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Executive Summary

Lobster Studies

The American lobster, Homarus americanis, is one
of the most valuable species in the Connecticut
fishing industry. Between 0.8 and 2.7 million
pounds have been landed annually since 1978 yielding
between 2.4 and 8.4 million dollars to iobstermen
employed in the fishery. Lobsters are highly
exploited throughout their range; in the Connecticut
lobster fishery, more than 90% of legal-sized lobsters
are harvesied each year. New fishery regulations have
been implemented throughout the lobster range to
reduce the high 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 10 escape from traps and
thereby reduce injury and mortality to this portion of
the population. The minimum legal size (carapace
length) of lobster was gradually increased in
Connecticut from 81.0 mm (3 34 in) in 1988 o
82.6 mm (3 '/ in) in 1990. Because of the regional
economic impaortance of lobsters, the local population
of lobsiers in the Millsione Point area have been
sampled annually from May through October since
1978 10 determine if operation of Millsione Nuclear
Power Station (MNPS) has caused changes in local
lobster abundance beyond those expected from natural
variability and high fishing mortality rates. some
changes were observed in abundance and pop lation
characteristics of lobsters during 1993, but the + were
most likely related w high fishing levels and ¢ anges
in fishery regulations (escape vents, minimum l\egal
size increase) rather than to power plant impacts.

The wtal number of lobsters caught and cawch po+
unit effort (CPUE) of all sizes of lobster reached
record levels in 1992 and remained high during 1993.
Total number caught (10,195) and CPUE (2.301) in
1993 were the second highest reported (previous
ranges were 6,376-11,438 and 0.904-2.457). While a
significant increasing trend was observed in iotal
CPUE from 1978 w the present, legal lobster catches
(those individuals 2 82.6 mm carapace length) have
significantly declined since the study began in 1978,
The CPUE of legal-sized lobsters was 0.080 during
1993 and within the range reporied in previous 3-unit
studies, but lower than the range reporied during 2-
unit studies (0.098-0.173).

The mean carapace length of lobsters caught during
1993 (70.8 mm) was larger than previous 3-unit
values (69.5-70.2 mm), but within the range of
values reported in 2-unit study years. Only 3.3% of
the caich was of legal-size during 1993, within the
range of 3-unit years but below the range of 2-unit
years (5.9-9.1%). Percentage of females carrying
external eggs (berried) during 1993 was 12.2% and
righer than in any previous study year (3.1-12.1%).
Barried females were, however, smaller during 3-unit
years (76.5 mm) than during 2-unit years (79.4 mm),
reflecting the high proportion (90%) of berried
females below the minimum legal size of 82.6 mm.

The most important factor regulating molting and
growth of lobsters is water temperature. Water
temperatures during the 3-unit study years were, on
average, slightly warmer than during 2-unit study
years. As a result, the peak in caiches of molting
lobsters in 3-unit years occurred earlier (by 9 days)
than during 2-unit years. Lobster growth per molt, as
determined by tag and recapture studies, averaged
13.7% for both males and females in 3-unit siudies,
and was slightly higher than growth per molt
observed during 2-unit studies (males 13.3% and
females 13.0%).

Results from tag and recapture studies indicate that
the overall percentage of recaptures in our traps was
similar during 2- and 3-unit years (19% vs. 20%),
wheieas the percentage of recaptures by commercial
lobstermen declined from 33% during 2-unit years to
18% during 3-unn years. This decline of recaptures
in commercial traps was related to the 1984 escape
vent regulation and not to MNPS operation.
Installavon of escape vents, coupled with the fact that
most of ow wgged lobsters are sublegal, resulted in
fewer tagged lobsters retained in commercial traps.
Conversely, our traps &d not have escape vents and
retained similar numbers of tagged sublegal lobsters.
Lobster tagging also indicated that local individuals
are predominantly nonmigratory. Over 90% of the
lagged lobsters recaptured in commercial traps were
caught within 5 km of Millstone Point. The average
distance traveled by lobsters before they were caught
in commercial pots was similar during 2- and 3-unit
years (2.4 vs. 2.9 km). Although a predominance of
localized movement was observed in our study, a
number of lobsters (113) were reported caught
outside LIS along the Rhode Island and Massachusetts
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coasts, and in offshore deep water canyons on the edge
of the continental shelf.

Since 1984, lobster larvae have been sampled from
May to August ax the discharges of Units 1, 2 or 3.
The average density of larvae collected during 1993
was 1081 per 1000 m? of cooling water, which was
the second highest value reported (previous ranges
were 3-unit 0.525-1.334; 2-unit 0.409 and 0.504).
Estimates of toial lobster larvae entrained through the
plants cooling water .ystem were based on sample
density of larvae and total MNPS cooling water
demand during the May 10 August haiching period.
During 1993 an estimated 389,767 larvae were
entrained, within the range of previous 3-unit years
(296,173-615,285), but higher than the 2-unit
estimates of 77,458 and 128,550. Entrainment
nambers have been substantially higher since Unit 3
began operating because the cooling water demand of
Unit 3 alone is about the same as that of Units 1 and
2 combined. The potential impact of lobster larvae
entrainment is difficult to assess because of the
uncertainty that exists concerning larval origin and
larval survival and recruitment rates to legal size.
Since lobsters require 4-5 years of growth before they
are vulnerable to capture, and an additiona! 2 years of
growth o reach legal size, a decline in local ‘obster
abundance caused by larval entrainment would not be
apparent for several years.

At present, fishery regulations implemented in
1984 (escape vents) and 1988 (increased minimum
size) 1o preserve the LIS lobster resource appear to be
effective. The percentage of berried females has
mcreased each year since the minimum legal size was
first increased and lower incidence of claw loss and
reduced retention of sublegal sized lobsters in
commercial traps were attributed to the use of escape
vents. However, fishing effort has more than doubled
since 1978 and further increases may offsei some of
the benefits of the new regulations.

Eelgrass

Eelgrass is the predominant marine flowering plant
m estuanies and lagoons of temperate and warm bareal
coasts in the Atlantic and Pacific Oceans. In the
vicinity of Millstone Point, eclgrass populations can
exhibit wide temporal and spatial variability in shoot
length, plant density, standing stock biomass and
other population parameters, During 1993, these
parameters were measured at three sites in the MNPS
area: Jordan Cove (JC), White Peoint (WP) and
Niantic River (NR).
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Eelgrass population parameters (plant density,
shoot length, standing stock biomass and percentage
of reproductive shoots) and sedimentary characteristics
(mean grain size, organic content and silt/clay
percentage) measured in 1993 were generally within
the ranges of previous years; the only exceptions were
annual biomass at WP, which was the higtest yet
reported, and percentage of reproduciive shoois at JC
and NR, which were also maxima.

The eelgrass population at WP remains vnaffected
by MNPS operation, as population parameters have
been generally stable since 1985. At NR, wide
fluctuations of abundance have occurred, including
localized elimination of plants from NR #1 (1986
87), from NR #2 (1987), and from NR #3 (1987-93).
These abundance fiuctations, however, are related w0
factors other than MNPS operation because the
Niantic River is not impacted by the thermal effluent.
Furthermore, in recent years NR #1 has been
recolonized and the eelgrass population has apparently
recovered completely. At JC, changes in eclgrass
abundance may be related to changes in water
temperature, but, at least to date, these changes appear
o be the result of natural variability rather than an
impact of 3-unit operation.

Rocky Intertidal Studies

Atached rocky shore communities, as described by
the NUSCO monitoring program, continue 1o serve
as effective integrators of local environmental
conditions in the vicinity of MNPS. Conditions
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, eic.).
Community differences beyond those attributed to
natural factors occurred within the thermal plume area
at si‘es located on Fox Island (FE and FN), and were
directly attributed 1o MNPS operation. Various
aspects of the impact-related community changes at
Fox Island were identified through separate studies
which included qualitative algal sampling, estimation
of intertidal organism abundance, and studies of local
Ascophyllum nodosum populations.

Elevated temperature conditions caused by the 3-
unit thermal plume allowed development of a unique
flora at FE. The most notable shifts in species occur-
rence, revealed by qualitative algal sampling, were the



presence of warm water-tolerant species not typical of
other sites (Agardhiella subulata, Gracilaria tikvahiae
and Sargassum filipendula ), absence of common cold
water species (Mastocarpus stellatus, Dumontia
contorta and Pelysiphonia lanosa) and extended or
reduced periods of occurrence of seasonal species with
warm or cold water affinities, respectively.

During 1993, power plant impacts on dominant
species abundance patterns, caused by 2-cut water
circulation patterns and by 3-unit operations, were
observed only at FE, and were most pronounced in
the Jow 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 Ascophyilum and predictable seasonal
peaks in bamacle 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) persisted during 1993,

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 station nearest the discharge (FN) caused
Ascophyllum w grow longer and more rapidly at this
site, relative 1o stations farther away. A moderate
level of growth enhancement was observed at FN
during 1992-93, when compared 1o previous years,
attnbuted t tessened thermal plume incursion
resulting from an extended outage of Unit 2 for much
of the peak growing season. As in previous years,
Ascophyllum mortality, or loss of tagged plants and
ups, at our present sampling sites was not related to
proximity to the power plant but rather 1o degree of
exposure to prevailing winds and waves.

Benthic Infauna

During 1993, infaunal communities inhabiting
soft-bottom subtidal habitats in the vicinity of
MNPS were sampled quarterly as part of a long-tenn
monitoring program. These communities were charac-
terized i terms of species composition, abundance,
and sedimentary parameters tn order 1o identify spatial
and temporal patterns in community structure and Lo
assess whether observed changes can be atiributed 0
construction or operation of the power plant.

Changes in sediments resulting from Unit 3
construction and initial operation events have resulted
in alterations to associated infaunal communities in
recent years. During 1993, the effluent site (EF) con-

tinued to show evidence of sediment scour, and Jordan
Cove (JC) sediment deposition. The intake site (IN)
exhibited continued recovery from dredging activities
near the intakes in the early 1980s, and Giants Neck
{(GN), as the control site, continued to show little
temporal variation and no effect of MNPS operation.

The dominant taxa collected during 1993 at subtidal
stations included the polychaete species Aricidea
catherinae, Tharyx spp., Prionospio steenstrupi,
Polycirrus eximius, Scoletema tenuis, Protodorvillea
gaspeensis, Mediomastus ambiseta, Pygospio
elegans, the arthropods Ampelisca vadorum, A .
verrilli and Leptocheirus pinguis and representatives
of the class Oligochaeta. The top four ranked taxa at
each station in 1993 accounted for 50% or more of all
individuals. In most cases, these organisms have
been the dominant subtidal taxa in both 2-unit and 3-
unit operational periods. Most stations were
characterized by one or more clearly dominant taxon
(oligochaetes at EF, GN and JC, Aricidea catherinae
at OGN and JC and Tharyx spp. at GN) during both
operational periods. There has been no single domin-
ant tason at IN during either operational period, where
mean relative abundance of any single taxon rarely
exceeded 10%. Analyses of local benthic commun-
ities have identified changes and long-term trends in
community parameters, and have permitied distinction
between changes related to natural variability, and
those caused by power plant operation.

Marine Woodborer Study

The Marine Woodborer Study report describes the
local distribution of Teredo bartschi, a semitropical
shipworm common from Texas to South Carolina,
but capable of establishing isolated populations near
thermal discharges in more northemn climates. 7.
bartschi remains in MNPS discharge waters and, in
1993, it was collected for the first time in panels 500
m from the quarry cuts. Reduced currents around the
rock outcroppings at this new site may trap discharge
walter and increase the probability of collecting this
immigrant species. The absence of T. bartschi at EF
in 1993 is probably related to unusual conditions
resulting from Unit 3 being off-line from / ugust to
November, during the prak recruitment period fos this
species. The distribution of T. bartschi remains
closely associated with the discharge waters of
MNPS, suggesting that the discharge population has
not adapted to ambient temperature conditions at
White Point, 1700 m from the quarry cuts. Even
though the current program represents a large
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reduction in sampling effort relative to previous study
years, it continues to effectively monitor the
abundance of T’ bartschi in the Millstone area.

Fish Ecology Studies

Studies of fish assemblages inhabiting the area
around MNPS were conducted to determine the effects
of station operations. These effects have been defined
as power-plamt related changes in the occurrence,
distribution and abundance of fish species which
would affect the 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,

Trawl, seine and ichthyoplankion monitoring
programs were established in 1976 to determine the
impact of MNPS on local fish assemblages. Of the
120 different fish taxa that have been collected since
then in these programs, seven taxa (American sand
lance, anchovy, grubby, silversides, tautog, cunner
and winter flounder) have been identified as having the
potential te be impacted by MNPS either by
entrainment or because of their susceptibility to
thermal impacts.

Abundance data were analyzed separately for two-
unit (1976-1985) and three-unit (1986-1992)
operational periods and for the entire 17-year data
series (both penods combined) to determine if changes
in fish abundance have occurred. Larvae of sand lance
and anchovy have declined as have adult tautog and
cunner. Because so many factors affect the abundance
of these taxa the reasons for these declines are difficult
10 asceriain, American sand lance larvae has ranked
third among fish larvac entrained and it has
significantly decreased in abundance in the entrain-
ment and offshore samples. The bay anchovy is
typically the most abundant ichthyoplankton species
collected in estuanes within its range and it was the
dominant larval taxa entrained st MNPS. Similar 1o
the sand lance, this fish also exhibits large natural
abundance fluctuations. Along the Connecticut coast,
the Adantic silverside and the inland silverside are
among the most common shore-zone species. Typical
of shon-lived species, the catches of Atlantic
silverside by trawl and seine were highly variable and
annual cawck indices ranged over two orders of
magnitude. The wraw] CPUE of Atlantic silversides
was at a 17-year high at the two Niantic Bay Stations
(NB and IN), and all 1992-93 wrawl catches were
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above the two-unit annual averages. The catches of
Atlantic and inland silversides in seines were all
within historic ranges and above the two-unit period
average, except for Atlantic silversides at JC. The
grubby is unique because unlike the other potentially
impacted fishes it experiences no fishing pressure.
Both larval and adult grubby abundance indices have
been stable throughout the 17 years of monitoring.
Tautog has been the second-most abundant egg taxon
entrained and has accounted for more than 30% of the
total eggs collected since 1979, The tautog egg
entrainment estimate for this report year was the
lowest since three-unit operation began and the
average density of eggs at the entrainment site (EN)
was the second lowest since sampling began. Larval
tautog average densities at EN were within their
historic range. The cunner egg entrainment estimate
also was the lowest since Unit 3 began operating.
Cunner larval densities were within their historic
range. Prior to 1992-63, the wrawl catch of cunner
had been decreasing at all six stations. This year's
trawl carches were below the two-unit operational
caiches at two inshore stations, but were at a historic
high in Niantic Bay. Both tautog and cunner
young-of-the-year have accounted for a high
proportion of the fish caught in the trawl since three-
unit operation began.

Because over 85% of the eggs entrained at MNPS
were Lautog and cunner eggs, special studies were
conducted in 1993 w determine the entrainment
mortality of these eggs. The average hatching rate
was 4%. To examine daily fluctuations of egg
abundance, samples were collected every two hours
during three 24-hour periods. Examination of the
geometric mean for each Z-hour sampling period
showed that on the average, daily peak spawning for
cunner and tautog occurred at about 1800 hours and
then declined rapidly. Estimated mortality rate
during this rapid decline was 44% per hour for cunner
and 47% per hour for tautog. These very high egg
mortality rates may account for the low numbers of
cunner and tautog larvae collected compared 1o the
large number of eggs of these two fishes.

Winter Flounder Studies

The local Niantic River population of the winter
flounder (Plewronectes americanus) is potentially
affected by the operation of MNPS, particularly by
entrainment of larvae through the cooling-water
systems of the units. As a result, intensive studies of
the life histery and population dynamics of this



valuable sport and commercial species have been
undenaken since 1976.

The median trawl catch-per-unit-effort (CPUE) of
fish larger than 15 cm collected in the Niantic River
during the February-April 1993 spawning season was
1.9. This value was only about 30% of the CPUE of
6.2 for last year, and it was the smallest CPUE in the
18-year time-series, The Jolly stochastic model was
used with mark and recapture data to 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 of 12,178 fish for 1992 was only 19% of the
1991 estimate and further illustrated the severe decline
of winter flounder abundance in recent years.

Each year, about one-ti.ird to one-half of the winter
flounder found in the Niantic River during the
spawning period have been mature females. Using
available information on sex, age, and size
composition, the annual female winter flounder
parental stock sizes have been estimated for the past
17 years. These estimates have ranged from 7,821
(1993) to 78,629 (1982) fish, with corresponding
wtal egg deposition ranging from about 6.4 (1993) w
45.6 billion (1982).

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, at three stations in the Niantic River
since 1983, and at the mouth of the Niantic River
during 1991-93. The low abundance of newly-hatched
larvae in Niantic Bay compared to the Niantic River
suggesied that most local spawning occurred in the
river. Larval abundance in 1993 was the lowest in
both the Niantic Bay and River since sampling began
in 1976 and 1983, respecuively. Annual larval
abundances in the bay for 1976-93 appeared to reflect
region-wide trends, because they were highly
correlated to abundance indices in Mount Hope Bay,
MA and RI.

Larval developmental stage and length were closely
related. Smaller larval size-classes predominated in
the river and larger size-classes were more prevalent in
the bay. In Nianuc Bay, growth and development
were correlated with water temperature, and in the
river growth appeared to be related 1w both water
temperature (positively) and larval density
(negatively). Estimated mortality of larvae in the
Niantic River for 1984-93 ranged from about 82 w
98%. Moruality was consistently highest during
Stage 2 of development (3- w0 4-mm size-classes),
which is when feeding first occurs; larval abundance

declined about 90% during this stage in 1993, This
stage may include a "critical period” for winter
flounder as survival rates ger.rally improve
progressively for larger size-classes.

Young-or-the-year winter flounder have been
collected during late spring and summer in the Niantic
River since 1983 and in Niantic Bay since 1988. In
1993, abundance of newly metamorphosed young was
relatively low, particalarly in the Niantic River.
Mortality was once again apparently quite high in the
bay, with no fish caught there by mid-summer. Late-
season median densities at two stations in the river
were among the lowest found since 1983,

An index of abundance was calculated for young-of-
the-year fish taken during the late fall and carly winter
at the traw] monitoring program stations. The 1992-
93 abundance index (1992 year-class) was 31.1, the
higliest in the 17-year series. This was consistent
with the high abundance of these fish found during
the summer of 1992 and was indicative of the
strength of the 1992 year-class. However, relatively
few of these fish were taken within the Niantic River
during the adult spawning population surveys in early
1993. Young-of-the-year abundance indices were not
significantly correlated with those for age-4 and §
fermale adult spawners. Therefore, none of the early
life stages could be used as a reliable index of year-
class serength for Niantic River winter flounder siock.

Egg production estimates from annual spawning
surveys were scaled to numbers of spawning females
and used as recruitment indices. These indices
together with adult female spawning stock estimates
and mean annual February water temperatures were
used to fit a three-parameter Ricker stock-recruitment
relationship (SRR). Additionally, the indirect esti-
mate of the winter flounder theoretical rate of increase
(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 tw units of fish numbers from
biomass units, was estimated as 542 and described
the inherent potential for increase of the Niantic River
winter flounder stock. The estimate of B (the second
SRR parameter), which describes the annual rate of
compensatory mortality as a function of stock size,
has shown little annual variation since 1988, The
third and last parameter in the SRR described a
negative relationship between winter flounder recruit-
ment and water temperatures in February, the month
when most spawning, ¢3g incubation, and hatching
oceur.
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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 to larval
densities in Niantic Bay, as well as to plant opera-
tion. The entrainment estimate for 1993 of 41.1
million was the lowest since three-unit operation
began in 1986 and was one of the lowest in the 18-
year series. Low entrainment was attributed to low
larval abundance, as all MNPS units operated
throughout much of the larval winter flounder season
duning 1993,

The impact of larval entrainmer . on the Niantic
River siock depends upon the fraction of its produc-
tion that is entrained each year. Empirical mass-
balance calculations for 1984-93 indicated that a large
number of entrained larvae came from areas of Long
Island Sound other than the Niantic River. An esti-
mated 11 1 35% of the larvae entrained at MNPS
appeared to have originated from the Niantic River dur-
ing these years. Percentages of the river production
that were entrained annually ranged from about 4 to
21% and the estimated fraction of Niantic River
winter flounder production that would be entrained
under full (100% capacity) three-unit operation ranged
from about 5 10 24%.

A computer simulation mode! (SPDM) was used
for long-term assessments of MNPS impact. Input
data used by the model included basic life-table
parameters, the three-parameters of the SRR,
February water temperature statistics, and simulation
parameters specific to each model run, including a
random variability component. Conditional mortality
rates corresponding to postulated larval entrainment
and juveniie and adult impingement at MNPS were
simulated according to historical information and
projections. Fishing mortality rates (F) were pro-
vided by the DEP. Iniually, F was set at 040 and
remained unchanged through the 1960s, increased grad-
ually 10 0.62 by 1988 and thereafter more rapidly 10 a
maximum of 1.30 in 1991, Based on proposed regula-
tory changes, F was projected to decrease substan-
ually through the late 1990s, dropping w 0.50 by
2001 and remainii,g unchanged through the rest of the
simulated years. The winter flounder stock was
simulated as female spawner biomass (ibs), which is
more dirsctly related 0 reproductive potential than
fish numbers. Annual rates of Niantic River winter
flounder larval entrainment were based on actual or
estimated MNPS cooling-water flow and estimated or
projecied entrainment as derived from mass-balance
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calculations. All SPDM runs were stochastic and con-
sisted of 100 Monte Carlo replicates for each yearly
stock projection over a 100-year period (1960-2060).

An initial stock size of 97,075 Ibs was used o
represent the theoretical (no fishing assumed)
maximum gpawning potential (MSP) of the Niantic
River female spawning stock. When fishing effects
were simulated, the annual projections of the initially
unfished stock become the Laseline 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
simulated, the stochastic mean stock size of the
baseline declined to about 48,300 ibs in 1971 and to
12,300 Ibs in 1993. The latter value was about one-
haif of a generally accepted critical stock size, defined
a5 25% of MSP. Following simulated reductions 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 sitock biomass under
simultaneous fishing and effects of MNPS occurred in
1993 (10,600 Ibs), whereas the greatest absolute
decline relative to the baseline occurred in 2001 (a
difference of 7,800 Ibs). Generully, 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
returned (o near-baseline levels about 6 years afier 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 MSP) were deter-
mined to help assess the long-term effects of MNPS
operation. A stock less 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 0.87) that the
stocks were greater than 40% of MSP in 1970. At
the lowest point of both stock projections in 1993,
all replicates were less than 25% of MSP. Simulated
reductions in fishing allowed for a rapid increase in
spawner biomass and it was likely greater than 30%
of MSP by 2010 ( p 2 0.97) and had a better than
even (p = 0.56) chance of being greater than 40% of
MSP by 2020. These increases, however, assumed
that changes in fishing regulations would be
implemented as scheduled and that they would achieve
the expected reductions in fishing moriality.
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Introduction

Reporting Requirements

This report summarizes results of ongoing environ-
mental monitoning programs conducted by Northeast
Utilities Service Company (NUSCO) in relation 1o
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
cundenser cooling and service water pumps; smaller
ones may be entrained through the condenser cooling-
water system, which subjects them 10 various
mechanical, thermal, and chemical effects; and marine
communities in the discharge area may be subjected
to thermal, chemical, and mechanical effects resulting
from the outflow of the cooling water. In addition,
occasional mainterance 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 Department of Environmental
Protection on December 14, 1992 1w Northeast
Nuclear Energy Company (NNECO), on whose
behalf NUSCO has undertaken this work. The regu-
lations in the permit allow the MNPS cooling water
o 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 supplving and receiving
waters, entrainment studies, and intake impinge-
ment monitoring. The studies shall include studies
of interudal and -ubtidal benthic communities,
finfish communities and entrained plankion and
shall inciude detailed studies of lobster populations
and winter flounder populations.

