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Abstract

We employed a factorial laboratory experiment to determine the single and combined effect of maternal and larval exposure to contaminated
sediment from Elizabeth River, Virginia, a site contaminated with high concentrations of multiple pollutants. Females were exposed to either
reference or contaminated sediment and the larvae from both groups of mothers were in turn transferred to either reference or contaminated
sediment. We found a strong maternal influence on yolk area, length and RNA:DNA ratio at hatch. Further, the maternal exposure significantly
influenced growth rate and RNA:DNA ratios of larvae 14 days after hatch and was a more important factor in determining these endpoints than
larval exposure. We found that after 14 days larvae were larger and had higher survivorship when the maternal and larval exposures were the same.
There also was no statistical difference with respect to growth and condition between larvae that had hatched from exposed mothers and remained
in contaminated water and larvae that had hatched from reference mothers and were placed in either reference or contaminated sediment. However,
larvae that hatched from exposed mothers and then were switched to reference sediment had significantly lower growth, lower RNA:DNA ratios,
and were smaller despite being large at hatch size, indicating that there are fitness trade-offs in exchange for apparent resistance to contaminants
which are provided by the mother. Maternal effects add complexity to ecotoxicological research and should be incorporated into studies to predict
population level responses more realistically.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction Chambers and Leggett, 1996; Chambers and Waiwood, 1996;

Chambers, 1997). Some studies have linked maternal size or age

Maternal effects are those phenotypic traits observed in off-
spring that are independent of offspring genotype, but a direct
result of maternal phenotype (Bernardo, 1996a). The correla-
tions between phenotypic traits in the mother and offspring have
been studied extensively in ecology and much of the maternal
effects literature has focused on the influence of maternal phe-
notype on egg and offspring size because of the importance of
size on survival in early life history (Bernardo, 1996b). For
example, many studies have documented a positive relation-
ship between female size and egg size in fish (Hislop, 1988;
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not only with egg size and/or quality, but also with the subse-
quent size, growth, and survival of offspring (e.g., Benoit and
Pepin, 1999; Heyer et al., 2001; Berkeley et al., 2004). These
studies support the hypothesis that large, old females in better
nutritional condition produce larvae in better condition which
in turn may have higher survivorship and may result in higher
recruitment to the population (Solemdal, 1997; Secor, 2000).
Environmental conditions and diet influence maternal nutri-
tional condition and health, hereafter termed condition (Reznick,
1991; Yaragina and Marshall, 2000). In toxicology studies for
example, fish exposed to sublethal levels of contaminants often
have reduced growth and condition (Weis and Kahn, 1991;
Ferraro et al., 2001; Rowe, 2003). It is logical to hypothesize
that the offspring of females exposed to contaminants would be
smaller and in poorer condition because maternal condition is
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low. In addition to such nutritionally mediated maternal effects,
mothers may transfer contaminants to eggs and/or offspring
directly. Maternal transfer of contaminants has been documented
in many aquatic invertebrates (Enserink et al., 1990; Schweitzer
et al., 2000), freshwater fish (Guiney et al., 1979; Vodicnik and
Peterson, 1985; Hall and Oris, 1991; Miller, 1993; Walker et
al., 1994; Latif et al., 2001), marine fish (von Westernhagen et
al., 1981; Monteverdi and DiGiulo, 2000) and reptiles (Nagle
et al., 2001; Roe et al., 2004). The presence of maternally
transferred contaminants in eggs has been shown to directly
or indirectly reduce survivorship of the offspring (Hall and
Oris, 1991; Westerlund et al., 2000; Nagle et al., 2001). In
contrast, examples of maternal influence on tolerance or resis-
tance to metals have also been documented (Lin et al., 2000;
Peake et al., 2004). Thus, maternal phenotype could influence
offspring phenotype in two ways: (1) by differences in nutri-
tional supplements to the egg and (2) transfer of contaminants
or other substances as a result of the mother’s contaminant
exposure.

