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ABSTRACT: The aim of this study was to evaluate the effect
of environmentally realistic egg loadings of the polychlorinated biphenyl Aroclor 1254 on the subsequent growth and
behavioural survival skills of Atlantic croaker Micropogonias
undulatus larvae. Adult fish were given a dietary administration of 0 (control) or 0.4 (dosed) mg Aroclor 1254 kg–1 fish d–1
for 2 wk during the final stages of gonadal recrudescence.
Fertilised eggs collected from control and dosed adults immediately after spawning contained 0 and 0.66 µg Aroclor
1254 g–1 egg, respectively. Growth rate (increase in total
length) of dosed larvae was significantly lower than that of
control larvae between 2 and 13 d post-hatching, with dosed
larvae showing a 4 d delay in attaining the same size as control larvae. Behavioural assays were conducted to evaluate
survival skills of larvae on Days 5 (complete yolk absorption),
9 (complete oil globule absorption), and 13 (larva wholly
dependent on exogenous food sources) post-hatching. Survival skills examined were potential foraging rate (routine
swimming speed and activity) and the response to a startle
(transient vibratory stimulus) stimulus. Routine swimming
speed and activity were similar for control and dosed larvae.
There was a significant dose × age interaction in the
responses of the control and dosed larvae to a vibratory stimulus. The percentage of control larvae responding to the
stimulus, and their average and maximum burst speeds,
increased with age. In contrast, no such age-related response
was found in the dosed larvae. The results indicate that environmentally realistic body burdens of Aroclor 1254 transfer to
the eggs and larvae, reducing their growth rates and impairing their startle responses, possibly making the larvae more
susceptible to predation.

There is increasing concern regarding the introduction of endocrine disrupting chemicals (EDCs) into the
environment and the developmental effects that these
compounds may have on wildlife and humans (Colborn et al. 1993, Kavlock et al. 1996). EDCs are chemi-

