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ABSTRACT. Laboratory experiments were conducted on juvenile summer flounder Paralichthys
dentatus (41 to 80 mm total length) to determine low temperature tolerance (2 to 3 "C) a t 10, 20, and
30 %salinity, and to measure feeding rate, assimilation efficiency, growth rate and growth efficiency at
2, 6, 10. 14, 18 "C and 10, 20 and 30 '7' salinity. There was 100 % s u n i v a l at temperatures above 3 'C,
suggesting that juvenile summer flounder are able to survive most winter water temperatures encountered in north/central Mid-Atlantic Bight (MAB) estuaries. Mortality was 42 % after 16 d at 2 to 3 'C,
and was highest in fish < 50 mm TL (1 g). Mean specific growth rates were not significantly different
between 2 and 10 "C (mean = 0.14 % d-'), and these rates were not significantly different from zero.
Mean growth rate increased to 2.4 "0 d-' at 14 ' C and 3.8 O/O d-' at 18 OC. Ad libitum feeding rate
showed a similar relationship to temperature. Mean assimilation efficiency (60.1 %) was not affected by
temperature. Mean growth efficiency ( K , )was significantly lower at 6 "C (-23.1 "h) than a t 14 and 18 "C
(18.4 and 22.1 %, respectively), and was highly variable. Salinity had no significant effect on any
parameters measured, suggesting that factors other than salinity are controlling spatial distributions.
Mortality resulting from acute exposure to low temperature probably occurs during one 2 to 4 wk period
each winter Recruitment success from north/central MAB estuaries may be lower in years with late
winter cold periods (i.e. March vs December) due to increased numbers of fish being exposed to lethal
low temperatures. Additional mortahty probably results from low growth rates caused by sub-optimal
temperatures (i.e.< 10 "C) throughout the spring. The annual contribution of new recruits from northern
estuanes appears to b e dependent on winter temperature regime, particularly on the magnitude a n d
timing of temperature minima.

INTRODUCTION
Recruitment variability in fishes is considered to be a
major cause of fluctuations in adult population size
(Hunter 1976, Sissenwine 1984, Houde 1987). Small
changes in mortality rates of early stages may have
large effects on the subsequent size of adult populations (May 1974, Houde 1989), and factors influencing
the relatively high mortality of early life history stages
have the greatest effect on recruitment success (Houde
1987). Although much research has been done on predation and starvation in early larval stages (see Houde
1987), there is increasing evidence that mortality of
late-larval/early-juvenile stages is an important contributor to year-class strength (Hunter 1976, Smith
1985, Folkvord & Hunter 1986, Bailey & Houde 1989).
Since vulnerability to predation is size-dependent
(Folkvord & Hunter 1986, Van der Veer & Bergman
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1987, Bailey & Houde 1989), slow growth during the
critical larval-early juvenile period, resulting from suboptimal environmental conditions such as low temperature, may extend the period during which young fish
are vulnerable to predation (Houde 1987).
Temperature is a dominant abiotic factor controlling
feeding and growth (Brett 1979), a n d conditions at the
extremes of a n organism's tolerance range exert the
greatest limitations on scope for growth (Warren &
Davis 1967, Weatherley & Gill 1987). Temperatures
outside a n optimum range have deleterious effects on
early growth in many species (Holt et al. 1981, Houde &
Taniguchi 1981, Taniguchi 1981, 1982, Cech & Mitchell
1984, Lee et al. 1984, McMullen & Middaugh 1985).
Low temperatures experienced by larvae/juveniles in
species spawning in winter can reduce ingestion rates,
and, although maintenance requirements a n d activity
may be lower, often result in reduced or negative
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growth. For example, winter temperature minima have
been found to be significantly related to year-class
strength in striped bass Morone saxatilis (Uphoff 1989),
cod Gadus morhua (Brown et al. 1989) and herring
Clupea harengus (Stocker & Haist 1984, Anthony &
Fogarty 1985).
Salinity is also known to affect growth and survival of
young fishes, particularly metamorphosing juveniles
(Houde & Taniguchi 1979, DeSilva & Perera 1984).
Energetic demands of osmoregulation at extremely
high or low salinities may reduce the energy available
for growth (Kinne 1960, Brett 1979). Significant interactions between temperature and salinity effects on
growth rates have also been found (Kinne 1960). An
understanding of the environmental factors which
influence feeding, growth and survival of young fishes
is important to understanding the mechanisms and
processes underlying recruitment variability and fluctuations in year-class strength.
Summer flounder Paralichthys dentatus occur in
estuarine a n d continental shelf waters from Nova
Scotia to the Atlantic coast of south Florida (Poole 1966,
Rogers & Van Den Avyle 1983). Abundance is greatest
in the Mid-Atlantic Bight (MAB), between Cape Cod
and Cape Hatteras, where this species supports one of
the most important commercial and recreational
fisheries (Mid-Atlantic Fishery management Council
1988). Adults spawn over a protracted period while
migrating offshore to deeper (30 to 200 m) shelf waters
for the winter (Rogers & Van Den Avyle 1983). Spawning occurs from September through January in the
MAB, and from November through February in the
South Atlantic Bight (SAB) (Smith 1973, Poole 1966).
Larvae are transported inshore, and in the MAB
metamorphosing post-larvae (10 to 14 mm TL) enter
estuaries and bays from October to May (Rogers & Van
Den Avyle 1983, Able et al. 1990). Newly settled juveniles remain in nursery areas until the following fall, and
are most common on muddy substrates at salinities
> 12 %O (Powell & Schwartz 1977, Wyanski 1988).
The abundance of juvenile summer flounder
reported in Chesapeake Bay, the bays of Virginia's
eastern shore and the sounds of North Carolina have
led to the view that these are the most important
nursery areas (Deubler 1958, Pearcy & Richards 1962,
Murawsla 1970). However, important spawning
grounds appear to be located off New York and New
Jersey a n d a s far north as Massachusetts (Smith 1973,
Able et al. 1990), and there is increasing evidence that
estuaries in the northern part of this species' range
(north/central MAB; i.e. Delaware, New Jersey) are
more important nursery grounds than previously
thought (Able et al. 1990, Szedlmayer et al, in press).
Since immigration of young summer flounder into
estuarine nurseries occurs from fall through early