Several areas within the Chesapeake Bay are considered to
be “of concern” because organisms living in these areas are
exposed to high concentrations of multiple organic and inor-
ganic contaminants (Dauer et al., 2000). One of these areas,
the Elizabeth River, Virginia is influenced by highly industri-
alized activities and by the densely populated urban areas of
the Hampton Roads region. Polycyclic aromatic hydrocarbons
(PAHSs) occur in sediments in moderate concentrations through-
out most of the Elizabeth River and are more than 2500 times
higher in the sediments near the Atlantic Woods Superfund site
where creosote was historically used to treat wood for use in
the marine environment (Walker and Dickhut, 2001). Trace ele-
ments (Hg, Cd, Cu, etc.) and tributyl tin (TBT), an antifoulant
used on ship hulls, are also present (Bieri et al., 1986; Padma et
al., 1998; Conrad and Chisholm-Brause, 2004). The macroben-
thic communities of the Elizabeth River are considered to be
highly impacted, exhibiting lower species diversity, lower abun-
dances of individual species, lower biomass, and dominance by
pollution tolerant taxa (Dauer, 1997).

Although the levels of multiple toxic contaminants are
high, the killifish or mummichog, Fundulus heteroclitus, is
found throughout the Elizabeth River. The Elizabeth River
mummichog population exhibits heritable resistance to contam-
inants (Ownby et al., 2002). The persistence of mummichog
populations within this contaminated area necessitates an under-
standing if factors that affects its population dynamics, including
the role of maternal effects. We seek to understand how females
exposed to a suite of contaminants in sediment may influence
the growth and survival of their offspring when they in turn
are exposed to either reference or contaminated sediments. We
hypothesized that exposed mothers would produce smaller eggs
and that their larvae would be smaller, have reduced condition,
exhibit lower growth rates, and lower survivorship than those
produced by unexposed mothers. We also hypothesized that the
larval sediment exposure would have significant effects on larval
condition and growth and that larvae exposed to contaminated
sediments would have lower survival, growth and condition than
those exposed to reference sediment.

2. Methods

The mummichog is one of the most abundant and ubiquitous
estuarine species along the Atlantic coast making it a standard
test species for contaminants in the environment. Because of
the existence of locally adapted populations in this species,
we used individuals from a naive population in our experi-
ments. Although we did not determine specifically that these
fish were resistant to contaminants, they were collected from
the Patuxent River, MD (Fig. 1), a relatively low-impacted sys-
tem (Hartwell et al., 1997). Adult F. heteroclitus were collected
from the Patuxent River in the spring of 2002. Sediment for
use in the experiment was collected from two sites, the refer-
ence site (REF), Fishing Bay, MD and a site known to be highly
contaminated with multiple contaminants (TOX) within the Eliz-
abeth River, VA (Fig. 1). We made a 1:4 dilution of Elizabeth
River mud with Fishing Bay mud by volume to yield sedi-
ment approximately 25% the strength of contaminated Elizabeth
River sediment. This mixture of sediments was contaminated
primarily with PAHs (Fig. 2) and had been shown in previous
experiments to induce statistically significant sub-lethal effects
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Fig. 1. Map of the Chesapeake Bay with the sources of (A) contaminated sed-
iment from Elizabeth River, VA (TOX), (B) reference sediment from Fishing
Bay, MD (REF), and (C) adult mummichogs from the Patuxent River, MD.
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Fig. 2. Concentration of PAHs in the (a) reference sediment from Fishing Bay
(REF, n=2) and (b) 25% Elizabeth River sediment (TOX, n=7). Each bar
represents the mean concentration (%standard deviation) from tanks used in
a complimentary experiment started at the same time as this study. Note that the
scale of the y-axis is two orders of magnitude higher in the TOX sediment than
the REF sediment. Compounds for which no bar exists indicate values below
detection limits.