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

Furthermore, a 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, Ceruificate of Environmental
Compatibility and Public Need for an Electric
Generating Facility Identified as 'Millsione Nuclear
Power Station, Unit 3" located in the Town of
Walerford, Connecticut” and dated March 22, 1974),
This report satisfies the requirements of the NPDES
permit and of the CSC by updating and summarizing
various studies conducted at MNPS ihat were
presented most recently in NUSCO (1993).

Study Area

MNPS is situated on Millsione Point, about R 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 10 the west by Niantic
Ba 10 the east by Jordan Cove, and to the south by
Twutree Island Channel. The MNPS monitoring
programs sample a study area of approximately 50
ki that extends from the northem portions of the
Nia.“ic River and Jordan Cove 10 Giants Neck, 2 km
south of Twotree Island, and 2 km east of White
Point. Work takes place from the shom:line into areas
s deep as 20 m southwest of Twotree Island,

Swong tidal currents predominate in the vicinity of
Millsione Point and influence the physical charac-
teristics of the area. Average tidal flow through Two-
tree Island Channe! is approximately 3,400 m*sec!
and at maximum is about 8,500 m*-sec”! (NUSCO
1983). Current velocities are about 1 1o 1.8 knots in
the channel, slightly less (1 to 1.5 knots) ncar the
plant and in Niantic Bay, and relatively weak in
Jordan Cove and in the upper Niantic River. The
curreats are driven by semi-diurnal tides that have a
mean and maximum range of 0.8 and 1.0 m,
respectively. Thermal and salinity induced straufi-
cation may occur in regions unaffected by sirong tidal
currents. The greatest temperature variation has been
observed in nearshore areas where water temperature
can vary from -3 1w 25°C, salinity varies much less
and ranges from 26 10 30%o. The bottom is geacrally
composed of fine to medium sand throughout the
arca, but also includes some rock cutcrops and muddy
sand, especially near shore. Strong winds, particu-
larly from the southwest, 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
NUSCO (1983).

Introduction 1
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Bay
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Fig. 1. The area in which biological monitoring studies are being conducted 10 assess the effec’, oi *he operation of MNPS.

Millstone Nuclear Power Station

The MNPS complex consists of three operating
nuclear power units; a detailed descripuon of the
stauon 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 waler reactor that began commercial
operation in December 1975; and Unit 3 (1150-MWe
pressurized water reactor) commenced commercial
operation on April 23, 1986. Ali dwee units use
once-through condenser cooling water sysiems with
raled circulating water flows of 26.5, 34.6, and 56.6
m?-sec™! for Units 1 through 3, respectively.
Cooling water is drawn from depths of about 1 m
below mean sea level by separaie shoreline intakes
located on Niantic Bay (Fiy 2,. The intake
structures, typical of many coasta power plants, have
coarse bar racks (6.4 cm on center, 5.1-cm gap)
preceding vertical traveling screens 0 protect the

1 Moniwnag Swdies, 1993

plants from debris, Units 1 and 2 have always had
9.5-mm mesh traveling screens. Unit 3 originally
had 4.8-mm mesh screens, 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 return systems (sluiceways)
were installed at Unit 1 in December 1983 and at Unit
3 during its construction o return aquatic organisms
washed off the traveling screens back to LIS. The
nstallation and operation of these sluiceways have
minimized thc impact of impingement at MNPS
(NUSCO 1986, 19882). A chronology of significant
events associated with MNPS construction and
operation, including installation of devices designed
to mingate environmental effects and unit operational
shutdowns exceeding 2 weeks, are found in Table 1.
Capacity factors (electricity produced as a percentage
of maximum possible production) during 1993 were
92.8% for Unit 1, 82.5% for Unit 2, and 65.0% for
Unit 3.



TABLE 1. Chronology of major construction and operation events st MNPS through 1993,

Date Acuvity Reference*
December 1965 Construction initiated for Unit | NUSCO (197%)
November 1969 Construction initisted for Unit 2 began NUSCO (1973)
October 26, 1970 Unit | initial enucality; produced first thermal effluent DNGL
November 29, 1970 Unit 1 initial phase 10 gnid . DNGL
December 28, 1970 Unit | began commercial operation DNGL
January 15, 1971 w Febraary 22, 197] Unit 1 shutdown DNGL
Augusi-December 1972 Sorface boom at Unut | NUSCO (1978)
November 1972 Fish bamer installed a1 quarry cut NUEL
September 3, 1972 1o March 20, 1973 Unit | shutdown DNGL
November 1972 Unit 2 coffer dam removed NUSCO (1873)
April 18 10 July 28,1973 Unit | shuidown DNGL
Augusi-December 1973 Surface boom st Unit 1 NUSCO (1978)
July-December 1974 Surface boom st Unit 1 NUSCO (1978)
Seprember | to Novembe: 5, 1974 Unit 1 shuidown DNGL
Jaly-Ociober 1975 Surface boom st Unir | NUSCO (1978)
July 1973 Batom boom installed at Unit | NUSCO (1978)
August 5, 1975 Unit 3 coffer dam construction began NUEL
September 10 to Ocsober 20, 1975 Unit | shuidown DNGL
October 7, 1975 Unut 2 produced first effluent EDAN
November 7, 1975 Unit 2 initial ennicality; produced first thermal effluent EDAN
November 13, 1975 Unit 2 iwitial phase o gnd DNGL
December 1975 Unit 2 began commercial operation NUEL
March 19, 1976 Unit 3 coffer dam construction finished NUEL
June-October 1976 Surface boom a1 Unit 2 NUSC( (1978)
October 1 10 December 2, 1976 Unit 1 shutdown DNGL
December 20, 1976 10 January 20, 1977 Unit 2 shutdown DNGL
May 610 June 25, 1977 Unat 2 shutdown DNGL
June Ociober 1977 Surface boom &t Unit 2 NUSCO (197%)
November 20, 1977 1o May 1, 1978 Unit 2 shutdown DNGL
March 1010 April 15, 1978 Unit | shuidown DNGL
March 10 w May 21, 1979 Urit 2 shutdown DNGL
April 28 10 June 27, 1979 Unit 1 shutdown DNGL
August 1010 25, 1979 Unat 2 shundown UNGL
Nowember 1 10 December 5, 1979 Umt 2 shutdown DNGL
May 7 w June 19, 1980 Unit 2 shutdown DNGL
June 1 10 June 18, 1980 Unit | shutdown DNGL
August 15 10 October 19, 1980 Unit 2 shutdown DNGL
October 3, 1980 10 June 16, 1981 Unit | shutdown DNGL
Jenvary 210 19, 198) Unit 2 shutdown DNGL
December 5, 198! w March 15, 1982 Unit 2 shutde'vn DNGL
March 1981 Bowom boom removed m Unit | NUEL
Sepramber 10 10 November 18, 1982 Unit 1 shutdown DNGL
March 2 1o 1§, 1983 Unut 2 shutdown DNGL
April-Seplember 1983 Unat 3 coffer dam menoved, intake maintenance dredging NUEL
May 28, 1983 10 Janusry 12, 1984 Unat 2 shundown DNGL
Decernber 1983 Fish retumn system installed st the Unit | intake NUEL
August 1983 Second quarry cul opened NUEL
April 13 10 June 29, 1984 Unit 1 shuidown DNGL
February 1510 Jaly 4, 1985 Unat 2 shutdown DNGL
June 1985 Intake maintenance dredging NUEL
Seprember 28 10 November 7, 1988 Unit 2 sk utdown DNGL
Ociaber 25 10 December 22, 1985 Unit | shutdown DNGL
November 1985 Unit 3 produced first effluent EDAN
February 17, 1986 Unit 3 produced first thermal effluent EDAN
April 23, 1986 Unit 3 began commercial operstion DNGL

Introduction 3
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July 25 w0 August 17, 1986 Unit 3 shuidown
September 20 10 Pe~ear 18, 1986 Unit 2 shutdown
Decemnber 1 10 1¥, 1986 Unit 1 shuidown
January 30 1o Fe suary 16, 1987 Unit 2 shutdown
March 1410 April 10, 1987 Unat 3 shutdown
June § to August 17, 1987 Unit | shutdown
November 1, 1987 w February 17, 1988 Unit 3 shutdown
December 31, 1987 1o February 20, 1988 Unit 2 shutdown
April 14 0 May 1, 1988 Unit 3 shutdown
May 7-22, 19588 Unit 2 shutdown
October 23 10 November 8, 1988 Unit 3 shutdown
February 4 1o April 29, 1989 Unit 2 shutdown
April 8 1o June 4, 1989 Unit 1 shutdown
May 12 1o June 12, 1989 Unit 3 shutdown
October 21 w November 24, 1980 Unit 2 shuidown

March 3010 April 20, 1990

DNGL
DNGL
DNGL
DNGL
DNGL
DNGL
DNGL
DNGL
DNGL
DNGL
DNGL
DNGL
DNGL
DNGL
DNGL

Unit 3 shutdown; installation of some 9 S.mim intake screen panels DNGL

May 8 10 June 15, 1990 Unit 2 shutdown DNGL
September 14 1o November 9, 1990 Unit 2 shutdown ’ DNGL
February 2 w Apnil 17, 1991 Unit 3 shutdown; installation of new fish buckets and sprayers DNGL
April 7 10 September 2, 1991 Unit | shutdown DNGL
April 23 10 May 11, 1991 Unit 2 shuidown DNGL
May 26 w0 July 7, 1991 Unut 2 shuidown DNGL
July 25, 1991 1o February 6, 1992 Unit 3 shutdown; installation of new fish buckets and sprayers DNGL
August 710 September 11, 1991 Unut 2 shutdown DNGL
October 1, 1991 10 March 3, 1992 Unit 1 shutdown MOSR
November 6 1o December 27, 1991 Unit 2 shutdown MOSR
January 28 w February 14, 1992 Unat 2 shutdown MOSR
March 22 w0 Apnl 6, 1992 Umt | shutdown MOSR
May 16 w June 4, 1992 Unit 3 shutdown; installation of new fish buckets and sprayers MOSR
May 29, 1992 w January 13, 1993 Unut 2 shutdown MOSR
July 4 w0 August 15, 1992 Unit | shuidown MOSR
August 15, 1972 Compleied installavon of new fish buckets and | prayers a1 Unit 3 NUEL
September 30 10 November 4, 1992 Urat 3 ghutdown MOSR
July 31 w0 November 10, 1993 Unit 3 shutdown MOSR
September 15 w October 10, 1993 Unit 2 shutdown MOSR

* DNGL refers to the daily net generation log, NUEL to NUSCO Environmental Laboratory records, EDAN to the environmental data

scquistion network, and MOSR 10 the monthly nuciear plant operating status report.

MNPS cooling water is nominally heated in Units
1,2, and 3 from ambient temperature 10 a maximum
of 13.9,12.7, and 9.5°C, respectively. Each unit has
separate discharge structures that release the effluen:
into an abandoned granite quarry (ca. 3.5 ha surface
area, maximum depth of approximately 30 m). The
thermal discharge (about 11°C warmer than ambient
under typica! three-unit operation) exits the quarry
through two channels (cuts), whereupon the thermal
effiuent mixes with LIS water (Fig. 2). The cuts are
equipped with fish barriers consisting 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

4 Monitoring Studies, 1993

m of the quarry the surface-oriented plume cools 10
within 2.2°C above ambient. Beyond this distance
the plume is highly dynamic and varies with tidai
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 progra. 1, some of which have been
w.2oing since 1968. These long-term studies have
prov'ded the representative data and scientific bases
necessary 1o assess potential biological impacts as a
result of MNPS construction and operation. The sig-



Millstone
Nuclear
Power
Station

Niantic
Bay

Jordan
Cove

original cut

Twotree Island Channe!

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

nificance of changes found for the various commun-
ities and populations beyond those that were expected
1o occur naturally were evaluaied using best available
methodologies. Programs discussed below include
Winter Flounder Studies, Lobster Studies, Fish
Ecology Studies, Benthic Infauna, Rocky Intertidal
Studies, Marine Woodborer Studies, and Eelgrass.
Reporting periods for each section vary and were pred-
icated on biological considerations and processing
time necessary for sampies, 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 to best
define the season of interest for a particular species or
community.
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Fig. 3. Locations of selected three-unit thermal plume isotherms (1.5°F, 4°F, 6°F, and 8'F) under various tidal conditions.
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Lobster Studies

Introduction

The American lobster, Homarus americanus, is
one of the most valuable species in  the
Connecticut fishing industry (Blake and Smith
1984). Annual landings in Long Islans Sound
(LIS) of 0.8 to 2.7 million pounds from 1978 10
1993 yielded between 2.4 and 8.4 million dollars o
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 1993 were made in New London county,
which includes the Millstone Point area.

Lobsters are highly exploited throughout their
range and overfishing could impact recruitment
and lead to a decline in abundance of coastal
populations (Anthony and Caddy 1980). To
address the high fishing mortality rates, and 10
improve  larval  production  and  subsequent
recruitment, the New England Fishery
Management Council (NEFMC) recommended an
increase of minimum legal size of lobsters in
lobster produzing states. In Connecticut, new
lobster fishery regulations were implemented
beginning in 1988, which increased the minimum
legal size (carapace length) from 81.0 mm (3 '/,
in) 0 81.8 mm in 1989 (3 7/, in) and to 82.6 mm
(3 '/yin) in 1990. Increases in minimum legal size
should eventually improve yield per recruit, unless
an escalation of fishing effort offsets the benefits of
raising the minimum size. In 1992, while fishing
effort continued 1o rise, landings in the United
States and Canada substantially declined (down
13% and 20%, respectively) promjpting further
management action by the NEFMC. The Council
proposed an amendment to the American Lobster
Fishery Management Plan which incorporates
measures 10 reduce fishing mortality (eg.,
maximum size limit, trap limits, scasonal closures
and closed areas) if the management objective of
resource preservation is not met after three years.

The lobster fishery in Connecticut is almost
compleiely dependent on new animals that molt
into iegal size each year. Lobsters in the Millstone
Point area have been studied extensively since 1978
to determine if operation of the Millstone Nuclear
Power Station (MNPS) caused changes beyond

those expected from natural variabibity and the
high rate of fishing. The potential impacts of
power plant operations on the local population 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 1o the local lobster population
and thereby may alter recruitment patterns.

The objectives of the lobster program are 1o
evaluate year-10-year, seasonal, and among station
changes in catch-per-unit-effort, as well as
population characteristics such as size frequency,
growth rate, sex ratios, female size at sexual
maturity, characteristics of cgg-bearing females,
and lobster movements. Additionally, since 1984,
studies have been conducted during the hatching
SCAasOn (0 esumate the number of lobster larvae
entrained through cooling water systems. Impacts
associated with plant operations on the local
lobster population were assessed by comparing
resulis of the 1993 study (0 other 3-unit
operational study vears (1986-1992) and 0 data
collected during 2-unit operations (1978-1985).

Results from the 2-unit period were also compared.

to combined 3-unit operational data (1986-1993) 1o
assess impacts associated with the addition of
Millstone Unit 3. When appropriate, results of
our lobster study were compared o other studies
conducted in LIS and throughout the range of the
American lobster,

Materials and Methods

Full description of methods used 1o conduct
lobster population studies is in NUSCO (1982,
1987a).  Four pot-trawls, each consisting of five
double-entry wire pots (76 x 51 x 30 em; 2.5 cm’
mesh) equally spaced along a 50-75 m line buoyed
at both ends, were used 1o collect lobsters frem
May through October. Pol-trawls were set near
rocky outcrops at three stations (Fig. 1). Pots set
in Jordan Cove (average depth 6 m) were 500 m
east of the Millstone discharge. The Intake station
{average depth 5 m) was 600 m west of the
discharge near the power plant intake structures,
and the Twotree station (average depth 12 m) was

Lebster Studies 11
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Fig. 1.
IN= Intake, TT=Twotree

located south of Millstone Point, about 1600 m
offshore near Twotree Island. Beginning in 1984,
pots were individually numbered to determine the
varigbility in caich among pots, and o provide
more accurate values for catch-per-pot than an
average catch-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 work days of each
week. On each sampling trip, surface and botiom
water temperatures and salinities were recorded at
each station. Lobsters larger than 535 mm carapace
length were banded to restrain chelipeds, brought
10 the laboratory, and kept in three separate tanks
supplied with 3 continuous flow of seawater. After
lobsters were removed, pots were rebaited with
flounder carcasses and reset in the sume area. On
Fridays, lobsters caught that week were examined
and the following data recorded: sex, presence of
egps (berried), carapace length (CL), crusher claw
position, missing claws, and molt stage (Aiken
1973).  Lobsters were tagged with a senially

12 Monitoring Studies, 1993
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Location of the Milisione Nuclear Power Station (MNPS). and the three lobster sampling stations (@), JC=Jordan Cove

numbered inwrnational orange sphyrion tag
(Scarratt and Elson 1965; Scarratt 1970), and
relcased at the site of capture. Recaptured tagged
lobsters, severely injured or newly molted "soft)
lobsters, and those smaller than 55 mm CL ere
released untagged after recording the above da 4

Beginning in 1981, the size at which fema, s
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 (o the inflection point of the curve
obtained by plotting the ratio of abdominal width
10 carapace length against carapace length (Skud
and Perkins 1969; Krouse 1973).

Lobster larvae have been sampled from 1984 10
1993 during the period of their occurrence (May
through July) at the discharges of Units 1, 2 and 3.
Sampies were collected with a 1.0 x 6.0 m conical
plankton net of 1.0 mm mesh. The volume of
cooling water sampled was estimated from the
average readings of four General Oceanic
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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 sampies were collected four days a
week in all study years. Each sample was placed in
a 1.0 mm mesh sieve and kept in tanks supplied
with a continuous flow of seawater. Shortly after
collection, samples were sorted in a white enamel
pan; larvae were examined for movement and
classified as live or dead. Lobster larvae were also
classified by stage according to the criteria
established by Herrick (1911). The abundance of
larvae in entiainment samples was standardized as
the number of larvae per unit-volume. The
secasonal (May through July) mean density was
calculated as the mean of the assumed “deha”
distribution, referred to as A-mean (Penningion
1983; NUSCO 1988a). To estimate the total
number of larvae entrained, the A-mean density
was scaled by the total volume of water pumped
through the plants during the sampling period.
Impingement studies were conducted at Unit |
and 2 intakes from 1975 through 1987; results
summarized in NUSCO (1987a) inciuded 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 10
LIS (NUSCO 1986, 1987b). Subsequently,
NUSCO and the CT DEP agreed to discontinue
impingement monitoring (NUSCO 1988b).
Catch-per-unit-effort (CPUE, i.e., the number of
lobsters caught per pothaul) was used to describe
the annual abundance of lobsters in the MNPS
arca. Because these CPUE data are ratios, which
arc not additive and have an asymmetric
distribution about the arithmetic mean, the
geometric mean was the chosen statistic (o 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 legal-size lobsters in the MNPS area
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.e.,

many pots contained no legal-size lobsters), Both
geometric means of all lobsters and A-means of
legal-size lobsters were used (0 compare annual
variation in CPUE. In the following Results and
Discussion section, the geometric mean abundance
of all lobsters is called "mean total CPUE" while
the A-mean abundance of legal-size iobsters is
referred 10 as "mean lega' CPUE".  The
distribution-free, Mann-Kendal' 1est (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, Gilbert 1987).

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

C,=100e ™"

where C = cumulative percentage of molung
lobsters,
1= nme in weeks,
p= inflecton point scaled in weeks
from May 1st, and
k= shape parameter.