spring, exposure to low winter temperatures in north/
central MAB estuaries may affect feeding, growth and
survival of early juveniles. Bottom temperatures as low
as 0 "C are common in Delaware Bay (see Daiber et al.
1975), and thus may affect survival of young summer
flounder near the northern extent of thelr range. Little
is known about the effects of abiotic environmental
variables on feeding, growth and mortality of early
juvenile summer flounder. The only data available on
the effects of temperature and salinity on growth are
from Peters & Angelovic (1971) on juveniles from North
Carolina. Their data suggest that temperature has a
significant effect on growth rate, but most test temperatures were 20 to 30 "C, much higher than would be
encountered in estuaries of the MAB during winter.
Peters & Angelovic (1971) reported a trend of increased
growth rates a t higher salinities up to 30 %o, but test
salinities were generally > 20 %o. Deubler & White
(1962) reported data suggesting higher growth rates at
high salinities from 10 to 30 %o.
The objectives of this research were to determine: (1)
low temperature tolerance of juvenile summer flounder
at 10, 20 and 30 %O salinity; and (2) feeding rate, assimilation effic~ency,growth rate and growth efficiency of
juvenile summer flounder at 2, 6, 10, 14, 18 "C and 10,
20, and 30 %o. An understanding of the effects of temperature and salinity on early feeding, growth and survival will permit assessment of the potential impact of
inter-annual variations in seasonal temperatures and
salinity patterns on survival, and potentially recruitment success, of early juvenile summer flounder. Additionally, this information will help delineate areas that
function as important juvenile summer flounder
nursery grounds on small scales (within estuaries) and
large scales (coastwide).