on growth in naive adult mummichog, without inducing mortal-
ity (D. Davis, personal observation). Although PAHs were not
measured for the experiment described herein, PAHs were quan-
tified in a complementary experiment on the same REF and TOX
sediment. Sediment samples were collected from nine tanks 2
weeks after sediment was introduced to flow through tanks.
We conducted experiments in which offspring of mothers
held in either reference (REF) or contaminated sediments (TOX)
were themselves exposed to either reference or contaminated
sediment (Fig. 3). Thus, there were four possible treatment com-
binations: TOX/TOX, TOX/REF, REF/REF and REF/TOX. For
the maternal exposures, four female and two male fish were
placed into each of four 75-1, flow-through aquaria provided with
ambient water from the Patuxent River. Two tanks served as the
REF treatment and were filled with 151 of reference sediment.
For the TOX treatment, two tanks contained 15 1 of contaminated

Mothers

TOX TOX REF REF
Eggs
Day 1
Day 2
Day 22
Larvae pooled Larvae pooled

from TOX tanks from REF tanks

Larvae

TOXXTOX TOXxREF REFXTOX REFxREF

x3 x3 x3 x3

Fig. 3. Flow chart of the experiment from maternal treatment (REF or TOX)
to egg stage to larval factorial design (TOX/TOX, TOX/REF, REF/TOX and
REF/REF).

sediment collected from Elizabeth River. Adults were held in
these tanks at 20 °C for 40 days prior to egg collection.

Corner aquarium filters with filter floss were placed in each
tank to serve as egg collectors. Filters were removed from the
tank daily and examined for the presence of eggs. When eggs
were present, they were counted and placed in petri dishes
labeled with tank origin and collection date. All eggs were
treated similarly. Petri dishes were filled with a fungicidal solu-
tion of methylene blue and filtered seawater. The concentration
of this solution was 1.23 x 10~4 mg/1, well below the estimate
of 0.4 mg/1 suggested for safe usage (Rifici et al., 1996). Because
eggs were not exposed to sediment during incubation, any neg-
ative impacts from contaminants were due to maternal transfer,
not from contamination of the eggs directly. Eggs were held at
21 °Cin a controlled-temperature room. The incubation solution
was changed daily and any dead eggs or hatched larvae were
removed from each petri dish. Eggs used in the experiments
were spawned 12-27 days before hatch. Just prior to hatching,
the volumes of three to ten eggs per petri dish were measured
using an Olympus SZX9 dissecting microscope and imaging
system (Optimas v.6. Media Cybernetics, Silver Spring, MD).
Care was taken to measure only live eggs, defined as those in
which a heartbeat or movement of the larva could be detected.

After measuring, eggs were pooled according to the maternal
treatment (Fig. 3). Eggs were exposed to air for 2 h after which
hatching was induced by flooding the shallow dishes contain-
ing the eggs with filtered seawater and aerating for another two
hours. This process was repeated up to three times within one
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day. After hatching, larvae were randomly selected from the
two pools of eggs from each maternal treatment and assigned
to a larval treatment. The total length (mm) and yolk sac area
(mm?) were measured for 120 larvae, 60 larvae from each mater-
nal treatment, using the same imaging system described above.
These larvae were immediately frozen at —80 °C for subsequent
RNA:DNA analysis.

Twelve 38-1 glass aquaria were established 14 days before
hatching in a controlled temperature room held at 21°C.
There were three replicates tanks for each maternal/larval treat-
ment combination (Fig. 3: TOX/TOX, TOX/REF, REF/TOX,
REF/REF) with 30 larvae allocated to each treatment. Each
aquarium was provided with 6.71 of either REF or TOX sed-
iment and filled with approximately 34.51 of filtered ambient
river water. Aquaria were gently aerated. A 50% water change
was conducted on day 7 of the 14 days experiment.

