the expected stock trajectory when the
different combinations of F (plus IMP) and ENT. conditional mortality rates corresponding to ENT and
These model runs were designed 10 simulate the IMP were added 1o the fishing mortality simulated for
natural variability of the theoretical unfished stock the baseline. This last time-series was the basis for
(i.e., with no fishing or plant operational effects); the quantitatively assessing MNPS impact on the Niantic
reduced stock biomass when subjected to fishing River winter flonnder population.
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Results and Discussion

Seawater temperature

Monthly mean seawater iemperatures recorded at the
MNPS intakes were variable during 1994. Water
temperatures during January through March (seasonal
mean of 2.55°C) were the coldest observed since 1982
(Tables 6 and 7). The mean temperature for April
(6.62°C) was consistent with the long-term average,
but May was the coolest (9.96°C) since 1978. The
mean for June (15.37°C), however, was slightly above
sverage and July had the highest mean (20.30°C) in 19
years. Seasonal mean temperatures in both summer
(20.13°C) and fall (12.87°C) were the second warmest
of the corresponding time-series (Table 7). These
extremes in water lemperature likely had an important
effect on spawning success, larval growth and devel-
opment, settiement, and growth of young. Overall,
monthly mean temperatures are most variable from
January through March (monthly coefficients of
variation = 25-<12%; Table 6), when winter flounder
spawning and carly larval development occurs.
Temperatures wesc most stablz (CV = 3-5%) from late
spring through early fall, when collections of winter
flounder were dominated by young and other immature
fish. Overall, the annual mean temperature in 1994

was 11.60°C, which was slightly warmer than the
long-term average of 11.51°C.

Adult winter flounder
Relative annual abundance

Because cold winter temperature produced heavy ice
cover in the Niantic River the 1994, adult winter
flounder survey did not begin until March 22, which
was the latest start in 19 years (Table 8). As a result,
only 4 weeks of sampling were completed, even after
extending the survey 10 mid-April 10 increase the
number of fish marked and recaptured. By this time,
no fish remained in spawning condition, as illustrated
by the percentage of females 26 cm and larger that
were gravid (Fig. 7). Most spawning apparently
occurred earlier in the season under the ice cover.
Despite the cold water temperatures in 1994, the
observed fractions of gravid females during each week
of sampling fell within the range of the past § years.
Apparently, spawning was not delayed 1o the extent
that gravid females were common after mid-March.

As a result of 4 weeks of sampling, the total of 185
tows completed in 1994 were the fewest since 118
were made in 1982 (Table 9). As in the past several
years, most adults were concentrated in only a few

TABLE 6. Monthly and annual mean scawater temperatare ("C) from January 1976 through December 1994 as calculawed from mean daily
waler lemperatures recorded continuously st the intakes of MNPS Units | and 2.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oal Nov Dec Annusl mean
1976 365 313 4.8 735 1075 1511 1829 1960 1893 1504 928 473 10.90
wn 067 036 285 $66 1072 1492 1908 2033 1941 1558 1218 &M 10.84
1978 3.01 1.09 1.67 485 910 1424 1768 1982 1924 1614 1247 T4 1064
1979 453 148 335 593 1050 1557 1884 2091 2005 1599 1241 860 11.57
1980 516 138 280 638 1044 1476 1844 2023 2016 1607 1025 573 1110
1981 106 263 33 640 1019 1548 1951 2086 1994 1475 1107 629 1101
1982 220 1.5 3.04 541 1006 1416 1798 2100 2001 1595 1247 &97 1113
1983 558 374 455 707 1050 1505 190 1917 2087 1737 1257 1% 11.98
1984 484 4 398 €58 1084 1593 1890 2060 1952 1641 1304 $07 1197
1985 436 236 417 702 1095 1499 1898 2124 2044 1746 1314 785 11.98
1986 462 338 411 725 1132 1599 1883 2062 1880 1653 1243 819 11.89
1987 s28 327 45 751 1126 1591 1919 2047 1930 1570 1110 716 11.78
1988 265 267 9 701 1067 1460 1830 2031 1886 1491 11.41 720 11.12
1989 449 3 367 621 1059 1525 1895 2031 1992 1583 1225 487 1134
1980 I8 A 49 684 1073 1493  1R65 2080 2023 1774 1247 912 12.08
1991 sn 476 561 811 1226 1661 1953 204 199 17.11 1200 817 1259
1992 520 368 442 680 107 1542 1843 1962 1020 1517 1112 728 11.45
1993 5.00 310 312 6.09 1137 1564 1896 2088 T8 153 1M a7 11.68
1994 315 1S 281 6.62 996 1537 2030 2078 001621 1321 915 11.60
Overnll mean 394 29 38 662 1068 1525 1BB4 2043 1964 1607 1191 7853 1181
CV (%) 3 Q 25 12 6 - 3 3 3 5 § 1 ¢
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by continuous recorders a1 the intakes of MNPS Units | snd 2.

TABLE 7. Seasonal* mean scawater temperature (“C) for 1976 through 1994 as calculated from mean daily water tlemperstures determined

Year Winter Sprng Summer Fall
1976 3.4 11.14 18.94 .65
197 132 10.72 i9.61 1149
1978 1.95 9.40 1891 12.11
1979 317 10.67 1993 1233
1980 340 10.53 19.61 1069
1981 234 10.6% 20.11 10.70
1982 22 9.88 19.69 12.46
1983 465 10.87 19.61 126}
1984 429 1099 19.68 1284
1985 3.67 1098 2022 12.85
1986 4.06 1152 19.43 1238
1987 44 1156 19.66 11.32
1988 328 1079 19.16 11.17
1889 i 10.68 9.7n 1097
1990 4.28 10.83 1989 13.16
1991 538 1232 20.00 12.48
1992 445 10.98 19.08 119
1993 i 11.03 1991 11.85
1994 .55 10.64 2013 1287
Ovensll mean 153 10.85 19.64 11.85
CV (%) 29 2 »

* Winter is January through March, spring is April through June, summer s July through September, and fall is October through December

TABLE §. Annual Niantic River winter floonder* on
surveyr dunng the spawning scason from 1976 through |
Number of

Year Daies samipled weeks sampled
1976 March | - April 13 7
1977 March 7 - April 12 6
1978 March 6 - April 25 t
1979 March 12 - April 17 ¢
1980 March 17 - April 15 s
1981 March 2 - April 14 7
1982 February 22 - April 6 7
1983 February 21 - April 6 7
1984 February 14 - April 4 $
1985 February 27 - April 10 7
1986 February 24 - April 8 7
1987 March 9 - April § 5
1988 “arch | - April 5 6
1989 February 21 - April § ™
1990 Febeuary 20 - April 4 7
1991 February 13 - March 20 6
1992 February 18 - March 31 7
1993 February 16 - April 7 B
1994 March 22 - April 13 ‘

* Minimum size for marking wae 15 cm during 1976-82 and
20 am thereafier

* Limited samphing during week 2 because of ice formation

¢ Almost no sampling during week 3 and Limited sampling during
weeks 2 and § because of ioe and westher conditions

areas, including the upper river arm (stations 52-54)
and in station 51 (Fig. 2). The median CPUE in
1994 of winter flounder larger than 15 cm was 4.5
(Table 9; Fig. 8). This value is more than twice that
of the CPUE of 1.9 for 1993, but nevertheless
remains the second smallest CPUE on record. Winter
flounder taken during the 1993 survey were, on
sverage, larger than those collected during any previ-
ous surveys (NUSCO 1994a). The length-frequency
distribution in 1994 was similar to that found in
1991, with the proportions of smaller fish increasing
from that observed during the previous 3 years (Fig.
9). A comparison of the annual standardized caich of
females from 1991 through 1994 showed a peak in
caich of females at 32-34 cm (Fig. 10). Proportion-
ately fewer larger females were found during 1994 in
comparison to 1992 and 1993, except for the very
largest (45 cm) females, which were the most of any
survey 10 date.

Absolute abundance estimates

Absolute abundance estimates of fish larger than 20
cm (N) were determined using mark and recapture data
and the Jolly (1965) model. Estimates of survival
(®), recruitment (B), and sampling intensity (p) were
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Fig. 7. Weekly percentage of Niantic River female winter flo .Jer larger than 26 cm that were gravid during the 1989
\ through 1994 adult population sbundance surveys. Data from weeks in 1993 during which few or no tows were taken were
not included.

TABLE 9. Annual 9.1-m otter trswl] adjusied median CPUE® of winter flounder larger than 15 am® tsken throughout Wwse . muc River during
the 1976 through 1994 aduli populstion sbundance surveys

Tows Adjusted Median 95% confidence Ceeflicient

Survey Weeks acceptable number of CPUE interval for of
year sempled for CPUE* wows used® estumaie median CPUE skewness’
1976 7 143 231 370 342-396 3.01
197 6 184 28 231 204 -264 1.95
1978 6 137 159 210 188-270 1.83
1979 S 122 145 336 255-395 1.52
1980 S 112 145 36.0 300-432 1.68
1981 7 182 21 516 456 - 564 3.5
1982 S 118 150 426 2.6 - 46.0 1.14
1963 7 232 238 302 262 -318 Q.88
1984 7 245 287 168 158 - 180 L7
1985 7 267 280 148 142 -154 133
1986 7 110 336 102 $.7-11.1 1.47
1987 5 233 270 148 141 -162 1.46
1988 ¢ 293 312 16.8 157175 0.50
1989 6 r g 318 122 11.1-133 1.08
1990 7 320 343 96 87-103 3.04
1991 6 302 330 123 11.1-13.4 2
1992 7 380 406 6.2 56-66 1.2¢
1993 o 288 392 19 1.7-26 1.92
1994 4 185 212 45 38-50 268

Catch per sisndardized ww (see Malenals and Methods)

.

* Mostly age-2 and alder fish

* Only wws of nanderd tme or distance were considered

¢ Effor equelized among weeks

* Zero for symmetncally distributed data

! Because of low effort, data from the third week of sampling not used for the computation of CPUE
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Fig. 8. Aonual median CPUE and 95% confidence
interval of Niantic River winter flounder larger than 15
cm from 1976 through 1994,

alsc generated by this model. Because of the contin-
ued depression in the Niantic River winter flounder
population and limited sampling this year, only 1,033
fish 20 cm and larger were markeu with a freeze brand,
which was & slight increase from 1993 (Table 10).
Seventy-six previously marked fish were recaptured in
1994, which was the fewest of this time-series.
Nearly equal numbers of fish that were marked in
1992 (n = 25) and 1993 (27) were observed.

Addition of recapture data from 1994 resulted in an
increase of about 2,500 fish for the 1992 estimate
reported in NUSCO (1994a), from 12,178 10 14,632
(Table 11). The initial sbundance estimate for 1993
was 11,779 winter flounder; this value will be subject
1o change as additional marked fish are recaptured in
future surveys. The standard errors of N given in
Tabie 11 are corvelated with N because of the particu-
lar form of Jolly's variance formula. Therefore, the
95% confidence intervals computed are generally
considered unrelisble as a measure of sampling error,
except at very high sampling intensities (Manly 1971;
Roff 1973; Pollock et al. 1990).

Sampling intensity (p), or the probability that &
fish will be captured, was a relatively high estimate of
0.160 in 1992, but decreased to 0.083 in 1993,
Sampling intensities of about 0.10 are recommended
10 obtain reliable and precise estimates of population
size and survival rates with the Jolly model (Bishop
and Sheppard 1973; Nichols et al. 1981). Hightower
and Gilbert (1984) found that low sampling effort may
give acceptable estimates if population size is rela-
tively large and the number of marked animals is also

relatively high. However, Gilbert (1973) and
Carothers (1973) reported that N was underestimated
and had low accuracy when sampling intensities were
low (5-9%), regardless of population size or number
of fish marked. Luss of marks because tags were not
observed, or from mortality of fish handled, also
requires increased sampling effort. Other sampling
errors, model assumptions, and biases inherent in the
Jolly model that could have affected these estimates
were discussed in NUSCO (1989) and Pollock et al.
(1990). Nevertheless, even though the Jolly estimates
are subject to considerable error, CPUE and Jolly
sbundance estimates were significantly (Pearson
correlation coefficient = 0.89; p < 0.001) correlated
(Fig. 11). Thus, based on » median CPUE of 4.5,
absolute abundance of winter flounder in 1994 would
have been approximately 15,000 fish. By extrapola-
tion, abundance in 1981 could have exceeded 200,000
winter flounder.

Estimates of survival (®) have varied considerably
from year 10 year (0.180-0.853; Table 11). Estimated
recruitment (B) was particularly low in both 1992
(3,473) and 1993 (4,127). These two estimated
population parameters are considered to be less reliable
than those of abundance when using the Jolly model
(Bishop and Sheppard 1973; Armason and Mills 1981;
Hightower and Gilbert 1984). As for other parameter
estimates based on only 1 year of recapture informa-
tion, those for @ and R may change considerably with
the addition of data fron the next annual survey. The
low estimates of B for 1992 and 1993, however,
appeared 10 accurately reflect weak recruitment of
winter flounder noted in recent yeass.

Because of a reasonable correspondence between
median trawl CPUE and Jolly abundance estimates,
the annual standardized catches of all fish larger than
20 cm for 1984-93 were compared to total abundance
estimates from the Jolly model. As in previous
reports, the relative numbers of females and eggs
produced each year were assumed (0 represent, conser-
vatively, about 3.5% of the absolute values (range of
2.7 - 7.0%) and a multiplier of 28.571 (the ratio of
100 1w 3.5) was used 1o scale abundance indices w
absolute numbers of winter flounder spawning in the
Niantic River that are given below. This adjustment
also assumed that the ratios of annual standardized
caich to absolute abundance for 1977 through 1983
would have been similar 1o those for 1984-93, had
esumates of absolute abundance been available for the
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Fig. 9. Comparison of percent length-frequency distributions of all winter flounder 20 cm and larger teken in the Niantic
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TABLE 10. Mark and recapture dats from 1983 through 1994 used for estimating sbundance of winter flounder larger than 20 an in the

Niantic River during th+ spawning season.
Total Totdknt  Number Toal Number of fish marked in & given year
Survey number previously marked and number recaptured during subsequent annual surveys:
year observed o marked veleased recaptured 83 B4 B5 86 ¥7 B8 B9 90 61 2 W93
1983 515 5615 5615 0 .
1984 4103 97 4,083 130 130
1985 3,491 3350 3,407 141 47
1986 3,031 2,887 3010 144 235 &4 7
1987 2578 2,463 25M 115 2 B 21 M
1988 423 4,106 4309 o 7T 2 31 6 104
1989 2821 2589 2,152 232 2 1 9 33 32 148
1990 229 2,138 2275 162 1 7 4 15 14 3B B
1991 4333 4,067 434 266 1 3 4 12 27 3B s 1%
1992 2346 2119 233 m 0 0 1 2 3 2 2 S
1993 984 830 m 154 0 0 0 1 0 4 4 15 21 19
1994 1,035 959 1,033 76 0o 0 0 1 4] 0 4 5 14 25

TABLE 11. Estimated sbundance* of winter flounder larger than 20 cm wken during the spawning season in the Niantic River from 1984

through 1993 as determined by the Jolly (1965) mark and recapture model.
Abundance Swundard Probatality Swndard

esumale error of 5% C of survival error 95% C1
Year w) N fae N ®) of ® for ®
1963 0.328 0.040 0.251 - 0.405
1984 57,706 8370 41,300 - 74,112 0.558 0.065 0.430 - 0.686
1985 .607 10,851 58,338 - 100,876 0.360 0.04] 0.279 - 0.440
1986 49,057 6,154 36,917 - 61,197 0.654 0.068 0.522 - 0.786
1987 75909 9763 56,733 - 95,084 0.598 0.063 0.476 - 0.721
1988 66,946 7278 52,681 - 81211 0.453 0.048 0.360 - 0.546
1989 4.7 4744 32479 - 51075 0.394 0.042 0.312-0.476
1990 33270 3832 25,759 - 40,781 0.853 0.100 0.657- 1.048
1991 62,032 7516 47301 - 76,763 0.180 0.024 0.133-0.227
1992 14,632 1,966 10,779 - 18,486 0.525 Q118 0.294 - 0.755
1993 11,799 2,706 6,495 - 17,104
Mean 49274 2,191 44979 - 53 568 0.49%0 0.016 0.459 - 0.521

Sampling Sundard Annual Suandanrd

niengity error of 95% 1 recruitment error 95% C1
Year ®) » forp &) of B for B
1984 007 0.0103 0.050 - 0.091 47,428 9,083 29,626 - 65231
1985 0.044 0.0060 0.032 - 0.055 20,454 $,200 10,262 - 30,647
1986 0.061 0.0078 0.046 - 0.077 43 350 8,499 27,191 - 60,509
1987 0.034 0.0044 0.025 - 0.042 21555 6,404 9.002 - 34,108
1988 0.065 0.0071 0.051 -0.078 11,471 3,660 4280 - 18.66]
1989 0.067 0.0077 0.052 - 0.082 16,832 3,108 10,740 - 22 943
1990 0.069 0.0080 0.053 - 0.084 33 688 5,595 22,721 - 44 654
1991 0.070 0.0085 0.053 - 0.086 34713 1,319 888 - 6,059
1992 0.160 00216 0.117-0202 4.7 1,423 1335 -6817
1993 0.083 0.0191 0.046 - 0.120
Mean oom 0.0036 0.065 - 0.079 n 54 1,036 20,511 - 24573

* Esumates may vary fram those reporied in NUSCO (1994¢) because of mark and recapture dats added from the 1994 adult winter fl ounder
population survey.
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ABSOLUTE ABUNDANCE iN THOUSANDS

Fig. 11. Comparison between the estimates of absolute
sbundance in thousands of winter flounder larger than 20
cm in the Nisntic River during the spawning season
(dashed line) and the corresponding median CPUE (solid
line) from 1984 through 1993.

Spawning stock size and egg production

The size of the Niantic River winter flounder female
spawning stock is used in various assessments of
MNPS impact. The annual standardized caich of
female spawners (an index of spawning stock size) and
the production of eggs were determined from available
data on sex ratios, sexual maturity, and fish length-
frequencies. The sex ratio of winter flounder larger
than 20 cm during the 1994 spawning season in the
Niantic River was 1.70 females for each male (Tabie
12), the largest ratio found since 1980. The 18-year
average was 1.35. Ratios of 1.50 to 2.33 in favor of
females have been reported by Saila (1962a, 1962b)
and by Howe and Coates (1975) for other
winterfiounder populations in southern New England.
Withet='l and Burnett (1993) also reported greater
proportions of female winter flounder in Massachu-
setts waters, particularly in older age-classes. They
believed that males likely have a higher natural
mortality rate, based on evidence of earlier ages of
senescence reported for males by Burton and Idler
(1984).

The rate of spawning was determined by observing
weekly changes in the percentage of gravid females
larger than 26 cm, the size at which about half of ali
observed females were mature (NUSCO 1988a). This
is comparable 10 L 4 estimates of size-at-maturity of
28.3 and 27.6 cm reporied for Massachusetts waters
by Witherell and Burnett (1993) and O'Brien et al.
(1993), respectively. In recent years, spawning in the
Niantic River was mostly completed by late March or
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carly April as relatively few gravid females were found
afterwards (Fig. 7). During most years, ice in the
upper river prevented the start of field work in January
or early February, 5o approximately two-thirds of the
females examined during late February and carly
March had spawned before sampling begai. Spawn-
ing was likely correlated with water temperature as in
relatively cold years (e.g., 1977 and 1978) propor-
tionately fewer females spawned during the earlier
portion of the survey, compared 1o warmer years (¢.8.,
1989 and 1992) when more fish were spent at the
beginning of sampling. However, this could not be
ascentained in 1994, which was a very cold year, as ice
cover prevented sampling until late March. By then,
fractions of egg-bearing females had decreased w about
5% or less and were not dissimilar 10 proportions
observed in 1989-93.

During each year, the propartion of females consid-
ered 1o be mature in each 0.5-cm length increment was
used with the annual standardized catch of females o
obtain relative annual abundance indices for female
spawners. Mature females comprised approximately
one-third 1o one-half of each yearly total, with relative
numbers of female spawners ranging from a low of
274 in 1993 10 2,752 in 1982 (Table 13). Varying
sex ratios and differences in percent maturity due o0
changes in length-frequency distributions somewhat
TABLE 12. Female w male sex matios of winter flounder taken
during the spawning season in the Niantic River from 1977
through 1994.

Measured
Yeur Al fish captured  fish » 20 om
1977 1.8 1.26
1978 p ] 1.95
1979 g 1.2
1980 2.66 20
1981 1.42 1.61
1962 1.16 0
1983 1.2 1.52
1984 107 1.07
1985 1.27 .37
1986 092 092
1987 07 078
1988 1.50 1.50
1989 1.32 1.32
190 1.24 1.24
1991 .2 L2
1992 126 1.26
1993 1.47 1.47
1994 1.70 1.70
Geometric mean 1.35 1.36




TABLE 13. Relative and sbsolute annusl standardized cawch of female winter flounder spawners and corresponding egg production in the
Niantic River from 1977 through 1994,

Relative index Relative index
Survey of spawning % mature Avenage of wial Total female Towl egg
year females* females” fecundity*  egg production®  stock size® production (X 10°)
1 Ehd 36 446336 3946 25260 11.274
1978 1412 51 508,096 715 034 20.501
1979 1,120 37 478,108 5353 31989 15294
1980 903 34 459 976 4243 2593 12122
1981 2660 44 518275 1,383.1 76,248 39.517
1982 2,752 49 580227 1,596.8 78,629 45622
1983 1860 4% 578,845 1,082.0 53,406 30914
1984 871 “ 575822 501.6 24 886 14.330
1985 928 a4 609215 5652 26510 16.150
1986 655 Q 667,065 436.7 18,704 1247
1987 852 39 624,085 5516 U3 15.190
1988 1.27% s 677910 8669 36,5% 4.T0
1989 984 52 728,042 7162 28,108 20.464
1990 L1 42 639 541 3704 16,546 10.582
1991 1,061 Ly 603,132 639.6 30,300 18.275
1992 534 2 732317 »ia 15,260 11178
1993 274 54 816885 236 7821 6.389
1994 508 55 650,130 3302 14513 9435

* Based ou proportion of the relstive annusl standardized caiches of winter flounder that were mature females.

* As & proportion of all winter flounder 20 cm or larger.

¢ Total egg production divided by the number of spewning females.
¢ A relative index for year4o-year comparisons and not an absoluie estimate of
g anwmummmmm-nwsudmm

affected average fecundity, which was low during the
late 1970s when smaller fish were more abundant, but
increased during recent years because of increasing
proportions of older and larger fish. The relative index
of wtal egg production reflected female stock abun-
dance and length distribution and was greatest from
1981 through 1983 because of peak population
abundance and moderate average fecundity. The
average fecundity estimate for 1994 decreaseC from
1992 and 1993 as comparatively more smaller fish
were present (Fig. 10).

Absolute estimates of spawning females and
associated egg production were generated by multiply-
ing corresponding relative numbers by 28.571 (see
Absolute abundance estimates, above). Female stock
size was between approximately 7,821 and 78,629
fish, while estimates of annual egg production ranged
from about 6.4 10 45.6 billion (Table 13). The 1otal
number of female spawners was used as an estimaie of
parental stock size for the SRR, which will be
discussed helow. Egg nroductioa was greatest ia the
carly 1980s, but cstimates were aiso relatively high in
1988 and 1989 as proportionally older and larger
females dominaied a moderately-sized reproductive

stock. Egg production decreased to about 10.6 billion
in 1990 because of a decline in female abundance and
in average size, increased to 18.3 billion in 1991 as
the number of spawners increased, decreas xd once
again to 11.2 billion in 1992, and finally t:ll 10 a
series Jow of 6.4 billion in 1993, Egg production
then increased by 48% 10 9.4 billion in 1994, reflect-
ing the increase in spawner abundance.
Comparatively little is known about the egg stage
of winter flounder. Buckley et al. (1991) noted that
female size and time of spawning affecied various
reproductive parameters, including egg size, fecundity,
and viability. Embryos produced earlier in the season
appeared 10 have a survival advantage, particularly
over those from smaller fish late in the season. Egg
deposition apparently takes place on gravel bars, algal
mats, eelgrass beds, and near freshwater springs in
Rhode Island salt ponds (Crawford 1990). Viable
hatch is greatest at 3°C in salinities of 15 10 35%» and
decreases with increasing temperature (Rogers 1976).
Based on estimated egg production and abundance of
Stage 1 larvae, egg mortality may be considerable.
DeBlois and Leggett (1991) found that the amphipod
Calliopius laeviusculus preyed heavily upon demersal
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capelin (Mallerxs villosus ) eggs, removing up w 39%
of the production. They suggested that inveriebrate
predation on demersal fish eggs may be an important
regulatory mechanism for population size in marine
fishes having demersal eggs. Morrison et al. (1991)
reporied high mortality of demersal Atlantic herring
(Clupea harengus) eggs in the Firth of Clyde, Scot-
land because of heavy deposition of organic matter
resulting from a bloom of the diatom Skeletonema
costatum. The decomposing material caused &
depletion of oxygen and egg death due 1o anoxia.
Skeletonema costatum was one of the most abundant
of the phytoplankton collected at MNPS during
entrainment sampling from 1977 through 1980
(NUSCO 198"). However, highest densities occurred
in summer, after the winier flounder spawning season.

Larval winter flounder
Abundance and distribution

The a parameter of the Gompertz function (Eq. 2)
was used as an index for temporal (year 1o year) and
spatial (Niantic River and Bay) abundances of winter
flounder larvae. Based on the 95% confidence interval
around the a parameter estimate, larval abundance
during 1994 in the river (stations A, B, and C com-
bined) and the bay (stations EN and NB combined)
was greater than in 1993, but within the range for the
12-year series (Table 14). In general, annual abun-
dances in the bay varied less than in the river. In
1985, 1988, and 1989, larval abundance in the river
was much greater than in the bay. No consistent
relationship was found between the annual abundances
between the two areas (Spearman's rank -order correla-

tion coefficient r = 0.441; p = 0.152) during the 12-
year period. This lack of a relationship has two pos-
sible causes. First, if many of the larvae in the bay
came from the river, then highly vanabie annual larval
mortality rates occurred prior o the period when larvae
were flushed from the river o the bay. Secondly, the
Niantic River may not be the only source of larvae
entering the bay and (' possibility was discussed in
detail in NUSCO (1992a, 1992b, 1993, 1994a) and
will be addressed ogain later in this section. Larval
abundance in the bay appeared to reflect regional -wide
trends as annual abundance (a parameter) at EN since
1976 was highly correlated (Spearman’s rank-order
correlation coefficient r = 0.651; p = 0.009) with
annual abundance indices in Mount Hope Bay, MA
and RI (Marine Research, Inc. 1992; M. Scherer,
Marine Research, Inc, Falmouth, MA., pers comm.).
However, no relationship was found between the
abundances in the Niantic River (1984-94) and Mount
Hope Bay (Spearman’s rank-order correlation coeffi-
cient r = 0.018; p = 0.958).

Annual spatial abundances of the first four larval
developmental stages were based on cumulative
weekly geometric means (Figs. 12 and 13). The
abundance distribution of Stage 5 was not examined
because so few were collected. Cumulative density
data (the running sum of the weekly geometric means)
was used 10 compare abundances as a surrogate for the
o parameier from the Gompertz function (Eq. 2)
because in some instances this function could not be
fitted. This usually occurred when a developmental
stage was rarely collected at a station (¢.g., Stage 1 at
stations EN and NB or Stage 4 at station A). Cumu-
lative weekly geometric means and the carresponding
« parameters were found to be highly correlated

TABLE 14. Larval winter flounder sbundances and 95% confidence intervals for the Niantic River and Bay as estimated by the @ parsmeter

from the Gomperz function.
Yesr Niantic River Niantic Bay
1983 1,863 (1,796 - 1929) 3,730 (3670 -3, 791)
1964 S0OI8 (4884 -5152) 2200 (.088-2311)
1985 11924 (11,773 - 12,07%) 1,801 (1,717 - 1,886)
1986 1,798 (1,726 - 1 871) 1,035 (979 -1,001)
1987 $381 (5,172 - 5.589) 1301 (1240-1363)
1988 24004 (23,644 - 24 364) 1,784 (1,708 - 1,861)
1989 18,586 (17,965 - 19,207) 1,751 (1,696 - 1,806)
1990 5544 (5378 -5709) 1,532 (1,474 -1,589)
1991 4083 (3973-4,193) 1,444 (1388 -1,500)
1992 10646 (10,184 - 11,108) 4415 (4214-4617)
1993 1513 (1470-1557) 459 (391 - 526)
1994 S685 (5564 - 5.805) 2378 (2269 - 2,486)
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Fig. 12. Cumulative density of each developmental stage of larval winter flounder at the Niantic River stations A, B and C
from 1983 through 1994. (Note that the vertical scales differ among the graphs).
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(Spearman’s rank-order correlation coefficient r =
0.999; p < 0.001) in a previous study (NUSCO
1989), indicating that cumulative weekly geometric
means could be used as an alternative index of larval
abundance

Stage 1 abundance during 1994 in the river was one
of the lowest during the 12-year period of sampling at
all three stations, but showed an increase compared 1
1993 (Fig. 12). A comparison of annual Stage 1
abundance among years showed a similar relative
ranking at the three stations, with 1988 and 1989
ranked the highest and 1983, 1986, and 1993 the
lowest. Except for a slightly greaer abundance at
station A in some years, annv4l abundances at the
three river stations have been aamidar. This indicated a
somew hat homogeneous distribution of Stage 1 larvae
throvghout the river. 1lecause winter flounder eggs are
demersai and adhesive and the duration of Stage 1 is
short (abour !0 cays), the homogenous distribution
suggested that spawning was noi restricted to a
specific area of the river or, conversely, that the river
is well-mixed. Low abundance in 1983 was attribu-
ted, in part, o undersampling because of net extrusion
(NUSCO 1987). However, this was rectified in 1984
when & net with smaller mesh (202 um) was used
during the early portion of the larval scason. Abun-
dance of Stage 1 larvae at the two Niantic Bay stations
was low in comparison to the river, indicating that
little, if any, spawning occurred in the bay, even
though 1994 was among the highest (Fig. 13)
Abundances at station NB were consistently greater
than at EN, possibly because NB was located closer o
the river mouth, the likely source of Stage 1 larvae, or
because undersampling occurred at EN as a result of
extrusion through the 333-um mesh net used there.
At station NB, ranks of annual abundance indices were
similar to those of the river stations and this suggest-
ed that most Stage 1 larvae collected in the bay
probably originated from the Niantic River. Signifi-
cant (p £ 0.05) positive correlations were found
among Stage 1 annual abundances at all statons,
except between stations EN and NB (Table 15)

Stage 2 abundance in 1994 at the three river stations
was also among the lowest in the 12-year time-series.
In general, annual ranks of Stage 2 abundance at the
three river stations were similar to those of Stage 1
(Fig. 12). This implied a similar annual rate of larval
loss (mortality and flushing) during larval develop-
ment from Stage | 10 2. Annual abundances at
stations B and C were almost identical. Stage 2 larvae
occurred predominantly in the river, but were more

prevalent in the bay compared to Stage 1 (Fig. 13).
As with Stage 1, Stage 2 abundance at station NB was
greater than at EN, suggesting that either staton NB
was closer 1o the source of newly hatched larvae or
that smaller Stage 2 larvae were extruded through the
333-um mesh net used at EN. There was a significant
(p € 0.05) positive correlation among all river
stations and between stations EN and NB (Table 15)

Generally the later developmental stages (3 and 4) of
winter flounder larvae were not homogeneously
distributed within the Niantic River. The abundance
decline at the upper river stations (A and B) as
development progressed likely represenied a gradua’
flushing to the lower portion of the river and into the
bay. Stage 3 larvae were usually most abundant at
stations B and C with their abundance at the two bay
stations (EN and NB) increasing to levels similar to or
greater than at stations A and B (Figs. 12 and 13). In
comparison to other years, Stage 3 larvac were rela-
tively numerous at stations C and NB in 1994, but
were about average in abundance at stations B and EN.
Annual abundance patterns were similar at the two bay
stations and were significantly (p € 0.05) correlated
(Table 15). Similar to Stage 3, Stage 4 larvae were
generally more abundant at station C and the two
Niantic Bay stations in comparison (o stations A and
B. In 1994, Siage 4 larvae were relatively numerous
at station C and NB and were about average in
abundance at the remaining stations. The high abun-
dance at these two stations this year was indicative of
good recruitment to the demersal young-of-the-year
deveiopmental stage, which is discussed below.

Annual abundance of newly hatched winter flounder
larvae should relate to adult reproductive capacity (egg
production) and the fraction of eggs that hawch. To
examine this relationship, the annual egg production
estimates (Table 13) were compared to the annual
abundance of Stage 1 larvae. The index of Stage 1
larval abundance was the a parameter from the
Gompertz function (Eq. 2) for the Niantic River
(stations A, B, and C combined). A functional
regression indicated a strong positive relationship (r =
0.788; p = 0.004) between egg production and Stage 1
abundance (Fig. 14). The abundance of newly haiched
larvae was directly related to the adult reproductive
capacity under the assumption that egg hatchability
was similar among years. The consisiency of this
relationship implied good precision in the sampling of
Stage 1 larvae and, additionally, that egg production
estimates were a reasonable index of annual reproduc-
tive capacily
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TABLE 15. Matrix of ‘s rank -order correlstions among Rations {or the annual cumuiative abundance of each developmental sage
of larval winter flounder from 1983 through 1994 .

Stage Swtun B e EN NB
i A 0.9301* 0.9091 0.7496 0.7413
0.0001 ** 0.000] ** 0.0050 ** 0.0058 **
B 0.8811 0.6235 0.7063
0.0002 ** 0.0303* 0.0102¢
Cc 0.6445 0.7133
0.0303 * 0.0092 **
EN 0.5786
0.0622 NS
2 A 0.8601 0.8392 0.3077 0.3497
0.0003 ** 0.0006 ** 0.3306 NS G.2652 NS
B 0.9231 05315 0.6084
0.0001 ** 0.0754 NS 0.0058 *
c 0.5245 0.5175
0.0800 NS 0.0849 NS
EN 08182
0.0021 **
3 A 0.8532 0.3846 0.4825 02727
0.0004 ** 0.2170 NS 0.112I NS 0.391i NS
B 06573 0.5035 0.3846
0.0202 ¢ 0.0952 NS 0.2170 NS
c 0.4685 0.7622
0.1245 NS 0.0040 **
EN 0.7063
0.0102*
4 A 0.3803 0.3240 0.5071 0.5679
0.2227TNS 0.3043 NS 0.0925 NS 0.0541 NS
B 0.7413 0.0629 0.2907
0.0058 ** 0.8459 NS 0.3593 NS
C 0.0420 0.1856
0.8970 NS 0.5635 NS
EN 0.4168
GITTI NS

* The iwo siatistics shown in sach correlation matrix clement are:

correlation coefficient (r), and
probability of & larger » (NS - not significant [p > 0.05], * - significant & p € 0.05, ** - significant w p £ 0.01).

Dates of peak abundance, estimated from the inflec- and NB combined) for each developmental stage (Table
tion point p of the Gomperz function (Eq. 2), were 16). Dates of peak abundance of Stage 1 larvae could
used 1o compare the times of occurrence in the river not be estimaied for bay stations because this larval
(station A, B, and C combined) and bay (stations EN stage was rarely collected there and, similarly, for

44 Monitoring Studies, 1994



-
a 8
" S

-

l

o

o,
EE= NS SRS
8

-7
[ég.

STAGE 1 ABUNDANCE (X 10%)
°

A

10 15 20 25
EGG PRODUCTION (X 109

Fig. 14. The relationship (functional regression)
between annual Stage 1 sbundance in the Niantic River,
estimated from the a parameter of the Gompertz function,
and egg production from 1984 through 1994

Stage 4 in the river during 1993 because of low
abundance. In 1994, the dates of peak abundance of
Stage 1 larvae in the river were much later than during
the previous 11-year period. Based on water tiempera-
tures of 2 w 3°C during February (Table 6) and egg
incubation times reported by Buckiey (1982), peak
spawning generally occurred in early to mid-February
but may have occurred later in 1994. Buckley et al.
(1990) reported that egg developmental time was
inversely related to water temperature during oocyte
maturation and egg incubation. Colder 1994 winter
water iemperatures could have delayed hatching.
Comparison between the 1983-94 February water
temperatures (Table 6) and the annual dates of Stage 1
peak abundance in the river showed a significant
negative relationship (Spearman's rank-order correla-
tion coefficient r = -0.599; p = 0.040). Later peaks

TABLE 16. Estimated dates of pesk abundance of larval winter flounder for each development stage in the Niantic River and Bay and the
pumber of days ocorresponding 1o the 95% confidence interval

Year Stage |

Stage 2

Stage 3 Stage 4

March 5 (3)
March 7 (5)
March 11 (1)
February 26 (1)
March 10 )
February 29 (1)
March B (6)
February 17 (3)
February 27 (3)
March 16 (4)
March 9 (2)
March 22 (4)

Niangic River

March 15 2)
March 9 (5)
March 16 (2)
March 11 (5)
March 17 3)
March 9 (1)
March 12 (5)
February 18 (5)
March 14 (1)
Apru.z\."‘
March 14 §)
March 31.9)

Nianzic gy

April 7 2)
April § 2)
April 1 (4)
April $ (30
April 6 (6)
March 24 (3)
April 13 (1)
April 3 (8)
March 28 (5)
Apeil 15 (4)
April 3 (44)
April 14 2)

May 2 (4)
May 19 (10)
Mayl6 (7)
Mey 12 (10)
May 9 (4)
May 1 (5)
May 11 (9)
May 9 (14)
April 29 (3)
May 2 2)

April 18 (1)
April 24 (5)
April 25 (3)
Apeil 20 (3)
April 20 2)
April 7 (4)
April 14 (3)
Aprl 21 2)
April 13 (5)
April 16 (2)
April 11 (7)

April 24 (1) May 10 (3)

April 23 (1)
May 4 (3)
April 29 (6)
April 28 (3)
Agpril 28 (2)
April 22 2)
Apel 23 (2)
April 23 (2)
April 11 (3)
April 30 2)
May 6 (8)
May 2 )

May 10 (4)
May 25 (8)
Masy 18 (3)
May 11 2)
May 16 (4)
May 9 (5)
May 17 (3)
May 7 (5)
April 29 (4)
May 7 (4)
May 23 (11)
May 20 (3)

* Due wo low sbundance during the 1993 sampling, the Gompentz function could not be fitted 10 the data
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were also evident of Stages 2 and 3 larvae in the river
and bay, but were similar to some other years. This
may have been related o the effect of water tempera-
ture on egg and larval developmental rates, as the
1994 seasonal winter temperature was about 1°C
lower than the long-term average (Tabie 7). By Stage
4 of development, the dates of peak abundance in 1994
in the river and bay were about average compared 10
the previous years, suggesting acceleiated develop-
mental rate that compensated for the later peaks in
previous stages. This may have been due o near-
average water (emperatures during spring in 1994
(Table 7) and the positive relationship between water
emperature and larval developmental rate that is
discussed below.

Development and growth

The length-frequency distribution of each larval
stage has remained consistent since developmental
stage determination began in 1983 (NUSCO 1987,
1988a, 1989, 1990, 1991b, 1992a, 1993, 1994a).
Stage-specific length-frequency distributions by
0.5-mm size-classes in 1994 showed some separation
in predominant size-classes by developmental stage,
which was particularly evident in the later stages (Fig.
15). Stage 1 larvae were primarily (76%) in the 2.5
0 3.0-mm size-classes, 86% of Stage 2 were 2.5 10
3.5 mm, 80% of Stage 3 were 4.5 10 7.0 mm, and
89% of Stage 4 were 6.5 10 8.5 mm. These consis-
tent results from year to year indicated that develop-
mental stage and length of larval winter flounder were
closely related. These data agreed with laboratory
studies on larval winter flounder, which showed that
there were pos‘tive correlations between growth and
developmental rates (Chambers and Leggett 1987;
Chambers et al. 1988). This relationship was the
basis for the estimation of developmental stage from
length-frequency data.

The length-frequency distributions of larvae (all
stages combined) collected in the Niantic River
(stations A, B, and C combined) were different from
those obtained for Niantic Bay (stations EN and NB
combined) in 1994 (Fig. 16). Differences in size-class
with previous findings (NUSCO 1987, 1988a, 1989,
1990, 1991b, 1992a, 1993, 1994a) and the pattern
seen in spatial distribution by developmental stage,
where Stage 1 and 2 larvae were more abundant in the
river than in the bay (see Figs. 12 and 13). Smaller
size-classes predominated in the river, which had about
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Fig. 15. Length-frequency distribution of larval winter
flounder by developmental stage for all stations com-
bined in the Niantic River and Bay during 1994. (Note
that the vertical scales differ among the graphs).
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Fig. 16. Length-frequency distribution of larval winter
flounder in the Niantic River and Bay during 1994. (Note
that the vertical scales differ between the graphs).

74% of the larvae in the 3.5-mm and smaller
size-classes. By contrast, more than 74% of the larvae
in the bay during 1994 were in the 4.5-mm and larger
size-classes. A slight increase in frequency of larger
size<classes in the river has been apparent in some
previous years in the river (NUSCO 1987, 1988a,
1989, 1991b, 1992a, 1993, 1994a), suggesting that
some older larvae were imported to the river. Import
of larger size-classes was apparent in the length-
frequency distribution at 2 station in the river mouth
sampled in 1991-93 during maximum flood current
(NUSCO 1994a).

taken from 1976 through 1994 (station EN) were used
1o estimate larval winter flounder growth rates in
Niantic Bay. Weekly mean lengths during & season
formed a sigmoid-shaped curve (NUSCO 1988a). The
linear portion of the sigmoid curve usually occurred
during the middie of the larval season and growth rates
were estimated by fitting & linear model 10 individual
larval length measurements over time during that
particular period. This model adequately described
growth and all slopes (growth rate as mm-day ') were

significantly (p < 0.001) different from zero (Table

17). In addition, most intercepts of the lincar regres-
sion were about 3, the approximate size of winter
fiounder larvae at hatching. Annual growth rates for
mmmvmmmmousw
0.100 mm-day" !, with 1994 sbout average. To
validate this estimation technique, growth rates wesre
estimated from length data collecied at station M8
from 1979 through 1989 (NUSCO 1990); annual
growth rates were highly correlated (r = 0.89; p <
0.001) with those from station EN.

In laboratory studies, water temperature affected the
growth rate of winter flounder larvae (Laurence 1975;
NUSCO 1988a). To examine the effect of temp-
erature on estimaied annual growth rates, mean water
temperatures in Niantic Bay, determined using data
collected from continuous recorders in the intakes of
Units 1 and 2, were calculated for a 40-day period
starting at the beginning of the week when the first
larval length measurements were used 10 estimate the
annual growth rate (Table 17). Starting points varied
from February 28 (1993) w April 3 (1977). A
posiuve exponential relationship was found between
growth rate and water temperature (Fig. 17). A
similar exponential relationship of temperature o
growth was reporied for larval plaice by Hovenkamp
and Wine (1991). If iemperature affects growth rate,
then the length of a larva at & specific time during the
scason should be related o water temperatures to
which it has been exposed. Therefore, the mean
length of larvae collected at station EN during the
period of April 1-15 for each year was compared (o the
mean March water temperatures (Fig. 18). Again,
there was a positive relationship with larger mean
lengths associated with warmer March temperatures.
The small mean length in 1994 was associated with
one of coldest average March walter temperatures
during the 19-year period.

As concluded previously from comparisons of
annual iength-frequency distribution and developmen-
tal stages, growth and larval development were found
0 be closely related. 1f water temperature affects
growth rates, then it should also affect larval devel-
opmenial time. The timing of peak larval abundance
should therefore be related o the rates of recruitment
and loss (including mortality and juvenile meta-
morphosis), which, in tum, would be affected by
larval deveiopment. Annual dates of peak abundance
of larval winter flounder collected at EN were nega-
tively correlated o the mean water temperature in
March and April (Fig. 19). Earlier dates of peak
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TABLE 17. Annual larval winter flounder growth maies in Niantic Bay as estimaied from & linear regression fitied 10 length dats collected
sation EN. The 95% confidence intervals and mean water temperstures during the first 40 days of the time period are also given,

Time period Growth rate 95% confidence Mean water
Year included® (mm-day™?) mierval empenture (°C)
1976 March 21 - May 2 0.100 0.098 - 0.102 70
1977 April 3 - June § 0976 0.073 - 0079 67
1978 March 26 - June 11 0.055 0.052 - 0.056 8
1979 March 25 - June 10 0.058 .056 - 0.060 59
1980 March 23 - June § 0.060 0.058 - 0.062 59
1981 Apeil § - May-31 0.064 0.061 - 0.067 73
1962 March 28 - May 30 0.063 0.060 - 0.066 58
1983 March 6 - May 22 0.056 0.054 - 0.058 52
1984 March 25 - May 13 0.069 0.066 - 0.072 64
1985 March 17 - June 2 0.059 0.057 - 0.061 60
1986 March 30 - May 11 0094 0.087 - 0.101 76
1987 March 22 - May 17 0.07% 0.075 - 0.083 7.0
1988 March 27 - May 8 0.088 0.083 - 0.093 7.1
1989 Marh 26 - May 7 0.069 0.060 - 0.078 70
1990 Merch 4 - May 13 om 0.066 - 0.076 53
1991 10 - April 21 0.059 0.048 - 0.070 47
1992 wh 15 - May 3 0.064 0.059 - 0.060 55
1993 cuary 28 - May 16 0.048 0.040 - 0.056 33
1994 March 27 - June 12 0.076 0.070 - 0.082 65

* Time penod of the weekly mean lengths used 10 estimate growth rate.

® Mean during & 40-day period sarting al the beginning of the week that the first weekly mean length was used in estimating growth rate.
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GROWTH RATE (mmiday)

MEAN WATER TEMPERATURE (°C)

Fig. 17. The exponential relationship between mean
water tempersture T (*C) and the estimated growth rate G
(mm per day) of winter flounder larvae at station EN from
1976 through 1994 (G = 0.029.¢%'4%T),

sbundance were associated with warmer mean water
temperatures. This agreed with the results of Laurence
(1975), who found that winter flounder larvae meta-
morphosed 31 days earlier at 8°C than at 5°C. Annual
dates of peak abundance varied by 41 days during the
17-year period, possibly because of & 3.6°C difference
in the March-April water wmperature between the
earliest (April 13, 1991) and the latest (May 23, 1978)

48 Monitoring Studies, 1994

81

z's ITVII1YYVTT‘V‘YT1"'V'I'7TT?
1 2 3 “ & 6

MARCH TEMPERATURE (°C)

Fig. 18. The relationship between annual mean March
water temperature (‘C) and the mean length of winter
flounder larvae during April 1-15 at station EN for 1976
through 1994,

dates of peak abundance. Although the March water
temperatures in 1994 were below the 1976-94 mean
(Table 6), the near average temperature in April
apparently resulted in a date of peak abundance in the
mid range for the 19-year time-series. Despite the
wide range in annual growth rates, a consistent
relationship was found between length-frequency
distribution and stage of development (Fig. 15). This
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Fig. 19. The relationship between Muarch-April mean
Waier temperature ('C) and the annual date of pesk
abundance (estimated from the Gomperz function) of
winter flounder larvae at station EN from 1976 through
1994

Was consisient with laboratory observations of larval
winter flounder as Chambers et al. (1988) found that,
&l metamorphosis, age was more variable than length
and larval age and length were independent.

Growth rates were also estimated for Niantic River
larvae using length data from swation C with the
methods given above. Station C was selected for this
analysis because all developmental stages were col-
lected there in abundance (Fig. 12). Estimated growth
rates for larvae from the river were generally greater
than for larvae from the bay and the rate for 1994 for
the river was among the lowest during the 12-year

peniod (Table 18). Again, a linear model provided a
£00d fit and slopes (growth rates as mm-day ') were
highly significantly (p £ 0.001) different from zero.
Growth: of larvae in the river was similar to

growth rates of 0.104 and 0.101 mm-day”’ ar mean
waler lemperatures of 6.5 and 7.5°C, respectively
(NUSCO 1988a). An annual mean waler lemperature
was determined from surface and bottom temperatures
measured at Lae time of sample collection dwing a
Gweckpenodmnmgthennwweckfmmwhjchme
fnkngmmmmmnwmuwdmummhm
calculation. Previously, therc was no apparent
relationship between growth rates in the river and
waler temperature, but & negative relationship was
found between growth and the abundance of Stage 2
larvae, suggesting density -dependent growth (NUSCO
1990, 1991b, 19922, 1993). The annual index of
Stage 2 larval abundance was the a parameter (Eq. 2)
for all three river stations combined (Table 18). The
abundance of Stage 2 larvae was examined hecause
during this developmental stage larvae begin to feed.
With the addition of 1993 and 1994 data, this density-
dependent growth relationship was no longer signifi-
cant (p = 0.421) when tested with a functional
regression. Because there was g strong relsdonship
beiween growth and water iemperature in the bay,
both Stage 2 abundance and water lemperature were
used as independent variables in g multiple regression
model to examine growth rates. Prior to conducting
multiple regression analysis it was determined that the

TABLE 18. Annual larval winter flounder growt rates in the Niantic River as estimated from s linear regression fit 10 length data collecied at
sution C. The 95% confidence intervals for the growth rate, mean water iemperstures during the first 6 wecks of the time penod, and the

annual sbundance indices of Stage 2 larvae in the river are also given

Time peniod Growth rate 95% confidence Mean water Stage 2
Year included* (mm day”) interval tempersture ("C)*  sbundance index*
1983 March 20 - May | 0.100 0.096 - 0.104 6.1 749
1964 March 25 - May 6 0.100 0094 - 0.105 64 1,501
1985 March 31 - May 26 0.084 0.080 - 0.088 77 4676
1986 March 23 - May 4 0109 0103 -0.115 8.0 176
1987 March 22 - May 10 0.099 0.095 -0.103 72 829
988 March 20 - May 21 0.099 0.094 - 0.104 68 4,465
1989 March 26 - May 21 0.087 0.082 - 0.092 74 3197
1990 March 25 - May 13 0.106 0.099 .0.113 75 368
1991 March 10 April 28 0.123 011¢.0.132 69 252
1992 March 15 - May 17 C.088 0.083 - 0.093 57 1367
1993 March 7 - May 16 0070 0.065 - 0.075 41 133
1994 March 20 - May 29 0.072 0.068 - 0.076 47 1,248

* Time period of the weekly mean lengthe

used W estimaie growth rate

* Mean during & 6-week penod sarung
‘ © parameter from the Gomperu funcu

lhzm&dmctunw-auymn

length used i, zsumaung growth raie

on for Suge 2 larvae in the Niantic River (three slabons combmed)
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two independent variables were not correlated
(Spearman’s rank-order correlation coefficient r =
0.126; p = 0.697). The multiple rcgression was
significant (p = 0.010; r* = 0.643), with the coeffi-
cient for temperature being positive and for Stage 2
sbundance n2gative. These results suggest that winter
flounder larval growth in the Niantic River may be a
function of both water temperature and larval density.
A laboratory growth study of larval winter flounder
held at 8°C showed & decrease in growth rate as prey
densities decreased (Lswrence 1977). This study,
along with the apparent density-dependent growth in
the Niantic River, suggest that as the number of
feeding larvae increased, the numbers of available prey
declined o levels 'ess than optimum for larval

Slight declines in growth rate caused by less than
optimal food, unfavorable emperaiures, discase, or
pollution leads to longer developmental times, during
which high rates of mortality have a profound effect
on recruitment (Houde 1987). Food availability and
water lemperature appeared 1o be the two most
important factors controlling larval growth (Buckley
1982). Although Laurence (1975) demonstrated that
the metabolic demands of larval winter flounder in-
creased at higher temperatures, the growth rate also
increased if sufficient food resources were gvailable,
and otker laboratory studies (Laurence 1977, Buckley
1980) showed that larval winter {lounder growth raies
depend rpon prey availability. In summary, growth
and development of larvae in Niantic Bay correlated
with water temperature, but in the Niantic River
growth appeared (o be an interaction of water temper-

ature and density-dependency.
Mortality

Based on length-frequency distributions in the river
during 1994 (Fig. 16) and previous years, mosi winter
flounder larval mortality occurred between the 3.0- W
4.0-mm size-classes. In 1994 there was about an 89%
decline in frequency of occurrence between these two
size-classes, which included yolk-sac (Stage 1) and
first-foeding Stage 2 larvae. This initial large decline
was followed by smaller decreases 10 the 5.5-mm siz-
class, indicating a reduction in the mortality rate.
Pearcy (1962) reported a greater mortality for young
winter flounder larvae (20.7%-day ') compared w older
ind,viduals (9.1%day’). In a laboratory study on
wiate - flounder larvae, Chambers et al. (1988) reporied
v larval mortality was concentrated during the first
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2 weeks after haiching. Based on the estimated
growth rate in the river for 1984 of 0.072 mm-day '
(Table 18), it would require about 14 days to grow
from 3 10 4 mm. The above 89% decline between
these size-classes would be equivalent to a mortality
of about 15%-a;™', siuilar © that reporied by Pearcy
for young winter flounder larvae in the Mystic River,
Laurence (1977) found that winter flounder larvae had
& low energy conversion efficiency at first feeding
(i.e., Stage 2) compared to kater developmental stages,
and that it was probably 8 “critical period” in larval
development. Hjorleifsson (1989) showed that the
ratio between RNA and DNA, an index of condition
and growth rate, was lowest at the time of first feeding
of winter flounder (about 4 mm) and that these ratios
were affected by food availability. The “critical
period” concept, hypothesized by Hjort (1926), was
discussed by May (1974) for marine fishes. In many
cases, the strength of a year-class is thought 10 be
determined by the availability of sufficient food afier
completion of yolk absorption.

Predation mgy be an important cause of larval
winter flounder mortality. The escape response of
larval winter flounder to predators was studied by
Williams and Brown (1992). They found that escape
response increased with increasing larval size, but
remained slower than that of other larval fishes
examined. Larval winter flounder may be vulnerable
to both fish and invertebrate predators. Although
susceptible to auecks by planktivorous fishes, the
occurrence and abundance of fishes that could poten-
tially prey on larval winter flounder is low, particu-
larly during the early portion of the larval winter
flounder season. Most predation is likely by inverie-
brate contact predators, including camivorous
copepods and amphipods, cnidarians, and ctenophores.