The first derivative of the Gompertz function with
respect 10 time yields a "molt frequency” function
which describes the distribution of annual molis.
The times of annual molting peaks were then
correlated with mean botlom water lemperature
during May 10 investigate a possible relationship
between water temperature and molting,

Results and Discussion
Temperature and Salinity
Water temperature and salinity were measured
on each sampling trip from May through October

(1979-1993). Monthly mean surface water
temperature at all stations ranged from 9.4 w
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TABLE 1. Mecan monthly surface and botiom  water
temperatures measured al each station dunng 2-uni (1979.85)
and Juni studies (1956 .93)

Temperature
Surtace Batiom
2-Unit 3-Unut 2-Unit 3 Unit
dordan Cove
MAY 102 124 A 99
JUN 151 171 139 144
JUL 195 208 180 181
AUG b Jo 222 199 200
SEP 203 214 19.2 192
ocT 68 1.2 160 161
Intake
MAY 101 111 03 161
JUN 149 15.7 il 14.7
JUL 192 194 18.3 184
AUG 207 210 201 202
SEp 198 201 194 195
OCT 16.1 165 159 161
Twotree

MAY 94 99 B9 94
JUN 142 7 137 14.1
JUL I83 IR4 177 17K
AUG 00 202 196 197
SEP 193 193 191 190
OCT 159 159 159 158

21.2°C during 2-unit studies and was lower than
the range of monthly means during 3-unit studies
(9.9-22.2°C, Table 1). Bottom water temperatures
ranged from 8.9 to 20.1°C during 2-unit studies and
from 94 1o 20.2°C during 3-unit studies. When
water temperatures from the three stations were
compared, the highest temperatures were recorded
at Jordan Cove during both 2-unit (10.2-21.2°C)
and 3-unit swdies (124-222°C).  In general,
temperatures (surface and bottom} at Jordan Cove
and Intake (46 m depth) were similar and
consistently warmer than at Twotree (12 m depth).
These temperature data agreed with results of
hydrothermal studies, which indicated that a 2.2°C
sotherm resulting from 3-unit operation could
extend tn1o the Jordan Cove area. In addition, a
0.8°C isotherm extends 600 m from the discharge
10 a depth of 3 to S m (NUSCO 1988¢), and may
reach the bottom 500 m from the discharge at the
Je.dan Cove and Intake sites where some of the
pot-trawls are deployed.
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Salinities were similar during 2-unit and 3-unit
operation;, mean  surface and  bouwlom  water
salinities ranged between 29.4 and 31.6° . Due to
the spring freshwater runoff, salimties were
generally lower at each siation in May and June

Abundance and Catch-per-Unit-Effort

Number of lobsters caught during 1993 (10,195)
was the second highest annual total catch observed
during either 2-unit (6,376-9,109) or previous 3-
unit (7,106-11,438) operational study periads when
20 traps were used at each station (Table 2). The
lower catches from 1978 10 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 1993 of 2.301 lobsters/pot was also
the second highest value reported since the study
began in 1978 (2-unit range 0.904-2.006; previous
3-unit range 1.531-2.457). In general, total CPUE
during 2-unit studies (1978-85) was lower (1.364)
than that observed during 3-unit studies (1986-93;
LB10), and a significant increasing  trend
(slope=0.048, p=0.03) was observed in the time
series (1978-1993) of total CPUE. The A-mean
CPUE of legal-size lobsters (2 82.6 mm) was (0.080
in 1993, which was within the range of values
reported in other 3-unit studies when the legal size
was 81.0mm (1986-88 A -mean range =0.079-0,086),
R1L8 mm (1989 A-mean=0.065) and 82.6 (1990.92
A-mean range=0.076-0091).  However, legal
CPUE during 1993 was lower than any legal CPUE
reported in 2-unit  studies (1978-85 A-mean
range=0.098-0.173). Legal caiches in our traps
have significantly declined since 1978 (slope =
0005, p=0.002), most likely due 10 a twofold
escalation in fishing effort since 1979 (NMFS
1993) and the increase in minimum legal size in
1988,

In our study area, more than 90% of the legal-
size lobsters had recently molted from the sublegal
size class. Since the legal size was increased from
B1L.Omm in 1988, through 81.8 mm in 1989, 10 82.6
mm at present, the A-mean CPUE for lobsters
z 81.0 mm (the old legal size) increased cach vear
from 1989 (0.112) 1w 1992 (0.208). The 1993
CPUE of lobsters 2 81.0 mm (0.197) was the
second highest reported in this study. The greater
CPUE of lobsters between 81.0 and 826 mm
indicates that the regulation increasing the legal
size has been effective, The increases in total



TABLE 2. Cateh statistics for lobsters caught in wire® pots from 1978 10 1993

Total number  Number pots
lobster caught hauled

Geometng
mean toial CPUL

95% )
2 K1 O mm

95% C1 Dielta
mean legal CPUE®
z810 2818 2 R4

1978 1824 1020 1.600 1.454 - 1.761 0173 0118 00% 0144 - 0.202
197¢ 3289 2051 1404 1302 - 1513 Q128 0101 0079 0107 - 0.148
1960 2456 216 1103 0997 . 1.22 0109 0076 0063 0092 - 0120
1984 2% 2187 0.904 0¥39. 0974 0098 0079 0069 0083 - 0113
1982 9109 4340 2006 19252089 0165 012 0100 0.144 . 0 180
1983 6376 4285 1.331 250 - 1418 Q048 0109 0.093 0128 - 0.168
1984 7587 4150 1,607 1540 - 1677 Q189 0120 0104 0.140 - 0,179
1985 7014 4467 1352 1252 - 1460 0108 080 0068 G090 - 0.120
1986 7211 4243 1.585 1501 - 1.673 0086 0060 G.049 0.074 . 0097
1987 7280 4133 1623 1.562 - 1.707 0079 0054 0.046 0070 - G08Y
1988 B87] 4367 1929 1846 - 2015 0.079 0052 0047 0068 - 0091
1989 7950 4314 1.729 1.645 - 1817 0112 0068 0053 0097 - 0126
1990 7106 4350 1531 1455 . 1610 016! 0102 0076 0143 . 0179
1991 7597 a404 1.542 1437 1654 0183 0117 0091 0159 - 0.200
1992 11438 4427 2457 2352-2%S 0208 0114 0.088 0186 - 0.229
1993 101958 4194 2.30i 2198 . 2408 0197 011l 0080 0.175 <0219
2-Unit 78.85 40201 25 1.364 1337 . 1403 01 0100 0083 0427 - 0.14)
3-Unii Bo-93 67648 s 1E10 1775 < 1840 0138 O0R4 00066 0131 - 0144

* 10 wire pots used ai each stanon from A:xguﬁﬂ?xmgh October 197K and from May through  October 197981 20 wire pols used at

cach station rom May (hrough October 198293

* The minimum legal-size from 1978 10 1988 was 81 0 mm (A Y, in), minimum legal-size was increased in 1989 1o 818 mm (3 "vp m)y. and
‘B o g o

n 1990 10 82,6 mm (3 '/, in)
4

CPUE during the past two vears, coupled with the
greater number of lobsiers between 81.0 and 82.6
mm observed in recent years, may lead 10 higher
legal catches in the near future as pre-recruit
lobsters (one or two molts from legal size) moht
into the legal size class, However, continued
increases in fishing effort may preciude any
increases in legal CPUE. A strong recruit class
was observed in 1982 and the percentage of legals
caught in 1983 increased by almost 3%. Record
landings were reported for LIS in 1983 and 1984,
Another strong recruil class was observed during
1988 and although the minimum legal size was
increased from 1988 to 1989, higher landings were
reposted in LIS in 1989 (2.7 million pounds)
compared 10 1988 (2.4 million pounds).

Total and legal CPUE at each station are
presented in Figure 2. Total CPUE of 2957
lobsters/pot a1 Twotree during 1993 was the
highest reporied in this study (previous range
0.988-2.941; Fig. 2). At the nearshore Jordan Cove
and Intake stations, the wial CPUEs during 1993
of 2.306 and 1.786, respectively, were within the

renge of CPUES reported since 1978 (Jordun Cove
0.753-2.642 and Intake 0.920-1.908). A significant
increasing trend (from 1978 10 1993) in 1otal
CPUE was identified at Twotree (slope=0.101,
p=0.003). No trends in 1otal CPUE were evident
at Jordan Cove or Intake. The patiern of legal
CPUE among stations during 1993 was similar 10
that of total CPUE. Legal CPUE (lobsters 2 826
mm) was highest a1 Twotree (0.107) and lower at
the nearshore Jordan Cove (0.065) and Intake
(0.069) stations.

Seasonal patterns of lobster abundance have
been observed since 1978, in general, looer
caiches (total and legal) were highest in June or
July, and lowest in Ociober. During 2-unit studies
(1978.85), overal) total CPUE was kighest in July,
whereas peak cuckes occurred carlier (June)
during 2-unit studies (1986-93; Fig. 3). Similarly,
the abundance of legal-size lobsters peaked in June
during 3-unit studies, which was earlies than during
2-unit studies (July). Catchability of lobsters s
directly influenced by water temperature, when
water lemperature rises above 10°C, lobster activity

Lobster Studies 15

R T .



JORDAN COVE I8
J ek
Y osaf
/ ox §
'\MM ' 0N -
T { ors T
ol By {
t.{ { 0w |
. © 1
°°l"i'i,° o loos |
o9 .
000
7870 B0 B A2 B B4 A5 B8 AT 88 8% W0 6 37 W
32 .50
300 INTAKE .
nl"b e
2% §
l 228 03 <
~ 200 T o o
1 v
§ g . 4 /{\1 028 §
bR L \k / "f/ 1 / e b
- INYAP AT
S o0 N . Yl r l 018 5
onl * b0 Lad N 6o |
o } & x ‘;l f’{i : | P o8 ’
025 ] L 2 o o e © -~
0.00 000
78 76 80 B) £1 8 B4 S 86 87 88 85 90 §) 97 9)
ams . — 030
et TwOIRCE 048
-~ :; [ low &
l 128 ‘\ % 4 ( oug
~ 200 o l‘\L l o3 a
/
NS
g'” * ! Y "1 J e:si
190 } i S ®
I e &
o I WP N Rl B l -
Sl DA T T b
Lied U B T °fi.l e oo low |
§ow o i1 e ;
0% oas |
e 000

TWIHO0E) 828840506 LT BN WS B W)

Fig. 2. Mean total CPUE (geomeinic mean = 95% C1) and
mean legal CPUE (A-mean = 95% C.1) for lobsters 2 81 0 mm
caught at each station from 1973 10 1993 (O=4-mean legal
CPUE for lobsters 2 826 mm)

(e.g., feeding, movement, and molting) increases
(McLeese and Wilder 1958, Dow 1966, 1969, 1976,
Flowers and Saila 1972: NUSCO 1993).
Accordingly, warmer sca temperatures during the
3-unit study period (1986-92), relative 10 the 2-unit
studies (1978-85; Table 1), may be responsible for
the earlier peaks in lobster abundance.

The inherent variability in lobster catch
associated with the use of passive gear (lobster
traps) was examined in our study. In addition 10
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Fig. 3. Monthly mean total CPUE and mean legal CPUL for
lobsters 2 81.0 mm caught during 2-uait studies (1978.1985) and
3-unit studies (1986-1943)

the significant (p<0.05) variation in lobster catch
among the 20 traps used at each stauon, the
incidental catch of other species in the traps was
shown 10 influence lobsier catches in previous
studies (NUSCO 1987a, 1993). During 1993,
lobster CPUE was influenced by catches of spider
and hermit crabs at Intake, and of whelks and
spider crabs at Twotree (Table 3). No species
affected lobster catch at Jordan Cove during 1993,
Spider crab catches at Intake continued to be high
during 1993 (n=9253) and have influenced
lobster catches in all but one vear since 1984,
Additionally, catches of whelks have had a
significant influence on lobster CPUE in seven
previous study yvears (Table 3). incidental catches
of other species influence lobster caiches by
occupying space in the trap, consuming the bait
and blocking the entrance to the trap. Throughout
the North Auantic Ocean, researchers have
demonstrated competition, niche segregation and
interactions between lobsters and crabs in field and
laboratory studies (Richards et al. 1983; Cobb et
al. 1986; Richards and Cobb 1987, Hudon and
Lamarche 1989, Miller 1989).

Population Characteristics
Size Frequency

The mean carapace length (CL) of 70.8 mm
during 1993 was larger than the range of previous
3-unit CLs (69.5-70.2 mm) but within the range of
CL means reported in 2-unit studies (range of
70.7-71.8 mm; Table 4). Legal-size lobsters (2 82.6




TABLE 3. Total rumber of lobsiers and incidentar catch of other species caught in traps lrom 19841943

1984 1985 1986 1987 1988 1989 1990 1991 1992 1993
Lobster 7587 7014 721 TR0 RR7} 7910 7100 7897 11438 10195 ;
Rock, Jonah crab 465 \m 158 108 79 S83* 843 1063* 2033 1130 ‘
Spider crab 3237 1950 1344° 1754 7238 6938 11228 976" 13086 10722* 1
Hermit crab 428 496* 435 k7l 711 590 470 a2 256 403 '
Hlue crab 40 21 26 44 n 43 63 148 110 70
Winter flounder 45 a0 19* 0 28 K 13 2 10 11 ,
Summer Nounder 60 24 s 35 28 4 16 1o 14 1 :
Skates 15 17 31 14 16 4 40 47 53 47 '-
Oyster toadlish 7 67 M 14 1 10 16 2 10 ¥ !
Scup 27 90 288 169 97 Rd am 176 18§ s ]
Cunner 141 207 206 167 181 o7 N 76 152 7 ;
Tawtog 39 250 196 208 44 R 50 a ] 119 |
Sea raven 20 19 6 2 0 2 4 1 0 0 :
Whelks ob 78 164* 1324 27 R4 44 S6° 178 b7* :

(*) Covaniance analvsis identified these catches as sigmlicam Lactors aflecting lobster CPLUIE (p<u08)

TABLE 4. Summary of lobster carapace length statistics for wire pot catches from May through Octaber. 19781993

N* Carapace tength (mm) Percentage of '-
Range Mean295% CI legal sizes® :
2810 2 BB 2826 -
1978 1508 3111 714 2033 18S9 48 .;
1979 2840 44100 72202 6 66 51 .
1980 2531 40-96 0.7 2027 64 S0 4 :
1981 1983 1396 702033 88 76 6b ;
1982 7538 45103 WE = 018 81 37  an :
1983 5432 40121 1.7 2 019 91 14 63 :
1984 6156 45.107 TR 2 1K 8) % &4 ]
1985 $123 38.10] A= 00 $9 S1 4 !
1986 5961 36107 01 2017 44 e A ‘
1987 5924 6.9 W22 01? 9 2 = :
1988 7145 297 695 = 016 & 2 23 'I
1989 6718 34107 699 2 017 45 AS v J
1990 6040 36102 702 2 020 19 59 48
1991 6449 3101 0.2 2 020 S 65 S0
1992 9594 20:103 701 = 0158 64 43 A3
1997 8487 30102 708 * 018 T 4s A2
2:-Unit 7885 34014 38121 71.3 2 007 15 6.3 53
3Unis 8692 $6318 20107 01 2 006 7 43 a3

* Recaptures not included.
* The minimum legal size from 1978 10 1988 was &1 0 mm (3

i 1990 10 826 mm (3 '/, in)

mm) comprised 3.3% of the total catch during
1993, which was within the range of catch
percentages reported from 1986 10 1988 (3.2-4.4%)
when the legal size was 81.0 mm and from 1990 10
1992 (3.3-5.09% ) when the legal size was 82.6 mm.

Y6 ). ounimum begal size was increased in 1989 (0 81 8 mm (3 33 W), and

However, the 1993 percentage was lower than the
3.5% reporied in 1989 when the legal size was 81.8
mm. Both the percentage of lobsters in each legal |
size category (i.e, 81.0, 81.8 826 mm) and mean l

carapace length were lower during 3-unit studies

Lobster Studies 17



obster can ngth statistics for wire pol eatches from Mav through Oclober, 1978 1993,

JORDAN Ne Carapace length (mm) Percentage of
COVE Range Mean = 95% Cl legal sizes”
2810 >RIR 2810
1978 48y 54111 703 = 054 A9 as b
1979 1138 4690 7.7 2039 67 57 42
1980 831 4093 0.2 % 0AS 48 35 258
1981 556 4593 06 = 064 1.2 6.7 59
1982 2323 4990 694 & 026 47 40 2
1983 1965 40100 710z 032 82 6.5 55
1984 1999 52.107 0.7 2029 $7 44 4.0
1985 1722 4890 711 =032 59 50 4.1
1986 1748 3899 698 = 031 s i6 p
1987 1690 4495 702 x 032 A7 30 235
1988 239 21-97 692 = 029 KR ) a7 23
1989 2077 3698 698 = 030 40 0 26
1990 2108 3694 694 = 013 70 49 4.0
1991 1834 38101 693 = 0.3 Th 6.) 48
1992 31258 20-103 690 = 027 . 37 28
1993 2627 44-102 700 % 028 65 43 2.7
2-Unn 78-85 11023 40-111 W06 = 013 o0 49 41
3lni 8693 17448 20103 093 = 0.11 32 338 3
INTAKE
1978 (SR §5-110 718 = 050 9.2 o7 $.7
1979 1087 50-100 714 = 041 16 66 S4
1980 855 46-95 706 = 045 56 43 36
1981 Hise 4365 692 % 053 44 4 -
1982 2302 51103 W02 202 50 4.1 2
1983 1436 52110 N2 =037 6.8 5S 49
1984 1830 45105 705 = 032 6.1 49 2
1985 1218 4499 7.2 2 037 5.6 44 43
1980 IRR& 50-107 693 = 031 44 in 30
1987 1687 47.94 0.2 2032 47 5 Ao
1988 2253 3995 M2 2 627 29 20 1%
1989 2005 0N G940 2 032 40 30 2.4
19% 1721 3102 694 = 030 61 44 Al
1991 1877 31100 689 2 03¢ 0 51 A6
1992 2578 2297 695 = 029 6.4 46 As
1993 2278 47.98 70.0 2 0.3 67 .
2-Unut 7885 10156 43110 70.7 = 013 6.0 4y 42
Iiinit 8693 16281 22:107 694 & 011} 52 Ay 30
TWOTREE
1978 3N $3.94 722 2 0067 94 7K 50
197¢ 621 4404 718 2 058 9.0 81 60
1980 BiS 4094 .32 049 88 71 60
1981 741 48 - T30 = 0584 142 22 o4
1982 e 45102 20 = 028 94 L8| 0
1983 203] 43121 RNz L] 9.3 81
1984 2327 S0-108 BTz 62 134 1.7 103
1985 2780 38-101 718 2 025 6.1 52 a4
1986 2328 3697 7102027 53 44 36
1987 2547 399 702 = 027 16 3 p!
1988 2653 36 95 00 = 627 AS 30 28
1989 2633 34107 706 = 028 54 42 34
1990 2211 39-102 71.7 2 033 100 79 64
199 2738 3898 ez 030 105 12 6.2
1992 3894 3296 M3z 0 11 4.5 s
1993 ASRS .92 82 023 6.7 46 1
2:Unu 7885 12835 3810 232012 10.0 RS 13
3 Unit 8693 22586 30107 L) = 040 05 49 14

* Recaptures not included ° The minimum legal size (rom 1978 10 1988 was 8LOmMM (3 7, n) annemum legal siz¢ was indreased in 1989
10 818 mm (3 Yy, in). and 10 1990 10 826 mm (3 ', )
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(5.6%, 42%, 34% and 70.0 mm, respectively),
t.an during 2-unit studies (7.5%, 6.3%, 5.3%, and
71.3 mm). The percentages of legal lobsters in our
catch have significantly declined since 1978
(slope=-0.328, p<(.01), probably due 10 increased
fishing effort, which has more than doubled since
1978 (Blake 1991; NMFS 1993),

Carapace length statistics of lobsters caught at
each station (Table §) followed trends similar to
those observed for the total catch. Largest lobsters
were caught at Twotree (mean CL range 70.0-73.7
mm) and the mean size ranges uf lobsters caught
at the nearshore Jordan Cove and Intake stations
were 69.2-71.1 mm and 68.9-71.8 mm, respectively.
The mean CL at Twotree during 1993 (71.9 mm)
was the largest observed in 3-unit studies (70.0-
71.7 mm), while those at Jordan Cove and Intake
were within the range of previous 3-unit studies
(Table 5). Mean lobster size at all stations was
larger during 2-unit studies than during 3-unit
studies (Jordan Cove 70.6 vs, 69.5, Intake 70.7 vs,
69.4, Twotree 72.3 vs. 71.) mm}. The percentage
of legal lobsiers was also greater during 2-unit
studies; at both Jordan Cove and Intake, 6.0% of
the catch was legal size (2 81.0 mm) during 2-unit
studies and 5.2% during 3-unit studies (Table 5).
The Twotree station consistently vielded more
legal-size iobsters than did nearshore sites; 10.0%
of the catch was legal size during 2-unil studies
and 6.5% during 3-unit studies. Since 197, legal
catches at each station have significantly declined
and lobstermen in our area have reported a 15
20% decline in their legal caiches over the past
few years. Larger declines (50%) were reported
from lobstermen west of the Connecticut River. In
1992, substantial declines in landings were
observed throughout the range of lobsters (US.
-13% and Canada -20%; NMFS 1993).

Sex Ratios

The sex ratio of lobsters collected during 1993
was (.84 females per male. compared 10 a range of
0.71-0.88 in prior years of 3-unit operation and
0.79-0.97 during 2-unit operation (Table 6). Sex
ratios during 1993 at the two nearshore sites,
Jordan Cove (0.47) and Intake (0.59), were within
the range of previous 3-unit studies (0.43-0.71 and
0.47-0.73, respectively), but below the range of 2-
unit studies (0.60-0.79 and 0.66.0.97, respectively)
Female to male sex ratios al Twotree have

TABLE 6. Female 1o male sex ratios” of lobsters caught in
wire pots from May through October, 19781993,

Jordan Intake Twoiree All
Cove Stations

1978 0% 097 102 0wz
197% 0.68 083 1.18 082
1980 .66 .90 11§ O.B8
1981 070 071 119 G586
JUR2 0.62 .66 109 07
1983 072 067 .28 087
1984 060 071 1.28 682
1985 070 067 1.38 097
1986 .65 073 1.26 087
1987 0.71 0.63 24 088
1988 068 0.72 1.15 0.88
1989 0.64 068 1.08 079
1990 0.60 068 090 oM
199} TRy 087 1.13 u.74
1992 043 047 1.4% 073
1993 047 Ay 159 (TE)
2-Unn 78-8% 067 0.72 1 0 Ry
3-Unit 86-93 0.56 062 124 0RO

* Recaprures not included

increased each year over the past four years, with
the 1993 sex rauo of 1.59 the highest reported in
this study (previous range 0.90-1.45). The overall
ratio of females 10 males was higher during 2-unit
studies (086 female per male) than during 3-unil
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, higher than the
ratios  during 3-unit studies (0.56 and 062,
respectively), but at Twotree, the female-10-male
ratio was lower during 2-unit (1.21) than during 3-
unit studies (1.24).  The occurrence of more
females than males at Twotree has remained
consistent since 1573 and different from sex ratios
at other stations (Keser et al. 1983). Female-10-
male ratios of lobsters caught by commercial
lobstermen in LIS ranged between 1.06 and 1.81]
(Smith 1977) and more recently, Blake (1988)
reported higher sex ratios of lobsters caught in the
eastern LIS commercial fishery (range 2.61-6.29).
Several factors have been suggesied 10 cause 4
predominance of females in the commercial
fishery: differences in female Jobsier behavior
related 10 molting and reproduction, fishery
regulations designed 1o protect egg bearing
females, and the fact that mature females molt less
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frequently than males (Ennis 1980). The overall
sex ratio of lobsters in the MNPS area is close 1o
the 1:1 sex ratio reported by other researchers for
predominantly subiegal (< 810 mm CL)
populations of lobsters (Herrick 1911; Templeman
1936; Ennis 1971, 1974; Stewart 1972; Krouse
1973; Thomas 1973, Cooper ¢t al. 1975, Briggs and
Mushacke 1980).

Reproduction

Several methods have been used to determine
the size at which females become sexually mature,
with the presence of external eggs the obvious
indication of female lobster maturity. Additionally,
the method first described by Templeman (1935) is
that female abdominal width markedly increases
during maturation. Calculation of the abdominal
width to carapace length rano and comparison 1o
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 calculaied for each S mm CL and plotted
against the carapace lengih of lobsters collected for
2-unit (1981-85) and 3-unit (1986-93) operations
and for 1993 alone (Fig. 4). During 1993, females
began 1o 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 4 indicates that female size at sexual
maturity was similar during both operationgl
periods. The size of the smallest berried females
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Fig 4 Morphometne relationship between th2 abdommal widih
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during 1993 (0 © ©)
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collected in 2-unit (62 mm) and 3-unit studies (60
mm) supported the results of the morphometric
relationship between the abdominal width and
carapace length. These individuals were between
50-55 mm CL when oviposition first occurred
(assuming 14% growth per molt). Briggs and
Mushacke (1979), using the same morphometric
technique, found that females in western LIS begin
10 mature at 60 mm CL and most are mature at
about 80 mm CL. In contrast, Gulf of Maine
females seldom become sexually mature at less
than 81 mm CL, and only a small percentage are
mature between 81 and 90 mm CL (Krouse 1973;
Krouse et al. 1993), Earlier maturation of females
in LIS than in the Gulf of Maine can be autributed
10 the warmer LIS water temperatures (Smith
1977. Aiken and Waddy 1980). The sexual
maturity of males was not investigated in our study
because other researchers documented that the size
at which males become mature varies only slightly
throughout the range of lobsters. In western LIS,
males are mature (i.e., produce malure
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 (0 mature at relatively small sizes
(50% mature at 44 mm CL: Krouse 1973).