cal compounds that can disturb the development of the
endocrine system or affect the organs targeted by the
endocrine system. These effects can be observed at
any stage of the life cycle from embryogenesis through
to maturity, and can result in developmental abnormalities or reproductive impairment (Colborn et al. 1993).
Particular attention has focused on the presence of various EDCs in the aquatic environment, such as organochlorines, polychlorinated biphenyls (PCBs), polycyclic
aromatic hydrocarbons and alkylphenols and their
potential impacts on fishes (Monosson 1997, Sumpter
et al. 1997, Matthiessen & Sumpter 1998).
PCBs comprise one of the most widely used and
globally distributed classes of EDCs (Rice & O’Keefe
1995). PCBs were used in industry between 1930 and
1976; however, the US (the major global producer)
banned their production in 1977 due to concerns over
their persistence when released into the environment
and their potentially hazardous health effects on
wildlife and humans (Rice & O’Keefe 1995). It is estimated that 70% of the world’s production of PCBs are
still in use or in stock and therefore it is likely that PCB
contamination will continue to pose an environmental
threat (Sumpter et al. 1997). Indeed, it is recognized
that PCBs will remain in the environment over geological time (Hooper et al. 1990). PCBs are globally distributed, and are found predominantly in sediments in
the aquatic environment. The most likely route of PCB
exposure for wildlife in the aquatic environment is recognized to be via the food chain (Rice & O’Keefe 1995).
Due to their lipophilic nature, organochlorine compounds bioaccumulate with trophic level, and the bioconcentration factors above background levels for
these compounds in fish are between 1000 and 100 000
(Saito et al. 1992). In general, fish do not metabolise
PCBs very well; however, the rate at which females
eliminate PCBs from the body increases during ovulation as lipoprotein-bound PCBs are deposited into the
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eggs during vitellogenesis (Binder et al. 1984, Ungerer
& Thomas 1996). As Weis & Weis (1989) highlight in
their review of the effects of environmental pollutants
on fish development, ‘although this is an efficient way
of depurating the toxicant, it puts the next generation
at risk.’
Most studies of contaminants in larval fishes have
focused on the more obvious effects of PCB exposure,
such as mortality rates and morphological deformities
(Hogan & Braun 1975, von Westernhagen et al. 1981,
Niimi 1983, Weis & Weis 1989, Billson et al. 1998,
Olsson et al. 1999). However, recent work has shown
that the maternal transfer of sublethal body burdens of
organochlorine contaminants can severely impair the
ecological performance (or survival skills) of Atlantic
croaker Micropogonias undulatus larvae (Faulk et al.
1999). Since predation and starvation are the main
causes of mortality during the larval stage (Houde
2002), the survival skills of a fish larva can be defined
as those behaviors that enable a larva to successfully
evade predators and find food, with any impairment
resulting in an increased risk of mortality. Faulk et
al. (1999) reported that exposure of Atlantic croaker
larvae to environmentally realistic levels of o,p’-DDT
through maternal transfer, from contaminated food to
the egg, resulted in significant impairment of larval
survival skills. In this study, we examine the effect of
parental exposure to the PCB Aroclor 1254 through the
diet, during gonadal recrudescence, on the survival
skills of Atlantic croaker larvae. We demonstrate that
maternally derived PCBs, at environmentally realistic
levels, significantly reduce the growth rate and escape
responses of larvae, which may have important consequences for individual and population mortality rates.
Materials and methods. Fish husbandry: Atlantic
croaker broodstock were collected by gill netting
during their October/November 1999 spawning run
through the Aransas Pass ship channel in Port Aransas,
Texas, USA, and transferred to 9450 l recirculating
seawater tanks at the University of Texas Marine Science Institute. The fish were maintained under constant environmental conditions (12:12 h light:dark
photoperiod; 22°C; 31 PSU) and fed a ration of 3%
body weight d–1 of ground shrimp. On 22 December,
during final gonadal recrudescence, 2 groups of adult
croaker, each consisting of 8 males and 16 females of
approximately 400 g body mass, were placed in 5000 l
recirculating seawater tanks. One tank was designated
as the control group and continued to receive the same
ration of ground shrimp. The second tank, designated
as the dosed group, received a ration of 3% body
weight d–1 of ground shrimp containing Aroclor 1254
at a daily dose of 0.4 mg Aroclor 1254 kg–1 fish d–1
(source: Chem Service). After 2 wk on this diet, 2
female fish were removed from both treatment groups,