MATERIALS AND METHODS

Post-larval summer flounder were collected in l m
plankton nets ( l mm mesh) fished during night-time
flood tides near Roosevelt Inlet, Delaware USA, every
7 to 10 d from November 1989 through April 1990. Nets
were set for ca 4 h periods and checked at 20 to 60 min
intervals.
Newly settled juvenile summer flounder used in
laboratory experiments were collected over a standard
area from Indian River Bay, Delaware (38'40' N,
75"05' W) using a 10 m bag seine (5 mm mesh) with a
chain attached to the lead line. Sampling was conducted at least every 7 to 10 d from February through
J u n e 1989 and 1990. Fish were returned to the laboratory and maintained in recirculating seawater trays at
8 to 10 'C a n d 30 %o, and were fed frozen mysid shrimp
Neomysis americana caught locally (Schwartz 1980).
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Two recording temperature probes were deployed
during winter 1989-1990 to measure in situ bottom
temperatures in juvenile nursery grounds. One probe
was located at our seining location in Indian River Bay,
Delaware (water depth ca 0.5 to 1.5 m), and another
was located at the mouth of a tidal creek off Great Bay,
New Jersey, where juvenile summer flounder are
known to occur (water depth ca 2 m).
Juvenile summer flounder used in all experiments
were 41 to 80 mm total length (TL) (0.7 to 3.0 g wet
weight), and mean initial weights did not differ significantly among treatments (ANOVA, p > 0.05). All
experiments were conducted in a temperature- and
photopenod-controlled room maintained on a 12 h
light:12 h dark photoperiod. Fish were held individually in clear polycarbonate containers (5.5 l), in 3 separate recirculating seawater systems (350 l each). Trays
holding these containers were lined with black plastic
to facilitate removal of uneaten food, and because dark
backgrounds have been shown to optimize feeding in
young flatfishes (Shelbourne 1964, White & Stickney
1973). Each system was maintained at one of the 3 test
salinites (10, 20 or 30 %o).
A low-temperature tolerance experiment was run to
estimate the lower lethal temperature of early juveniles
(25 to 80 mm TL). Survival of 36 fish (12 at each salinity)
was observed while the temperature was lowered from
10 to 2 "C at a rate of 0.3 "C d-'. Fish were then held at
2 to 2.4 "C for 16 d , and were fed ad libitum throughout
the experiment. analysis was used to test the effect of
salinity on mortality. To examine the tolerance of larger
fish, a n identical low temperature tolerance experiment was run at 2 "C (30 %o) with 11 larger juveniles
(3 to 6 g, 65 to 90 mm TL).
Five feeding/growth experiments were run, each at a
different temperature (2, 6, 10, 14, 18 "C), with 30 fish
in each experiment (10 at each salinity). Examining all
combinations of temperature and salinity made it possible to detect interaction between these 2 factors. Fish
were acclimated to temperature conditions for r 2 wk,
and were held in the 5.5 1 containers at test salinities for
at least 1 wk before each experiment. Prior to each
experiment, food was withheld for 24 h, and each fish
was weighed to the nearest mg on a seawater-dampened sponge and measured to the nearest mm (TL).
Each fish was fed a n excess of pre-weighed mysid
shrimp (thawed and blotted dry before weighing) at the
beginning of each day. Fish readily fed on the mysids.
The following day, uneaten shrimp were collected from
each container, blotted and weighed wet (mg), dried a t
60 "C for at least 24 h, and weighed dry (mg). Retrieval
of mysids added to empty containers resulted in losses
of < 5 % by weight. Therefore, unretrieved mysids
were presumed to be an accurate measure of feeding.
Experiments lasted for 10 d. During this time, fecal
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material was collected from each fish's container with a
pipette, blotted, and dried at 60 "C for a t least 24 h.
Fecal material and a sample of dried mysids were
cornbusted a t 450 "C for 24 h to determine ash and
organic content. This information was used to calculate
total and organic assimilation efficiencies, as well as
organic feeding rates. The wet weight (ww)/dry weight
(dw) ratio of mysids was used to calculate dw feeding
rates. Feeding rates were also determined in terms of
energy by analyzing energy content of mysids with a
micro-bomb calorimeter (Phillipson 1964).
After 10 feeding days, food was withheld for 24 h and
the fish were re-measured and re-weighed to determine growth rate. Fifteen fish from each temperature
experiment (5 from each salinity treatment) were chosen randomly, rinsed in de-ionized water, and frozen at
-80 "C. These fish were freeze-dried at -80 "C to a
constant weight (48 to 72 h ) , and dry weights determined for dry weight-specific feeding and growth
rates.
Data analysis. Daily specific growth rate (G) of each
fish in the feeding/growth experiments was calculated
as: C = [(Ln Wtf - Ln Wti)/d X 1001; where Wtf = final
wet weight, Wt, = initial wet weight, and d = number
of feeding days. Mean daily specific growth rate was
then calculated for each temperature and salinity treatment.
Daily specific a d libitum feeding rates were calculated in terms of wet weight ( g ww consumed/g wet
body weight); dry weight (mg dw consumed/g dry
body weight); organic matter (mg organic matter consumed/g dw fish); a n d energy (Joules consumed/g d w
fish). Daily body weights of fish were calculated from
initial and final weights according to the exponential
growth model: Wt = aeG'; where Wt = weight (ww or
dw), a = initial weight, G = daily specific growth rate,
and t = time in days (Ricker 1979). Mean daily specific
feeding rate for each fish over the 10 d period was
calculated, and then the mean daily specific feeding
rate for each temperature and salinity treatment was
determined.
Assimilation efficiency (AE) was calculated for each
fish according to the following formulae:
% ash in mysids
% ash in feces