The percentage of berried females coilected
during 1993 was 12.2%, which was the highest
value reported sinee the study began in 1978
(previous range 3.1-12.1%; Table 7). More berried
females were caught at Twotree (19.4%) than at
the nearshore Jordan Cove (3.1%) or Intake
(2.7%) stations; this distribution pattern has been
consisient since 1975 (Keser et al, 1983). The
percentage at Twotree was the highest since the
study began (previous range 5.3-19.3% ), while the
percentages at Jordan Cove and Intake were within
the range of previous 3-unit (24.3.4% and 1.5-
40%, respectively) and 2-anit percentages (0.8
3.6% and 0.9-4. 5%, respectively). The percentage
of bernied females was higher during 3-unit (7.7%)
than during 2-unit operauons (4.3%). The mean
carapace length of 75.6 mm for perried females
collected during 1993 was within the range of
average sizes reporied 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 7). On average,
berried females collected during 3-unit studies
were smaller (76.5 mm) than during 2-unit studies
(794 mm), duc W the larger proportion ol
sublegal-sized berried females collected since 1986,
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TABLE 7. Percentage of berried females caughl at each station and annual carapace length statistics from 1978.93

ma
All Jordan Intake Twotree N? Carapace Lengih (mm)  Percentage of
stations Cove Range Mean = 95% C.1 sublegal sizes”
<Bl0 <Kl R «<8ls
1978 34 14 26 53 58 74 - 88 801 = 104 13 78 (]
1979 31 19 27 7.2 0 64 - 93 805 = 128 59 64 70
1980 33 35 18 56 71 66 - 93 7.1 2 137 70 73 79
1981 42 16 2.7 71 82 69 - 97 812 %138 88 59 62
1982 31 08 0y 6] 108 64 - 99 800 = |08 60 60 70
1983 47 21 32 83 123 66 - 103 805 = 1.04 63 65 67
1984 62 36 as 10.6 173 62 - 95 791 = 087 69 7 76
1985 6.2 35 45 8S 171 63 - 94 770 = 081 82 85 Ro
1986 48 30 23 8.0 135 65 - 94 780 2 095 n 80 83
1987 5.7 .2 19 96 158 62 - 90 705 = 067 92 L 4 93
1988 38 2 19 64 124 63 - 90 769 = 082 8 % %W
1989 54 i8 33 & 161 65 - 98 773 =078 2 8s B8
1990 6.6 2.7 40 112 165 65 - 102 7.1 = 082 75 B! &7
1991 82 32 1.5 13.5 226 62 - 9% TR0 =078 ke | i 82
1992 12.1 34 1.7 193 491 60 - 93 7532 044 8Y 92 94
1993 32 31 27 194 476 62 - %0 756 2 043 L) 9] 93
2:Unit 7885 43 20 22 71 850 62 - 103 794 =039 68 n 74
3.Unit 8693 1.7 29 24 128 1936 60 - 102 76.5 = 023 ) L

* Recaptures not included.

® The minimum legal size from 1978 10 1988 was 1.0 mm (3 ¥/, in), minimum legal size was incressed in 1989 10 818 mm (3 ’r‘,, in). and

in 1990 10 826 mm (3 '/, n)

During 1993, 93%% of the berried females were
below the minimum legal size of 82.6 mm. High
rates of fishing remove most females shortly after
they reach legal size or after berried females
relcase eggs. The apparent stability of the LIS
lobster  population, despite current  high
exploitation rates, may be due t0 the fact that
females become mature and bear eggs at sizes well
below the legal size. While undocumented, stock
mean fecundity may be lower, as a result of relying
on smaller berried females to sustain recruitment,
which could affect the jong-term health of the LIS
fishery. The regulation to increase the minimum
legal size appears 10 be effective as the percentage
of berried females in our catch has increased each
year. The increase in minimum legal size should
improve egg production and  subsequent
recruitment by allowing more females to spawn
before reaching lega! size. However, if fishing
effort continues to escalate, higher yields (CPUE)
due 1o increased egg production may not
materialize.

Molting and Growth

The most important factor regulating molting
and growth of lobsters is temperature (Aiken
1980), resulting in variable seasonal and annual
catches of soft or newly molted lobsters. During
1993, the majority of molting lobsters were caught
from late spring (end of May) to early summer
(middle of June). However, in several of the
previous study years, a second peak in the catch of
molting lobsters was observed in autumn (Keser et
al. 1983). The frequency and timing of Jobsicr
molts were examined using the Gompertz growth
function fitted 10 cumulative percent-mol! dzata for
2- and 3-unit studies (Fig. 5). The inflection
points of the growth curves were used 1o esiunale
annual dates of peak moiting. Annual molting
peaks were significantly (p<0.05) correlated with
mean May bottom water iemperatures and
indicated that molting occurred earlier when May
water temperatures were warmer than average,
Conversely, peaks occurred later when waler
temperatures were colder than average. Peak molt
during 2-unit studies occurred on 27 June, which
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Fig. 5. Mol frequency curves estimated from the Gompertz
function for lobsters caught during 2-unit studies (1978-85; —)
and 3-unit studies (198693 - - - ).
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Fig 6. Relationship between the date of peak moling (1 from
the Gompertz function) and annual mean boltom water
temperature during May
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Fig 7. Linear regressions and parameter estimates {or catapace lengths 81 tagging and recapiure tmes tor mile and female lobsters caught
dunng 2-unit studies (197885, —), 3-unil studies (198692, - - <), and dunng 1993 (O).

was nine days later than the peak molt observed
during 3-unit studies (18 June; Fig. S5). the
corresponding average bottom water temperatures
during May of the two study periods were 9.2°C
and 9.9°C, respectively. During 1993, the peak
molt occurred on 15 June when May water

22 Moniioring Studies, 1993

temperatures averaged 10.1°C.  The earliest
molting peak occurred on 12 June 1991 and the
latest on 3 July 1982, the average boutom water
temperatures during May in those years were
108°C and B87°C, respeciively (Fig.  6)
Templeman (1936) correlated the tuming of molis
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TABLE 8. Summary of lobster growth (in mm and as & percentage) al each station for wire pol catches from May through October 1979

10 1993
Ve Intake Iwolrey
Growth Growth Growth
N (mm) Percentage N (mm) Percentage N (mm) Percentage
1979 33 73 106 22 B R 128 21 111 163
1980 38 86 21 21 87 12.5 13 10 148
1981 29 79 118 24 89 131 40 103 154
1982 44 9.0 133 55 78 120 9 91 132
1983 40 8.8 134 23 95 142 71 96 14.5
1984 RS 90 138 44 78 123 74 BE 129
1985 63 84 2R 25 BK 137 p& 80 11.7
1986 61 91 135 39 7.5 116 6 Ko 129
1987 7 79 120 41 Ko 128 67 Y 132
1988 93 85 128 58 98 152 104 Yo 47
1989 2 93 143 72 9.5 144 B 22 14.1
1990 9 9.1 139 51 932 142 hi 102 155
1991 57 L] 126 68 89 134 ol 98 14.7
1992 107 89 138 48 L3 132 81 94 146
1993 68 8.5 130 s B4 127 76 R6 132
2-Unit 79-85 336 86 29 4 BS 128 417 9.3 136
3. Unit 86.92 632 87 136 409 59 130 60 93 14.]

with summer water temperatuses in the Canadian
Maritimes and suggested that a 1°C drop 1n water
temperature delays the first molting period by a
week or more. The influence of varying water
temperature on the molt cycle was examined by
Aiken and Waddy (1980). Moreover, at 10°C
lobsters quickly entered the premolt stage and
progressed 10 ecdysis.

Lobster growth was determined from carapace
length measurements of those lobsters thar had
molted between tagging and  recaplure,
Incremental growth per mol for the size range of
ichsters caught in our studies is best described
using simple linear regressions (Wilder 1953;
Kurata 1962; Mauchline 1976). Regression plots
and parameler estimates of growth for males and
females caught during 1993 and in 2-unit and 3-
unit studies are presented in Figure 7. Growth
increments averaged 8.9 mm (13.3%) and 8.7 mm
(13.0%) for males and females, respectively during
2-unit studies, which was smaller than the average
incremental growth during 3-unit studies (males
9.1 mm, 13.7%; females 89 mm, 13.7%). The fact
that females exhibited slightly lower growth was
expected because of their reproductive covcle;
energy that could be used for carapace growth 15

diverted 10 widening of the abdomen and
development of ovaries. Growth incremenis at
cach stauon were shightly Jarger during 3-unit

studies than during 2-unit studies (Table 8).

Growth per molt was higher at Twotree during 2-
unit (9.2 mm, 13.6%) and 3-unit studies (9.3 mm,
14.1%), than at the nearshore stations, Jordan
Cove (2-unit 86 mm, 129%: 3-unit 87 mm,
13.6%) and Intake (2-unit 8.5 mm, 12.8%; 3-unit
89 mm, 13.6%. Table 8). Lobsier growth
determined from our tag and recapture studies is
similar to that from other studies conducted in
eastern LIS, where growth has averaged between
12.7% and 15.8% for males and beiween 12.8%
and 15.4% for females (Stewart 1972; Blake 1991).
In western LIS, growth per molt ranged between
13.0 and 14.5% for males and between 12.5 and
13.5% for females (Briggs and Mushacke 1984;
Blake 1991). Offshore lobsters were reported 10
exhibit larger growth (18.7% for males and 16.7%
for females) than inshore lobsters, which was
altributed 10 seasonal migration of offshore
lobsters 10 maintain a temperature regime of
between 8 and 14°C (Cooper and Uzmann 1971,
Uzmann et al. 1977)
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TABLE 9. Percentage of cuils (lobsters missing one or both
claws ) caught in wire pots from 19781993

Jordan Intake Twolree All

Cove Stations
1978 215 147 98 155
1979 173 178 88 155
1980 135§ 164 104 134
1981 134 167 73 123
1982 139 141 70 113
1983 146 153 B.2 124
1984 115 15.1 6.6 108
1985 151 139 12 111
|1 98 109 147 HR 6o
1987 119 147 0.2 103
198K 137 136 6.5 i1l
1989 144 143 &8 22
1990 123 16.2 &1 119
1991 145 140 2 118
1992 114 29 6Y 10.0
1993 112 126 1.7 101
2-Unit 78.85 144 152 7.6 121
3-Unit 8693 125 140 74 109
Culls

The percentage of lobsters missing one or both
claws (culls) was 10.1% of the total catch during
1993, which was within the range of previous 3-
unit studies (10.0-12.2%), but lower than the
values reported in 2-unit studies (10.8-15.5%;
Table 9). During 1993, Twotree had the Jowest
percentage of culls (7.7%), followed by Jordan
Cove (11.2%) and Intake (12.6%), this ranking of
the three stations has remained unchanged since
the study began (NUSCO 1987a, 1993). Claw-loss
was lower during combined 3.unit studies (10.9%)
than during the 2-unit study period (12.1%), likely
due 10 the implementation of the escape vent
regulation in 1984, This regulation requires that
pots contain a 1%, by 6 inch opening 10 allow
escape of sublegal-sized lobsters, and thereby
reduces injury and mortality associated with
overcrowded pots (Landers a* 4 Blake 1985). Trap
related injuries were associated  with  water
temperature, fishing pressure (e, handling by
lobstermen), trap soaktuime, and shell hardness
(Pecci et al. 1978). Of these factors, a positive
correlation between fishing pressure ind  the
incidence of culls along the coast of Maine was

24  Monitoring Studies, 1993

demonstrated by Krouse (1976). Throughout New
England, researchers have reported the benefits of
incorporating escape vents in lobster traps (Krouse
and Thomas 1975; Fair and Estrella 1976; Krouse
1978; Pecci el al. 1978, Fogarty and Borden 1980,
Krouse et al. 1993).

Tagging Program

The number of lobsters tagged during 1993
(8,177) was within the range of previous 3-umi
years (5,680-9,126), but higher than the 2-unil
study range of 2,768 10 7,575 (Table 10). The
percentage recaptured in our traps was 20.9% and
within the recaptire rates observed in both 3-unit
(18.3-25.2) and 2-unit studies (14.4-23.9%; Table
10). Relative 1o recaptures in NUSCO traps, the
percentage recaptured in commercial traps was
smaller (14.89%) during 1993 and this value was
lower than percentages reported since 1978
(previous  range 17.0-47.6%). The overall
percentage recaptured in NUSCO traps was 2%
higher during 3-unit than during 2-unit Studies,
whereas  the  percentage  of  recaptures by
commercial  lobstermen  declined  from  33.0%
during 2-unit studies 0 184% during 3-unit
studies. The shift in percentages recaptured in
NUSCQ and commercial traps during 2- and 3-unit
operations appears due 10 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. Conversely, NUSCO traps do
not have escape vents and retain greater numbers
of tagged sublegal lobsters. The mean CL of
lobsters recaptured in NUSCO and in commercial
traps during 1993 were 734 and 791 mm,
respectively, both values were within the range of
those in previous 2-unit and 3-unit studies (Table
10).  Differences between the size of lobsiers
recaptured in NUSCO and in commercial traps
during the two operational study periods were also
due to the implementation of the escape vent
regulation. The overall mean CL in NUSCO traps
was smaller during 3-unit (72.8 mm) than during 2-
unit studies (73.9 mm) and larger in commercial
traps during the two operationsl study periods
(79.0 vs. 77.1 mm). Belore escape venls were
required  (1978-83), commercial  lobstermen
recaptured many of the sublegal-sized tagged
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TABLE 10, Lobster tag and recapture siatistics for NUSCO pots (May-Oct ) and commercial pots (Jan -Dec ) from 1978 10 1993

NUSCO Commereial
Number  Number Percentage Percentage  Mean Number  Percentage  Percentage Mean
tagged  recaptured recaptured legal® CL{mm) recaplured  recaplured legal® Cl(mm)

1978 2768 498 180 16.7 755 884 e 4306 81.1
1979 3N 22 19.4 1.5 751 1778 476 N2 776
1980 3634 §22 144 IR8 5.7 1363 75 7.8 764
1981 4240 707 167 120 48 1484 s 259 76.3
1982 7578 1282 169 104 73.2 2519 332 230 258
1983 S160 932 181 113 736 o6 430 276 79
1984 5992 1431 239 N4 720 1290 218 343 788
1985 5609 1216 27 2.7 732 1185 211 293 781
1986 5740 1194 208 47 723 1177 204 218 782
1987 5680 1356 239 55 728 1160 204 233 89
1968 6837 1725 25.2 43 720 1383 0.2 26.7 TR0
1989 6438 1233 19.2 4493 729 11823 184 0.7 (248) ™2
1990 574) 1066 186 55027 733 1007 1758 26:5 (12.8) 7.3
1991 6136 1109 18.1 T4 (139 T34 1228 200 139 (415) 808
1992 926 1842 202 39093 724 1552 170 233 (285) 79.8
1993 8177 1708 209 3e(u8) 734 1213 148 254 (47.%) 791
2-Unit 78.-85 38716 7310 189 1o 7340 12769 130 275 i
3-Unu 8693 53875 11333 209 47 (8.3) 728 YHIA 184 0.l (31T )

* The minimum te*al size from 1978 (0 1988 was 81.0 mm (3 7/, in). sunimum legal size was increased in 1989 10 818 mm (3 7y, in). and

1990 82.6 mm (3
®1.0 mm carapace length.

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
sublegal-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 caiches in traps equipped
with a variety of escape vent sizes (1 Y, 17, 1 7%
by S %, in). They found that 1 "/, x 5§ '/, in vents
retained fewer sublegals than did traps with smaller
escape venis, and that the overall catch of legals
was comparable for the 1 %, and 1 7, in vented
traps.

The declining trend observed in the percentage
of legal-sized lobsters in the overall lobster catches
was reflected in the proportion of recaptured
lobsters that were of legal size. During 1993, only
3.6% of the recaptures in NUSCO pots were of
legal size (z 82.6 mm), which was the lowest value
reported (previous range 39-18.8%; Table 10).
The overall percentage of legal-sized lobsiers

fgin). Parenthetical values for percentage legal trom 1989 10 1993 and 3-unit studies (1986.93) represent Jobsiers 2

recaptured in NUSCO traps during 3-unit studies
(4.7% ) was substantially jower than the percentage
during 2-unit studies (11.0%). Declines were also
noted in the percentage of legal-sized lobsters
recaptured by commercial lobstermen during the
two operational periods (26.1% in 3-unit vs. 27.5%
in 2-unil studies). The declines in percentage of
legal-sized recaptures are attributed 1o an increase
in fishing effort, which has more than doubled
since 1978 and, in part, to the increase in
minimum legal size beginning in 1989,

Movement

Lobster movement was examined using tag
relurn information obtained from commercial
lobstermen.  The average distance traveled by
lobsters before they were caught in commercial
traps was 506 km during 1993, which was the
longest distance reported in our tagging study
(previous range 1.70-3.16 km; Table 11). During
1993, 91% of the recaplured lobsters were caught
by lobstermen fishing within 5§ km of MNPS,

Lobster Studies 2
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TABLE 11. The average distance (km) travelled by lobsters from Millsiene Poaint for all commercial pots.

Wian 3 km ol MN Mote than § ki from MNFS
Number of Average Number (%) of Av%%a;e Number (%) of Average
tags rewurned distance(km) lags returned distance(km) tags returned distance(km)
1978 798 201 728 (91) 1N 73 (%) 15.92
1979 1733 170 1668 (96) 1.31 o8 (4) 11.28
1980 1303 2m 1257 (96) 1.28 46 (4) 2547
1981 1478 189 1451 (98) 149 27 Q) 2349
1982 2509 i3 2343 (93, 1.58 166 (7) 1304
1983 2258 2.88 2111 (93) 1.70 7 (N 1978
1984 1288 233 1230 (95) 1.78 58 (5) 1393
1985 1183 284 1077 (91) 1.81 106 (9) 13.40
1986 1172 204 1112 (95) 1.76 60 (5) 1882
1987 1157 287 1124 (97) 11 31 (3) 4009
1988 137 ERTY 1286 (94) 181 85 (6) 2372
1989 1165 1.97 1147 (98) 1.19 18 (2) 1286
1990 1004 218 979 (98 1.80 2% (3) 17.06
1991 1222 247 1181 (97) 150 41 (3 21.80
1992 153 268 148¢ (97) 1 80 §1 (%) WY
1993 1209 506 10%6 (91) 196 113 (V) LLB R
2-Uni 7885 12550 230 L1859 (94) 1.87 641 () 15,08
3 Unit 8693 98 360 289 9410 (96) 1 %1 420 (4) 2082

within the range of percentages reported during 2-
unit studies (91-98%), but lower than during
previous 3-unit studies (94-98%: Table 11)
Lobsters recaptured within 5 km of Millstone Pt.
moved an average of 1.96 km during 1993, longer
than the distances reporied previously (1.25-1.81
km; Table 11). An earlier tagging study conducted
in eastern LIS by Stewart (1972) demonstrated a
strong homing behavior of the nearshore lobster
population. Because lobsters are territerial and
nocturnal, individuals have a limi ed home range,
they leave their burrows 4t night aad return (o the
same sheliers before dawn, Our Jagging studies
ndicate a predominance of localized movement
which is typical of nearshose lobsten in coastal
waters of eastern North America (T mpleman
1940, Wilder and Murray 1958, Wilder 1963,
Cooper 1970, Stewart 1972, Cooper ¢t al. 1975,
Fogarty et al. 1980; Krouse 1980, 1981: Campbeli
1982; Ennis 1984).

Although our tag and recapture s1.dies indicate
that most lobsters are nonmigrato’y and remain in
the local area, since 1978 .,117 have been
recaptured more than § km . way from Millstone
Pi. (Table 11). Of these, several hundred lobsiers
were recaptured by lobsiermen in The Race, a
deep water channel 10.5 km from MNPS between

26 Monitoring Studies, 1993

LIS and Block Island Sound, which suggests a
migration route for lobsters that exit LIS, A
number of lobsters (113) were reported caught
outside LIS along the Rhode Island coast (28), off
of Block Island (19) and in waters along the south
shore of Cape Cod (13). Tag returns were alse
reported by lobstermen fishing the offshore waters,
in canyons on the edge of the continental shelf
(Block n=7, Hudson n=10, Atlantis n=5, Veatch
n=2) Similar  offshore  migrations  were
demonstrated by other researchers working in
waters from Canada 10 southern New England
{Saila and Flowers 1968; Uzmann et al. 1977,
Cooper and Uzmann 1980, Campbell and Stasko
1985, 1986).

Entrainment

The total number of lobster larvae collecied in
samples of the MNPS cooling waler was 219
during 1993, which was within the range of values
for 3-unit studies (157-625), but higher than the
number collected in 2-unit studies (102 and 143),
Occurrence of larvae in entrainment samples
coincided with the catch of berried females and
their egg development. Observations of the shape,
color and development of embryos indicated that
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Fig. 8 Annual number of lobster larvae (Stage |-[V) collected
in samples of the MNPS discharges from 1984 10 1993
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TABLE 12, Delta mean density (number per 1000 m* # 5%
C.1) of lobster larvae collected in day and might entrainment
samples from 1984 (0 1993,

Year Time Delta mean 98% CI
of day density”
1984 Day 0.158 006102506
Night 0737 0138133
1985 Day 0.390 00410820
Night 0.620 (.290-0.951
1986 Day 0.324 00630 585
Night 1.399" 0.556:2.242
1987 Day 0791 0.040-1.542
Nigh 0.667 0.205.1.129
1988 Day 0,722 41991 653
Night 0 688 0.271-1.106
1989 Day 0158 0.087-0.229
Night 1 403° 0.537.2.269
1990 Day 034! 0.101:0.581
Night 1167 0.569-1.765
199 Day 0.287 0.131-0.442
Night 0.756° 0.502-1.010
1992 Day 1.299 00432558
Night 1.369 0530-2209
1993 Day 0903 £.207.2.132
Night 1168 00972 433

* Number per 1000 m’
» Significant dilference between day and night densities 2-sample
t-lests (pe0.05),

most hatching occurred during late May and June.
As stated earlier, only a few berried females were

caught in July, indicating the completion of

hatching. Stage 1 larvae accounted for 944 of the
four larval stages collected during 1993 (Fig. 8).
Similarly, Stage | larvae predominated in the
collections during previous 3-unit (38-90% ) and 2-
unit studies (86 and 87%; Fig. 8). Stage 1l and 111
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 tota! larvae collected since the
studies began in 1984, Only two Stage 1V lurvae
were collected during 1993, accounting for < 1%
of the total larvae collected.  Stage IV larvae
comprised between 4 and 52% of the four larval
stages collected in previous studies (Fig. 8). Other
researchers in southern New England found similar
high variability in numbers and stage composition
of lobster larvae (Bibb et al. 1983, Fogarty 1953,
Lux et al. 1983, Blake 1984, 1988),

The A-mean density of lobster larvae collecied
in 1993 night samples (1168 per 1000 m’) was
similar 10 the density in day samples (0.963/1000
m’; Table 12). However, density of lobster lanae
night samples had been significantly higher than
day samples in four previous 3-unit study years
(1986, 1989, 1990, 1991; Table 12). The diel
variability observed in our studies was similar o
what other researchers found throughout the range
of lobsters.  Positive phototaxis of Stage | larvae
was demonstrated in early laboratory studies by
Templeman (1937, 1939), which contrasts with
results of more recent ficld surveys conducted in
Canadian waters by Harding et al. (1987). Their
work on Browns Bank, southwest of Nova Scotia,
indicated that most Stage | larvae were collected
between 15 and 30 m during the day and rarely
found below 10 m at night.  Thermal gradients
were recently shown 1o influence the vertical
migration ¢l lobster larvae, with all four stages
seeking the warm water above the thermocline
regardless of time of day (Boudreau et al. 1991).