injected with 20 µg kg–1 luteinising hormone releasing
hormone analogue (LHRHa) to induce spawning, and
placed in spawning tanks along with 2 spermiating
male fish from the same treatment group. This process
was repeated 3 to 12 d apart using 2 female and 2 male
fish from both treatment groups. In total, 5 separate
spawns were obtained for the control and dosed treatments between 6 January and 18 February 2000.
Eggs were collected within 8 h of fertilisation and
bathed in 1 ppm formalin for 40 min to prevent bacterial and fungal infections. Groups of 2000 larvae were
hatched in a 20 l cylindrical tank and transferred
(minus the hatching waste) to a second 20 l tank for
ongrowing. Samples of eggs were frozen and stored at
–20°C until analysis of their Aroclor 1254 concentrations. To maintain water quality in the rearing tanks,
4 l of seawater (filtered to 0.1 µm and UV sterilised)
were replaced in each tank on a daily basis. Larvae
were reared under a constant photoperiod (12:12 h
light:dark), temperature (21.2 ± 0.2°C) and salinity
(32.0 ± 0.8 PSU). Rotifers Brachionus plicatilis, enriched with algae Nannochloropsis oculata and Isochrysis galbana were fed to the larvae every day at a
concentration of 10 rotifers ml–1.
Aroclor 1254 is lipophilic, binds to vitellogenin, and
accumulates in the yolk and oil globule of developing
oocytes in Atlantic croaker (Ungerer & Thomas 1996).
Larvae mobilise these PCB stores during yolk and oil
absorption. At 21°C and 32 PSU, complete yolk and oil
globule absorption occur around 5 and 9 d after hatching, respectively (Faulk et al. 1999). Therefore, 2 behavioural assays, routine swimming activity and response to a startle stimulus were performed (see
below) on Days 5 (complete yolk absorption), 9 (complete oil globule absorption) and 13 (larva wholly
dependent on exogenous food sources). Ten larvae
were sampled from each tank on Days 2, 5, 9 and 13
post-hatching, and their total length measured (see
below) to determine growth rates. Aroclor 1254 in the
eggs was extracted as outlined in Ungerer & Thomas
(1996), with the modification that heptane was used
as a solvent instead of acetonitrile, and analyzed by
gas chromatography (Hewlett-Packard Model 5890
gas chromatograph) with electron capture detection
(Miller et al. 1981).
Behavioural assays: A startle stimulus was produced
by the ‘tap’ of an electronically controlled metal hammer (head diameter 5 mm, 110 mm long) hitting a metal
post (265 mm length) 27 mm below its highest point.
The system used in this study was the same as that used
by Faulk et al. (1999). At the beginning of each trial, a
clear plastic dish (54 mm diameter, approximate volume 12 ml) containing 20 larvae was placed on a white
platform on top of the metal post and the hammer was
placed 5 mm away from the post. After 5 min acclima-
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tion, the routine swimming activity of the larvae was
recorded for 3 min. Recordings were made using a
Cohu infra-red sensitive video camera (model 33152000/0000) located directly above the dish and connected to a Panasonic video monitor and recorder
(model AG-1960) in an adjacent room. After recording
swimming activity, the hammer was triggered remotely. When the hammer touched the metal pole, an
electrical circuit illuminated an infra-red light-emitting
diode in the camera’s field of view. The infra-red light
marked the onset of the stimulus and was not visible to
the larva. This protocol was repeated for 2 to 6 dishes of
20 larvae (depending on the availability of larvae) for
both control and dosed larvae at each age.
Data analysis: For routine swimming activity, a 30 s
time period was randomly selected from the 3 min of
video available for each dish. Ten fish were randomly
selected and analyzed for the percentage of time they
were active, their rate of travel (total distance traveled
divided by 30 s) and their active swimming speed (rate
of travel divided by percentage of time active). Activity
measurements were made using a computerised event
recorder and the distance traveled measured using a
computerised video measurement system (Measurement TV, Data Crunch software). For larvae responding to the vibratory stimulus, the response latency (in s)
was measured by counting the number of video fields
(0.0167 s each) between the initiation of the stimulus
and the onset of the response. Mean burst speed of
each responding larva (mm s–1) was calculated from
the distance traveled (mm) and the duration of the
response (number of video fields × 0.0167 s). Maximum
burst speeds (mm s–1) were calculated as the maximum
distance traveled in 1 video field during the response
period (distance traveled during 0.0167 s).
Statistical analysis: All data are presented as mean
values ± 1 SD. All statistical tests were conducted
using SYSTAT Version 8.03. Growth rates of control
and dosed larvae were examined using an analysis of
covariance (ANCOVA) with total length as the dependent variable and age as the covariate. Length data
were log-transformed to meet the assumption of normality. All behavioural data were examined using a
2-way ANOVA, with treatment (control or dose) and
age as independent variables and including a dose ×
age interaction. Proportional data (% responding,
% time active) were arcsine-transformed and swimming speed data log-transformed prior to statistical
analyses. Differences present at the 5% level were
considered significant. Following the ANCOVA, and
where the ANOVA indicated a significant dose × age
interaction, age-wise (n = 3) and length-wise (n = 2)
comparisons were made using 2-sample Student’s
t-tests. For these post-hoc statistical comparisons, a
Bonferroni correction was applied.
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Results. Eggs: The concentration of Aroclor 1254 in
the eggs of the dosed group was 3.2 (± 2.6, range 0.1 to
6.3) µg g–1 eggs. The Aroclor 1254 concentration in the
control eggs was below the detection limit of the
gas chromatograph. The wet mass of a single, fully
hydrated, fertilised Atlantic croaker egg is 204 µg
(Sabath 2001), thus the amount of Aroclor 1254 per egg
in the dosed group was approximately 0.66 (± 0.54,
range 0.02 to 1.29) ng egg–1.
Growth: At 2 d post-hatching, larvae in the control
and dosed groups were not different in total length (p =
0.32): 2.54 (± 0.04, range 2.49 to 2.59) mm for the control group and 2.56 (± 0.03, range 2.52 to 2.58) mm for
the exposed group, respectively (Fig. 1). Both control
and dosed larvae increased in size during the first 13 d
post-hatching (Fig. 1). Growth rate of control larvae
(0.013 mm d–1) was significantly faster than that of
dosed larvae (0.008 mm d–1) (ANCOVA, p = 0.011).
Post-hoc pairwise comparisons indicated that control
larvae were significantly larger than the exposed larvae on Days 9 (p = 0.009) and 13 (p = 0.0004). Dosed
larvae on Days 9 and 13 were not different in length
from control larvae on Days 5 (p = 0.94) and 9 (p =
0.67), respectively. Since the rate of development in
marine fish larvae is size-related rather than agerelated (Fuiman & Higgs 1997), Atlantic croaker larvae
exposed to Aroclor 1254 appeared to exhibit a 4 d
delay in development (Fig. 1).