Because egg production of the mothers exposed to TOX
sediment was unexpectedly low (see Section 3), three TOX
treatments were started 21 days and another three TOX treat-
ments 33 days after the start of the FB experiments. Salinity,
dissolved oxygen, and temperature were measured each day
for both time periods and varied very little between time peri-
ods or tanks. Mean =+ standard deviation for water temperature
was maintained at 21.5 £ 0.14 °C, mean salinity at 14.5 £ 0.54,
and mean dissolved oxygen at 6.5 = 0.84 mg/1 during the entire
experimental period even though treatments were staggered tem-
porally. Larvae were fed cultured Artemia twice daily ad libitum.
They were not fed on day 14.

Larvae were sampled on the morning of day 15 of the exper-
iment. All larvae were removed from the tanks and counted to
calculate survivorship. The sediment was carefully filtered to
make sure that no larvae were overlooked, but no dead larvae
were found throughout the experiment. Ten larvae recovered
from each tank were measured (TL in mm) using image anal-
ysis equipment and then immediately frozen for RNA:DNA
analysis. Mean instantaneous growth rate, G, was calculated as
G=(InTL, —InTL)(#, — tl)_l, where TL; and TL, are total
length at times #1 and #,, the beginning and end of the experiment.

RNA:DNA ratios are considered a measure of nutritional sta-
tus or growth potential in fish larvae (Ferron and Leggett, 1994;
Buckley et al., 1999). The premise of RNA:DNA ratios as an
indicator of nutritional status is that the amount of DNA per cell
in an organism is constant, while an organism that is in good
health will have more protein synthesis and thus, higher amounts
of RNA per cell than an individual in poor condition. Therefore,
RNA:DNA ratios were measured to quantify the health or con-

Table 1

dition of larvae at the start of the larval exposure and at 14 dph.
Nucleic acids were extracted from each larva as described by
Heyer et al. (2001) and Caldarone (2006), with one exception:
prior to vortexing, each sample was partially homogenized using
a small tissue homogenizer with a disposable tip, to ensure thor-
ough homogenization of larger larvae. Some RNA:DNA ratios
for large larvae that were sampled at 14 dph were clearly outliers
and seem to be a result of incomplete digestion of tissue. To iden-
tify those samples that may not have been completely digested,
we regressed DNA concentration on total length and constructed
95% upper and lower confidence intervals. This relationship is
expected to be highly linear given that DNA concentration is
dependent solely on cell number which should be closely cor-
related with length. Those observations that were outside the
95% confidence intervals of this relationship were excluded from
analysis. All data points that were excluded were larvae sampled
at the end of the experiment.

All data were analyzed for homogeneous variances and nor-
mality before analysis with parametric statistics. All statistical
analyses were conducted in SAS Version 8.2 (SAS Corp., Cary,
NC). A nested ANOVA was used to test for differences in egg
volume due to maternal treatment. Tank means were nested
within maternal treatment to account for variation due to indi-
vidual females in each of the maternal tanks. Data were analyzed
using one-way ANOVAs to test for differences between the
maternal exposures (TOX and REF) in mean yolk area, total
length at hatch, and RNA:DNA ratio at hatch. We used two-
way ANOVAs to test for differences in means of the total
length, instantaneous growth rate and RNA:DNA ratios at the
end of the 14 days experiment. Post-hoc pairwise comparisons of
means were made between the four mother/larval treatment com-
binations (TOX/TOX, TOX/REF, REF/TOX, REF/REF) and
experiment-wide error was adjusted to Pexperiment =0.05 using
the Tukey method.

3. Results

Egg production was an order of magnitude higher in females
exposed to REF sediment than those exposed to TOX sediment.
Over a 30-day period, females exposed to REF sediment pro-
duced 5762 eggs, whereas females exposed to TOX sediment
produced 574 eggs (Table 1). Egg production was low in the
TOX treatment because both batch fecundity and the number of
spawns were lower than in the REF treatment (Table 1). Females
spawned 18 and 22 times in the two REF treatment tanks, but
only 8 and 17 times in the TOX treatment over a 30-day period.