There are numerous accounts of jellyfish preying
upon and affecting the abundance of fish larvae.
Several species of hydromedusae and ihe
scyphomedusan Aurelia aurita prey upon Atlantic
herring larvae (Arai and Hay 1982; Moller 1984). and
laboratory studies with Atlantic cod (Gadus morhua),
plaice, and Atlantic herring have shown that the
capture success by A. aurila increased with medusal
size (Bailey and Batry 1984). Evidence of & causal
predator-prey relationship on larvae of plaice and
European flounder (Platichthys flesus) by A. awita
and the cienophore Plewrobrachia pileus was reporied
by van der Veer (1985). However, predation by these
species was believed to only terminate the plaice
larval season and ¢id not ultimately affect year-class
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strength (van der Veer 1985; van der Veer et al. 1990).
Pearcy (1962) stated that Sarsia tubulosa medusae
were important predators of larval winter flounder in
the Mystic River, CT, and had greatest impact on
younger, less mobile larvae. Crawford and Carey
(1985) reported large numbers of the moon jelly (A
awraia) in Point Judith Pond, R] and believed that they
were a significant predator of larval winter flounder

A possible predator of winter flounder larvae in the
Niantic River was medusae of the lion's mare jelly-
fish (Cyanea sp.), which was pre -alent in the upper
portion of the river at station A, {arshall and Hicks
(1962) also repary * “hat jellyfish were abundant in the
upper river, Al a.ory study showed that winter
flounder larvae contacting the tentacles of the lion's
mane jellyfish were stunned and ultimately died, even
if not consumed by the medusa (NUSCO 1988a)
During 6 of the 12 years (1983, 1984, 1986, 1989,
1990, and 1994) that larvae were sampled at station A,
weekly mean larval abundance was negatively corre-
lated (p € 0.05, Spearman’s rank-order correlation
coefficient range of -0.736 w -0.927) with weekly
mean jellyfish volume during the period when both
medusae and larvae were collected. In 1994, jellyfish
abundance was below average compared Lo previous
years (Fig. 20) and during some weeks abundance was
below the 95% confidence interval for the 1983-93
peniod.  Although during some years there appeared o
be & relationship between the temporal decline of
winter flounder larval abundance at station A in the
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Fig. 20. Comparison of Cyanes sp. weekly mean
volumes collected in 1983.93 (with 95% confidence
intervals) w weekly volumes in 1994, Collections were
made &t station A in the Niantic River

Niantic River with the occurrence of lion’s mane
jellyfish medusae, for other years there was no
relationship between annual larval abundance at
station A and annual mean jellyfish volume, The
decline in larval abundance at station A may also be
attributed to a gradual flushing of larvae out of the
upper portion of the river and, thus, a definitive
predator-prey relationship cannot be stated.

The possibility of density-dependent morality of
winter flounder larvae was examined using a function
(Eq. 4) provided by Ricker (1975) that requires
esumates of annual spawning stock size and larval
recruitment. The annual egg production sstimate in
the Niantic River (Table 13) was used as & measure of
spawning stock size. The o parameter from the
Gompertz function fit to the abundance of 7-mm and
larger larvae collected from 1976 through 1994 at sta-
tion EN was selected as 8 measure of larval recruit-
ment, even though many of these larvae may be from
other sources (see Mass-balance calculations below).
Larvae in the 7-mm and larger size-classes ‘were used
because they would soon metamorphose into juve-
niles. A larval recruitment index was calculated by
taking the logarithm of the ratio of the o parameter
for 7-mm and larger larvae w the egg production
estimates. This value was plotied against egg
production estimates and the slope determined with
functional regression (Fig. 21). Although there was
some scatter ground the reiationship with the 1993
data point the most aberrant, a significant (r = -0.605;
p = 0.008) negative relationship was found, indicating
that compensatory mortality occurred during the
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Fig. 21 The relsuonship (functionsl regression)

between the annual winter flounder egg production in the
Niantic River and the larval recruitment index (logarithm
of the ratio of the annual abundance of 7 mm and larger
larvae w0 the egg production) st station EN from 1976
through 1994
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winter fiounder larval period. Because there was
increasing evidence that many of the winter flounder
larvae collected at station EN did not originate from
the Niantic River, this compensatory relationship
suggesied that annual egg production estimates for the
Niantic River were consistent with regional trends in
winter flounder egg production.

Because the egg production estimate was used in
calculating the larval recruitment index above, a
possibility existed of introducing correlation between
the independent (egg production) and dependent
(recruitment index) variables. Therefore, another
approach for detecting the presence of density-depen-
dent larval mortality for the Niantic River stock was
used, where annual larval mortality rates from the
river were compared to estimates of river spawning
stock size (i.c., egg production). Total larval mortal-
ity in the river for 1984-94 ranged from 824 w
97.9%, with a mean instantaneous rate (Z) of 2.72
(Table 19). To detrrmine if density-dependent mortal-
ity could be identified in the larval stage, the values of
Z were compared 1o egg production estimates using
functional regress:on. With 1933 data included, there
was no significant (p = 0.138) relationship between
mortality and egg production estimates. This was
because in 1993 the lowest annual larval abundance
index in the Niantic River occurred when the mortality
rate was among the highest (Tables 14 and 19).
Therefore, when 1993 data were excluded from the
analysis, a significant (r = 0.658; p = 0.038) positive
relationship was apparent, such that when egg
production and larval abundance increased, larval
mortality also increased (Fig. 22). This indicated that

TABLE 19. Esumated larval winter flounder total monality from
bawching w0 the 7-mm size class.

Abundance ndex

Newly Tmm Morality  Instantaneous

Year buiched  mze-class (%) mortality rate
1984 6,500 654 0o 230
1985 13,773 452 96.7 ja
1986 2483 438 K4 .73
1987 6,480 474 9”7 262
1988 24,561 678 92 359
1989 19,192 354 e 388
1990 7918 653 97 249
1991 3992 560 865 200
1992 8,020 609 2.4 258
1993 1874 &8 95.3 3.06
1994 7270 761 0ns 226
mean = 2.72
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density-dependent larval mortality may have occurred
in the Niantic River, except for the anomolous 1993
year-class.

MORTALITY RATE (2)

s 10 18 20 26
EGG PRODUCTION (X 10°)

Fig. 22. The relationship (functional regression)
between the annual winter flounder egg production in the
Niantic River and the larval recruitment index (logarithm
of the ratio of the annual sbundance of 7 mm and larger
larvae 10 the egg production) at station EN from 1976
through 1994 with 1993 dats excluded.

Juvenile winter flounder
Age-0 juveniles (summer)

Abundance. Although beam trawls are much
more efficient than small otter trawls for collecting
juvenile flatfish (Kuipers et al. 1992), the densities of
young-of-the-year winter flounder reporied below
should be regarded as minimum estimates because of
collection inefficiencies. For example, using a beam
trawl Berghahn (1986) caught more young plaice at
night in comparison to samples taken during the day
and Rogers and Lockwood (1989) showed that replac-
ing tickler chains normally used with even heavier,
spiked chains nearly doubled catches. Efficiency of
the NUSCO 1-m beam trawl was discussed in
NUSCO (1987, 1990). Large mats of the algs
Enieromorpha clathrata, which hampered sampling
efficiency in the Niantic River during 1993, were not
present this year,

Despite only average production of early stage
larvae in 1994, the abundance of Stage 4 larvae was
relatively high (Figs. 12 and 13). Following their
metamorphosis, numbers of young in the Niantic
River were also high in 1994, with densities of more
than 1 fishm? found during the first 2 months of
sampling at stations LR and WA (Fig. 23). Initial
recruitment and peak abundance of young was greater
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Fig. 23. Weekly mean CPUE (12 standard errors) of
sge-0 winter flounder taken in the Niantic River during
1994. (Note that the vertical scales differ among the
graphs).

at WA than at LR, but the decrease throughout
summer was greater at WA, Similar to observations
made in several other years, a small increase in
sbundance occurred at WA during the last day of
sampling in September, perhaps the result of addi-
uonal fish entering shallow water once water temper-
stures began o decrease from lale summer peaks.
Saucerman and Deegan (1991) aiso found that young
winter flounder responded 10 warm water lemperatures
during tate August in Waguoit Bay, MA by moving
into deeper water and returning to the shallows after
those areas became cooler.

Abundance indices for early summer at both LR
(128.8-100m?) and WA (126.3) were only exceeded
by the density of 156.6:100m for LR recorded in
1990 (Tabie 20). Abundance indices for the second
haif of the summer at LR (62.9) and WA (49.2) were
greater than any of those found during 12 years of
sampling in the river. A plot of moving average
densities for each station illustrated the relative
strength of winter flounder year-classes since 1984
(Figs. 24 and 25). In comparison to 1993, during

which few winter flounder were produced, the 1994
year-class ranks with 1988 as one of the most abun-
dant of the past decade.

Growth. Increases in mean length over time were
used 10 express growth of age-0 winter flounder. A
consistent, relatively rapid increase in biweekly mean
lengths was observed from May through late June
(Fig. 26), which was also typical during other years
sampled. Smaller increases in mean lengths occurred
through the end of sampling in September. Fast
growth after settdement foliowed by a rapid decline in
growth rate was also reported for young winter
flounder in New Jersey bays by Sogard and Able
(1992), who reported nearly imperceptible growth by
the time young reached 50 mm in length. Growth of
age-0 winter flounder in the Niantic River was less
variable than abundance as the weekly means had
relatively small confidence intervals. It is likely that
growth compensation occurs in winter floander where
size-at-age, which may diverge in larval stages,
converges during the early juvenile phase and pro-
gressive declines are seen in size-at-age differences
(Bertram et al. 1993).

Mean length of young at LR during late summer
(July through September) of 1994 was 40 mm, in
contrast (o a mean of 61 mm in 1993 (Table 21). The
mean of 39 mm at WA was the Jowest observed at
either river station during any year. The relatively
large mean lengths in association with low abundance
in some years (¢.g., 1983, 1984, 1989, and 1993) and
small mean lengths in 1994 when fish were very
abundant may be indicative of density-dependent
growth. However, this has not been consistent for all
years of study (e.g., 1988), as other environmental
factors also influenced growth of young winter
flounder. Growth was likely affected by water
temperature and even though faster growth occurs in
warm waters, optimal growth temperatures can be
exceeded (Sogard and Able 1992). Bergman et al.
(1988) and van der Veer et al. (1990) noted that
growth of young plaice in northwestern Europe was
not food-limited, but was related to prevailing water
temperatures and the length of the growing season in
different nursery areas. Furthermore, fish grew more
rapidly on the warmer nursery grounds in embayments
than did fish settling on beaches in the cooler North
Sea. Water temperatures were particularly warm
daring 1994, especially in July (Table 6); this
probably afferted growth by increasing respiratory and
other metabolic demands. Bergman et al. (1988) and
Zijlstra et al. (1982) re-examined reports by Steele and
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TABLE 20. Seasoral |4 beam traw] median CPUE (number 100m'?) of age-0* winter flounder at two stations in the lower Niantic River (LR

and WA) from 1983 through 1994,
Median 95% confidence CoefTicient
Survey Tows used CPUE interval for of
year* Sution Season® for CPUE esumate medisn CPUE skewness®
1983 LR Early 30 327 200 - 50.7 229
LR Late 27 100 80-133 0.49
1984 IR Barly 4 188 16.7 - 25.0 0.63
LR Late 36 63 38-75 058
WA Lawe 12 113 80-175 0.94
1985 LR Early 4 133 100 - 163 091
LR Late 2 70 60-80 097
WA Early 40 150 100 - 200 0.81
WA Late 32 90 80-100 070
1986 LR Eerly 39 338 233-400 033
LR Late 36 13.8 125-17.5 0.80
WA Early a0 217 125 - 267 1.49
WA Late 36 18.1 150 -200 203
1967 LR Early 4 592 533-733 0.12
LR Late 36 179 125-267 070
WA Early 40 283 21.7-383 027
WA Late 36 106 60-138 0.83
1988 LR Early 40 613 525-725 037
LR Late 36 60.0 50.0 -70.0 1.17
WA Early 40 400 325-517 0.13
WA Late 36 383 333-517 022
1989 LR Early 40 175 11.7-21.7 0.09
LR Late 36 B8 70-113 0.84
WA Early 40 100 83-138 1.16
WA Late 34 55 4.0-100 0.66
1990 LR Early 40 1563 1375-1875 1.08
LR Lace 36 200 150-525 1.10
WA Early 40 668 50.0-95.0 0.62
WA Late 36 135 100-19.0 1.20
1991 LR Early &4 mns 51.7-900 096
LR Late 36 217 183-283 078
WA Eary 44 379 30.0 - 43.3 134
WA Late 36 258 213317 127
1992 LR Early 40 90.0 575-125 1.16
LR Late 36 28.1 238-333 051
WA Early 40 746 567825 135
WA Late 36 300 215-325 023
1993 LR Early 20 10.6 70-150 0.68
LR Late 20 50 30-70 1.15
WA Early 20 50 38-75 257
WA Late 20 55 40-100 on
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TABLE 20. (continued).

Median 95% confidence Coefficient
Survey Tows used CPUE interval for of
year* Suation Season® for CPUE estimate median CPUE skewness®
1994 LR Early 20 1288 1255-1725 038
LR Late 20 629 383 -75.0 026
WA Early 20 126.3 25-1925 031
WA Late 20 42 350-550 £0.79

* For sge-0 fish, the year-class is the same as the survey yeer,

¥ Early season corresponds to late May through July and late 10 Augun through September.

¢ Zevo for symmetrically distributed data.

Edwards (1970), Lockwood (1972), and Rauck and
Zijlstra (1978) of density-dependent growth of age-0
plaice in Britain. They concluded that increases in
length corresponded to maximum growth expected
from prevailing water temperatures and tha: growth
was not density-dependent. Similarly, Pihl and van
der Veer (1992) determined that growth of young
plaice in Swedish bays appeared to be affected by
ambient water temperatures and was not food-limited.
However, Berghahn (1987) and Karakiri et al. (1989)
suggested that food limitation and not water tempera-
ture could have been responsible for growth differences
of plaice observed among different years within the
German Wadden Sea.

Other factors found to affect growth of young winter
flounder include physical location and specific habitat
(Sogard 1990, Sogard and Able 1992). Benthic food
production and its availability also may differ among
areas within the Niantic River and likely changes from
year to year. Xarakiri et al. (1989) reported differences
in the size of young plaice of similar age between
Wadden Sea estuarine nursery grounds (larger fish) and
coastal waters off Germany (smaller fish). They
suggested that the differences were due to lower water
temperature, food limitation, or wave action in the
waters outside of the Wadden Sea. Al-Hossaini et al.
(1989) reported greater growth for cohorts of plaice
that settled relatively early in Wales, but these fish
also had higher mortality. Conversely, growth was
slower for late-settling cohorts, but survival was
higher. Similarly, growth of young Niaatic River
winter flounder was affected by many factors, with
temperature and abundance likely the major determi-
nants.

{lortality. Catch curves constructed from weekly
sbundance data by year and station were used 1o nbtain
estimates of monthly instantaneous mortality rate
(Zmo): this method assumed that young comprised a

single-age cohort throughout the season. With some
exceptions, the catch curves generally fit the data well
with relatively high r? values (Table 22). No esti-
mates could be determined for LR and WA during the
high abundance year of 1988 as slopes of these catch
curves were not significantly different from zero and
for WA in 1986 and 1993 because of considerable
variation in weekly abundance during those years.
The Zp,, estimate for station LR in 1994 was 0.476
(equivalent to a survival of 62.1%). As expected from
the relatively greater decline in abundance of young at
WA than at LR (Fig. 23), Z, for fish at that station
was larger (0.538; S = 58.4%). Long-term averages
of Zmo 8t LR and WA were 0.618 and 0.550, respec-
tively. Mortality estimates for Niantic River winter
flounder were usually greater than the equivalent Z o
value of 0.371 reported by Pearcy (1962) for the
Mystic River, CT estuary, but were similar to various
estimates (0.563 - 0.693) made for young plaice in
British coastal embayments (Lockwood 1980; Poxton
et al. 1982; Poxton and Nasir 1985; Al-Hossaini et al.
1989).

During 1988-92, when both arcas were sampled,
monality of young was much greater at two stations
sampled in Niantic Bay than in the Niantic River
(NUSCO 1994a). Except for a station just outside the
mouth of the Niantic River in 1988, no young were
found in Niantic Bay following mid-summer. Even in
1988, however, densities at the Niantic Bay station in
late summer were only 10 10 15% of those in the
river. Because of the apparent lack of production of
young in Niantic Bay, no further sampling was
proposed at this site beginning in 1994,

NUSCO (19942) concluded that high natural
mortality of young winter flounder in Niantic Bay was
the probable reason for declines in density following
larval metamorphcsis and settlement to the bottom
and not off-station emigration. Thus, it is likely that
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Fig. 26. Weekly mean length (12 standard errors) of age-
0 winter flounder taken in the Niantic River during 1994.

few older juveniles are produced in the bay compared
o the Niantic River. The cause of high mortality
shortly before or afier settlement has not been inves-
tigated. Of all life stages of marine fishes, least is
known about larval and early juvenile stages, yet this
is likcly where relative year-class strengths are
determined (Sissenwine 1784; Bailey and Houde
1989). Predation by caridean shrimp (Crangon spp.)
has been suggested as the cause of high monality after
metamorphosis for both winter flounder (Witting and
Able 1993) and plaice (Lockwood 1980; van der Veer
and Bergman 1987; Pihl 1990; van der Veer et al.
1990; Pihl and van der Veer 1992). Van der Veer et
al. (1990) speculated that, in general, predation by
crustaceans on young may be a common regulatory
process for flatfishes. Witting and Able (1993) found
that the size of age-0 winter flounder significantly

affected their probability of predation by sevenspine
bay shrimp (Crangon septemspinosa), with greatest
risk found for smallest fish. Young apparently
outgrew predation by shrimp when they reached 17
mm in length, which meant that fish would have w0
double in size afier settiement before attaining a size
of time spent in a vulnerable size range, which is
related w growth rate, affects the vulnerability of
young winter flounder to predation by shrimp and
other organisms. Variation in growth, which can
depend upon specific location of settling, specific
habitat within 8 location, or temperature (Sogard
1990; Sogard and Abie 1992) may have significant
implications for young winter flounder survival after
metamorphosis.

Recruitment of many fishes is greatly affected by
density-dependent processes occurring during the first
year of life following the larval stage (Bannister et al.
1974; Cushing 1974; Sissenwine 1984; Anderson
1988; Houde 1989; Myers and Cadigan 1993a,
1993b). Banniste- et al. (1974), Lockwood (1980),
and van der Veer (15%6) all reported density-dependent
mortality for young plaice, although examination of
their findings indicated that greatest rates of mortality
occurred only when extremely large year-classes of
plaice were produced (three to more than five times
larger than average). NUSCO (1994:) noted that
when densities were about 1.5 to 2.m during carly
summer in 1990 and 1992 (Figs. 24 and 25), higher
mortality was observed than occurred in other years.
Survival rates were highest in 1988, despite abundance
that was well above average, as peak densities

TABLE 21. Compsrison of the mean lengths of age-0 winter flounder taken st stations LR and WA in the Niantic River during late July

through September of 1983 through 1994,

Mean length® v mun for station and year:

6 6 N N T 3 5 U S 5 N 4 g4 & 4 M4 4 4O L Q 2 09

IR IR LR LR LR LR WA WA LR WA WA LR WA LR LR WA LR WA WA WA WA LR WA
B 95 M 8 85 91 91 93 85 88 8 92 § 8 & 92 9% B4 8 9 86 04 94

Difference between the Iste seasonal mean ai LR as compared 10 that for WA:

Year e 8 8 L
Differesce inmm 16 15 < -2

L 90 91 12 9 94
& 1 4 10 2

* Mems joined by underlining are not significantly (p S 0.05) different from each other, s determined by analysis of variance and Duncan's

multiple -range lest.
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TABLE 22. Mouthly instanianeous total mortality rate (Z) estimates as determined from catch curves for age-0 winter flounder taken at rwo
sations (LR and WA) in the Niantic River from 1984 through 1994.

Year  Sustion o slope” error 7 Sution o* slope® error ’
19ké iR 16 0.129% 0017 0.80 WA - . . -
1985 15 H118* 0015 082 16 0.084 ** 0023 051
1986 15 0127% 0012 0.89 - -* - -
1987 15 £108* o021 067 i6 L1390 0016 0.84
1988 19 NS - - 19 NS - .
1989 12 Q154 002 084 13 L.145* 0028 ()]
1990 13 A322% 0028 092 15 235 0028 0.84
1991 1] L.140%¢ 0016 0.82 18 Q049 % 001 0.54
1992 18 0.129* 0019 074 16 D.112% 0.009 091
1963 9 0.087 ¢ 0.028 057 10 NS - .
1994 & £0.110**  0.008 096 9 0124 * 0.020 084
1984 LR 0.560 57.1% WA - -
1985 0512 59.9% 0.363 69.9%
1986 0ss2 57.6% -+ B
1987 0.469 62.6% 0.604 54.7%
1988 - - - .
1989 0.669 512% 0.630 53.3%
1990 1.398 490% 1021 36.0%
191 0.608 54.4% 0213 BLB%
1992 0.560 57.1% 0.486 61.5%
1993 037 68.6% . #
1994 0476 62.1% 0.538 58.4%

Mean 0618 53.9% Mean 0.550 57.7%

sD 0.286 sD 0.253
cv W% [ og} 4%

* Weekly sampling during 1984-92 and biweekly sampling during 1993-94. WA was not sampled in 1984,
¥ Probability level that the slope of the catch curve differs from zero is shown:
NS - not significant (p > 0.05), * - significant w p S 0.05, ** - significan at p £ 0.01.
¢ Although having » significant slope, the caich curve for 1986 at station WA did not provide & relisble estimate of Z because of considerable

vanation in weekly sbundance.

Uia yew remained below 1-m~2. However, although
peak densities at LR during 1994 approached that of
1992 (>1.5m'?), the mortality rate during July
through September was apparently less this year than
in either 1992 or 1990. At WA, the 1994 abundance
peak was the highest of all years sampled and densities
reached sbout 2-m?. Although a sharp decline
occurred in July and early August, the abundance curve
flattened out in late August and September, perhaps
implying a lessening of mortality rate. Thus, the
relationship between density and mortality rate for
young winter flounder may be subject 1o considerable
variability (i.e., regulatory mechanism not well-
established). As mortality rate was apparently not
excessive during the summer of 1994, the number of

young remaining was relatively substantial and this
year-class has the potential of being relatively strong.

Age-0 juveniles (late fall and early winter)

As water temperatures decrease in fall, young winter
flounder disperse from shallow waters near the
shoreline 1o deeper waters and become available for
sampling by the otter trawl used in the year-round
trawl monitoring program (TMP). Young are first
regularly captured by trawl at the two rhallower
inshore stations (NR and JC) adjacent to inshore
nursery grounds in November, the near-shore Niantic
Bay stations (IN and NB) in December, an/ at the
deeper-water stations in LIS (TT and B®" *1 /anuary.
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A A-mean (NUSCO 1988b) index of relative abun-
dance was developed for these age-0 fish using TMP
catch data, beginning with the months given above
and continuing through the end of February. This
November-February period is 2 transition following
the 1-m beam trawl sampling of young in summer
and preceding the catch of this cohart of fish as age-1
juveniles during the intensive adult winter flounder
survey that takes place in the Niantic River, usually
from late February through early April. Based on the
availatility of data for this report, the most recent
A-mean CPUE is for the 1993 year<lass. The A-
mean CPUE of 7.4 is the lowest recorded since 1987-
88 (Table 23). The strength of the 1988 and 1992
year-classes of young are evident from the correspond-
ing A-means of 29.6 and 31.1, respectively.

Since 1983, when data were first available from
beam trawl sampling, the fall-early winter A-means
were compared 10 a 1-m beam trawl median CPUE
from late summer using data from both stations LR
and WA in the Niantic River (Fig. 27). These
abundance indices track each other closely and are
significantly correlated (Spearman’s rank-order
correlation coefficient r = 0.84; p = 0.002). However,
no obvious relationship (r = 0.05; p = 0.89) was
found between the TMP A-mean CPUE and median
CPUE of winter flounder smaller than 15 cm taken in

ANNUAL INDEX OF ABUNDANCE

7 78 80 82 B4 86 B8 90 92
YEAR-CLASS

Fig. 27. Comparison between the late fall-early winter
seasonal A-mean CPUE (solid line) of age-0 winter
flounder (all trawl monitoring program stations) and the
1983-93 late summer Niantic River (stations LR and WA
combined) age-0 1-m beam trawl median CPUE (dashed
line) for the 1976-93 year-classes.

the Niantic River during the subsequent (late Febru-
ary-carly April) adult winter flounder survey (Fig. 28).
For the 1985 and earlier year-classes, more juvenile
winter flounder were taken in the river than at the six
TMP stations (five of which are outside of the Niantic
River). But since the 1988 year-class was produced,
consistently more fish have been taken by the TMP,
although the TMP A-mean CPUE for the 1993 year-

TABLE 23. The late fall-early winter seasonal* A-mesn CPUE® of age0* winter flounder taken at the six traw] monitoring siations in the

vicinity of MNPS from 1976-77 through 1993-94.

Survey year* Number of samples Non-zero observations A-mean® 95% confidence interval
197677 42 36 6.1 20-103
1977-78 42 38 51 23.-79
1978-79 42 36 42 20-64
1979-80 42 38 42 22-62
1980-81 42 39 10.1 43-159
1981-82 47 % 17 29-125
1982-83 42 37 196 9.0-303
1983-84 42 ¥ 66 32-100
1984-85 42 35 74 1.7-131
1985-86 42 39 8.1 44-117
1986-87 4?2 39 11.7 34-199
1987-88 42 4] 4k 21-75
1988-89 42 4] 26 11.6.-473
1989-90 42 42 113 67-159
1990-91 42 40 217 67-368
1991-92 42 4] 19.0 76-303
199293 42 39 311 74-548
199394 42 38 74 34-114

* Data restricied 10 November-February for NR and JC, December-February for IN and NB, and January-February for TT and BR.
¥ Catch per standardized tow of 0.69 kin (see Materials and Methods of Fish Ecology section).

¢ For age-0 fish, the year-class is the same as the first year given.
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Fig. 28. Comparison between the late fall-early winter
seasonsl A-mean CPUE (solid line) of age-0 winter
flounder (all trawl monitoring program stations) and the
Niantic River (stations 1 and 2) spawning survey median
CPUE (dashed line) of winter flounder sinaller than 15 cm
for the 1976-93 year-classes.

class declined relative to 1992,
Relationships among abundance indices of juvenile
winter flounder may have been obscured by differences
in sampling gear and variations in fish behavior.
Major biases in abundance estimation can arise from
size selectivity of the gear, spatial distribution of
individuals in relation to the gear, and behavior of fish
in the vicinity of the gear (Parrish 1963). Mean
lengths of ag=-0 winter flounder taken by otter traw!
in fall were usually about 15 t0 25 mm larger than
those taken during the immediately preceding months
by 1-m beam trawl. This size difference was greater
than would have been expected from growth alone and
suggests that CPUE indices were biased because
smaller individuals were excluded from the caich.
Differences in mean length by year (Table 21) may
also have differentially biased the trawl sampling.
The fixed locations of otter trawl sampling stations in
relation 10 the habitat available 1o juveniles also may
have affected caiches. Movements of small juveniles
were probably influenced by factors such as water
temperature and tide. Moreover, their availability 0
sampling gear in fali and winter appeared 10 have
varied from week 10 week and year w year. Relatively
large confidence intervals around the A-mean CPUE
values were probably a consequence of this variation.
In contrast, variation was less in data collected during
summer by the relatively efficient 1-m beam trawl.
Furthermore, sampling in summer occurred weekly or
biweekly during the same tidal stage and in areas
known 10 be preferred habitat of young winter floun-
der. Finally, most likely a mixture of juveniles from

a number of sources occurs throughout LIS during the
winter. This would have influenced measures of
abundance because of potential variable contributions
from different stocks.

Age-] juveniles (late winter)

Small winter flounder are incidentally captured each
year during the February-April adult winter flounder
surveys in the Niantic River. An annual median
CPUE was calculated for winter flounder smaller than
15 em, which included mostly age-1 fish spawned
during the previous year; adjustments made 1o the
caich data for the calculation of CPUE were similar to
those previously discussed for adult fish. In some
annual comparisons, data were restricted 1o stations 1
and 2 in the navigational channel (Fig. 2) because the
distribution of small winter flounder generally varied
more than for adult fish and, moreover, no tows were
made in the upper river from 1977 through 1980.

The 1994 median CPUE for age-1 juveniles taken
in the navigational channel of the lower Niantic River
was 4.1, which similar to the CPUE of 4.3 for 1993
(Table 24). When tows from throughout the river
were considered in the calculation, the median CPUE
was 1.8, marking the fifth consecutive year that
relatively low values were recorded for this time-series
(Table 25). Behavior of juvenile winter flounder
largely influences their availability to sampling and
apparently varies from year to year as 2 result of
changing environmental conditions. Distribution and,
therefore, relative abundance of small winter flounder
differs between Niantic Bay and River from year 1o
year (NUSCO 1993). Data from the TMP this
spring, however, are not yet available for determining
abundance of winter flounder in Niantic Bay during the
1994 adult spawning season. A A-mean CPUE was
computed for winter flounder smaller than 15 cm
taken by the TMP from January through April at
stations outside of the Niantic River. This time span
overlapped the spawning period and also served o
increase sample size. Values of this index were then
compared 10 the CPUE median of fish found within
the river during the spawning season (Fig. 29).
Generally, the caich of age-1 winter flounder in the
winter and early spring fluctuated less outside than
inside the Niantic River. As the number of small fish
in the river declined to low levels in recent years,
abundance of age-1 winter flounder in Niantic Bay
remained relatively constant. The CPUE of fish found
in the bay was greater than that of fish taken in the
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TABLE 24. Annua! 9.14m oter tnwl adjusied median CPUE* of winter fiounder smaller than 15 cm® taken in the navigational channel of the
lower Niantic Kiver during the 1976 through 1994 aduli population sbundance surveys.

Tows Adjusied Median 95% confidence Coefficient
Sarvey Weeks acceptable number of CPUE interval for of
year® sampled for CPUE® wws used® estimate median PUE skewness®
1976 7 i 154 200 190 - 200 mn
m 6 166 29 135 120-1790 1.50
1978 6 129 156 216 15.0-25.0 1.5
197% S 17 136 410 270 -663 A 7]
1980 5 110 145 93 345-626 1.30
1981 7 9 140 71.1 55.0-84.8 0
1982 S 50 70 344 132-525 1.46
1983 7 m m 430 330-588 0.55
1984 7 2 m 185 142 -208 22
1985 7 2 Ké 236 184 -282 1.2
1986 7 n 118 41 27-53 1.57
1987 5 41 50 50 43- 67 2.08
1988 6 49 54 112 1.7-15.7 1.38
1989 7 50 54 19 40-119 1L.1s
1990 7 65 91 74 $8-133 206
191 6 45 60 49 33-65 255
1992 7 3 a5 56 52-94 210
1993 7 36 48 43 31-63 2m
1994 - 2 24 41 25-55 1.07

* Caich per standardized wow (see Materigls and Methods).

* Mostly age-! fish, 80 predominant age-class was produced 1 year before the urvey year.
¢ Only tows of siandard time or distance made in the navigational channel of th lower river were considered.

¢ Effor equalized among weeks.
* Zero for symmetrically distributed dats.

! Because of low effort, dats from the third week of sampling not vsed for the computation of CPUE.

i~ YadTl%3lgg
i 76 78 80 82 B84 B85 B8 B0 B2 W4
YEAR (JANUARY-APRIL)

Fig. 29. Comparison between the annual January-April
4-mean CPUE (solid line) for all wrawl monitoring
program stetions except NR and the Niantic River
(stations 1 and 2) spewning survey median CPUE (dashed
line) for winter flounder smaller than 15 em from 1976
through 1994.
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river from 1986 thiough 1994, except for 1988, A
small CPUE value from the Niantic River may not
necessarily represent a continued decline in abundince.
Even a relatively small increase in catch for the rauch
larger geographu cal area of Niantic Bay and nearby LIS
could account for a low abundance index in the river as
fish dispersed from a relatively confined area to more
open waters. As a result of the differential distibu-
tion and abundance of age-1 juveniles, perhaps s a
result of variable environmental conditions influeic-
ing their behavior and availability 1o sampling, thsir
abundance indices remain generally unreliable pred -
tors of future adult population size.

isons among life-stages of
winter flounder year-classes

Abundance indices for various life-stages of the
1976 through 1994 year-classes of winter flounder
discussed throughout this report are summarized in
Table 26. Coefficients of vaniation (CV) were used 10



TABLE 25. Comparison of annual 9.14m otier traw] adjusted median CPUE* of winter flounder smaller than 15 om” weken in the navigational
channel of the Jower Niantic River with those caught throughout the entire sampling ares of the river during the 1976 through 1994 aduli
population abundence surveys

Navigauoual chaonel only. Endire arca of river sanpled:
Adusned Median Adpned Median

Survey number of CPUE Coefficient o rumber of CFUE Coefficient of
year® tows used® esumale skewness® wowe used* esumate skewness®
1976 154 200 am 231 144 184
1977 229 13.5 1.50 Insufficient wws made in upper river
978 156 21.6 1.5 Insufficient 1ows made in upper niver
1979 136 41.0 rR v Insufficient wws made in upper river
1980 145 453 1.30 Insufficient wws made in upper river
1981 140 711 0.7 182 140 1.64
1982 70 344 1.46 118 87 240
1983 T 43.0 0.55 238 115 1.80
1984 g 185 223 287 64 4 0%
1985 L3 236 1.27 280 133 36
1986 118 4] 1.57 336 40 1.47
1987 b4 50 208 270 12 246
198K 54 112 1.38 312 37 3
1989 54 19 119 318 6! 1.64
1990 91 74 2.06 320 20 5.00
1991 60 49 .55 330 14 541
1992 4y 56 210 406 20 4.58
1993 4t 43 p 392 19 3.08
1954 24 4] 1.7 212 18 1.74

a s v

TABLE 26, Companson of indices of abund> o for venous life-siages of winter floender for the 1976 through the 1994 year-clesses

Cawch per standardized tow (see Materials and Methods)
Mostly age-1 fish, so predominant age-class was produced | year before the survey year
Effort equalized among wecks
Zero for symmetncally distritwred data

Adull indices Larvalndices duvende indices
Female Aanual Niantic River stations (Feb-Jun) MNPS Lower Lower Riverbay Age-!
Year- spawners  egg Stage] Suge2 Swge? Suged (EN) niver river A-mean CPUE
class  (Feb-Apr)production 3mm) (35mm) (BGmm) (7Smm) @7mm) (May-Jul) (Aug-Sep) (Nov-Feb)(Feb-Apr)
76 - 854 6.1 13.5
e 884 3946 567 5.1 216
78 1,412 7175 754 §2 410
7% 1,120 5353 641 42 93
80 903 4243 84S 10.1 711
8l 2660 13831 561 17 44
§2 2,752 15968 . . . 610 - . 196 430
£ 1869 10820 749 40K 56 1215 27 100 6.6 185
k4 71 5016 2,601 1.501 573 67 917 188 63 74 6
85 928 5652 6260 4676 584 s 312 133 70 51 4.
86 655 436.7 1,279 176 i 4 510 338 138 1.7 50
87 852 5316 3,218 829 1,036 4¥ 315 92 179 & 112
1 1] 1279 8669 14,491 4 460 1,531 210 419 613 60.0 26 79
&9 R4 7162 12460 3976 589 £ 27 175 EE 113 74
W 79 3704 4,728 355 258 57 508 1563 200 217 49
91 1,061 6396 1,248 252 343 12 99 s 21.7 190 56
92 534 »1.1 5476 1367 2,339 195 1,003 $0.0 281 311 43
93 274 236 1,187 133 111 6 130 106 5.0 74 4]
94 508 3302 3.602 1248 49 90 834 1285 629

An approximatuon based on cumulatuve geometnic weekly means

collecied duning 2 weeks of sampling

Gompertz funcuion could not be fit 1w the dats as larvae were only
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examine annual variability in these abundance indices
(Table 27). The CVs of Niantic River adult and
juvenile winter flounder abundance indices increased
slightly over those given in NUSCO (1994a).
Variability was lowest (CV = 61%) for the number of
females spawning in the Niantic River and of associ-
ated egg production (57%). For the first three adult
female age-classes, variability decreased from age-3
(98%) through age-5 (69%). This likely reflected
variation in recruitment of year-classes as well as the
varying rumbers of immature ages-3 and 4 fish
present in the river each year. Miller et al. (1991)
noted that interannual variability of many flatfishes
appeared o decrease with age. Small decreases (-1 w
~-5%) were noted for CVs of larval abundance indices
from those reported last year. Variability among
larval stages was greatest in Stage 2 larvae (104%).
This was expected because much of the compensatory
mortality is believed 10 occur during this stage of
development. Annual variability in larval abundance
decreased for the subsequent developmental stages, 3
(90%) and 4 (78%). The CV became relatively higher
(91%) in age-0 young in late summer, but decreased
again 10 71% during fall and early winter after young
left shallow inshore waters. Another increase in CV
10 95% of age-1 juveniles in the Niantic River during
the adult surveys was probably related io the previ-
ously discussed annual differences in distribution
related 1o their behavior as well as from actual
variation in year-class strength. Rothschild and
DiNardo (1987) reported a meaian CV for recruitment
indices of various marine fishes of 70%, although
various flatfishes had CV values mostly less than

75%. The CV for abundance of European flounder
decreased from 172% (n = 9) in the larval stage w0
99% (n = 8) in newly settled young to B0% (n = §,
12) for both young in September and at age-1 (van der
Veer et al. 1991). As summarized by van der Veer
(1986), the highest CV for yearly abundance estimates
of different life stages of plaice in The Netherlands
occurred during larval development in late winter (n =
4, CV = 95%) and at first settiement of pelagic
juveniles in spring following larval metamorphosis
and settling (9, 62%). Less variation was found in
post-larval young during mid-summer (9, 30%) and
age-2 recruits (9, 35%). He attributed the decline in
variation of abundance of older juveniles to a density-
dependent regulatory mechanism that operated during
and shortly after larval settlement. Van der Veer
(1986), van der Veer and Bergman (1987), and Berg-
man et al. (1988) noted that recruitment variability in
plaice in The Netherlands was stabilized between years
as a result of density-dependent regulatory processes
(i.e., shrimp predation) on newly metamorphosed fish.
The CVs for year-class strength of plaice in Swedish
bays varied to a greater degree (67-118%), which was
thought related to temperature effects during the larval
stage and more variable crustacean predation on newly
metamorphosed young in northern waters than in The
Netherlands (Pihl 1990; Pihl and van der Veer 1992).
Population regulation in flatfishes may be coarsely
determined in earliest life history by vanabile survival
of eggs and larvae and then fine-tuned by density-
dependent mortality of newly metamorphosed juve-
niles (van der Veer and Bergman 1987).

TABLE 27. Coefficients of variation (CV) for annual abundance indices* of various life stages of Niantic River winter flounder.

Number of

Life suage Abundance index used observations cv
Female spawners Annual standardized caich 18 61%

Age-3 females Annual stendardized caich 16 %%

Age-4 females Annual standardized caich 15 6%

Age-5 females Annusl standardized catch 4 #%
Eggs Egg production indes 18 57%
Stage | larvee a parameter of Gomperz function 11 $1%
So,e 2 larvee a parameter of Gompenz function 12 4%
Siage 3 larvae a parsmeter of Gompenz function 12 S0%
Stage 4 larvee a parameter of Gompenz function 12 TE%
Age0 young Medisn CPUE st sstion LR (May-July) 12 8%
Age0 young Median CPUE at station LR (Augus-Sept) 12 91%
Age0 young Fall-winter A-mean &t traw] stations 18 N%
Age-1 uveniles Median CPUE of fish < 15 cm in Niantic River 18 95%

* Indices used carrespond 10 those given an Table 26, except for age-3 through age-5 females.
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Relationships among abundance indices of winter
flounder for the same year-class are of interest for
impact assessment. Knowledge of the earliest
possible measure of relative year-class strength is
desirable because it enables predictions of future
recruitment to the adult stock, thus providing an early
waming of decreases in stock abundance. If indices for
all life-stages are assumed to be accurately and
precisely measured each year, they should be correlated
after applying appropriate time lags, except when
processes such as density-dependent mortality or size-
selective fishing result in a lack of colinearity between
two consecutive life-stages. Female spawners and egg
production were highly correlated, which was expected
because calculation of the latter included female
spawner abundance as part of the methodology of
estimation (Table 28). Significant or near-significant
correlations were found among most larval stage
abundance indices. Niantic River Stage 4 larval
abundance was also significantly correlated with age-0

juveniles during summer and late fall-early winter
(Table 29). Age-0 juvenile abundance indices during
summer and late fall-early winter were also correlated
(Fig. 27). The abundance of larvae 7 mm and larger
collected at MNPS (station EN) was not significantly
correlated with any of the adult, larval, or juvenile
abundance indices, except for age-1 juveniles taken in
the Niantic River during the adult winter flounder
surveys. However, the relationship between these two
abundance indices was not clear and may be an artifact
of the long time-series (Fig. 30). Also, the age-1
index was also not correlated with any of the other
larval or juveaile indices.

If catch indices were assumed to be representative of
annual relative abundances, Niantic River winter
flounder were found 1o be fully recruited only at about
age-5 (NUSCO 1990). Thus, age-3 or age-4 fish
probably should not be used as an index of year-class
strength because it is likely that only a fraction of
these fish occur on the spawning grounds each year.

TABLE 28. Mawrix of Spearman's rank-order correlstions among vanious winter flounder spawning stock and larval abundarce indices
Except for larvae 7 mm and larger taken at the MNPS intakes, all other indices refer 1o adults or larvae collected in the Niantic River.

Adult egg Sisge ) Stage 2 Stage 3 Stage 4 Larvae at MNPS intakes
Index*® production larvae larvae larvae larvae (27 mm)
Female 0.9484° 05182 0.3776 02797 02797 0.1331
spawnen 0.0001 ** 01025 NS 0.2262 NS 03786 NS 03786 NS 0.5985 NS
18 R 12 12 12 18
Aduli egg 05818 0.4336 0.4056 02797 0.0134
production 0.0604 NS 0.1591 NS 0.1908 NS 03786 NS 0.9579 NS
11 12 12 12 18
Stage | 0.7909 0.6364 0.6273 0.0273
larvae 0.0037 o 0.0353 * 0.0388 * 0.9366 NS
1 11 11 11
Stage 2 0.792 0.4406 £.0420
larvae 0.0022 »* Q0.1517 NS 0.8970 NS
12 12 12
Stage 3 0.55%4 0.0629
larvae 0.0586 NS 0.8B459 NS
12 12
Suage 4 03776
larvae 02262 NS

12

* Indices used correspond w those given an Table 26

* The three statistics shown in each correlation matrix element are
correlation coefficient (),
probability of & larger r (NS - not significant [p > 0.05), *
number of annual observations (sample size)

significant at p € 0.05, ** - gignificant & p £ 0.01), and
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TABLE 29. Mutrix of Spearman’s rank -order correlations amang various larval and juvenile winter flounder abundance indices.

Niantic River Lower river Lower river  Fall-early winter  Niantic River
Stage 4 early age-0 loie age-0 river-bay winter-spring
Index* larvee Juveniles Juveniles Juveniles age-| juveniles
MNPS intake 03776* 0.4615 0.3357 £.1415 0.5349
larvae 02262 NS 0.1309 NS 0.2861 NS 0.5754 NS omu2-e
@7 mm) 12 12 12 8 18
Niantic River 0.5874 07133 0.6287 03189
Stage 4 0.0446 * 0.0092 ** 0.0383 ¢ 03391 NS
larvae v 12 11 1
Lower river 0.8881 0.6333 0.0775
early age-0 0.0001 ** 0.0065 0.8209 NS
juveniles 12 11 il
Lower river 0.6970 0.0638
laie age0 00171 ¢ 0.852 NS
Juveniles 1" 11
Fall-early winter £.4357
river-bay 0.0707 NS
age O juveniles 18

* Indices used correspond 10 those given on Table 26.

* The three siatistics shown in each correlation matrix element are:
correlation coefficient (r),
probability of & larger 7 (NS - not significant [p > 0.05], * - significant at p S 0.05, ** - significant at p < 0.01), and
number of annual observations (semple size).

T
78

&

Fig. 30. Comparison between the & index of sbundance
of larval winter flounder 7 mm snd larger taken at the
MNPS intakes (dashed line) and the Niantic River
(stations 1 and 2) spawning survey median CPUE (solid
line) for the 1976-93 year-classes.

Furthermore, this fraction may vary from year 1o year.
Several significant correlations were found between
the abundance of female spawners and those for 7-mm
and larger larvae at MNPS and also with some
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juvenile winter flounder indices (Table 30). The
CPUE of age-1 fish taken in the river during the adult
spawning surveys was significantly correlated with
both age-3 and 4 female spawners. However, there
was no correlation found with age-5 females. Signif-
icant negative correlations were found between both
age-3 and age-4 females and the age-0 fall-winter
A-mean CPUE, but the weakest of the negative
correlations (not significant) was found between age-5
spawners and the fall-early winter juveniles, which
should have been one of the most reliable as females
are fully recruited by this age. If negative correlations
persist in future years, they could be interpreted as an
indication of unknown processes operating after winter
flounder become age-1 that result in fewer adults being
recruited in spite of larger numbers of juveniles.
Possibilities include variable discard mortality of
juveniles in the commercial fishery; high rates of
fishing; and non-random fishing effort, which may
occur in overfished stocks. Meanwhile, none of these
life-stage indices can presently be used as a reliable
measure of year-class strength.



TABLE 30. Matrix of Spearman's rank -order comelations among various winter flounder larval and female spawner sbundance indices.

Lower niver Fall-early winter  Niantic River

iate age-0 river-bay winter-spring

MNPS intake Lower niver
larvae early age-0

index* (27 mm) uveniles

Juveniles Juveniles age-1 juveniles

Age-3 0.4088° 0.2000
female 0.1159 NS 0.6059 NS

spawners® 16 §

Age4 04387 0.0952
female 0.1045 NS 0.8225 NS
spawners® 15 L

Age-5 0.6659 0.0357
female 0.0093 ** 0.9394 NS
spawners® 14 7

09651 NS 0.0120*

0.4556 NS

0.0167 €0.6107 07382
0.001] **
9 16 16

0.3095 0.8954 0.5679
0.0001 ** omn.
B 15 15

{.4841 0.2923
0.0795 NS 0.3105NS
14 14

* Early life history indices used correspond 10 those giver an Table 26,

¥ Determined by applying an age-length key (NUSCO 1 9) 10 the length distribution of annual standardized female abundances

¢ The three siatistics shown in each comelation matrix e.cmnent sre

correlation coefficient (r),

probability of a larges » (NS - not significant [p > 0.05], * - significant st p £ 0.05, ** - significant st p £ 0.01), and

number of annual observauions (ssmple size)

Stock-recruitment relationship (SRR)

Sampling-based estimates. Egg production
estimaies from annual spawning surveys were used o
determine recruitment because the abundance of other
early life-stages have not been reliably correlated with
adult spawners. Both recruitment and the parental
spawning stock indices were scaled to absolute popu-
lation size as described previously (see Absolute
aburdance estimates, above). The resulting annual
values were used with the Ricker SRR model as
estimates of adult female spawning stock and potential
female recruitment (Table 31). The addition of new
catch data from the 1994 adult winter flounder survey
resulted in some differences between present estimates
of spawners and recruits reported in NUSCO (1994a).
A two-parameter SRR model (Eq. 6) was initially
fitted to the spawner and recruit data. The stock
growth potential parameter a (scaled as numbers of
fish) was estimated as 2.057, with a standard error of
0.699 (34% of the parameter vaiue).

Two-parameter model estimates were used as initial
values for fitting the three-parameier SRR model with
temperature effects (Eq. 7). The three-parameter SRR
explained 63% of the variability associated with the
recrustment index. Relationships resulting from fits
of both Ricker models are shown in the central
portion of Figure 31 as follows: the unadjusted SRR
(two-parameter model; Eq. 7) is shown as the broken-

line curve and the three-parameter model (SRR
adjusted for T gy,) is represented by the solid-line. The
outermost two dashed lines describe low recruitment
in the warmest year (1990; Trep = +1.67) and high
recruitment in the coldest year (1977; Trep = ~2.25).
For the three-parameter model, o was sstimated at
2.071, with a standard error of 0.428, which is 21% of
the parameter value (Table 32). Estimates of the a
have ranged from 1.977 through 2.646 and those for ¢
from -0.412 through -0.259 (NUSCO 1990, 1991b,
1992a, 1993, 1994a). Variation in estimates of a
could be caused by increasing fishing mortality rates
on winter flounder in addition 1o the inherent instabil-
ity of parameier estimawes fitted to small data sets. In
particular, the influence of the 1988-90 data points on
the estimate of a were illustrative of higher recent
exploitation (Fig. 31). Because of the relatively high
abundance of juvenile winter flounder from the 1988
year-class, numbers of females were expected to
increase in 1992 and 1993 and form 'se bulk of the
spawning population. However, these recruitment
indices were much below expected values, likely the
result of high fishing mortality rates in recent years.
The estimate of Ricker's B parameter, which
describes the annual rate of compensatory mortality as
a function of the stock size is important in SPDM
simulations. The parameter estimate of 2.498 x 10
has remained fairly constant (range of 2.140 - 2.523 x
10°%; NUSCO 1990, 1991b, 1992a, 1993, 1994s).
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TABLE 31. Annual Niantic River winter flound  stock -recruitment data based on indices of egg production for the 1977 through the 1990
year-classes with mean February water tempersiu ¢ and devistions (Trep) fram the mean

Mean February Deviation from
Index of femaie Index of female RP waler mean Februsry water
Year-class spawners (P)* recruits (R ratio temperature ("C) wemperature (Tpen)

1977 20,097 65,125 0.36 -2.25
1978 36,544 45,750 125 1.09 -1.52
1979 2726 356,758 1.48 -1.13
1980 21 508 28.86) i 238 €0.23
1981 70,441 28,076 0.40 263 0.02
1982 81,324 32,709 0.40 1.56 -1.05
1983 55,104 35,881 0.65 174 1.13
1984 25,544 27,195 1.06 4am 1.41
1985 26,789 25,7127 2.36 £0.25
1986 22241 24208 1.09 338 0N
1987 27,076 2107 328 0.67
1988 44,153 16,107 036 267 0.06
1989 36478 10271 028 324 0.63
1990 18,863 10231 0.54 428 1.67

Mean 652 29,141 6]
cv 53% 9% 44%

* Scaled number of female spawners and recruits from expected egg production; scaling factors used were 561,000 eggs per females and &
multiplier of 28.571 1o conven relative sbundance 10 an absolute population size. Indices of female spawners and recruils differ from
those reported in NUSCO (1994s) because of dats added from: the 1994 adult winter flounder population survey
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Fig. 31. The Ricker SRRs for Niantic River winter flounder (see text for ex; lanation of the four curves plotied). Calculated
recruitment indices for the 1977 through the 1990 year<lasses are shown
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TABLE 32. Parameters of the Ricker siock-recruitment mode! fitted 10 data for M/astic River female winter flounder spawners from 1977

through 1990 and some derived paints of reference.

Model parameters and reference points
Model pamuicien (deicmuned (rom e of Lt Ll s Siandard goor ¢
o (compensatory reserve for unfished stock) 542
@ (current compenssicry reserve) 207" 0428 484
B (siock dependent compensatory rase) 2498 X 10° 478X 10° 522
¢ (environmemasl {ilemperature] effect) 0.379 oom 489 %
Lenved poinis of misrence. Nunixoof b Biomas Qbo)
Unfished stock equilibrium size (P called maximam spewning potential by Howell el 1992)  67,658° 98,104
Present (through 1990) equilibrium size (Pag)) 29,145¢ 29,145
F for Pugr = 29,145 female spawnen 0.96 -
Estimate of critical stock size (25% of maximam spswning potential) - 2452

* t-natistic for parameter estimaie # 0 with d.f, =n-3 = 11 (** - significant at p £ 0.01).

* Includes the effects of recent exploitation raies.

¢ Average weight of female spawner for unfished sock is 1.45 Ibs and for cument exploited stock is 1 Ib.

The parameter ¢, which was an estimate of the effect
of February iemperature deviations (Tgep) from the
1977-90 mean of 2.61°C, was -0.379. The values for
¢ are negative and although the relationship between
winier flounder recruitment and February temperatures
remain unknown, February coincides with most
spawning, egg incubation, and haiching., These
processes, as well as larval growth, are all tempera-
wre-dependent. Buckley et al. (1990) noted that the
winter flounder reproductive process appears to have
been optimized for cold winter temperatures followed
by gradual spring warming. Adult acclimation
temperatures and egg and larval incubation temperature
affected larval size and biochemical composition.
Cold winters and warm springs produced the largest
larvae in the best condition at first feeding. This
favored good survival and may partly expiain the
observed correlation between cold years and strong
year-classes of winter flounder. Townsend and
Cammen (1988) noted that the metabolic rates of
pelagic consumers are more sensitive W lower temp-
erature than rates of photosynthesis by phytoplankion,
which bloom more in response o the amount of solar
radiation received. Therefore, an earlier bloom in a
cold year has the possibility of lasting longer before
being grazed down by zooplankton. This allows for &
greater contribution of organic matter o the benthos
than in other years, benefiting juvenile demersal fishes
that metamorphose just after the spring bloom of
phytoplankton and have o outgrow various predators.

As noted previously, the effect of tempeiauws on
poiential prey or predators of larvee and nev/ly
metamnorphosed juveniles, such as the sevenspine bay
shrimp, may be an additional mears for control of
population abundance. Strong year <lasses of plaice
were also associated with cold winters, likely because
the predatory brown shrimp (Crangon crangon) suffers
high mortality or migrates out of plaice nursery areas
(Zijistra and Witte 1985; van der Veer 1986; Pihl
1990; Pihl and van der Veer 1992).

In addition 1 the above SRR parameters directly
estimated from stock-recruitment data (Fig. 31), Table
32 includes four derived biological reference points.
Ricker's stock-at-replacement, or P, (Eq. 11), was
estimated at 67,658 female spawners and is the
unfished equilibrium spawning stock size, also known
as the maximum spawning potential (MSP). This
reference point, expressed in units of biomass as
98,104 Ibs, is the basis for the critical stock size
(25% of MSP) below which the stock is considered
overfished (Howell et al. 1992). The present equilib-
rium size Py (Eq. 9) of 29,145 spawners refers to
the sustainable or equilibrium size 1o which the stock
could converge if present (through 1990) exploitation
and other conditions remained unchanged. The
calculated (Eq. 10) value of F that would achieve
equilibrium stock size was 0.96, which is much
higher than the DEP estimates of F for those years.
This difference can mostly be due to the lack of age
structure in Ricker's model, which causes fishing
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mortality 1o be concentrated in a single year for each
year-class; winter flounder year-classes are exploited
during many years. As mentioned previously in the
Materials and Methods section, these reference points
derived from fishery data are only deterministic
approximations useful for comparative purposes
across stocks and, in this study, to compare 1o the
corresponding and more realistic values derived
through simulation using SPDM.