Fig. 1. Micropogonias undulatus. Growth of control and dosed
Atlantic croaker larvae. Larvae came from eggs that contained 0 (control) and 3.2 (dosed) µg Aroclor 1254 g–1 eggs,
respectively. Control and dosed larvae are represented by
solid and open circles respectively, with the data for dosed
larvae displaced by + 0.25 d for clarity. Growth curves were
described by the following equations (TL = total length): control (solid line): ln(TL) = 0.914 (± 0.013) + 0.013 (± 0.002) × age
(r2 = 0.767, p < 0.0001); dosed (dashed line): ln(TL) = 0.927
(± 0.006) + 0.008 (± 0.001) × age (r2 = 0.891, p < 0.0001). Values
are mean ± SD
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Table 1. Micropogonias undulatus. Routine swimming activity in Atlantic croaker larvae at Days 5, 9 and 13 post-hatching
(21.2°C, 32.0 PSU), parentally exposed to the polychlorinated biphenyl Aroclor 1254 at 0 (control) and 0.4 (dosed) mg Aroclor
1254 kg–1 fish d–1 through the diet. Aroclor 1254 concentrations in the eggs were 0 (control) and 3.2 (dosed) µg g–1 eggs, respectively. Swimming activity data are means (± SD) and include activity (% time active), rate of travel (mm s–1), and active swimming
speed (excluding periods of inactivity; mm s–1)
Days post-hatching

Day 5
Day 9
Day 13

% time active
Control
Dosed
5.00 (1.06)
6.01 (3.37)
4.22 (2.25)

3.50 (0.99)
3.47 (0.27)
3.51 (1.50)

Rate of travel
Control
Dosed
0.45 (0.30)
0.45 (0.18)
0.67 (0.14)