Egg and larval characteristics as a result of maternal exposure to reference (REF) and contaminated (CON) sediment

Maternal exposure

REF CON
Total egg production (number of eggs) 5762 574
Mean number of spawning events 20 12.5

Mean batch fecundity (number of eggs per female per spawn)
Mean egg volume (mm?)

36.01 £30.68 (n=40)
4.69£0.87 (n=288)

6.06 £5.90 (n=25)
4.18+0.53 (n=258)

Mean measurements are shown = standard deviation. Numbers in parentheses indicate sample size, n.
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Mean batch fecundity, the number of eggs per female per spawn-
ing event, was six times higher in the REF treatment (Table 1).
Less than 40% of the eggs from the TOX treatment hatched.
Embryos appeared to be alive in the eggs hatched from TOX
mothers, but failed to emerge after several attempts to induce
hatching.

We detected no significant difference in egg volume
between tanks nested within maternal treatments (F7 191 =0.77,
P =0.48). However, without accounting for individual tank vari-
ance, mean egg volume was on average larger in the REF
treatment than in the TOX treatment (Table 1). Logistically,
we could not account for variation due to maternal line (tank
effect) after eggs had hatched so variation in larval characteris-
tics was related to maternal exposure only. Maternal exposure
regime significantly influenced the size and condition of larvae at
hatch. Total length of larvae at hatch was greater (¥1,118 =25.39,
P<0.0001), but yolk sac area was smaller in the TOX ver-
sus REF maternal treatment (Fig. 4, F 113 =17.71, P<0.0001).
RNA:DNA ratios were significantly higher at hatch in the lar-
vae originating from mothers exposed to contaminated sediment
(Fig. 4, F1,118 =107.77, P<0.0001).

Survivorship was high in all treatments and over 90% of lar-
vae that were introduced to the experimental tanks survived
the 14-day exposure. Average percent mortality was 2.2, 4.4,
6.7, and 1.1% in the TOX/TOX, TOX/REF, REF/TOX and
REF/REF, respectively. Highest mortality occurred in tanks
where the maternal and larval treatments were not the same
i.e., the TOX/REF and REF/TOX treatments. At the end of
the 14-day experiment, total length was significantly higher
in the tanks where the maternal and larval exposure was the
same, the REF/REF and TOX/TOX treatments (Fig. 5). Total
length at 14 days post-hatch (dph) was significantly lower in
the TOX/REF treatment compared to all other treatments. Total
length at 14 dph was influenced significantly by the interaction
of the mother and larval exposure (F; g =7.40, P<0.026), but
not by the larval exposure (F1 g =4.84, P=0.57) or the maternal
effect (F18=4.34, P=0.23).

Mean instantaneous growth rates were highest in larvae orig-
inating from the REF maternal treatments. However, growth
rate was significantly lower only in the TOX/REF treatment
compared to all the other treatments (Fig. 5). There was a sig-
nificant interaction between the maternal and larval treatment
on growth rate (F18=26.02, P=0.0009). There was no main
effect of larval treatment on these growth rates (F, g=4.85,
P <0.059), but maternal exposure was still significant in deter-
mining growth rates at the end of the 14-day experiment
(F18=33.48, P=0.0004).

At the end of the experiment, RNA:DNA ratios ranged from
0.35 t0 0.934 and were much lower than they were at the start of
the experiment at which time ratios ranged from 0.72 to 1.45. At
14 dph, RNA:DNA ratios were highest in offspring from refer-
ence mothers, the REF/TOX and REF/REF treatments, but were
statistically the same in all treatments except for the TOX/REF
treatment, for which low growth was also measured (Fig. 5).
There was no interaction between the maternal and larval treat-
ment affecting RNA:DNA ratios at the end of the experiment
(F1,8=2.64, P=0.14). Similar to the growth results, there was no
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significant effect of larval exposure (F g =4.30, P=0.072), but
there was a maternal effect at 14-day (F1 g=11.42, P=0.0096)
with RNA:DNA ratios higher in general in the offspring of REF
mothers.