)]

X

100 v0

% ash in mysids

% ash in feces
O/O

organic in feces

% organic in mysids

)]

X

loo,

Mean assimilation efficiencies were then calculated for
each temperature and salinity treatment.
Gross growth efficiency [K, = fish weight gain (g)/
prey biomass consumed (g)],and net growth efficiency
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[K2= fish weight gain (g)/prey biomass assimilated (g)]
were also calculated for each fish. Means for each
temperature and salinity treatment were then determined.
Mean feeding rates, growth rates, assimilation
efficiencies, K,,
and K2 were compared among temperature a n d salinity treatments using a 2-way ANOVA
( p < 0.05) and Tukey's multiple comparison tests (Zar
1984). All means are reported f l standard deviation.

collections on March 9 (14 fish, 12 to 14 mm TL). Fish
were caught in seine collections at water temperatures
from 2.9 to 21 ' C and salinities of 24 to 30 %o. Seines
collected the largest numbers of fish throughout May
and June (ca 20 per 1000 m'). Total length of fish in the
field increased rapidly, ranging between 15 to 20 mm
in late April and 40 to 65 mm in the first week of June.

Survival at low temperatures
RESULTS

The first mortality in the low-temperature tolerance
experiment occurred at 3 " C , and total mortality was

Field collection of post-larvae and early juveniles
Plankton tows caught the first post-larval summer
flounder (10 mm TL) entering the estuary during the
second week of November 1989. A total of 3 fish were
caught in November, 6 in December, 1 in late January,
9 in February and 1 in March.
Summer flounder were first caught in 1990 seine

TEMPERATURE ('C)

Fig. 1 Parallchthys dentatus. Mortality of juvenile summer
flounder (40 to 70 mm TL) during the low temperature tolerance experiment. (A) Time course of cumulative mortality
( N = 36 on Day 1). (B) Frequency histogram of s i z e - s p e c ~ f ~ c
mortality after exposure to temperatures 5 3 'C for 16 d

Fig. 2 Parallchthys dentatus. ( A )Mean weight-spec~ficfeeding rate, (B) specific growth rates (G), and (C) gross growth
efficiency (K,) of juvenile summer flounder at 5 experimental
temperatures. Error bars are 95 % Tukey's m u l t ~ p l ecompanson intervals; N = 30 for each point except where indicated
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42 "10 following exposure to temperatures of 2 to 3 'C
for 16 d (Fig. 1A). Mortality was size-specific, with the
smallest fish experiencing the highest mortality rates
(Fig. 1B). There was 100 % mortality of fish less than
1 g wet weight (50 mm TL), while all fish larger than
2.5 g (65 mm TL) survived temperatures < 2.5 "C for
the 2 wk period. X 2 analysis revealed no significant
effect of salinity on mortality in the low temperature
tolerance experiment (p > 0.75). The low temperature
experiment at 2 "C with larger fish resulted in no mortalities, but all fish lost weight over the course of the
experiment (mean weight loss = 0.77 d-l).

Feeding rate
Two-way ANOVA on mean daily specific ad libitum
(wet weight) feeding rates showed no interaction of
temperature and salinity, and no salinity effects, but
revealed a significant temperature effect (p < 0.001).
Although mean feeding rate increased from 1.04 to
4.07 "10 body wt d-' between 2 and 10 "C, these rates
were not statistically different from one another
(Fig. 2A). Mean feeding rate at 14 OC (12.31 % body wt
d-l) was significantly higher than at lower temperatures, and was 3 times that at 10 'C. Feeding rate
at 18 "C (24.08 O/O d-l) was nearly twice the rate at
14 "C.
Wet weight/dry weight ratios of fish and mysids did
not differ among treatment groups, resulting in the
following relationship between wet weight and dry
weight specific feeding rates (SFR): SFRd,, = SFR,,,/
1.98. Organic content of mysids was 762 ( ? 3) mg
organic material
dw and energy content was 20.05
( k 0.59) J g-' dw. These values can be used to calculate
daily feeding rates at each temperature in terms of
organic matter and energy according to the following
relationships: SFR,,,,,
i, = SFR,,,,, X 384.8; SFRJoules
SFR,,, X 10.13.