Routine activity: Atlantic croaker larvae were
largely inactive and PCB treatment had no effect on
the routine activity on Days 5, 9, and 13 post-hatching
(Table 1). There was no effect of dose or age on the
percentage of time that the larvae were active (dose,
p = 0.27; age, p = 0.74) or their rate of travel (dose, p =
0.11; age, p = 0.50) (Table 1). There was no effect of
age on active swimming speed (p = 0.11), although
there was a significant effect of dose (p = 0.046) and a
weak dose × age interaction (p = 0.08). Active swimming speed remained constant in the dosed larvae, but
increased with age in the control larvae (Table 1).
Startle stimulus: The percentage of larvae responding to the vibratory stimulus was significantly different
between the control and dosed larvae (p = 0.002). For
the control larvae, responsiveness was low on Days 5
and 9 (ca. 15%), but increased to 35% on Day 13
(Fig. 2a). In contrast, responsiveness of dosed larvae
was low (ca. 15%) for all days. There was a tendency
for the latency between the presentation of the stimulus and the onset of the response to decrease with age
(p = 0.051, Fig. 2b). However, there was no effect of
PCB treatment on latency (p = 0.78). There was a significant effect of PCB exposure on both mean burst
speed (p = 0.02) and maximum burst speed (p = 0.005)
during the response to the startle stimulus (Fig. 2c,d).
In control larvae, mean and maximum burst speed
increased with age, whereas in the dosed larvae, mean
and maximum burst speed showed little increase with
age (Fig. 2c,d). Mean and maximum burst speeds of
control larvae were significantly faster than the exposed larvae on Day 13 (mean burst, p = 0.007; maximum burst, p = 0.005). However, mean and maximum
burst speeds of dosed larvae on Days 9 and 13 were not
different from those of the control larvae on Days 5
(mean burst, p = 0.09; maximum burst, p = 0.18) and 9
(p = 0.18; p = 0.12), respectively.
Discussion. There are few published data for PCB
concentrations in marine fish eggs obtained by maternal transfer; most reported values are for ovarian tissue
(e.g. Klauda et al. 1981, von Westernhagen et al. 1981,
Johnson et al. 1992, Ungerer & Thomas 1996). How-

0.49 (0.13)
0.47 (0.18)
0.46 (0.14)

Active swimming speed
Control
Dosed
9.31 (5.83)
13.38 (3.33)
18.57 (6.41)

14.52 (2.23)
14.64 (6.07)
14.95 (6.55)