The 1993 annual A-mean density of lobster
larvae collected in entrainment samples (1.081 per
00O m') was the second highest value reporied
since the entrainment studies began in 1984 (3-unit
0.525-1.334, 2-unit 0.409 and 0.504; Table 13). The
estimated number of lobster larvae entrained
through the MNPS cooling water system was
389,767, which was within the range of entrained
larvae reported in other 3-unit studies (296,173
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TABLE 13. Annual mean density (number per 1000 m) of lobsier larvae in entrainment samples during their season of occurrence and
annual entrainment estimaies with 95% C.1. for MNPS from 1984 10 1993

Year  Time penod Number Mean Cooling
ncluded farvae density? 95% C.1 Vol. 10° Estimate 95% C1

1984 21May-10Jul 102 0.409 0.184-0.635 1894 77.458 34.847.120,259
1985 15May-16Jal 142 0.504 0.258-0.749 255.1 128,550 65 806-191,040
1986"  14May-14Jul 232 0857 0.418-1.297 666.2 566,619 278,457-864,017
1987 18May-30Jun 184 0943 0274-1613 4238 399,608 116.111-683,529
1968  16May-1Aug N 0.737 0.296-1.137 8376 600,573 247935952372
1989 2May-28Jul 237 0.701 03581044 5628 394518 20} 4%0-587.556
1990 14May-30)ul 80 0.748 0.436-1 060 7791 582,738 339,671-825,805
1991 TMay-22Jul 157 0.525 0.365-0.685 564.1 296,173 205.910-386 435
1992 19Mav-14Jul 625 1334 0.652-2.G16 461.2 615.285 300.724-929 846
1993 2aMay-25Jun 218 1.081 0.273-1.889 360.6 389,707 9%.433-081, 101

* Mean densities are hased on the delta-mean (NUSCO 1988b and Penningion 1983)

¥ Unit 3 began commerzial operation.

615,285), but higher than the 2-unil estimates of
77458 and 128,550. Because total entrainment
estimates were based on cooling water volumes and
larval density, the highest entrainment estimates
were observed in 1986, 1988, and 1990 wozn all
units operated at or near full power from May
through July, and in 1992 when larval densities
were highest. Since Unit 3 began operating,
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.

Impacis of entrainment of lobster larvae on
lobster recruitment are difficult 10 assess due o0
the unreliable estimates of larval and post-larval
survival rates (Phillips and Sastry 1980; Caddy and
Campbell 1986, Cobb 1986; Blake 1991). In
addition, researchers disagree on the source and
dispersion mechanism of lobsier larvac.  As a
result, larval survival estimates are wide ranging.
In Canadian waters perhaps less than 177 of newly
hatched larvae survive 1o the fourth stage (Scarrau
1964, 1973; Harding et al. 1982), but in LIS more
than 50% were estimated 10 survive through the
entire larval phase (Lund and Siewart 1970, Blake
1991). Most Stage 1 larvae entrained through the
plamis cooling water system probably originate
from the berried females in the MNPS area,
because Stage 1 larvae are only in the water
column for 3 to 5 days. It is unlikely that Stage IV
originate from the local population because thev
are in the water column for between 4 and 6 weeks
and water currents would carry them to other areas
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of LIS, Furthermore, Stage IV larvae exhibil
directional swimming behavior and can move tens
of kilometers from the origin of hatching (Cobb et
al. 1989; Rooney and Cobb 1991). Lund and
Stewart (1970) indicated that the large number of
berried females found in western LIS (279 Smith
1977) may be responsible for recruitment of Stage
IV larvae in middle and eastern LIS, Swuage IV
larvae in our area may also originate from outside
LIS, as Cobb e1 al. (1989) observed Stage IV larvae
in Block Island Sound swimming in a northerly
and easterly direcuion.  Recently, commercial
lobstermen in western LIS reported a 509 decline
in Jegal lobsier abundance and the overall U.S.
landings were 13% lower, which may lead 10 a
decline in our area if local recruitment depends on
larval production in other areas. The decline in
legal lobster abundance is probably related 10
overfishing, and in western LIS the decline may be
exacerbated by lobster Kkills due 10 discase
(Gaffkenna), eutrophication, and hypoxia of
bouttom waters during the summer.

Conclusions

Since our studies began in 1978, fisning effort in
Connecticut waters has more than doubled. The
fishery is almost completely dependent on new
animals molting into legal size; each year nearly zll
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.  However, legal lobster catches have
significantly declined since the NUSCO study
began in 1978. Legal catches were expected 10
improve in 1993, after large numbers of lobsters,
observed to be just below legal size in the 1992
catches, molted to legal size. Instead, legal CPUE
declined during 1993 in contrast with recruitment
paiterns of previous study years when strong
recruit classes were followed by increased legal
catches one year later. The observation that lepal
catches did not increase in 1993 may be strong
indication that the lobster resource is currently
overfished.

Changes in the size stiucture, sex ratio and
proportion of berried females of local lobsters, may
be primarily due 1o increased fishing rates and to
implementation of fishery regulations in 1984
{escape vents) and 1985 (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 10 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 10 be effective. However, fishing effort
(number of fishermen and traps and frequency of
trap hauls) continues to increase and fishery
managers question the swability of the resource
under that kind of fishing pressure.

The density of lobster larvae was higher during
3-unit studies due 1o the higher percentage of
berried females. Estumated numbers of larvae
entrained through the MNPS cooling water systems
were also higher during 3-unit operation, in part
due 1o the higher cooling water demand of Unit 3.
Higher larval entrainment may affect subsequent
legal lobster abundance, but quantification of this
impact is difficult given the uncertainty of larval
origin and larval survival and recruitment rates to
legal size.  Since lobsters require 4-5 years of
growth before they are vulnerable (o capture, and
an additional 2 years of growth 10 reach legal size,
a decline in local lobster abundance caused by
larval entrainment would not be apparent for
several years. Continued monitoring of lobsters
and lobster larvae will demonstrate the effects, if
any, of 3-unit operation on the local lobster
population.
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Fig. 1. Map of the Millstone Point arca showing the location of ecigrass sampling stations. JC=lordan Cove (x). NR=Nianuc River
(1=sampled 1985 June 1986 and 1993, 2= sampled July 1986 September 1986, 3=sampled 19871992, was sampled in i 993, but no eelgrass

was present), WP= White Point {x)

times since 1985 due to shifts in eeclgrass
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 10 the south, nearer the
pavigation channel. Site #2 was sampled for the
remainder of the 1986 season: however, by
Sepiember 1986, the eclgrass population at this
site had also disappeared. In June 1987, a 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
eelgrass 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 season (June-September).

Samples were collected monthly from June
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through September 1993, the period of maximum
standing stock and plant density. At each station,
16 samples were collected by SCUBA divers
randomly tossing a quadrat (25x25 cm, 0.0625 m’)
within a 10 m radius of the station marker. The
upright shoots from plants within each quadrat
were harvested, placed in @ 0.333 mm mesh bag,
and taken 1o the laboratory for processing. A 3.5
cm diasmeter x 5 em deep core was taken together
with eelgrass samples for analysis of sedimentary
Characteristics at each siation. Temperature in
Jordan Cove was measured by submerging a self-
contained  thermistor-recorder. Continuous
lemperalure measurements have been recorded
there since 1991, Temperatures reported herein
cover the period from June 1 through Scpiember
30, when additional temperature increases above
ambient from the 3-unit operation of MNPS could
be most detrimental 1o eelgrass in Jordan Cove.
All shoots colleciea were counted in the
lahoratory and the lougest blade of each shoot (up
10 20 plants per sample) was measured 10 the
nearest centimeter. The number of reproductive
shoots in each sample was recorded and used 10
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Fig, 2. Daily average water temperature at the Jordan Cove eelgrass station and al the MNPS inuike and discharge June 1993 through
September 1993, Units 1. 2. and 3 operation are also indicated fof the same period

estimate the percentage of reproductive shoots in
the population. Shoots were rinsed in freshwater
10 remove invertebrates and at the same time, all
epiphytes were removed. Becawse the presence of
epiphytes on eelgrass shoots was  minimal
throughout the study, epiphyte weights were not
recorded. Eelgrass standing stock was estimated as
the weight of the shoots taken from each quadrat.
From 1985 10 1987, shoots were weighed, then
dried in an oven at 80 °C 10 a constant weight.
Because dry-weighis closely correlated with wet-
weights (r'=094-0.99), dry weights from 1988 10
1993 were estimated from the wet-weight/dry-
weight relationship and presented in this report as
grams dry weighum’ (g/m’).  Nonparametric
methods were used to examine trends in the ume
series of eelgrass shoot density and standing <tock.
The distribution-free, Mann-Kendall test
(Hollander and Wolle 1573) was used to determine
whether the time series of mean monthly standing
stock biomass or shoot density exhibited significant
trends. The slope of the trend, when significant,
was estimated by Sen's estimator of the slope (Sen
1968). Eelgrass shoot iength was not statistically
analyzed because growth occurs at the base of the
shoot (from a bdasal merisiem) and tips
continuously erode, and because Jeaf 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 to 500 °C for 24 h 1o 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 site #3 were analyzed
0 evaluate whether :ny sediment ¢hanges noted
could be connected to the decline of eelgrass at
this site.

Results
Temperature

Water temperatures at the JC eelgrass site have
been measured with  continuous lemperature
recorders from Mayv 1991 through December 1993
Daily average water temperatures during 1993
(June through September) at JC and the MNPS
intake and discharge are shown in Figure 2.
Temperatures at JC and the intakes ranged
between 13.4°C and 23.5°C and between 13.5°C and
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TABLE 1. Annual and monthly average shoot density (n0./m*), length (cm) and dry weight standing stock (gm/m®) for celgrass sampled

near MNPS duning the June (o September period.

N 1993
1985 1986 1987 1968 1989 1990 199 1992 1993 Jun Jul Aug Sept
$hoot Density
Jordan Cove T2 713 542 468 411 338 603 630 484 493 510 516 47
Niantic River 413 (2 294 307 240 228 249 233 385 607 387 350 196
White Point 286 218 227 161 335 185 242 204 3i0 403 33 36K 156
Shoot Length
Jordan Cove 87 §7 7 75 74 35 48 3 54 65 60 47 43
Niantic River 50 39 Rl 85 94 3 51 48 58 6% 64 57 )
White Point 107 116 126 0 110 106 B7 72 107 104 107 121 82
Standing Stock
Jordan Cove 243 276 258 238 202 105 169 210 Lot 211 179 169 K1
Niantic River 156 32 184 181 183 143 3] " 125 177 147 142 3
White Point 268 260 200 90 23 180 148 110 <78 IS8 269 38 88

22.2°C, respectively, and were slightly warmer than
those measured during the 1992 study (JC range
13.1-22.5°C and intakes 11.9-20.4°C). Daily
average water temperature a1 JC was up to 2.5 °C
warmer than at the intakes.

Sediments

Sediment mean grain size, silt/clay and organic
content for the months June through September
from 1985 10 1993 are presented in Figure 3,
Mean grain size at JC and WP during 1993 ranged
from 0.23 t0 0.24 mm and from (.12 10 0.25 mm,
respectively. Silt/clay content at JC (3.2-9.9% ) was
lower than at WP (6.4-10.7%). Sediment organic
content at JC was also slightly lower (1.2-2.0%)
than at WP (1.7-3.0). With the exception of the
high mean grain size value a1t WP in June, all of
the above 1993 values at JC and WP were within
the range of previous years (1985-1992).

Mean grain size at NR site #1 in 1993 ranged
from 0.12 10 037 mm. Organic and silt/clay
content were 1.7-6.4% and 6.5-15%, respectively.
Values for all sediment parameters observed in
1993 at NR site #1 were within the range of
previous years (1985, 1990-92).

Vilues for all sediment parameters measured at
NR site #3 in 1993 were also within the range of
previous years (1987-1992). Mean grain size in
1993 ranged between (.12 and 0.23 mm compared
10 010 - 0.28 mm during the previous six vears,
The ranges in sili/clay and orgamc content in 1993
were  5.1-21.3%  and  23.7.0%, respectively,
compared 10 2.6-36.0% and 1.4-15.5%, respectively
during 1987-1992.

Shoot Density

Spatial patterns of eelgrass shoot density among
sampling stations during 1993 (June-Sept.) were
similar 10 results from 1985 0 1992, Average
shoot density during 1993 was highest at JC (484
shoots/m’) and lowest at WP (310 shoots/m’; Table
1). The nine year time-series (1985-1993) of shoot
density at JC and WP showed no significant trends
(Fig. 4). The average density at NR #1 (385
shoots/m’) was similar 10 that in 1985 (413
shoots/m’), but annual trend analysis was not
performed on NR #1 shoot densities, due o
insufficient data for that sue.

Monthly shoot densities were highest in June at
NR #1 (607 shoots/m’) and WP (403 shoots/m’),
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Fig 4 Mean number of eclgrass shoots per m’ = 95% C.1 ai Millstone ecigrass stations sampled duning the period June-September from

1985 through 1993,

and highest in August at JC (516 shoots/m”, Fig.
4). Shoot densities in June, July and August 1993
at NR (607, 387 and 350 shoots/m’, respectively),
and at WP (403, 313 and 368 shoots/m’,
respectively) were, for each station, among the
highest observed for those same months over the
entire study period (Fig 4). The 1993 monthly
densities at JC (417-516 shoots/m’) were
comparable to those from other years.
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Shoot Length

Yearly (1985-1993) and 1993 monthly (June-
September) average shoot lengths are presented in
Table 1. During 1993, shoots were longest at WP
(107 ¢m), shortest at JC (54 cm) and intermediate
ait NR #1 (58 cm). The 1993 average shoot length
values at JC and WP swations were within the
ranges of values from previous years, (43-65 cm
and 82-121 cm, respectively). The 1993 shoot
length average at NR #1 (58 cm) was within the
overall range of all annual means in the Niantic
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1993

River since 1985 (39-94 cm), and was very similar
to the 1985 average (50 cm), when tiis site was
last sampled.

Monthly shoot lengths in 1993 a1 JC and NR #1
declined from June (65 and 68 cm, respectively)
through September (43 and 31 cm, respectively;
Fig. 5); shoot length at WP increased from 104 cm
in June to 121 cm in August, then declined 10 83
cm in September.

Standing Stock

Eelgrass standing stock during 1993 was highest
a1t WP (275 g/m’) followed by JC (160 gm’) and
NR (125 g/m*, Table 1). Annual mean standing
stock at WP during 1993 was the highest recorded
10 date (previous range, 90-265 g/m°), but the 1993
mean standing stock at JC was the second lowest
reported since 1985 (previous range, 105-276 g/m®).
The 1993 standing stock at NR #! (125 g/m°) was
slightly lower than in 1985 (156 g/m’), but within
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Fig. 6. Mean dry weight (grams per m”) £ 95% C 1 at Millstone eelgrass stations sampled during the penod June-Seplember from 1985

through 1993,

the range of annual means at NR #3 from 1987.
1992. Trend analysis indicated that standing stocks
had significantly declined since 1986 a1 JC
(slope=-3.180, p<0.002). There was no significant
trend in standing stock at WP during the nine year
(1985-1993) period. Trend analysis was not
performed on the NR data, due to frequent station
relocation.

Standing stocks in 1993 were highest in June at
JC (211 g/m®) and NR (177 gm’) and highest in
August at WP (388 g/m’) (Table 1). Monthly
mean standing stocks for June. July and August
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(1993) at NR and JC were within the raage of
monthly means reported since 1985 (Fig. 6). The
September 1993 mean ai NR (although within the
range of previous years) was among the lowest
reported during the study; the September 1993
mean at JC was also among the lowest standing
stock measurements made at this site in the last
nine years. In contrast, 1993 June, July and
August monthly means at WP were among the
highest reporied at thai site 1w date (Fig. 6)
However, September standing stock at WP was
among the lowest reported at this site.



from June 1985 through Sepiember 1993

TABLE 2. Number of reproductive shoots, total rumber of shoots and percentage of reproductive shoots al eelgrass sampling stalions

Annual June Juhy August Sepiember
#° % #  Towl" % #  Towl % #  Towl % #  Toal %
Jordan Cove
1985 44 19 10 561 18 23 591 39 11 sS4 21 0 622 a0
1986 70 28 23 756 30 21 $85 36 13 1040 12 13 404 2
1987 72 33 18 581 31 24 537 45 19 496 i8 il 5585 20
1988 58 31 20 469 43 11 502 22 "4 415 0.5 23 487 51
1989 30 18 1 §34 30 12 526 23 2 356 U6 0 M 0.0
199 9 7 2 167 12 7 365 1.9 0 395 0y 0 424 00
1991 24 10 14 445 3 10 647 1.5 0 654 0.0 0 60 0.0
192 17 0.7 9 $58 16 & 643 13 0 T08 0o 0 611 00
1993 93 48 So 493 14 36 10 71 1 Sle <01 0 417 00
Niantic River
1985 53 32 3 414 KO 19 308 6.2 1 38 03 ] 532 00
1986 15 53 1 3 333 14 170 2 ¢ A 0.0 0 I8 00
1987 21 18 4 401 1.6 1 242 4.5 6 239 a9 294 00
1988 44 36 19 356 53 17 309 55 ] 290 040 8 273 29
1989 o8 71 36 333 108 1 2 288 73 11 187 59 0 150 0.0
199%0 53 59 19 225 R4 32 206 120 2 I8Y 14 0 218 LAY
1991 12 12 5 197 3 k4 270 2.5 0 296 00 0 227 0.0
1992 5 0.5 1 29 04 4 442 i0 0 181 00 L3} 0.0
1993 134 B7 94 607 154 38 387 98 . 350 <01 0 196 00
White Point
1985 27 24 8 394 2 17 290 59 Pl 0% 0 238 00
1986 79 91 51 293 174 14 161 7 6 234 26 8 182 44
1987 53 SR 0 308 6.6 12 23 50 13 180 12 8 184 43
1958 30 47 - 186 16 i3 161 K1 5 133 iR 9 lo4d 5.8
1989 63 47 3 461 67 32 480 67 (1 194 0.0 0 204 00
199 7 10.4 a7 199 236 | 2% 212 118 L 186 27 o 144 0G
1991 L 29 16 44) a6 12 308 ERY 0 12 0o 0 108 00
1992 + 04 1 20 <01 3 194 13 0 1958 oo 0 i55 0o
1993 48 39 20 403 50 17 23 sS4 11 AR a0 i) 156 0

* Total number of reproductive shoots.
® Total number of shoots (vegetative + reproductive)

Reproductive Shoots

Percentage of reproductive eelgrass shoots in
1993 was highest in June at JC (11.4%) and NR
(15.4%) and highest in July at WP (5.4%) (Table
2). Percentage of reproductive shoots declined by
August 10 <0.1% at JC and NR, and 10 3.0% al

WP. No reproductive shoots were collected at any
station in September. Annual reproductive shoot
percentages in 1993 were the highest values
observed since 1985 a1 JC (4.8%) and all NR sites
(8.79%). The 1993 value a1 WP (3.9% ) was within
the range of previous years (0.4-10.4%),
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Discussion

Density, length and standing stock of eclgrass
shoots were examined during 1993 as part of a
long-term sampling program (o assess whether any
changes in eelgrass populations have resulted from
3-unit operation at Milistone Nuclear Power
Station. At WP, no significant trends were evident
in the nine year time-series of plant density or
standing stock since 1985. In 1993, the WP study
parameters (iL.e. shoot Jength, percentage of
reproductive shoots and sediment characieristics)
were within the ranges of previous years. No long-
term changes, either power plant-induced or
natural, have been identified with this population.

Niantic River eelgrass populations are not
exposed 10 the MNPS effluent. Therefore, factors
other than the effluent discharge were responsible
for the eliminations of populations at NR #1 and
NR #2 tn 1986 and carly 1987, and the gradual
loss of plants 2t NR #3 from 1987 10 1993
Eelgrass populations throughout the North
Atlanuc are characterized by high variability and
fluctuations in abundance. Therefore, the eclgrass
population losses in the Niantic River are not
considered 1o be merely a local phenomenon, but
rather, are examples of such large-scale variability
m population parameters. Loss of eelgrass has
been attributed to a variety of causes, ranging from
natural, e.g., 'wasting discase’ (den Hartog 1987),
severe storms (Patriguin 1975) to human activities,
cg euvtrophication (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 laie 1980s was
attributed 10 a decline in water quality and the
presence of Labyninthula (Short 1988), but none of
these factors were implicated in the recent loss of
plants from the lower river (NR #3) Instead,
their loss was associated with a heavy Mynlus setin
1991, which may have aided in uprooting,
smothering or reducing light availability 1o plants.
Recovery of the eelgrass population at NR #1,
firct observed in 1989 and continuing through
1993, was a relatively quick process. Others have
suggested that recolonization on a global scale can
take from 80-200 years (Clark and Kirkman 1989).
The apparent full recovery of the NR #1
population is autributed 1o recruitment of new
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plants through germination of seeds transported
from healthy beds at the mouth of the river or in
Niantic Bay, and the subsequent vegetative
rhizome propagation. Although eelgrass meadows
persist. mainly by vegetative growth (Tomlinson
1974), seed production and dispersal are important
mechanisms  for  maintenance of a healthy
population, and are the only recolonization
mechanisms. Such patterns of recolonization were
documented in the Chesapeake Bay (Orth 1976;
Orth and Moore 1981, 1983, 1986); as long as
nearby populations remain healthy, and a source of
sceds (e.g., at the re-established NR #1), it is
reasonable 10 expect similar recolonization in the
lower Niantic River. Continued monitoring will
provide information concerning ecelgrass
populations al these sites.

In Jordan Cove, density, growth and standing
stock of eelgrass shoots were higher duning the
first year of 3-unit operanon (1986), followed by a
general dechine from 1987 10 1990; in recent years,
these  population  parameters  have  exhibiied
considerable recovery. Jordan Cove is shallow, and
has large sand flats that are exposed 10 heating in
summer, and freezing in winter.  As a result,
natural fluctuations in water lemperature create a
more stressful environment in Jordan Cove than at
White Point.

The mmportance of temperature in regulating
eelgrass growth and development was first stressed
by Setchell (1929). It was later shown that eelgrass
15 sensitive 10 small temperature variations (Thayer
et al. 1984). Eelgrass plants do not produce seeds
at temperatures above 15-20 °C (Burkhoider and
Doheny 1968, Orth and Moore 1983).  Higher
water temperatures, e.g, from heated effluents of
power plants, could ehiminate eelgrass from nearby
areas (Phillips 1974; Thayer et al. 1984). The high
annual percentage of reproductive plants at JC
during 1993 suggests that temperature increascs
from 3-unit operation did not affeci  the
reproductive cycle at this site. Studies of another
seagrass, Thalassta, im Flonda (Roessler and
Zieman 1969, Wood et al. 1969, Zieman 1970,
Roessler 1971) and of Spartina alterniflora in
Maine (Keser et al. 1978), showed a significant
dectine in abundance of these plants in the vicinity
of power plant effluents. Elevated water
lemperatures increased respiration beyond levels
that could be supported by plant photosynthesis.
Recognizing that celgrass meadows are among the
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most productive of marine systems (Mann 1973,
McRoy and McMillan 1977; Zieman and Weizel
1980) and act 10 stabilize sediments (Wood et al.
1969; Zieman 1972; Ornth 1977), changes in
eelgrass abundance at Jordan Cove could also
affect the movement of sediments and species
abundance of associated infaunal communities.