Estimation of a for SPDM simulations.
The above stock-recruitment-based estimates of a for
the Niantic River winter flounder provided an underes-
timate of the true slope at the origin for this stock.
The method of calculating annual recruitment included
the effects of fishing on winter flounder age-2 and
older as well as the entrainment of larvae at MNPS
Therefore, these direct estimates of a correspond 10 a
compensatory reserve diminished by existing larval
entrainment and exploitation rates. The concept of
compensatory reserve in fishing stocks and the effect
of exploitation on the shape of the reproduction curve
when the recruitment index is based on the exploited
stock was discussed by Goodyear (1977: Fig. 1).
Thus, if larval entrainment and fishing rates increase,
the field estimates of recruitment will be smaller and
so will the estimates of @ (i.e., the "remaining”
compensatory reserve). To assess impacts appropr-
ately, the inherent potential of a stock to increase in
the absence of fishing and plant effects must be
determined. Crecco and Howell (1990) investigated
the possibility of using indirect methods 1o estimate
the true & parameter (i.e., for the unfished stock when
F = 0). They used four indirect methods (Cushing
1971; Cushing and Harris 1973; Longhurst 1983;
Hoenig et al. 1987; Boudreau and Dickie 1989) based
on different life history parameters. Because these
methods do not depend upon direct estimates of
recruitment, they avoid biases caused by changing
fishing rates and provide independent means of
validaung SRR-based estimates. The present study
used a Ricker SRR o parameter estimate derived from
the value of 3.74 in biomass units reported by Crecco
and Howell (1990: Table 2). This value was re-scaled
for numbers of fish on the basis of the following
relationship

Qpiomass * @ / (mean weight per mature female
fish) (19)

where the mean weight was calculated for & population
at equilibrium and one for which only natural mortal-
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ity was assumed 1o have occurred (ie., the unfished
population). A mean weight of 1.45 Ibs per female
spawner for the Niantic River unfished winter flounder
stock was calculated (Table 33) using population data
previously reported (NUSCO 1990). Using this mean
weight, the re-scaled o parameter for this study was
obtained as:
@0 = Qpjomass'Mean weight) = 3.74(1.45 Ibs)
= 542 (20)

This parameter describes the inherent potential of a
stock for increase because the natural logarithm of a
is the slope of the SRR at the origin for the unfished
stock (Ricker 1954) and that slope, in tum, corre-
sponds 1o the intrinsic rate of natural increase of the
population (Roughgarden 1979). Since the slope of
the SRR at the origin decreases with increasing
exploitation rates, it is useful to think of a as the
"remaining growth potential” or "growth reserve” of
the stock. Consequently, the large difference between
the derived value of a (5.42) and direct regression
estimates of a reflects respective differences in growth
reserves between unfished and highly exploited stocks
of winter flounder. Using an unfished stock as &
starting point for simulations also has other advan-
tages, depending upon the particular scerario selected.
For example, simulation in this report includes
initially moderate fishing rates that are much lower
than those affecting the data on which the regression
estimate of a was based. The data-based estimates of
the other two SRR parameters (B and ¢), which do not
depend upon fishing and entrainment rates, were used
in the population simulations as given in Table 32.

MNPS impact assessment

Larval entrainment

Estimates of larval entrainment at MNPS.
The number of winter flounder larvae entrained in the
condenser cooling water of MNPS i3 the most direct
measure of potential impact on the Niantic River
winter flounder stock. Annual totals of entrained
larvae were related .« larval densities in Niantic Bay
and plant operations (i..e, cooling-water volume).
Nearly all winter flounder larvae collected at station
EN were taken from February through June, with
most (> 90%) found in April and May. The
entrainment estimate for 1994 (182.1 million) was
about average since three-unit operations began in
1986 (Table 34). From January 15 through May 23




TAKLE 33 Biomass calculstions for the Niantic River winter flounder female spawning stock a1 equilibrium based on an instantaneous natural
monality rate of M = 0.35 and an insiantaneous fishing monality mie of F = 0 (virgin stock).

Female Number of  Weight of Eggs per  Spewnung stock Egs
populaton Fraction mature  malure females mature biomass production
Age size mature females  (lbe per fish) female (ibs) (millions)
2 1,000.00 0.00 0.00 . - . 0.000
3 704.69 0.08 5638 G.55¢ 223,735 Ny 12.613
4 49659 0.36 1nn 0811 378584 14498 67.680
5 34994 092 32194 1.088 568243 35027 182.942
6 246,60 1.00 246.60 137 785,897 339.56 193.800
7 17377 1.00 1.7 1.645 1,004,776 285.86 174.604
¥ 122.46 1.00 122.46 1.873 1,201,125 22936 147.086
~ 8629 100 86.29 2057 1366951 1751 117.959
10 60.81 1.00 6081 2203 1502557 13397 9137
il 4285 1.00 Q85 2.304 1598597 98.73 68.503
12 3020 1.00 3020 2.390 1,682 208 7217 50.798
13 2128 1.00 2128 2461 1,754,800 5237 37342
14 15.00 1.00 15.00 2516 1,809,000 31.73 a7
15 10.57 1.00 10.57 2.552 1,845,800 2697 19.505
Towl 3,361.05 136691 1.980.71 1,191.329
Mean weight per mature fomale fish = (1,980 Ibs « 1 367 matwre females) =  1.45 Ibs (37.6 om fish)
Mean fecundity (virgin stock) = 871548 eggs per female spawner

during the winter flounder larval season Unit 1 was
not operating due (o a refueling outage (Fig. 32). The
decrease in cooling water usage result~d in a calculated
reduction in larval entrainment of about 21% (48.1

million larvac) from that expected if Unit 1 had
operated during this period. This estimated entrain-
ment reduction was higher than the 14% reported in
NUSCO (1994b), which was based on a long-term

TABLE 34. Annual sbundance index (o parameter of the Gompertz function) with 95% confidence interval of winter flounder larvae in
entruinmeni samples and total anaual entrainment estimates during the larval season of occurrence, and the volume of seawater entrained at
MNPS each year from 1976 through 1994 during sn 136-day period from February 15 through June 30.

a Swandard 95% confidence Number entrained Seawater volume
Year parameter error wierval X 10%) entrained (m® X 10F)
1976 1,656 32 1588 - 1,724 107.6 6628
197 %51 47 650 - 852 312 585.6
1978 1947 352 1,186 - 2,706* 874 4909
1979 1,296 8! 1,121 - 1,470 4717 474.)
1980 2,553 37 2475 - 2632 175.7 6333
198] 1,163 23 1L113-1213 417 455.2
1982 2259 36 2,184 .-2334 1704 674.1
1983 2966 21 2921-3012 2193 648.0
1984 1,840 4 1,741 - 1.9% 881 5738
1985 1585 48 1,483 - | 686 £33 528.1
1986 9§03 3 837 - 968 130.6 13534
1987 1,194 23 1,145 - 1242 1720 13236
1988 1,404 42 1315- 1493 1933 13817
1989 16T 13 1,650 - 1,704 175.0 10459
1990 1073 25 1,021-1,125 1388 13027
1991 1,149 18 1L110- 1,189 1213 9344
1992 3974 76 3512-4,13 5139 1,1993
1993 328 23 280 -377 451 14123
1994 1,709 38 1,626- 1,790 182.1 1,174.6
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Fig. 32. Abundance curve for entrained winter flounder larvae in relation to the period of Unit 1 refueling outage during

1994.

(1976-91) average annual abundance distribution of
entrained larval winter flounder.

As in previous years, Stage 3 larvae predominated
in entrainment collections. In 1994, the percentages
of each developmental stage entrained were 4% for
Stage 1, 17% for Stage 2, 66% for Stage 3, and 13%
for Stage 4. These proportions were similar to
findings in previous years. Percentages for 1983-93
combined were 3% for Stage 1, 22% for Stage 2, 64%
for Stage 3, and 11% for Stage 4 of development.

Effect of entrainment on a year-class. To
determine the effect of winter flounder entrainment on
a year-class, the relationship between entrainment
estimates and various indices of juvenile abundance
were examined. Annual entrainment estimates were
significantly correlated with two abundance indices of
juvenile winter flounder (Table 35). These were for
the age-0 fish taken in late summer at station LR and
during late fall-early winter at the TMP stations. The
abundance of young at LR in early summer, which
immediately follows the larval entrainment season,
was not significantly correlated with estimated
entrainment. Although significant, the form of the
relationships between the entrainment estimates and
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these two age-0 abundance indices was not obvious
(Fig. 33). Densities of winter flounder larvae 7 mm
and larger taken at EN (an index of abundance rather
than one of estimated impact) were not significanty
correlated with the age-0 abundance indices (Table 29).
Also, a first-year survival rate index (CPUE of age-1
fish collected in the Niantic River during the spawn-
ing surveys divided by the 7-mm larval index) was not
significantly correlated with entrainment estimates.
Furthermore, the significant correlation coefficients
found were positive, implying no apparent
entrainment effect. In general, even negative correla-
tions between annual entrainment and abundance of
early life history stages do not necessarily imply an
entrainment impact unless posiiive correlations can be
found between those early life history stages and
mature female fish,

Mass-balance calculations. The magnitude of
the impact of entrainment on the Niantic River winter
flounder stock depends upon how many of the en-
trained larvae originated from this stock. Hydrody-
namic modeling (NUSCO 1976) and current drogue
studies (NUSCO 1992b) showed that much of the
condenser cooling-water used by MNPS enters Niantic



TABLE 35. Spearman's rnk-order corrclations between the ansual estimates of larval winter flounder entrainment st MNPS and the
abundance indices of several posi-entrainment early life history sages.

Lower river Lower river Fall-esrly winter  Niantic River  Apparent larval
early age-0 lste age-0 river-bay winter-spring survival
Index* Juveniles Juveniles juveniles sge-1 juveniles rate
Annusl 0.5245* 0.6573 0.5473 £.0796 03356
estmaie of 0.0800 NS 0.0202¢ 00187 * 0.7537NS 0.1734 NS
entrunment 12 12 18 18 18

* Indices used correspond 10 those given on Table 26, except for the apparent survival rate, which is the age-] index divided by the index

of 7 mm and larger larvae st EN in Nisntic Bay.
* The three satistics shown in esch correlation matrix element are:
correlation coefficient (7),

probability of & larger » (NS - not significant [p > 0.05), * - significans i p £ 0.05), and

number of annual observations (semple size).

36.00 Bay from LIS. Other stocks are known o spawn both
30.00 . . 10 the east and west of the bay and results from tidal
25.00 studies also indicated that a large number of winter

> flounder larvae enter Niantic Bay from LIS (NUSCO

o .t 1992a, 1992b). To determine if the number of winter
15.00 flounder larvae leaving the Niantic River could
10.00 * i3 support the number of larvae observed in the bay each
so0d .* P . year, mass-balance calculations were made for 1984

Q ‘ o through. 1994; nine of these years (1986-94) occurred
000 vy during three-unit operation. The results of each 5-day

0000 10000 20000 30.000 40.000 50.000 €0.000
ENTRAINMENT ESTIMATE (TENS OF MILLIONS)

period in 1994 are provided as an example of these
calculations (Table 36). Results for other years were
given in NUSCO (1993, 1994a).

During the 1994 larval season, the sign of the term
S-day change shified from positive to negative when

70.00 the estimated number of larvae in Niantic Bay started
- P . to decline during a 5-day period beginning on April 21
< (Table 36). Also, in early April the sign of the
80.00 Source or Sink term changed from negative to
40.00 positive. A negative Source/Sink term indicated a net
3000 % loss of larvae from Niantic Bay during the first part of
20.00 by L the larval season. During the 5-day period starting on

® 5
gio.oo > ®
PO
0.00 3 g v Y ’ . i T T 1
0000 10000 20000 30000 40.000 50.000 60000
ENTRAINMENT ESTIMATE (TENS OF MILLIONS)

Fig. 33. Relationship between the annusi entrainment
estimate of winter flounder larvee at MNPS and the late
fall-early winter seasonal A-mean CPUE of age0) winter
flounder from all wawl monitoring program stations
(TMP) for the 1976-93 year<classes, and between the
entrainment estimaie and the median CPUE of age-0
winter flounder taken at station LR in the Niantic River
during late summer for the 1983.93 year-classes.

about April 1, the Source or Sink term became
positive, an indication that larvae from other sources
(ie., LIS) were required to support the change in
larval abundance and balance the equation. Timing of
this change in the Sowrce or Sink term in 1994 was
similar to previous years (NUSCO 1993), except for
an earlier date (February 25) in 1993 (NUSCO 1994a).
During peak entrainment (April and May), fewer
larvae were entrained than were imported from LIS,
indicating that sources other than the Niantic River
provided larvae found in Niantic Bay.

During each 5-day period the proportion of entrained
larvae from the Niantic River was estimated from the
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TABLE 36 Results of mass-balance calculstions for each S<day period in 1994

Number Loss due Number from the Number w0 the
San of S-day entruned 10 monality Niantic River Niantic River
S-day change (Ent) (Mort) (FromNR) (ToNR) Sowrce or Sink
penad x 107 0 10% X 10 x 109 X 109 X 10%
2-15 0.0 00 00 06 0.0 L.6
220 00 (14 o0 098 0.0 09
225 00 co 0.0 21 00 2.1
302 00 00 00 47 00 47
307 00 0.0 0o 93 00 £3
312 0.1 0o co 156 6.7 4.7
317 1.1 00 Ql 23 71 -140
2 43 00 (11 82 9.4 <136
27 10.1 00 28 322 165 -28
401 150 Q1 43 340 28 15.1
406 153 10 112 338 467 403
411 107 s 153 319 616 608
416 40 152 149 20 703 754
421 2.1 253 103 256 718 nI
426 62 23 89 21 676 765
501 4.0 255 | 18.7 599 637
506 43 193 41 156 510 505
511 16 148 8 129 Q3 »s
$-16 65 126 21 106 343 22
521 -52 11.1 14 86 28.1 267
5.26 4.1 82 13 7.0 29 212
5-31 -32 56 09 57 188 165
605 24 39 06 46 157 132
610 -1.8 26 04 38 134 10.8
6-15 14 16 03 31 116 9.1
620 -10 12 02 26 103 82
625 07 08 02 21 93 74

* Due 1o rounding, avy zero value represents less than 50,000 larvae.

ratio of larvae entering the bay from the river
(FromNR) 10 the total input from both sources
(FromNR + Sowrce or Sink). This proportion was
applied 1o the total number entrained in that 5-day
period 1o estimate the number entrained from the
Niantic River. During 5-day periods when there was a
net loss (negative Source or Sink term) or when the
proportion from the river was greater than one, all
larvae entrained were assumed to have originated from
the Niantic River. This estimate was conservative,
because the results of a dye study and larval dispersal
modelling (Dimou and Adams 1989) showed thai only
about 20% of the water discharged from the Niantic
River passed through MNPS during full three-unit
operation. Estimates of annual total entrainment and
the annual number eatrained from the Niantic River
were determined by summing over all 5-day periods.
Based on mass-balance calculations for data collected
in 1984-94, about 14 10 38% of winter flounder larvae
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entrained by MNPS originated from the Niantic River
(Table 37). For 1994, the estimated number of larvae
entrained that originated from the river was about
average compared (0 previous years.

The potential impact of larval entrainment on the
population depends upon the age of each larva at the
time it is entrained. Older individuals have a greater
probability to contribute to year<class strength than
younger ones. Therefore, the estimated number of
each developmental stage entrained during cach 5-day
period was based on the proportion of each stage
collected at station EN. By applying the proportion
of entrainment attributed to the Niantic River
(FromNR | [FromNR + Source or Sink]), the number
of larvae in each stage was allocated w each of the two
sources (Niantic River or other) for every S-day period.
The annual number of each larval stage entrained from
each source was estimated by summing over all 5-day
periods (Table 38). Most of the Stage 3 larvae (the
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TABLE 37. Estimates of total number of larval winter flounder entrsined, number of larvae entrained from the Niantic River, and the
percentage of wial etrainment stributed 1o the Nuantic River for 1984-54.

Niantic River % enwminment
Tokal entrainment larval entrainment attributed Lo
Year X 10%) Xty the Niantic River
1984 86.1 331 36
1985 83 288 346
1986 1306 289 21
1987 ino 428 U9
1988 1933 408 211
1989 1750 345 19.7
1990 1388 397 286
1991 1213 363 29
1992 S5139 B2S 16.1
1993 451 62 137
1994 182.1 448 U6

* A slight increase than previously reported (NUSCO 1994a) due to » correction in computer coding in estimating the term 7aNR.

TABLE 38 Estimated number of winter flounder larvae entrained st MNPS by developmental stage from the Niantic River and other sources,
based on mass-balance calculations for 1984 through 1994,

Stage 1 Stage 2 Stage 3 Suage 4
Year Source X 10% X 109 X 10% X 10%
198¢ Niantic River 02 154 144 32
Other 0.1 252 259 37
1985 Niantic River 35 178 71 04
Other 08 1. 159 67
1986 Niantic River 07 79 159 45
Other 1.5 256 6.1 114
1987 Nisntic River 08 156 45 19
Other 06 318 8.1 1%
1988 Niantic River 41 9.8 253 16
Other 12 81 1194 239
1989 Niantic River 29 s 19.7 05
Other 43 24 85.0 88
1990 Niantic River 10 64 25 38
Other 09 128 7.1 94
1% Niantic River 03 37 ns 49
O ar 07 92 685 67
1992 Niantic River 58 104 512 90
Other 214 5.5 308 8 346
1993 Niantic River 03 12 4 05
Other 1.3 54 42 81
1994 Niantic River 17 98 274 59
Other 39 285 870 179
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predominant stage entrained) originated from sources
other than the Niantic River. As mentioned previ-
ously, some larger larvae from other areas may have
entered the Niantic River during a flood tide and caused
the increased frequency noted in larger size-classes
(Fig. 16). Results from a special bay-wide sampling
during 1991 (NUSCO 1992a) showed that in April
and May, when about 75% of Stage 3 larvae were
entrained, more larvae entered Niantic Bay from LIS
east of Millstone Point and passed by the MNPS
intakes during a flood tide than were flushed out of the
bay to LIS during an ebb tide. Therefore, greater den-
sities of Stage 3 larvae were expected at station EN
during a flood than an ebb tide. This was confirmed
in NUSCO (1993), where significantly (p < 0.05)
greater Stage 3 densities found in April and May from
1983 through 1992 at station EN were from collec-

tions made during flood tides as compared 1o ebb tides.

Estimated production loss from the
Niantic River stock. Estimates of larvae en-
trained by stage from the river were compared o
annual abundance estimaies for each larval stage in the
Niantic River 10 determine the percentage of produc-
ton loss from the Niantic River stock (Table 39).
Esumates of Niantic River Stage 1 larvae entrained
were cakculated from daily abundance estimates (Eq. 3)
at station C, following an evaluation presented in
NUSCO (1993). This study indicated that entrain-
ment sampling may underestimate Stage 1 larval
abundance because of net extrusion. Based on dye
studies (Dimou and Adams 1989), 20% of the Niantic
River discharge passes through MNPS during full
three-unit operation. Therefore, for full three-unit
operation, 20% of the daily density of Stage 1 larvae
at station C were used as an estimate of Stage 1 larval
entrainment from the Niantic River. During periods
of reduced plant operation, estimates were proportion-
ally reduced based on daily water volume use,
Entrainment estimetes for Niantic River Stages 2, 3,
and 4 larvae were from the results of mass-balance
calculations, which used entrainment sampling
densities. The estimated percentage of the Niantic
River winter flounder production entrained annually
since 1984 ranged from 4.7 to 22.0% and had a
geometric mean of 9.2%. In 1984.93, production
losses were slightly higher than reported in NUSCO
(1994a) due w & computer coding error, which was
correcied and the estimates recomputed. Based on
several special studies (NUSCO 1992a, 1992b) and
the empirical mass-balance calculations, a large
number of larvae entrained at MNPS likely came from
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areas other than the Niantic River.

The above mass-balance calculations were based on
actual daily condenser cooling-water volumes. To de-
termine the production loss for projected full (100%
capacity) three-unit operations, these calculations were
recomputed based on a maximum daily condenser
cooling-water volume of 11.1 million m*-day (Table
39). To increase the time-series, three-unit operation
was simulated 1o include 1984 and 1985, prior to Unit
3 start-up. Estimated annual percentages of the
Niantic River winter flounder production that would
have been entrained since 1984 under simulated three-
unit operation ranged from 5.4 io 25.0% (geometric
mean = 12.1%). These estimated annual reductions in
year-ciass strength were used in impact assessment
simulations with the SPDM as described below.

Stochastic simulation of the Niantic
River winter flounder stock

Model simulation of MNPS impact. The
initial input data used 1o run the SPDM were described
in the Materials and Methods section (Tables 1-5;
Figs. 4-6). Simulations were made from 1960, a
decade before Unit 1 went online, until 2060, 35 years
after Unit 3 is scheduled to be retired. The model
accessed a secondary input file, which included fishing
(plus impingement mortality) rates and the larval
entrainment losses (i.c., % Niantic River annual larval
production loss) assumed for each year of the simula-
tion (Table 40). The combined mortality of fishing
(F) and impingement (IMP) was used only during the
years 1971-2025, comresponding to actual or expected
MNPS operation. Rates of larval entrainment (ENT)
during 1971-94 were based on known iates of MNPS
cooling-water flow and calculated entrainment of
Niantic River winter flounder larvae as derived from
the mass-balance calculations discussed above.
Entrainment rates from 1995 through 2025 were
estimated by randomly selecting values of ENT from
the historic time-series for full three-unit operation
(Table 39) and of cooling-water flow for each unit
(Table 5), which also depended upon a unit retirement
schedule (Table 1). ENT was then adjusted 10 account
for historically varying flows by unit during the larval
winter flounder season. In this process, it was
assumed that MNPS would operate during 2 larval
winter flounder season in the future as it had in the
past. Calculated annual values of larval production
loss used for simulauons in this report are given in
Teble 40.



TABLE 39. Estimated sbundance of winter flounder larvae in the Niantic River and the namber and percentage of the production entrained
from the Niantic River by developmental etage for 1984-94. Numbers of larvae fram the Niantic River were based on the most recent mass-
balance calculations.

Projected full* MNPS
I I nm’ I |' » . . .I II'“ Illm' l nﬁ'-.
Niantic River Entrainment from Entrainment from
Sisge of sbundance* the Niantic River® % of the the Niantic River % of the
Yesr  development X 109 X 10% production® X 10% production®
198 Suage 1 2864 103 04 26 08
Stage 2 685 154 22 327 48
Stage 3 337 iy 43 349 104
Stage 4 s 32 14 9.0 38
Total €3 82 92 197
1985 Stage | 328 156 05 42 14
Stage 2 ™ 178 23 447 58
Suge 3 380 71 19 152 40
Siage 4 265 04 02 10 04
Totsl a0 48 105.1 1ns
1986 Siage | 2494 116 05 144 06
Suge 2 700 17 11 85 12
Stage 3 366 159 43 157 43
Suage 4 255 45 18 5.1 20
Total 397 71 47 81
1987 Stage | 3036 344 11 9.8 13
Suage 2 853 156 1.8 18.1 21
Suge 3 445 U5 X} 254 57
Stage 4 i 19 06 20 06
Total 9.1 853 98
1988 Suge | 4951 07 1.7 921 19
Siage 2 741 98 1.3 103 14
Suge 3 267 253 9.8 ni 10.1
Stage & 192 16 08 17 09
Total 1204 133 1312 143
1989 Stage | 4091 65 16 843 21
Suage 2 570 115 20 14.3 25
Stage 3 188 197 108 24.1 128
Siage 4 126 0S5 04 07 06
Total 98.2 145 1234 179
1990 Stage | 2118 12 16 367 1.7
Stage 2 B 64 07 76 09
Stage 3 29 285 s 324 136
Suage 4 206 38 1.8 43 21
Total 7ne 161 810 182
1991 Siage 3653 80 02 130 04
Siage 2 2549 37 0.1 52 02
Suge 3 s 21 3 362 47
Stage 4 628 49 08 64 10
Total 44 4 60.8 62
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TABLE 39. (cont).

Projected full® MNPS
Niantic River Entraiament from Entrainment from
Suge of abundance® the Naantic River® % of the the Niantic River % of the
Year  development X 10%) X 10% production® X 10% production
1992 Suage | 2234 20 10 286 13
Suage 2 936 104 11 118 13
Stage 3 344 2 166 644 187
Stage 4 % 90 33 105 3z
Total we 20 1153 20
193 Stage | 12n 17 0e 133 10
Suage 2 660 12 02 13 02
Stage 3 1e 4) 4 42 35
Suge 4 £ 0s 06 05 06
Tots! 175 51 193 54
1994 Suage | 1886 24 15 3.1 19
Suage 2 1035 98 0s 125 12
Stage 3 519 74 53 357 69
Suge 4 451 59 13 70 16
Total nS 50 913 15
Geometrnic mesn 82 121

* Abundance estimates for 1984-89 were fram Creceo and Howell (1990) and those for 1990-94 were calculated by NUSCO saff.

* Entrainment esumaies aitributed 10 the Niantic River are higher than those in Table 37 due 10 adjustments made for Stage | entrainsent.
© A slight increase than previously reported (NUSCO 1994s) due 1o & cormection in compuier coding in estimating the wrm ToNR.

¢ Alhough only MNPS Units 1 and 2 operated in 1984 and 1985, the projecied valuer assume full three-unit operation for all years.

Expected changes in the values of F over time were
determined after consulation with DEP Marine
Fisheries (V. Crecco and P. Howell, CT DEP, Old
Lyme, CT, pers. comm.) and reflect recent changes in
regulations 1o considerably reduce F (Table 2).
Nominal fishing mortality rates were initially set at F
= 0.40, remained unchanged through the 1960s,
increased gradually to 0.62 in 1988, and thereafter
increased more rapidly 1o a8 maximum rate of 1.30 in
1991 (Tabie 40; Fig. 5). Note that the rates in Table
40 included an additional monality of F = 0.01 that
accounted for fish impingement during the years of
MNPS operation (NUSCO 1992a). Alter 1991, and
as a result of implemented or proposed regulatory
changes w the fisheries, F was projected to decrease
substantially through the laie 1990s, reach a low of
0.50 in 2001, and remain unchanged throughout the
rest of the simulation time period.

Simulation results. Three stochastic time-
series of female spawning stock sizes were generated
by SPDM simulation runs: a theoretical unfished
stock, whose size was dependent only upon the
dynamics of winter flounder reproduction and envi-
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ronmental variability; a baseline stock, whose size
was affected by rates of fishing in addition to the
above; and an impacted stock, which further added the
effects of MNPS entrainment and impingement to
those of fishing and natural variation. Because the
baseline stock projections include fishing but no
power plant effects, this time-series was used as the
reference against which the impacted stock projections
were compared. Therefore, the baseline needs to be a
fair representation of past and projected trends of
Niantic River winter flounder abundance. The
unfished stock size used initially in the simulations
was 98,104 Ibs (value of Pp; equivalent to 67,658
female spawners), which was based on the age and size
structure of female winter flounder (Tables 5, 32, and
33). The initial stock size represents the maximum
spawning potential (MSP) for the unfished Niantic
River female spawning stock. The geometric mean
estimate of MSP from the SPDM was 98,046 Ibs,
remarkably similar 1o the deterministic estimate of
Prep used 10 initiate the simulations. The stochastic
mean size of the exploited stock by 1970 (under the
starting nominal fishing rate of F = 0.40) was quickly



TABLE 40. Schedule of conditionsl emrainment (ENT values), fishing (F) monalities with adjustments for impingement (IMP), and fishing

discard monalites as implementad in the 1994 SPDM sumuiations

% of year-class reduction

Time Smmulstion based on calculaied or Naminal F Fractional fishing discard F for
siep year simulsted levels of ENT* (plus IMP)* Age-1 Age-2 Age-3 Age-4
0 1960 0.0 G40 0.0360 0.2400 0.4000 J.4000
i 1961 0.0 0.40 0.0560 0.2400 0.4000 0.4000
2 1962 0.0 0.40 0.0360 0.2400 0.4000 0.4000
3 1963 00 0.40 0.0360 0.2400 0.4000 0.4000
- 1964 00 0.40 0.0360 0.2400 0.4000 0.4000
S 1965 00 0.40 0.0360 0.2400 0.4000 0.4000
6 1966 00 040 0.0360 0.2400 0.4000 0.4000
7 1967 0.0 0.40 0.0860 0.2400 0 4000 0.4000
E 1968 0.0 040 0.0360 0.2400 04000 0.4000
L 1969 00 0.40 0.0360 0.2400 0.4000 0.4000
10 1970 00 0.40 0.0560 0.2400 0.4000 0.4000
11 1971 01530 X ENT= 1239 04] 0.0390 0.2440 0.4040 (.4040
12 1972 0N XENT= 1402 0.42 0.0399 0.2500 0.4140 0.4140
13 1573 00767 X ENT = 0.882 043 0.0408 0.2560 0.4240 0.4240
14 1974 OIB9S X ENT= 1.175 0.44 0.0417 0.2620 043¢ 0.4340
15 1975 0226 X ENT= 4456 0.45 0.0426 0.2680 04740 0.4440
16 1976 0.442) X ENT = 11.053 046 0.0435 0.2740 0 4540 0.4540
17 1977 0422 X ENT= 4147 047 0.0444 0.2800 0 4640 0.4640
18 1978 03018 X ENT= 347] 0.48 0.0453 0.2860 04740 0.4740
19 1979 031X ENT= 3.603 0.4 0.0462 0.2920 0.4840 0.4840
20 1980 Q480X ENT= 53532 0.51 0.0480 0.3040 0.5040 0.5040
21 1981 02873 X ENT= 1.781 0.53 0.0498 03160 0.5240 0.5240
2 1982 04857 X ENT = 6946 0.56 0.0360 0.2735 0.5540 0.5540
23 1983 04675 X ENT= BS50§ 058 0.0372 0.2491 0.5740 0.5740
pL 1984 82 0.60 0.0384 0.2577 0.5940 0.5940
25 1985 48 061 0.03%0 0.2200 0.6040 0.6040
26 1986 17 063 0.0402 0.272 0.6240 0.6240
27 1987 9.1 (X 0.0408 0.2308 0.6340 0.6340
28 1988 133 0.63 00802 0.1156 0.6054 0.6240
29 1989 145 0.86 0.0540 0.1570 0.8285 0.8540
30 1990 16.1 1.04 0.0648 0.1894 1.0031 1.0340
3 1991 47 131 0.08i0 0.2380 1.2650 1.3040
32 1992 20 1.18 0.0752 02146 1.1389 1.1740
33 1993 5.1 1.18 0.0732 0.1210 0.9634 1.1272
34 1954 90 1.00 0.0624 0.0733 0.5485 0.8950
35 1995 UL, U2, U3 flow X ENT = 13.622 077 0.0486 0.0572 0.4220 0.6880
36 1996 VL UZ Ul flow X ENT= 4532 0.75 0.0474 0.0558 04110 0.6700
37 1997 ULU2 Ulsflow X ENT= 3110 0.70 0.0444 0.0523 0.3835 0.6250
38 1998 UL, U2, U3 flow X ENT = 15.961 0.65 00414 0.0488 0.3560 0.5800
K 1999 Ul, U2, U3 flow X ENT = 14992 0.60 0.0384 0.0453 0.3285 0.5350
40 2000 VLU Ulflow X ENT= 8016 0SS 0.0354 00418 0.3010 0.4900
4] 2001 UL UZ Ul flow X ENT = 6.707 051 0.0330 0.0390 0.2790 0.4540
42 2 Vi, U2, Ul flow X ENT= 4450 051 0.0330 0.0390 0.2790 0.4540
43 2003 U1, U2, U3 flow X ENT = 12370 0.51 0.0330 0.0390 0.279%0 04540
&4 2004 UL, U2 U3 flow X ENT = 11.757 051 0.0330 0.039C 0.2790 0.4540
45 2005 UL, U2, U3 flow X ENT = 19371 051 0.0330 0.03%0 0.279%0 0.4540
ar 2006 Ui, U2, Ul flow XENT = 8.673 051 0.0330 0.03%0 0.2790 0.4540
7 2007 UL, U2, U3 flow X ENT = 6934 0.51 0.0330 0.0390 0.2790 0.4540
4k 2008 UL U2 Ul flow X ENT= 8.506 051 0.0330 0.0390 0.2790 0.4540
& 2009 Ul, U2, U3 flow X ENT = 10477 051 0.0330 0.03%0 0.2790 0.4540
50 2010 UL, U2, U3 flow X ENT = 16,698 051 0.0330 0.039%0 0.2790 04540
$1 2011 U2, U3 flow X ENT = 7.648 051 0.0330 0.039%0 0.2790 0.4540
52 2012 U2 Ulflow X ENT = 9.464 0.51 0.0330 0.0390 0.279%0 0.4540
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% of year-class reduction

Time  Simulation based on calculated or Naominal F Fractional fishing discard F for :
nep year simulated levels of ENT® (plus IMP)® Age-1 Age-2 Age-3 Age-4
53 2013 U2, U3 flow XENT=11.098 051 0.0330 0.0390 0.2790 0.4540
54 2014 U2, Ul flow XENT= 6605 051 0.0330 0.0390 0.279%0 0.4540
§5 2015 U2, U3 flow XENT= 12312 051 0.0330 0.0390 0.2790 0.4540
56 2016 U3 flow X ENT = 3.669 051 0.0330 0.0390 0.2790 0.4540
57 2017 Ul flow X ENT = 3.702 051 0.0330 0.0390 0.279%0 0.4540
58 2018 U3 flow X ENT = 5.534 051 0.0330 0.0390 0.2790 0.4540
59 2019 U3 flow X ENT = 8.180 (LN 0.0330 0.0390 0.2790 0.4540
60 2020 U3 flow X ENT = 3.49% 051 0.0330 0.0390 0.2790 0.4540
61 2m1 U3 flow X ENT = 11.325 051 0.0330 0.0390 0.2790 0.4540
62 202 U3 flow X ENT = 2833 0.51 0.0330 0.0390 0.2790 0.4540
63 202 U3 flow X ENT = 4.451 0.51 0.0330 0.0390 0.2790 0.4540
64 2024 Ul flow X ENT = 7.142 051 0.0330 0.0390 0.2790 0.4540
65 2025 U3 flow X ENT = 5.534 0.51 0.0330 0.0390 0.2790 0.4540
o6 2026 0.0 0.50 0.0300 0.0350 0.2750 0.4500
67 2077 00 0.50 0.0300 0.0350 0.2750 0.4500
68 2028 00 0.50 0.0300 0.0350 0.2750 0.4500
5 2029 00 0.50 0.0300 0.0350 0.2750 0.4500
70 2030 0.0 0.50 0.0300 0.0350 0.2750 0.4500
7 2031 00 0.50 0.0300 0.0350 0.2750 0.4500
7 2032 00 0.50 0.0300 0.0350 0.2750 0.4500
7 2033 0.0 0.50 0.0300 0.0350 0.2750 0.4500
74 2034 0.0 050 0.0300 0.0350 0.2750 0.4500
75 2035 00 0.50 0.0300 0.0350 0.2750 0.4500
7% 2036 00 0.50 0.0300 0.0350 0.2750 0.4500
n 2037 00 0.50 0.0300 0.0350 0.2750 0.4500
7% 2038 00 0.50 0.0300 0.0350 0.2750 0.4500
7 2039 0.0 0.50 0.0300 0.0350 0.2750 0.4500
80 2040 0e 0.50 0.0300 0.0350 0.2750 0.4500
81 2041 0.0 0.50 0.0300 0.0350 0.2750 0.4500
82 2042 00 0.50 0.0300 0.0350 0.2750 0.4500
83 2043 0.0 0.50 0.0300 0.0350 02750 0.4500
B4 2044 0.0 0.50 0.0300 0.0350 0.2750 0.4500
g5 2045 00 0.50 0.0300 0.0350 0.2750 0.4500
86 2046 0.0 0.50 0.0300 0.0350 0.2750 0.4500
87 2047 00 0.50 0.0300 0.0350 0.2750 0.4500
88 2048 0.0 0.50 0.0300 0.0350 0.2750 0.4500
89 2049 0.0 0.50 0.0300 0.0350 0.2750 0.4500
%0 2050 00 0.50 0.0300 0.0350 0.2750 0.4500
91 2051 00 0.50 0.0300 0.0350 0.2750 0.4500
92 2052 00 0.50 0.0300 0.0350 0.2750 0.4500
93 2053 00 0.50 0.0300 0.0350 0.2750 0.4500
94 2054 00 0.50 0.0300 0.0350 0.2750 0.4500
95 2055 0.0 050 0.0300 0.0350 0.2750 0.4500
v 2056 00 0.50 0.0300 0.0350 0.2750 0.4500
97 2057 00 0.50 0.0300 0.0350 0.2750 0.4500
98 2058 00 0.50 0.0300 0.0350 0.2750 0.4500
9 2059 0.0 050 0.0300 0.0350 0.2750 0.4500
100 2060 00 0.50 0.0300 0.0350 0.2750 0.4500
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* ENT values for 1984-94 were estimates made under sctusl MNPS operating conditions as shown on Table 39. For 1971-83 and 1995- 2025,
ENT values were mndomly selected from projected rates determined from inass-balance calculations for full three-unit operation during
195494 (Table 39). To adjust the chosen values of ENT, actusl MNPS flow values were used for 1971-83 and randomly selected values
from Table § were used for 1995-2025. The values of ENT given above were used in the SPDM simulations for this report.

* F values were obuined from the DEP (P. Howell and V. Creeco, CT DEP, Old Lyme, CT, pers. comm.). Impingement monality was
implemenited as an equivalent instantaneous monality rate (0.01) held consiant throughout the MNPS operational period (1971-2025).



reduced to 49,476 1bs. The simulated baseline (the
solid Line in Figs. 34A and 35) responded as expected
0 the high rates of fishing through 1991 and the
stock steadily declined to its lowest point of 12,907
Ibs in 1993 und rose only slightly o 13,704 Ibs in
1994. The estimated biomass for 1993 was only
about half of the criical stock size (defined as a stock
biomass equal to 25% of the MSP) of 24,526 Ibs,
shown as the dashed line in Figures 34A and B; this
reference stock size will be discussed in greater detail
below. Allowing for natural variation in the simula-
tion, maximum replicate values of stock sizes for
1992-94 were below 25% of the MSP and the mini-
mum value in 1993 was as small as 8.3% of MSP.
The simulation illustrated that the baseline population
could fall below the critical stock size at any time
from 1984 through 1999. However, if reductions in F
work as planned the stock should recover rapidly
following its lowest point in 1993,

To determine the effect of MNPS on the Nianuc
River female spawning stock, the baseline time-series
was compared to the impacted time-senies, which is
shown in Figure 34B and as the dashed line in Figure
35. The impacted series corresponds to projections of
the same initial stock as the baseline, but with
additional annual losses due to MNPS operation (i.c.,
ENT + IMP). In this impacted population projection,
the stock did not respond to larval losses due to
entrainment until 1974 (the fourth year of Unit 1
operation), when biomass began to decline below
baseline levets (Fig. 35). The lowest projected stock
biomass (10,947 Ibs) was reached in 1993, whereas
the greatest absolute decline relative 1o die pascline
occurred in 2003 (a difference of 7,026 Ibs), when th:
effects of reductions in F since 1994 were propagated
through the spawning population. From this point
on, biomass of the impacted stock generally paralleled
that of the baseline and began 10 approach it as MNPS
units went offline. The impacted stock moved o
within 1,000 Ibs of the baseline in 2031 (6 years after
the end of Unit 3 operation in 2025) and became
virtually identical to it by 2033. These projections
depended upon the rates used, but actual winter
flounder abundance could depart considerably from
predictions if annual raies and simulated conditions are
not matched by real cond tions.

The different nature of stock reductions caused
directly by fishing and impingement and those
resulung from larval losses through entrainment at
MNPS is related 1o the age structure of the spawning

stock. Fishing reduces biomass of the stock at a
greater rate than it reduces the number of spawners
because it tends to select for larger fish and, thus,
reduces the average weight of the spawners remaining
in the stock. However, the mos! important difference
between fishing (with an added component accounting
for impingement) and larval entrainment is that the
former process removes fish from each year-class
every year for as long as any fish remain, while the
latter causes a reduction only once in the lifetime of
each generation and, then, very early in the life history
of a species. The relative effects of stock reductions
due 10 fishing and MNPS impact can be assessed by
comparing the unfished stock projection line to those
for the fished stock with and without plant effects
(Fig. 36). Most biomass reductions were due 10
fishing. However, as fishing mortality was reduced
and stock biomass increased, absolute reduction in
population size due to MNPS impact became larger
until units began to cease operation.

Stock sizes projected for each simulation scenario at
seven selected points in time are given in Table 41;
losses relative to the theoretical unfished stock for
each particular year are shown as percentages. Stock
sizes represenung the fifth and ninety-fifth percentiles
for the 100 Monte Carlo replicates generated for cach
year are also given. The theoretical unfished stock in
each of the 7 years shown varied little and averaged
about 104,000 Ibs for each year. Prior io MNPS
operation in 1970, the baseline and the impacted
stocks were identical (49,476 Ibs) and made up about
47% of the unfished stock. By 1990, winter flounder
spawning stocks under full MNPS three-unit opera-
tion declined nearly 50% relative to 1970. However,
this was mostly the result of increased fishing as the
impacted stock was only about 2,100 Ibs less than the
baseline. As noted previously, smallest stock sizes
were found in 1993 as a8 result of high rates of
exploitation during the early 1990s. In 1994, both
the baseline and impacted stocks increased by 6% from
1993, but biomass remained only 13.1% and 11.1%,
respectively, of the unfished stock. By 2000, the
baseline stock had responded more rapidly o decreased
fishing than the impacted stock and represented 39.4%
of the unfished population as opposed to 32.8% for
the impacted stock. The gap between the two began
to narrow in 2010 and 2020 and both were nearly the
same by 2030, when the impacted stock was consid-
ered to be fully recovered. Finally, the time-series
were indistinguishable after 2035.
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TABLE 4)

Expecied biomass o pounds of female winter flounder spuwners at seven selected pomis in ume during SFDM simulations of the

Niantic River population (see Figures 34 and 35). Expecied mean siock sizes are geometnic means of 100 Monie Carlo replicaies and the fifth
and ninety-fifth percentiles of stock sizes for the 100 replicates of each year are given

Type of
populstion simulaied 1970 1980 1990 1994 2000 2010 2020 2030 2040
Theoretical uniished
siock*
Geometric mean 104 536 104,237 104 839 104,832 103,093 104,940 101,757 102,698 104,965
5th percentile 85,740 83,017 86337 84,670 £1,700 85,664 83,008 B4, 804 85393
25 percentle 123 550 125,320 127,149 127,086 129.0m1 129,264 118877 121,864 127,151
Baseline®
Geometnc mean 49 476 41,587 27383 13,704 40 568 44 604 43,706 44,134 45274
Sih percentle BSN 30,634 19,999 9.5 27264 33,364 33,160 32,687 333
95 percentile 63,070 53912 36332 19,858 55852 59,369 54,809 59,899 619%
% of the theoretical
unfished swock 47.3% 399% 26.1% 13.1% 394% 2. 7% 4.0% 43.0% 4.1%
impact (ENT + IMP)*
Geometnc mean 49 476 39.737 253 11,633 33,845 39,131 40,009 4227 45274
Sth percentile 8SN 29.158 18267 8,334 22,062 29,125 30213 31,77 33384
95th percentile 63,070 51,648 33,802 16,940 5,856 51,957 49 409 56,765 61916
% of the theoreucal
unfished stock 473% E1% 4.1% 11.1% 128% 373% 0.3% 412% 43.1%

* No fishing or MNPS effecus
* Fishing effects, but no MNPS impsct

¢ Combined effects of entruinment and impmngement (ENT + [MP) at MNPS in addition 10 fishing

Probabilistic assessment of MNPS ef.
fects. The stochastic variability associated with
stock projections for the baseline and impacted stocks
(Fig. 34) formed the basis for probabilistic analyses
These analyses ok into account not only the mean
stock biomass predicted for each year, but also the
empinical frequency distribution of 100 replicate
predicuons that were both smaller and larger than the
mean. To assess effects of MNPS operation, the
probabilities that the Niantic River female winter
flounder spawning stock would fall below selected
reference sizes were determined directly from the
frequency distribution of 100 replicates of each annual
s10~k size. The reference sizes were percentages (25,
30, and 40%) of the biomass of spawning females for
the unfished stock (i.e., the MSP) as suggested in the
Auantic States Marine Fisheries Commission
management plan for inshore stocks of winter flounder
(Howell et al. 1992). In eastern LIS, values of F
ranging from 0.37 1w 0.68 would be necessary 1o
achieve maximun yield, depending upon various
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combinations of length (10, 11, or 12 inches) and
trawl codend mesh (3.5, 4.5, 5.0, or 5.5 inches)
restrictions imposed on the commercial fishery. A
stock that has been reduced o less than 25% of the
MSP is considered overfished and its continued main-
tenance is questionable. Furthermore, spawner abun-
dance may decline to even lower levels. Aliematively,
fishing rates tha: preserve 40% of MSP allow for the
preservation of the stock and maximize yield 1o the
fisheries. This level may be viewed as conservative
Lecause the simulations suggested that even under
moderate exploitation in the 1960s and 1970s, a num-
ber of simulated projections were below 40% of MSP.
In 1970, both the baseline and impacied stocks were
likely (p 2 0.95) larger than 40% of MSP (Table 42)
However, by 1980 both stocks had increased proba-
bilities (0.36, 0.45) of falling below 40% of MSP.,
Ir. 1990, the stocks were almost certainly less than
40% of MSP and likely (p 2 0.68, 0.79) less than
30% of MSP. The impacted stock also had a proba-
bility of 0.40 of falling below 25% of MSP. At the




TABLE 42 Probabilities of Nisntic River female spawning siock biomass falling below three selecied reference sizes at seven s lecied points

in time. Reference sizes are expressed as 8 percentage of the maximum spewning potential (MSP) of 98,104 1bs for the theoretica] unfished
sock (F = 0). Probabilities were based an the empinical probatility distribution funcuon corresponding to 100 Monie Carlo replications

Type of
papulst on Reference
sumulaied sock size* 1970 1980 1990 1994 2000 2010 2020 2030 2040
Baseline® 25% of MSP 0.00 0.0 0.26 1.00 0.00 0.00 Q.00 0.00 0.00
Impected 25% of MSP 0.00 0.00 040 1.00 0.08 0.00 0.00 0.00 0.00
Baseline 0% of MSP  0.00 002 0.68 1.00 0.09 0.01 0.01 0.01 0.00
Impacied 30% of MSP 0.00 0.07 () 1.00 0.25 0.08 0.00 0.02 0.00
Baseline 40% of MSP 0.05 036 0% 1.00 041 020 0.27 0.28 021
Impacied 40% of MSP 0.05 045 1.00 1.00 0.76 051 0.45 034 021

* Corresponds 10 reference stock sizes given in Howell et al. (1992) of 25%, 30%, and 40% of the MSP (24,526, 29,431, and 39,242 Ibs,

respecively)
* Fishing effects, but no MNPS impact

¢ Combined effects of eruramment and impangement (ENT + IMP) at MNPS 1 addition 10 fishing

lowest points of both stock projections in the
mid-1990s, all replicates were below 25% of MSP.
Reductions in fishing rates in the late 1990s aliowed
for a rapid increase in spawning biomass above this
critical level to more optimal stock sizes by 2000
Spawning biomass would then be likely greater than
25% of MSP and the impacied stock had a one in four
chance of being greater than 30% of MSP. By 2010
and 2020, the stocks had high (2 0.95) likelihood of
being above 30% of MSP and the impacted stock had
2 beuter than even probahility ng greater than
40% of MSP. For a winter fi stock to reach &
more desirable size, which according 0 Howell et al.
(1992) is greater than 40% of MSP, fishing mortality
would have 10 be further reduced. The Niantic River
stock stabilized at a biomass of about 44,000 Ibs
following the shutdown of MNPS in 2025 and
probabilities that this stock would be smalier than
40% of MSP were about 20 t0 30% annually

Conclusions

Since sampling began in 1976, adult winter
flounder abundance indices reached their lowest point
in 1993. Although the catch of spawners in the
Niantic River increased in 1994, abundance remained
the second lowest on record. Densities of early stage
larvae found in Niantic River and Bay were relatively
low. However, the densities of late stage larvae in the
lower Niantic River and in Niantic Bay were above-
average and young collected during summer in the
Niantic River were among the most abundant since

1983. Thus, the 1994 year-class appears (o be rela-
tively strong. A number of environmental and bio-
logical factors interact w affect winter flounder growth
and survival within a particular year. It appears that
the unusually cold winter, low spawning stock, warm
early spring, and cool late spring contributed posi-
tively to the success of the 1994 year-class, Newly
implemented fishing regulations are designed 1o
protect these fish as they grow and age, insuring an
increase in the numbers of spawners recruited in
subsequent years.

The long-term assessment of MNPS operation and
its effects on Niantic River winter flounder was made
using the NUSCO stochastic population dynamics
model, which 100k into account fishing mortality as
well as plant operation. Effects of MNPS operation
were primarily from larval entrainment, which from
1984 through 1994 reduced Niantic River larval
production by 4.7 to 22.0% each year. Model
simulations indicated that fishing alone reduced female
spawner biomass from about 100,000 Ibs for the
theoretical unfished stock to 45-50,000 Ibs in the
1960s and 1970s. Following those years, large
increases in fishing mortality reduced the baseline
(fishing effects only) stock biomass rapidly to about
12,900 Ibs in 1993 and to 13,700 Ibs in 1994,
MNPS impact further reduced stock sizes in the mid-
1990s by an additional 1,000 Ibs each year.

Present stock biomass is considerably below the
critical stock size, defined by the Atlantic States
Marine Fisheries Commission (ASMFC) as 25% of
the maximum spawning potential (MSP; i.e.,
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equilibrium spawner biomass in the absence of
fishing). MSP was determined to be 24,526 Ibs for
the Niantic River population. When substantial
reductions in fishing mortality, which should occur in
the near future as 2 result of new regulations, were
incorporated into the model, the simulated stock
recovered quickly. By 2000, the baseline and MNPS-
impacted stocks had high probability of being larger
than 25% of MSP and by 2010 of being greater than
30% of MSP. As stock abundance increased, how-
ever, the effect of MNPS operation became relatively
larger in terms of absolute losses of stock biomass.
After the cessation of MNPS operation in 2025, the
two biomass time-series became identical within a few
years. The stock was then considered to be fully
recovered and stabilized at a biomass of about 44,000
Ibs, or 45% of MSP. This stock recovery, however,
assumed that planned changes in fishing regulations
had been implemented as scheduled and that they
achieved the expected reductions in fishing mortality.
Even with reductions in fishing mortality there still
was 8 34% chance that this new equilibrium stock
biomass would remain smaller than 40% of MSP, a
targeted goal of the ASMFC.
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Fish Ecology Studies

Introduction

Millions of dollars accrue annually by both com-
mercial and spon fishing in Connecticut (Sampson
19C ., Blake and Smith 1984). Clearly fish are
important members of the estuarine community in
eastern Long Island Sound (LIS). The objective of the
fish ecology monitoring programs at Millstone
Nuclear Power Station (MNPS) is o determine
whether operation of the three generating units affects
the local fish communitics. These effi cts have been
defined as power-plant related changes in the occur-
rence, distribution and abundance of fis. enecies,
which would aifect community structure. Annual
abundance estimates have been calculated for various
life stages of fish in the vicinity of MNPS to help
assess the effects of station operation. Direct MNPS
impacts (entrainment, impingement, and thermal
changes) affecting fish populations are easily mea-
sured, but the quantification of long-term effects for
these impacts is more difficult. Numbers of fish eggs
and larvae entrained through MNPS cooling-water
system have been reliably estimated. How this loss
actually affects local populauons is influenced by
many mechanisms, such as compensatory mortality,
density-dependent growth, fecundity of individual
species, population age structure, and life history
strategies. Impingement of juvenile and adult fish at
the MNPS intakes can also be measured but, as in the
case of eggs and larvae, the implications of removal
are more difficult to ascertain. 'n addition to impinge-
ment, fish populations are a): - affected by natural and
fishing mortality. Chans:« u the thermal regime of
local waters are well-doc . nented. If water tempera-
tures exceed tolerance le vels, fish move from the area
thus changing local populations, especially if the area
vacated is a major spawning or nursery ground.
Trawl, seine and ichthyoplankion monitoring pro-
grams have successfully measured impacts from
MNPS on local fish populations. These programs
provide & basis for identifying which taxa could be
potenuially impacted, as well as long-term abundance
trends used 10 assess changes in local populations
Life history and population characteristics of poten-
ually impacted species are reported and evaluated o
determine potential detrimental MNPS impacts. Data
from June 1993 through May 1994 are summarized

and compared to historical data from June 1976
through May 1993 of trawl, seine, and larval
entrainment collections and from June 1979 through
May 1993 for entrained eggs and larvae collected in
Niantic Bay.

Materials and Methods

This report year comprises the 12-month period
from June of a given year through May of the follow-
ing year. Because of occasional overlap in the occur-
rence of a species during the May-June transitional
peniod, species-specific analyses are based on actual
periods of occurrence instead of being constrained to
the May 31 endpoint. When the season of occurrence
of a species crossed a calendar year, the year was
reported as "1993-94", but when the species occurred
only within a calendar ycar, the year was reported as
"1994". Materials and methods of the 1993-94
reporting period are essentially the same as those used
in previous years (NUSCO 1990, 1991. 1992, 1993,
1994),

Ichthyoplankton Program

Ichthyoplankton (fish eggs and larvae) entrained
through the MNPS cooling-water system were
collected both day and night three times each week
from June through August, one day and one night per
week in Sepiember 1993, and one day per week from
October through January 1994, In February 1994,
samples were collected both day and night once per
week and in March through May 1994, three times per
week, Generally, samples were collected each week at
only one of the three plant discharges (station EN,
Fig. 1), with the site of collection alternating weekly
between Units 1 and 2. To collect samples from the
discharge water, a2 1.0 x 3.6-m conical plankton nei
with 333-um mesh was deployed with the aid of a
gantry system. Four General Oceanic flowmeters
(Model 2030) were mounted in the mouth of this net
and positioned o account for horizontal and vertical
flow variations. Sample volume (about 200 m?,
except during periods of high plankton or detritus
concentrations) was determined by an average of the
volume estimates from the four flowmeters.