ever, Black et al. (1988) reported PCB loadings in eggs
of winter flounder Pleuronectes americanus spawned
from wild-caught females obtained from 3 sites in bays
of Rhode Island and Massachusetts. Eggs from the
‘clean’ site had a loading of 0.2 µg g–1 egg, whereas
eggs from the sites of ‘low’ and ‘high’ PCB contamination had loadings of 2.8 and 7.1 µg g–1 egg, respectively. Assuming a mean egg diameter of 0.8 mm
(Bigelow & Schroeder 1953) and a specific gravity of
1.090 g cm3 (Pearcy 1962, Smigielski & Arnold 1972)
for winter flounder, the mean weight of a winter flounder egg is approximately 292 µg. Therefore, the PCB
concentrations reported by Black et al. (1988) represent loadings of 0.06, 0.82, and 2.07 ng egg–1 for the
clean, low, and high PCB contamination sites, respectively. Thus, the average PCB loading in the croaker
eggs of the present study is within the range of values
reported by Black et al. (1988) and close to the values
of their ‘low’ contamination site. Both Atlantic croaker
and winter flounder feed as adults in estuaries. By
comparison, species that live offshore, such as Atlantic
mackerel Scomber scombrus, tend to have lower
amounts of PCB in their eggs. Harding et al. (1997)
reported mean levels of 133 ng g–1 of PCBs in mackerel
eggs collected from St. Georges Bay in the southern
Gulf of St. Lawrence. With a mean egg diameter of
1.3 mm (Ware 1977), and assuming the same specific
gravity as winter flounder, the estimated egg weight
is 1254 µg and the mean PCB content for mackerel at
this location is 0.17 ng egg–1. Egg survival through to
hatching was not quantified in the present study. However, a parallel study using eggs obtained from the
same experimental broodstock and the same doses of
Aroclor 1254 indicated that hatching success (control
76%, dosed 43%) and survival of larvae 24 h (control
87%, dosed 43%) and 48 h (control 80%, dosed 15%)
after hatching was lower in the eggs obtained from the
PCB-exposed broodstock (P. Thomas unpubl. data).
This is in agreement with the results of earlier studies
in which parental exposure to PCBs reduced egg
survival (von Westernhagen et al. 1981, Monod 1985,
although see Matta et al. 2001).
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Fig. 2. Micropogonias undulatus. Responses of control and
dosed Atlantic croaker larvae to a vibratory stimulus at Days
5, 9 and 13 post-hatching. Data are presented for (a) the
responsiveness (%), (b) response latency (s), (c) mean burst
speed (mm s–1), and (d) maximum burst speed (mm s–1). Larvae came from eggs that contained 0 (control) and 3.2 (dosed)
µg Aroclor 1254 g–1 eggs. Control and dosed larvae are represented by solid circles/solid line and open circles/dashed line,
respectively, with the data for dosed larvae displaced by
+ 0.25 d for clarity. Significant differences between the control
and dosed larvae at a given age are indicated by asterisks.
Values are mean ± SD
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The effect of maternal exposure to organochlorine
contaminants on growth rates in marine fish larvae has
been little studied. In Atlantic croaker, maternal exposure to the organochlorines o,p’-DDT or p,p’-DDE had
no effect on the subsequent growth rates of their larvae
2 to 21 d post-hatching (Faulk et al. 1999, Sabath 2001).
Also, dietary exposure to PCBs for 20 d after yolk
absorption did not affect the growth rate of striped bass
Morone saxatilis larvae (Westin et al. 1983). However,
in brook trout Salvelinus fontinalis, aqueous exposure
to Aroclor 1254 for 10 d before hatching significantly
reduced growth rates in exposed fry 48 d after hatching (Mauck et al. 1978).
The reduction in growth rate and apparent 4 d delay
in the rate of development in PCB-exposed larvae in
this study may have important ecological implications:
specifically, increasing the duration of the larval period
and the risk of predation mortality. Rapid growth is
important for fish larvae, as predation mortality declines rapidly with increasing size (Petersen & Wroblewski 1984). Fast-growing larvae have a smaller window of time during which they are highly vulnerable to
predators, which results in lower cumulative mortality
during the larval period. This is critical because a small
change in mortality rate during the larval period can
have a large impact on subsequent year-class strength
(Houde 1987, 2002).
Exposure of Atlantic croaker larvae to sublethal
levels of organochlorines (e.g. o,p’-DDT and PCBs) via
maternal transfer results in an impaired escape
response to predatory stimuli (Faulk et al. 1999, this
study). The proportion of Atlantic croaker larvae
responding to a startle stimulus (Fig. 2a) was lower
following a maternal dietary exposure to Aroclor 1254
compared to larvae derived from non-exposed broodstock. There was also an age-dependent decrease in
latency with no differences between treated and control larvae (Fig. 2b). Similar latency results were
reported by Faulk et al. (1999) for larvae derived from
o,p’-DDT-exposed broodstock. However, in contrast
to the results of the present study, Faulk et al. (1999)
observed no differences in the mean and maximum
burst speeds between control and o,p’-DDT-dosed larvae and no age-dependent increase in burst speeds as
a response to a vibratory startle stimulus. However,
o,p’-DDT exposure significantly impaired burst responses to a visual startle stimulus, further confirming
the deleterious effects of maternal transfer of sublethal
levels of organochlorines on Atlantic croaker larvae.
The present study demonstrates that environmentally realistic loadings of a PCB (Aroclor 1254) in eggs
of an estuarine fish, achieved through dietary exposure and maternal transfer, have significant effects on
the survival potential of the larvae produced. Significant differences in growth rates between treated and
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control larvae delay development by about 4 d. These
changes in growth/development rates will prolong the
larval period and increase larval stage mortality, which
by itself could translate into a measurable effect
on subsequent year-class strength. Moreover, dosed
larvae exhibited fewer responses and poorer startle
response performance at older ages, which should
compromise their survival when attacked by predators. Taken together, these effects suggest that in their
natural environment, larvae produced from adults
residing and feeding in areas contaminated with Aroclor 1254 will exhibit greater vulnerability to predation, higher larval mortality, and possibly poorer
recruitment.
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