Further recognizing the importance of water
temperature in regulating eelgrass populations, and
that the thermal plume resulting from 3-unit
operation was predicted to extend into Jordan
Cove (NUSCO 1988), the JC eelgrass station has
been closely monitored for the past nine years. To
date, the temperature extremes at this site appear
10 be more related to insolation of the shallow-
water sand flats than to incursion of the thermal
plume. However, when eslgrass plants are near
their physiological limits, even a slight increase
above ambient temperature could be detrimental,
Further monitoring at various levels of power
plant operation, will allow determinauon of the
effects of temperature on the JC eclgrass
population, and the extent 1o which MNPS affects
those temperatures

Conclusions

Eelgrass population parameters and sediment
characteristics, sampled during 1993, were generally
consistent with those sampled since 1985, At WP,
most parameters in 1993 were within the range of
previous years, and none appear to be influenced
by MNPS operation. At NR, wide lluctuations of
abundance have occurred, including localized
ehimination of plams from NR #1 (1986-1987),
from NR #2 (1987), and from NR #3 (1987-1993),
However, in recent years NR #1 has been
recolonized, and the eelgrass population apparently
recovered compietely.  These fluctuations were
related to factors other than MNPS operation. At
JC, changes in eelgrass abundance may be related
10 changes in water temperature, but, at least 10
date, these changes appear 10 be the result of
natural variability rather than an impact of 3-unit
operation,
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Rocky Intertidal Studies

Introduction

Shore communities are particularly vulnerable to
anthropogenic impacts, particularly thermal effects
of heated effluents from coastal power plants. In
the vicinity of Miilstone Nuclear Power Station
(MNPS), as with much of coastal New England, a
substantial proportion of the shoreline is
composed of rock ledge and boulders supporting a
rich and divorse community of attached biota
Rocky shore community studies have been, and
continue 10 be, an important aspect of biological
monitoring programs associated with nuclear
power plants along the New England coastline
(Vadas et al. 1976, 1978, Wiice et al. 1978; NAI
1993; NUSCO 1993).

Studies of plants and animals that live on rocky
shores in the vicinity of MNPS continue 1o be part
of an extensive environmental monitoring program
whose primary objective is to determine whether
differences that exist among communities at several
sites in the Millstone Point area can be attributed
10 construction and operation of MNPS, in
particular since Unit 3 began operation in 1986,
To achieve this objective, studies were designed
and implemenied to identify the attached plant and
animal species found on nearby rocky shores, to
describe temporal and spatial patierns of
occurrence and abundance of these species, and 10
identify the physical and biological factors that
induce wvariability in local rocky intertidal
communities. This research includes qualiiative
algal sampling, abundance (percentage cover)
measurements of intertidal organisms, and growth
and mortality studies of Ascophylium nodosum.
The following repert discusses results of sampling
and analysis in the 1993 study year, and compares
these results 10 those of 2-unit operational studies
(Mar, 1979-Feb. 1986), and 3-unit operational
studies to date (Mar, 1986-Sep. 1993).

Materials and Methods
Qualitative Sampling
Qualitative algal collections were made monthly

at nine rocky intertidal stations (Fig. 1). These
stations are, in order of most 10 least exposed 1o

prevaiting winds and storm forces: Bay Point (BP),
Fox Island-Exposed (FE), Millstone Point (MP),
Twotree Island (TT), White Point (WP), Seaside-
Exposed (SE), Seaside-Sheltered (SS), Giants Neck
(GN), and Fox Island-Sheltered (FS). The MP and
TT stations were added in September 1981; all
other stations have been sampled since March
1979, Each 'year’ of qualitative sampling extends
from March of that year to the following February,
i.e., the latest year of qualitative algal data (1992)
comprises collections from March 1992 ©
February 1993. 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 of the 3-unit
operational period.

The FE station, approximateiy 100 m east of the
MNPS discharges, is directly exposed (o the 3-unit
thermal plume (during part of the udal cvcie): FS,
WP, TT, and MP are between 300 and 1700 m
from the discharges, and potentially impacted by
the plume.  Stations at GN, SE, and SS are
unaffected by MNPS operation.

Qualitative collections were used 1o characterize
the attached flora at each site during each
sampling period. Algal samples were identified
fresh or after short-term freezing.  Voucher
specimens were made using various methods: in
saturated NaCl brine, as dried herbarium mounts,
o1 a8 microscope shde preparations.

Abundance Measurement

The abundance of rocky intertidal organisms was
expressed as percentage of substratum cover. Al
cach qualitative collection station  except TT
(because of insufficient exposed bedrock), five
permanent  sirip transects  were  established
perpendicular o the water-line, 0.5 m wide and
extending from "Aean High Water 10 Mean Low
Water levels. Each transect was subdivided into
0.5 m x 0.5 m quadrats and was non-destructively
sampled six times per year, in odd numbered
months (or a total of 46 umes in the Unit 3
operational period 1o date). These transects are
considered 'undisturbed’, as they expenenced no
experimental manipulations. The 1oial number of
Guadrats in each transect depended on the slope of
the transect. The percentage of subsiratum cover
of all organisms and remaining free space in each
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quadrat was subjectively determined. Understory
organisms, 1.¢., species that were partially or totally
obscured by the canopy layer, were assigned a
percentage value that approximately corresponded
1o their actual substratum coverage. Each quadrat
was assigned to @ zone based on its tidal height:
Zone 1 (high intertidal), Zone 2 (mid intertidal),
of Zone 3 (low intertidal).

Ascophyllum nodosum Studies

Growth and mortslity of wagged individuals of
the percnnial brown alga, Ascophyllum nodosum,
were studied at two reference stations (GN, 6.5 km
west of the discharge and WP, 1.5 km cast of the
discharge, Fig. 1) and an experimental station (FN,
ca. 150 m frorun the quarry discharges, northeas: 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
1979-1984. The FO Ascophylium population was
climinated in the summer of 1984 by exposure 10
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discharged through wo quarry cuts (NUSCO
1985)

Ascophyllum plants were measured monthly,
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after onset of new vesicle formation, from April 10
the following April. At each statioa, each of fifty
plants was marked at its base 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 plants
began in June; in April and May, vesicles were not
yet sufficieatly 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 the base tag and all 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 @ month, during 2-
unit or 3-unit operation). This index was used to
calculate similarities among collections, using the
Bray-Curtis formula (Clifford and Stephenson
1975):

i}mmxgp

=1 (XV+X¢)

Si

where X, is the frequency of occurrence index for
species 1 in collection j, X, is the index in
collection &, and n is the number of species in
common. A flexible-sorting (a=-0.25), clustering
algorithm was applied 10 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 plotied 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 used to form station/

period groupings.

Data from Fox Island-Exposed were also
analyzed separately to determine relationships
among qualitative algal collections and quantitative
percent-coverage values.  Similarity indices were
calculated between each possibie 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
four parameters, related by the formula:

I k(- 15)
L-~ae™*

where L, is the predicted length at time 1. @ s the
asymptotic length (limit of total increase for the
growing season), k is the rate of decrease of
specific growth (shape parameter), and ¢, denotes
the time at which the inflection point occurs (time
when length 1s increasing most rapidly). Growth
curve parameters were compared among stations
and between  periods  using  2-sample  t-1ests
(P=0.05), based on the asvmptotic standard errors
of the parameter estimates.  Growth data
representing the latest growing season (1992-1993)
were plotied for all stations together and for each
station separately, with summaries of 2-umit (1979.
1986) and 3-unit (1986-1993) operational data.
Because the FN station was established in 1985, 2-
unit operational data from this site included only
the 1985-86 growing season.

Results and Discussion
Qualitative Studies

Spatial and temporal occurrence patterns of the
local benthic marine fiora were documented
through various floristic analyses, based on
monthly qualitative algal collections. This floristic
tabulation includes ali attached, macroscopic algal
species.  Excluded from these studies are diverse
diatom taxa, blue-green algae and some crustose,
endophytic or endozooic species. These elements
of the microbiola are present but wo difficult o
consistently collect, and, for many species, 1o
identify. Also included were taxa that are, or may
be, conspecific or subspecific forms, or aliernate
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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 follows that of South and
Tittley (1986).

A summary of results from qualitative sampling
studies conducted since 1979 is presented as
percent frequency of species occurrence during 3-
unit and 2-unit operational studies by month
(Table 1) and by station (Table 2). A total of 126
taxa were collected and identified during 1992,
which was within the range of annual totals for 2-
unit (101 131) and 3-unit (118-126) years (NUSCO
1993). Three species, new (0 our studies, were
coliected during 1992, Phyllophora raillii was
coliected once at FS, Eudesme virescens once at
WP, and Griffithsia globulifera was collected four
times, twice at both WP and SS. These additional
three species bring the overall total of species
collected since 1979 to 161.

These floristic analyses have been successful in
documenting occurrence and distributional trends
of attached algal species throughout the Millstone
area. Many of these floristic differences, identified
OVEr time (among seasons Or years, or between
operational periods) and among stations, provide
information on mnatural factors which produce
variability in the local flora and establish & baseline
from which power plant impacts can be assessed.
For example, seasonal floristic groupings, or suites
of species characteristic of warm-water collections
(e.g.. Champia parvula, Lomeniaria baileyana,
Ceramium  diaphanum,  Dasya  baillouviana,
Polysiphonia novae-angliae, Giffordia miichelliae,
and Emeromorpha clathrata) and cold-water
collections (e.g., Dumonna comorta, Polsiphonia
urceolata, Spongonema tomeniosum, Desmaresiia
vindis, Spongomorpha arcta, Monostroma pu'chrum
and M. greviliei) noted in 1992, were consistent
with those identified over the entire study period
and discussed in detail in previous reports
(NUSCO 1992, 1993).  Similarly, consistent
occurrence Of species which have historicaily
exhibited site specificity (e.g., Prasiola stipirara and
Gelidium pusillurm) was also observed during 1992,

Relauonships among composite collections made
during 2-unit and 3-unit periods at each station
were examined using cluster analysis techniques
and illustrated by the resulting clustering

dendrogram (Figure 3a). In short, the addition of

1992 data has resulied in no substantive change in

56 Monitoring Studies, 1993

major groupings, relative 10 recent previous years
(e.g., NUSCO 1992, 1993). Excluding the FE 3-
unit collection, primary groupings of all other
coliections are distinguished by floras which
Gevelop on differing substrata. Collecuion areas at
sites comprising Group | 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)
Collection substrata at Group 11 sites (TT, SS and
SE) are primarily large boulders and relatively
unsiable cobble with few horizontal surfaces. The
strong dissimilarity of the FE 3-unit collection
(Group I1II) to all other coilections is due 10 the
unique floristic assemblage that has developed at
this site in response 10 exposure 1 the 3-unit
thermal plume.

A similar analysis was applied to annual
coliecions at FE (Fig. 3b) to illustrate vearly
changes 10 the aigal community brought about by
important power plant operational events. Group
| represents collections made during 2-unit 1-cut
operation, when the unimpacted flora at FE was
similar 10 that observed at other exposed sites (see
Fig. 3a and NUSCO 1987).  Temperature
conditions were aliered substantially due 10
operational changes occurring in 1984 (2-unit, 2-
cut operation) and 1986 (Unit 3 start-up), and this
situation  was reflected in  the characienstic
disturbed or early successional stage flora collecied
at FE from 1984 o 1987 (Group ). Elevated
temperature conditions persisted, but were more
consistent  in subsequent  years  comprising
collections in Group I These conditions allowed
for more long-term devclopricnt of the unique
flora now observed at FE, characierized by the
presence of warm water-tolerant species not typical
of other sites (Agardhiella subulata, Gracilaria
tkvahiae and Sargassum filipendula), absence of
common cold water species (Mastocarpus stellatus,
Dumontia contorta and Polysiphomia lanosa) and
extended or reduced periods of occurrence of the
seasonal species mentioned previously with warm
water and cold water affinities, respectively.
Similar floristic shifts have been observed by other
researchers studying attached algae near thermal
effluents (Vadas ¢1 al. 1976, Wilce et al. 1978;
Schneider 1981).



TABLE 1. Qualitative algal collections (Mar. 1979 Feb. 1993) by month, during 2unit (V79 286) and Junit (V86 243) operating perionds
Values represent number of times found, o 2 percentage of possible iimes found. Taxa enclosed in quotes are, of iy be conspeciiic of subspecili
forms, or nliernate We-history stages (see text for addivional explanation ). s dash beflore species indicates thal it sas inchusded in colfections made
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TABLE 1. (cont)
dao Feb Mor Apr
“Grinrellia amenicanum 4 0 0
-Phycodrys rubens 2 4 5
“Dasys baillouviana 7.2°Q0
~Chondria sedifolia 0 o 0
Chondria hasleyans 2 0 2
Chondnia tenuissima 9 0 0
Chondria dasyphyila 0 0 9
Polysiphonia denudata 0 0 0
-Polysiphoma harveyi 70 39 25
Polysiphoma lanosa B2 74 o8
Polysiphoma igra s & 7
Polysiphonia nigrescens 19 14 18
Polysiphona urceolats 19 16 30
Polysiphonia ciongata 0 0 0
Polysiphonia fibrillosa § 2 0
Polysiphonia Nexicaulis 6 0 0
Poiysiphonia novae-anglise 0 61 42
Rhodomela confervandes 7 9 X
Jan Feb Mar Al
Fctocarpus fascicalatus 7T R 12
“Eciocarpus siiculosis 19 32
Eciocarpus sp 5 12 9
<Ciffordia granulons $ 2 4
“Giffordia mitchelliae | T
Pilayells Wttoralis 21 18 2%
Spongonema tomentosum I8 28 42
Entonems secidioides 0 0 0
ACINCIOSpora sp 0 0 v
Feldmanmia sp ¢ 0 e
Rallsia verrucosa 42 Se 1A%
Elachistas fucicola 42 51 o
Halothrx lvmbnicaln g 2 @
Leathesia diftorms 0 2 0
Chordana flagelliformis 0 0 o
Sphaerotrichia divanceta 0 0 0
Cladosiphon zosierae 0 0 ¢
-Eudesme virescens 0 0 0
Pogotnchum Oliforme 0 14 5
Desmotrichum undulatum 0o 2 4
Phacosacoson collingi 0 4 2
Punctaria latfolia 2 9 16
Punctana plantaginea 2 4 4
“Petalonia fascia MW B4 o8
-Seviosiphon lomentana 0 79 9
Delamares atienuata 0 3 2
Desmaresua aculeata 7738
<Desmaresua vindss 4N
Chorda filem 0 0 0
“Chorda tomentosa 0 o0 5
Laminana digitata 2 0 0
Laminaria longicruns ¥y 2 9
Laminana sacchanns 3 3 S
Sphacelaras cirrosa W0 le 9
-!phoalam ngidula 0 o 0
nodosum 96 96 R
-Fw dm s edentatus 7 11 18
Fucus distichus s evanescens 14 12 21
“Fucus spirabis 2 2.3
Fucus vesiculosus LT
-Sargassum filipendula b 6 o
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il TABLE 1. (com.)
A 2-Unit Operation
P e 140 LSk Mat A May Jun ol Aug Sc Ot Nov i
Ulothrx flacca 61 M 0 47 7T § 0 2 ¢ B N
3 ~Urospora peniciiliforms 6! 2 M N N 7 2 4 2 7T WM M
“Uraspors wormiskjoldii 2 7 916 2 7T 4 0 0 0 0 2
: ‘Urospora collabens’ 119 % 2 8§ 2 2 0 0 0 0 4
Acrochaete vindis 2 2 0. 2.0 0 0 0 0 2 1 2
| “Monostroma grevillei 25 58 54 o0 51 12 2 2 2 0 % s
: ‘Monostroma pulchrum 19 44 B8 91 86 16 4 0 0 4 2 2
i ~Monostroma oxysperma 2 6 0 2 2 0 0 0 0 0 0 0
| Spongomorpha arcia 7 1B M S1 M4 012 S 0 0 0 4 4
i “Spongomorpha seruginosa 4 2 7 14 1816 S 4 4 0 0 0
f ‘Codiolum gregatium® 0o 0 0 0 0 0 2 0 0 0 0 0
! Capsosiphon fulvescens 6 2 0 5 4 4 2 0 4 6 0 0
E Capsosiphon groentandicum 2 12 12 4 {1 7 2 o0 0 0 2 1
i Blidingia minima S8 44 44 53 70 65 47 67 SK 4y 47 )
h Blhidingia marginata 9 4 0 0 2 0 4 0 0 4 2 2
! ‘Enteromorpha clatheata 4 5 2 12 I8 19 37 46 37 B 5 4
| Enteromorpha Dexuosa 33 33 25 28 37 40 40 32 46 60 53 A5
i -Enteromorpha intestinalis 2 26 A% 44 49 47 46 51 A5 2% 21 1o
“Enteromorpha Liza S1 30 32 56 67 63 65 60 60 TO 63 49
-Enteromorpha prolifera 2 39 33 28 35 A7 25 M M2 a7 44 47
Enteromorpha torta 2 ¢ 9 8 &« 7T 35 ¥ 2 5 2 40
] -Enteromorpha rallsi 0 0 0 0 N 2 4 8§ 2 2 0
Percursaria percursa 2 0 0 S 4 9 4 2 2 2 00
-Ulva lactuca 90 BG 77T B4 RO 98 93 91 96 98 96 9
-Prasiola stipiata 19 21 23 2% 23 23 2R 25 25 2% 19 N
Chaetemorpha linum 79 58 40 37 %6 BY 91 U5 96 95 R4 4
Chaetomorpha melagonium 0 2 0 # 8% 0 0 0 46 0 0 v
. Chaetomaorpha aerea 36 3% 2 21 19 2 M 2R A2 M O W
Cladophora albids e 9 2 Z N %l N2 & 4 3
“Cladophora (iexuosa’ 4 2 a4 ‘7 14 28 37 2 8 28 12 1)
'‘Cladophora glaucescens’ ¢ 4 ¢ ¢ 2 2 2 2 0 uw 0 0
Cladophora lagisvirens 8 0 & 2 3 4 4 0 4 2 DO
“Cladophara refracta’ $ 7T 2 2 5§ 32 33 20 X 3 18 W
-Cladophora sericea 12 5 § 25 83 @2 3™ M 20 B M
‘Cladophors crystaliing’ 0 0 0 0 0 2 2 ¢ ¢ 0 0 @
“Cladophor: hutchinsiae 2 4 4 7 99 72 8022 2 U 32
; Cladophora rupestns g -2 8 3 5 3 % 3.0 % 2 0
' Cladophora ruchinger: 0 06 6 06 B v O 2 O 6 0 O
Rhoclonium ripanum 9 B0 25 b 1% 18 30 30 28 23 12 16
Riizoclonium kernen 2 06 4 0 0 4 0 0 0 0 0 2
: ‘Rhzaclonum tonuosum’ O b 0 ® @& 5 0 0 0 0 2 w0
f “Bryopsis plumosa 7040 0 0 & 3 1R wn iz o3 9
: -Rryopsis hypnoides 9 8 0 2 4 9% 2 B3 T 3
: Derbesia marna YOORO& 8 @B o4l d e ar W
Codium fragile B9 79 oR U5 75 K2 Bl B4 BK 95 BY Re
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TABLE 2. Qualitative algal collections (Mar. 1979-Feb. 1993) by station. during 2-umit (V79.286) and 3-unit (386-283) operating
penods. Taxa enclosed in quoies are, or may be, conspecific or subspecific forms, or sllernate life-hstony stages, sev 1ext 1or additional
explanstion. Values represent number of times tound, as & percentage of poss e times found. The last theee columns represent 2-uni i
3-unit, and overall study summaries (T =present, <1%) ‘