Fig. 3. Parallchthys dentatus. Response-surface diagram of
juvenile summer flounder growth rate in relation to temperature and salinity. Two-way ANOVA revealed a marginally
significant interaction between temperature and salinity
(p = 0.043), but no independent salinity effect

effect on specific growth rate (p < 0.001) and growth
rate showed a relationship to temperature similar to
that of feeding rate (Figs. 2B & 3). Mean growth rates
were not significantly different between 2 and l 0 "C
(mean = 0.14 d-l; 0.05 mm d-l), indicating that fish
maintain or lose weight at temperatures below 10 "C.
Additionally, mean growth rates at 2 and 6 "C were not
significantly different from 0 (l-tailed t-test, p > 0.05).
Mean growth rate at 14 "C was 2.3 d-l (0.24 mm d-l),
6 times the rate at 10 "C. Mean growth rate at 18 "C
was 3.8 d-' (0.7 mm d-l).

Growth efficiency

Two-way ANOVA showed no significant effects of
temperature or salinity on total assimilation efficiency
(mean = 60.3 f 0.3 %) or organic assimilation efficiency (mean = 79.1 2 0.8 "h).

Mean K, and K2 were not significantly affected by
salinity, nor was there a significant interaction between
temperature and salinity. Mean growth efficiency at
6 "C (-23.2 %) was significantly lower than at 14 and
1 8 ° C (18.4 and 2 2 . 1 ° / ~ , respectively), primarily
because the mean growth rate was negative at 6 "C
(Fig. 2C). No significant differences were found among
the other temperature treatments, but growth efficiency values were highly variable. The relationship of
Kz to temperature was identical to that of K1 since
assimilation efficiency was not different among temperatures.

Growth rate

Water temperatures recorded in nursery areas

Two-way ANOVA on specific growth rate revealed a
marginally significant interaction of temperature and
salinity (p = 0.043). No significant effect of salinity was
observed (p = 0.084). Temperature had a significant

Bottom water temperatures recorded at the collection
site of post-larvae and demersal juveniles (Indian River
Bay, Delaware), and at Great Bay, New Jersey in
winter 1989-1990 were below 2 to 3 "C for 3 to 4 wk

Assimilation efficiency
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Fig. 4. Bottom water temperature in (A) a tidal creek off Great
Bay, New Jersey and (B) Indian River Bay, Delaware from

November 25, 1989 through March 10, 1990. Temperatures
are 2 h means of measurements recorded at 20 min intervals

during December and January (Fig. 4 ) . Temperatures
did not remain above 10 "C until after mid-March.
Although the same pattern of temperature fluctuations
was observed at both sites, temperatures at the Great
Bay site were generally lower than those in Indian
f i v e r Bay. Both sites showed large variability In water
temperatures over tidal a n d die1 time frames.

DISCUSSION

Importance of northern estuaries as nursery grounds
for juvenile summer flounder
Many studies have reported summer flounder from
estuaries in the north/central MAB (Poole 1961, Pearcy
& Richards 1962, Pacheco & Grant 1973, Smith 1973,
Ecological Analysts 1976, Able et al. 1990, Szedlmayer