Plankton samples were separated using a
NOAA-Boume spliter (Botelho and Donnelly 1978);
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Fig. 1. Location of trawl, seine, and ichthyoplankion sampling stations.

ichthyoplankton were removed from the samples with
the aid of dissecting microscopes. Successive splits
were completely sorted until at least 50 larvae (and 50
eggs for samples processed for eggs) were found, or
until one-half of the sample was examined. Samples
examined for larvae included all EN samples collected
from January through May and July through Decem-
ber. In the June samples, only two (one day and one
night) EN samples per week were examined. All EN
samples collected in April through September were
examined for fish eggs. Larvae were identified to the
lowest practical taxon. Wrasse (tautog, Tautoga
onitis and cunner, Tautogolabrus adspersus) eggs
were distinguished from a weekly composite sample
of their eggs using the criterion of bimodality of egg
diameters (Williams 1967). Ichthyoplankton densities
are reported as number of organisms per 500 m*.
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Wrasse Egg Distribution Study

In addition to ichthyoplankion monitoring, the
spatial distribution of tautog and cunner eggs in the
MNPS area was examined in 1994, Five stations
were sampled (Fig. 1) and three of them (BP, LI, and
§S) were new collection locations. The water depth at
all offshore stations ranged from about 6 to 10 m.
Station BP was sampled during an ebb tide and station
SS during a flood tide, so that collection densities
would represent eggs potentially imported into Niantic
Bay from the west and east, respectively. The
remaining three stations (EN, NB, and LI) were
sampled during both tidal stages. Station EN was
sampled using the previously described entrainment
gantry system and the other four stations with a
bongo frame fitted with 333-um mesh nets using a
stepwise oblique tow pattern for a 6-minute duration,




Samples were collected during 0500 10 1100 hours.
This time period was seiected because 24-h studies
conducted in 1993 (NUSCO 1994) showed that tautog
and cunner egg densities remain relatively stable at
this ime. Stations EN and NB were sampled at
approximately at the same time. The collection
sequence of stations sampled with bongo nets was LI,
NB, and SS during a flood tide and LI, NB, and BP
during an ebb ude. These sequences facilitated paired
comparisons of stations BP, LI, and §S with EN
using the Wilcoxon's signed-ranks test (Sokal and
Rohlf 1969). By sampling NB second in the sequence
(with EN sampled nearly simultaneously), the
sampling interval between EN and the other three
stations was minimized. Sampling dates were June
23 and 24 during a flood tide and June 29 and 30
during an ebb tide. These time periods occurred during
peak densities of tautog and cunner eggs. On each
sampling date, three sequences of samples were taken
(LI, NB, EN, BP during an ebb and LI, NB, EN, §§
during a flood), with the first sequence starting about
one hour before maximum tidal current, the second
starting near maximum current, and the third immedi-
ately after the second was completed. A minimum of
100 eggs (if present) per sample was measured 10
distinguish between tautog and cunner eggs.

Trawl Program

Triplicate bottom tows were made using a 9.1-m
otter rawl with a 0.6-cm codend liner. Demersal
fishes were collected biweekly throughout the year at
six stations: Niantic River (NR), Jordan Cove (JC),
Twotree Island Channel (TT), Bartlett Reef (BR),
Intake (IN) and Niantic Bay (NB) (Fig. 1). Occasion-
ally, only two replicate tows were taken at a station
because of damage to gear or severe weather. A
standard tow was 0.69 km and this distance was
measured using onboard radar. When the trawl net
became Joaded with macroalgae and detritus, tow
distances were shortened and catches standardized to
0.69 km. Caich was expressed as the number of fish
per standardized tow (CPUE). Up to 5C randomly
chosen individuals of certain selected species per
stauon were measured (total length) to the nearest
mm.

Seine Program

Shore-zone fish were sampled using 2 9.1 x 1.2-m
knotless nylon seine net of 0.6-cm mesh. Triplicate

shore -zone hauls were made parallel o the shoreline at
White Pomnt (WP), Jordan Cove (JC), and Giants
Neck (GN) biweekly from May through November in
1993 (Fig. 1). Beginning May 1994, sampling was
reduced to one station, JC. A standard haul distance
was 30 m. Collections were made during a period 2
hours before to 1 hour after high tide; generally all
three stations were sampled the same day. Fish in
each haul were identified o the lowest possible taxon,
counted, and the total length of up o 50 randomly
selected individuals of each species from each replicate
were measured 1o the nearest mm. Catch was ex-
pressed as number of fish per haul.

Data Analyses
Abundance Estimates

Occurrence, distribution, and abundance of selected
potentially impacted fish, as well as observed spatial
and temporal fluctuations, were analyzed to assess the
possibility of plant-related impacts. Indices of fish
abundance we~. selected on the basis of underlying
distributional assumptions; failure of the data to
conform to these assumptions may reduce the preci-
sion of the estimates or, worse, provide biased results.
Thus, the A-mean was used as an index of abundance.

The A-mean was selected to describe annual abun-
dance trends because it is the best estimator of the
mean of a population that approximately follows the
lognormal distribution and contains many zeros
(Hennemuth et al. 1980; Pennington 1983, 1986).
Calculation of this index and its variance estimale was
described in detail in NUSCO (1988). The A-mean
was used as an index of abundance for juvenile and
adult fish coliected in the trawl and seine programs,
and for larvae and fish eggs collected at EN. The
A-mean indices of ichthyoplankton species were
weighted by the largest number of samples collected
in & week 1o standardize data across weeks and years.
For species that occurred seasonally, the data used for
calculating the A-mean were restricted to their period
of occurrence o reduce the number of zero values in
the distribution tails. Two-unit operational period
A-means were calculated from the beginning of two-
unit operation (1976) tw the beginning of three-unit
operation (1986). A non-parametric, distribution-free,
Mann-Kendall test (Hollander and Wolfe 1973) was
used to determine whether the direction and rate of
change of a time-senies of annual A-means represented
a significant trend. Sen's nonparametric estimator of
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the slope (Sen 1968) was used to describe linear trends
whenever significant. This approach to trend analysis
was suggested by Gilbert (1989) as particularly
suitable for the analysis of environmental monitoring
data because no distributional assumptions are

requoredd.

Entrainment Estimates

Entrainment estimates of dominant ichthyoplankton
were calculated from daily density estimates at EN.
These estimates were determined from a Gompenz
function fitted o the entrainment data. The distribu-
tion of egg and larval abundance over time is usually
skewed because densities increase rapidly 1o a maxi-
mum and then decline slowly. The cumulative
density over time from this type of distribution
resembles a sigmoid-shaped curve, for which the
inflection point occurs at the ime of peak abundance.
The Gompertz function (Draper and Smith 1981) was
used to describe the cumulative egg and larval abun-
dance distribution. Thus, the inflection point was not
constrained to be the mid-point of the sigmoid curve
as is the case in the frequently used logistic and probit
curves. The form of the Gompertz function used
(Gendron 1989) was:

C, = aexp(-expl-k-(r-p]]) (1)

where:

C; = cumulative density at time ¢

¢ = time in days from the date when the eggs or

larvae generally first occur
a = total or asymptotic cumulative density
p = inflection point in days since firsi date of
occurrence

k = gshape parameter
The origin of the time scale was set to the date when
the eggs or larvae generally first appeared in the waters
off MNPS. Least-squares estimates, standard errors,
and asymptotic 95% confidence intervals of these
parameters were obtained by fitting the above equation
to the cumulative abundance data using nonlinear
regression methods (SAS Institute Inc. 1985). The
cumulative daia were obtained as the running sums of
the weekly geometric means of the abundance data per
unit volume

A "density” function was derived algebraically by

calculating the first derivative of the Gompertz
function (Eq. 1) with respect to time. This density
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function, which directly describes the larval abundance
over time (abundance curve), has the form:

d = o' kexp(-exp[-k-{r-p}]-k[t-p]) @)

where a’ equals 7-o because the cumulative densities
were based on weekly (7-day period) geometric means,
d, is density on day ¢ and all the other parameters are
as described in Equation 1.

Daily entrainment was estimated by multiplying
these daily densities 4, by the daily volume of cooling
water that passed through MNPS. Annual entrain-
ment estimates were determined by summing all daily
estimaies during the period of occurrence.

Results and Discussion

From June 1976 through May 1994, over one
hundred species of egg, larval, juvenile, and adult
fishes were collected in the MNPS monitoring
programs (Appendix 1). The most common fishes
were winter flounder (Pleuronectes americanus),
anchovies (Anchoa mitchilli and A. hepsetus),
silversides (Menidia menidia and M. beryllina),
grubby (Myoxocephalus aenaeus), American sand
lance (Ammodytes americanus), skates (Raja erinacea,
R. ocellata and R. eglanteria), scup (Stenotomus
chrysops), windowpane (Scophthalmus aguosus),
tautog, and cunner.

Sixty-one taxa were represented in ichthyoplankton
samples; of these, three egg and fifteen larval taxa
were found in sufficient numbers o caiculate A-mean
densities (Table 1). Ali 1993-94 egg and larval
densities at EN were within historic ranges. Howev-
er, densities of anchovy larvae at EN were the third
lowest recorded with only anchovy larvae densities in
1987-88 and 1992-93 lower.

Over the past 18 years, 103 fish taxa were caught in
trawls and 50 taxa were captured in seines (Appendix
I). Six taxa in trawl samples (winter flounder, scup,
windowpane, skates, silversides, and anchovies) and
one taxon in seine samples (silversides) accounted for
over 80% of the catch in each monitoring program
(Appendices II, III, IV, and V). Winter flounder
continued to dominate the traw! catches, accounting
for 38% of the catch from 1976-77 through 1993-94,
Although the 1993-94 catch was the second lowest in
the 18 year series, winter flounder accounted for 41%
of the catch this year. (Appendix IT). Historically,
scup comprised 29% of the caich, but only accounted




TABLE |. The A.ﬂhﬁyh-m-‘)dhmmﬁdwdhvunlhadn!ﬂ!a.dmymh!—Im
through May 1994 (two-unit operstional period: 1976-85, three-unit operstional period: 1986-94).

EGGS*

T. adspersw SE70 8223 5,171 5501 7,068 5719 7,484 2969 5,002 5395 6904 4998 6,954 4,416 5436
T onitis 1364 2,842 2,647 2244 2,114 2,157 3237 2756 3,011 2260 2,887 2,060 1878 1,449 1596
Anchoa spp. 1,447 1245 1080 765 2257 4880 145 910 89 38 5S4 127 476 107 542
LARVAE*

Anchos spp. 1152 931 483 2,068 2430 5768 816 1421 302 1,002 1244 126 359 619 1,12 9 178 20
P americanus 106 143 104 285 129 233 297 210 180 €7 109 116 208 106 9 388 21 1@
A. americanus o4 318 119 111 136 21 27 18 9 3 13 4 31 u 7 18 B @
M. genaews 41 35 36 38 107 T2 68 S0 68 34 29 95 6 30 U4 582 M4 @
B tyramnw 5 4 B 0 3 1 u 23 2 4 3 2 6 72 1B 9 4 9
7. adspersus 2 58 1 13 S8 7 3 @ 4 12 - s 9 14 68 200 $§ 10
P punnelivs 13 13 16 13 S8 27 13 4 4 2 4 26 9 6 3 15 8§ 2
7. onitis 37 36 1 11 4 8 4 33 3 15 3 7T 7T 135 85 9D 6
E. cimbriw 2 8 6 v 6 1 6 13 5 b 8 12 4 31 37 9% s 18
U. subbifweaia s - 14 4 16 17 6 4 60 7 $ 22 4 5 34 28 2 B
Liparis spp. 27 3 1w w6 22 s 13 B 3 1 4 4@ 18 12 3 23 w4 12
5. fuscws 4 7 4 v 8 13 7 9 9 5 “ 6 7 5 3 5 3 6
5 aquosus 10 1 1 ] 5 5 2 13 3 1 “ 3 5 3 4 2 2 2
P. riacanthus 14 3 1 (L | S A 9 1 2 3 0 9 S ¥ 10 2 2
Gobiidae 6 3 1 0 1 0 0 | « 3 3 2 4 8 7T 12 2 5

* Dats seasonally restricted 10 May 22-July 23 for T. adspersus, May 23- August 25 for T. onitis and June 15-August 5 for Anchos spp.

* Data seasonally restricted to July-September for Anchoe spp., March-June for P. americanus, December-May for A. americanus, February-
May for M. aenaews, January-May for P. gunnellus, July-December for B. tyrannus, to June-August for 7. adspersws , June-August for 7.
onitis, March-May for Liparis spp., April-Sepember for §. fuscus, April-June for U. subbifurcsia, April-July for E. cimbrivs . May-October for
§. aguosus, June -Seprember for P. iriacanthus, and June-November for Gobiidae.

for 5% during 1993-94. The low catch of scup in 78% of the caich in 1993-94 (Appendix IV).
1993-94 resulted in & low percent contribution, thus Cunner, tautog, and anchovies accounted for 88% of
increasing the relative contributions of the other all eggs entrained from June 1976 through May 1994
dominant species caught by trawl. In 1993-94, (Table 3). Anchovies, winter flounder, American sand
windowpane and skates sccounted for 14% and 15% of lance, and grubby accounted for 80% of the entrained
the total, respectively, which was well above the 18- larvae during the same period (Table 3). More cunner
year (1976-77 through 1993-94) average of 7% each. eggs were entrained in 1993 than any other year (Table
Historically, silversides accounted for 4% of the rawl 4). Except for cunner eggs, entrainment estimates of
caich, but this year only 3%. Anchovies accounted eggs and larvae were within historic ranges (Tables 4
for less than 1% of the caich in 1993-94, which was and 5).
an historic low. Addinonal data analyses were completed for six taxa
The A-mean caich for scup was also at an historic that were identified with potential for impact, based on
low and winter flounder had the second lowest, with their prevalence in entrainment samples or their
only 1977-78 lower (Table 2). The A-mean catch of susceptibility 1o thermal impacts. Accordingly, the
other taxa were all within the ranges of previous A-mean densities (no.-500 m ) for eggs and larvae,
annual A-means. During the three-unit operational A-mean catches (n0.-0.69 km™) for trawl, and (no.-30
period, the A-mean trawl caich of winter flounder m!) seine monitoring programs were calculated for
exhibited a significant (p = 0.013) negative slope abundant life stages of American sand lance, ancho-
(-0.5); no significant trends were found for other vies, silversides, grubby, cunner and tautog. The
species coliected by the trawl monitoring program. winter flounder is discussed in a separate section (see
Silversides dominated seine catches accounting for Winter Flounder Studies) and is not included among
81% of the catch from 1976-77 through 1993-94 and these fishes.
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TABLE 2. The A-mesan® caich (n0.0.69 km™') of the most abundant fish collected by trawl for each report year from June 1976 through May
1994 (zwo-unit operstional period: 1976-85; three-unit operational period: 1986-94).

¥.

326 241 418

277 295 20

10 3
-90 9

182 199 171 173 157

687 87 .E9
198 193 262

P americanws 166 167

S. chrysops 106 198 133 185 170 204 275 266 223 136 306 217 180 145 1209 2120 634 39
Anchoc spp. 111 33 393 01 01 40 02 04 071138 573 16 31 159 00 06 06 QI
5 aquasss 29 24 1B 29 35 29 67 50 44 47 38 40 51 57 35 18 29 48
Rape spp. I4 12 08 08 20 14 61 53 31 85 45 46 63 53 63 64 39 53
Menidia spp 162 97 28 62 65 18 15 21 0S5 19 178 23 34 19 18 59 134 20

* Data scasonally restricied to June-Octwober for § chrysopsr, Augun-Ociober for Anchoa spp., Ocwober-February for Meaidia 3pp., and the

remaining wxs yesr-round (June-May).

TABLE 3. Taxonomic composition of ichthyoplankion collected at
EN (a3 » percentage of the total) from June 1976 through May 1994
for larvae and April 1579 through September 1993 for eggs.

Taaa Larvas Esgs
Anchoa spp. 546 6.6
Plewronectes americanus 12.8
Ammaodyles spp. 79
Myozocephalus aencews 45
Brevoortia tyrannis 37
Tawogolabrus adspersus 24 528
Pholis gunnelius 22
Tawoga onus 21 286
Enchelyopus cimbrius 1.7
Ulvaria subbifwcata 13
Liparis spp. 12
Syngnathus fuscus 10
Scophihalmus aguosus 08
Peprilws triacanthus 08
Gobiidae 06
American sand lance

American sand lance were caught primarily as larvae
in the winter and spring and were seldom caught by
trawl or seine (Table 5). Larval catches were variable
and annual entrainment estimates have ranged from § to
190 million larvae. Their abundance varied over two
orders of magnitude during the past 18 years (Table 6).
Larval densities during two- and three- unit operational
periods were compared 10 assess abundance trends and
annual variation (Fig. 2). Because sand lance larvae
were so abundant from 1976-77 through 1980-81, larval
densities in the three-unit period have been lower than
during the two-unit period. Larval densities decreased
significantly (p < 0.05; Mann-Kendall test) during the
two-unit period (slope = ~19). The 1993-94 densities of
sand lance larvae were the highest of the three-unit
period.
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Declines in sand lance abundance were also apparent in
other areas of the Northwest Atlantic Ocean. Larval
densities in LIS over a 32.-yr period (1951-83) were
highest in 1965-66 and 1978-79. Density figures in the
latter years corresponding to a peak observed throughout
the entire range of American sand lance (Monteleone et
al. 1987). Nizinski et al. (1990) also reported a peak in
sand lance abundance throughout the Northwest Atlantic
in 1981, with numbers declining since then. Sand lance
abundance was noted to be inversely correlated with that
of Atlantic herring and Atlantic mackerel (Sherman et al.
1981; Nizinski et al. 1990). Sand lance likely increased
in abundance, replacing their herring and mackerel
competitors, which had been reduced by overfishing in
the 1970s (Sherman et al. 1981). In more recent years,
Atlantic mackerel, which prey heavily upon sand lance
(Monteleone et al. 1987), have become very abundant as
sand lance abundance decreased. Given the large abun-
dance changes of this species along the Atlantic coast,
effects of MNPS operation on sand lance are difficult to
ascertain,

Anchovies

The bay anchovy is the most common fish along the
Adtlantic coast and the most abundant ichthyoplankton
species within its range (Leak and Houde 1987). Larval
anchovies dominated plankton coliections and anchovy
eggs ranked third in abundance. The entrainment esti-
mates for eggs and larvae for 1993 fell within historic
ranges (Tables 4 and 5). The 1993 anchovy egg density
was within the range of densities since 1987 (Table 7).
All egg densities during three-unit operational period
were below the two-unit average, because after 1984
(before the three-unit period) densities declined an order
of magnitude and remained low (Fig. 3). Larval densi-
ties in 1993 were the third lowest on record (only the
1987 and 1992 densities were lower, Fig. 3; Table 7).



TABLE 4. Esumated number of cunner, Wutog, and anchovy eggs entrained each year at MNPS and the volume of cooling water on which the
entrainment esumates were besed (two-unit operstional period: 1976-85; three-unit operstional period: 1986-93).

Cunner Jaueg Anshovy

Yesr No entruned Vaolume (m?) No. entrained Volume (m®)* No. entruined Volume (m®)

(=105 (x 10%) (x10%) &A% =109 x 10%)
1979 15% 728 208 728 218 m
1980 23 806 1273 806 91 795
1981 1,736 816 1,738 816 n %
1982 2,726 853 1,486 853 234 843
1983 2,631 798 1180 98 618 786
1984 2,031 2 1369 27 652 812
1985 280 831 1,784 0l 20 825
1986 29 1870 3,907 1870 517 1,846
1987 451 1,784 3,740 1784 1] 1782
1988 438 1953 2813 1953 16 1920
1989 3888 1,643 3,094 1,643 5 1611
1990 3,651 1823 2,185 1823 2 1,795
191 4758 1265 1.589 1265 147 1247
1992* 2754 1,565 1,3%0 1,565 17 1537
1993 5750 1,748 2,168 1,748 237 1728

* Volume was determined from the condenser cooling water flow st MNPS during the season of ocourrence for each taxa.
* Comectians have been made 10 the 1992 estimates due 10 an error in calculating volume of cooling water during August, and Sepsember.

TABLE 5. Estimated number of auchovy, winter flounder, American sand lance and grubby lervae entrained each year at MNPS and the
volume of cooling water on which the entruinment estimates were based (1wo-unit operational period: 1976-85; three-unit operational period:
1986-94).

Anghovy Winer Flounder . American sand lance. Cinubby
Year No. entrmined Volume (m’)*  No. entrained Volume (m®)  No. entrained Volume (m®) No. entrained Volume (m*)*

(x10%) (x 10%) (x10%) (x 109 (=10%) (x 10%) (x10%) (x10%)
1976 419 616 108 663 20 £39 13 625
1977 Q4 N 3 586 84 983 n 653
1978 173 657 .1 491 190 BO# 11 64¢
1979 887 552 48 474 154 941 21 534
1980 018 508 176 633 124 1,090 34 °m
1981 1,784 633 45 455 % 713 4 414
1982 @l 550 170 674 2 1,068 4 629
1983 603 a8 219 648 4] 1127 57 T04
1984 169 [ 5444 &8 574 20 981 4] 643
1985 nz 01 | <} 528 10 1,031 »” b1 +]
1986 1,328 125 131 135 s 1,734 56 1286
1987 124 1,161 n 1324 <F 2,186 55 137
1988 396 1,338 193 138 126 2,036 124 1273
1989 546 1201 174 1,046 55 1927 T2 1,110
1990 1,025 12m2 1% 1,303 61 224 L 1338
191 478 786 121 934 7 1330 34 1024
192 174 1018 S14 1,199 2 1672 76 1,132
1993 20 1,098 45 1412 S0 2261 54 1374
1994 -k - 182 1,175 m 2091 58 1,118

* Volume was determined from the condenser cooling water flow at MNPS during the season of occurrence for each taxa.
* Not calculated because larvae occur after end of report penod (May 1994).
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TABLE 6. The A-mean® density (no.-500 m®) and ¥5% confi-
dence interval for American sané lance larvae collected at EN
during each repont year from June 1976 through May 1994 (two-
unit operstional period: 1976-77 through 1984-85; three-unit
aperstional period: 1985-86 through 1953-94).

Xear il
197677 94117
1977-78 8117
1978-79 119228
1979-80 111226
1980-81 136132
1981-82 21%4
1982-83 2728
1983-84 1824
1984-85 912
1985-86 3z1
1986-87 1324
1957-88 41213
1988-89 31213
1989-90 2417
1990-91 742
1991-92 1846
1992-93 28210
1993-94 43313

* Duta seasonally restricted 1o December - May.

All three-unit A-mean densities were below the two-
unit A-mean average (Fig. 3), but there was no signif-
icant difference between densities (p > 0.05; Mann-
Kendall test).

Juvenile anchovies resulting from the summer
spawn are typically captured by trawl sampling from
August through October, predominantly in Niantic
Hay. Even though anchovies rank fifth among fish

04 en .
300 .
g '
180 .
- g
® .
o'l 7y 1. 9 T TY Y
T TS BOE1 B28D G408 SAE7 BB €01 208
REPORT YEAR

Fig. 2. The snnual (—) A-mean densities (no. 500 m®)
of American sand lance larvae at EN during two-unit and
three-unit operstional periods. The two-unit operational
period (1976-1985) A-mean density is represented by the
flat line (==~ = = ) tha! is extended over the three-unit
operational period as & reference Jevel.
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TABLE 7. The 4-mean* density (no.-500 m ) and 95% confi-
dence interval for anchovy eggs and larvae callected at EN rud
larvae collected at NB during esch repont year from June 1976
through May 1994 (two-unit operational period: 1976-85; three-
unit operational period: 1986-94).

EGGS LARVAE
Year EN EN__
1976 L1522 419
1977 931 2 408
1978 483 £ 206
1979 1,447 2336 2,168 £ 908
1980 12451 597 24301 1249
1981 1,080 £ 264 5762 3326
1982 765 £ 228 8164240
1983 22574 1,076 1,421 £ 530
1984 4,880 £ 3,680 32 £ 165
1985 14575 1,102 £ 453
1986 9101 547 1244 1893
1987 89146 1261 69
1988 37433 3592216
1989 54147 6191416
1990 1272117 1,122 £ 853
1991 476 1 526 799 £ 801
1992 1072112 1764 80
JU XIS X 250210

* Data seasonally restricted w June 15 - August 5 for eggs and
July - September for larvae.

caught by trawl, A-mean CPUE could not be calcu-
lated because caiches of anchovies were highly
variable. Of all the anchovies caught during the past
18 years, 70% were collected in only two years, 1985-
86 and 1986-77 (Appendix II). Anchovies mature
within a few months of hatching and live only 1 or 2
years; such short-lived species usually exhibit large
oscillations in abundance.

Silversides

Along the Connecticut coast, the Atlantic silverside
and the inland silverside are the most common shore-
zone species. The Atlantic silverside is the most
dominant. Essentially, all the silversides caught by
trawl were the Atlantic silverside; less than 0.1%
caught in the past 18 years were the inland silverside.
Historically, more than 80% of the silversides col-
lected by seine were the Atlantic silverside, although
this proportion has varied from year to year. Both
species are 50 abundant in the shore-zone that they can
be analyzed separately. Trawl and seine catches were
highly variable and annual cawch indices ranged over
two orders of magnitude, which is typical of short
lived species such as these species. The A-mean trawl
CPUE for Atlantic silverside at all stations was



LARVAE
ATEN

NO./S00m™)
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Fig. 3. The annual (—) A-mean densities (no.-500 m®)
ofmchovycwmdhvuumdwmmo-mnm
three-unit o The wwo-unit operational

period (1976-1985) A-md«nuyunpmhdbyh
flat line (=== = = ) that is extended over the three-unit
operationa! period as & reference level.

within the historic range (Table 8). In 1993-94, traw]
caiches at all stavons were below the two-unit average
(Fig. 4). This was the first year since three-unit
operation that the annual A-mean catches at NR was
below the two-unit average. Although trawl caiches
were low in 1993-94 there were no significant
difference between the two-unit and three-unit CPUE
(p > 0.05; Mann-Kendall test).

The A-mean catches of Atlantic and inland silver-
sides caught by seine in 1993 were all within historic
ranges (Table 9; Fig. 5). Catches of Atlantic silver-
side in 1993 were below the (wo-unit average at JC
and WP and above at GN; inland silversides were
above the two-unit average at WP and GN and below
at JC. Historically, Atlantic silversides were more
sbundant than inland silversides. However, during
1990 and 1991 inland silversides were more abundant
than Adantic silversides at JC (Fig. 6). In 1992 and
1993, Atantc silversides again dominated the catch at
JC, but caches of both species remained within
historic values. The catch of Atlantic silversides at
JC decreased significantly (p < 0.01; Mann-Kendal)

TAILBI NAM'“(nouh’)nlMd
for Atluntic silvesside collecied by tawl at selected

e o i e

qu-nmdpnnl 86-87 through 1993

Repon Year  IN X NB NR
1976-77 15416 132 20 618 774283

1977-78 990 62612 18225 10221
197879 602105 918 827 2zl

1979-80 Q127 6217 0722 416
1980-81 8217 415 1924 3te
1981-82 619 i) 526 618
198283 214 122 1212 125
1983-84 214 LER LE 3 126
1984-85 216 LE 3] 121 izl
1985-86 718 618 211 36
1986-87 523 817 413 110222
1987-88 325 212 324 15+ 0
1988-89 %1 120 120 25214
1989-90 %1 212 121 12220
1990-91 iz0 120 120 17%11
199192 1210 221 513 1927

199293 1152 156 722 U219 24115

1T . A M. |, W—— U N_——. .

* Dats seasonally sesricted 1o November - February s IN,
NBand NR, and October - January at JC.

test) during the three-unit period.

To determine if a change in length-frequency
distributions occurred after Unit 3 became operational,
the length frequencies (expressed as percentages) were
examined for the periods before and afier three-unit
operation and for the 1993-94 study period. The
length-frequency distribution for silversides collected
by seine and trawl remained similar during these two
operational periods (Fig. 7).

Grubby

The grubby is the fourth most abundant larval fish
entrained, accounting for 4.5% of all larvae coliected
at EN from June 1976 through May 1994 (Table 3).
Entrainment estimates ranged from 11 million in
1978 1o 124 million in 1988 (Table 5). An estimated
S8 million larvae were entrained in 1994, which was
within the range of previous estimates. The A-mean
larval density in 1994 was within the range of historic
data (Table 10). Three-unit operational annual A-mean
larval densities fluctuated around the two-unit average
and the 1994 A-mean was just below the two-unit
average (Fig. B); thus there were no significant (p >
0.05; Mann-Kendall test) dats trends. The grubby was
the seventh-most abundant fish taken by trawl,
accounting for more than 2% of the caich at all
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Fu 4. The annual (——) A-mean densities (no.-0.69
km'') of Atantic silverside taken by traw] st NR, IN, NB,
and JC during two-unit and three-unit operational periods.
The two-unit operational period (1976-1985) A-mean
density is represented by the flat line (=== = = ) that is
extended over the three-unit operational period as a
reference level.

stations over the past 18 years. The largest two peaks
in abundance at NR appeared 10 follow peaks observed
in larval densities by 1-2 years. In 1993-94, cawches
ai IN were above the two-unit A-mean average, while
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TABLE 9. The A-mean® caich (no.30 m ') and 95% confidence
e s Gl s T B S ot T B
une

mnil 'mply;’d:%&”; thres-unit operational
pericd: 1986-94).

Afonie sianis
Year iC ON WP
1981 1521251 B3i178 3224
1982 142162 461109 1572 526
1983 397 £ 598 ELE R Y 109153
1984 20224 18211 3zl
1985 19212 54245 $24
1986 1722385 S8t 46 1629
1987 109290 S0 661 68
1988 961 108 614 36123
1989 70293 36454 33222
1990 ¥3+ 80 T a4 65¢52
1991 3B 61225 72434
1992 78155 68 2 30 101270
1993 60273 236 17212

Joland silverside
Year 1C GN wr
1981 323 121 123
1982 6116 122 91464
1983 BB 1243 32§ 129
1984 122 121 00
1985 4z 020 00
1986 14221 222 125
1987 322 121 020
1988 27154 121 121
1989 14216 122 6128
1990 1332234 14124 432148
1991 74437 1029 917
1992 a3 3zl 1zl
1993 5tS 122 213

* Data seasonally restricted 1 June - November st all stations.

NR and JC (Fig. 9) were below, but all were within
the range of historic values (Table 11). Similar to the
larval abundance indices, the three-unit operational
annual A-mean indices of grubby taken by trawl
fluctuated around the two-unit average; thus there was
no trend (p > 0.05; Mann-Kendall test) in abundance
(Fig. 9). The normalized (each period equals 100%)
trawl length-frequency distributions of grubby were
similar before and afier three-unit operation (Fig. 10)
although the 1993-94 distribution had greater frequen-
cies of smaller fish.

Tautog

The tautog is an important recreational fish resource
in coastal waters from Massachusetts 1o New Jersey.
In Connecticut, commercial landings have increased
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Me. S, The annual (—) A-mean densities (no. .30 m™) for Atlantic silverside and inland silverside taken by seine at JC,
WP, and GN during two-unit and three-unit operstional periods. The two-unit operational period (1981-1985) A-mean
dens’ly is represented by the flat line (=~ ~ ) that is exiended over the three-unit operational period as a reference level.

significantly during the past decade. Tautog reside in
rocky nearshore areas in the spring, summer, and fall
(Bigelow and Schroeder 1953; Wheatland 1956;
Cooper 1965); juveniles also dwell among macroalgae
(Tracy 1910; Briggs and O'Conner 1971). Adults
move into deeper water in the winter and remain dor-
mant, while juveniles overwinter in a torpid state near
shore (Cooper 1965; Olla et al. 1974).

The tautog is the second most abundant egg taxon

entrained and accounted for 29% of fish eggs collected
since 1976 (Table 3). At MNPS, wautog eggs are
found each year during mid to late June. Eggs are
pelagic and hatch in 42-45 hours at 22°C (Williams
1967). Entrainment ranged from 705 million in 1979
0 3.9 billion in 1986 and was estimated at 2.2 billion
in 1993 (Table 4). The 1993 A-mean density of eggs
at EN was below the two-unit operational A-mean
(Table 12; Fig. 11). During the three-unit operational
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Fig. 6. The annual A-mean catch (no.-30 m™") for the
Atlantic silverside and inland silverside taken by seine at
JC, WP, and GN from 1981 through 1993

period there was a significant (p < 0.05; Mann-
Kendall test) negative trend (-103) in the densities of
Lautog eggs

Although tautog eggs are the dominant fish eggs in
the plankion samples, tautog larvae accounted for only
2% of all fish larvae collected (Table 3). No correla-
ton was seen between the abundance of eggs and
larvae within a year (Fig. 11). Except for 1990 and
1991, larval densities at EN were low since 1984
These low densitics were similar to those observed for
cunner larvae; however, there was no significant
negative trend (p > 0.05; Mann-Kendall test)
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Fig. 7. Length-frequency distribution by 20-mm
intervals for the Atlantic silverside and inland silverside
taken by seine and trawl during two-unit (1976-85) and
three-unit (1986-93) operational periods and the 1993-94
report year

Historically, tautog caiches in the MNPS trawl
program have been low. The 1993-94 total caich was
among the lowest recorded in the 18-year data series
(Appendix IT). Because tautog caiches were low and
the data contained 100 many zeroes, annual A-mean
caiches could not be calculated. As an alternative, the
annual sums of all the caiches at each station were
used as index of annual abundance (Appendix IT)




TABLE 10. The A-mean® density (00500 m™®) and 95% confi-
dence interval for grubby larvee collecied at EN during each
report year from June 1976 through May 1994 (two-unit oper-
stians! period: 1976-85; three-unit operational period: 1986-94).

Year EN
wn 4139
1978 3829
1979 627
1980 %27
1981 10227
1962 72213
1963 6819
1984 50215
1985 68223
1986 34210
1987 %17
1988 95438
1989 63218
1990 30+8
1991 426
1992 S8z 17
1993 34t 9
1994 48% 16

* Dsts seasonally restricied 1o February - May.

There was a highly significant (p < 0.001; Mann-
Kendall west) negative slope (-9.2) for the 18-year
trawl data series. The CT DEP began conducting &
random traw! survey of LIS in 1984, The DEP trawl
cawch index of tautog also declined from 1984 10 1992.
This caich index indicates that the decline in trawl
catch near MNPS may be a part of a general d=cline
throughout LIS.

Pimoo : Panoo

Fig. . The annual (—) A-mean densities (no. 500 m™)
of grubby larvae at EN during two-unit and three-unit
operstional periods. The two-unit operstional period
(1976-1985) A-mean density is represented by the flat
line (= =~ ) that is exiended over the three-unit
operational period ss s reference level.

TABLE 11. The A-mean® caich (no.0.69 km ') and 95% confi-
dence interval for grubby collected by rawl at selected sations
during each repont year from June 1976 through May 1994 (two-
unit operstional period: 1976-77 through 1985-86; three-unit
operational period: 1986-87 through 19973-94).

Bepon year NR i< IN
197677 09203 06202 06101
197778 05201 22105 11202
197879 12202 20106 07202
1979-80 33%09 07201 09402
1980-81 38211 11202 21206
1961-82 75225 10202 23206
198283 117227 14202 22205
198384 41208 17403 1.7203
1984-85 59212 16403 09102
1985-86 23205 14203 07401
198687 72223 11402 09402
198788 3712 12202 11202
1988-89 105223 10401 14103
198990 3.6£20 04201 10203
199091 80120 04201 08202
199192 34205 05201 10202
1992-93 62220 14203 19203
199394 22230 07205 19238

* Dats seasonally restricted 1o December - June at IN, and year-
round &t JC and NR (June - May).

Length-frequency distributions of tautog before and
after three-unit operation were calculated. Ages were
assigned 10 length categories based on recent age-
length work in LIS reporied by Simpson (1989).
Young-of-the-year and age-2 tautog accounted for a
high proportion of the fish caught afier three-unit
operation began (Fig. 12). In 1993-94, the proportion
of age-2 fish also increased. If egg losses due w
entrainment affected recruitment, then juvenile
abundance should decrease and the relative abundance
of older fish should rise. The percentage of juvenile
fish increased during the three-unit operationa’ period,
and, therefore, changes in the relative proportion of
juveniles and adults was probably unrelaied to
entrainment losses.

Current values of F (fishing mortality) for wutog
were estimated to be about one-third of Fy,,, in LIS
(Simpson 1989), and, at this rate, the losses resulting
from egg and larval entrainment when converted to
equivalent-adults would have 10 amout 10 more than
twice the current annual commercial catches in order
o become critical.

Fish Ecology 107



CATCH ND Oy
-

\ . A
/ l/;-f'- L— - V/ [
V

¥ N T

R R
}1 \
i

(

T T T T T T T T TTTTY
T VTN M08 8283 MEE 00T BBBE MO0 B0

CATCM (ND 0 85w}
-

e

— - A
17 e P Sugliagind
T T T T T T T T Y
TETT TRTH B081 B2 BA45 U7 BEE0 B0OH1 B

—
)

T -~
1
10 -
1
=
s 1
9 € -
I 1
4 o
3 i _
Fl /"'“\\,‘ ’ ~
1| 7= o A LAl
Lt S SN B S AR BN A A A B RN B B SN AN SR AR
TETT THTE M08 G4 B480 RSE7 BS80 B09T G2R0
REPORT YEAR
Fig. 9. The annual (—) A-mean densities (no.-0.69

km™) of grubby taken by trawl at NR, JC, and IN during
two-unil and three-unit operational periods. The two-unit
operational period (1976-1985) A-mean density is
represenied by the flat line (== == ) that is extended
over the three-unii operational period as a reference level

‘C} B o RO
;x-j 0 suwrmsnop
i ] I A
. W~
L
B ||
1 '{ E P
04 Ll '

AR ¢ L AR #1100 0110 »110
L!NCi k

Fig. 10. Length-frequency distribution by 10-mm
intervals of grubby taken by trawl during two-unit (1976
85) and three-unit (1986-93) operational periods and the
1993-94 repont yea
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TABLE 12. The A-mean® density (no. 500 m®) and 95% confi-
dence nterval for tautog eggs and larvae collecied at EN during
vach repont year from June 1976 through May 1994 {two-anit
operational period: 1976-85; three-unit opertional period: 1986
94)

EGGS LARVAE
Yeax EN EX
1976 37216
1977 36£17
1978 1£1
1979 1364 £ 231 11x5
1980 2842162 46118
1981 2,647 £ 434 83136
1982 2244 1 434 4121
1983 21142472 33z21
1984 2,157 + 440 322
1985 32372107 15212
1986 2,756 %794 322
1987 30112823 723
1988 2,265 £ 600 1710
1989 2,887 £ 1,000 1527
1990 2,060 1 933 33128
1991 1,878 £ 765 99151
1992 1,449 £ 589 1324
1993 1,596 £ 567 613

* Data seasonally restricied 10 May 23 - August 20 for eggs and
June - August for larvae

Cunner

The cunner inhabits rocky coastal habitats from
northern Newfoundland to the mouth of the Chesa-
peake Bay (Bigelow and Schroeder 1953; Serchuk
1972; Olla et al. 1974, 1979; Dew 1976). Individuals
maintain highly localized home ranges and mature in
1 10 2 years (Dew 1976). la cold weather (water
temperatures below 8°C), they become torpid (Dew
1976; Olla et al. 1979). Cunner eggs are pelagic and
haich in 2 10 6 days, depending upon water tempera-
ture (Williams 1967; Dew 1976).

In the MNPS area, cunner eggs and larvae were
found primarily from June through August, and
Juveniles and adults were caught at all six trawl
stations, mostly from spring through fall. Eggs are
abundant at EN from May through July and larvae
occur from mid-June w mid-July.

The A-mean density of cunner eggs in 1993 was
within the historic range (Table 13). The 1993 egg
entrainment estimate was the highest since the three-
unit opeational period began (Table 4). The A-mean
densities of larvae were low, but were within the range
of previous values (Table 13). The 1993 A-mean
density for larvae was below the two-unit operational
A-mean (Fig. 13). Most (6 of 8 years) of the annual




Ny T ¥ T 9 1%

T T T
€ @ -« »w =» w
YEAR

Fis. 11. The annual (—) A-mean densities (no.-500
m™) of tautog eggs and larvae a1 EN during two-unit and
three-unit operational periods. The two-unit operational
period (1976-1985) A-mean density is represented by the
flat line (=== = = ) that is exiended over the three-uni

operational period s a reference level. (Note that diffes-
ent vertical scales were used for eggs and larvae,)
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Fig. 12. Frequency dist ibution by length (mm) and age
(determined from age-length key of Simpson 1989) for
tauiog taken by trawl during two-unit (1976-85) and
three-unit (1986-93) operational periods and the 1993.94
report year.

TABLE 13. The A-mean* density (no.-500 m?) and 95% coafi-
dence inierval for cunner eggs and larvae collecied st EN and
larvae collected at NB during each repon year from June 1976
through May 1994 (iwo-unit operstional period: 1976-85; three-
unit operstional period: 1986-94).

EGGS LARVAE
Yeur EN_ _EN
1976 29414
1977 58228
1978 120
1999 557041301 1325
1980 82232 1,645 s8419
1981 51712882 78436
1982 5,501 £ 1377 31214
1983 7.068 £ 2679 49126
1984 571941246 412
1985 7484 2 2659 12410
1986 2,969 £ 1,082 521
1987 5,002 3 1,644 513
1988 53954 1,756 924
1989 6,904 £ 3,077 14212
1990 4,998 £ 2250 68161
1991 695423228 2092 157
1992 441622238 824
1993 543622364 1046

* Daia seasonally restricted o May 22 - July 23 for eggs, snd June
- August for larvae.

three-unit operational A-mean indices were below the
twO-unit average.

The trawl catch of cunner at IN and JC has been
declining since 1980 (Fig. 14) and this low abundance
continued during 1993-94 at these two stations (Fig.
14; Table 14). Cunner trawl catches at IN and JC
trended significantly (p < 0.05; Mann-Kendall test)
downward (-3 at IN, ~14 at JC) during the two-unit
operational period. However, abundance was low
throughout the three-unit period. Thus, ro trends in
abundance were found (p > 0.05, Mann-Kendall test).
The A-mean caich at NB was above the two-unit
operational A-mean in 1992-93, but was below again
this year (Fig. 14).

To deterraine an age-frequency distribution, ages
were assigned based on an age-length key provided by
Serchuk (1972). A normalized frequency distribution
was calculated for both the two- and three-unit periods
and the 1993-94 report year. The distributions lor
these three periods appeared quite different, as over
50% of the cunner caught during three-unit operation
were young-of-the-year (Fig. 15). Although the abun-
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Fig. 13. The annual (—) A-mean densities (no.-500
m™) of cunner eggs and larvae at EN during two-unit and
three-unit operational periods. The two-unit operstional
period (1976-1985) A-mean density is represented by the
flat line (=== = = ) that is extended over the three-unit
operational period as a reference level. (Note that differ-
ent vertical scales were used for eggs and larvae.)

dance of adult cunner in the MNPS area has decreased
over the past decade, the declining trend was regional
and was observed in LIS (Smith et al. 1989), Cape
Cod Bay (MRI 1994), and Mount Hope Bay (Lawton
et al. 1994).

Wrasse Egg Distribution Study

Fish eggs entrained through the MNPS cooling-
water system are at risk of suffering high monality
because they are exposed o elevated water iempera-
tures, mechanical stresses, and intermittent chlor-
ination. Mortality caused by entrainment couid affect
local fish stocks because early life mortality rates
influence adult abundunce (Cushing and Harris 1973;
Cushing 1974; DeAngelis et al. 1977). Over 85% of
the eggs entrained at MNPS were wrasse (tautog ot
cunner) eggs. Thus, studies were conducted in 1990,
1991, and 1993 10 determine entrainment mortality of
these eggs. Initial results indicated that natural
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Fig. 14, The snnual (——) A-mean densities (no.-0.69
km'') of cunner taken by wawl at IN, JC, and NB during
two-unit and three-unit operational periods. The two-unit
operational period (1976-1985) A-mean density is
represented by the flat line (—— -~ ) that is extended
over the three-unit operational period us a reference level.

hatching rates and entrainment survival were high.
However, subsequent studies indicated that entrain-
ment mortality may be over 95%. This year the
spaual distribution of tautog and cunner eggs entrained
by MNPS was examined 1o determine if eggs were
mosily from a concentrated distribution located in
immediate vicinity of the MNPS intakes or were
representative of a more homogenous distribution,
including areas outside of Niantic Bay. Station EN



TABLE 14. The A-mean® caich (n0.0.69 km ') and 95% confi-
dence interval for cunner collected by trawl st selected stations
during each repont yesr from June 1976 through May 1994 (iwo-
unit operstional peniod: 1976-85, three-unit operational period.
1966-94).

Year AN i< NB
1976 2602190 40£20 10207
iy 2402230 30210 10206
1978 60237 30214 071203
1979 2902230 901250 2010
1980 2301160 60120 3012
1981 120£100 50422 30209
1982 5030 40220 20109
1983 30213 40220 10206
1984 20210 20110 04102
1985 10206 10£05 04207
1986 01202 05204 01201
1987 0202 04202 00200
1988 03101 30134 02101
1989 09204 08104 02102
1990 04101 09102 01201
1991 04201 23207 00200
1992 10207 14205 38210
1992 01211 14207 01201

* Dets seasonally restnicted 10 May - August at IN, May-
September at JC, and April - November a1 NB.

was sampled in conjunction with four other stations,
s0 that collection densities represented eggs potential-
ly imported into Niantic Bay from the west or east.
Results indicated that the density of eggs at each
station were similar and had overlapping 95% confi-
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Fig. 15. Frequency distribution by length (mm) and age
(determined from age-length key of Serchuk 1972) for
cunner taken by trewl during two-unit (1976-85) and
three-unit (1986-93) operational periods and the 1993-94
report year.

dence intervals for the geometric mean densities at
each station (Fig. 16). The lack of localized egg
concentrations was confirmed by the results of paired
comparisons between station EN and the other
stations (NB, LI, SS, and BP) when tested with the
Wilcoxon's signed-ranks test (Sokal and Rohlf 1969).
Although the number of paired comparisons was
rather low (12 pairs for NB and LI and 6 for SS and
BP), no significant (p < 0.05) differences were detected
between station EN and the other four stations. These
data suggested that eggs were not concentrated near
MNPS and entrainment densities of tautog and cunner
eggs were representative of a more homogenous
distribution, incluaing areas outside of Niantic Bay.
Therefore, potential entrainment losses are minimized
due o an apparently large standing stock of tauiog and
cunner eggs in the Millstone area and, possibly, over
larger areas within LIS,
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Fig. 16. Comparison of spatial distribution of tautog and
cunner eggs in the Miilstorie ares, based on geometric
mean densities with 95% confidence intervals for each
station during a special study conducted in 1994,
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Conclusions

Results of the 1993-94 fish ecology studies and data
analyses were similar to results from previous years.
In 1993-94, negative abundance trends were found for
som ¢ life stages in four of the six species examined.
These abundance declines do not necessarily suggest or
implicate MNPS operation as a causative factor.
Rather, overall changes in fish populations this year
may be related w a number of factors, including fish-
of the population, compensatory mortality, or phys-
ical parameters such as air and water temperature and
precipitation.

American sand lance larvae, Atantic silverside
juveniles, and cunner and tautog adults exhibited
negative trends in abundance. American sand lance
inhabit the study area for short periods of time,
exhibit large year to year fluctuations, and are proba-
bly more affected by events elsewhere. Cunner and
tautog adults have declined in trawl catches concur-
rently with a shift in age structure to juveniles that
accounted for a high proportion of the cawch. The
abundance of tautog and cunner adults in the MNPS
arca has been decreasing over the past decade.
Entrainment of cunner and tautog eggs was identified
as the primary potential impact on these fish because
more than 85% of the eggs entrained at MNPS were
of these two species. The decrease in abundance,
however, reflected declining trends in LIS (Smith et
al. 1989), Cape Cod Bay (Lawton 2t al. 1994) and
Mount Hope Bay (MRI 1993). The shift in age
structure from older to younger fish could not be
attributed to entrainment, but may be indicative of
increased fishing pressure on older fish. Entrainment
losses alo . would likely cause a shift in the age
distribution towards older fish because of the loss of
new recruits, but increased fishing pressure would
shift the age structure from old to young. Further-
more, spatial distribution studies conducted in 1994
suggested that these eggs were not concentrated near
MNPS, but were representative of a more homoge-
nous distribution, including arcas outside of Nianuc
Bay. This spparently large standing stock of tautog
and cunner eggs in the MNPS area minimizes the
relative impact due to entrainment mortality.

112 Monitoning Studies, 1994

References Cited

Bigelow, H.B., and W.C. Schroeder. 1953. Fishes of
the Gulf of Maine. U.S. Fish Wildl. Serv. Bull.
53:1-577.

Blake, M.M., and EM. Smith. 1984. A marine
resources management plan for the State of Connec-
ticut. Ct Dept. Envir. Prot., Mar. Fish. 244 pp.

Bothelho, VM., and G.T. Donnelly. 1978. A
statistical analysis of the performance of the
Bourne plankton splitter, based on test obser-
vations. NMFS unpub. ms.

Briggs, P.T., and J.§. O'Conner. 1971. Comparison
of shore-zone fishes over natural vegetated and
sand-filled bottoms in Great South Bay. N.Y.
Fish Game J. 18:1541.

Cooper, R.A. 1965. Life history of the tautog,
Tautoga onitis (Linnaeus). Ph.D. Thesis, Univ. of
Rhode Island, Narragansett, R1. 153 pp.

Cushing, D.H. 1974, The possible density-depen-
dence of larval mortality and adult mortality in
fishes. Pages 103-111 in J.H.S. Blaxter, ed. The
early life history of fish. Springer-Verlag, New
York.

Cushing, D.H., and J.G.K. Harris. 1973. Stock and
recruitment and the problem of density dependence.
Rapp. P.-v. Cons. int. Explor. Mer 164:142-155.

DeAngelis, DL., S W. Christensen, and A.G. Clark.
1977. Response of a fish population model to
young-of -the-year mortality. Oak Ridge Nat Lab.
Publ. No. 1065.

Dew, C.B. 1976. A contribution of the life history
of the cunner, Tautogolabrus adspersus, in Fishers
Island Sound, Connecticut. Chesapeake Sci.
14:101-113,

Draper, N, and H. Smith. 1981. Applied regression
analysis. John Wiley and Sons, New York. 709

Pp.

Gendron, L. 1989. Seasonal growth of the kelp,
Laminaria longicaurris in Baie des Chaleurs,
Quebe, in relation 1o nutrient and light availabili-
ty. Bot Mar. 32:345-354,

Gilbert, R.O. 1989. Statistical methods for envi-
ronmental pollution monitoring. Van Nostrand-
Reinhold Co., New York. 320 pp.

Hollander, M., and D.A. Wolfe. 1973. Non para-
metric statistical methods. John Wiley and Sons,
New Vork. 503 pp.

Lawton, V.P., B.C. Kelly, V.J. Malkoski, J.H.
Chisholm, P.Niwschke, B. Starr, and E. Casey.
1994, Semi-annual report On MONItoring to assess
impact of Pilgram Nuclear Power Station on



marine fisheries resources of Western Cape Cod
Bay in Marine ecology studies related 1o the
operation of Pilgram Station. Semi-annual Rpt.
No. 44, Boston Edison Company.

Leak, J.C., and E.D. Houde. 1987. Cohort growth
and survival of bay anchovy, Anchoa mitchilli,
jarvae in Biscayne Bay, Florida. Mar. Ecol.
37:108-122.

Marine Research, Inc. (MRI) 1994. Brayton Point
Station biological and hydrological repor.
January-December 1993, Submitted 1o New
England Power Company.

Monteleone, DM., and W.T. Peterson. 1986.
Interannual fluctuations in the density of sand
lance, Ammodytes americanus, larvae in Long
Island Sound, 1951-1983. Estuaries 10: 246-254.

Nizinski, M.S., B.B. Collette, and B.B. Washington.
1990. Separation of two species of sand lance,
Ammodytes americanus and A. dubius, in the
Western North Atlantic. Fish, Bull, U.S. 88:
241-255.

Northeast Utilities Service Company (NUSCO).
1988. Delta distribution. Pages 311-320 in
Monitoring the masine environment of Long Island
Sound at Millstone Nuclear Power Station, Water-
ford, Ct. Ann. Rep., 1987.

NUSCO. 1990. Fish ecology. Pages £1-118 in
Monitoring the marine environment of Long Island
Sound at Millstone Nuclear Power Station, Water-
ford, Ct. Ann. Rep., 1989,

NUSCO. 1991. Fish ecology. Pages 89-125 in
Monitoring the marine environment of Long Island
Sound at Millstone Nuclear Power Station, Water-
ford, Ct. Ann. Rep., 1990.

NUSCO. 1992. Fish ecology. Pages 111-156 in
Monitoring the marine environment of Long Island
Sound at Millstone Nuclear Power Station, Water-
ford, Ct. Ann, Rep., 1991,

NUSCO. 1993. Fish ecology. Pages 153-180 in
Monitoring the marine environment of Long Island
Sound at Millstone Nuclear Power Station, Water-
ford, Ct. Ann. Rep., 1992.

NUSCO. 1994, Fish ecology. Pages 113-132 in
Monitoring the marine environment of Long Island
Sound at Millstone Nuclear Power Station, Water-
ford, Ct. Ann. Rep., 1993,

Olla, BL., AJ. Bejda, and AD. Martin. 1974,
Daily activity, movements, feeding, and seasonal
occurrence in the tautog, Tautoga onitis. Fish.
Bull,, U.S. 72:27-35.

Olla, BL. 1975. Activity, movements, and feeding
behavior of the cunner, Tautogolabrus adspersus,

and comparison of food habits with young tautog,
Tautoga onitis, of Long Island, New York. Fish.
Bull., U.S. 73:895-900.

Olla, BL. 1979. Seasonal dispersal and habitat
selection of cunner, Tautogolabrus adspersus, and
young tautog, Tautoga onitis, of Long Island, New
York. Fish, Bull., U.S. 77:255-262.

Pennington, M. 1983. Efficient estimators of abun-
dance for fish plankion surveys. Biometrics
39:281-286.