2-Unit Operation 3-Unit Operanion Summaries
GN BP MP IT FE ESWP SE S5 OGN BP MP IT EE ES WP SL 88 QU 3U
Stylonema alsidii 14 31 6 2 12 11 10 1 o 13 4 0 110 2 7T 0 0 8 4 0
Erythrotnichopeltis cilians 32 20 19 23 26 20 27 )1 23 40 14 B 12 46 19 29 4 W 23 2 XL :
Erythrotnchia carnea 4 2 0 2 1 4 4 4 O 12 1 % 1 1T ¥ 8 .3 - S R ]
Eryilrociadia subintegra 1 4 4 2 4 0 0 1 2 0 0 2 0 B 0 0 ¢ 0 2 1.3 |
Erythropelts discigera 4 6 8 0 8§ 2 1 2 § 0 7 2 210 0 2 4 4 4 3 13 1
Bangia atropurpures 48 45 54 35 42 30 49 38 28 50 50 46 40 42 32 48 43 N 40 42 A4
Porphyra leucosticta 42 27 S6 44 32 23 37 Al 24 S50 43 62 46 S1 49 40 42 W 33 46 40 |
Porphyra umbilicalis 64 42 SD 54 S4 42 2 64 33 42 S0 73 50 76 49 S4 %4 37 S0 S6 5A 1
Porphyra lineans 0O 0 6 0 6 0 1 0 0 ® 0 2 L 0 0 1 2w T 11 :
Porphyropsis coccinea 0 0 0 0 0 2 0 0 0 0 6 1 o 0 ! 0 0 0 e S .'
Audouinella purpurea 2 0 ¢ 0o 1 0 1 0 ¢ 0 1 0 v ¢ v 0 0 Sl T
Audounells secundata 39 49 44 23 24 234 30 27 28 4 R VT K IS W W oM 3 31 19 28 3
Audouinclla daviesii 3 4 2 & 2 2 4 4 4 - St N R e (O TR B (S 4 w3 -§ ;
Audouinclla saviana 17 12 1% 15 12 13 8 2 6 17 B8 § ¥ 1B 1A 19 W 1-Mnn !
Audouinelia sp. 1 1 0 € 0 0 0 0 9 0 1 0 0 1 0 0 0 @ r T T
Audouinelia dasvic 0 2 0 ¢ 0 0 0 0 0 g 0 0 0 0 2 1 0 o0 T 7.1
Gelidium pusillum T 0 0 4 1 66 1 60 ¢ N 60 1 0 24100 10 1 1} 9 23 19
Nemalion helminthoides ¢ 0 0 0 0 0 0 0 0 0 7 20 0 0 0 0 0 1 | ',
Bonnemaisoma hamifera 1 20 2 33 ¢ | 20 29 31 12 233 o0 1 14 21 15 I3 4 |
“Trailliella wtricata’ 0 0 6 0 6 0 0 0 1 0O O o 0 0o u 0 o | ¥ T 9
Agardhiella subulata 3 7.8 23 8 1. 4 12 0 2 1 0 80 6 6 1 4 10 11 u :
Polyides rotundus 4 & 8 8 5 B8 2 20 b0 8 K o % 5 0w a7
Cystociomum purpureum S8 50 67 oF 58 5B 71 49 62 61 24 52 ed 7 A2 %4 82 57 sy 45 82
Gracilana ukvahiae 6 1 0 0 ¥ ¢ 6 0 v O 0 1 6 33 ) 4 0 0 Y 7
Ahnfelua plicata 2 3 S8 W VX 19 5 24 55 807 AL 42 1 e WV OO 4 83 ;
Phyliophota pseudoceranomides & 7 10 20 0 K 40 7 || N (N R § I SR S A R A Y 1 l
Phyliophora tradiu 6 0 0 0 b 0 ¢ 0w o w 0 0 0 v e i v v @ [T |
Phyllophora truncata o T R ¢ T 1T R M LI LR R B S S (O N S 12 5 =
Chondrus crispus 100 100 i00 100 79 100 100 100 100 J00 [0¢ 100 10 SO 100 (oo [o0 100 97 95 9K
Mastocarpus stellatus 25 61 90 100 17 21 o5 %0 985 29 43 95100 0 43 100 95 95 60 67 o4 !
Petrocels middendortii 0, 0 -9L9, B w0 0O 0 0 0 0o 0 0 O 1 r 1 1
Rhadophysema georghi g 1.9 0 @ 2 4 71 12 0 1 ¢ 1 0 1 0 | 5 e 4 2 i
Corallina officinalis 2100 100 31 95 70 82 N2 T 98 99 31 94 00 94 54 18 60 65 el .'
Dumontia coniorta 3 19 40 48 26 45 33 32 30 39 10 31 SD 0 42 28 1w 45 38 M W |
Glowsiphona capillaris ¢ 0 2 0 1 0 0 0 0 0 0 0 0 1 0 2 ¢ 0 T T :
Choreocolax palvsiphoniac H 8 2200 5§ 0. 6711 St ' d 08 200 e o4 Y 1
Hildenbrandia rubra NS RN A RN SR SR R RS | 0 U ¥ B U o | 0 ) « 1 1 |
Palmaria palmata 3 19 )7 oy B 44 25 SK 15 12 6 S8 2 2 2 15 42 A 0 2 |
Champia parvula 37 35 1% 33 31 B 61 20 40 M 25 27 W 42 W 42 20 40 A7 34 38 \
Lomentana baileyana 20 07 2 6 1T 11T 2 2 11 % 0 032 1w 1 4 o6 K |
Lomentara ¢clavellosa B A RN 2 I 0 % 4 &6 9 @ ] K 4 3 K {
Lomentaria orcadensis 1 ¢ 0 &8 0 0 2 9 1 o 0 0 1 0 0 I 0 | N
Anthamnion cruciatum 44 52 33 40 33 40 62 30 43 19 27 290 27 25 23 33 4R 2o 43 23 3 j
Antithamnion nipponicum 0 0 0 0 0 0 0 0 0 38 69 85 o5 68 52 6l 46 45 0 S 34 -’
Collithamnion corymbosum 0 7 0 2 2 1 S5 1 1 6 0 0 0 0 0 0 © 0 2 4 | ’
Callithammon roseum 0 6 10 4 18 11 10 4 4 2 4 TN § 6 1 2 9V B '
Callithammion tetragonum 38 37 82 63 SO0 25 45 3 3 2021 20 18 1 R 17 0 10 3 11 24 ]
Callithamnion byssoides 1 S 0 0 0 0 € 6 0 1 0 0 0 6 0 0 0 0 1T 1 J
‘Callithammon baileyi’ 2 2.2 2 0 0 1 9 1 2 MW 12N BD 1 28 1%
Ceramium deslongchampy 13 » 0 4 0 4 1 1 0 T 4 1 1:0 v 2:-32 .1 . 22
Ceramium diaphanum I8 29 2 33 B 13 2 19 19 R 20 § 30 4 5 29 23 26 19 10 12
Ceramum rubrum BE 95 88 92 87 77 94 R? Bo RS Y9 T6 RV To KT Y6 K3 RS B8 Ko AT
Ceramium fastigiatum ¢ 0 2 v 0 0 0 0 v 0 0 0 0 v 0 v u v L U |
] Spermothamnion repens 46 55 40 36 21 27 68 2 A5 @4 40 19 27 {1 2% b I 44 42 MW ‘
' Spyndia filamentosa 12 1 8 O ® 4 1 0 o B 2 ¥ b @4 o1 4 w0 ik S ] ;
Scagelia pylasae 1 4 & 2 O ) & 1 4 N R R B (S T S (R I 2 2 |
Gniffithsia giobulifera ¢ 0 0 0 ¢ 0 0 0 0 6 0 0o 0 0 v 2 4 2 ORI |
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TABLE 2. (cont)

Grinnellia amencanum
Phycodrys rubens

Dasya baillouviana
Chondria sedifolia
Chondria baileyana
Chondria 1enuissima
Chondna dasyphylla
Polysiphonia denudata
Polysiphonia harveyi
Polysiphonia lanosa
Polysiphoma nigra
Polysiphonia nigrescens
Polysiphonia urceolata
Polysiphonia elongata
Polysiphonia fibrillosa
Polysiphenia flexicaulis
Polysiphonia novae-angliae
Rhodomela confervordes

4

Ectocarpus fasciculatus
Ectocarpus siliculosis
Ectocarpus sp
Giffordia granulosa
Giffordia mitchelline
Pilayella lntoralis
Spongonema lomeniosum
Entonema accidioides
Acineiospora sp
Feldmannia sp

Ralfsia verrucosa
Elachista fucicola
Halothrix lumbricalis
Leathesia difforms
Chordana flageiliformis
Sphacrotrichia divancata
Cladasiphon zosterae
Eudesme virescens
Pogotnchem filiforme
Desmotnchum undulatum
Phaecosaccion collinsii
Punctaria latfoha
Punctana plantaginea
Petalonia fascia
Seviosiphon lomentaria
Delamarea attenuaia
Desmarestia aculeata
Desmarestis vindis
Chorda (llum

Chorda tomentosa
Laminana digitata
Laminaria longicruris
Laminaria saccharing
Sphacelana cirrosa
Sphacelaria rigidula
Ascophvitum nodosum

Fucus distichus s edentatus
Futus distichus § evanescens

Fucus spirals
Fucus vesiculosus
Sargassum filipendula
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2-Uni Operation
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2-Unit Operation
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3-Unit Operation
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Fucus

Fucus vesiculosus is the most common species of
macroalgae in local mid and upper intertidal zones
but aiso occurs in lower abundance in the low
intertidal.  Other species of Fucus are found
occasionally at our study sites, including F
distichus subsp, edentarus, F. distichus subsp.
evanescens (both occur mostly subtidally) and
occasionaliy F. spiralis, which occurs in the high
intertidal.  Our estimates of Fucus abundance
combine abundances of all the above mentioned
species,

Local distribution patterns of Fucus, presented
in Figure 5, are similar 10 those reported elsewhere
in New England (Lubchenco 1980, 1983; Topinka
et al. 1981). Fucus abundance maxima during
1992-93 in Zone 1 were highest at FE (429%), with
the low maximum of 2% at FS and GN (Fig. §).
Highest Zone 2 maxima duning 1992-93 occurred
at FS (84%), maximum cover was lowest at BP and
WP (35%). In Zone 3, maximum Fucus cover
during 1992-93 reached a high of 43% at FS; the
low peak abundance value occurred at FE (2%).

In general, Fucus is most abundamt on
moderately exposed shores, common conditions at
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). A
both sheltered and exposed sites, maximum Fucus
abundance typically occurs in late summer/early
autumn. Local vertical distribution patierns of
intertidal Fucus are determined, in large part, by
mechanisms  similar 10 those discussed for
barnacles (i.e., related 10 exposure 10 waves and
slope of available substratum) and are discussed in
previous reports (NUSCO 1992, 1993),

Physical stress from the MNPS discharge, in the
form of heat, is an important mechanism
controlling Fucus abundance in Zone 3 a1 FE
Elevated temperatures during periods of thermal
plume incursion have resulted in  annual
climination of Fucus in Zone 3 since the opening
of the second quarry cut in 1983 and throughout 3-
unit operation, including 199293 (Fig §)
Thermal stress was most severe at FE in Zone 3,
because organisms there were schmerged and
exposed 1o 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. and Fucus populations in
Zones 1and 2 returned to abundance levels similar
10 those observed from 1979-1983, Reduced cover
minima and maxima in Zones 1 and 2 were
recorded in the past two years (1991-92 and 1992.
§3), compared 10 other 3-unit years, however, these
values were still within the range of values
recorded prior to 1984, when impacts were first
detected at FE.

In previous reports (e.g., NUSCO 1992, 1993),
we have discussed the possibility of power plant
impact at MP causing the decline of Fucus from
1981-1986, followed by a prolonged period of
recovery (6 years).  Although  continuous
temperature recorders deploved at MP over the
last several years show water wemperatures 2-3°C
above ambient during slack tides with one to three
units operating, we have no direct evidence linking
the pattern of Fucus abundance at MP 10 power
plant impact. Elevated temperatures may have
indirectly impacted Fucus recruitment at MP, by
enhancement of earlier seasonal migration and
higher feeding rates of grazers (mostly Lintorina
linorea; Newell et al. 1971, NUSCO 1993), Fucus
now appears 10 be well established at MP, as
conunued high cover in Zones 2 and 3 was
observed during 1992-93 (>401%). Similar,
although less marked, increases in Fucus
abundance in recent vears have also been observed
at BP, SE. SS§ and WP, which may indicate an
area-wide trend not related o power plant
operation.

Chondrus and common epiphytes

As discussed in previous sections, power plant
impacts 10 the local rocky intertidal have occurred
primarily in Zone 3 at our sampling site nearest
the discharge (FE) Documentation of abundance
patterns of the dominant low inertidal alga,
Chondrus crispus, and iy associated seasonally
abundant epiphytes (e.g, Monostroma spp. and
Polysiphonia spp.) is therefore critical 1o our
assessment of these impacts.

Chondrus abundance time-series are presented in
Figure 6. Perennial populations of Chondrus have
occurred in the low intertidal at all study sites,
exciuding FE. Abundance maxima at these sites
during 1992.93 ranged from 10% a1 FS 10
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approximately 70% at MP, SE and WP. In
general, Chondrus abundances observed during
1992-93 a1 all sites except FE were similar 10 those
observed throughout our studies.

Maximum Chondrus cover at FE during 1992.93
was only 2%, which was within the range of covers
recorded at that site after 1984 (0-14%), but well
below those recorded prior to 1984 (40-75%),
This extensive population was eliminated in 1984
by elevated 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; abundance estimates
have generally been less than 1%, and declined 10
near 0% during cach summer. These declines are
no doubt caused by elevated summer waler
temperatures from the 3-unit 2.cut discharge,
which appear 10 preclude any successful
reestablishment of the Chondrus population at FE
The low intertidal community a1t FE 15 now
composed primarily of an extensive Codiim
population and  persistent  populations  of
ephemeral  algae including Ulva  lacruca,
Enteromiorpha spp. and Polysiphonia spp.  This
warm-water  iolerant  community  may  also
competitively exclude Chondrus from Zone 3
through preemption f suitable substratum.

Power plant impacts are also reflected in
temporal abundance shifts of seasonal epiphytes.
Polysiphomia spp. (mostly P. novae-anghae and P
harveyr) are common warm-waler epiphyvies on
Chondrus, Ascophyllum and Codium, and glso grow
attached 10 rock. The annual abundance cvele of
Polsiphonia spp. 1s characterized by a late summer
peak, with cover declining to near 0% by winter
(Fig. 6.). Peak abundances during 1992-93 ranged
from 3% a1 FS to 60% at MP. In general, these
estimates are consistent with those observed
throughout the NUSCO monitoring program,
again excepting FE. 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 temperature regimes at FE have also
allowed Polvsiphonia spp. 10 persist through cold
water months, when these species are typically
absent from other sites, inciuding FE prior to
1983,

The annual abundance cycle of Monostroma spp
(M. grevilier and M. pulchrunt) is nearly opposile to
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that described for Polysiphonia spp, 1e., peak
abundance is observed during cold water months
(late winter/early spring) and virtual absence I8
noted during warm-water months (July-December,
Table i).Monostroma spp. occurred at every site
except FE during 1992-93 (Fig. 6); peak abundance
ranged from 1% (BP) 1o 21% {(MP). Abundance
patterns of Monosrroma at all sites except FE in
1992-93 were similar 10 those observed during
previous 2-unit and 3-unit years. Monosiroma has
only occurred once in undisturbed transects at FE
since 1983 (< 1% cover in May 1988), where spring
cold water temperatures required for Monosrroma
rarely occur.

Similarity Dendrograms

The Brav-Curtus Similarity Index s an anatyvtical
technique applied previously 10 qualitative data
and used here w0 evaluate communites in the
Millstone arca based on the abundances of all
species observed in Zones 2 and 3 of undisturbed
transects.  The resulting clustering dendrogram
illustrates multiple pair-wise comparisons.  This
technigque 1s used 10 compare communities at all
sites over 3-unit and 2-unit periods, and 1o
examine annual communal changes at  our
experimental site, FE.

Similarities  of species  composition  among
stations in mid and low inter dal zones during
cach operational period are illustrated in Figure
7a.  Similarities were highest (>75%) between
operatuonal collections at the same station for all
stations  except  FE, indicating a relatively
consisient species  composition a1 these  sites
throughout  3-unit  and  2-unil  operation.
Similarities  were  less  for  among-station
comparisons, but were primarily related 10 natural
factors  affecting sbundances of Fucus and
Chondrus (e.g., Groups 1, 1l and III; NUSCO
1993).  Group IV consisted of the 3-unit
operational collection at FE, which is greatly
dissimilar 10 all other coliections. The community
at FE during 3-unit operation reflects power plant
impacts, and s characierized by the absence of
Chondrus and higher abundances of Codium and
ephemeral algae.

To better iilustrate annual community responses
1o separate operational events, including those
prior 1o Unit 3 start-up, a clusiering dendrogram
was generated based on annual collections at FE
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(Figure 7b). This method showed three groupings
at th  50% similarity level. Group | represented
an uuimpacted community at FE and consisted of
annual collections made before changes associated
with the opening of the second quarry cut were
observed. During these years (1979-83), the FE
community was similar 1o those observed at other
moderately exposed sites, with extensive Fucus and
Chondrus populations and consistent occurrences
of species such as Monostroma, Polsiphonia, and
other local annuals. Group I consisted of annual
collections made during years of maximum thermal
incursion created by 2-unit 2-cut operating
conditions. Chondrus was eliminated after 1984,
and barnacle and Fucus populations were
eliminated annually in summer after that time until
1987. This period was also marked by high
abundances of Polysiphonia and ephemeral green
algae,

Group Il represented years of community
development at FE under the less stressful thermal
conditions of 3-unit operation. Group I was
distinguished {rom Group 1l by the return of a
substantial Fucus population and small amounts of
Chondrus and the persistence of an extensive
Codium population.  Other significant events
during this period were the appearance, persistence
and expansion of populations of the perennials
Sargassum  filipendula and Gracilaria tkvahiae,
species previously not observed in undisturbed
transects.  The high level of similarity among
annual collections in recent years at FE suggests a
relatively consistent species composition, which has
developed in response 1w presenl operating
conditions.

Ascophyllum nodosuwm Studies

Growth and mortality of three local populations
of the perennial brown alga, Ascophyllum nodosum,
continued 10 be monitored during the 1992.93
sampling year. Many factors contribute 10 the
overall value of this species as a useful and
sensitive biomonitoring tool. 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 (1992-93) are presented
below and compared with results from overall 2-
unit and 3-unit operational periods,
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Growth

Ascophyllum growth, or annual tip elongation
described by the a parameter in ithe Gompertz
growth model fitted 10 the data, is presented
Figure 8. Ascophyllum growth during 1992-93 (Fig.
8a) was significantly higher (P<0.05) a1 FN (116.3
mm) than growth at both GN (105.9 mm) and WP
(97.8 mm). Growth differences between GN and
WF were also significant. The inflection point of
the growth curve, which identifies the ume of
maximum growth rate, occurred carliest at FN in
1992 (July 16). Growth rate peaked later a1 GN
and WP in 1992 (July 24 and July 29, respectively).
Growth at GN during 1992-93 was significantly
higher than growth over both the 3-unit (97.8 mm)
and 2-unit (90.1 mm) operational periods (Fig. 8b),
The difference between growth estimates during 3-
unit and 2-umit operation at GN was  also
significant. Although growth &t WP over the 1992-
93 scason was also higher than growth during 3-
unit operation (890 mm) and during 2-unit
operation (90.2 mm; Fig. 8¢), the growth difference
hetween operational periods was not significant,
At FN, growth during 1992-93 was significantly
higher than the 1985-86 2-unit vear (90.5 mm), bui
was not different from growth over the 3-unit
period (Fig. 8d). Growth during 3-unit vears at
FN was also significantly higher than growth
during 1955-86.

Relatively consisient spatial relationships among
Ascophyllum populations studied around MNPS
have been observed throughout 3-unit operation.
The most obvious and important aspect of these
relationships 1 the phenomenon of enhanced
growth at the site nearest the discharge cuts, FN,
when compared to sites farther away. Growth
characteristics at GN and WP were more similar
during the entire study period, including 2-unit
operational years; when differences were observed,
such as duning the most recent sampling year, most
often higher growth occurred at GN, the control
site. well bevond any power plant influence
(NUSCO 1992, 1993). Thercfore, we attribute
differences betweer reference sites 10 spatial
variability of natural environmental factors and not
10 power plant operation.

By contrast, increased growth and accelerated
growth rates of FN Ascophyllum plants are
considered 10 be directly related to power plant
operation, in particular, 1o periodic exposure 0
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the discharge thermal plume. Water temperatures
at FN are elevated 3-4°C for 3-4 hours each tidal
cycle when all three units are operating at full
power. This level of temperature increase creates
near ideal conditions for Ascophyllum growth at
FN by: 1) extending the period of "normal” or
*ambient” peak growing conditions Lor Jocal
Ascophylium  populations  (18-21°C; Kanwisher
1966, Chock and Mathieson 1979), 2) more closely
synchronizing these periods of optimal growing
temperatures with the period of maximum daily
solar irradiance (June), and 3) eclevating
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
conditions have been implicated when Ascophyllum
growth enhancement has been reported near other
coastal power plants (Vadas et al. 1976, 1978:
Wilce et al. 1975).

Year-to-year vanability in Ascophyllum growth
has been noted 21 FN during 3-unit operation and
appears related 1o the degree of thermal load
produced by the power plant.  In other words,
growth at FN is highest when periods of 3-unit
operation are longer or more frequent during the
peax growing season (May-November), compaied
to years when one or more unit outages ogeurs
during that ume (NUSCO 1992, 1993). The
degree of growth enhancement at FN during 1992-
93 was intermediate compared (0 previous vears
and likely due 10 the extended outage of Unit 2
during the second half of 1992,

Mortality

Ascophyllum plant breakage, referred 10 here as
mortality, was assessed by examining patterns of
frond base tag loss (plant loss; Fig. 9) and apical
tip 1ag loss (tip loss, Fig. 10). Plant loss at GN
during 1992-93 (329%) was lower than mean plant
loss during the 3-unit period (58% ) and the 2-unit
period (529 ). Similarly, plant ioss at FN in 1992.
93 was 58%, which was lower than both the 3-unit
and 1985-86 (2-unit) plant losses of 66% and 80%,
respectively. Conversely, plamt koss at WP during
1992.93 (62% ) was higher than both operational
means (58% and 55% during 3-unit and 2-unit
periods, respectively). Tip loss at GN was 51%
during 1992-93, lower than 3-unit and 2-unit tip
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Benthic Infauna

Introduction

Benthic infauna, in soft-bottom subtidal habitats
in the vicinity of Millstone Nuclear Power Station
(MNPS), have been monitored since 1973,
Environmental  variability  characteristic  of
estuarine systems (Holland 1985, Nichols 1985,
Holland et al. 1987, Warwick 1988, Rees and
Eleftheriou 1989), together with our inability 1o
completely understand how physical and biological
factors combine 1o impose structure on, and
control the functions of, benthic communities
(Diaz and Schaffner 1990), make long-term
monitoring studies necessary 1o 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 0 acute or chronic
climatic conditions (Boesch et al. 1976, Flint 1985,
Jordan and Sutton 1985), 10 varnatons in
biological factors such as  competition  and
predation (eg., Levinton and Stewurt 1982,
Woodin 1982; Kneib 1988), or to human activities.

Infaanal studies are an important component of
environmental impact studies for several reasons,
Infaupa are a source of food for numerous
inveriebrate and vertebrate species, including
demersal fishes (Richards 1963, Moeller ¢t al.
1985, Watzin 1986, Horn and Gibson 198%,
Commito and Boncavage 1989, Franz and
Tanacredi 1992). Sediment reworking resulting
from the burrowing and tube-building activities of
infauna can promote nutrient recycling from the
sediments 10 the water column (Goildhaber 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,
Lastly, because many studies have documented
changes in  benthic communities following
disturbance (Boesch and Rosenburg 1982, Young
and Young 1982; Gaston and Nasci 1988: Regaault
etal 1988; Rees and Eleftheriou 1989; Warwick ¢t
al. 1990), a framework of baseline studies exists 10
aid in evaluating impacts of human activities on
marine benthic systems.

The infaunal monttoring program at Millstone
was  designed 10 measure infaunal - species
compaosition and abundance, 10 identily 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 o 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 gnd abundance that apparently were
the result of natural events. This report presents
data collected during the 1993 sampling year, and
compares them o results of monitoring local
infaunal communities during 2-urit (1979-85) and
3-unit (1986-93) operational periods at MNPS.

Materials and Methods

Subtidal infaunal communities in the vicinity of
MNPS  were  sampled  quarterly  (Sepiember,
December, March and June) from 1979 through
1993 at four stations (Fig 1), The Giants Neck
station (GN), located 6 km west of MNPS, 15
outside the area potentially affecied by power plant
operations.  This station was used 10 idenufy
possibie region-wide shifts in infaunal community
structure  and  composition  which  occur
independenty of power plant operations.  The
Wake station (IN) is located 100 m seaward of
MNPS Unit 2 and Unii 3 intake structures, and is
exposed 10 scour produced by inflow of cooling
water and he effects of periodic dredging.  The
effluent station (EF), located approximately 100 m
offshore from the station discharge into Long
Island Sound, 15 exposed 10 increased waler
temperatures, scour, 4nd 1o chemical or heavy
metal additions 0 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
SIALION  Can  expenence  ncreases i waler
temperatures of 0.5 10 2.2°C above ambient during
certain tdal stages (principally ebb tide) due 10 the
3-unit thermal discharge of MNPS (NUSCO
1988b). At ecach station, ten replicate samples
(0.0079 m’ each) were collected by SCUBA divers
using a hand-held coring device 10 em in diameter
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White Point

Fig. 1. Map of the Milistone Point area showing the location of subuidal infaunal siations (EF = Elfluent, GN=Giants Neck, IN= Intake,

JC=Jordan Cove).

x 5 cm deep. Each sample was placed in a 0.333
mm mesh Nitex bag and was brought 10 the
surface. When taken to the laboratory, samples
were fixed with a 10% buffered formalin/Rose
Bengal solution and after a minimum of 48 h,
organisms were floated from the sediments onto a
0.5 mm mesh sieve and preserved in 70% ethyl
alcohol. 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 treated in aggregate
because of the difficulties associated with
identifying these organisms. Organisms that were
two small 10 be quaatitatively sampled by our
methods (e.g., nematodes, ostracods, copepods, and
frraminifera) were not sorted. Grain size and the
silt/clay fraction were determined from a 3.5 cm
diameter x 5 cm core, taken at the time of infaunal
sampling. Sedimeni samples were analyzed using
the dry sieving method described by Folk (1974).
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Data Analyses

This report  summarizes results of the
macrofaunal sampling program conducted from
Sepiember 1979 (o0 June 1993, The period
extending from September 1979 through June 1985
is considered the 2-unit operational period while
September 1985 through June 1993 is referred 10
as the 3-unit period. A sampling year encompasses
quarterly collecuons made from Sepiember
through June of the following calendar vear.