et al. in press). Smith (1973) reported high concentrations of summer flounder eggs and larvae on the
continental shelf in the northern MAB during sampling
in 1965-1966, with the center of abundance off New
Jersey and New York. Able et al. (1990) confirmed that
extensive spawning occurred In 1979-1985 as far north
a s Cape Cod, and reported the largest collection of
eggs and larvae between New York and Massachusetts. Collections of post larvae and early juveniles
from estuaries in Delaware and New Jersey (Pacheco &
Grant 1973, Ecological Analysts 1976, Able et al. 1990,
Szedlmayer et al. in press, field collections of this study)
have led to the conclusion that northerdcentral MAB
estuaries are more important nursery grounds for
juvenile summer flounder than previously thought.
Post-larvae and juveniles occur in cold (< 10 "C) waters
in northern estuaries as shown by temperature measurements in this study and others. Bottom water temperatures recorded in juvenile summer flounder nurseries in the present study were below 2 to 3 "C for 3
to 4 wk (Fig. 3). Pacheco & Grant (1973) caught postlarval summer flounder in winter flood-tide plankton
tows at Indian h v e r Inlet, Delaware (the source of
oceanic water input to the collection site of this study)
at water temperatures < 3 "C. Post-larval summer
flounder have been caught in plankton tows near
Roosevelt Inlet, Delaware (this study) and in Great Bay,
New Jersey (Able et al. 1990) throughout the coldest
months. In addition, juvenile summer flounder have
been collected at temperatures as low as 2.1 "C in
estuaries as far south as Virginia (Wyanski 1988).

Effects of low temperature on survival
in northern estuaries
The present results indicate that early juvenile summer flounder can survive water temperatures as low as
3 "C for several weeks, a n d some can survive temperatures as low as 2 "C for up to 8 d. This study found
one major period of about 25 consecutive days during
December (1989) and January (1990) when water temperatures were below 3 "C (Fig. 4). Pacheco & Grant
(1973) reported periods of 17 to 35 consecutive days
each year (1958 to 1961), in December, February or
March, when water temperatures at Indian River Inlet.
Delaware were < 3 "C. These data suggest that mortality due to extremely low temperatures in northern
estuaries can occur during a 2 to 4 wk critical period,
between December and March, when water temperatures are below the lower lethal limit.
Post-larval summer flounder appear to immigrate
into northern MAB estuaries at low densities over a
protracted season from October through May, although
pulses occur at varying times each year (DeSylva et al.
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1962, Pacheco & Grant 1973, Ecological Analysts 1976,
Wyanski 1988, Able et al. 1990, Szedlmayer .et al. in
press, this study). These pulses frequently occur during
the coldest months of winter (DeSylva et al. 1962,
Pacheco & Grant 1973, Ecological Analysts 1976).
Wyanski (1988) caught post-larvae 13 to 20 mm TL
entering Virginia estuaries from early November to late
April, and recorded highest densities in March and
April. Able et al. (1990) noted peak influxes of 10 to
20 mm (TL) individuals from October to December and
a second, smaller influx from late March to May for the
period 1977 to 1985. Post-larval summer flounder
appear inshore earlier in years with mild winters than
in years with severe winters, suggesting the potential
importance temperature may have on early stages
(Cain & Dean 1976, Bozeman & Dean 1980).
Timing of discrete periods of lethal temperature
minima may interact with the timing of post-larval
arrival into northern MAB estuaries to affect survival.
and potentially recruitment success, of young summer
flounder. Since growth is 5 0 at temperatures < 10 " C ,
immigrating post-larvae could remain 10 to 14 mm TL
throughout the winter, and exposure to the annual
period of temperature minima < 2.5 "C would presumably result in substantial mortality if it lasted > 8 d. If
immigration rate is assumed to be constant from
November through April, the occurrence of lethal low
temperatures in December would affect relatively few
of the total year-class of immigrants, since only those
fish arriving prior to the cold period would be exposed
to low lethal temperatures. However, if that period of
low lethal temperatures were to occur in March, the
resulting mortality could b e much higher, simply
because more fish would b e inshore at that time of
year.
The occurrence of several, short-duration ( < 8 d)
cold periods may have a less significant effect on mortality, since the present results suggest that substantial
mortality occurs only after prolonged (>8 d) exposure
to temperatures < 3 "C. The survival of larger fish at
2 "C may suggest that mortality of smaller fish resulted
from starvation. However, acute exposure to temperatures < 2 "C may also result in high mortality.
There are data which suggest high mortality of
juvenile summer flounder in Chesapeake Bay at 0.5 to
1.5 "C due to a n impaired immune response (Burreson
& Zwerner 1982, Sypek & Burreson 1983, Burreson &
Zwerner 1984). More data are needed on acute low
temperature mortality of post-larval/early juvenile
summer flounder.
Juveniles which arrive in northern MAB estuaries in
the fall, sufficiently in advance of winter temperature
minima, may be able to grow past a lower critical size,
thus increasing survival. Our laboratory results suggest
that fish would have to reach sizes greater than 1 g (ca