Pennington, M. 1986. Some satistical techniques
for estimating abundance indices from trawl
surveys. Fish. Bull, U.S. 84:519-525.

Sampson, R. 1981. Connecticut marine recreational
fisheries survey 1979-1980. Ct Dept. Envir.
Prot., Mar. Fish. 49 pp.

SAS Institute Inc. 1985. SAS user's guide: statis-
tics. Version S edition. SAS Institute Inc., Cary,
N.C. 956 pp.

Sen, P.K. 1968. Ectimator of the regression coeffi-
cient based on Kendall's tau. Amer. Stat. Assoc.
63: 1379-1389.

Serchuk, FM. 1972. The ecology of the cunner,
Tautogolabrus adspersus (Walbaum) (Pisces:
Labridae), in the Weweantic River Estuary,
Wareham, Massachusetts. M.S. Thesis, Univ.
Mass., Amherst, MA. 111 pp.

Sherman, K., C. Jones, L. Sullivan, W. Smith, P.
Berrien, .7d L. Ejsymont. 1981. Congruent
shifts in sand eel abundance in western and eastern
North Atlantic ecosystems. Nature (London) 291:
486-489.

Simpson, D.G. 1989. Population dynamics of the
tautog, Tauioga onitis, in Long Island Sound.
M.S. Thesis, So. C1. State Univ., New Haven,
Ct. 65 pp.

Smith, EM., E.C. Mariani, A.P. Petrillo, L.A.
Gunn, and M.S. Alexander. 1989. Principal
fisheries of Long Island Sound, 1961-1985. Ct
Dept. Envir, Prot. Mar. Fish. 47 pp.

Sokal, R.R., and F.J. Rohlf. 1969. Biometry. W.H.
Freeman and Company, San Francisco. 775 pp.

Tracy, HC. 1910. Annotated list of the fishes
known 10 inhabit the waters of Rhode Island. R.L
Ann. Rep. Comm. Inland Fish. 40:35-176.

Wheatland, S.B. 1956. Oceanography of Long Island
Sound. 1952-1954. I1. Pelugic fish eggs and larvae.
Bull. Bingham Oceanogr. Coll. 15:234-314,

Williams, G.C. 1967. Identification and seasonal
size changes of eggs of the labrid fishes,
Tautogolabrus adspersus and Tautoga onitis, of
Long Island Sound. Copeia 1967:452-453.

Fish Ecology 113



APPENDIX I List of fishes coliected in the Fish Ecalogy sampling programs.

Scienufic nume Coammon name Trawl Seine lchihyoplankion

Avipenser oxyrhynchus Atlantic sturgeon .
Alose aestivalis bluebeck herring ’ "
Alosa mediocris hickory shad .
Alase pseudoharengus alewife . . .
Alos sapidissima American shad . .
Alosa wpp. river herring ’ o *
Alwerus schoepfi orange filefish ®
Ammodyies americanus Amencan sand lance . . .
Anchoa hepsetus stiped anchovy .
Anchoa muichilli bay sochovy 4 . u
Anguilla rostraia American eel . . .
Apelies quadracus fourspine stickleback ¢ g .

ilia chrysowa silver perch »
Bothus oceilatus eyed flounder .
Brevoorua ryrannus Auantic menhaden . . .
Brosme brosme cask »
Carans crysos blue runner . .
Caranx hippos crevalle jack . =
Ceniropr atus striaia black ses bass ® .
Chaetondon ocellatus spotfin butierflyfish . 4
Clupeidae hernngs . .
Clupea harengus Adlantic heming . . .
Congar oceanicus conger eel . .
Cycloplerus lumpus lumpfish . .
Cynoscion regalis weakfish ’ * ¢
Cyprinadon variegaiw minnow » u
W flying gurnard ’
Dasyatu centrows roughtail stingray d
Decapierss macarellus macherel scad .
Decapterus punciatws round scad .
Enchelyopus cimbriuz fourbeard rockling ol g
Etropus mucrosiomus smallmouth Nlounder . .
Eucinasiomus lefroy motled mojarrs .
Futularia abacara bluespoued cometfish .
Fundulus diaphanes banded killifish «
Fundulus heteroclitus i ’ 9
Fundulus inciae spotfin killifish .
Fundulus mapalis snped killifish ’
Gadidae codfishes . .
“adus morhua Atantc cod . .
sJasterosteus aculeatus threespine stickleback . . .
Gasterosiews wheatland blscksponed st kleback » * .
Godudae gobies . .
Gobiwsoma ginsburgi seaboard goby .
Hemitripier:ss americanus s ryven . .
Hippocampus ereciuws lined seshorse . o
Labridee wrasses »
Laciophrys spp. boxfish .
Lewstomus xanihwrus spot ®
Laparss spp. seasmail . .
Lophiws americanus goosefish v »
Lucania parve ramwater killifish b .
Macrotoarces americanus ocean pout ‘
Melanogrammus ceglefinus baddock ®
Menticirrhus saxatiis norther kingfish . . .
Menidw berylling mland silvernde . .
Kenidia menidia Atlantic silverside . . .
Merlucciws bilinearis silver hake . - .
Mucrogadus lomcod Atantic tomeod . .
Monacanihus huspidus planchead filefish .
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APPENDIX L (comtinoved)

Scienufic name

Common name

Ichthyoplankion

Monocanihus spp
Morone americana
Morone saxatds

Mugi! cephalus

Mugil cwrema

Mullus awatws

Musielu canus
Myliobaiss freminwville:
Myosocephalus aemnaews
Myoxocephalus ociodecemspinosus
Myoxocephalw spp
Opludiidae

Ophudion mar g inaium
Ophidion welshi
Opsanus av

Osmerwus mordax
Paralichthys dentatus
Paralichiiys oblongus
Peprilus triacanthus
Petromyzon marinus
Fhoiis gunnelius
Plewonectes americanus
Plewonecias ferruginews
Poliachius virens
Fomaiomus saliatrix
Priacanihus arenatus
Priacanthus crueniatus
Prutigenys alia
Prionotws carolinus
Prionotws €volans
Pungiiws punguus

Raja eglanieria

Raja ernaces

Rajpa ocellaia

Salmo rutia

Scuenidae

Scopht halmuss aguosus
Scomber scombrus
Scyliorhinus retifer
Selar crumenopthalmus
Selene setapinnis

Selene vomer

Synodus foelens
Sphyraena borealis
Sphoeroides maculaiws
Squalus acanthias
Stenciomus chrysops
Strongylura marna
Syngnaihus fuscus
Tawegolabrus adspersis
Tawoga onitus
Trachinotws falcatus
Trachwrws latham
Trachinocepholus myops
Trinecies macuiatws
Ulvaria subbifwcata
Upenews parvis
Urophycs chuss
Urophycws tenuss
Urophycis spp

filefish

while perch
stniped bass
sinped mullet
while mulie

red gosifish
susooth dogfish
bulinose ey
grubby

konghorn sculpin
sculpin

cusk ecls

siniped cusk -eel
crested cusk -ecl
oyster wadfish
munbow smelt
summer ficunder
fourspot flounder
bunierfish

ses lamprey
rock gunnel
winter floundes
yeliowiail flounder
poliock

bluefish

bigeye

glasseye snapper
shor geye
northem searoben
suriped searobin
rmunespine suckleback
cleamose skate
lisdle skate

winter skaie
brown trout
drums
windowpane
Atlantic mackerel
chain dogfish
bigeye scad
Adsmtic moonfish
look down
mshore Lizardfish
northem sennet
northern puffer
spiny dogfish
scup

Atantic needlefish
northern ppefist,
cunner

wutog

perma

rough scad

anak efish
hogchoker
mdiated shanny
dwarf gostfish
red hake

white hake

LR
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APPENDIX II. Towl number of sampies collected and number of fish caught by trawl for each report year (iwo-unit operational period: 1976-77 through
198586, three-unit operstional penod: 1986-87 through 1993-94).

Year 7677 77-78 78-79 79-80 80-B1 81-82 82-83 83-84 485 85-86 86-87 B7-88 8649 89-90 90-91 91-92 92-93 93-94

Number of samples 468 468 468 468 468 467 474 480 468 468 468 465 468 468 468 468 468 468

Tazon *

P americanws 7415 6045 7236 11,442 13296 10,749 19201 12,560 13260 9849 9321 887713440 8690 9378 8511 9828 6856
£. chrysops 1918 4040 2556 4094 3844 3403 4896 5268 4206 2,640 5205 3,632 3294 2869 1049725287 9,710 890
S aquans 1480 1206 875 1508 2016 1518 3517 2475 2,199 2483 1655 1966 2399 2735 1,656 876 1519 2389
Rajo wpp. 651 579 32 42 954 696 2797 2493 1583 3801 2207 2,183 2864 2437 2858 2872 1892 2461
Anchos spp. 979 S8B0O 2226 16 109 578 38 109 15710003 8038 292 496 1241 31 1557 80 1
Menidia spp 2,152 1647 1463 1340 BB2 S01 S18  SE3 322 519 3438 698 9B 485 474 1346 3567 428
M. aencews 26 63 297 M2 632 §70 996 672 477 341 721 434 989 615 640 451 857 520
Gadidae 112 326 230 211 3296 1424 476 481 562 630 168 593 88 84 121 106 207 444
Prionotus spp. 338 32 138 313 405 66) 1050 42 371 395 436 159 356 1277 363 435 37 1N
T. adspersus 838 €75 400 1599 940 840 611 362 248 119 147 61 205 109 103 141 401 7
P. rriacanthus 37 M W 1" M4 B IR M 19 135 132 111 1831 179 1878 426 1302 264
P. dersatus 286 141 92 75 12 240 250 260 1937 28] 653 617 360 80 393 403 €34 465
Urophycis spp. % & 103 6 163 313 615 286 251 272 286 164 174 141 335 91 964 231
M bdinearis 425 163 6 134 S58 220 382 147 100 175 197 118 T3 321 124 179 337 45
E mucrosiomus 43 7 0 3 91 %4 S6 8BS 218 640 190 359 62 494 394 654 217
G aculealus 30 12 47 T 206 103 63 218 1,02 116 354 405 94 10 15 447 172 133
P gunnellus 85 106 99 65 251 273 302 145 127 151 186 203 407 189 155 126 152 24
S fuscus 43 54 4 B8 151 264 232 200 254 19 201 275 32 85 154 134 175 325
T omitis 229 283 263 270 146 228 239 140 119 134 215 €7 12 85 185 111 131 1
O mordax 111 286 9 s 123 6 89 26 227 391 257 249 182 26 4 35 334 9
H americanus 34 48 39 148 278 410 557 3T 125 4l 45 1 3 7 12 38 1 1
A guadracus 10 6 24 27 194 %5 7% 1 112 13¢ 17 s2 3 11 18 100 6 %
B tyannws 1 14 1 1 1 1 0 1 0 k2 10 4 1 1320 5 208 64 21
C.awriaa 13 - 3 4 10 6 232 38 30 80 42 16 53 6 130 94 60 10
P oblongus 31 7 2 11 51 32 13 3 81 6 72 28 123 155 92 28 55 S6
M. octodecemspinosus 11 10 97 4« 30 145 1M S5 20 13 12 ] 12 18 S 22 9 3
A pseudoharengus n m 13 17 “ 15 ) 26 4 16 208 1 “ 3 i4 4] 35 21
0. wu 9% 2 7 18 3 33 25 B U R % s . 3% s 1" ) 10
A amerwcanus 5 9 128 % 117 14 19 1 19 [} 1 2 1 1 1 1 2 1
A rostraia 19 16 H s 10 37 2% 24 2 M 2B 2 2 5 15 3 2 B
C lumpus 19 11 i ] S8 1 0 14 1 2% 1 1 4 6 1 7 6 21 <
Liparis spp. 9 n 10 10 8 33 15 16 il 3 18 3 12 2 2 3 2 6
5. maculaius 16 10 1 0 W 4 16 15 7 7 3 1 9 4 26 50 26 4
Alosc spp. 0 0 0 0 0 0 0 0 (4 0 0 4 1 26 2 4 52 2
C. regalis 9 2 4 2 2 45 7 0 1 5 3% 5 14 . 6 1 5 3
C. horengus 1 9 13 0 0 1 0 2 $ & 10 2 1 2 1 100 19 2
A sapidissima 1 [3 1 s &« 12 0 0» 0 0 1 1 9 ) 3 7 1 0
H. erectus 0 0 0 0 0 0 0 1 « 7 20 12 6 4 17 67 4 0
Clupeidae 2 1 0 0 0 0 0 0 0 10 0 0 0 0 0 0 0 0
Gobuidae 3 0 0 0 B 0 0 3 - 7 2 5 10 2 B8 1N 1 2
M camus 2 5 4 1 1 5 4 6 0 2 2 1 2 2 - 2 0 0
M hispidus k| 6 b 4 0 [} ] 1 1] $ 2 2 2 11 9 5 1 11
M americanus 5 7 9 2 2 2 2 2 3 i 0 6 2 2 1 10 2 1]
5 setapinnis 0 0 0 0 0 0 0 0 1 0 (4] 0 % 0 0 0 1 0
D woluans 3 0 0 0 0 1 3 i 0 1 3 - 1 2 B 3 3 2
A schoepfi 0 2 2 1 1 0 0 1 1 2 2 0 3 o 6 1 1 2
O. marginatum 0 0 0 0 0 0 0 0 1 2 4 4 4 0 @ 3 2 5
P scliatrix 1 1 0 2 1 2 3 3 0 0 0 2 1 0 1 11 0 0
Men saxaiilis 0 1 0 1 0 3 1 0 0 (4] . 2 1 0 3 0 1 )
L xanthwrws £ 6 o 0 0 0 2 0 0 3 1 0 5 0 0 4] 0 0
A aestivalis 3 n | . ¥ 4 1 1 17 s 2 “ 2 2 0 o 10 “ 0
P ferruginess 7 5 s 2 3 15 (3 0 <« 0 0 2 0 3 0 3 2 4
M amervans 3 17 3 5 $ 2 1 0 0 0 0 0 5 11 1 3 3 ]
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APPENDIX [ (continued).

7677 77-78 7879 7980 80-81 §1-82 82-83 £3-84 B4-85 85-86 86-87 §7-88 B89 89-90 90-91 91-92 92-93 93-64

Year

Taaon *
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* Fish identified 10 the lowest practical wxon.
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APPENDIX IIL Total number of samples collected and number of fish caught by traw! at each siation (June 1976 - May 1994).

Suanon Ic NR NB el BR IN TOTAL
Number of smmpies: 1,406 1,406 1,406 1,406 1,406 1,406 8,436
Taxon *

F. americanus 15903 67974 22620 26916 22,508 30,033 185,954
5. chrysops 9,047 566 34,994 15,844 10,306 27492 98,249
5. agquane 1,849 3,607 3,15 4,485 14713 6,749 34,562
Rajo spp. 2,108 4l 5344 9,113 12479 5020 34,1
Anchoo spp. 3340 m 18,226 3% 25 3431 26,541
M enidia spp. 4.620 6,431 2210 1,736 486 5862 21,345
M. aenaews 1,486 518 611 (L) 918 1910 10,702
Gadidse 2415 850 2862 1,080 2% 2062 9559
Prionotus spp. 131 1,028 707 1356 3734 997 79%
T adspersws 1,956 395 632 288 533 4074 1875
P. triacanthus n 13 1047 1959 2955 1431 TATR
P. demsatus 1,065 1930 1,057 1850 314 1,082 7298
Urophycis spp 567 Ly 487 435 2445 623 4,644
M. bilinearis 200 10 538 681 157 759 3,767
E. mucrostomus m 36 745 351 1,682 2 3678
G. eculeatus 2,187 1369 1% 12 6 12 3,604
P gunnelins 1,655 559 330 m 4% m 3246
5 fuscws 921 1,640 m 126 137 214 3209
T. onitis 795 826 313 216 n 708 3,135
0. mordax 142 3 245 174 01 n 2521
H. americanus a4s 82 405 298 541 405 2,175
A quadracus 268 1,560 1 1 1 2 1833
B ryrannw 536 1073 «© 5 7 2 1,604
C. svrata 96 212 7% 53 7% 625 1137
P ablongws 0 12 7 14 952 30 1,081
M. ociodecemspinosus 3 0 20 b} K34 16 926
A peewdoharengus 10 67 58 30 n 268 710
0. teu 9 574 0 0 0 13 596
A americanus 20 96 6 29 301 9 461
A rastraic LE) 234 0 20 3 8 308
C. lumpus 168 10 21 1] 3 57 287
Liparis spp. 2% 12 38 L'y 102 r4 245
§. maculatus 19 13 17 10 18 61 228
Alosa spp. 7 4 18 A4 m 10 183
C. regalis 2 1 30 1 m 3 175
C. harengus 70 “ = 14 3 6 169
A sapdissuma ¥ 17 56 12 38 2 153
H. erectus 53 6 9 3 2 12 142
Clupeidae 0 1 0 1 0 m i3
Gobudae o 103 2 ] 0 2 n
M. canis 10 1 4 3 36 B E ]
M. hispids 21 2 13 12 25 17 90
A eestivals 1 » 17 11 4 14 13
P ferruginens 0 2 0 ] n 0 82
M. emericana 10 25 6 2 6 z n
F. wabacarw 40 13 1 1 0 9 64
M. americanus 0 0 0 1 55 2 58
§ setapinnis 16 0 t 2 0 6 2
D woluans 2 15 0 0 0 14 31
A schoepfi 10 0 4 2 6 7 %
O marginatum 5 6 2 5 10 1 2
P saliatrix 3 5 6 ] 5 i 28
L xonthirws < 0 ¥ 0 “ 6 2
Men saxatils 1 3 4 5 1 1) 2
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APPENDIX V. Tots! number of samples collected and number of fish caught by seine at each station (June 1976 - May 1994).

Year o GN wrP TOTAL
Nunber of samiples 738 ™ 786 230
Taxon *

Menidia spp. 101,941 25,458 21953 149352
Fundulus spp. 13,713 5m 2076 18,366
A. quadracus 6,028 19 2 6,069
B tyannus 762 13 2525 3,500
C wrugaiw 1,831 849 34 2714
A amercanus 5 218 1,133 1356
P saliarix 955 5 L 1,095
P pusgitive s 103 10 Ly
S fuscus 96 67 292 455
G. aculeatws 2 30 60 367
P americanws & 12 155 210
M cephalus % 44 29 m
G whsatiandi o4 b4 40 131
A. pseudoherengus B 96 0 104
Gadidae ) 2 6 104
M. cwema 66 14 2 82
L parva 66 7 5 7%
Anchoa spp. 16 2 2% Q
C harengws » 0 0 ¥
A rastrata 3 2 < k1)
T faicatus 3 3 0 3
M. aenaews 3 13 “ 0
0. mordax 18 0 2 20
T. omitis 12 2 1 15
A sestivalis 3 6 3 12
C hippos 10 0 2 12
Gasterosiens spp 0 1 1 12
S maculatus 4 2 8 10
T. adspersws 6 1 0 7
§ aguosws 0 0 3 3
A sapudissima 0 0 2 2
Men. saxatilis 1 0 1 2
P pennellus 0 0 2 2
P triacamhus 0 1 1 2
S marina 2 0 0 2
C regalus 1 0 0 1
Clupeidae 0 1 0 1
Prionotus spp. 0 1 [ 1
5 setapinnis 0 i 0 1
S, vomer 1 0 0 1
Uropkycis spp 0 1 0 1
Total 126,555 29,655 28,502 184,712

* Fish identified 10 the lowesi practical axon.
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Lobster Studies

Introduction

Benthic habitats in the vicinity of Millstone
Nuclear Power Station (MNPS) support an active
local fishery for the American lobster (Homarus
americanus). As one of the most valuable species
in the Connecticut fishing industry (Blake and
Smith 1984), the Long Island Sound (LIS) lobster
population is subject 10 intense fishing pressure.
Annual Connecticut landings of 0.8 to 2.7 million
pounds from 1978 10 1994 yielded between $2.4
and 8.4 million to lobstermen employed in the
fishery (Smith et al. 1989, Connecticut Department
of Environmental Protection CT DEP, Marine
Fishery Statistics). Nearly 30% of the total
Connecticut landings during 1994 were made in
New Londo~n wouniy, which includes the Millstone
Point z.ca.  Lobsters are highly exploited
throughout their range and further increases in
fishing effort could result in overfishing, and
thereby impact recruitment and lead to a decline in
abundance of coastal populations (Anthony and
Caddy 1980). Subsequently, because fishing effort
has steadily increased over the last decade, lobster
fisheries have become more highly regulated,
primarily through the implementation of increased
minimum size limits. New federal regulations have
been proposed by the Atlantic States Marine
Fisheries Commission (ASMFC) in an amendment
to the American Lobster-Fishery Management Plan
(FMP), which incorporates a ma. datory 3Y, in
(82.6 mm) minimum carapace length, prohibitions
on possession of berried females and landing of
lobster meat (parts of tails or claws), and
mandatory installation of escape vents. The
amended FMP will be implemented Maich 1995 in
lobster producing States from Maine to Delaware.
The federal FMP cautioned that further
amendments may be necessary to effectively
manage the lobster stocks and preserve the
resource. In Connecticut waters, the 3"/, in (82.6
mm) minimum legal size has been enforced since
1990 and installation of escape vents in traps was
mandatory beginning in 1984. The prohibiticns on
possession of berried females and lobster parts
have long been enforced in the LIS lobster fishery.

High exploitation rates may also increase
susceptibility of the local lobster population t0

impacts associated with coastal power generation.
The potential impacts of power plant operations
on the local populations of lobsters include
entrainment of larval lobsters through the cooling
water systems, impingement of juveniles and adults
on the intake traveling screens, and effects of the
heated discharge. Entrainment and impingement
contribute additional mortality to the local lobster
pc, <lation and may thereby alter recruitment
patterns.  Therefore, lobster population studies
have been and continue to be part of ecological
monitoring programs associated with coastal power
generating stations (Dean and Ewart 1978; LILCO
198.;; BECO 199¢; NAESCO 1994).

Studies of the lobster population in the vicinity
of Millstone Point have been ongoing since 1978
to assess potential impacts associated with the
construction and operation of MNPS. The
objectives of this study are 10 evaluate year-to-year,
seasonal, and among station changes in catch-per-
unit-effort, as well as population characte sistics
such as size frequency, growth rate, sex ratios,
female size at sexual maturity, characteristics of
egg-bearing females, and lobsier movements.
Additionally, since 1984, studies have been
conducted during the hatching season to estimate
the number of lobster larvae entrained through
cooling water systems. Impacts associated with
plant operations on the local lobster population
were assessed by comparing results of the 1994
study to other 3-unit operational study years (1986-
1993) and to data collected during 2-unit
operations (1978-1985). Results from the 2-unit
period were also compared 10 combined 3-unit
operational data (1986-1994) to assess impacts
associated with the addition of Millstone Unit 3.
When appropriate, resuits of our lobster study
were compared to other studies conducted in LIS
and elsewhere.

Materials and Methods

Full descriptions of methods used to conduct
lobster population studies are in NUSCO (1982,
1987a). To summarize, four pot-trawls, each
consisting of five double-entry wire pots (76 x 51 x
30 cm; 2.5 cm? mesh) equally spaced along a 50-75
m line buoyed at both ends, were used to collect
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White Point

Bartiett Reef

Fig. 1. Location of the Milistone Nuclear Power Station (*NPS), and the three lobster sampling stations (e), JC=Jordan Cove,

IN=intake, TT=Twotree.

lobsters from May through “ctober. Pot-trawls
were set near rocky outcrops at three stations (Fig.
1). Pots in Jordan Cove (average depth 6 m) were
set around High Rock 500 m east of the Millstone
discharge. The Intake station (average depth 5 m)
was 600 m west of the discharge near the power
piant intake structures, and the Twotree station
(average depth 12 m) was located south of
Millstone Point, about 1600 m offshore near
Twotree Island. Beginning in 1984, pots were
individually numbered to determine the variability
in catch among pots, and 10 provide more accurate
values for catch-per-pot than an average caich-per-
pot based on a total of 20 pots per sampling
location. Pots were hauled on Monday,
Wednesday, and Friday of each week, weather
permitting; on holiday weeks pots were checked on
the first and last workdays. On each sampling trip,
surface and bottom water temperatures and
salinities were recorded at each station. Lobsters
larger than 55 mm carapace length were banded to
restrain chelipeds, brought to the laboratory, and
kept separated by station in labeled tanks supplied
with a continuous flow of seawater. Pots were
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rebaited with flounder carcasscs afier lobsters were
removed and reset in the same area. On Fridays,
lobsters caught that week were examined and the
following data recorded: sex, presence of eggs
(berried), carapace length (CL), crusher claw
position, missing claws, and molt stage (Aiken
1973). Lobsters were tagged with a serially
numbered international orange sphyrion tag
(Scarratt and Elson 1965; Scarratt 1970), and
released at the site of capture. Recaptured tagged
lobsters, severely injured or newly molted (soft)
lobsters, and those smaller than 55 mm CL were
released untagged afier recording the above data.

Beginning in 1981, size at which females became
sexually mature was estimated by measuring (10 the
nearest millimeter) the maximum outside width of
the second abdominal segment of all females.
Female size at sexual maturity was estimated by
the carapace length corresponding to the inflection
point of the sigmoid or "S" curve obtained by
plotting the ratio of abdominal width to carapace
length against carapace length (Skud and Perkins
1969; Krouse 1973).

Lobster larvae have been sampled from 1984 10



1994 during the period of their occurrence (May
through July) at the discharges of Units 1,2 and 3.
Samples were collected with a 1.0 x 6.0 m conical
plankton net of 1.0 mm mesh. Cooling water
volume sampled was estimated from the average
readings of four General Oceanic flowmeters
located in the mouth of the net; about 4000 m’ of
cooling water were filtered in each sample by
deploying the net for 45-60 minutes. Day and
night samples were collected four days a week from
1984 10 1993, and three days a week in 1994. Each
sample was placea in @ 1.0 mm mesh sieve and
kept in tanks supplied with a continvous flow of
scawater. Shortly afier collection, samples were
sorted in a white enamel pan; larvac were
examined for movement and classified as or
dead. Lobster larvae were also classified by «iage
according 10 the criteria established by Herrick
(1911). Larvae abundance in entrainment samples
was standardized as the number of larvae per
unit-volume. The seasonal (May through July)
mean density was calculated as the mean of the
assumed "delta” distribution, referred to as A-mean
(Pennington 1983; NUSCO 1988a). To estimate
total number of larvae entrained, the A-mean
density was scaled by the total volume of water
pumped through all units during the sampling
period.

Impingement studies were conducted at Unit 1
and 2 intakes from 1975 through 1987, results
summarized in NUSCO (1987a) included estimates
of total number of lobsters impinged, as well as
mean size, sex ratio, proportion of culls, and
survival probabilities for impinged lobsters.
Impacts on the local lobster population associated
with impingement of lobsters at Units 1 and 3
were mitigated by installing fish return systems in
the intakes, which return impinged organisms to
LIS (NUSCO 1986, 1987b).  Subsequently,
NUSCO and the CT DEP agreed to discontinue
impingement monritoring (NUSCO 1988b).

Catch-per-unit-effort (CPUE, i.¢., the number of
lobsters caught per pothaul) was used 10 describe
the annual abundance of lobsters in the MNPS
area. Because these CPUE data are ratios, which
are not additive and have an asymmetric
distribution about the arithmetic mean, the
geometric mean was the statistic chosen to analyze
trends in CPUE. The geometric mean is better
suited for constructing asymmetric confidence
intervals for skewed data (Snedecor and Cochran
1967, McConnaughey and Conquest 1993).

Annual geometric mean CPUEs were calculated
for all lobster sizes. The annual abundance
(CPUE) of legai-size lobsters was estimated by
using the A-mean. The A-mean was a more
appropriate statistic for describing the CPUE of
legal-size lobster, since a large number of zero
observations were present in the data (i.c., many
pots contained no legal-size lobsters). Both
geometric means of all lobsters and A-means of
legal-size lobsters were used t0 compare annual
variation in CPUE. In the foilowing "Results and
Discussion” section, the geometric mean abundance
of all lobsters is called "mean total CPUE" while
the A-mean abundance of legal-size lobsters is
referred to as "mean legal CPUE".  The
distribution-free, Mann-Kendall test (Hollander
and Wolfe 1973) was used to determine presence
of significant trends in the time series of annual
CPUE data, and of several other selected
population characteristics. Trend slopes, when
significant, were calculated using Sen's estimator of
the slope (Sen 1968, Giibert 1987).

The influence of water temperature on lobster
moiting was examined by estimating the time when
lobster molts peaked each year and correlating
annual molt peaks with water temperature. Time
of molting peaks was estimated by the inflection
points of the Gompertz growth function fitted to
data reflecting the cumulative percentage of
molting lobsters at weekly intervals during the
molting season. This growth function has the
form:

C,-100e~""
r

cumulative percentage of molting

lobsters at time t,

1= time in weeks,

p= inflection point scaled in weeks
from May 1st, and

k= shape parameter.

where C=

The first Gerivative of the Gompertz function with
respect 10 time yields a “"molt frequency
distribution® function which describes the
distribution of annual molts. The times of annual
molting peaks were then correlated with mean
bottom water temperature during May to
investigate a possible relationship between water
temperature and moiting.
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Results and Discussion

Temperature and Salinity

Monthly mean surface and bottom water
temperatures during 2-unit, 3-unit and 1994 studies
are presented in Table 1. The mean surface and
bottom water temperatures during May 1994 were
among the coldest observed in our studies. Mean
bottom waier temperatures in May 1994 ranged
between 8.2 (Twotree) and 8.7°C (Intake), lower
than the means recorded during 2-unit (8.9-9.3°C)
and 3-unit studies (9.3-10.0°C; Table 1). With the
exception of Jordan Cove, surface water
temperatures during May 1994 were also among
the lowest observed since the study began, 0.5 to
1.5 °C cooler than operational period means.
Conversely, water temperatures in July 1994 were
the warmest observed in our studies; surface and
bottom water temperatures at Intake and Twotree
were about 1°C warmer in 1994 than July means
for 2-unit and 3-unit studies (Table 1).

Surface water temperatures during the period of
3-unit operation (1986-1994) ranged between 9.7
and 22.1°C, and were warmer than the 2-unit
temperatures of 9.4.21.2°C. The highest
temperatures were recorded at Jordan Cove during
both 2-unit (10.2-21.2°C) and 3-unit studies (12.1-
22.1°C). In general, water temperatures at the
nearshore sites (Jordan Cove and Intake, 4-6 m
depth) were similar and consistently warmer than
at the offshore Twotree site (12 m depth). Our
long-term field data for water temperatures at
Jordan Cove are consistent with results of
hydrothermal studies, which indicated that a 2.2°C
isotherm resulting from 3-unit operation could
extend into the Jordan Cove area. In addition, a
0.8°C isotherm extends 600 m from the discharge
10 a depth of 3 10 5 m (NUSCO 1988¢), and may
reach some of the pot-trawls deployed at the
Jordan Cove and Intake sites.

Salinities were similar during 2-unit and 3-unit
operation; mean surface and bottom water
salinities ranged between 29.4 and 31.6°/. Due to
the spring freshwater runoff, salinities were
generally lower at all stations in May and June.
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TABLE 1. Mean monthly surface and botiom water
temperatures measured at each station during 2-unit (1979.55),
3-unit (1986-94) and 1994 studies.

Surface Bottom
2-Unit 3-Unit 1994

2-Unit 3-Unit 1994

Jordan Cove
MAY 102 121 105 92 97 85
JUN 151 170 154 139 144 138
JUL 195 208 207 180 182 189
AUG 212 21 28 199 200 199
SEP 23 213 209 192 191 184
OCT 168 173 179 160 160 158
Intake
MAY 101 109 96 93 100 87
JUN 149 157 151 141 146 142
JUL 192 195 204 183 186 197
AUG 207 211 211 201 202 201
SEP 198 200 192 194 194 187
OCT 161 165 164 159 161 159
Twotree
MAY 94 97 82 89 93 82
JUN 142 146 141 137 140 136
JUL 183 185 194 177 178 187
AUG 200 201 199 196 197 196
SEP 193 192 185 191 189 181
OCT 160 158 157 159 158 187

Abundance and Catch-per-Unit-Effort

Annual catch statistics of lobsters caught in wire
traps are presented in Table 2. The total number
of iobsters caught during 1994 was 9,849, which
was within the range of previous 3-unit studies
(7,106-11,438), but larger than the range of values
reported in 2-unit studies (6,376-9,109) when 20
traps were used at each station (Table 2). Lower
catches from 1978 to 1981 of 2-unit studies (1,824-
3,259) occurred when only 10 wire pots were used
at each station. The geometric mean total CPUE
for 1994 of 2.199 lobsters/pot was within the range
of previous 3-unit years (1.531-2.457), but higher
than the range of 0.904 to 2.006 reported in 2-unit
years. Total lobster catches were generally higher
during 3-unit studies (1986-94 mean CPUE =1.849)
than during 2-unit studies (1978-85 mean
CPUE=1.364). A significant increasing trend
(slope=0.051, p=0.01) was observed for the overall
time series (1978-1994) of 1otal CPUE.



TABLE 2. Catch statistics of lobsters caugh! in wire® pots from 1978 10 1994,

Total number Number pots Geometric 95% C.L Delta 95% C.L
lobster caught hauled  mean total CPUE mean legal CPUE" 2 810 mm
2810 2818 2826

1978 1824 1026 1.600 1454 -1761 0173 0118 009 0.144 - 0202
1979 3259 2051 1.404 1302-1513 0128 0101 0079  0.107-0148
1980 2856 2116 1103 0997-1221 G109 0076 0063  0.092-0126
1981 223 2187 0.904 0839-0974 0098 0079 0069 0083 -0113
1982 9109 4340 2006 1925-2089 Q165 0126 0106 0144 -0.186
1983 6376 4285 1331 1250 - 1418 Q148 0109 0093  0.128-.0168
1984 7587 4550 1.607 1540 -1677 Q189 0120 0104 01400179
1985 7014 4467 13852 1252-1460 Q105 0080 0068  0.090-0.120
1986 7211 4243 1585 1501 - 1673 0086 0060 0049  0.074 - 0097
1987 7280 a3 1633 1562-1707 0079 0054 0046 0070 - 0.089
1988 8871 4367 1929 1846 - 2015 0079 0052 0.047 0.068 - 0.091
1989 7950 4314 1.729 1645 - 1817 0112 0068 0053  0.097-0.126
1990 7106 4350 1.531 1455-1610 0161 0102 0076  0.143-0179
1991 7597 4404 1542 1437-1654 0183 0117 0091  0.159-0.206
1992 11438 4427 2457 2352-2565 0208 0114 G085  0.86-0229
1993 10195 4194 2301 2198-2408 0197 0111 0080  0175-0220
1954 9849 4256 219 2104-2298 0200 0108 0071  0.178-0223
2-Unit 78-85 40261 25022 1.364 1337-1403 0134 0100 0.08S 0.127 - 0.141
3-Unit 86-94 77497 38788 1849 1815-1884 0144 0087 0006  0.138-0151

* 10 wire pots used at each station from August through October 1978, and from May through October 1979-81; 20 wire pots used at each

station from May through October 1982-94.

* The minimum legai-size from lmtowBSusl.Onm(B’/“in). minimum mmmwmlmwnnma’/nmu

in 1990 to 82.6 mm (3 '/, in).

The 1994 A-mean legal CPUE (0.071) was below
the range of values reported in other 3-unit study
years when the legal size was 82.6 mm (0.076-
0.091) and 81.0 mm (0.079-0.086), but higher than
the 1989 mean (0.065) when legal size was 81.8
mm. Legal CPUE during 1994 and in other 3-unit
years were lower when compared to legal CPUE
reported in 2-unit studies (1978-85 A-mean
range=0.098-0.173). Legal caiches in our traps
have exhibited a significant declining trend since
1978 (slope=-0.005, p=0.001) and was most likely
due to increases in minimum Jegal size, which
began in 1988, and to an escalation in fishing
effort, which has nearly doubied since 1979 (NMFS
1993). The magnitude of annual legal caiches is
highly dependent on the number of lobsters just
below (ene molt from) legal size. Each year, more
than 90% of the legal-size lobsters caught in our
area had recently molted from the sublegal size
class. Over the past three years, total CPUEs were
the highest observed in our 17 years of lobster
studies; the majority of the total catch is composed

of sublegal-sized lobsters. The fact that catches of
sublegal-sized lobsters has increased in recent years
is important in maintaining a steady supply of
recruits for the legal size class. The higher total
CPUESs during the past three years is likely related
10 the increase in minimum legal size, and, as
intended by the regulation, could lead to higher
legal catches in the future as sublegal-sized lobsters
molt into the legal size class.

During 1994, total and legal CPUE were highest
at Twotree (2.502 and 0.082, respectively); since
1978, this site has yielded the highest catches and
largest lobsters (Fig. 2). Lobster catches during
1994 were intermediate at Jordan Cove (total
CPUE=2.267, legal CPUE=0.075) and lowest at
Intake (total CPUE=1.874, legal CPUE=0.058).
Total CPUE at each site was generally higher
during 3-unit studies than during 2-unit studies
(Fig. 2). Since 1978, total CPUE has significantly
increased at Jordan Cove (slope=0.048 p=0.039)
and Twotree (slope=0.095, p=0.001); no trends in
1otal CPUE were evident at Intake. In comparison
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Fig. 2. Mean tots] CPUE (geometric mean = 95% C.1) and
mean legal CPUE (A-mean = 95% C.1) of lobsters caught st
each station from 1978 10 1994 (arrows indicate increases in
minimum legal size from 81.0 mm o 81.8 mm in 1989 and 82.6
mm in 1990).

1o the increasing trend in total CPUE, legal CPUE
at each site has significantly declined since 1978
(Jordan Cove slope=-0.002, p=0.021; Intake
slope=-0.004, p=0.011; Twotree slope=0.007,
p=0.007). These declines were more likely related
1o increased fishing effort and increases in the
minimum legal size than to power plant
operations.

Seasonal lobster abundance patterns varied over
the study period; during 2- and 3-unit studies, total
CPUEs were highest in July (1.838) and June
(2.303), respectively (Table 3). In 1994, total

R REE R
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TABLE 3. Mouthly inean total CPUE and 4-mean legal
CPUE during 2-unit (1979-85) and 3-unit studies (1986-94) and
during 1994,

Towl CPUE Legal CPUE"
2Unit 3-Unit 1994 2-Unit 3-Unit 1994

MAY 1468 2138 2710 0112 0065 0032

JUN 1656 2303 2447 0147 0112 0055
JUL 1838 2077 2247 0204 0114 0151
AUG 1428 1883 2451 0137 0083 0100
SEP 1102 Y454 1832 0113 0052 0041
OCT 0943 1367 1.608 0093 0045 0.054

* The minimum legal-size during 2-unit studies was 81.0 mm,
minimum legal size was increased during 3-unit studies 10 81.8
mm in 1989 and to 82.6 mm in 1990.

CPUE was highest in May (2.710). Total CPUE
was consistently lowest in October during both
operational periods and 1994 (Table 3). Legal
CPUE typically peaked in July following the spring
molt (2-unit=0.204, 3-unit=0.114, 1994=0.151;
Table 3). Catchability of lobsters is directly
influenced by water temperature; when water
temperature rises above 10°C, lobster activity (e.g.,
feeding, movement, and moiting) increases
(McLeese and Wilder 1958; Dow 1966, 1969, 1976,
Flowers and Saila 1972, NUSCO 19%4).

Lobster catches were shown to be influenced by
the presence of other species in traps during
previous studies (NUSCO 1987a, 1994). Incidental
catches of other species affect lobster catches by
occupying space in the trap, consuming the bait,
and blocking trap entrances. During 1994, lobster
CPUE was negatively influenced by catches of
spider crabs at Intake and Twotree (Table 4). No
species affected lobster catch at Jordan Cove
Juring 1994. Spider crab catches continued to be
high during 1994 (n=13,803) and have influenced
lobster catches in all but one year since 1984,
Throughout the North Atlantic Ocean, researchers
have demonstrated competition, niche segregation
and interactions between lobsters and crabs in field
and laboratory studies (Richards et al 1983;
Richards and Cobb 1987; Hudon and Lamarche
1989, Milier 1989). In addition to spider crabs,
lobster catches at Twotree during 1994 were
affected by the catches of tautog (Tautoga onitis),
a known predator of lobsiers (Bigelow and
Shroeder 1953, Auster 1985, Cobb et al. 1986).



TABLE 4. Total number of lobsters and incidental caich of
oiber species caught in traps.

Range 1984-1993 1994
Lobsier 7014-11438 9549
Rock, Jonah crab 79-2033* 294
Spider crab 1344.13086* 13803
Hermit crad 286-721* 217
Biue crab 21-148 oY
Winter flounder B45* 13
Summer flounder 4.60* 12
Skates 14-54 27
Oyster 1oadfish 8-76 1
Scup 27-288 45
Cunner 67-207 45
Tautog 39.250 89
Sea raven 0-20 0
Whelks 27-178°* 87

(*) Covariance analysis identified these caiches as significant
factors affecting lobster CPUE (p<0.05).

On several occasions we have observed large
tautog in traps along with signs of predation
activity (damaged and dead lobsters, or only parts
of lobsters).

Population Characteristics

Size Frequency

Carapace length statistics for lobsters caught in
wire traps from 1978 1o 1994 are presented in
Table 5. Mean carapace length (CL) of 70.3 mm
during 1994 was within the range of previous 3-
unit CLs (69.5-70.8 mm) but below the range of
CL means reported in 2-unit studies (70.7-71.8
mm; Table 5). The overall mean CL of lobsters
collected during 3-unit studies was smaller (70.1
mm) than during 2-unit studies (71.3 mm). Legal-
size lobsters (x 82.6 mm) comprised 3.1% of the
total catch during 1994, which was the smallest

TABLE 5. Summary of lobster carapace iength statistics in wire pot catches from May through October, 1978-1994.

N* Carapace length (om) Percentage of
Range Mean£95% CI legal sizes®
2810 2818 2826
1978 1508 53-111 714 2 033 1.5 59 48
1979 2846 44-100 712 = 026 6 66 51
1980 2531 40-96 70.7 2 027 64 50 4.1
1981 1983 43.96 710 2 033 88 76 66
1982 7835 45-103 708 = 015 [ %4 57 47
1983 5432 40-121 7.7 £ 019 P A Y 74 63
1984 6156 45107 718 2 0.18 87 713 64
1985 §723 38-101 713 2 017 59 51 43
1986 5961 36-107 701 2 0.17 44 36 30
1987 5924 3699 702 z 017 i 32 27
1988 7145 2197 695 = 0.16 32 26 23
1989 6715 34107 699 = 017 45 s 29
1990 6040 36-102 702 = 020 79 59 48
1991 6449 31101 702 = 0.20 85 65 590
1992 9594 20-103 701 = 015 64 43 a3
1993 B487 30-102 708 = 015 6.7 46 33
1994 7841 34100 703 = 017 71 47 a1
2-Unit 7885 34014 38121 713 = 007 75 63 53
3-Unit 8694 64156 20-107 70.1 = 0.06 59 43 33

* Recaptures pot included.

"nnninimnmIeplnhctmm1978wlmmll.OM(S’l“in).m“bplohewwial”wlllm(!’/nh),nd

in 1990, 10 826 mm (3 Y/, in).
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TABLE 6. Summary of lobsier carapace lengih statistics in
mnmn“nmmqum.
during 2-Unit (1978-1985), 3-Unit (1986-1993) and 1994 studies.

Mean carapace Percentage of
length (mm)* legals (282.6 mm)
2-Unit range 698 - 711 25-59
3-Unit range 690 - 02 21-48
1994 mean M9 34
INTAKE
2-Unit range 692-718 29-57
3-Unit range 689 - 702 18-36
1994 mean 69.5 28
TWOTREE
2-Unit range 7n3-7129 44-104
3-Unit range 700 -719 26-62
1994 mean ni 31
* Recaptures not included.

percentage reported in our studies (2-unit range
5.9-9.1%; previous 3-unit range 3.2-50%). Since
1978, the percentages of legal lobsters in our catch
have significantly declined (slope=-0.310, p<0.01).

When the three stations were compared, the
largest lobsters were caught at Twotree during
1994 (mean CL=71.1 mm) foliowed by Jordan
Cove (69.9 mm) and Intake (69.5 mm; Table 6).
The 1994 mean sizes at each site were within the
ranges of previous 3-unit studies and at Jordan
Cove and Intake, they were within the ranges of 2-
unit studies (Table 6). However, the mean CL at
Twotree during 1994 was smaller than the range of
annual means reported in 2-unit studies (71.3-73.7
mm). Twotree catches have typically yielded the
highest percentage of legal-sized lobsters; however,
during 1994, the percentage of legals was highest
at Jordan Cove (3.4%) followed by Twotree (3.1%)
and Intake (2.8%; Table 6). The 1994 percentages
at ecach site were within the range of 3-unit
percentages. The percentage of legal lobsiers at
Intake and Twotree during 1994 were below the
percentages reported during 2-unit studies; percent
legal size at Jordan Cove during 1994 was within
the range of 2-unit studies. Trends in percentages
of legal-sized lobsters at each station have
exhibited significant declines since 1978. The
declines in percent legal size were due, in part, 10
the increases in the minimum legal size in 1988
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and 1990, but was probably more related to
increased fishing effort, which has more than
doubled since 1978 (Blake 1991; NMFS 1993).

Sex Ratios

The sex ratio of lobsters collected during 1994
was (.79 females per male, compared 10 a range of
0.71-0.88 in prior years of 3-unit operation ard
0.79-0.97 during 2-unit operation (Tabile 7). More
femaies (1.24 per male; were caught at Twotree in
1994 than at the nearshore Jordan Cove and
Intake sites (0.54 and 0.67 females per male,
respectively). Sex ratios at Twotree and Intake
during 1994 were within the range of previous 2-
and 3-unit studies; at Jordan Cove, the 1994 sex
ratio of 0.54 was within the range of 3-unit studies
but below the range of 2-unit studies (0.60-0.79).
The overall ratio of females to males was higher
during 2-unit studies (0.86 females per male) than
during 3-unit studies (0.80 females per male). At
Jordan Cove and Intake, sex ratios during 2-unit
studies were 0.67 and 0.72 females per male,
respectively, higher than the ratios during 3-unit

TABLE 7. Female to male sex ratios® of lobsters caught in
wire pots from May through October, 1978-1994.

Jordan  Intake Twotree All
Cove Stations

1978 079 097 1.02 0s2
1979 0.68 083 115 0.82
1980 0.66 0.9 1.15 088
1981 0.70 071 119 086
1982 062 0.66 1.09 079
1983 0.72 067 125 087
1984 0.60 on 1.2 0.82
1985 070 0.67 138 097
1986 065 0.73 1.26 0.87
1987 on 063 124 088
1988 0.68 0.72 115 085
1989 0.64 0.65 1.08 07%
1990 0.60 0.65 090 on
1991 051 057 113 0.74
1992 043 047 145 oM
1993 047 059 159 084
1994 0.54 067 1.24 07
2-Unit 7885 067 072 1.21 0.86
3-Unit 86-94 056 062 1.24 .80

* Recaptures not included.




studies (0.56 and 0.62, respectively). At Twotree,
the female-10-male ratios were similar during 2-
unit (1.21) and 3-unit studies (1.24). Since 1975,
Twotree has consistently exhibived proportionally
more females than have the inshore stations, and
except for 1990, the sex ratio at Twotree has
consistently reflected more females than males
(Keser et al. 1983). Female-to-male ratios of
Jobsters caught by commercial lobstermen in LIS
ranged between 1.06 and 1.81 (Smith 1977) and
more recently, Blake (1994) reported sublegal
lobster sex ratios of 2.09 and 2.71 females per male
in the western and eastern LIS commercial fichery,
respectively. Several factors have been suggesied
1o cause a predominance of females in the
commercial fishery: differences in female lobster
behavior related 1o molting and reproduction,
fishery regulations designed to protect egg bearing
females, and the fact that mature females molt less
frequently than males (Ennis 1980). The overall
sex ratio of lobsters in the MNPS area is close 10
the 1:1 sex ratio reported by other researchers for
predominantly sublegal (< 81.0 mm CL)
populations of lobsters (Herrick 1911; Templeman
1936; Ennis 1971, 1974; Stewart 1972; Krouse
1973; Thomas 1973; Cooper et al. 1975; Briggs and
Mushacke 1980).

Reproduction

The sexual maturity of female lobsters has been
investigated in our studies since 1981. The most
obvious indication that females are mature is the
presence of external eggs (berried). Another
method, first described by Templeman (1935), is
based on abdominal width measurements of
females, which markedly increases during
maturation. Abdominal width to carapace length
ratio plotted against CL provides an index of
female size at sexual maturity (Skud and Perkins
1969, Krouse 1973). Mean ratios of abdominal
width to carapace length were calculated for each
$ mm CL increment and plotted against the
carapace length of lobsters collected during 2-unit
(1981-85) and 3-unit (1986-94) operations and for
1994 alone (Fig. 3). During 1994, females began
10 mature at about 55 mm CL, and all females
were mature above 90 mm CL. The close
correspondence between the 2- and 3-unit curves
in Figure 3 indicates that female size at sexual
maturity was similar during both operational
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Fig 3 Morphometric relationship between the abdominal width
to carapace length ratio (y) and the carapace length (x) of
female lobsters during 2-unit (~—) and 3-unit studies (- - -) and
during 1994 (o © 0).
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Fig. 4. Proportion of berried females in each 1 mm carapace
length interval during 2-unit (=), 3-unit (- - -) and 1994
studies (© © ©).

periods.  Size distribution of berried females
provides further evidence of the unusually small
size at which females become sexually mature in
our study area. The smallest berried female
collected in our area was 60 mm CL and 50% were
below 76 and 78 mm CL during 3- and 2-unit
studies, respectively (Fig. 4). Our results agree
with other studies conducted in LIS; Briggs and
Mushacke (1979), using the same morphometric
technique, found that females in western LIS begin
to mature at 60 mm CL and most are mature at
about 80 mm CL. Blake (1994) estimated female
size a1 sexual maturity using cement gland staging
(Aiken and Waddy 1982) and found that half of
the females in LIS reach functional maturity (will
extrude eggs) at about 73 mm CL. In contrast 10
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TABLE 8 Percentage of berried females caught at each siation and annual carapace length statistics from 1978-94.

. tercentage of berried fomales Carapsce Length (mm) Povssmtags of
—sublcgal siges ©

All Jordan Intake Twotree

stations  Cowe

"

Mean = 95% C.L

Range
<Bl0 <BlB <826

1978 34 14 26 53 58 74 - 88 80.1 = 1.04 3 % %
197 3] 19 27 72 70 64 -93 B80S = 1.28 » 64 70
1980 i3 35 18 56 n 66 - 93 712127 2 7 g
1981 42 16 27 71 82 69 -9 812 £ 135 58 5 6
1982 31 08 09 6.1 108 64 -9 800 = 1.08 [ 66 70
1983 47 21 32 85 123 66 - 103 805 = 1.04 63 65 67
1984 62 36 3s 10.6 173 62-95 791 = 087 6 75 76
1985 62 35 45 BS m 63 -9%4 770 = 081 82 85 86
1086 4k 30 23 80 138 65 - 94 78.0 = 095 77 %0 8
1987 57 a2 19 96 158 62 -9 765 = 0.67 22 2 9
1988 38 24 19 64 124 63 -9% 769 = 082 24 % 90
1989 54 28 33 82 161 65 - 98 7732078 82 8 8&
19%0 6.6 2.7 40 12 165 65 - 102 78.1 = 082 75 gl | 24
1991 82 32 15 135 226 62 - 96 780 = 0.75 n % 82
1992 121 34 1.7 193 491 60 - 93 753 2 044 8 N M
1993 122 L8 | 27 194 476 62 -9 756 = 043 BE 9 23
1994 108 6.1 47 169 3 61-91 759 = 052 85 9% 3
2-Unit 7885 43 20 22 71 856 62 - 103 794 = 039 68 72 74
3-Unit 8694 8.1 i3 27 133 2308 60 - 102 764 = 021 84 B8 89
* Recaptures not included.

'm-himumleplmtmmlﬂaloIﬂawslnmmo’/“'m).ninjnumleplluemhaunedinlmwluno’lnh).nd

iz 1990 10 82.6 mm (3 Y/, in).

the LIS population of females, Gulf of Maine
females seldom become sexually mature at Jess
than 81 mm CL, and only a small percentage are
mature between 81 and 90 mm CL (Krouse 1973;
Krouse et al. 1993). Earlier maturction of females
in LIS is attributed to the warmer LIS water
temperatures (Smith 1977, Aiken and Waddy
1980).  Sexual maturity of males was not
investigated in our study because other researchers
documented that the size at which males become
mature varies only slightl, throughout the range of
lobsters. In western LIS, males are mature (ie.,
produce mature spermatozoa) at 40 to 44 mm CL,
and over half are mature at 50 10 54 mm CL
(Briggs and Mushacke 1979); in northern waters
(Maine), males also begin to mature at relatively
small sizes (50% mature at 44 mm CL; Krouse
1973).

The percentage of females that were berried
during 1994 was 10.8%, which was within the range
of percentages reported in other 3-unit studies
(3.8-12.2%), but higher than the range reported in
2-unit studies (3.1-6.2%; Table 8). When the three
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stations were compared, the percentage of berried
females was highest at Twotree (16.9%), this
percentage was within the range of previous 3-unit
years (6.4-19.4%) and higher than 2-unit years
(5.3-10.6%; Table 8). Percentages at Jordan Cove
(6.1%) and Intake (4.7%) during 1994 were the
highest reported since the study began (0.8-3.6%
and 0.9.4.5%, respectively). A consistent pattern
of more berried females at Twotree than at the
nearshore Jordan Cove and Intake sites has been
uoted since 1975 (Keser et al. 1983). The overall
percentage of berried females during 3-unit studies
(8.1%) was higher than during 2-unit studies
(4.3%). The mean carapace length of 75.9 mm for
berried females collected during 1994 was within
the range of average sizes reported in previous 3-
unit studies (75.3-78.1 mm), but below the range
reported in 2-unit studies (77.0-81.2 mm; Table 8).
Berried females were smaller (76.4 mm) during 3-
unit studies than during 2-unit studies (79.4 mm),
due 10 the larger proportion of sublegal-sized
berried females collected since 1986. Only 7% of
the berried females were above the minimum legal



size of 82.6 mm during 1994 compared 10 a range
between 18% and 45% prior 10 1986 (Table 8).
High rates of fishing remove most females shortly
after they reach legal size or afier berried females
relcase eggs. The apparent stability of the LIS
iobster population, despite current high
exploitation rates, may be due to the fact that
females become mature and bear eggs at sizes well
below the legal size. The regulation 10 increase
the minimum legal size appears 10 be effective, as
the percentage of berried females in our catch has
increased in recent years. The increase im
minimum legal size should improve egg production
and subsequent recruitment by allowing more
females to spawn before reaching legal size.
However, if fishing effort continues to escalate,
higher yields (CPUE) due 1o increased egg
production may not materialize.