Sediments

Sediment sieve fraction weights were used 10
construct cumulative curves for 2-unit (1980-85)
and 3-unit (1986-93) operationa! periods by
pooling quarterly weights from each sieve used for
grain size analysis, in each 2-unit operational vear
and each 3-unit operational year, with years serving
as replicates. Shifts in sedimentary environments
over the 2-unit and 3-unit operational periods were
then quantitatively assessed using the Gomperiz
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[-e ¥ 7]

where C =cumulative sediment weight at point t,
p=location of inflection point in units of grain size
and x= the shape parameter (Gendron 1989),

This function was fitted 10 data separately for
2-unit and 3.unit operational periods using
non-linear regression methods  (SAS  1985).
Two-sample 1-tests were used to test for differences
between the x parameters of curves based on data
collected during the 2-unit and the 3.unit
operational periods

Multiple Regression Analyses

Multiple regression techniques were used 1o
minimize the unexplained temporal variation in
community abundance, in number of species and in
the sbundance of numerically dominant taxa.
Several explanatory variables (described below)
were used 10 remove variation that was attributable
to fluctuations in sediments, reproductive or
recruitment cycles, or climatc conditions.  This
technique was used to improve (he sensitivity of
analyses later performed 10 identfy and compare
long-term trends in data from the 2-unit and 3-unit
sampling periods. Analyses were based on average
quarterly abundance datas  after  In(x+1)
transformation and on species number collecied
from September 1979 through June 1993
Explanatory wvariables 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 1993 Values 10 the
nearest 0.01 inch were used as “rain” data.

Water and Air Temperatures - Ambient waler
temperatures (at the intake structures) and air
temperatures (recorded at the 33 foot level of the
Millstone meteorological 1ower) were obtained

from the Nontheast Utilities Environmental Data
Acquisition Network (EDAN). Daily averages of
15-minute values were calculated for the period
June 1976 to June 1993.

Wind Speed and Direction - Wind speed and
direction (at the 33 foor level of the Millstone
meteorological tower) were extracted from the
EDAN database for each 15-min interval from
June 1976 to June 1993, 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 1o calculate
site-specific wind directional weighting coefficients.
The directional weight ranged from 0. when wind
could not influence the station, 10 @ maximum of
1, when wind-induced waves could directly aflect
the area. The wind index was then computed by
multiplving the directional weight by the wind
speed. Because the effect of wind was assumed 10
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 1o represent
unusual climatic conditions which occurred during
the sampling period. High or low deviations (i.e.,
exiremes) were derived for wind, rain, water and
air omperature data and  calculated as  the
difference between the quarterly mean or daily
value and the 16-year mean (1977-93) for that
quarter.  Devigtions based on quarterly means
reflect the effects of longer-term exiremes (€., an
unusually cold winter), while those based on daily
values tend 10 remove the effects of shoner-term
episodic events (e.g., storms).  Daily deviations
were averaged and also summed in each sampling
quarier 10 assess cumulative effects,

Sedimentary Parameters - Sediment mean grain
size and silt/clay content were obtained as part of
the monioring studies and these quarterly values
were used directly as explanatory variables in the
multiple regression models.

Reproductive - Recruitment  Component
Infaunal organisms in the Millsione area exhibit
annual peaks in abundance, ofien reflecting the
seasonal nature of reproduction and recruitment
cycles or periods of favorable climatic conditions.
Spectral analyses of quarterly data showed annual
cvcles in community abundance and number of
species. To account for this periodicity, harmonic
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terms (Lorda and Saila 1986) having 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 inciuded
two sedimentary parameters, (wo
seasonal/reproductive  components  and  seven
climatic 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 1o June 1985 (2-unit period)
and September 1985 10 June 1992 (3-unit period)
were separately detrended using a linear regression
model. A siep-wise multiple regression was then
applied 10 the residuais of quarterly data (i.e., the
variability or "noise” about the hinear trend) oves
the entire sampling period to identify explanatory
factors and combinations of factors  whose
regression coeflicients 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-squarc-error and maximized the R’ was
selected 10 "clean” the original data, and produce
a time-series free from variation attributable 1o
concomitant physical factors or known  biotic
processes such as reproductive/recruitment cycles.
Lincar models were then refitied 10 the variance-
reduced time-series corresponding 10 the 2-unit
and 3-unit peniods.  The nonparametric (ie,
distribution-free) Mann-Kendall 1est (Hollander
and Wolfe 1973) was next used 1o determine
whether these 2-unit and 3.unit series exhibited
significant trends and  Sen's  nonparametric
estimator of the slope (Sen 1968) was used 1o est
for wend differences. These 1wo tests were
suggested by Gilbert (1989) as particularly well
suited for analyzing environmental monitoring data
because no distributional assumpuions are required,
and because refatively short time series (n< 10) are
accepiable. In this report, plots of the original
quanerly data, adjusied data and & grophical
representation of the linear trend are provided for
commurity abundance, numbers of species and fo
selected taxa.

Abundances of the top ten numerically dominan
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taxa collected a1 cach station were uwsed 0
construct  cumulative  abundance curvis (k-
dominance curves) for  Q-unit  and  3-unil
operational periods.  Comparison of k-dorinance
curves has been suggested as @ 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-umt operational periods, the same
Gon pertz funcuon used for sediment data analysis
wis fitted o cumulative abundance data by
substituting species abundance for sediment weight,
and species rank for particle size in the equation.
Twosample t-ests were  wsed 10 compare
parameters of curves representing data colle 1ed
during the 2-unit and 3-unit operational periods.

Results

Sedimentary Envit snment

Scdiments at subtidal swapling stations in the
vicinity of Millstone during 1993 were comprised
of fine to coanse sands. The finest sediments were
tound at IN. where quarterly grain size means were
018 10 030 mm (Fig. 2)  Sedimenis were most
coarse at EF; the quarterly grain size range was
(.50-0.62 min. Intermediate sizes were observed at
JC and GN (ranges of 0.21-0.25 mm and (0.29-0.50
mm, respectively).  Quarterly silt-clay contents
were highest wt JC (18.7-22.54 ), lowest a EF (1.3
AB% ) and iniermedinte at GN and IN (12.1-13.6%
andd ST 100%, respectively). Sediment grain sz
and siit-clay contents observed during 1993 were
within  the  runges  of  these  two  sediment
patameters  duning  both 2-unit and  3umil
aperational periods.

Cumulative curves based on sediment sieve
fractuion weights (Fig. 3) were used 10 characierize
sublidal  environments, and  allowed ws 10
statistically compare sediments coliected a1 cach
stehon during 1993 10 those collecied over Z-unit
(1979 B5) and 3-unit (1986-93) operational periods
Based on t-tests of Gomperiz parameters derived
from these curves, significant differences between
2-unit and 3-umt peniods were noted only at EF
and JC. Ditlerences between 2-unit and 1993
sediments were abso significant at boih stations
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TABLE 1. Annual mean number of species (5), number of individuals (N) of each major taxon collected in 1993, during 2-unit (1950
1985) and 3-unit (1986-1993; operationst vears a1 Milistone sublidal stations,

S by e e e

1993 2-Unit Period (1980 1985) 3 Unn Penod (1986 1993)
(S) (N) MEAN cv* MEAN ¢V MEAN CV  MEAN (CV
(5) (N) () (N)
Effluem
Polychaeta o) 2433 67 2.7 4673 17.7 62 2B 2579 122
Ohgochaeta 2703 2885 139 4289 1140
Mollusca : 214 29 48 497 293 27 4.1 472 19
Arthropoda 24 a1K 49 45 723 A8 30 3 e 94
Rhwnchocoela a2 13K 3.2 182 Wi
‘Othens’ 5 L3 4 204 11 487 4 BS 140 ¥ 7
Total 113 6351 139 LR 123 HOK4
Polychaeta 63 Y250 67 44 GOR3 129 60 51 T128 BS
Oligochaets m7 932 12 2283 84
Mollusca o] 416 0 99 60 207 26 58 2 98
Artuopoda 29 1670 35 46 24 S8 ¥ B.6 1082 26
Rhynchoooela 173 62 204 W 201
"Others’ 3 46 3 204 8 482 i 124 1T 289
Total 134 14277 128 9569 121 ELTES
Intake
Polvehaeta 61 5070 43 i3 1130 93 82 19 o0 2R
Oligochaeta 700 258 162 397 235
Moklusea 22 a0 18 108 19 270 20 406 $03 138
Arthropoda b BSR 25 2 820 474 27 50 1710 S§31
Rhynchocoeia K 15 264 25 198
‘hers' 1 I | (LR ! 4.2 1 333 2 XA
Total 1 6977 8" 2408 1w 5617
dordan Cove
Polychaeia 72 10153 o 47 6513 232 63 27 7887 132
Oligichaeta 2070 4124 24.2 2706 73
Mollusca 25 708 24 128 446 240 o | 35 LR Y]
Arthropoda 26 1608 P4l 62 641 554 27 6.0 Y04 35|
Rhynehocoels 172 % 123 91 138
'Othen’ 3 7 3 131 4 281 73 12 333
Total 126 14718 118 12110 132 12377
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* C V. of the mean estimate = (Standard Ervor™Mean) x 100
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Sediments at IN in 1993 were significantly different
(coarser) from those collected during both 3-unit
and 2-unit periods, 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
)C,

General Community Composition

Mean numbers of species and of individuals in
major inveriebrate groups collected during 1993,
and during 2-unit and 3-unit operating periods arc
presented in Table 1. The annual mean numbers
of species at sub’ . Jal stations in 1993 ranged from
113 (EF) to 126 (JC). The 1993 mean at EF was
lower than the means for 2-unit and 3-umt periods
(139 and 123, respectively).  during  buth
operational periods, mean number of species had
been highest at EF in relation 10 operational
means at other stations.  In contrast, the 1993
means at IN (118) and JC (126) were higher than
2-unit (87 and VI8, respectively) and 3-unit (100
and 121, respectively) operational means. Number
of species at GN during 1993 (124) was lower than
the 2-unit mean (125), but higher than the 3-unit
mean (121).

Similar 1o spatial trends in number of species,
the largest number of individual organisms was
collected at JC (14,718), and the smal'est at EF
(6,351) in 1993, Means were also highest at JC
over both 2-unit (12,110} and 3-umil periods
(12.376); low 2-unit and 3-unit means were both
recorded at IN (2,405 and 5,635, respectively). The
1993 mean number of organisms at IN was higher
(6,977) than the two operational period means.
The number of individuals collected at GN in 1993
(14,277) was also higher than the means of 9569
and 10,806 for 2-unit and 3-unit periots,
respectively.  Fewer individsads were collected at
EF in 1993 than over the two operational periods
{2-unit mean: 8,930, 3-unit mean: 8,084),

Polychaetes were the dominant group in terms
of numbers of species at all stations during 1993,
ranging from 60-72 species. Polychaetes were also
the most abundani taxon in the 2-unit and 3-unit
operating periods (ranges 43.67 and S2.43,
respectively).  Except at EF during the 3-unit
period and during 1993, polychaetes also
dominated in 1erms of numbers of individuals

(nearly 50% of towal individuals). Molluse and
arthropod species were not as abundant as
polychaetes; ranges of numbers of species were 22-
29 and 25-32, respectively. Numbers of molluses
and arthropods were generaily similar between the
operating periods. At EF during 3-unit operation,
including 1993, oligochaetes were dominant. At
GN and JC, oligochaetes were second  in
abundance (after polychaetes) followed by
arthropods and molluscs.  Arthropods ranked
second in  abundance &t IN, followed by
oligochaetes and molluscs.  Rhynchocoels and
"Others" contributed little to total abundance
during cither operational period.

Some notable differences in general community
composition  between operational  periods  are
evident, based on species number. During the 3-
unit period, the polychacie-dominated community
at EF present during the 2-unit operation was
replaced by one dominated by oligochactes.
Abundances of polychaetes and oligochaetes were
simiar during 1993, 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
polvchaetes 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 operauonal periods,

Community Abundance

Ranges of awerage quarterly abundance (per
core) at subtidal stations during 1993 were 134-194
at EF, 279408 at GN, 119-314 at IN, and 292-369
at JC (Fig 41, At each station, 1993 densities were
within the range for their respective 14-vear time
semes.  In general. infaunal abundance at all
stations during the 3-unit period (1986-1993) was
similar 1o that observed during the 2-unil
operational years. Overall, seasonal and annual
fluciuations were lowest at EF a1 ! highest a1 IN;
however, no consistent seasonal periodicity was
evident in community abundance at any station
during the 14-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

Benthic Infauna 89
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(1984). During the 3-unit operating period, a

significant increasing trend was detected only at
IC.
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Numbers of Species

The mean number of species (per core) collected
during 1993 ranged from 21-28 at EF, 26-35 at
GN, 25-30 at IN, and 30-38 a1 JC (Fig. 5). These
means were within the range of annual means
observed at each station over the previous 14-year
period. A significant increasing trend in quarterly
species number was evident at EF and GN during
2-unit operation, and coincided with high species
richness evident at most stations during the period
1984-87, During the 3-unit operating period, there
were no significant trends in species richness
evident at EF, GN, or JC. However, at IN, there
was a significant increasing trend In quarterly
numbers of species evident over the 3-unit
operating period (slope=0,194),

Community Dominance

The dominant taxa collected during 1993 at
sublidal stations included the polychaete specics
Ancidea  catherinae, Thanx spp.. Prionospio
steenstrupt, Polycirrus exinmus, Scoletema  ienuis,
Protodorvillea gaspeensis, Mediomastus ambiseta,
Pygospio elegans, and the arthropods Ampelisca
vadorum, A. vernlli and Lepiocheirus pinguis and
representatives of the class Oligochaeta (Table 2).
The top four ranked taxa ai cach station in 1993
accounted for 50% or more of all individuals, and
were:  Oligochaeta,  Protodorvillea  gaspeensis,
Rhynchocoela. Thanx spp. at EF, Thanx spp.,
Oligochaeta, Arnicidea  catherinae, - Ampelisca
vadorum at GNi Ancidea catherinae, Pygospio
elegans, Prionospio steenstrupi, Oligochaeta at IN,
Aricidea  catherinae, Oligochaeta, Leprocheirus
pingiis, Poleirrus exinuus at JC (Table 2). 1n mosi
cases, these organisms have been the dominant
subtidal taxa in both 2-unit and 3-unit operational
periods. There was a large increase in relative
abundance of the polychaete Aricidea catherinae at
IN and JC in 1993, which accounted for 16.3% and
26.0% of the individuals collected al these stations,
respectively,

Increase in abundances of Pygospio elegans and
Prionospio steenstrupi were also noted at IN in
1993, and a decrease mn abundance of oligochaetes
was Observed at JC.  Thanx spp. relative
abundance was higher at all sites in 1993, and
particularly at GN, where this taxon accounted for
34.1% of individuals, compared 1o 13.8% and
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Fig. 5. Quarterly number of species datu (dots). and vatiance
reduced data (dashed line), and hnear-trends for subldal
communities belore and after Unit 3 operation at MNPS

18.5% over 2-unit and 3-unit years, respectively.
The increase of Thana spp. at GN was mirrored by
a marked decrease in relative abundance of
Aricidea catherinae.

Relative abundances of dominant taxa between
operational periods have exhibited considerable
consistency, with a few exceptions.  For example,
oligochaetes continued 10 be the most common
taxon overall during 3-anit operation (accounting
for 8.0 10 52.8% of individuals), as they were
during 2-unit operation (10.3 1o 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
taxon (oligochaetes at EF, GN and JC, Ancidea
catherinae at GN and JC and Thanyx spp. at GN)
during both operational periods. There has been
no single dominant taxon at IN during either
operational  period,  where  mean  relative
abundances of any single taxon collected there
rarely exceeded 10%.

Dominam Taxa

Eight subtidal taxa have been identified as being
affected or potentially atfected by construction and
operation of MNPS. Trends in the abundance of
these taxa were  examined using the same
technigues as those applied to overall community
abundance and numbers of species. For a review
of the peneral ecology of these dominant taxa,
refer 10 NUSCO (1992).

Oligochaetes - Oligochactes were ranked first in
overall abundance during both 2-unit and 3-unit
operating periods, accounting for 10-41% and 8-
3% of 1otal individuals, respectively (Table 2).
During 1993, oligochacte  abundances  were
generally highest at GN (35-92/core) and EF (45.
T8kore),  lowest  at  IN (14-21k0re)  and
intermediate a1 JC (33-65/core).  These densities
were within the ranges of densities in previous
study years.

Analyses of trends in oligochaete abundances
revealed an increase at EF, and a decline @t GN
during 2-unit operation (Fig. 6a and b). Trend
analysis for the 3-unit period indicated a significant
inciease in oligochaete abundance at IN (Fig. 6¢).
At EF, GN and JC, oligochaete abundance has
remained at similar levels during the 3-unit
operating period (Fig. 6a, b and d).

Aricidea catherinae - A. catherinae was among the
dominant 1axa at all subtidal stations during 2-unit
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Tl m

'~

e e T R N B e e S AR T






TABLE 2. continued.

1993 2-Unit Period (1980-1985) 3-Unit Period (1986-1993)
MEAN cv MEAN o
% b %

lntake
Ancidea catherinae 16.3 0.7 224 6.0 172
Pygospio elegans 124 34 Ko
Prionospio stenstrupt 1.5 22 358 43 297
Ohgochaeta 10.1 10.3 111 B0 109
Thanx spp 97 43 134
Exogone hebes 6R 36 291 s 209
Ampelisca vadorum 50 31 224
Ampelisca verrilii F & 51 31 32 208
Protodorviliea gaspeensis 2.4 26 21
Sptaphanes bombix 20 25 .o 22 16
Capuella spp 0 33 4.2 214
Sabellaria vulgaris I3 ol.2
Nucula proxima 29 il 4.3 0.8
Mediomastus ambusera 40 212
Lepracheirus pmguis 30 32
Ampelisca abdita kA1 530
Tellina agilis 39 193 19 179
Maldamdae 15 193
Owenia fusiformis - 203
Gammarus lawrencianus .2 40.0 1.5 49
Jordan Cove
Ancidea cathermaoe 200 148 6.} 159 83
Oligochaeta 14.1 408 39 PR 40
Leptocherrus pinguss 93 1.5 Hs 9 S
Polycirnis eximius 78 43 142 50 124
Tharyx spp. 52 il 133 41 5.0
Prionospio sieenserupi 47 1.4 248 5.0 186
Scoleterna renuis 4.6 47 131 59 6.3
Mediomasnus ambiseta 19 2 263 &3 168
Polydora quadrilobais 1.5 1.5 38.2
Spiophanes bomnya 1.5 |4 374
Nucula praama 1.3 131 28 173
Capuella spp. 22 179 23 192
Tellina aglis - & 236 19 149
Microphihalmus aberrans 1.5 2206 29 iBo
Cossura longocirraia 1.5 26.1
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Fig. 6. Quarterty abundance data (dots), and vanance-reduced
data (dashed hine), and Lincar-trends for selecied dominani
arganisms comprising Millstone sublidal commumues before
and afier Unit 3 operation a1 MNPS.

operation, and at most subtidal stations, except EF,

during the 3-unit operating period (Table 2). The
range in average density during 1993 was 4-7/core
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Fig 6, continued

P P I

at EF, 19-31/core at IN, 20-34/core at GN, and 84-

103 at JC.

The averagc quarterly abundance of Aricidea
catherinae exhibited several trends over both 2-unit

and 3

operating  periods

(Fig.  6e-h).

Relationship« among operational period trends at
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Fig. 6, continued

EF and IN were similar; at both sites, abundance
Of A. catherinae signiGicantly declined during 2-unit
operation, and significantly increased afier Unit 3
start-up.  Abundance of A carthennae also
increased  at  JC  during  3-unit  operation,
Abundances have been consistently high at GN

throughout our studies with no apparent trend in
either operational period.

Tharyx spp. - Thana spp. were among the
dominant taxa at most subtidal stations during 2-
unit and 3-unit operating periods. During 1993,
densities of Thanx exhibited high variability among
subtidal stavions, ranging from 1-3/core at EF, 69-
171/core a1 GN, 3-26/core at IN and 15-18/core at
JC (Fig. 6i-1). A1 the GN reference station, Thanx
spp. densities were consistently high, ranking third,
sccond and first in the 2-unit, 3-unit operating
periods and 1993, respectively (Table 2). A1 EF
and JC, Thanx spp. ranking was also consistent,
but at a lower ievel over the entire study period,
ranking fifth during both operating periods and
fourth in 1993 at EF, and sixth duning both periods
and fifth in 1993 a1 JC. Thanx spp. were among
the numerical dominants at IN only during the 3-
unit operating penod, ranking Oith i abundance
in 1993, and fourth for the overall 3-unit period.
This taxon was virtually absent from that site
during the 2-unit period.

Results of trend analysis on Thanx spp.
abundance during 2-unit operation indicate a
significant increasing trend at EF, GN and JC
Trend analysis of 3-unit operating data indicated a
continued significant increase in the abundange of
Thanyy spp. at JC and the reference siation GN.
During the same period, there were no trends
evident at IN, despite increases in recent years, or
at EF.

Polvcirrus eximuus - During 1993, P exnuus was
among the dominant taxa at JC and EF, ranking
fourth and fifth (Table 2), and averaging 12-72/core
and 2-12/core, respectively (Fig. 6m-n).  Trend
analysis indicated significant increasing densities at
both stations during both operational periods.
However, the 1993 March and June abundances at
EF were among the lowest values reported for the
3-unit operating period. In contrast, JC densities
were within the range of values reporied for the 3.
unit period, with the September value among the
nighest reported during both 2-unit and 3-unit
operating periods.  Histoncally, P. eximius has
exhibited both scasonal periodicity and regional
long-term cycles at all stations except IN (NUSCO
1993).
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Fig. 6, continued

Scoleteme tenwis - S, tenuts was a dominant
component of infaunal communities during the 2-
unit and 3-unit operating period at JC (ranking
fourth and third, respectively) and GN (ranking
fifth for both periods; Table 2). Average densities
during 1993 were 3-12/core and 8-33/core at GN
and JC, respectively (Fig 60-p). 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 10 low abundances of §. renuis a1 the beginning
of the time series at both sites, Low abundances
in 1993 resulted in a significant decreasing trend
for the 3-unit period at GN that had not been
apparent in previous year<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>