4. Discussion

We observed strong maternal effects in F. heteroclitus, the
existence of which had only been suggested in this species previ-
ously (Williams, 1994; Meyer et al., 2002; Meyer and DiGiulio,
2003). Maternal effects were manifested as differences the size,
yolk sac area, growth and RNA:DNA ratios of larvae. Mater-
nal effects on growth and RNA:DNA ratios were detectable at
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14 dph. The maternal exposure was more important overall than
larval exposure in explaining these differences.

Maternal differences were generated by exposing the mothers
to either contaminated or uncontaminated sediment from Chesa-
peake Bay. However, the characteristics of the larvae arising
from each of these treatments were unexpected. We hypoth-
esized that the condition of the mother would be reflected in
her offspring and that larvae from contaminated mothers would
be small and in poor condition at hatch due to nutritionally-
mediated maternal effects. In contrast, we found that in general,
larvae hatched from contaminant-exposed mothers were longer
with smaller yolk sacs and had higher RNA:DNA ratios than lar-
vae produced by unexposed mothers. These results suggest that

the embryos from contaminant-exposed females were spawned
earlier, or developed faster and had used up more yolk reserves
at the time of hatch than reference embryos. Egg production was
so low that we had to use eggs hatched from the entire egg col-
lection period to meet our sample size requirements (120 larvae
for each mother/larva treatment). Therefore, the possibility that
larvae from TOX mothers were larger, had smaller yolk sacs
and higher RNA:DNA ratios because they were spawned ear-
lier is unlikely. Rather, these results suggest that larvae from
exposed mothers used the nutritional reserves from the yolk
sac earlier or more quickly during embryogenesis to achieve a
greater length at hatch. Similarly, Toppin et al. (1987) observed
rapid development in mummichogs exposed to contaminated
sediment.

An alternative explanation for our finding of larger larvae
from the TOX mothers may be that only the fast-developing,
large embryos were able to hatch in the TOX maternal treatment
as hatching success is often inhibited in contaminant exposed
larvae (Nagler and Cyr, 1997). The presence of contaminants,
including PAHs, in eggs can reduce hatching success and sur-
vivorship of the embryo (Hall and Oris, 1991; Nelson et al.,
1991; Perry et al., 1994; Nagler and Cyr, 1997; Nagle et al.,
2001). Unfortunately, we did not directly quantify hatching suc-
cess in this study. The fact that larvae from contaminated mothers
were longer, but had smaller yolk sacs, suggests that only the
largest and healthiest embryos could complete the hatching pro-
cess, which is reflected in the RNA:DNA ratios. Accordingly,
we hypothesize that RNA:DNA values were higher at hatch in
the larvae from contaminated mothers because only the most fit
embryos survived and hatched in this treatment.

Greater size and higher RNA:DNA ratios at hatch suggests
an increased metabolic rate of developing contaminated larvae.
Regardless of cause, larvae that are longer at hatch may be able
to swim faster, which may confer a survival advantage once lar-
vae have successfully switched to exogenous feeding (Miller et
al., 1988; Heyer et al., 2001). These larvae may be able to travel
a greater distance to obtain food or better habitat. In contrast,
larvae that hatched from unexposed mothers were shorter, had
large yolk sacs and had lower RNA:DNA ratios. Larvae with
this phenotype may be better suited to survive periods of initial
starvation prior to the onset of exogenous feeding (Miller et al.,
1988; Heyer etal., 2001). One might expect such phenotypic dif-
ferences to promote larval survival if (a) larvae that have hatched
in contaminated areas would be stimulated to migrate to uncon-
taminated areas and (b) larval performance is higher in reference
sediment regardless of maternal influence. However, the mum-
michog exhibits considerable site fidelity (Teo and Able, 2003)
and probably would not move out of large contaminated areas
such as the Elizabeth River estuary after hatch. Furthermore,
we found that larval survivorship and growth were low when
larvae from contaminant-exposed mothers were transferred to
reference sediment. Counter to our hypothesis that larvae from
reference mothers and exposed to reference sediment would per-
form better overall, we found that larvae were larger and had
higher growth and survival when the maternal and larval expo-
sures were the same. Therefore, differences in larval phenotype
confer a survival advantage only in an environment similar to
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the mother’s and more importantly, a disadvantage if the envi-
ronment is not the same even if that environment is high in
contaminants.