Molting and Growth

Lobster growth is a function of size and weight
increment per molt and molt frequency, with
temperature as the most important facior
regulating these processes (Aiken 1980). During
1994, the majority of molting lobsters were caught
from late spring (end of May) to early summer
(middle of June). In several of the previous study
years, a second peak in the catch of molting
lobsters was observed in autumn (Keser et al
1983). Smaller lobsters (60-70 mm CL) may have
a higher probability of molting twice in a year than
do larger lobsters (Blake and Landers, unpublished
data). Frequency and timing of lobster molts were
examined using the Gompertz growth function
fitted to cumulative percent-molt data for 2- and 3-
unit studies (Fig. 5). The inflection points of the
growth curves were used 10 estimate annual dates
of peak molting Annual molting peaks were
significantly (p<0.05) correlated with mean May
bottom water temperatures and indicated that
molting occurred earlier when May water
lemperatures were warmer than average.
Conversely, peaks occurred later when May water
lemperatures were colder than average. Peak molt
during 2-unit studies occurred on 27 June, which
was one week later than the peak molt observed
during 3-unit studies (20 June; Fig S); the
corresponding average bottom waler iemperatures
during May of the two study periods were 9.2°C (2-
unit) and 9.7°C (3-unit). The latest peak in

PERCENTAGE OF MOLTING LOBSTERS
O - N u s e v e w S

Ay o~ LS A s ocT
MONTH
Fig. 5. Mol frequency curves estimated from the Gompertz
fuaction of lobsiers caught during 2-unit studies (1978-85; —)
and 3-unit studies (198694, - - - ).
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AAAAARARA RN
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Fig. 6. Relationship between the date of peak molting (1 from
the Gompertz function) and snnual mean botiom water
temperature during May.

number of molting lobsters for these studies
occurred in 1994 (12 July) when average May
water temperatures were the coldest recorded to
date (8.4°C; Fig. 6). The earliest molting peak
occurred in 1991 (12 June) when average bottom
water temperature during May was 10.8°C (Fig. 6).
The influence of varying water temperature on the
molt cycle has been well documented by Aiken and
Waddy (1980), and Templeman (1936) found that
molting was delayed a week or more when summer
water temperatures in the Canadian Maritimes
dropped 1°C.

Growth per molt was determined for 260
lobsters that had molted between tagging and
recapture during 1994. Simple linear regressions
best describe growth for the size range of lobsters
caught in our studies (Wilder 1953; Kurata 1962,
Mauchline 1976) and were used 1o compare growth
for males and females caught during 1994 and
in 2-unit and 3-unit studies (Fig. 7). Growth
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CARAPACE LENGTH AT TAGGING (mm)
MALES
N Growth model R? Incremen.

CARAPACE LENGTH AT TAGGING {(mwn)
FEMALES
N Growth mode! R? Increment

2-Unit 380 y=22168+0805(x) 070 89 mm, 13.3%
3.Unit 728 y=16.193+0895x) 0.76 9.1 mm, 13.7%
1994 162 y=20374+08006(x) 0.64 74 mm, 11.4%

587 y=12678+0942x) 079 8.7 mm, 13.0%
913 y=15325+0901(x) 073 89 mm, 137%
98  y=2252+0772(x) 065 7.0 mm, 103%

y=size &! recapture, x=size at lagging (mm).

Fig 7. Linear regressions, parameter estimates and average growth increments (mm and %) of carapace lengths at tagging and recapture
times for male and female lobsters caught during 2-unit studies (1978-85; —), 3-unit studies (1986-93; - - -), and during 1994 (O).

TABLE 9. Summary of lobster growth (in mm and as a percentage) at each station in wire pot catches for the period May through

October from 1979 10 1994

Jordan Cove Intake Iwoiree
Growth Growth Growth
N (mm) Percentage N (mm) Percentage N (mm) Percentage
1979 33 73 10.6 22 88 128 21 y P | 163
1980 38 86 127 21 87 125 33 101 148
1981 29 79 118 24 89 131 40 103 154
1982 45 90 133 55 78 120 96 91 132
1983 40 88 134 23 9.5 142 n 96 145
1984 85 90 138 44 78 123 ” 88 129
1985 63 B4 128 25 B8 13.7 ™ 8o 11.7
1986 61 9.1 135 ¥ 75 116 69 g6 129
1987 n 79 120 41 86 128 67 B9 132
1988 93 8Ss 128 58 95 152 104 96 147
1989 82 93 143 72 95 144 80 9.2 141
1990 9 9.1 139 51 92 142 58 102 155
1991 57 84 126 65 89 134 65 98 147
1992 107 B9 138 48 R8 132 81 94 146
1993 o8 85 130 35 84 127 76 8.6 132
1904 Ba 73 109 63 70 10.7 113 72 106
2-Unit 7985 336 86 129 214 85 128 417 92 136
3-Unit 86-94 76 86 130 an 87 132 713 89 136
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increments averaged 7.4 mm (11.4%) and 7.0 mm
(103%) during 1994 for males and females,
respectively, and were smaller than the average
growth increments during 2-unit (8.9 mm, 13.3%
for males; 8.7 mm, 13.0% for females) and
previous 3-unit studies (9.1 mm, 13.7% for males;
89 mm, 13.7% for females). The smaller growth
increments observed during 1994 may be related o
the below average water temperatures during the
spring. The smaller incremental growth of females
was related to their reproductive cycle; energy that
could be used for carapace growth is diverted 10
widening of the abdomen and development of
ovaries. Below normal spring water temperatures
during 1994 influenced growth at each station.
Growth increments at Jordan Cove (7.3 mm),
Intake (7.0 mm), and Twotree (7.2 mm) were the
lowest observed since the study began (1978-1993
ranges: Jordan Cove 7.3-93 mm, Intake 7.5-9.5
mm, Twotree 8.0-11.1 mm; Table 9). Lobster
growth appears to be unaffected by plant
operation; growth per molt at Jordan Cove was 8.6
mm during both 2- anu 3-unit studies and varied
only slightly at Intake and Twotree during the two
study periods (by 0.2 and 0.3 mm, respectively,
Table 9). In addition, lobster growth determined
from our tag and recapture studies during 2- and
3-unit operation was within the range of growth
values reported throughout LIS, where growth has
averaged between 11.6% and 15.8% for males and
between 12.09% and 15.4% for females (Stewart
1972, Briggs and Mushacke 1984; Blake 1994)

Culls

The percentage of lobsters missing one or both
claws (culls) was 9.8% of the total catch during
1994, which was the smallest percentage reported
since the study began (previous range 10.0-15.5%;
Table 10). Percentage of culls was lowest at
Twotree (6.9%) and highesi at Jordan Cove
(11.8%); the 1994 values at these two sites were
within the range of previous 2- and 3-unit studies
(Table 10). At Intake, the percentage of culls was
11.5% during 1994, which was the lowest
percentage observed at this site since 1978 (12.6-
17.8%; Table 10). Claw-loss was lower during
combined 3-unit studies (10.8%) than during the 2-
enit study period (12.1%), likely due to the
implementation of the escape vent regulation in
1984. This regulation requires that pots contain a

TABLE 10. Percentage of culls (lobsters missing one or both
claws) caught in wire pots from 1978-1994

Jordan Intake Twotree All
Cove Stations

1978 215 14.7 98 155
1979 173 178 85 155
1980 135 164 ir4 134
1981 134 16.7 71 12.1
1982 139 141 .0 i13
1983 146 153 B 124
1984 115 15.1 o 108
1985 15.1 139 72 111
1986 109 14.7 68 106
1987 119 147 62 103
1988 13.7 136 65 11.1
1989 144 143 LX) 122
1990 123 162 81 119
1991 14.5 14.0 2 118
1992 il4 129 69 100
1993 112 126 7.7 10.1
1994 118 s 69 o8
2-Unit 78-85 144 152 7.6 121
3-Unit 86-94 124 13.7 73 108

1/, by 6 inch opening to allow escape of sublegal-
sized lobsters, and thereby reduces injury and
mortality associated with overcrowded pots
(Landers and Blake 1985). The benefits of
incorporating escape vents in lobster traps has
been well documented throughout New England
{Krouse and Thomas 1975; Fair and Estrella 1976,
Krouse 1978; Pecci et al. 1978; Fogarty and Borden
1980, Krouse et al. 1993).

Tagging Program

Of the 7,533 lobsters tagged during 1994, 26.2%
were recaptured in NUSCO traps, which
represented the highest percentage recaptured in
both 2- and previous 3-unit studies (14.4-25.2%;
Table 11). While the percentage of recaptures was
relatively high in NUSCO traps, the percentage
recaptured in commercial traps during 1994 was
only 93%, which was the smallest percentage
reported since 1978 (previous range 17.1-47.6%).
More lobsters were recaptured in NUSCO traps
during the period of 3-unit operation (21.5%) than
during 2-unit operation (18.9%). In contrast,
fewer lobsters were recaptured by commercial
lobstermen during 3-unit (18.1%) than during 2-
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TABLE 11. Lobster tag and recapture statistics for NUSCO pots (May-Oct.) and commercial pots (Jan.-Dec.) from 1978 10 1994,

NUSCO

Percentage Mean

Number  Number Percentage Percentage Mean Number  Percentage
tagged  recaptured recaptured legal®*  Cl{mm) recaptured  recaptured legal® CL{mm)
1978 2768 49K 180 16.7 755 BE4 319 436 B1.1
1979 3732 > 194 115 75.1 1778 476 272 776
1980 3634 2 144 188 75.7 1363 375 28 764
1981 4246 707 16.7 120 748 1484 5.0 259 763
1982 7578 1282 169 104 732 519 332 20 755
1983 5160 932 181 13 736 2266 439 276 769
1984 5992 1431 239 84 730 12% 215 343 788
1985 5609 1216 217 7.9 732 1185 211 293 783
1986 5740 1194 208 47 73 u” 204 275 782
1987 5680 1356 239 55 728 1160 204 253 789
1988 6837 1728 252 43 720 1383 202 26.7 78.0
1989 6438 1233 192 44(93) 729 1183 184 20.7 (24.8) 782
1990 5741 1066 186 55(12.7) 733 1007 175 26.5 (32.8) 793
1991 6136 1109 181 74(139) 734 1228 200 339 (41.5) 808
1992 9126 1842 202 39 (9.3) 724 1560 171 23.4 (28.5) 795
1993 8177 1708 209 36 (8.8) 734 1741 213 27.0 (47.4) 794
1994 7533 1974 26.2 3193 734 701 93 191 (27.5) 779
2-Unit 78-85 38716 7310 189 110 739 12769 330 275 771
3-Unit 86-94 61408 13207 218 37 (8.4) 728 11140 181 4.5 (32.1) 79.0

* The minimum legal size from 1978 to 1988 was 81.0 mm (3 ¥,4 in), minimum legal size was increased in 1989 10 818 mm 3 ’l,, in), and
1990 82.6 mm (3 '/, in). Parenthetical values for percentage legal represent lobsters 2 81.0 mm carapace length.

unit studies (33.0%). The shift in percentages
recaptured in NUSCO and commercial traps
during 2- and 3-unit operations appears due 1o the
escape vent regulation implemented in 1984 and
not to plant operation. Installation of escape
vents, coupled with the fact that most of our
tagged lobsters are sublegal, resulted in fewer
tagged lobsters retained in commercial traps.
NUSCO traps do not have escape vents and have
retained greater numbers of tagged sublegal
lobsters since implementation of the escape vent
regulation in 1984. Average size of lobsters
recaptured in NUSCO during 1994 (73.4 mm) was
within the range of previous 2-unit (73.0-75.7 mm)
and 3-unit studies (72.0-73.4 mm; Table 11).
Lobsters recaptured in commercial traps have
consistently been larger than those recaptured in
NUSCO traps; during 1994, the mean CL of
lobsters recaptured in the commercial traps was
77.7 mm, 43 mm larger than the mean CL in
NUSCO traps. The overall mean CL in
commercial traps was smaller during 2-unit (77.1
mm) than during 3-unit studies (79.0 mm); this
difference was due 10 the implementation of the
escape vent regulation. Before escape vents were
required (1978-83), commercial lobstermen
recaptured many of the sublegal-sized tagged
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lobsters. Since the regulation was enforced, many
sublegals escaped from the vented commercial
pots, but were still retained in unvented NUSCO
pots. In eastern LIS, Landers and Blake (1985)
noted a substantial reduction in the number of
subiegal-sized lobsters retained in vented pots,
without a corresponding decrease in the catch of
legal-sized lobsters. In Maine waters, Krouse et al.
(1993) examined lobster catches in traps equipped
with a variety of escape vent sizes (1%, 1 %/, 17
by 5 %, in). They found that 1 %, x § ¥/, in vents
retained fewer sublegals than did traps with smaller
escape vents, and that the overall catch of legals
was comparable for the 1 %, and 1 7, in vented
traps.

The percentages of legal-sized lobsters (2 82.6
mm) recaptured in NUSCO (3.1%) and
commercial (19.1%) traps during 1994 were the
lowest reported since the study began (previous
range 3.6-188% and 20.7-43.6%, respectively,
Table 11). The overall percentage of legal-sized
lobsters recaptured in NUSCO traps during 3-unit
studies (3.7%) was substantially lower than the
percentage during 2-unit studies (11.0%). Declines
were also noted in the percentage of legal-sized
lobsters recaptured by commercial lobstermen
between the two operational periods (24.5% in 3-



unit vs. 27.5% in 2-unit studies). Declines in
percentage of legal-sized recaptures are attributed
to the increase in minimum legal size beginning in
1989 and to an increase in fishing effort, which has
more than doubled since 1978.

Movement

Mark and recapture techniques were also used
to follow lobster imovements in the MNPS area.
Tag return information from NUSCO sampling
and commercial lobstermen were used 10 assess the
extent of lobster migrations. Since 1978, the
majority of lobsters recaptured in NUSCO traps
were caught at the station where they were
released (Intake 88%, Jordan Cove and Twotree
96%; Fig. 8); of the exchanges that did occur, most
were between the nearshore Intake and Jordan
Cove sites. The pattern of smali-scale lobster
movements was also observed in the percentage of
commercial returns made within 5 km of MNPS
during 1994 (99%), similar high percentages were
reported in other 2- and 3-unit studies (94 and
96%, respectively). During 1994, lobsters traveled
an average of 2.17 km before they were caught by
commercial lobstermen, similar to the average
distances traveled in 2-unit (2.36 km) and 3-unit
studies (2.82 km).  Another tagging study
conducted in eastern LIS by Stewart (1972)
demonstrated a strong homing behavior of the
nearshore lobster population. Because lobsters are
territorial and nocturnal, individuals have a limited
home range; they leave their burrows at night and
return to the same shelters before dawn. Similarly,
our tagging studies indicate a predominance of
localized movement which is typical of nearshore
lobsters in coastal waters elsewhere in eastern
North America (Templeman 1940; Wilder and
Murray 1958; Wilder 1963; Cooper 1970; Stewart
1972; Cooper et al. 1975; Fogarty et al. 1980,
Krouse 1980, 1981; Campbell 1982; Ennis 1984).

Most of the lobsters recaptured more than 5 km
from the study area moved to the east or
southeast. with only a few (21) of the lobsters
migrating to western LIS (Fig. 9). Since 1978, over
800 lobsters were recaptured in The Race, a deep
water channel 10.5 km from MNPS between LIS
and Block Island Sound, which suggests a
migration route for lobsters exiting LIS. Once out
of the sound, lobsters moved easterly and were
caught along the Rhode Island coast, Buzzards Bay

Twotree 896%

Fig. 8. Within station recapture and lobster movements
between the three lobster sampling locations (1978-1994).

Fig. 9. Recapture location and number of lobsters caught by
commercial lobstermen in the vicinity of Long Island and Biock
Island Sounds (1978-1994).

Fig. 10. Number of tag returns at locations >50 km from
MNPS (1978-1994).

(MA), and along the south shore of Cape Cod
(Fig. 10). Some lobsters traveled southeast to
offshore waters and were reported caught on the
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edge of the coniinental shelf in deep water
submarine canyons (Block n=7, Hudsor n=10,
Atlantis n=5 Veatch n=3). Similar offshore
migrations were demonstrated by other researchers
working in waters from Canada 10 southern New
Englané (Saila and Flowers 1968, Uzmann et al
1977; Cooper and Uzmann 1980, Campbell and
Stasko 1985, 1986).

Entrainment

Lobster larvae were found in MNPS cooling
water samples from 25 May 10 4 August 1994,
which was the latest commencemeni and
termination of the period of occurrence for larvae
in our 11 year entrainment study. The delayed
1994 larval season was most likely due to below
normal spring water temperature, which probably
slowed hatching and development of larvae. A
total of 257 lobster larvae was collected during
1994, which was within the range of valu s for 3-
unit studies (157-625), but higher than the number
collected in 2-unit studies (102 and 143). Lobster
larvac pass through four pelagic stages before
settling to the bottom as juveniles. During 1994,
stage composition of larvae collected in
entrainment samples was 40% Stage I, 3% Stage 11
and Il combined, and 57% Stage IV (Fig. 11).
Stage | larvae predominated in many of the
previous collections ranging 38% and 90% of the
four larval stages collected ducsing 2- and 3-unit
studies (Fig. 11). Stage Il and III larvae were
rarely collected in our entrainment samples, and
with the exception of the 1988 and 1992
collections, these larval stages have accounted for
only 5% of the total larvae collecied since 1984,
Stage IV larvae comprised between 4 and 52% of
the four larval stages collected in previous studies
(Fig. 11). Larval lobster distribution and dispersal
in coastal waters have been associated with surface
water circulation patterns (Fogarty 1983) which
develop visible sea surface “fronts” ofien seen on
the surface waters as "slick” lines. These lines
delincate zones where wind-induced surface
currents converge and downwell, and have been
reported to contain high densities of planktonic
organisms including lobster larvae (Cobb et al.
1983; Biake 1988). This mechanism of larval
transport would explain the patchy distribution of
lobster larvae observed in our entrainment studies.
Other rescarchers working in southern New
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Fig. 11 Annual number of lobster larvae (Stage 1-IV) collected
in samples of the MNPS discharges from 1984 10 1994

TABLE 12 Delta mean density (number per 1000 m* & 5%
C.1) of lobster larvae collected in day and night entrainment
samples from 1984 10 1994.

Year Time Delta mean 95% C.1
of day density
1984  Day 0.158 0.061-0.256
Night 0.737 0.138-1.336
1985  Day 0.39%0 0.041082°
Night 0.620 02004951
1986  Day 0.324 0.063-0.585
Night 1399 0.556-2.242
1987  Day 0.791 0.040-1.542
Night 0.667 0.205-1.129
1988  Day 0.727 0.199-1.653
Night 0.688 0.271-1.106
1989  Day 0158 0.08740.229
Night 1.403° 0.537-2.269
1990  Day 0341 0.101-0.581
Night 1167 0.569-1.765
1991 Day 0287 0.1310.442
Night 0.756" 0.502-1.010
1992 Day 129 0.043.2.555
Night 1.369 0.530-2.209
1993 Day 0.963 0.207-2132
Night 1168 0.097-2.433
1994  Day 0.268 0.0850.452
Night 1.505° 0.706-2.303

*  Number per 1000 m’.
*  Significant difference between day and night densitics based
on 2sample t-tests (p<0.05).



TABLE 13. Annual deita mean density (number per 1000 m”) of lobster larvae in entrainment samples during their season of occurrence
and snnual entrainment estimates with 95% C.1. for MNPS from 1984 10 1994

Year Time period Number Mean
included larvae density®

Cooling Vol
(m® x 10%

1984  21May-10Jul 102 0.409 0.184-0.635
1985  15May-16Jul 142 0.504 0.2580.749
1986  14May-14Jul p9) 0857 0.418-1.297
1987 18May-30Jun 184 0943 0274-1613
1988  16May-1Aug 571 077 0.296-1.137
1989  22May-28)ul 237 0.701 0.358-1.044
1990  14May-30Jul 280 0.748 0.436-1.060
1991 TMay-22)ul 157 0528 0.3650.685
1992 19Msy-140ul 625 13%4 0.652-2016
1993 24May-25)un 218 1.081 0.273-1.889
1994  25May-4Aug 257 0.908 0.445-1.371

189 .4 77,458 34,847-120,259
2551 128,550 65,806-191,040
666.2 566,619 278,457 864 017
4238 399,608 116,111-683.529
B376 600573 247935952372
5628 394,518 201 4B0-587,556
779.1 582,738 339,671-825 80"
564.) 296,173 205.910-386 4%
4612 615,285 300,724-929 Bt
360.6 389,767 98 433.681,101
7452 676,639 331,613-1,021,665

* Mean densities are based on the delta-mean (NUSCO 1988b and Penn
* Unit 3 began commercial operation

England waters have found similar high variability
in both the numbers and stages of larvae collected
(Bibb et al. 1983; Fogarty 1983; Lux et al. 1983,
Blake 1984, 1988)

Entrainment samples collected at night during
1994 contained significantly higher densities of
lobster larvae (1.505 per 1000 m®) than samples
collected during the day (0.268 per 1000 m®, Table
12). Significantly higher night lobster larvae
densities than day densities were observed in four
previous 3-unit study years (1986, 1989, 1990, 1991,
Table 12). The factors causing differences in the
day and night lobster larvae entrainment densities
are unclear and the rarity of night sampling by
other researchers in New England provides little
information on the diel behavior of the larval
phases. [Early laboratory studies demonstrated
positive phototaxis of Stage I larvae (Templeman
1937, 1939). In contrast, field surveys conducted
on Browns Bank, southwest of Nova Scotia,
indicated that most Stage | larvae were collected at
depths between 15 and 30 m during the day and
rarely found below 10 m at night (Harding et al
1987) More recent laboratory studies by
Boudreau et al. (1991) indicated that thermal
gradients were the primary factors influencing
vertical migration of lobster larvae, with all four
stages seeking the warm water above the
thermocline regardiess of time of day

The A-mean density of lobster larvae for all
entrainment samples collected in 1994 was 0.908
per 1000 m°, which was within the range of

ingion 1983)

densities reported in previous 3-unit studies (0.525-
1.334) but higher than the densities reported in 2-
unit studies (0.409 and 0.504; Table 13). An
estimated 676,634 lobster larvac were entrained
through the MNPS cooling water system in 1994,
which was the highest estimate repored since our
entrainment studies began (1984-.7 estimates
ranged from 77,458 to 615,285; Table 13). Since
Unit 3 began commercial operation in 1986,
entrainment estimates have been substantially
higher, because the cooling water demand of Unit
3 alone is approximately the volume required by
Units 1 and 2 combined. The higher entrainment
estimate for 1994 was due 10 a combination of the
long period of occurrence of larvae (72 days),
relatively high density, and high cooling water flow
at the three MNPS Units during June and July,
particularly at Unit 3, which operated at full power
throughout the summer. Similarly, in 1988 and
1990 when the larval period was long (78 days) and
cooling water flows were high, entrainment
estimates were correspondingly high

Evaluating the effect of entrainment on lobster
recruitment in the MNPS area is difficult because
of the unreliability of survival estimates for larvae
and post-larvae (Phillips and Sastry 1980; Caddy
and Campbeli 1986; Cobb 1986; Blake 1991)
Estimates of survival during the larval phase are
wide ranging, from < 1% in Canadian waters
(Scarratt 1964, 1973; Harding et al. 1982) 10 >
50% in LIS (Lund and Stewart 1970; Blake 1991)
In addition, littie is known on the source of larvae
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entrained through the MNPS cooling water
systems. Most of the entrained Stage | larvae
probably originate from the berried females in the
MNPS area, because Stage | larvae are only in the
walter column for 3 10 5 days before molting to the
next stage. The source of Stage IV larvae
entrained at MNPS is probably not from the local
population because these larvae are between 4 and
6 weeks old and water currents would carry them
10 other areas of LIS. Stage IV larvae were also
reported 1o exhibit directional swimming behavior
and moved tens of kilometers from the origin of
hatching (Cobb et al. 1989, Rooney and Cobb
1991; Katz et al. 1994). Lund and Stewan (1970)
indicated that the large number of berried females
found in western LIS (27%; Smith 1977) may be
responsible for recruitment of Stage IV larvae in
middle and eastern LIS.

Conclusions

The status of the LIS lobster fishery has been
characterized as highly exploited. Since 1978,
fishing effort in Connecticut waters has more than
doubled.  The fishery is almost completely
dependent on new animals molting into legal size,
cach year nearly all the lobsters above the
minimum legal size are removed by fishing. The
total number of lobsters caught and total CPUE in
our study area reached record levels in 1992 and
remained high during 1993 and 1994. However,
legal lobster catches have significantly declined
since the NUSCO studv began in 1978. Legal
catches were expected (10 improve in 1993 and 1994
after large numbers of lobsters, observed 1o be just
beiow legal size in the 1992 catches, molted 1o
legal size. Instead, legal CPUE continued to
decline during the past two years in coptrast with
recruitment patterns of previous study years when
strong recruit classes were followed by increased
legal catches one 1o two year later. The fact that
legal catches did not improve during the past two
years may be further evidence that the local lobster
resource is currently overfished.

During 1994, the peak in number of molting
lobsters was later, and growth per molt was lower
than previously observed in our studies; these
conditions were attributed to below normal water
temperatures during spring 1994. Changes in the
size structure, sex ratio and proportion of berried
females of local lobsters may be primarily due 10

142 Monitoring Studies, 1994

increased fishing rates and to implementation of
fishery regulations in 1984 (escape vents) and 1988
(increased minimum size). The lower incidence of
claw loss, and changes in recapture rates and size
structure of tagged lobsters caught in NUSCO and
commercial traps during 3-unit studies were
attributed to the use of escape vents. The
percentage of berried females collected nearly
doubled during 3-unit studies and was probably
related to the increase in the minimum legal size.
Both of these regulations were implemented to
improve lobster survival and appear effective.
However, fishing effort (number of fishermen and
traps, and frequency of trap hauls) continues to
increace and fishery managers question the stability
of the resource under that kind of fishing pressure.

Lobster larvae densities were higher during 3-
unit studies due to the higher percentage of
berried females. Estimated numbers of larvae
entrained through the MNPS cooling water systems
were also higher during 3-unit operation, due to
the combination of higher densities and the higher
cooling water demand of Unit 3. rligher larval
entrainment may affect subsequent legal lobster
abundance, but quantification of this impact is
difficult given the uncertainty of larval origin,
larval survival, and recruitment rates 1o legal size.
Since lobsters require 4-5 years of growth before
they are vulnerable to capture, and an additional 2
years of growth to reach legal size, a decline in
local lobster abundance caused by larval
entrainment would not be apparent for several
years. The high total CPUE for lobsters in our
study area in the past three years suggests that
entrainment during the initial vears of 3-unit
operation (1986-88, 7-9 years ago) has not
decreased the local adult population.
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Marine Woodborer Study

Introduction

The Marine Woodborer Study focuses on a
single species, the shipworm Teredo bartschi, which
has mainiained a resident population in the warm
water discharge of the Milistone Nuciear Power
Station (MNPS) since 1975. T. bartschi is a
semitropical specics common from Texas 1o South
Caroliaa (Turner 1966) and first demonstrated an
ability to colonize warm water discharges in
temperate climates during the early 1970s at the
Oyster Creek Nuclear Generating Station
(OCNGS) in New Jersey (Turner 1973; Hoagland
1983). Hoagland (1983) reported that distribution
and abundance of the Oyster Creek population
followed the pattern of power plant operation. An
extended outage of OCNGS in the mid-1980s
resulted in eradication of this shipworm population
from the Oyster Creek and Forked River areas,
with no reoccurrence through 1993 (Hiliman and
Belmore 1994).

At MNPS, temperature conditions of the cooling
water discharges permitied Teredo bartschi to
maintain a resident population over the last 20
years. This population was believed to have the
potential of adapting to the cold water
temperatures common to the winter months of
LIS, thereby extending its distribution in the
northeast (Hoagland 1981, 1983). The objective of
the present study is to determine abundance and
distribution of 7. bartschi at sites both within and
outside the thermal influences of discharge waters.
This report covers the second year of sampling and
data analysis of the T. bartschi study. Study design
is based on over 20 years of monitoring data
collected during the former Exposure Panel
Studies (1968-1992)

Materials and Methods

Wood panels were submerged approximately 1
m from the water surface at seven sites: Effluent
(EF), Effluent West (EW), Quarry Cuts (QC),
Effluent Buoy (EB), High Rock (HR), Jordan
Cove (JC), and White Point (WP) (Fig. 1). The
EF site is on the east side of the MNPS effluent

Teredo bartechs Study
| P

melery

Fig. 1. Location of woodborer sampling sites in the vicinity of
Milistone Nuclear Power Swation: EF=Effluent (east side),
EW=Effluent (west side), QC=Quarty Cus, Eo=LiTiuent
Buoy, HR =High Rock, JC=Jordan Cov.:, WP=White Pauint

quarry, EW is on the west sic'e of the quarry and
panels at QC are located in th e quarry cuts, where
discharge waters from three Units enter LIS;
panels at these three sitz” a.¢ exposed to undiluted
effluent. EB is approximately 100 m outside the
quarry cuts, where surface panels are directly in the
path of the discharge plume during ebb tides, to
ambient tidal waters during flood tides. HR and
JC are approximately 500 m outside the quarry
cuts, but within the discharge mixing zone (24 °C
isotherms; NUSCO 1988) during ebb tides; HR is
approximately 100 m closer than JC to the channel
and the ¢bb tide path of discharge waters. Large
rock outcroppings at the HR site cause eddies and
alter water circulation patterns, which resuit in
decreased effluent mixing and increased water
temperatures that could enhance recruitment of 7.
bartschi. WP is the sample site most distant from
MNPS (approximately 1700 m from the quarry
cuts), and is considered unimpacted by the MNPS
discharge.

At HR, JC and WP, two sets of three panels
were deployed 1 m below the water surface by
means of floats (double lobsier pot buoys)
anchored with a weighted (80 1bs.) wire lobster pot
(Fig. 2); at EB, a sim/ar array was attached 1 m
below the mooring bu )y used to mark the Effluent
station of the Benthic Infauna program. The
buoyed panels at EF on the east side of the
effluent quarry were attached to a pulley-and-line
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DOUBLE BOUYED LORBSTER POT DEPLOYMENT METHOD

Fig. 2. The double buoyed lobster pot deployment method used
10 place wood panels 1 m below the surface at EF, HR, JC and
WP in the Woodborer Study at MNPS,

system to facilitate retrieval, while those on the
west side were attached 1o a stainless steel rack as
used in previous studies (NUSCO 1993). At QC,
panels were a'tached 1o a buoy and stiff-arm
system to ensure that the panels remained
submerged at the proper depth in the eddy
currents. Panel placement in the water column
(near the :rface versus near the bottom) has been
shown t¢ ¢ . shipworm recruitment beyond the
quarry cuts (NUSCO 1991, 1992, 1993). Surface
deployment tended to reduce settiement of Teredo
navalis, the native shipworm, and enhance T.
bartschi settlement during the 1990-1992 Discharge
Study (NUSCO 1993).

Each panel (clear white pine 25.4x 89x 1.9 cm)
was secured in a separate section of PVC pipe (35
cm in length x 10.2 cm diameter), except at EW
where old methodology (excluding plexiglass
backers) was used (NUSCO 1993). Two sets of
panels per site were deployed in May and collected
in November (redundant sampling was used 10
minimize data loss). Three panels at each site
were processed by scraping fouling organisms and
debris from all surfaces, X-raying (250 kV, 5 mA,
for 45 s) each panel, and removing all or at least
70 shipworms per panel. Radiographs were used
to subjectively estimate wood-loss, to locate
shipworms within the panels, and 1o estimate total
shipworm abundance. Shipworms were identified
after removal from panels to determine percentage
composition of T bartschi and T. navalis.

152  Monitoring Studies, 1994

Shipworms smaller than 5 mm in tube length were
classified ouly as juvenile teredinids and, although
included as a component of shipworm abundance,
were not included in the 70 shipworm subsample
used for identifications.

Results and Discussion

Teredo bartschi continued to populate wooden
panels in the Milistone Quarry and at sites outside
the Quarry directly exposed to MNPS discharge
waters. Recruitment of this shipworm at QC in
1994 (133/panel) was higher than that recorded in
1993 (16/panel) and was also higher at EB (1.3 vs.
0.7/panel; Table 1). T. bartschi did not recruit on
panels at HR in 1994, while some recruitment was
observed in 1993 (1/panel). The newly established
(1993) EF site failed 1o recruit 7. bartschi in 1993
and 1994, suggesting that water circulation or the
placement of panels at this site may be
inappropriate for recruitment. In 1994, panels
were placed on the west side of the Millstone
Quarry (EW) at the same location and using the
sampling method described in NUSCO (1992).
This sampling site was reestablished to evaluate
the absence of T. bartschi from EF panels as
observed in 1993. Densities of this shipworm at
EW in 1994 (200/panel) were similar to those
reported in panels from 1990-1992 (NUSCO 1992,
1993), indicating that pancis at EF do not
effectively reflect 7. bartscii recraitment and
abundance patterns in the efi'uent quarry. This
situation was suspected in 1995 when T. bartschi
was absent at EF, but present at QC, EB and HR.
T. bartschi has mot been collected at JC or WP
during either 1993 or 1994,

Surface panels beyond the quarry cuts have been
monitored since 1990 and during this period T.
bartschi was collected at distances of 100 m (EB),
300 m and 500 m (HR) from QC. This shipworm
was collected most consistently at EB, with
densities ranging from <1 shipworm/panel in 1993
10 a high of 78 shipworms/panel in 1990. Absence
of T. bartschi in panels at JC and WP indicates
that this immigrant species has not adapted to
local ambient conditions. Although untreated oak
pilings at White's Dock provide an attractive food
resource for this shipworm, cool (<22 °C) summer
temperatures combined with cold winter conditions
appear unsuitable for recruitment and survival of
T. bartschi.



Table 1. Average density (Ave.) and its standard error (SE) for shipworm abundance data collected from surface panels in the vicinity of

MNPS from May to November during 1993 and 1994,

SPECIES EF EwW QC EB HR Jc WP
Ave. SE |Awe. SE Ave. SE Ave. SE Ave, SE Ave. SE Ave. SE

T. barischi

1993 00 00 - - 187 81 0.7 0.7 1.0 06 00 0.0 0.0 0.0

1994 00 00 |2000 00 | 1333 882 13 13 0.0 0.0 0.0 00 00 0.0
T. navalis

1993 | 347 29 - - 26.7 19 | 683 67 383 34 147 23 64.0 137

19%4 | 307 09 9.0 06 157 35 34.0 64 383 26 16.7 03 303 18
Juveniles

1993 00 00 . . 03 03 30 15 20 0.0 20 058 50 15

1994 07 07 2667 333 ] 1167 928 1.7 12 1.7 12 03 03 0.7 07
% Wood-loss

1993 | 283 1.7 - - 273 82 $5.0 50 450 87 63 09 450 29

1994 | 267 17 | 763 1 583 169 350 58 283 1.7 83 09 10.7 0.7

Although not a major focus of this study,
abundance of the native shipworm, Teredo navalis
was also determined. In 1994, 7. navalis was
collected at all sites, with average densities ranging
from 9/panel at EW to 38/panel at HR (Table 1).
At most sites, these densities (and associated
wo0d-loss) were lower than those in 1993, At QC,
wood-loss in 1994 (58%) was higher than in 1993
(27%) despite lower densities of T. navalis
(16/pane! vs. 27/panel); however, this wood-loss
was associated with high 7. bartschi abundance
(133/panel in 1994 vs. 16/panel in 1993). Highest
wood-loss in 1994 occurred at EW (76%), also
related 1o high T. bartschi density (200/panel).

Conclusions

Consistent recruitment and survival of Teredo
bartschi remains in MNPS discharge waters.
Results from over 20 years of study indicates that
this population has not adapted to near-ambient or
ambient temperature conditions at sites >500 m
from the discharge. Panels at the EF site did not
effectively monitor the presence of this shipworm
in the Millstone Quarry. Under the current
sampling design, 7. bartschi recruitment on the
western side of the quarry (EW) and in the
western cut (replicates 1 and 2 at QC) has been
similar 10 that observed during the previous
Exposure Panel Studies and Distribution Studies.
Sampling site HR (500 m from the quarry cuts)

appears 10 be near the limit of suitable thermal
conditions for 7. bartschi recruitment; several
individuals recruited onto panels there in 1993,
although none were collected in 1994, In
summary, T. bartschi occurs in MNPS water by
virtue of higher water temperatures than those in
Long Island Sound. Although a population has
persisted in the MNPS Quarry since 1975, there is
no evidence 10 suggest that T. bartschi has
expanded its occurrence to other areas in Long
Island Sound unaffected by MNPS discharge.
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Eelgrass

Introduction

Many shallow subtidal areas in the vicinity of
Millstone Nuclear Power Station support extensive
populations of eelgrass (Zostera marina L.). The
ability of this species to adapt 10 wide ranges of
temperature, salinity and water depth (Osterhout
1917, Setchell 1929; Uphof 1941; Burkholder and
Doheny 1968; Dillon 1971; Thayer et al. 1984)
permits populations 10 successfully colonize many
estuaries and lagoons of temperate and warm
boreal coasts in the Atlantic and Pacific Oceans
(Setchell 1935). The importance of this species 10
coastal ecosystems, now widely recognized and
described in more detail in previous reports (e.g.,
NUSCO 1994), was brought to the forefront afier
the disappearance of most eastern North American
==4 European populations attributed to "Wasting
Disease’ (Tutin 1942, Rasmussen 1973, 1977).
Foliowing the destruction of Zostera populations,
increased wave scour and changes in current
patterns resulted in shoreline erosion.
Concurrently, declines were observed in abundance
of many animal species, including commercially
important fishes and lobster (Stauffer 1937; Dexter
1947, Milne and Milne 1951; Orth 1973, 1977,
Rasmussen 1973, 1977; Thayer et al. 1975; Zieman
1982).

Because of the ecological importance of eelgrass
and the prediction that the 3-unit thermal plume
would extend to the nearest population of the
species in Jordan Cove (ENDECO 1977), the
present study was initiated in 1985 1o monitor this
population and others nearby. Throughout the
range of eelgrass, researchers have demonstrated
that temperature changes can affect populations by
reducing growth rate, lowering resistance to
disease, and reducing the production and
germination of seeds (Burkholder and Doheny
1968; Phillips 1974, 1980; Orth and Moore 1983).
Objectives of the present study are to identify
temporal patterns of eelgrass distribution,
abundance and reproduction, and to determine the
extent 10 which these patierns may be affected by
natural variability or by MNPS operation.

Materials and Methods

Three eelgrass study sites in the vicinity of
MNPS were sampled during 1994 (White Point-
WP, Jordan Cove-JC, Niantic River-NR) (Fig. 1).
The WP and JC stations are located 1.6 km and
0.5 km east of the power plants discharge,
respectively, and are within the area potentially
influenced by the 3-unit thermal plume (ENDECO
1977, NUSCO 1988). The NR site, located about
3 km from Millstone Point, is a control station in
an area unaffected by power plant operation (Fig.
1). Water depths (at mean low water) were 2.5 m
at WP, 1.5 m at NR and 1.1 m at JC,

The WP and JC sites have been sampled since
1985. The NR site has been relocated several
times since 1985, due 1o shifts in eelgrass
abundance patterns in the Niantic River. The
original sampling site (#1, also designated ‘old’ in
this and previous reports), located midway between
Camp Weicker and the navigation channel (Fig. 1),
was sampled throughout 1985 and in June 1986.
A substantial population decline at site #1 was
noted in July 1986, so another NR sampling site
was established (#2) 50 m to the south, nearer the
pavigation chaanel. Site #2 was sampled for the
remainder of the 1986 season; however, by
September 1986, the eelgrass population at this
site had also disappeared. In June 1987, 2 new NR
sampling site was established at the nearest viable
population, located in the lower river (#3). A
slower, but steady, decline of the eelgrass
population at site #3 has been documented since
1987 (NUSCO 1993), and by June 1993, no
eclgrass shoots were observed at this site. In
contrast, an extensive recovery of the eelgrass
population at the old NR site (#1) was noted in
1993, and NR samples were again taken at this
station during the 1993 and 1994 sampling periods
(June-September). Monthly surveys and sediment
sampling of NR #3 have continued afier
population elimination; however, no eelgrass
recolonization has been observed at this site
through the 1994 sampling year.

Samples were collected monthly from June
through September 1994, the period of maximum
standing stock and plant density. At each station,
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Fig 1.  Map of the Millstone Point area showing the location of eeigrass sampling stations, JC=Jordan Cove (x), NR=Niantic River
(1=sampled 1985 -June 1986 and 1993-1994, 2=sampled July 1986-Sepiember 1986, 3=sampied 1987-1992, was sampied in 1993-

1994, but no eelgrass was present), WP=White Point (x).

16 samples were coliecied by SCUBA divers from
randomly placed quadrats (25x25 cm, 0.0625 m*)
within & 10 m radius of the station marker. The
upright shoots from plants within each quadrat
were harvested, placed in a 0.333 mm mesh bag,
and taken to the laboratory for processing. A 3.5
cm diameter x 5 cm deep core was taken together
with eelgrass samples for analysis of sedimentary
characieristics at each station. Temperature in
Jordan Cove was measured by submerging an
encased . hermistor-recorder. Continuous
temperature measurements have been recorded in
Jordan Cove since 1991. Temperatures reported in
this report cover the period from June 1 through
September 30, when additional temperature
increases above ambient from the 3-unit operation
of MNPS could be most detrimental to eelgrass in
Jordan Cove.

All shoots collected were counted in the
laboratory and the longest blade of each shoot (up
to 20 plants per sampie) was measured to the
nearest centimeter. The number of reproductive
shoots in each sample was recorded and used 0
estimate the percentage of reproductive shoots in

158  Monitoring Studies, 1994

the population. Shoots were rinsed in freshwater
to remove invertebrates and at the same time, all
epiphytes were removed. Epiphytes on eelgrass
shoots were minimal throughout the study, their
weights were not recorded. Eelgrass standing stock
was estimated as the weight of the shoots taken
from each quadrat. From 1985 to 1987, shoots
were weighed, then dried in an oven at 80 °C 10 2
constant weight. Dry weights from 1988 10 1993
were estimated from the wet-weight/dry-weight
relationship and presented in this report as grams
dry weighym® (g/m?).

Non methods were used 10 examine
trends in the time series of eelgrass shoot density
and standing stock. The distribution-free, Mann-
Kendall test (Hollander and Wolfe 1973) was used
to determine whether the time-series of mean
monthly standing stock biomass or shoot density
exhibited significant wends. The slope of the
trend, when significant, was estimated by Sen's
estimator of the slope (Sen 1968). Eelgrass shoot
length was not statistically analyzed, because
growth occurs at the base of the shoot (from 2
basal meristem) and tips continuously erode, and
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because leaf turnover rate is highest during the
summer (Roman and Able 1988).

Mean sediment grain size and silt/clay content
were determined using the dry sieving method
(Folk 1974). Sediment samples were heated 1o 500
°C for 24 h 10 determine organic content,
estimated as the difference between dry-weight and
ash-weight. Both silt/clay and organic content were
recorded as a percentage of the total sediment
sample weight.  Additional sediment samples
collected at the NR sitc #3 were analyzed to
evaluate whether any sediment changes noted
could be associated with the decline of eclgrass at
this site.

Results

Temperature

Daily average water temperatures during 1994
(June through September) at JC and the MNPS
intake and discharge are shown in Figure 2.
Temperatures range from 13.3 10 23.8°C at JC,

from 13.3 10 22.2°C at the intakes and from 16.9 1o
32.4°C at the effluent discharge. The maximum
difference between JC and intake (ambient) daily
average water temperatures occurred on 4 July,
when average water temperature at JC was 2.9°C
warmer than at the intakes.

Sediments

Sediments supporting local eelgrass populations
have been characterized since 1985 through
monthly (June-September) measurements of mean
grain size, siltclay and organic content (Fig. 3).
Overall, sediments at stations nearest MNPS (JC
and WP) have been more stable over time than
those at control stations in the Niantic River.
Sediments collected during 1994 were coarser at JC
(monthly mean grain size ranging from 0.20 10 0.25
mm), compared to those at WP (0.11-0.12 mm).
Sediments at JC contained less silt/clay during 1994
(22-79%) than those at WP (8.1-15.3%).
Similarly, sediment organic content was generally
lower at JC (0.9-2.0%) than at WP (1.7-2.7%) in
1954. All sediment parameters measured in 1994

Eelgrass 159



o\ A
322 i v Pel o by i f'.-‘.\-’-“!: Ny
v ‘V' Y ‘q‘, "

M‘—M

SO ABE JO0 ABE JBT AT JRE BB B MBS SN0 KI0 JR) AR\ JBT ART SRS ARD e Aes

gecseeaEBEit

CRapt BT (men) ORGANCS ) SLT/TLAY (%)

NMNTIC RNVER ST 41
o7
~
\ oy " n
\ A /
e \L2, YA

cceececéEBELE

ORepe SF (men) OROMECS (v) WY CLAY (v)

B0 MBS JB6 ABG JBT ABT JBE ABD JB0 ARE JB0 MS0 M0\ AR\ JR1 AT J05 AB3 B84 e

NIANTIC BER STE 43

A
\
’A /'J h "' "1‘ Y 'A\ P \

-
YA, " \.H Yo
/

: '\‘

gceeecElBELE

CRam: BTE (mem) ORONECS (v) T/CLAY fu)

N e AA e e N

B ABD SO0 ARG JBT ADT 0 AR JBG AES J00 M0 R\ BB\ NG ST IRD NS 6 Nes

/\1 J"’\,,\ "/ﬂ‘/" R \ " 7~

-t P g N oy -s......—‘o‘o’"oo-o.sm%v.-

::::;.‘.!!H!

- N\

- -~ -

OFAR MIT () ORGECS () ST /TLAY (o)

S ARD A ADE U7 ART BN MG JUD NER M0 MBS IR\ AR\ JET ART RO MRS I Al

Fig 3 Mean grain size (a), organic content () and siltclay content (0) of sediments at Millsione eclgrass stations, Jordan Cove,
Niantic River (Site #] and Site #3) and White Point sampied during the period June-September from 1985 through 1994,

160  Monitoring Studies, 1994



TABLE 1. Annual and monthly average shoot density (no/m?), length (cm) and dry weight standing stock (gm/m?) for eelgrass
sampled near MNPS during the June to September.
ANNUAL MEANS 1994
19685 1986 1987 1988 1989 1990 1991 1992 1993 1994 Jun Jul Aug Sept
Shoot Density
Jordan Cove $72 713 542 468 411 338 603 63 484 282 230 384 251 261
Niantic River 413 T2 294 30T W40 225 49 233 385 132 182 340 s -
‘White Point 286 218 227 161 335 185 242 204 310 141 181 152 108 12
Shoot Length
Jordan Cove 57 57 m 7 74 38 an 53 54 as 22 3s » 3s
Niantic River 5 » 8 L] G 73 51 48 58 2 24 k) 24 -
White Point 107 116 126 86 110 106 87 72 107 95 111 108 ™ (2]
Sianding Stock
Jordan Cove 243 27 258 238 202 105 169 210 160 o0 44 b3 70 43
Niantic River 156 32 184 18] 183 143 Bl 79 125 18 23 47 1 .
White Point 25 w0 201 % 2% 180 148 110 275 100 147 110 n 72
- No plants were collected

at JC and WP were within the ranges for previous
years.

Historically, sediment characteristics have been
more variable &t sites within the Niantic River
(NR #1 and NR #3; Fig. 3). Ranges of monthly
mean grain size at NR #1 and NR #3 were similar
to each other, but considerably wider (0.19-0.36
mm and 0.17-0.29 mm, respectively) than ranges at
WP and JC during 1994. Monthly silt/clay content
in 1994 ranged from 5.4 10 7.5% at NR #1, and
from 0.8 10 17.1% at NR #3. Sediment organic
content ranges for 1994 at NR sites (1.3-1.7% at
#1 and 1.0-3.8% at #3) were comparable 10 those
at JC and WP. With the exception of low silt/clay
content at NR #3 in August, all 1994 sediment
cuaracteristic measurements were within the
historical ranges for each NR site.

Shoot Density

Relationships among sampling stations for
eclgrass shoot density were consistent with those
reported in most previous years. Annual mean
shoot density was typically highest at JC (282
shoots/m’ in 1994; Table 1), while densities at NR
and WP were lower and more similar to each other
(132 and 141 shoots/m’, respectively) in 1994,
Although spatial relationships were consistent
during 1994, shoot densities were low area-wide
compared 1o previous years. In fact, 1994 means

were the lowest recorded over the study period at
JC and WP, and the second lowest recorded at NR
(next 1o 1986). Monthly shoot densities were
highest in June at WP (181 shoots/m’), and in July
at JC and NR (384 and 340 shoots/m’, respectively;
Table 1). Moderate fluctuation in monthly shoot
densities was observed at JC and WP when
compared to the extreme fluctuation at NR.
Foliowing the density peak in July at NR, density
declined dramatically 1o S shoots/m’ by August and
no plants were collected during September
sampling.

Ten year time-series of monthly shoot densities
at each station are presented in Figure 4. Trend
analysis applied 10 this data indicated a significant
decreasing trend at JC (slope=-4.917
shoots/m*/sample period; p<0.05). No significant
trend was detected at WP, Trend analysis was not
performed on NR data due to insufficient data for
any one site resulting from sampling station
relocation  following localized population
elimination events.

Shoot Length

Yearly (1985-1994) and 1994 monthly (June-
September) average shoot lengths are presented in
Table 1. Shoots during 1994 were longest at WP
(95 cm), shortest at NR #1 (28 cm) and
intermediate at JC (35 cm). The 1994 average
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from 1965 through 1994.

shoot length values at JC and NR #1 stations were
the lowest values recorded at these stations since
1985 (previous ranges of 38-75 cm and 39-94 cm,
respectively). The 1994 shoot length average at
WP (95 cm) was within the overall range of
previous annual means (72-126 cm).

Monthly shoot lengths in 1994 at WP declined
from June through September (111 10 69 cm; Fig.
5); shoot lengths at JC increased slightly from 29
cm in June to 39 cm in August, then declined to
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Mean number of eelgrass shoots per m° + 95% C.1 at Milistone eeigrass stations sampled during the period June-September

35 cm in September. Monthly shoot lengths at NR
#1 increased slightly from June (24 cm) to July (30
cm) then decreased in August (24 cm). No plants
were present in the NR #1 sampling area at the
time of September 1994 collections.

Standing Stock

Eelgrass standing stock during 1994 was highest
at WP (100 g/m?), followed by JC (60 g/m®) and
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Fig. 5. Mean shoot length (cm) = 95% C.1 st Millsione eelgrass stations sampled during the period June-Sepiember from 1985 through
1994,

NR (18 g/m% Table 1). Annual mean standing
stock at JC and NR during 1994 was the lowest
recorded 10 date (1985-93 ranges, 105-276 g/m* for
JC and 32-183 g/m’ for all NR sites). The 1994
mean standing stock at WP was the second lowest
reported (1985-93 range, 90-275 g/m?).

Monthly standing stock estimates in 1994 were
highest in June at WP (147 g/m®) and highest in
July at JC and NR #1, (83 g/m’ and 47 gm’,
respectively) (Table 1). Monthly mean standing

stock estimates for 1994 were low relative 10
previous years at all stations (Fig. 6). At JC and
NR, all 1954 monthly values except for June at NR
were the lowest recorded to date when comparing
the same months from previous years. Monthly
estimates for 1994 at WP, although low, were
within the ranges for previous years.

Trend analysis, performed on monthly estimates
over the ien year time-series, indicated that
standing stocks had significantly declined since
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through 1994
1985 at JC (slope=-3.180 g/m’sample period,
p<0001) and WP (slope -3.782 g/m’sample
period, p<0.007). Trend analysis was not

performed on the NR standing stock data due 10
frequent station relocation.

Reproductive Shoots

Lowest annual percentages of reproductive
shoots were observed at JC and NR during 1994
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(0.2 and 0.6% respectively, Table 2). At WP, 7.6%
of the shoots collected in 1994 were reproductive,
which was within the range of previous annual
percentages (0.4-10.4%). Monthly percentage of
reproductive eelgrass shoots in 1994 was highest in
June at WP (16.0%); the monthly percentage of
reproductive shoots was also highest in June at NR
and JC, but accounted for only 0.4% and 1.6% of
the shoots, respectively. No reproductive shoots
were collected at any site after July 1994,



TABLE 2 Number of reproductive shoots, 1oial number of shoots and percentage of reproductive shoots at eelgrass sampling
stations from June 1985 through September 1994
Annual June July August September
L % # Toul" % » Total % k Total % i Total %
Jordan Cove
1985 a 19 10 561 18 23 591 39 11 514 21 0 622 0.0
1966 70 25 23 756 30 21 585 36 13 1046 2 13 A 8
1987 72 33 18 581 31 24 537 45 19 496 38 1 558 20
1988 58 31 20 469 43 11 502 22 2 415 0S5 25 487 5.1
1989 30 1£ 16 534 30 12 526 23 2 356 0.6 0 228 0.0
1990 “ 0.7 2 167 i2 7 365 19 0 395 00 0 424 0.0
1991 24 10 14 448 31 10 647 15 0 654 0.0 0 662 00 -
1992 17 0.7 9 558 16 B 643 12 0 708 0.0 0 611 0.0
1993 93 48 56 493 114 36 510 71 1 516 02 0 417 0.0
1994 2 02 1 230 04 1 383 <0.1 0 251 00 0 261 0.0
Niantic River
1985 53 32 i3 414 8.0 19 308 6.2 1 398 03 0 532 0.0
1986 15 53 1 2 333 14 170 82 0 95 0.0 0 18 0.0
1987 2 18 B 40] 1.0 1] 242 4.5 6 239 25 0 294 0.0
1988 G4 36 19 356 53 17 309 55 0 290 0.0 8 273 29
1989 68 71 36 333 108 21 288 73 11 187 59 0 150 0.0
1990 53 59 19 225 B4 2 266 12.0 2 189 1.1 0 218 0.0
1991 12 12 5 197 2. 7 276 pA 0 296 0.0 0 227 ¢.0
1992 5 0.5 1 2 04 “ 440 1.0 0 181 0.0 0 8] 0.0
1993 134 8.7 e 607 154 38 387 98 2 350 0.6 0 196 0.0
1994 3 0.6 3 182 16 6 340 0.0 0 5 0.0 0 0 00
White Point
1985 27 24 B 3594 2.0 17 290 59 2 222 09 0 238 0.0
1986 79 91 51 293 174 14 16] 8.7 6 234 6 g 182 44
1987 53 58 20 305 66 12 238 50 13 180 72 & 184 43
1988 K 1) 47 3 186 16 13 161 8.1 5 133 38 9 164 55
1989 63 4.9 31 461 6.7 32 480 6.7 0 194 0.0 0 204 0.0
1990 m 104 47 199 236 25 212 118 S 186 2.7 0 Jad 00
1991 28 29 16 4q! 3.6 12 308 9 0 112 0.0 0 105 0.0
1992 4 04 1 270 04 3 194 15 0 195 0.0 0 155 00
1993 4 3 20 403 50 17 313 54 11 368 30 0 156 0.0
1394 43 16 Pal 181 160 1 14 132 92 0 108 0.0 k') 122 00

* Total number of reproductive shoots
* Total number of shoots (vegetative + reproductive)
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Discussion

Results of the 1994 eclgrass monitoring program
indicated a general arca-wide decline in local
populations. Specifically, study parameters used as
indices for overall population health and
productivity (shoot density, standing stock and
number of reproductive shoots) were low at all
stations during 1994 when compared 1o previous
years. The extent of such declines varied from
station to station, with no clear relation between
degree of population decline and site proximity 10
the MNPS thermal plume.