50 mm TL) in order to increase survival at extremely
low temperatures. Collections summarized by Able et
al. (1990) suggest that this early growth prior to winter
temperature minima may occur in some years.
Research on low temperature tolerance of bothids is
scarce. Johns et al. (1981) found that larval summer
flounder held at 5 'C did not grow, and did not survive
past yolk-sac absorption. Our laboratory experiments
on juveniles showed 100 % survival at 6 "C, a n d
Edwards et al. (1962) reported live catches of adult
summer flounder at water temperatures of 6.6 "C, supporting the concept that older fish have a n increased
tolerance to low temperatures. Observations of postlarval summer flounder held at ambient temperatures
in New Jersey support our laboratory results that the
lower lethal temperature is 2 to 3 "C (Szedlmayer et al.
in press). Juveniles of the congener Paralichthys lethostigma, which occurs farther south, were found to cease
feeding after l d at 2 "C, and died after 2 d a t 2 "C
(acclimated at 1 'C d-l) (Prentice 1989), suggesting that
this species has somewhat less tolerance for low temperatures.
Although the summer flounder population is considered a unit stock by fisheries managers (Mid-Atlantic
Fishery Management Council 1987), there is some evidence to indicate that 2 stocks may exist a n d contribute
to the fishery in the MAB (see Mid-Atlantic Fishery
Management Council 1988). A northern or offshore
stock may occur north of Cape Hatteras and a southern
or 'trans-Hatterashnshore' stock may occur primarily
south of Cape Hatteras but move northward to inshore
waters of the MAB during the summer. Different physiological responses may exist in fish from northern a n d
southern stocks, but the question of multiple stocks is
still unclear.

Feeding rate a n d assimilation efficiency
Ad libitum feeding rates increased with temperature, ranging from 1.04 % d-' at 2 "C to 24 % d-' at
18 "C. These rates are in agreement with estimates for
juveniles from North Carolina, which had predicted ad
libitum feeding rates of ca 23 % d-' at 18 'C (Peters &
Angelovic 1971). Edwards et al. (1969) found that
juvenile plaice Platichthys platessa consumed 5 to 8 %
of their body weight d-' a t 10 "C, close to our value of
4 % d-' at 10 "C for juvenile summer flounder.
Our data demonstrate that the assimilation efficiency of juveniles w a s high (mean = 60.3 O/O) over a
range of temperatures a n d sallnities. Johns et al.
(1981) reported that yolk conversion efficiencies of
summer flounder larvae were not significantly different from each other between 11 a n d 21 "C, a n d Johns
& Howell (1980) found that summer flounder larvae
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raised at 16 and 21 "C had similar yolk conversion
efficiencies, suggesting that the physiological
mechanisms involved are able to compensate for
temperature changes.

Growth in northern estuaries
Although there was no mortahty above 3 "C, growth
rates were not significantly different from 0 below
10 "C. Water temperatures typically do not reach 10 "C
in Delaware's Inland Bays in the spring until late April
(Pacheco & Grant 1973, J . Davis pers. comm., this
study). Since metamorphosing juveniles enter estuaries
throughout the late fall and winter, it is likely that fish
which survive periods of low temperature > 2 to 3 'C do
feed, but do not grow until late April. All juveniles
caught in our seine collections at the end of April were
15 to 20 mm TL.
Since mortality d u e to predation is often size-dependent in fishes (Folkvord & Hunter 1986), the extended
period of time spent at small sizes may increase vulnerability to predation. A small degree of early growth
may be important to reduce early mortality (Houde
1989). Because growth rates increase rapidly with
temperature above 10 "C, the timing of occurrence of
water temperatures greater than 10 "C in the spring
may b e important to predator-induced mortalities in
northern estuaries. Juvenile plaice < 30 mm TL are
preyed upon heavily by brown shrimp Crangon crangon in the Wadden Sea, but C. crangon are unable to
catch plaice > 30 mm (Van der Veer & Bergman 1987).
Plaice < 50 mm TL are preyed upon by the shore crab
Carcinus maenas, but this crab is unable to prey on
plaice > 5 0 mm (Van der Veer & Bergman 1987).
Species similar to these (e.g. Crangon septemspinosa
and Callinectes sapidus), as well as many species of
adult fish, appear in large numbers in MAB estuaries in
early spring (Price 1962, Smith 1987), and are potential
predators of juvenile summer flounder.
Growth rates of juvenile summer flounder at temperatures above 10 "C in this study are similar to those
found in other laboratory studies. Predicted growth
rates of juveniles from North Carolina a t 10 "C (at 20 %o)
were also close to 0 (Peters & Angelovic 1971). Specific
growth rates of North Carolina juveniles were 5 and
10 % d-', at 15 and 20 "C, respectively (Peters &
Angelovic 1971), somewhat higher than our measured
growth rates of 2.4 and 3.9 % d-' a t 14 and 18°C.
However, Peters & Angelovic (1971) held fish at 10 to
15 "C with no acclimation to experimental temperatures, and the duration of their experiments was
only 4 to 7 d.
Water temperatures in MAB estuaries are above
20 "C for much of the summer (i.e. June through Sep-