These results suggest that if mothers are not exposed to con-
taminants, but deposit eggs in a contaminated area, these larvae
are at a much greater disadvantage than those spawned from
mothers that are exposed to contaminants. Less intuitively, lar-
vae from exposed mothers may be at a greater disadvantage
when exposed to reference sediment. This follows the predic-
tion from evolutionary theory that there are fitness trade-offs in
exchange for traits that afford resistance to contaminants and is
supported by previous studies in mummichogs exposed to the
same Elizabeth River sediment (Meyer and DiGiulio, 2003).

Our findings contribute to the idea that females transfer sub-
stances to eggs and larvae that acclimatize their offspring to
the habitat in which the mothers themselves live. Mothers have
been shown to transfer mRNA (Wang et al., 1998; Lin et al.,
2000), acclimatory proteins, immunoglobins (Mor and Avtalion,
1990; Takemura and Takano, 1997), or the contaminants them-
selves to eggs that acclimatize larvae to toxins (Munkittrick and
Dixon, 1989; Miller, 1993; Peterson et al., 1993; Peake et al.,
2004). Although numerous studies have demonstrated the nega-
tive consequences of maternally transferred contaminants (Hall
and Oris, 1991; Pelletier et al., 2000; Johnston et al., 2005),
other studies have shown that maternally transferred metalloth-
ionein or mRNA provide larvae with resistance to metals such
as cadmium and copper (Munkittrick and Dixon, 1989; Lin et
al., 2000; Peake et al., 2004). Transfer of the contaminant itself
may induce the larvae to produce enzymes that biotransform
these contaminants into less toxic derivatives, but such pre-
exposure may not be a benefit for all classes of contaminants.
The derivatives of PAHs can sometimes be more deleterious than
the parent compounds themselves and maternal transfer of PAHs
has been shown to increase embryonic mortality (Pelletier et al.,
2000). However, fish caught in Elizabeth River exhibit tolerance
to PAHs and have reduced EROD activity, but higher survival
compared to fish from reference habitats (Meyer et al., 2002).

In this study, we focused on the phenotype of the larvae in
relation to the maternal phenotype. It should be noted that while
the phenotype of the mother is a complex combination of her
phenotype and genotype, the maternal effect itself is observed
in the offspring and is independent of offspring genotype. In
order to detect maternal effects in this study, we specifically used
naive fish to examine phenotypic maternal effects rather than
heritable resistance. Previous studies have suggested a parental
effect in the response of mummichog larvae to toxic effects of
contaminants from the Elizabeth River site, but have simultane-
ously focused on the genetic component of heritable resistance
(Williams, 1994; Meyer et al., 2002; Ownby et al., 2002; Meyer
and DiGiulio, 2003). Williams (1994) found that offspring from
resident Elizabeth River females and reference site males were
more resistant to Elizabeth River sediment than offspring from
reference site females and Elizabeth River males. Meyer et al.
(2002) detected tolerance to Elizabeth River sediments in F1
generation offspring from Elizabeth River parents, but this toler-
ance was not evident in subsequent generations. They suggested
that gene imprinting or some other physiological mechanism

was more probable than transfer of mRNA or proteins in con-
ferring resistance. However, they found no difference between
offspring from Elizabeth River females and reference site males
versus offspring from reference site females and Elizabeth River
males even though both sets of hybrid offspring had higher sur-
vival than reference site offspring. In these studies and in our
experiment we have assumed that maternal contribution is the
main source of observed tolerance, but the paternal influence
cannot be ruled out (Nagler and Cyr, 1997; Meyer et al., 2002).
Further, the interaction of parental genotype and phenotype on
offspring phenotype warrants further investigation.