The eelgrass population at WP exhibited the
least severe declines in 1994, relative 1o
populations at other study sites. While several
indices at WP were low in 1994, most were still
within the historical ranges of previous study years.
Only standing stock at WP exhibited a significant
decreasing trend over the ten-year time-series.
This analysis was strongly affected by the 1994
data, since no such trend was detected last year
(NUSCO 1994). No trend was evident in WP
shoot density data, and shoot lengths in 1994 were
consistent with those observed previously. Both
numbers and percentages of reproductive shoots at
WP were well within their respective historical
ranges. The sedimentary environment at WP
remained stable over the study period, including
1994,

The Niantic River sites showed the most
dramatic decline, and historically the most
variability. Rapid decline and local elimination of
the current study population at NR #1 occurred in
1994, a scenario which has become typical for
populations in the Niantic River since 1985. In
fact, similar population demise was observed at the
same site in 1986, at NR #2 in 1987, and a more
gradual loss of plants at NR #3 was noted from
1987 w0 1993 While localized eelgrass
recolonization has been reported in the Niantic
River previously (at NR #1 from 1989-1993;
NUSCO 1994), little reestablishment of
populations elsewhere in the river, including study
sites NR #2 and NR #3, has been observed over
the study period. In a recent survey, only small
patches of eelgrass were observed along the main
navigation channel in the lower river and near the
entrance 10 Smith Cove farther upriver. These
findings indicate a general population decline in
the Niantic River. E=lgrass biology and population
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occurrence in the North Atlantic shows
unpredictable behavior, and wide-spread
population decline. Specifically, long-term eelgrass
decline/recovery cycles have been reported in the
Niantic River since the 1930s (Marshall 1994).
Loss of eelgrass has been attributed 1o a variety of
causes, ranging from natural, e.g., ‘wasting disease’
(den Hartog 1987), severe storms (Patriquin 1975),
or uprooting by swans (Marshall 1994) to0 human
activities, e.g. eutrophication (Bulthuis 1983; Orth
and Moore 1983, Cambridge and McComb 1984,
Neverauskas 1985, Burkholder 1993), land
reclamation, or changes in near-shore land use
(Kemp et al. 1983). The disappearance of eelgrass
from the Niantic River in the late 1980s was
attributed to a decline in water quality and the
presence of Labyrinthula (Short 1988), and it is
likely that these factors, perhaps further
exacerbated by swan grazing, are largely
responsible for more recent population losses at
NR #3 and NR #1. It is reasonable 10 expect
small transient populations to reappear in the river
in the future through seed production and
dispersal from nearby healthy populations.
Regardless of the nature of environmental
conditions in the Niantic River, none of the factors
affecting eelgrass there appears related to the
operation of MNPS, as these population sites are
well beyond any influence of the power plant.
Power plant impacts, if they were to occur,
would most likely be evident in eelgrass
populations near the MNPS thermal discharge,
such as the population in Jordan Cove. With
modeling predictions indicating that the JC study
population may be exposed the MNPS 3-unit
thermal plume (ENDECO 1977, NUSCO 1988),
population characteristics at this site have been
closely monitored since 1985. Analysis of the
current ten-year time-series showed declining
trends in two important population parameters:
shoot density and standing stock biomass. Levels
of both shoot density and standing stock were
relatively high in early study years (e.g., 1986), and
with some fluctuations, have experienced long-term
decreases as well as more pronounced declines
after 1992. Also indicative of population stress at
JC is the lack of reproductive shoots during 1994,
Associating the general decline of the Jordan Cove
eclgrass population with a power plant impact is
difficult, however, due to the high natural
variability of environmental conditions at this site.



Jordan Cove is shallow, with large sand flats that
are exposed to summer heating, and, during
extremely Jlow tides, freezing in winter.
Furthermore, similar to the Niantic River, shallow
water in Jordan Cove allows for grazing of eelgrass
by swans. Therefore, Jordan Cove is more
susceptible to natural environmental stress tLan is
the deeper water site, WFP.

The importance of temperature in regulating
¢. grass growth and development was first stressed
. Setchell (1929). It was later shown that eelgrass
is scasitive to small temperature variations (Thayer
et al. 1984). Eelgrass does not produce seeds at
temperatures above 15-20 °C (Burkholder and
Doheny 1968; Orth and Moore 1983). Higher
water temperatures, ¢.g., from heated effluents of
power plants, could eliminate eelgrass from nearby
areas (Phillips 1974; Thayer et al. 1984), Studies
of another seag.ass, Thalassia, in Florida (Roessler
and Zieman 1969, Wood et al. 1969, Zieman 1970,
Roessler 1971) and of a salt marsh grass (Spartina
altemiflora) in Maine (Keser et al. 1978), showed
a significant decline in abundance of these plants
in the vicinity of power plant effluents. Elevated
water temperatures increased respiration beyond
levels that could be supported by plant
photosynthesis. Recognizing that eelgrass
meadows are among the most productive of marine
systems (Mann 1973; McRoy and McMillan 1977;
Zieman and Wetzel 1980) and act to stabilize
sediments (Wood et al. 1969, Zieman 1972; Orth
1977), a decline in eelgrass abundance at Jordan
Cove could also effect the movement of sediments
and species abundance of associated infaunal
communities.

The possibility of thermal plume impacts at JC
was also investigated with data from a continuous
temperature recorder deployed on the sediment
surface within the JC study population. Some
elevation in JC water iemperatures was observed
during the summer 1994, compared t0 ambient (at
the MNPS intakes) temperatures (Fig. 2). This
disparity from ambient temperatures, however,
appears 10 be more related 1o insolation of the
shallow waier sand flats than to incursion of the
thermal plume. Maximum temperature differences
(2-3°C) coincided with the period of maximum
daily solar irradiance (June-July), a relationship
consistent with previous years (cf. NUSCO 1992,
1993 and 1994). Regardiess of the cause, these
increased temperatures could stress this population

for reasons described above. Temperature data
from the winter of 1993-94 also suggest stressful
conditions for the JC eelgrass population. On two
occasions, extreme low tides left the JC study area
exposed 10 colder than normal air temperatures
{with recorder registering minimum temperatures
of ca. -8°C at the sediment surface), and may have
resuited in sediment freezing and rhizome damage.

Conclusions

Eelgrass studies during 1994 indicated generally
poor regional conditions for growth and
reproduction of local populations of Zostera
marina. Populations declines appcared related to
site-specific stress mechanisms in combination with
area-wide ecological factors.  The eelgrass
population at WP appeared to be most robust in
the MNPS area. Population parameters at WP
measured in 1994 were within ranges established
over the previous nine study years. The deeper
water WP study site (2.5 m depth) provides more
protection against elevated temperatures from
insolation in the summer, sediment freezing during
low tides in winter, and swan grazing. Eelgrass
populations at shallow water sites (NR #1 and JC;
1.1-1.5 m depth) are more susceptible to these
stress mechanisms. Overall environmental stress
was apparently greatest at NR #1 in 1994, and was
related to regional and site-specific (depth-related)
factors, and possibly water quality conditions in the
Niantic River. Zostera populations were
eliminated at NR #1 by September 1994. Similar
localized elimination events have been observed at
other sites in the Niantic River during the study
period.

Shallow-water stress, as temperature extremes,
were measured directly at JC, and were possibly
responsible for population declines observed at
that site. Sediment freezing may have occurred
during two extreme low tide events in the winter of
1993-94. Elevated temperatures measured at JC
during the summer appeared more related 1o
insolation of the shallow sand flats in jordan Cove
than to thermal plume incursion. Low-level
thermal plume incursion to JC is still a possibility,
however, based on hydrothermal modeling studies,
and could hinder recovery of this already stressed
population from its most extreme decline to date.
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Rocky Intertidal Studies

Introduction

A substantial portion of the shoreline in the
vicinity of Millstone Nuclear Power Station
(MNPS) is composed of rock ledge and boulders
supporting a rich and diverse community of
attached biota. Shore communities such as these
are often in close prox.mity to coastal power plant
heated effluents, an” are therefore particularly
vulnerable to theraal impacts. To effectively
document overall ecological impacts associated
with coastal power generation, rocky shore
community studies have been, and continue to be,
an important aspect of biological monitoring
programs associated with nuclear power plants
along the New England coastline (Vadas et al
1976, 1978; Wilce et al. 1978; NAESCO 1994,
NUSCO 1994).

Rocky intertidal studies are part of an extensive
environmental monitoring program whose primary
objective is 10 determine whether differences that
exist among communities at several sites in the
Millstone Point area can be attributed to
construction and operation of MNPS, in particular
since Unit 3 began operation in 1986. To achieve
this objective, studies were designed and
implemented 10 identify attached plant and animal
species found on nearby rocky shores, 10 describe
temporal and spatial patterns of occurrence and
abundance of these species, and to identify physical
and biological factors that induce variability in
local rocky intertidal communities. This research
includes qualitative algal sampling, abundance
(percentage cover) measurements of intertidal
organisms, and growth and monrtality studies of
Ascophyllum nodesum. The following report
discusses results of sampling and analysis in the
1993-94 study year, and compares these results 10
those of 2-unit operationai studies (March 1979-
February 1986), and 3-unit operational studies to
date (March 1986-September 1994).

Materials and Methods
Qualitative Sampling

Qualitative alga’ collections were made monthly
at nine rocky intcrtidal stations (Fig. 1). These
stations are, in ordes of most o least exposed 10
prevailing winds and ;torm forces: Bay Point (BP),
Fox Island- (FE), Milistone Point (MP),
Twotree Island (T".), White Point (WP), Seaside-
Exposed (SE), Seaside-Sheltered (SS), Giants Neck
(GN), and Fox Island-Sheltered (FS). The MP and
TT swations were added in September 1981; all
other stations have been sampled since March
1979. A year of qualitative sampling is from
March to the following February, ie., the latest
year of qualitative algal data (1993) comprises
collections from March 1993 to February 1994.
The 1985 sample year (3/85 - 2/86) terminated the
2-unit operational period; the 1986 sample year
(3/86 - 2/87) was the first in the 3-unit operational
period.

The FE station, approximately 100 m east of the
MNPS discharges, is directly exposed to the 3-unit
thermal plume (during part of the tidal cycle); FS,
WP, TT, and MP are between 300 and 1700 m
from the discharges, and potentially impacted by
the plume. Stations at BP, GN, SE, and SS are
unaffected by MNPS operation.

Qualitative collections were used to characterize
the attached flora at each site during each
sampling period. At each station, specimens of
observed algal species were collected at low tide
from intertidal and shallow subtidal zones,
including tidepools. Algal samples were identified
fresh or afier short-term freezing.  Voucuer
specimens were made using various methods: in
saturated NaCl brine, as dried herbarium mounts,
or as microscope slide preparations.

The qualitative species list includes all attached,
macroscopic algal species. Excluded from these
studies are diverse diatom taxa, blue-green algae
and some crustose, endophytic or endozooic algal
species. These elements of the microbiota are
present, but too difficult 10 consistently collect,
and for many species to identify as components of
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Fig. 1. Location of the MNPS rocky intertidal sampling sites: GN=Giants Neck, BP = Bay Point, MP =Millsione Point, FE=~Fox Island-
Exposed, FS=Fox Isiand-Sheltered, TT=Twotree Island, WP=White Point, SE=Seaside-Exposed, 5= Seaside-Sheltered.

L

Fig 2  Detail map of the MNPS vicinityy FOworiginal
experimental Ascophylium site (1979-84), FN=new
experitnental Ascophyllumn site (1985-present), MP,
FE, FS as in Fig 1
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the flora used in a monitoring program. However,
we included taxa that are, or may be, conspecific or
subspecific forms, or aliernate life history stages of
erect macroalgae. For simplicity, we refer 10 each
of these entities as a species throughout this
report. Except where noted, nomenclature foliows
that of South and Tittley (1986).

Abundance Measurement

The abundance of rocky intertidal organisms was
expressed as percentage of substratum cover. At
each qualitative collection station except TT
(because of insufficient exposed bedrock), five
permanent strip transects were established

to the water-line, 0.5 m wide and
extending from Mean High Water to Mean Low
Water levels. Each transect was subdivided into
0.5 m x 0.5 m quadrats and was sampled six times
per year, in odd numbered months (or a total of 46
times in the Unit 3 operational period to date).
These transects are considered 'undisturbed’, as



they experienced no experimental manipulations.
The total number of quadrats in each transect
depended on the slope of the transect. The
percentage of substratum cover of all organisms
and remaining free space in each quadrat was
subjectively determined. Undersiory organisms,
species that were partially or totally obscured by
the canopy layer, were assigned a percentage value
that approximately corresponded to their actual
substratum coverage. Each quadrat was assigned
10 a zone based on its tidal height: Zone 1 (high
intertidal), Zone 2 (mid intertidal), or Zone 3 (low
intertidal).

Ascophyllum nodosum Studies

Growth and mortality of tagged individuals of
the perennial brown alga, Ascophyllum nodosum,
were studied at two reference stations (GN, 6.5 km
west of the discharge and WP, 1.5 km east of the
discharge, Fig. 1) and an experimental station (FN,
ca. 150 m from the quarry discharges, northeast of
the Fox Island-Exposed sampling site, Fig. 2).
Ascophyllum populations at GN and WP have been
monitored since 1979, and those at FN since 1985.
Ascophyllum was also monitored at FO, ca. 75 m
east of the original Millstone quarry cut, from 1979
10 1984. The FO Ascophyllum population was
eliminated in the summer of 1984 by exposure 10
clevated temperatures from the thermal plume
discharged through two quarry cuts (NUSCO
1985).

Ascophyllum plants were measured monthly,
after onset of new vesicle formation, from April to
the following April. At each station, fifty plants
were marked at their bases with a numbered plastic
tag, and five apices on each plant were marked
with colored cable ties. Linear growth was
determined by measurements made from the top of
the most recently formed vesicle to the apex of the
developing axis, or apices if branching had
occurred. Monthly measurement of tagged planis
began in June; in April and May, vesicles were not
yet sufficiently large to be tagged, and five tips
were measured on each of 50 randomly chosen
plants. Tags lost 10 plant breakage were not
replaced, and the pattern of loss was used as a
measure of mortality. Loss of the entire plant was
assumed when both the base tag and tip tags were
missing. Tip survival was based on the number of
remaining tip tags.

Data Analysis

Analysis of qualitative algal collections includes
a calculation of a frequency of occurrence index,
based on the percentage of collections in which
each species was found out of all possible
collections (e.g., at a station, in a month, during 2-
unit or 3-unit operation). This index was used 10
calculate similarities among collections, using the
Bray-Curtis formula (Clifford and Stephenson
1975):

T 2min(X,X,)
s’_ i=1 -
E(X,+X,)
i=1

where S, is the similarity index between collections
Jj and k; X, is the frequency of occurrence index for
species ¢ in collection j; X, is the index in
collectior k; and n is the number of species in
common. A flexible-sorting (@ =-0.25), clustering
algorithm was applied to the resulting similarity
matrix (Lance and Williams 1967).

Quantitative analyses included determination of
abundance of intertidal organisms as percentage of
substratum covered by each taxon. Unoccupied
substrata were classed as free space. Cover values
of selected species were plotted against time.
Similarities of communities among stations and
between operational periods were calculated using
the Bray-Curtis coefficient formula cited above,
substituting untransformed percentages for
frequency of occurrence indices. The same
clustering algorithm was wused to form
station/period groupings.

Data from Fox Island - Exposed (FE) were also
analyzed separately to determine relationships
among qualitative algal collections and quantitative
percent-coverage values. Similarity indices were
calculated between each possible pair of yearly
collections at FE; these annual comparisons
permitted better resolution of the community
changes that have occurred at this site.

A Gompertz growth curve was fitted to
Ascophyllum  length data using non-linear
regression methods (Draper and Smith 1981). The
Gompertz function form used (Gendron 1989) has
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three parameters, related by the formula:

o
L-ae™

where L is the predicied length at time ¢, @ is the
asympto'ic length (limit of total increase for the
growing season), k is the rate of decrease of
specific growth (shape parameter), and 7, denotes
the time at which the inflection point occurs (time
when length is increasing most rapidly). Growth
curve parameters were compared among stations
and between periods using 2-sample t-tests
(P=0.05) based on the asymptotic standard errors
of the parameter estimates.  Growth data
representing the lalest growing season (1993-1994)
were plotted for all stations together and for each
station separately, with summaries of 2-unit (1979-
1986) and 3-unit (1986-1994) operational data.
Because the FN siation was established in 1985, 2-
unit operational data from this site included only
the 1985-86 growing season.

Results and Discussion

Qualitative Algal Studies

Water temperature is an important factor in
determining distribution of many benthic marine
macroalgal species. In fact, biogeographical
regions for macroalgal species distribution in the
world oceans are primarily delimited by water
temperature isotherms (Liining 1990). Therefore,
because some macroalgal communities experience
altered temperature regimes resulting from the
MNPS thermal effluent discharge, shifts in spatial
and temporal species occurrence patterns are a
likely impact. The current qualitative algal
sampling program is used t0 monitor these
patterns by applying various floristic analyses to
data compiled from periodic algal collections.

Results of qualitative sampling studies conducted
since 1979 are presented as percent frequency of
species occurrence during 3-unit and 2-unit
operational periods by month (Table 1) and by
station (Table 2). The 1993 total of species
collected and identified was 121, which was typical
of previous years and within the range of annual
totals for 2-unit (101-131) and 3-unit (118-126)
periods (NUSCO 1993). During 1993, no new
species were added to the overall total of 161
species collected since 1979,
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Although they are not newly found at our
collection sites, two species have been renamed,
based on recent taxonomic research. The red alga
previously reported as Phyllophora truncata is now
called Coccotylus truncatus (Wynne and Heine
1992). Another red alga, previously reported as
Antithamnion nipponicum is now called
Antithamnion pectinatum (Athanasiadis and Tittley
1994).

One power plant thermal impact on the local
macroalgal community is seen as shifts in seasonal
occurrence patterns of annual species typical of
either warm-water or cold-water periods of the
year. Therefore, it is necessary to first iCientify
components of the flora which exhibit this rype of
natural seasonality, and then use this information
as a bascline from which power plant induced
changes can be assessed. In the Millstone area, a
suite of species typical of cold-water period
(January-June) collections includes Dumontia
contorta, Polysiphonia urceolata, Spongonema
tomentosum, Desmarestia viridis, Chorda tomentosa,
Ulothrix flacca, Urospora penicilliformis,
Monostroma  pulchrum, M. grevillei and
Spongomorpha arcta (Table 1). The fioristic
grouping characteristic of warm-water (July-
December) collections includes Champia parvula,
Lomentaria  baileyana, Callithamnion roseum,
Ceramium diaphanum, Grinnellia americanum,
Dasya baillouviana, Giffordia mitchelliae,
Enteromorpha clathrata, Bryopsis plumosa and B.
hypnoides.

Thermal impact-related differences or shifts in
the natural occurrence patterns described above
(decreased occurrence of cold-water species
resulting from an abbreviated season, or increased
occurrence over an extended season for species
with warm-water affinities) could be detected by
comparing operational period frequencies (2-unit
vs. 3-unit) at stations potentially exposed to the
thermal plume. The only station where such shifts
have been and continue to be evident is the
NUSCO site nearest the discharge, FE. For
example, two cold-water red algae, Dumontia
contorta and Polysiphonia urceolata, were common
components of the winter/spring flora at FE during
2-unit operation, occurring in 24% and 26%,
respectively, of collections there prior to Unit 3
start-up, but neither has been collected at FE
during 3-unit operation (Table 2). Other cold-
water species occurred occasionally at FE during



during 2-unit (3/79-2/86) and 3-unit (3/86-2/94) operating periods.
s a percentage of possibie times found. A dash before a species indicates that is was
quotes are, or may be, conspecific or subspecific forms,

Qualitative algal cotlections (Mar. 1979-Feb. 1994) by month,
included in coliections made in the latest report year. Taxa enclosed in
or aliernate life-history stages; see text for additional explanation.

Values represent number of times found,

1
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47 51 &9 49 4@

-Phyllophora pseudoceranoides 23 14 16 1
Phyliophora traillis

0 0

occotylus truncatus
“Chondrus crispus
Petrocelis middendorfii

Rhodophysema georgii
“Coraliins officinalis

-Dumontia contorta

“Choreocolax polysiphonise
Hildenbrandia rubra
-Palmaria palmata

Spyridia filamentosa
Scagelia pylasaci
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-Mastocarpus stellatus
Gloisiphonia capillaris
Champis parvula
<Lomentaria baileyana
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-Lomentaria orcadensis
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TABLE 1. (cont.)
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Qualitative aigal collections (Mar. 1979-Feb. 1994) by station, during 2-unit (3/79-2/86) and 3-unit (¥8€-2/94) operating
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TABLE 2. (cont.)
Rhodophyta

Grinnellia americanum
Phycodrys rubens

Dasys baillouviana
Chondris sedifolia
Chondriz baileyans
Chondniz ‘enuissima
Chondria dasyphylla
Polysiphonia denudata
Polysiphonia harveyi
Polysiphonia lanosa
Polysiphonia nigra
Polysiphonia nigrescens
Polysiphonia urceolata
Polysiphonia elongata
Polysiphonia fibrillose
Polysiphonis flexicaulis
Polysiphonia novae-angliac
Rhodomels confervoides

M—————-—_’ -
Ectocarpus (asciculstus
Ectocarpus siliculosis
Ectocarpus sp

Giflordia granulosa
Gilfordia mitcheliiae
Pilayeila littoralis
Spongoneme tomentlosum
Entonems secidiowdes
ACIDELOSPOrs sp
Feldmannia sp.

Ralfsia verricosa

Elachista fucicols
Halothrix lumbricalis
Leathesia difformis
Chordaria flagelliformis
Sphaerotrichia divancata
Cladosiphon zosterae
Eudesme virescens
Pogotrichum filiforme
Desmotnchum undulatum
Phaeosaccion collinsii
Punctans lstifoiia
Punciana planiaginea
Petalonia (ascia
Scytosiphon lomentaris
Delamarea attenuats
Desmarestia aculeata
Desmarestia viridis

Chords filum

Chorda tomentosa
Laminaria digitata
Laminaria longicruris
Laminaria sacchanna
Sphacelania cirrosa
Sphacelaria rigidula
Ascophylium nodosum 100
Fucus distichus s edentatus 6
Fucus distichus . evanescens 11
Fucus spiralis 5
Fucus vesiculosus
Sargassum filipendula 0

" -
& w
:gcucnzugmoo‘nuuacu'z

L

OON;rJoirmm——uthC”—

» -
OO N -

=

L SO WA AD -
BonellultBuosanBewh

Do~ RBRETSRS

g Rig

—
WA O

®

“~alB8uuwn

L-go...gn.-...rj

12

i3

1

&
B

= w
WO NN NTY
i

=

—

duooB;oggcoc

sRy.

g

onoqhu&&&uoo‘ocu<
Ban £8 e

O -
- el

0

13
2

8

0

uhis
¢ 5H

—
o0 MDD

—
w o

—
e

B
L]

6

0
100
23
23

L

100 100 100 100

0

%]

- g
e&ouu@&uSSocoAcwanul-d

[N ]

—
[N SRS NS N

a8 3
S
~

gk#SOAog
SeaYsSRlE
wl%
» 8is
:GOAQQS'&

- Ll
NNV
—

=
Boco®

)

o &
—
&

52

NN ODODON-=O

& n —
e eAaODNOoODOoOODDOOSDWVAD
b A S

2,

-
D B e D

50

29
e

0

ch‘:g—-on-—mue

—
-—

6
¢
0 1

-2

QNSocougq

S

"
NN

o

—
NN S -

(=]

A A A DD >

e
LI |

-
L RS N -

0
19
61
18

|

-
«

8
&

w
-—-—ocoo;oul"ﬂ

(%)

g

-

3
MO~ OO

-
O e W

zu — ~3
MO MO O =D OoOAMMN=OW

—
£ O L2 AND

o
[ ]

0

100 106 100

-
10
2

w ......_'V,
e IS ey

=2

Lol

-
<

Nooe

B

8&~b°&~°€’-—‘~l&r¢r

[ —
L DR A O~-O

el
s b

0
100
1
12

1

82 100 100 100 100

0 0

0

0

0

)
r4

l
B RE
e

coll8lswndS
I Y=

-4
~No

SONOAOcOc.uFJj

PR w
WL~ N

>
o

-
-
JN?JgPJJ

100
0

T
5
o
X
3

H
B

mgojoecou-—ﬁgocuqu;cumg

1BonolENuotlE

cosawocoooomwneBocolann-83E

2o ol
-o e
B
Seo

W= OO O NN

W o
-~

wlewveSlelBaconvelluel

oeBu-8Fuccowe
=
—guo-—-fst;g;nco-—uoal'd

QE-—--
ONjN—-embN

-
=
2

3

B

NN

—

—
- m'g - :
A‘Acogbs OS—-QONMO‘0°-O

—-_000CwaavVvNN
hoOOoOoOWVON

—
SR - - - S

—

0

o
-
>

-3
3
[
o
—
~3

-
L=

w

SRLB
-
IS
-
—

NADW OO mowm
o

-—
O -
- - -}

OO DO O

o
~
w
o
-

A
WOO™ w000 O

-
-
e g W
SwuNnNYLewN

~3 N
COOOaAaMNI~-O
N®OoONMNMNLWNe
N~ OO0 O

~3

w

A

~ =
OUﬂCOOOQG\OO‘MChc‘a-—-OOOFJ.Og:COO

»

>

o

Bua
ShBcoBRlodiRNoAB L w—une

»n

100
5
11
47 0
100 100 100 100
0 0 0 6

w
- -3
w
o
S -
®

—
ogcoo

i
w2

U= OO0 O0OCW=-wW

—

OMO\MS

2
N - AW

— — P
VOO WNMWOO = ¢

—— 8-
WaAaOONBWUN N OO0 00

-2

e
ou-—-c-—-auom

nwnooe

——
W e QO -0

[

—

|

-4805‘:3—4“3:-—"\.:q—lxgﬂuu—duruo-éto:a-—sm—!»-I\:u;Aogﬁemqa—iu—gﬁqsgnﬁ—u—a;taaﬁ

—

SR wBBueswunlval

s =28 .20,
- =
5—&;-1'4—!:8:.-‘&8'93Adu—%;;est‘)u-%-uwzauﬁ

— et e
S oo

— O » -— »
2o uululitcouninecelifvarsvundordnn=28c40

.3@40*»«)3&

E~

ER-E VY TR RS o

—
L - A -

—

Rocky Intertidal




mn&.:.lll”l.:-l-ll.a“l CRIQVNN - RREFRI g SO MT S e ng
STELELS T RE LA L LT LEFET EELLE DT LE S8 LLAS SRt Dbl
CTERASE PR LEA L T F PR LA L PE LY P Lobel P LDl Ll Sobeldabd

W—nn‘119.1[.1.3‘oo.lnom“”-Mﬂ..ZZZNl“oaqawl05”23‘4”103“1”

>

ME‘”nzol‘°51°oln°‘“’“‘llo11‘0”2‘0053"99‘00”9‘”

L

W e o

~ 0‘0’ - oo mn ~Nw oo 020700320240600602
mn s z°a FOYR2SS uwn g

HIE Hmmm
S

Percursaria percursa
Cladophora glaucescens’

3
i
:,

i,
m

182 Monitoring Studies, 1994



the 3-unit period, but much less frequently than
during the 2-unit period. These include Ulothrix
flacca, Monostroma grevillei, M. pulchrum and
Spongomorpha arcta. By contrast, a number of
warm-water seasonal species have become more
common ai FE during 3-unit operation. Among
these species are Callithamnion roseum, Grinnellia
americanum, Dasya baillouviana, Giffordia
mitckelliae, and Bryopsis hypnoides.

Distribution of perennial species at FE has also
changed during 3-unit operation. This stvdy has
documented the establishment of populations of
species with geographical distributions which
extend into warm temperate and tropical regions,
and are therefore tolerant of 3-unit temperature
regimes at FE (eg, Gracilaria tikvahiae,
Agardhiella subulata and Sargassum filipendula;
Taylor 1957, Luning 1990). Similarly, some species
near the southern limit of their normal
geographical ranges, such as Mastocarpus stellatus
and Polysiphonia lanosa, experienced population
elimination at FE during 3-unit operation.

Some other changes to the overall flora occurred
during the 3-unit period that are unrelated to
power plant operation. Increased occurrence of
Gelidium pusillum has been observed at FE and
several sites farther from the discharge, including
a pronounced increase (from 7% to 75%) at our
control site GN. The area-wide introduction of an
exotic species Antithamnion pectinatum (A
nipponicum in previous reports), also not
considered a power plant impact, occurred during
3-unit operation as well.

Relationships among composite collections made
during 2-unit and 3-unit periods at each station
were also examined using cluster analysis
techniques and illustrated by the resulting
clustering dendrogram (Figure 3a). In short, the
addition of 1993 data has resulted in no
substantive change in major groupings, relative to
recent previous years (e.g., NUSCO 1992, 1994).
Excluding the FE 3-unit collection, primary
groupings of all other collections are distinguished
by floras which develop on differing substrata.
Collection areas at sites comprising Group I are
composed of bedrock ledge, with subgroups
separated into exposed sites (WP, MP, BP and FE
2-unit; Subgroup la) and sheltered sites (GN and
FS; Subgroup Ib). Coliection substrata at Group
Il sites (TT, SS and SE) are primarily large
boulders and relatively unstable cobble with few

horizontal surfaces. The strong dissimilarity of the
FE 3-unit collection (Group III) to all other
collections is due 10 the unique floristic assemblage
that has developed at this site in response to
exposure 10 the 3-unit thermal plume.

A similar analysis was applied to annual
collections at FE (Fig. 3b) to illustrate yearly
changes to the algal community brought about by
important power piant operational events. Group
I represents collections made during 2-unit 1-cut
operation, when the unimpacted flora at FE was
similar 1o that observed at other exposed sites (see
Fig. 3a and NUSCO 1987). Temperature
conditions were altered substantially due to
operational changes occurring in 1984 (2-unit, 2-
cut operation) and 1986 (Unit 3 start-up), and
these events were reflected in the characteristic
disturbed or early successional stage flora collected
at FE from 1984 to 1987 (Group II). Elevated
temperature conditions persisted, but were more
consistent in subsequent years comprising
collections in Group III. These conditions allowed
for more long-term development of the unique
flora now observed at FE, characterized by shifts in
temporal and spatial species occurrence patterns
described above. Similar floristic shifts have been
observed by other researchers studying attached
algae near thermal effluents (Vadas et al. 1976;
Wilce et al. 1978; Schneider 1981).

Abundance Measurement

Power plant impact may also change certain
patterns of organismal distribution and community
dominance hierarchy on nearby rocky shores.
These changes may not be evident when using
descriptors of qualitative community
characteristics, presented in the previous section,
which effectively illustrate impacts such as
temporal and spatial elimination or introduction of
species.  Therefore, quantification of species
abundance and distribution patterns, through
determination of percent substratum coverage,
complements the qualitative studies and has
become an integral part of the overall rocky
intertidal monitoring program.

The objective of these quantitative studies was
to sample organism abundance over an area
sufficiently large as to accurately describe large-
scale patterns of abundance at each sampling site,
10 relate these patterns 1o site-specific physical and
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biclogical controlling mechanisms and, of primary
concern, to determine if any of these mechanisms
result from, or are influenced by, the operation of
MNPS. Subsections describing abundance patterns
of important intertidal organisms, i.c., barnacles,
Fucus, Chondrus and common epiphytes, along
with analyses of overall community structure, are
included below.

Barnacles

Intertidal barnacles (primarily Semibalanus
balanoides) are the dominant sessile invertebrates
on local rocky shores and are most abundant in the
mid intertidal (Zone 2). Barnacle abundance also
varies seasonally through an annual cycle of
reproduction and settiement in early spring, rapid
growth and increases in surface cover in summer
Barnacle cover decreases through autumn and
winter due 10 competition for space, predation and
physical disturbance (Connell 1961; Menge 1976;
Bertness 1989; NUSCO 1993).

In the Millstone area, this annual cycle of
barnacle abundance was apparent at all sites, in all
three intertidal zones in 1993-94 (Fig. 4).
Maximum barnacie cover in the high intertidal
(Zone 1) during 1993-94 ranged from 6% (FS and
GN) 10 47% (MP). Minimum coverage in Zone 1
ranged from 1% at FS and GN to 9% at MP. In
the mid intertidal (Zone 2), maximum barnacle
cover was lowest at FE (21%) and highest at MP
(87%), minimum cover was lowest at FE (2%) and
highest at GN (35%). Low intertidal (Zone 3)
maxima during 1993-94 ranged from <1% (FE) w0
40% (FS). The annual minimum in Zone 3 was
lowest at FE (0%), and highest at FS (13%).

Barnacle abundance patterns at NUSCO study
sites (excluding FE) have been remarkably
consistent over the study period, including the
present sampling year, and reflect the temporal
stability of environmental conditions at these sites.
Spatial variability in these conditions is
considerable, however; natural site-specific factors
modify annual barnacle cycles and patierns of
zonation. Degree of site exposure 10 wind and
waves and slope of available substratum appear 10
be the most important controlling mechanisms,
and their cffects on local barnacie population
dynamics are described in detail in NUSCO (1993).

The effect of periodic thermal plume incursion
is superimposed on these natural controlling

mechanisms at FE, and has resulted in significant
impacts to the shore biota there, including
barnacles. Due to the influence of tides, these
impacts are most notable in the low intertidal
(Zone 3). Zone 3 barnacles are exposed to
clevated discharge temperatures for 9-10 hours
each tidal cycle during 3-unit operation, whereas
barnacles in Zones 1 and 2 experience a tidally-
induced refuge from maximum 3-unit thermal
plume incursion, as they are exposed 1o air during
most of this time. These conditions have directly
and indirectly modified the pattern of barnacle
abundance in Zone 3 at FE Elevated
temperatures directly impacied Jow intertidal
barnacies by causing complete population mortality
in late summer every year since Unit 3 start-up,
including the present study year. Reduced early
summer maxima, or the lack of any substantial
recruitment in Zone 3, particularly since 1989, is
not considered a direct thermal effect of 3-unit
conditions, but rather a shift in community
dominance patterns. The development and
persistence of an extensive low intertidal Codium
fragile population at FE competitively excludes
barnacles through preemption of habitat space
(Underwood and Denley 1984; NUSCO 1993).

Fucus

The brown alga Fucus vesiculosus is a
codominant in the mid intertidal zone with
barnacles, and is locally the most common
intertidal species of macroalgae, occurring in all
three intertidal zones. Other species of Fucus
included in our abundance estimates are found
occasionally at our study sites, but contribute
relatively littie in terms of percent substratum
coverage. These include F. distichus subsp.
edentatus, F. distichus subsp. evanescens (both
occur mostly subtidally) and F. spiralis, which
occurs in the high intertidal.

Temporal and zonal Fucus abundance patterns
in the Millstone area, presented in Figure 5, are
similar t0 those reported elsewhere in New
England (Lubchenco 1980, 1983; Topinka et al
1981). At most NUSCO study sites, Fucus
abundznce typically peaks annually in late summer
or autumn, reflecting high recruitment and growth
rates prior to and during this period. Abundance
maximum during 1993-94 in Zone 1 was highest at
FE (27%), with the low maxima of 2% or less at
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GN, MP and WP (Fig. 5). Highest Zone 2 cover
during 1993-94 occurred at FS (75%), maximum
cover was lowest at WP (27%). In Zone 3,
maximum Fucus cover during 1993-94 reached a
high of 40% a1 GN; the low peak abundance
values occurred at FE and WP (8%).

Spatial variability in Fucus abundance patierns
exhibited by local populations is a reflection of,
and can be explained by, environmental conditions
unique to each site. In general, Fucus is most
abundant on moderately exposed shores, common
environments of most of our study sites. Fucus
abundance is limited at highly exposed sites by
physical stress from wave shock, while at sheltered
sites these species are often outcompeted for space
by another fucoid, Ascophyllum nodosum
(Schonbeck and Norton 1978, 1980; Keser and
Larson 1984). Vertical distribution patterns of
iniertidal Fucus are also controlied by the degree
of wave exposure, as well as slope of available
substratum. More detailed description of the role
these natural characteristics play in determining
Fucus zonation patterns at each study site is
provided in previous reports (NUSCO 1992, 1993).

In addition to these natural site-specific
characteristics, physical stress in the form of heat
from the MNPS discharge is an important
mechanism controlling Fucus abundance in Zone
3 a1t FE. Elevated temperatures during periods of
thermal plume incursion have resulted in virtual
elimination of Fucus in Zone 3 each year since the
opening of the second quarry cut in 1983 and
throughout 3-unit operation (Fig. 5). Thermal
stress was most severe at FE in Zone 3, because
organisms there were submerged and exposed 10
elevated temperatures for much of the tidal cycle.
After Unit 3 went on line, thermal stress at mid
and upper intertidal levels was substantially
reduced due to increased discharge velocity, and
Fucus populations in Zones 1 and 2 returned 10
abundance levels similar to those observed from
1979 10 1983

Several long-term fluctuations in  Fucus
abundance have been observed at other study sites,
located farther fror. the discharge than FE, which
we cannot directly relate to either natural or
impact-related factors. Previous reports (e.g,
NUSCO 1992, 1993, 1994) have described a
protracted decline/recovery cycle at MP that
continues 1o the present report year (Fig. 5).
Because of the proximity of this site to the MNPS
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discharge (ca. 250 m to the east), the possibility of
a power plant impact exists. Indeed, physical data,
in the form of water temperatures measured by
continuous recorders deployed at MP, indicate
some thermal plume incursion (water temperatures
2-3°C above ambient during slack tides with one 10
three units operating). However, direct evidence
linking the pattern of Fucus abundance at MP to
power plant impact is absent, since the present
Fucus population at FE recovered relatively rapidly
after Unit 3 start-up and currently endures much
greater  temperature  extremes. Elevated
temperatures may have indirectly impacted Fucus
recruitment at MP, by enhancement of earlier
seasonal migration and higher feeding rates of
grazers (mostly Littonina lirtorea; cf. Newell et al.
1971; NUSCO 1993). In any case, Fucus now
appears 10 be well established at MP under 3-unit
operating conditions with a luxuriant cover in
Zones 2 and 3 observed during 1993-94. Similar
establishment of a substantial Fucus population at
BP has been noted in recent years, and may be
part of an even longer abundance cycle than that
noted at MP, and beginning before 1979; little
Fucus was observed at this site prior to 1991 (Fig.
5). Some less dramatic increasing trends have
been observed at other study sites in recent years
(e.g., SE, SS and WP), perhaps indicating an area-
wide trend unrelated 1o power plant operation.

Chondrus and common epiphytes

Another dominant intertidal species in the
Millstone area is the perennial red alga, Chondrus
crispus. Local populations of this species form
extensive low intertidal turfs on all but the most
sheltered rocky shores, and can effectively exclude
other species, including Fucus. Several seasonally
abundant algal taxa coexist with Chondrus in Zone
3 (e.g., Monostroma spp. and Polysiphonia spp.) by
attaching 1o the upright portion of the Chondrus
plant itself (as epiphytes) instead of competing
directly for primary space. Owing to the
importance of these algal populations 10 low
intertidal community structure, and the
susceptibility of low intertidal populations to
power plant impacts (as mentioned in previous
sections), documentation of abundance patterns of
Chondrus and its associated epiphytes is therefore
critical to our ecological monitoring program.

Perennial populations of Chondrus have
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maintained relatively stable abundance levels at 7
uf the & study sites (all but FE) throughout the
study period (Fig. 6). Abundance maxima at these
sites during 1993-94 ranged from 16% at FS w0
approximately 65-70% at MP, SE and WP. In
general, Chondrus abundances observed during
1993-94 at all sites except FE were similar to those
observed throughout our studies.

Chondrus is now a relatively minor component
of the low intertidal community at FE, with
sbundance estimates never exceeding 1% during
1993-94. Low Chondrus abundance has been
typical for this site since 1984; estimates for that
pericd have ranged from 0% to 14%, but have
generally been <2%. Prior 1o 1984, abundance
estimates were much higher (40-75%) and
comparable to those at other exposed sites. This
extensive population was eliminated in 1984 by
clevated water temperatures from the 2-cut 2-unit
discharge (NUSCO 1987). Since that time, only a
few scattered plants have been observed in upper
Zone 3 study quadrats during cooler months, and
are typically eliminated each summer by elevated
water temperatures from the 2-cut 3 unit discharge.
This consistent scenario indicates that any
successful reestablishment of the Chondrus
population at FE is unlikely under current
operating conditions. The low intertidal
community at FE is now composed primarily of an
extensive Codium fragile population, persistent
populations of Sargassum filipendula and
ephemeral algae including Ulva lactuca,
Enzeromorpha spp. and Polysiphonia spp. and a
scasonally heavy set of the blue mussel, Myrilus
edulis.

The presence of both warm-water and cold-water
seasonal epiphytes in the local low intertidal zone
provides the opportunity 10 document potential
temporal shifts in abundance of these species in
response to altered temperature regimes, such as
those at FE. Polysiphonia spp., particularly P.
novae-angliae and P. harveyi, are common warm-
water epiphytes on Chondrus, Ascophyllum and
Codium, and also grow attached to rock. The
annual abundance cycle of these species is
characterized by a late summer peak, with cover
declining to near 0% by winter (Fig. 6.). Peak
abundances during 1993-94 varied considerably
from station to station, being lowest at FS and SS
(8%) and highest at BP and FE (approximately
45%) Within-station variability from year 1o year

was much less at all stations, except at FE,
throughout the study period. Elevated
temperature regimes at FE since the opening of
the second quarry cut (1983) have produced
favorable conditions for these species by extending
the season of occurrence and increasing the levels
of peak abundance. These temperatare regimes at
FE have also allowed Polysiphonia spp. 10 persist
through cold water months, when these species are
typically absent from other sites, including FE
prior to 1983.

The annual abundance cycle of Monostroma spp.
(M. grevillei and M. pulchrum) is nearly opposite 1o
that described for Polysiphonia spp, ie., peak
abundance is observed during cold water months
(late winter/eariy spring) and virtual absence is
noted during warm-water months (July-December;
Teble 1, Fig. 6). For the first time since 1988, and
only the second time since 1983, Monostroma spp.
occurred at every NUSCO study site in 1994,
including our impacted site, FE. Peak abundance
levels occurred in the period March-May and
ranged from 1% (FE) to 47% (SE). In general,
Monostroma abundance levels during 1994 were
high relative to previous years at cach site. This
area-wide trend was likely the result of colder than
normal spring temperature conditions (see Lobster
section of this report), which extended the period
of suitable growing conditions for Monostroma.
Colder spring temperatures even created an
abbreviated period of these conditions at FE,
which rarely occurred in previous years since 1983.

Community Analysis

Abundances of selected rocky intertidal taxa,
represented as percent substratum coverage in
undisturbed transects, were presented in previous
sections. These species, and over one hundred
others, comprise the rocky shore communities in
the vicinity of Millstone Station. To permit
comparisons amongsuch communities, multivariate
analyses are commonly used. For instance, a Bray-
Curtis Similarity Index, using abundances of 74
taxa in Zones 1 and 2, was calculated for all sites
over 2-unit and 3-unit operating periods, and for
Fox Island-Exposed, for each year. The resulting
similarity matrices, with multiple pair-wise
comparisons, were illustrated as dendrograms,
using a clustering algorithm (Figs. 7a and 7b).
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Among the station/operating period comparisons
(Fig. 7a), similarities were generally highest
between operational periods at the same station,
indicating a relatively consistent species
composition throughout the study period. A clear
exception to tais generalization occurred at Fox
Island-Exposed, where the 3-unit collections
(Group IV) were greatly dissimilar to those made
during 2-unit operation, and to all other
station/period collections.  Differences among
station groupings resulted from differing
proportions of cover by intertidal taxa (Table 3a).
For instance, Group I (S8, SE, GN and FE2) was
distinguishable from Group II (WP, MP and BP)
at approximately 50% similarity, at least partially
on the basis of higher abundance of Fucus and less
Chondrus. Group 111 (FS) was less similar (33%
similarity), with higher percentages of Semibalanus,
Fucus and available free space (rock), and very
little Chondrus.  Again, collections from Fox
Island-Exposed during 3-unit operation (Group
IV) were most dissimilar (6% similarity), owing to
reduced abundance of Semibalanus, free space,
Chondrus and Littorina lirtorea (Table 3a), and high
abundance of Codium and ephemeral algae
(Polysiphonia novae-angliae, Enteromorpha spp.,
Ulva lactuca).

The current FE shore community is distinctly
different from that found previously at this site,
and from those shore communities at other
stations. However, the changes that occurred at
FE are not directly attributable to start-up of Unit
3 in 1986. Rather, they resuit from the altered
thermal regime produced by the opening of the
second quarry cut in 1983 (NUSCO 1984, 1987,
1994). To illustrate the effects that construction
and operational events have had on the FE rocky

shore community, a clustering dendrogram was
generated using annual collections (Fig. 7b).
Three groups are evident at the 50% similarity
level;, Group 1 (1979-1983) represents an
unimpacted community, before changes associated
with the opening of the second cut were observed.
Group 11 (1984-1986) consists of annual collections
made during the period of maximal thermal
incursion (2-cut, 2-unit operation), and Group 11l
(1987-1993) represents years of community
development at FE under 3-unit operating
conditions. As with the station/period
comparisons, differences among groups resulted
from proportional changes in species composition
(Table 3b). For example, Group I collections were
typical of other moderately exposed sites, with
extensive populations of Fucus and Chondrus. In
the years following the opening of the second cut
(Group II), Fucus and Chondrus were reduced or
eliminated, and Codium became the dominant
macroalga; Polysiphonia and Enteromorpha spp.
were also abundant. Following Unit 3 start-up
(Group III), Codium and ephemeral algae
remained dominant, especially in the low intertidal
quadrats, preventing the re-establishment of
Chondrus. However, Fucus populations in the mid
intertidal recovered to 1979-1983 levels (cf.
previous Fucus section). Other significant events
during this period were the appearance, persistence
and expansion of populations of the perennials
Sargassum filipendula and Gracilaria tikvahiae. The
high level of similarity among annual collections in
recent years at FE (>75% from 1987 to 1993,
>80% from 1990 to 1993; Fig. 7b) indicates a
consistent species composition, and a relatively
stable community under 3-unit operating
conditions.

Tabie 3a. Average percent substratum coverage of Laxa with mean overall (all stations, both operating periods) abundance >1%, in
groupings determined by community analysis, group numbers correspond to those in Fig. 7a.

taxon Group | Group 11 Group 111 Group IV
Semibalanus balanoides 2583 24.56 3468 11.18
Fucus vesiculosus 21.73 7.34 34.05 21.90
rock 17.78 19.70 31.79 5.18
Chondrus crispus 24.48 31.80 416 038
Codium fragile 113 023 1.28 3730
Polysiphorua novae-anglioe 1.55 212 034 11.34
Mythe edilis 188 458 0.63 8.10
Enseromorpha linza 0.53 191 027 8.90
Ascophyllum nodosurm 337 4.61 362 0.01
Uhlva lactuca 223 193 0.64 S8
sand 461 0.02 345 0.16
Enseromorpha fleauasa 098 057 0.56 534
Linorina linorea 204 251 248 0.01
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t&xon Group | Group Il Group 111
Codium fragile 09 2498 38.20
Fucus vesiculosus 2433 276 2413
Serubalanis balanoides 18.94 15.29 10.27
rock 1691 16.04 381
Chondrus crispus 3028 488 044
Polysiphonio novae-angliae 590 6.03 1207
Erseromorphe fiex, -osa 9 1454 487
Esseromorpha linua 1.23 631 8.60
Ulve lacauca 3.09 3.00 6.09
Mytihus edudis 034 255 818
diatoms o 141 228
Ralfsic verrucosa wam 1.0 0.00
Erseromorpha clathraw 0.00 374 0.02
Elachissa fucicola 204 0.08 117
dead barmacies 143 1.00 0.84

Ascophyllum nodosum Studies

Ascophyllum nodosum studies during 1993-54
included monitoring of growth and mortality trends
for three local populations of this common
perennial brown alga. Previous Millstone studies
have identified Ascophylium as a key species within
the overall ecological monitoring program, and
studies elsewhere document the value of this
species as & semsitive indicator of local
environmental conditions. An extensive review of
phenological, ecological and applied monitoring
studies of Ascophyllum is presented in NUSCO
(1993). Growth and mortality results from the
most recent sampling year (1993-94) are presented
below and compared with results from overall 2-
unit and 3-unit operational periods.

Growth

Ascophyllum growth, described bv the a
parame*~* in the Gompertz growth model fitted to
the data, «s presented in Figure 8. Ascophyllum
growth during 1993-94 (Fig. 8a) was significantly
higher (P<0.05) at FN (115.5 mm) than growth at
both GN (92.1 mm) and WP (73.7 mm). Growth
differences between GN and WP were also
significant. Inflection ~oints for each growth
curve, which identify the .. /¢ of maximum growth
rate, were similar in 1993, occurring slightly earlier
at FN (19 July) than at GN and WP (21 July for
both sites). Annual growth at GN during 1993-94
was not significantly different than growth over
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either 3-unit (964 mm) or 2-unit (90.1 mm)
operational periods (Fig. 8b). However, the
difference between growth estimates during 3-unit
and 2-unit operation at GN was significant. The
difference between operational period estimates at
WP was also significant (Fig. 8¢), with the 2-unit
estimate (90.2 mm) higher than the 3-unit estimate
(868 mm). Growth during both operational
periods at WP was significantly higher than growth
during 1993.94. At FN, growth during 1993-94
was significantly higher than during the 1985-86 2-
unit year (90.5 mm), but not significantly different
from the 3-unit operational mean (118.5 mm; Fig.
8d). The 3-unit mean was also significantly higher
than growth during the 2-unit year.

Power plant operation continued to impact the
Ascophyllum population at FN during 1993-94.
Periodic thermal plume incursion at this site
during 3-unit operation (waler temperatures
elevated 3-4°C for 3-4 hours each tidal cycle)
creates conditions which enhance Ascophyllum
growth. Specificaily, these temperature conditions
increased growth by: 1) extending the period of
*normal” or "ambient” peak growing conditions for
local Ascophyilum populations (18-21°C; Kanwisher
1966; Chock and Mathieson 1979); 2) more ciosely
synchronizing these periods of optimal growing
temperatures with the period of maximum daily
solar irradiance (June); and 3) elevating
temperatures in late summer above normal maxima
but below stress levels (22-25°C), increasing plant
respiration and growth rates without exceeding
photosynthate production (Brinkhuis et al. 1976;
Stromgren 1977, 1981; Vadas et al. 1978). Similar
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Fig &

Ascophylium growth:  ») during 1993-1994, bd)
present year, 3-unil and 2-unit operational periods st
each station. Curves are the Gompertz growth model
Gitted 10 tip length data, including inflection points.
Error bars represent monthly mean lengths = 2 SE.

conditions have been implicated when Ascophylium
growth enhancement was reported near other
coastal power plants (Vadas et al 1976, 1978,
Wilce et al. 1978). Consequently, higher growth
rates and significantly longer apical tips have been
consistently observed at FN, when compared 1o the
two reference site populations.

Another relatively consistent spatial relationship
between reference sites became apparent during 3-
unit studies. During most 3-unit years, including
the present study year (1993-94), higher growth
occurred at GN, the control site well beyond any
power plant influence (NUSCO 1992, 1954).
Several conclusions can be drawn from this
relationship. First,  site-specific natural
environmental conditions are important factors in
determining Ascophyllum growth, and have been
appareatly better at GN, pardcularly during 3-unit
study years. And second, aithough predictions that
the 1.5°F thermal plume isotherm extends to WP
during ebb tide (NUSCO 1988), lower growth
there relative to that at GN indicates that tae WP
population remains unimpacted by MNPS
Ooperation.

Year to year variability in Ascophyllum growth
was least at reference sites and reflects the relative
temporal  stability of site-specific  natural
environmental conditions (Fig. 8b and ¢). Higher
variability in annual growth noted at FN results
from population exposure 10 a fluctuating thermal
load from the power plant discharge created by
scheduled and unscheduled unit outages. As
discussed in previous reports (e.g., NUSCO 1992,
1994), annual growth at FN is highest when
periods of 3-unit operation (maximum thermal
load) are longer or more frequent during the peak
growing season (May-November), compared to
years when one or more unit outages occurs during
that time (NUSCO 1992, 1993). The degree of
growth enhancement &t FN during 1993-94 was
intermediate compared 10 previous years and likely
due 10 the extended refueling outage of Unit 3
from August through October 1993

Mortality

Indicators of environmental stress to0 local
Ascophyllum populations include patterns of frond
base tag loss (plant loss; Fig. 9) and apical tag loss
(tip loss; Fig. 10) resulting from plant breakage or
mortality. Plant loss at GN during 1993-94 (56%)
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was slightly higher than both 2-unit (52%) and 3-
unit (54%) operational means. At WP, plant loss
during 199394 (40%) was low relative 0
operational period means of 55% and 59% for 2-
unit and 3-unit Similarly,
1993-94 plant loss at FN (58%) was lower than the
1985-86 2-unit year (80%) and 3-unit (65%)
means. Temporal relationships for tip loss at each
station in terms of tip loss were similar 10 those
described above for plant loss. Tip loss at GN
during 1993-94 was 77%, which was higher than
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Fig. 10.  Ascophyllum mortality, as number of remaining
tagged tips, at each station.

the Z-unit and 3-unit means of 75% and 72%,
respectively. Conversely, 1993-94 tip loss at WP
(59%) was low compared to the 2-unit (75%) and
3.unit (72%) means. Low degree of tip loss for
1993-94 was also observed at FN (77%), relative to
the operational period means of 90% (1985-86 2-
unit year) and 82% (3-unit years).