tember), and growth rates at the highest temperature
treatment of 18 "C in the present study are probably
much lower than growth in the field during the summer. Field observations suggest that age 0 summer
flounder may grow u p to 2 mm d-l, and may reach
280 mm TL by the end of their first summer (Able et al.
1990, Szedlmayer et al. in press).

Growth efficiency (K,)
Although there was a general trend of increasing
growth efficiency with increasing temperature, the
only significant difference was between 6 and 141
18 "C. This difference resulted primarily from the mean
growth rate at 6 "C being negative. Our values of
growth efficiency at 14 and 18 "C were higher than
those predicted for juvenile summer flounder from
North Carolina at the same temperatures (Peters &
Angelovic 1971), suggesting that Delaware fish are
better adapted for lower temperatures. Both studies
found that growth efficiency was close to 0 at temperatures I10 "C due to low growth rates, but the K1 of
Delaware fish increased to 18 % at 14 "C, while the K*
of North Carolina fish was predicted to remain near 0 at
14 "C (Peters & Angelovic 1971). The predicted K* of
North Carolina fish at 18 "C was ca 20 O/O (Peters &
Angelovic 1971), closer to our value of 22 %. Colman
(1970) found that conversion efficiencies of early
juvenile plaice increased with temperature, and were
19 to 24 % at 16 "C.

Importance of salinity to summer flounder
distribution
The present study found that salinity (10 to 30 %o) had
no significant effect on feeding, growth or survival of
juvenile summer flounder. However, there was a slight
interaction of temperature and salinity on growth rate,
which suggested that fish have higher growth rates at
high salinities and at high temperatures (Fig. 3). This
agrees with the data from previous studies, but the test
salinities in these other studies were primarily 2 20 %O
(Peters & Angelovic 1971, Deubler & White 1962).
There appears to b e no significant physiological advantage or greater capacity for growth in waters of higher
salinities, except perhaps at very high temperatures.
Therefore, the reported distributions of juvenile summer flounder at salinities > 12 % (see Rogers & Van
Den Avyle 1983) are probably the result of substrate
and prey availability. Wyanski (1988) found that
juvenile summer flounder prefer muddier substrate,
especially in association with tidal creeks in salt marshes.
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CONCLUSIONS

Year-class strength of summer flounder has varled
considerably over the past 40 yr, and commercial landings have fluctuated dramatically over the past 5 yr
(Mid-Atlantic Fishery Management Council 1988).
Although larval mortality during inshore transport is a
potential source of variability, subtle changes in
environmental factors may have a larger impact on
recruitment than episodic events such as transport displacement (Houde 1989). Because early juveniles
remain inshore during their first winter and spring,
variability of factors affecting their feeding, growth and
survival during this time may have a large impact on
recruitment success. The timing, duration and magnitude of winter temperature minima (<3 "C) may affect
the total number of juveniles which survive the winter.
Because growth rates are 5 0 at temperatures < 10 "C,
the duration of low winter temperatures (3 to 10 'C) will
dictate the length of time that juveniles remain at small
(and more vulnerable) sizes, thus will affect survival.
Similarly, small changes in the timing and duration of
periods of water temperatures 10 to 14 "C could have
large effects on survival, since growth rates of juvenile
summer flounder increase dramatically between 10 and
14 "C. The annual contribution of new recruits from
north/central MAB estuaries appears to be dependent
on winter temperature regime, particularly on the magnitude and timing of temperature minima.
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