RNA:DNA ratios were higher at hatch in the larvae of
exposed mothers, suggesting that these larvae were in better
condition than larvae of unexposed mothers. In many studies
RNA:DNA ratios are a predictor of growth because RNA con-
centrations increase with the protein synthesis involved with
growth (Wagner et al., 1998; Buckley et al., 1999; Caldarone,
2006). In a toxicological context, RNA:DNA ratios may not be
an accurate reflection of growth, but may rather indicate induc-
tion of protein synthesis following exposure to contaminants.
Exposure to PAHs may induce the production of cytochrome
P450 1A (Roling et al., 2004), 7-ethoxyresorufin-o-deethylase
(EROD) and metals can induce metallothionein production. An
increase in RNA activity may also indicate a metabolic cost to
repair damage from DNA methylation induced by a stressor.
Therefore, elevated RNA:DNA ratios may indicate a metabolic
stress of producing detoxifying proteins rather than proteins
related to growth. The metabolic costs of producing detoxify-
ing proteins would use energy that may otherwise be allocated
to somatic growth, explaining the lower growth rate in some
ER larvae, but high RNA:DNA ratios at hatch. These results
agree with previous studies that question the use of RNA:DNA
ratios as an indicator of growth in the presence of contaminants
(DeBoeck et al., 1997).

In contrast to RNA:DNA ratios at hatch, RNA:DNA ratios
were highest for the fish in the reference sediment 14 dph, as
we expected. The TOX/REF treatment resulted in significantly
lower growth and significantly lower RNA:DNA ratios, indi-
cating that at this point RNA:DNA ratios reflect growth and
condition as illustrated in larvae and juveniles of other fish
(Malloy and Targett, 1994; Rooker et al., 1997; Caldarone,
2006). Overall, RNA:DNA ratios were lower at the end of 14
days than they were at the start of the experiment, which may
be a result of the low nutritional quality of Artemia in relation
to the size of these fish 14 dph. Interestingly, RNA:DNA ratios
were still significantly influenced only by maternal exposure and
not by larval exposure or the interaction between the maternal
and larval exposure, indicating a persistent maternal effect on
growth. Growth is one of the most important factors influencing
survival of fish larvae (Houde, 1989). High growth rates decrease
not only the amount of time that larvae are exposed to stressors,
but also the number of stressors encountered that may cause
death such as disease, starvation, and predation. Larvae grew
equally well in all but the TOX/REF treatment where instan-
taneous growth rate was significantly lower even though these
larvae were large at hatch. These results further emphasize that
there is a survival advantage to the larvae when the maternal
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and larval environment are the same, even if the environment
is highly polluted. This maternal effect may help explain the
persistence of small populations in contaminated areas and the
speed with which populations exhibit genetic change.

Maternal effects add complexity to ecological processes as
demonstrated by this study. If we had simply documented the
effects of contaminated sediments on larval growth and survival
we might have found what we expected, that larvae exposed to
contaminants had reduced survivorship and growth. However,
when considering maternal effects in the context of a stressor,
we observed unexpected and counterintuitive results, but results
that are more ecologically relevant. This study emphasizes that
maternal phenotype influences contaminant resistance and vital
rates throughout the early life stages of the mummichog. It also
emphasizes the importance of examining the role of a stressor
over the entire life cycle of an organism. In this study, we did
not quantify the effects of contaminants on adult growth and
condition, their fecundity, egg viability and hatching success, but
ultimately, the sum of these processes will determine population
growth rates and even evolution.
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