Three-unit Ascophyllum studies have revealed no
evidence of impact-related mortality 10 local
populations. Somewhat higher mortality rates
have been observed at FN, our sampling site



nearest the discharge, than at reference sites.
However, these higher mortality raies do not
appear 10 be related to proximity to the discharge,
but rather 10 the exposed orientation of this site,
in contrast 10 the more sheltered reference sites.
Furthermore, no consistent relationship between
level of plant operation (discharge thermal load)
and mortality at FN, similar to that described for
growth, has been apparent during 3-unit years. An
area-wide seasonal pattern of mortality has been
observed throughout our studies which further
implicates wave-induced stress as a major cause of
mortality.  During both 2-unit and 3-unit
operational periods, mortality rates were highest
during the months of August through November,
when strong storms and high energy waves were
f-equent. Many studies elsewhere point to stress
from wave action as the most important factor and
report a strong relationship between mortality and
degree of site exposure to prevailing winds and
storms (Baardseth 1955, 1970, Jones and
Demetropoulos 1968, Vadas et al. 1976, 1978;
Wilce et al. 1978; Cousens 1982, 1986, Vadas and
Wright 1986).

The status of recovery of the Ascophyllum
population at FO, our original experimental site,
following power plani-induced population
elimination in 1984 has not changed from that
reported in recent years (NUSCO 1993, 1994).
Some individual plants have settied, grown and
persisted at FO during 3-unit operation; however,
no significant recovery has occurred to date.
Environmental conditions at FO created by 3-unit
operation, although less stressful than those during
2-unit  2-cut operation, may be oulside the
extremely limited range of conditions required for
successful widespread recruitment.

Conclusions

Differences among rocky intertidal communities
monitored during NUSCO studies were primarily
attributed to wvariatic» in site-specific physical
environmental conditions At sites not affected by
the MNPS thermai nlvae, variability in the level
of wave-induced disturbance was the direct or
underlying cause of the most notable among-site
differences in the occurrence and distribution of
local species. Susceptibility of local rocky shore
communities 10 wave-induced disturbance was
ditermined through site orientation in relation to

prevailing wind-generated waves and ability of
available substratum (slope) to dissipate the
horizontal force of those waves.

Physical factors were also responsible for
community differences at sites in the thermal
plume area, such as those observed in the Fox
Island area (FE and FN). The ecological effects of
elevated temperature regimes on population and
community parameters were detected at these sites,
and directly attributed to the operation of MNPS.
For example, qualitative studies continued to
document shifts in occurrence of the algal flora at
FE during 1993-94, which included presence or
extended season of occurrence for species with
warm-water affinity and absence or abbreviated
season for species with cold-water affinity.

Impaci-related shifts in species abundance were
observed during 1993-94 only at FE, and were
most pronounced in the low inteniidal, where
clevated temperature conditions were most severe.
The low intertidal community at ¥k, which prior
to 1983 was unimpacted and characterized by
populations of Chondrus and Fucus and seasonally
abundant ephemeral algae, has been replaced by a
persistent community dominated by Codium, Ulva,
Enteromorpha and Polysiphonia. Also, populations
of species observed in undisturbed transects only at
FE (Sargassum, Gracilaria) continued 1o persist
and expand during 1994

More subtle thermal incursion (elevated
temperatures 2-3°C above ambient) impacted the
Ascophyllum population nearest the discharge (FN)
by causing plants to grow longer and more rapidly
at that site during 1993-94 relative 1o growth of
Ascophyllum at more distant stations, a pattern
consistent with most 3-unit years. The degree of
growth enhancement at FN during 1993-94 was
intermediate, compared 1o previous years at that
site, likely due 10 reduced overall thermal plume
incursion resulting from an extended outage of
Unit 3 for much of the peak growing season.
Ascophyllum plant and tip mortality were
associated primarily with exposure to storm forces,
rather than with proximity to the discharge.
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Benthic Infauna

Introduction

Most of the subtidal benthic habitat in the
vicinity of Millstone Nuclear Power Station
(MNPS) consists of soft sediment (sand and mud),
which supports an abundant and diverse
community of invertebrates. Infaunal communities
are an important component of coastal ecosystems
for several reasons. Infauna are a source of food
for numerous inveriebrate and veriebrate species,
including demersal fishes (Richards 1963, Moeller
et al. 1985; Watzin 1986, Horn and Gibson 1988;
Commito and Boncavage 1989, Franz and
Tanacredi 1992, Commito et al 1995)
Additionally, sediment reworking resulting from
the burrowing and tube-building activities of
infauna promotes nutrient recycling from the
sediments to the water column (Goldhaber et al.
1977; Aller 1978, Gaston and Nasci 1988).

The close association of benthic communities
with the sediments, where most pollutants
ultimately accumulate, also make them an effective
integrator of short- and long-term environmental
conditions (Diaz and Schaffner 1990; Warwick et
al. 1990). Because many studies have documented
changes in benthic communities following
disturbance (Boesch and Rosenburg 1982; Young
and Young 1982; Gaston and Nasci 1988, Regnault
ct al. 1988; Rees and Eleftheriou 1989, Warwick et
al. 1990, NAESCO 1994), a framework of baseline
studies exists to aid in evaluating impacts of
human activities on marine benthic systems.

Environmental wvariability characteristic of
coastal systems (Holland 1985; Nichols 1985,
Holland et al. 1987, Warwick 1988; Rees and
Eleftheriou 1989), together with a lack of complete
understanding of how physical and biological
factors combine 1o impose structure on, and
control the functions of, benthic communities
(Diaz and Schaffner 1990). Thus long-term
monitoring studies are necessary 10 assess the
impacts of human activities on marine
environments (Thrush et al. 1994). Such studies
are the principal means of characterizing species
composition and fluctuations in abundance which
might occur in response 10 acute or chronic
climatic conditions (Boesch et al. 1976; Flint 1985;
Jordan and Sutton 1985), to variations in
biological factors such as competition and

predation (e.g., Levinton and Stewart 1982
Woodin 1982; Kneib 1988), or 10 human activities.

Accordingly, benthic infauna in soft-bottom
subtidal habitats in the vicinity of MNPS have
been monitored since 1973. This monitoring
program was designed to measure infaunal : pecies
composition and abur.dance, to identify spatial and
temporal patterns in community structure and
abundance, and to assess whether observed changes
might have been the result of construction and
operation of MNPS. To date, Millstone studies
have identified impacts to infaunal communities
that were attributed to Unit 3 intake construction
(NUSCO 1987) and 10 3-unit operations (NUSCO
1988a), as well as regional shifts in species
composition and abundance that apparently were
the result of natural events. This report presents
data collected during the 1994 sampling year, and
compares them to results of monitoring local
infaunal communities during 2-unit (1979-85) and
3-unit (1986-1994) operational periods at MNPS.

Materials and Methods

Subtidal infaunal communities in the vicinity of
MNPS were sampled quarterly (September,
December, March and June) from 1979 through
1994 at four stations (Fig. 1). The Giants Neck
station (GN), located 6 km west of MNPS, is
outside the area poientially affected by power plant
operations. This station was used to identify
possible region-wide shifts in infaunal community
structure and composition which occur
independently of power plant operations. The
intake station (IN) is located 100 m seaward of
MNPS Unit 2 and Unit 3 intake structures, and is
exposed 10 scour produced by inflow of cooling
water and the effects of periodic dredging. The
effluent station (EF), located approximately 100 m
offshore from the station discharge into Long
Island Sound, is exposed 10 increased water
temperatures, scour, and to chemical or heavy
metal additions to the cooling water discharge.
The Jordan Cove station (JC) is located 500 m east
of MNPS and is considered potentially impacted by
3-unit operations. The area encompassing this
station can experience increases in water
temperatures of 0.8 1o 2.2°C above ambient during
certain tidal stages (principally ebb tide) due to the
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Fig. 1. Map of the Millstone Point area showing the location of the infaunal sand stations (EF =EfMuent, GN=Giants Neck, IN=Intake,
JCw=Jordan Cove).

3-unit thermal discharge of MNPS (NUSCO
1988b). At each station, ien replicate samples
(0.0079 m’ each) were collected by SCUBA divers
using a hand-held coring device 10 cm in diameter
x 5 cm deep. Each sample was placed in a 0.333
mm mesh Nitex bag and was brought to the
surface.  Samples were then taken t0 the
laboratory, where they were fixed with 10%
buffered formalin and after a8 minimum of 48 h,
organisms were floated from the sediments onto &
0.5 mm mesh sieve and preserved in a 70% ethyl
alcohol/Rose Bengal solution. Samples were
examined using dissecting microscopes (10x) and
organisms were sorted into major groups (annelids,
arthropods, molluscs, and others) for later
identification to the lowest practical taxon and
counted. Oligochaetes and rhynchocoels were each
trested in aggregate because of the difficulties
associated with identifying these organisms.
Organisms that were 100 small 1o be quantitatively
sampled by our methods (meiofauna;, eg.,
nematodes, ostracods, copepods, and foraminifera)
were not sorted. Grain size and the silt/clay
fraction were determined from a 3.5 cm diameter
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x 5 cm core, taken at the time of infaunal
sampling. Sediment samples were analyzed using
the dry sieving method described by Folk (1974).

Data Analyses

This report summarizes results of the
macrofaunal sampling program conducted from
September 1979 10 June 1994. The
extending from September 1979 through June 1985
is considered the 2-unit operational period, while
September 1985 through June 1994 is referred 1o
as the 3-unit period. A sampling year encompasses
quarterly collections made from September
through June of the following calendar year.

Sediments

Sediment sieve fraction weights were used to
construct camulative curves for 2-unit (1980-1985)
and 3-unit (1986-1994) operational periods by
pooling quarterly weights from each sieve used for
grain size analysis within each operational period,
with years serving as replicates.  Shifis in



sedimentary environments over the 2-unit and 3-
unit operational periods were then quantitatively
assessed using the Gompertz function. This
function has a sigmoid shape and can describe
cumulative data (e.g., growth data) that are not
necessarily symmetrical about the midpoint of their
range (Draper and Smith 1981). This feature
provides the flexibility to fit cumulative data with
or without an inflection point (s-shaped versus
parabolic) within the observational range. The
form of the Gompertz function used was:

C, - 100 exp(-Pe™*)

where C, is the cumulative sediment weight at a
given particle size, and £ and x are the location
and shape parameters, respectively (Draper and
Smith 1981). This function was fitted to data
separately for 2-unit and 3-unit operational periods
using non-linear regression methods. Two-sample
t-tests were used to test for differences between the
B and x parameters of curves based on data
collected during each operational period.

Multiple Regression Analyses

Multiple regression techniques were used 1o
minimize the unexplained temporal variation in
community abundance, in number of species and in
the abundance of numerically dominant taxa.
Several explanatory variables (described below)
were used to remove variation that was attributable
to fluctuations in sediments, reproductive or
recruitment cycles, or climatic conditions. This
technique was used to improve the sensitivity of
analyses later performed to identify and compare
long-term trends in data from the 2-unit and 3-unit
operational periods. Analyses were based on
average quarterly abundance data afier In(x+1)
transformation and on species number collected
from September 1979 through June 1994
Explanatory variables used in the regression
analyses were as follows:

Precipitation - Daily precipitation records
compiled by the U.S. Weather Bureau at the
Groton Filtration Plant, Groton, CT were obtained
from June 1976 through June 1994. Values to the
nearest 0.01 inch were used as “rain” data.

Water and Air Temperatures - Ambient water
lemperatures (at the intake structures) and air
temperatures (recorded at the 33 foot level of the

Millstone meteorological tower) were obtained
from the Northeast Utilities Environmental Data
Acquisition Network (EDAN). Daily averages of
15-minute values were calculated for the period
June 1976 through June 1994.

Wind Sperd and Direction - Wind speed and
direction (2. the 33 foot level of the Millstone
meteorological tower) were extracted from the
EDAN database for each 15-min interval from
June 1976 through June 1994. These values were
used to calculate a wind index, which was the wind
speed weighted by wind direction. A navigational
chart of the sampling area was used 10 calculate
site-specific wind directional weighting coefficients.
The directional weight ranged from 0, when wind
could not influence the station, 10 8 maximum of
1, when wind-induced waves could directly affect
the area. The wind index was then computed by
multiplying the directional weight by the wind
speed. Because the effect of wind was assumed 1o
be cumulative, daily averages were derived using
only wind index values greater than O (that is,
when the wind was from a direction which could
produce wind effects).

Climatic Extremes (Deviations) - Additional
explanatory variables were created 10 represent
unusual climatic conditions which occurred during
the sampling period. High or low deviations (i.e.,
extremes) were derived for wind, rain, water and
air temperature data anc calculated as the
difference between the quarterly mean or daily
value and the 17-year mean (1977-1994) for that
quarter. Deviations based on quarterly means
reflect the effects of longer-term extremes (e.g., an
unusually cold winter), while those based on daily
values tend to remove the effects of shorter-term
episodic events (e.g., storms). Daily deviations
were averaged and also summed in each sampling
quarter 10 assess cumulative effects.

Sedimentary Parameters - Sediment mean grain
size and silt/clay content were obtained as part of
the monitoring studies anc these quarterly values
were used directly as explanatory variables in the
multiple regression models.

Reproductive - Recruitment Component -
Infaunal organisms in the Millstone area exhibit
annual peaks in abundance, often reflecting the
seasonal nature of reproduction and recruitment
cycles or periods of favorable climatic conditions.
Spectral analyses of quarterly data showed annual
cycles in community abundance and number of
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species. To account for this periodicity, harmonic
terms (L. da and Saila 1986) with a period of 1
year were also included as explanatory variables in
the regression models.

In all, 32 variables were initially used during
model selection steps. These variables included
two sedimentary parameters, (wo
seasonalreproductive components and seven
dimatic variables, each of which had four values

representing daily and quarterly high and low
extremes.

Response Modeling and Trend Analysis

Quarterly abundance and species number data
from September 1979 through June 1985 (2-unit
period) and September 1985 through June 1994 (3-
unit period) were detrended separately using a
linear regression model. A step-wise multiple
regression was then conducted with the residuals of
quarterly data (i.e., the variability or "noise” about
the linear trend) over the entire sampling period
10 identify explanatory factors and combinations of
factors whose regression coefficients were
significantly different from zero (ps0.05). This
probability level was chosen 10 guard against fitting
more parameters than could be reliably estimated,
given the sample size. The model that minimized
the mean-square-error and maximized the R? was
selected 1o “clean” the original data, and produce
a time-scries free from variation attributable to
concomitant physical factors or known biotic
processes such as reproductive/recruitment cycles.
Straight lines were then refitted to the variance-
reduced time-series corresponding to the 2-unit
and 3-unit periods. The nonparametric (i.e.,
distribution-free) Mann-Kendall test (Hollander
and Wolfe 1973) was next used to determine
whether these 2-unit and 3-unit series exhibited
significant trends and Sen's nonparametric
estimator of the slope (Sen 1968) was used to test
for trend differences. These two tests were
suggesied by Gilbert (1989) as particularly well
suited for analyzing environmental monitoring data
because no distributional assumptions are required,
and because relatively short time series (n<10) are
acceptable. In this report, plots of the original
quarterly data, adjusted data and a graphical
representation of the linear trend are provided for
community abundance, numbers of species and for
selected taxa.
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Community Analyses

Abundances of the top ten numerically dominant
taxa collected at each station were used to
construct cumulative abundance curves (k-
dominance curves) for 2-unit and 3-unit
operational periods. Comparison of k-dominance
curves has been suggested as a means of assessing
shifts in the structure of macrofaunal communities
(Warwick 1986, Warwick et al. 1987). Curves were
constructed by plotting percentages of cumulative
abundance (ordinate) versus the natural logarithm
of a taxon's rank (abscissa). To assess possible
shifts in infaunal community structure between 2-
unit and 3-unit operational periods, the same
Gompertz function used for sediment data analysis
was fitted t0 cumulative abundance data by
substituting species abundance for sediment weight,
and species rank for particle size in the equation.
Two-sample t-tests were used (o compare
parameters of curves representing data collected
during the 2-unit and 3-unit operational periods.

Comparisons of annual collections at each
station were made by calculating the Bray-Curtis
similarity index between each pair of years, using
the formula (Clifford and Stephenson 1975):

‘}':l 2min(X,X,)

Sy=

£(X,0X,)
i=1

where S, is the similarity index between year j and
year k; X is the log transformed (In+1) abundance
of species i in year j; X, is the abundance in year
k, and n is the number of species in common, that
met the criterion of accounting for at least 0.5% of
the individuals collected. A flexible-sorting (f=-
0.25), clustering algorithm was applied to the
resulting similarity matrix (Lance and Williams
1967).

Results

Sedimentary Environment

Sediments at infaunal sampling stations in the
vicinity of Millstone during 1994 contained fine 10
coarse sands (Fig. 2). Sediments were generally
finest at JC (quarterly mean grain size range 0.14



orruaw

GRMN ATE (mnem)
.
e
|
t\
’
]
{

4
<
)3

»
<
\

wer
CRE
k aal GWNTS NECH ;
~ A
» R . A 2 A
B ol " W
PR ¢ - S
ol
| ]
. ~ A ~
- . - =k J - AL A - !
3 al AN Vs W W WV ¥ \..,
L2 K S— v e ~ — e .o - U ——
I’/f'-’o’fo’o’o’o”/’ff"/
-
»' - NI
S ma 1 |
LSS
¥ 4
f
a “we
W oo
B )
b o e A A A ANAMNMMNAAST
F el rres
-
» i
v JORDAN M
£ =
. "o A ¥
‘( 1
£
- -~
'3 —

v v ¥
L ~

P TPF7777 7777777

Fig. 2 Quarterty mean grain size (mm) and silt/clay content
(%) of sediments &t Millstone subtidal stations from Seplember
1979 10 June 1994

to 0.26 mm) and coarsest at EF (0.46-0.48 mm)
Quarterly mean grain size ranges for IN and GN
were 0.25-0.29 mm and 0.14-0.59 mm, respectively
Silt/clay content estimates in sediments collected in
1994 were more variable and generally higher at JC
(quarterly range 7.0-27.9%) and GN (9.8-29.9%),
than at EF (54-72%) and IN (5.8-9.6%).
Sediment mean grain size and silt/clay contents
observed during 1994 were, in most cases, within
the ranges of these two sediment parameters
during both 2-unit and 3-unit operational periods
with the following exceptions; silt/clay contents at
EF in 1994 were the highest recorded during the 3-
unit period, but within the 2-unit range.
Conversely, silt/clay content in June 1994 at JC was
the lowest recorded at this site since September
1986. March 1994 values at GN were outside
previous ranges for both silt/clay (higher) and
mean grain size (lower®

Cumulative curves based on sediment sieve
fraction weights (Fig. 3) were used to characterize
subtidal environments, and allowed statistical
comparison of sediments collected at each station
during Z-unit (1979-85) and 3-unit (1986-94)
operational periods. Based on t-tests of Gompertz
parameters derived from model curves, significant
differences between 2-unit and 3-unit periods were
noted at all stations except GN. The shift at EF
reflected the declining silt/clay fraction and the
Increasing grain size since Unit 3 began operation
(Fig. 2). Conversely, silt/clay content increased and
average grain size decreased over the same time
period at JC. An operational period difference in
sediments at IN (coarser during 3-unit operation)
resulted from the addition of data from the
especially coarse sediments collected in 1994; no
between-period difference was detected for IN
sediment. in recent previous years (e.g., NUSCO
1993, 1994)

General Community Composition

Mean numbers of species and of individuals in
major inveriebrate groups collected during 1994,
and during 2-unit and 3-unit operating periods, are
presented in Table 1. The annual mean numbers
of species at infaunal stations in 1994 ranged from
108 (GN) 10 122 (EF). The 1994 means at GN
and JC were lower than means for the 2-unit
period (125 and 118 species, respectively) and the
3-unit period (119 species at both stations). The
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1994 mean number of species at IN (112) was
higher than both operational means: 87 (2-unit)
and 102 (3-unit). For both operational periods,
mean number of species has been highest at EF
and lowest at IN in relation to operational means
at other stations.

The largest nuiaber of individual
collected in 1994 was at JC (14,167), with smallest
numbers collected at EF (5,149) and IN (5,255).
A total of 9,132 organisms was collected at GN in
1994. Spatial relationships among sampling sites
over both operational periods for numbers of
individuals were similar to those in 1994: highest
at JC during 2-unit (12,110) and 3-unit periods
(12,576) and lowest at IN (2,405 and 5,594,
respectively). Numbers of individuals collected in
1994 were lower than operational period means at
EF and GN, higher than operational means at JC,
and between operational means at IN.

Polychaetes were the dominant group in terms
of numbers of species at all stations during 1994,
ranging from 56-64 species. Polychaetes were also
the most abundant taxon in the 2-unit and 3-unit
operating periods (ranges 43-67 and 53-63,
respectively). Except at EF during the 3-unit
period and during 1994, polychaetes also
dominated in terms of numbers of individuals
(nearly 50% of total individuals). Mollusc and
arthropod species were not as abundant as
polychaetes; 1994 ranges for numbers of species
were 21-27 for both groups. Numbers of molluscs
and arthropods reported for GN, IN and JC in
1994 were generally consistent with operational
period means. At EF during 3-unit operation,
including 1994, oligochaetes were dominant. At
GN and JC, oligochactes were second in
abundance (after polychaetes) during 1994 and
over both operational periods, followed by either
arthropods and molluscs. Oligochaetes were also
ranked second in 1994 at IN, but were ranked third
and fourth during 2-unit and 3-unit periods,
respectively. Arthropods and molluscs ranked
third or fourth in abundance at IN during 1994
and both operational periods. Rhynchocoels and
"Others® contributed little 10 total abundance
during cither operational period.

Some notable differences in general community
composition between operational periods were
evident on the basis of species number. The
polychaete-dominated community at EF, present
during 2-unit operation, was replaced during the 3-
unit period by one dominated by oligochaetes.



TABLE 1. Annual mean number of species (S), number of individuais (N) for each major taxon collected in 1994, during 2-unit (1980
1985) and 3-unit (1986-1994) operational years at Milisione sublidal stations

1994 2-Unit Period (1980-1985) 3-Unit Period (1986-199%4)
(5) (N) MEAN cv* MEAN cv MEAN cv MEAN cv
(S) ) () N)
Efflyent
Folychaets 64 1853 67 27 4675 17.7 62 25 2499 116
Oligochaeta 2081 2885 139 4043 120
Mollusca 27 672 29 48 497 293 ref 37 494 168
Arthropoda 27 405 3 a5 723 218 29 47 415 8.4
Rhynchocoels L] 138 232 171 276
‘Others’ @ 54 < 204 11 487 4 75 136 375
Total 122 5149 139 8930 122 7758
Giants Neck
Polychaeta 56 5612 67 44 6683 129 60 46 6960 8.0
Oligochaeta 2837 1932 126 2318 54
Moliuscs 25 303 20 99 260 20.7 25 5.1 285 8.7
Arthropoda 23 313 15 4.6 624 58 31 K4 970 23
Rhynchocoels 50 62 204 72 187
‘Others “ 17 3 2.4 B 432 3 10.9 17 2835
Total 108 9132 125 9569 119 10622
Intake
Polychaets 62 3389 43 i3 1110 93 53 40 3043 190
Oligochaeta 1023 253 16.2 466 231
Mollusca 21 531 18 108 199 270 20 4] 506 12.1
Arthropoda b 284 25 82 B29 474 27 44 1552 526
Rhynchocoela 6 15 264 25 174
'Others 2 2 i 683 1 742 1 395 2 274
Total 112 5255 87 2405 102 5594
dordan Cove
Polychacta 62 10083 " 47 6513 232 63 24 Bi31 116
Oligochaets 507 4124 2 2662 68
Mollusca %6 1060 24 128 44 2456 27 32 755 B4
Arthropoda 21 610 27 62 641 55.4 2% 59 925 325
Rhynchocoela 104 7 123 92 123
‘Others 2 3 3 331 - 28.1 3 73 11 332
Total 111 14167 118 12110 119 12576

*CV. of the mean estimate = (Standard Error/™ean) x 100
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Abundances of polychaetes and oligochaetes were
more similar during recent years (e.g., NUSCO
1993, 1994), including 1994. Also, the number of
arthropod species at EF was lower during 3-unit
operation than during the 2-unit period. The
opposite trend was observed at JC, ie, more
polychaetes and arthropods, and fewer oligochaetes
were collected, on average, in the 3-unit period
than in the 2-unit period. At IN during 3-unit
operation numbers in all taxonomic groups
increased. At GN, there was little change in
numbers between operational periods.

Community Abundance

Ranges of average quarterly abundance
(individuals per core) at infaunal stations during
1994 were 110-144 at EF, 205-273 at GN, 84-154
at IN, and 302-372 at JC (Fig. 4). At each station,
1994 densities were within the range for their
respective 15-year time series. In general, infaunal
abundance at all stations during the 3-unit period
(1986-1994) was similar 10 that observed during
the 2-unit operational years. Overall, seasonal and
annual fluctuations were lowesi at EF and highest
at IN; however, no consistent seasonal periodicity
was evident in community abundance at any station
during the 15-year period. Analyses of long-term
trends in community abundance indicated a
significant (p>0.01) increasing trend at EF during
2-unit operation, resulting primarily from peak
abundances recorded near the end of that period
(1984). During the 3-unit operating period, a
significant trend (increase) was detected only at JC.

Numbers of Species

The mean number of species (per core) collected
during 1994 ranged from 21-24 at EF, 20-24 at
GN, 18-22 at IN, and 24-29 at JC (Fig. 5). These
means were within the range of quarterly means
observed at each station over the previous 15-year
period. A significant increasing trend in quarterly
species number was evident at EF and GN during
2-unit operation, and resulted from high species
richness evident at most stations during the period
1984-87. During 3-unit operation, there were no
significant trends in species richness evident at EF,
GN, or JC. However, at IN, there was a significant
increasing wrend in quarterly numbers of species
detected for the 3-unit operating period.
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Community Dominance

Dominant taxa identified in infaunal samples
during 1994 included representatives of the class
Oligochaeta, the polychaete species Aricidea
catherinae, Mediomastus ambiseta, Tharyx spp.,
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Protodorvillea gaspeensis, Prionospio steenstrupi,
Exogone hebes, representatives of the polychaete
order Archiannelida, and the mollusc Tellina agilis
The top four ranked taxa at each station in 1994

accounted for more than 60% of all individuals,
and were: Oligochaeta, Protodorvillea gaspeensis,
Tellina agilis, Archiannelida, at EF; Oligochaeta,
Tharyx spp., Mediomastus ambiseta, Protodorvillea
gaspeensis a1 GN; Aricidea catherinae, Oligochaeta,
Mediomastus ambiseta, Tellina agilis at IN; and
Mediomastus ambiseta, Aricidea catherinae,
Oligochaeta, Thanyx spp. at JC (Table 2). In most
cases, these organisms were dominant taxa in both
2-unit and 3-unit operational periods.

Year to year shifts in dominant taxa at infaunal
monitoring stations have been a common
occurrence over the study period, with 1994 being
no exception. For example, there was a large
increase in relative abundance of the opportunistic
polychaete Mediomastus ambiseta at GN, IN and
JC in 1994, accounting for 18.7%, 10.3% and
30.0% of the individals collected, respectively.
Operational means for both 2-unit and 3-unit
periods were on the order of 4-10% at these
stations. Another dominant polychaete, Aricidea
catherinae, exhibited notable shifts in abundance
during 1994 relative 1o operational periods.
However, these shifts were less consistent among
stations than those mentioned previously for M
ambiseta. Increases in A. catherinae relative
abundance were observed at IN and JC during
1994, with the most substantial increase at IN
(24.6% of the total individuals collected during
1994, compared to approximately 7% for both
operational periods). Conversely, A catherinae
contributed only 2.8% to total abundance &t GN in
1994, compared to 19.6% and 13.1% for 2-unit and
3-unit periods, respectively. At EF, A catherinae
decreased from 4.1% during 2-unit operation 0
1.6% during 3-unit operation, and was not among
the dominants in 1994

Similar spatial variability in relative abundance
shifts was exhibited by other historical dominants
in 1994, including oligochaetes, species of the
polychacte genus Tharnyx and the mollusc Tellina
agilis. Oligochaete abundances in 1994 were
higher than both operational period means at GN
(31.4% vs. 20.8% (2-unit) and 23.1% (3-unit)) and
IN (19.5% vs. 11.1 (2-unit) and 8.9% (3-unit))
Oligochaete relative abundance at JC in 1994
(16.3%) declined compared 1o operational period
means, particularly the 2-unit period (40.8%). At
EF, 1994 relative oligochaete abundance (40.4%)
was higher than the 2-unit mean (32.9%) but lower
than the 3-unit mean (51.4%). Tharyx spp.
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TABLE 2. Mean relative abundance® (%) and coefficient of variability (CV®) for each of the ten most abundant taxa collected at the
Millsione subtidal stations during 1994, 2-Unit operational years (1980-1985) and 3-Unit operational years (1986-1994).

1994 2-Unit Period (1980-1985) 3-Unit Period (1986-1994)
MEAN (%4 MEAN &y
% % %
Effiuent
Oligochaeta 404 329 44 514 15
Frowodorviliea gaspeensis g1 46 133 81 36
Tellina agilis 78 29 179 30 216
Archisnnehids 59 16 252 i 326
Prionospio sseenstrupi 34 15 314 21 8.1
Microphihalmus aberrans 25 15 27 19 154
Spiophanes bombyx 23 15 253 18 259
Ampelisca vadorum 22 15 29.1 16 281
Parapionosyllis longicirraw 32 16 188 21 129
Pagunss acadianus 16 16 26.2 21 120
Rhynchocoels - 24 122 30 143
Tharyx spp. . 90 169 27 198
Polycirrus eximius - 108 102 30 253
Anicideo catherinae . 41 206 16 26.7
Amphareic americana - - . 16 216
Scolewma wenus . - - 19 147
Clymenella mucosa - 14 a2
Giants Neck
Oligochaeta N4 208 39 21 23
Tharyx spp. 250 202 22 193 44
Mediomasuus ambiseia 18.7 48 275 5.1 29
Prowodorvillea gaspeensis 30 38 55 38 83
Ancidea catherinae 28 196 50 13.1 8.0
Exogone dispar 28 27 196 32 64
Prionospio siwenstrupi 16 20 161 38 25.7
Tellina agilis 13 15 258 16 321
Scolelerna seruus 08 31 14.1 33 9.1
Ampelisco vadorum 0.6 12 18.5 26 233
Capisella spp. - 18 194 18 112
Ampharere amencan . 12 253 15 255
Pagurus acadiarnus . 13 343 15 227
FPolydore quadniobaia - - - 17 280
Mielle lunato . - - 14 310
* Based on kog-transformed dats

* CV. of the mean estimate = (Standard Error/Mean) X (100)
- = Not among the dominant taxs
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TABLE 2, continued

1994 2-Unit Period (1980-1985) 3. Unit Period (1986-1994)
MEAN oV MEAN ov
% % %*
Intake
Aricidea catherinae 246 6.7 18.2 70 16.2
Oligochaets 195 111 9.4 89 10.4
Mediomasts ambueis 103 40 296 45 234
Telling agila 6.7 43 159 42 158
Exwogone hebes 56 39 p< ¥ 54 18.2
Prowdorvilica gaspeenis 44 19 234 28 196
Tharyz spp 38 39 216 43 118
Microphihalmus aberrans 8 14 30 2 209
Nucula praxima 1.7 2.6 2.5 41 194
Prionospio sieenstrupi 1.7 23 283 4.1 274
Capirella spp 39 U9 38 209
Ampelisca vadorum 24 371 30 203
Ampelisca verrilli 47 275 28 239
Spiophanes bombyx 28 49 22 154
Gammarus lawrenciania 21 421 15 494
Lepiochewrus pinguis 2.7 395
Sabellana vuigans 13 576
Maldanidac 14 194
Owenia fusiformus 23 280
dordan Cove
Mediomasts ambisea 30.0 72 263 96 153
Ancidea casherinae 21.6 148 61 16.6 73
Oligochaeta 163 408 39 23 37
Tharyx spp 40 44 67 42 4.6
Tellina agilis 36 2.2 236 21 170
Prionospio steenstrupi Pl 14 248 49 168
Scoleterna seruais 2.7 47 131 56 64
Ampelisca vadorum 2.5 1.1 301 14 40.)
Nucula praximae 21 13 131 2. 15.2
Evogone hebes 16 1.5 29 18 123
Leprochetrus pinguis 1.5 M5 36 287
Capuclla spp 2.2 179 21 200
Polycorrus exumius 43 142 45 13.7
Microphihalmus abervars 1.4 226 29 18.4
Cossura longocirraia 1.5 228
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increased in relative abundance at GN during 1994
(25.0% compared 10 means of 20.2% and 19.3%
for 2-unit and 3-unit periods, respectively).
Abundance levels of Tharyx spp. in 1994 were more
consistent with operational period means at IN and
JC.  Thanyx spp. relative abundance at EF
decreased from 9.0% during 2-unit operation to
2.7% during 3-unit operation; this taxon was not
among dominants in 1994. More subtle changes
(2-5% increase) in abundance of the mollusc
Tellina agilis, relative to operational period means,
were observed at EF and IN in 1994, while 1994
abundance levels at GN and JC were comparable
to their respective operational means.

Other organisms, noted historically for more
site-specific dominance, exhibited notable shifts in
relative abundance in 1994. Some examples
include the polychaeie Polycirrus eximius, which
was among the dominant taxa at EF and JC during
both operational periods, but was not among the
dominants at either site in 1994. Similarly, two
species of the amphipod genus Ampelisca (A
vadorum and A vemilli), most typical of IN
collections during both operational periods, were
not dominants at that site in 1994,

Much less common than annual fluctuations in
relative abundance were differences between
operational periods. In fact, relative abundances of
dominant taxa between operational periods have
been consistent, with few exceptions. For example,
oligochaetes continued t0 be the most common
taxon overall during 3-unit operation (accounting
for 89 10 51.4% of individuals), as they had been
during 2-unit operation (11.1 to 40.8%); however,
as discussed in the previous section, oligochaetes
were more abundant at EF and less abundant at
JC during 3-unit operation. Most stations were
characterized by one or more clearly dominant taxa
(oligochaetes at EF, GN and JC, Ancidea
catherinae at GN and JC and Thanx spp. at GN)
during both operational periods. At IN, however,
mean rclative abundance of any single taxon rarely
exceeded 10% during either operational period.

Dominant Taxa

Eight infaunal taxa have been identified as being
affected or potentially affected by construction and
operation of MNPS. Trends in the abundance of
these taxa were examined using the same
techniques as those applied 1o overall community
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abundance and numbers of species time-series.
For a review of the general ecology of these
dominant taxa, refer to NUSCO (1992).

Oligochaetes - Oligochaetes were ranked first in
overall abundance during both 2-unit and 3-unit

operating periods, accounting for 11-41% and 9-
$1% of total individuals, respectively (Table 2).
Oligochaete abundances during 1994 were
generally highest at GN (48-88/core) and EF (38-
75/core), lowest at IN (21-26/core) and
intermediate at JC (24-67/core). These densities
were within the ranges of densities for previous
study years (Fig. 6a-d).

Trend analysis of operational period oligochacte
sbundance time-series revealed an increase at EF,
and a decline at GN during 2-unit operation (Fig.
6a and b). Trend analysis for the 3-unit period
indicated a significant increase in oligochaete
sbundance at IN (Fig. 6¢), and a significant
decrease at EF. At GN and JC, oligochaete
abundarce has remained at a consistent level
during t. ¢ 3-unit operating period (Fig. 6b and d).

A’ wi lea catherinae - A. catherinae was among the
doraizant taxa at all stations during 2-unit
=7 _«ation, and at all stations, except EF, during
the 3-unit operating period (Table 2). Quarterly
average densities during 1994 were lowest at EF
and GN; 1-3/core and 4-9/core, respectively.
Highest quarterly abundance estimates occurred at
JC (45-131/core), with intermediate abundances at
IN (3-44/core). All 1994 densities at GN were
lower than any recorded previously during the
study period for that station (Fig. 6f), and
December, March and June densities at IN were
the highest observed at that site (Fig. 6g).
Densities at EF and JC in 1994 were within the
range of previous study years (Fig. 6¢ and h).

The average quarterly abundance of Ancidea
catherinae exhibited several trends over both 2-unit
and 3-unit operating periods (Fig. 6e-h).
Relationships among operational period trends at
EF and IN were similar; at both sites, abundance
of A. catherinae significantly declined during 2-unit
operation, and significantly increased after Unit 3
start-up.  Abundance of A catherinae also
increased at JC during 3-unit operation.
Conversely, abundances have significantly declined
at GN during 3-unit cperation, largely due to low
densities in 1994,
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Mediomastus ambiseta - M. ambiseta exhibicd a
puise in abundance at three of the four sampling
sites in 1994 (Fig. 6i-k) similar 10 the area-wide
pulse observed during the period 1984-87 at all
stations (NUSCO 1992). Highest densities were
recorded at JC in 1994 (77-131/core), followed by
GN (27-52/core) and IN (7-17/core). None of the
abundance trends at these stations during 2-unit
operation were significant, however, in spite of
increases in 1994, a significant decreasing trend,
noted after 1993 at GN (NUSCO 1994), was still
apparent with the addition of the most recent data.
No similar pulse in M. ambiseta abundance was
observed at EF, as this species was not among the
dominant taxa collected there in 1994 (Table 2).
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Tharyx spp. - Tharnx spp. were auong the
dominant taxa at most stations during 2-unit and
3-unit operating periods. Tharnx spp. exhibited
high variability among sampling stations, with 1994
quarterly densities (Fig. 6l-0) lowest at EF
(approximately 1/core), highest at GN (34-59/core)
and intermediate at IN and JC (5-6/core and 13-
16/core, respectively). At the GN reference
station, Thanx spp. densities have been
consistently high, ranking second and during both
operating periods and 1994 (Table 2). At IN and
JC, Tharyx spp. ranking was also consistent, but at
a lower level over the entire study period,
including 1994. Tharyx spp. was not among the
dominant taxa at EF in 1994, while ranking third
and sixth during 2-unit and 3-unit operating
periods, respectively.

Results of trend analysis on Thanx spp.
abundance during 2-unit operation indicated a
significant increasing trend at GN and JC. Trend
analysis of 3-unit operating data indicated
significant trends in Tharyx spp. abundance at all
sites, with a decrease detected at EF, and increases
at the remaining sites.

Polycirrus eximius - P. eximius has been among
the dominant taxa for 2-unit and 3-unit periods at
two stations: EF (ranking second and third,
respectively) and JC (ranking sixth in both periods;
Table 2). This species was not among the
dominant taxa collected in 1994, with quarterly
mean densities of approximately 1/core for each
sampling period at EF and a range of quarterly
mean densities of 2-4/core at JC (Fig. 6p-q). These
densities we.e among the lowest recorded at EF,
and were also relatively low at JC. Trend analysis
indicated significant increasing densities at both
stations during the 2-unit operational period.
However, significant increasing trends in P. eximius
abundance at both sites during 3-unit operation
noted in previous reports (e.g, NUSCO 1993,
1994) were no longer apparent with the addition of
1994 data. Historically, P. eximius has exhibited
both seasonal periodicity and regional long-term
cycles at all stations except IN (NUSCO 1993).
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Scoletema tenuis - S. tenuis was a dominant
component of infaunal communities during the 2-
unit and 3-unit operating period at GN (ranking
sixth and seventh, respectively) and JC (ranking
fourth for both periods; Table 2). Average
densities during 1994 were 2-3/core and 6-13/core
at GN and JC, respectively (Fig. 6rs). These
densities were within the range of density values
from previous years. At both GN and JC, an
increasing trend was observed during 2-unit
operation, likely due to low abundances of S. renuis
at the beginning of the time series at both sites.
Abundan es continued to decline in 1994 at GN,
with the significant decreasing trend for the 3-unit
period, first noted last year (NUSCO 1994), still
apparent. Abundances at JC have been more
consistent during 3-unit operation, with no
significant trend detected over that period.

Protodorvillea gaspeensis - P. gaspeensis was
among the dominant infaunal organisms at EF,
ranking fourth and second in the 2-unit and 3-unit
operating periods, respectively (Tabie 2). P
gaspeensis was also a dominant at GN, ranking
fifth during each operational period. P. gaspeensis
rankings during 1994 were similar 10 those
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observed over both operational periods at EF and
GN (second and fourth, respectively). Similarly,
quarterly values were within the range of
previously reported values, averaging 8-16/core at
EF and 2-13/core at GN (Fig. 6t-u). Significant
increasing trends occurred at EF and GN during
the 2-unit operating period. Abundance of P.
gaspeensis significantly decreased at GN during the
3-unit period; no trend was detected at EF during
3-unit operation. Until 1994, densities of this
species were steadily increasing at EF, resulting in
a significant trend (NUSCO 1993, 1994).

Nucula proxima - This small bivalve was a minor,
but consistent, component of the infaunal
communities ai IN and JC over both operational
periods, typically ranking sixth or lower (Table 2).
N. proxima was among the top ten dominants at IN
and JC during 1994; quarterly mean density ranges
were 1-6/core and 5-12/core, respectively (Fig. 6v-
w). Quarterly densities in 1994 were within the
range of those recorded in previous years. No
significant trends were observed at either IN or JC
during 2-unit operation. During 3-unit operation,
N. proxima exhibited a decreasing trend at IN, and
conversely, an increasing trend at JC.
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Cumulative Abundance Curves

Cumulative abundance curves (Fig. 7) were used
to characterize and compare infaunal communities
! each station sampled over the 2-unit and 3-unit
operational periods. At EF and JC, the location
parameter (ie., percent contribution of the top
ranked organism) was significantly different
between the two operating periods, reflecting
changes in the overall contribution of the
dominant taxon (oligochaetes), and the overall
shape of the curves were significantly different
between the 2-unit and 3-unit operating periods.
There was no significant difference in the shape
parameter between the 2-unit and 3-unit periods at
GN or IN, and the location parameter was
different at GN, but not at IN. This relative
similarity reflects the consistent contribution of
oligochaetes, Aricidea catherinae and Tharyx spp. at
GN, and of oligochaetes, A. catheringe and
Mediomastus ambiseta and Tharyx spp. at IN. The
lower position of the 3-unit curve at JC reflects a
shift toward increased equiwability in the
distribution of taxa. In contrast, the high starting
point of the 3-unit EF curve indicates the
numericai dominance of the top ranked taxon,
oligochaetes, during that period. The low starting
point of the IN curves in both operating periods
indicate that no single iaxon was overwhelmingly
dominant in either period (see Table 2)

Classification and Cluster Analysis

In the previous sections, temporal trends in
abundance of selected species at stations in the
vicinity of MNPS were related to construction and
operation of the power plant. Each of these
species exists in a complex community, affected by
competition, predation, and other biological and
physical structuring factors Therefore,
development of the benthic infaunal community at
each sampiing station was examined by calculating
the Bray-Curtis similarity index for each pair of
annual collections, using the abundance of all
species that contributed at least 0.5% 10 total
abundance, then pgenerating a clustering
dendrogram for each station (Fig. 8).

At Effluent, three groups of annual collections
were apparent at a 65% level of similarity. Group
I consisted of collections from 1980 through 1983,
characterized by high densities of Arcidea
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catherinae and Polycirrus eximius, an” relatively low
numbers of oligochactes. Group II (1984-1988)
was characterized by decreased abundances of P.
eximius, and increased abundance of oligochaetes,
Tellina agilus, Leptocheirus pinguis, and Ampelisca
spp. As discussed in other sections, this time
period encompassed the period of maximum
sediment scour associated with opening the second
quarry cut and Unit 3 start-up. All annual
collections made at Effluent since 1989 (Group
III), including 1994, have exhibited high within-
group similarity (>75%); the relatively stable
environment in recent years has allowed
development of & benthic infaunal community
characierized by relatively high densities of
Parapionosyllis longicirrata, Prionospio steenstrupi,
Protodorvillea gaspeensis and Caulleriella spp.

Giants Neck, a reference site unaffected by
MNPS operaticn, exhibited the highest among-
group similarity, with all annual coliections
clustering at >65% similarity. At a 70% level, two
groups were apparent; Group I (1980-1985) was
characterized by high abundance of Phoxocephalus
holbolli, Polydora caulleryi and Polycirrus eximius,
and Group II (1986-1994), by high densities of
Polydora quadrilobata, Prionospio steenstrupi and
Exogone dispar, and decreased abundance of P
holbolli. Consistently high abundance oligochaetes
and Tharyx spp. in all sample years contributed to
the high among-group similarity

In contrast, annual collections at Intake
exhibited low among-group similarity (<45%),
influenced by the dissimilarity of Group I (1984-
1987) to the other years. The infaunal community
in this period was strongly affected by the Unit 3
cofferdam removal and intake dredging, and was
characterized by high abundance of the
opportunistic polychaete Mediomastus ambiseta,
and low densities of Aricidea catherinae and Tharyx
spp. Collections from the years prior to this
period (1980-1983; Group II) had included higher
abundances of A. catherinae and Exogone hebes,
and fewer M. ambiseta; collections from recent
years (1988-1994, Group III) were also
characierized by high densities of A. catherinae and
E. hebes, but M. ambiseta, Tharyx spp. and
oligochaetes were relatively abundant, as well.

Collections from Jordan Cove clustered into two
groups at a 70% similarity level. Group 1 (1980-
1986) was characterized by high abundance of
Mediomastus ambiseta and oligochaetes, and low

abundance of Nucula proxima, Aricidea catherinae
and Prionospio steenstrupi. In contrast, Group Il
(1987-1994) was distinguished by relatively low
densities of M. ambiseta and oligochaetes, and
higher abundance of N. praxima, A. catherinae and
P. steenstrupi. Additionally, Leptocheirus pinguis,
Scoletma tenuis and Protodorvillea gaspeensis have
become relatively more abundant in recent years.
As discussed previously, the shifts in community
structure were associated with deposition of
sediment in Jordan Cove since Unit 3 began
operation.

Discussion

Infaunal studies in 1994 continued to monitor
soft-bottom community response to varying levels
and types of impact associated with MNPS. The
degree of impact at these sites can be described as
occurring over a disturbance gradient. The critical
baseline for this gradient, from which impacts can
be assessed, is an unimpacted community (GN)
responding only to naturally occurring
environmental conditions. The next level of
impact is community change in response to short-
term disturbance events, such as dredging at IN
and silt deposition at JC, after which post-impact
community development and recovery under more
natural conditions occurs. Impacts 10 the infaunal
community at EF, resulting from Ilong-term
exposure to discharge scour and temperature
effects, is continuous and ongoing, and defines the
disturbance extreme for these studies.

Classification of local infaunal communities on
this impact disturbance scale (i.e., unimpacted to
continually influenced) was accomplished through
identification of structuring mechanisms that
produce characteristic fluctuations in species
composition, abundance and dominance. However,
the first step in this process, i.e., separation of
naturally induced physical and Dbiological
mechanisms, including naturally varying levels of
mortality, recruitment, competition and vagaries in
local physico-chemical conditions is often difficult
(Watling 1975; Flint and Younk 1983; Nichols
1985, Watzin 1986, Rees and Eleftheriou 1989).
An attempt has been made here (through modeling
and regression analysis) t0 more accurately
separate and assess the contribution of some
natural factors reported to cause differences
observed in local benthic communities, and thereby
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help isolate other factors possibly related to
construction and operation of MNPS

Fluctuations in sediment characteristics and
community composition have been observed at all
study sites to some degree, with the highest overall
stability in these features noted at GN. Aside
from the high siltclay content in March (and
concomitant low mean grain size), sediments
collected at GN in 1994 were similar 10 previous
years. Similarly, overall community composition at
GN has been remarkably consistent over the study
period; this site was numerically dominated by the
same five taxa (oligochaetes, Tharyx spp., Anicidea
catherinae, Mediomastus ambiseta, and
Protodorvillea gaspeensis) in generally the same
rank order and relative abundance during both 2-
unit and 3-unit operational periods (Table 2)

Along with providing documentation of long-
term stability of local infaunal communities under
natural conditions, deta from GN have proven
useful in substantiating area-wide shifts in species
abundance and community structure These
included large increases in abundance of the
opportunistic polychaete, Mediomastus ambiseta,
and the amphipods, Leprocaeirus pinguis and
Ampelisca spp. which occurred over several years
(1983-88; NUSCO 1989), as well as annual pulses
in species abundance such as occurred for the
spionid polychaete, Prionospio steenstrupi in 1992
(NUSCO 1993). These increases could not be
explained by changes in site-specific sedimentary or
regional climatic factors (NUSTO 1989, 1993);
however, because these changes occurred at all
stations, including the reference site GN, their
cause was assumed to be independent of power
plant construction or operation. Similarly, a
nots*le pulse in abundance of M. ambiseta
occurred again in 1994 at GN, JC and IN,
indicating an area-wide phenomenon

Power plant related impacts on infauna were
observed at IN, JC and EF. The impacts at JC and
IN were of short duration (months or years), and
their overall effects have lessened over most of the
3-unit operating period. Impacts were noted
carliest at IN, and were associated with
disturbances resulting from dredging and coffer
dam removal during Unit 3 construction from
198385 (NUSCO 1987) Since that time,
sediments (primarily silt/clay content levels; Fig. 2)
have stabilized and have become more similar to
pre-impact years, and ongoing community recovery
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is evident. In particular, increases in the
abundance of organisms common prior to 1983
(e.g., oligochaetes, Aricidea catherinae; Fig. 6¢ and
g), with concomitant decreases in abundance of
Nucula praxima (Fig. 6v) and other opportunistic
species (NUSCO 1993) indicate that a recovery
process has continued through 1994. However,
other species which have established post-impact
populations, such as Thanx spp. (Fig. 6n),
maintained a degree of dominance in 1994, which
suggests that recovery at this site is not complete.
Changes such as these are typical of those in
marine benthic communities following disturbance
(Kaplan et al. 1974; Swartz et al. 1980; Nichols
1985, Berge 1990).

Relatively rapid changes in sediment
characteristics were also observed at JC following
Unit 3 start-up, resulting in changes to the
infaunal community there. In 1986, silt scoured
from the area of the Unit 3 discharge settled at JC,
increasing silt/clay conient of sediments in this area
(Fig. 2). These substratum changes resulted in
decreased abundances of the previously dominant
oligochaetes and the polychaetes, Polycirrus eximius
and Aricidea catherinae (NUSCO 1988a). This
depositional event likely occurred over a relatively
short period (months), and its impact has evidently
lessened since 1986. For example, abundance of A4
catherinae continued 1o increase in 1994 10 levels
comparzble to those observed during 2-unit years
(Fig. 6g). Other possible signs of community
recovery discussed in previous reports (e.g.,
rebounding abundances of oligochaetes and P.
eximius through 1993; NUSCO 1994) were less
evident after 1994 sampling (Table 2; Figs. 6d and
6q). Lower abundances of these two taxa in 1994
were probably due to the long-term persistence of
some of the deposited silt/clay at JC, or 10 new
siltation resulting from shut-down/start-up cycles of
the MNPS units. Another indication of slow
community recovery is the continued high
abundance of the opportunistic mollusc Nucula
proxima relative 1o pre-impact levels (Fig. 6w), a
trend similar to that noted previously at IN. These
observations are consistent with those of other
researchers studying the effects of siltation on
benthic infaunal commaunities (Rhoads and Young
1970; Jumars and Fauchald 1977; Turk and Risk
1981; Mauer et al. 1986, Emerson 1989; Brey
1991). Another notable trend in 1994 at JC is a
substantial decrease in silt/clay content in the last




two sampling quarters (March and June; Fig. 2),
with the June value the lowest recorded in the 3-
unit period. Further monitoring should document
any effects this trend, if it continues, has on future
infaunal community development and recovery.
Active disturbance processes continued 10 affect
both the sediments and the infaunal community at
EF. Increased grain size and decreased silt/clay
levels were still evident at EF during 1994
However, it appears that in recent years, sediment,
community and species parameters have stabilized
under the new environmental conditions created by
the 3-unit discharge. Silt/clay content levels in EF
sediments were the highest observed since scouring
effects were first noted and were similar to levels
observed during the 2-unit period. Oligochaete
abundance has generally dropped over the 3-unit
period, including 1994, and is now approaching
levels observed during the 2-unit period (Fig. 6a)
Some relative stabilization of the sediments at EF
has allowed for the return of species common
during 2-unit operation, such as Anicidea catherinae
and Polycirrus eximius (Fig. 6¢ and p). The decline
at EF in 1994 of these two polychaete species,
which typically maintain more stable populations
at other sites, was likely due to the overall dynamic
nature of environmental concitions, created
primarily by the MNPS discharge, which continue
to affect the infaunal community there. Another
possible indication of strong influence of power
plant operation on environmental conditions at EF
is the absense of the opportunistic polychae’e
Mediomastus ambiseta. This species essentially
exhibited an area-wide pulse, related to regional
natural environmental cues that were apparently
overridden by plant discharge effects at EF. The
previous pulse of M. ambiseta was initiated in 1984
(prior to scouring related to the 3-unit discharge),
and was apparent at all stations, including EF
The community at EF should continue to develop
under and adjust to current operating conditions,
but true recovery of this community is not
expected until power plant-induced scour ceases

Conclusions

Benthic infaunal studies continued to monitor
sublidal soft bottom habitats in the vicinity of
MNPS during 1994 for changes in sedimentary
characteristics and infaunal community structure
(total abundance, species number and species

composition) The unimpacted site at GN
continues to exhibit stability in terms of the
sedimentary environment and infaunal community
structure. Some stability in these parameters has
also been noted in recent years, including 1994, at
sites impacted by short-term episodic disturbance
events (e.g., dredging and construction activities at
IN, and siltation at JC). Community recovery is
ongoing, but not complete at either site. Long-
term continunus effluent scour at EF remains a
dominant structuring factor on both the
sedimentary environment and infaunal community,
and is expected 10 maintain this dominant role
throughout MNPS 3-unit operation.
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