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ABSTRACT: For marine organisms with bipartite life cycles, there is growing recognition that juve-
nile traits may be dependent on previous larval history. The potential correlation between juvenile
and larval stages is important to recognize, as growth rates in juvenile fish have been proposed to be
an indicator of habitat quality. We investigated whether juvenile and larval growth are positively or
negatively related using the estuarine-dependent fish Atlantic croaker Micropogonias undulatus as
a model species. The relationship between juvenile and larval growth was examined using both a
laboratory study, in which fish were held in individual containers with constant water temperature
and salinity, and replicated field experiments, which spanned a range of environmental conditions.
There was no relationship between juvenile and larval growth rates in the laboratory experiment.
However, results from the field study suggest that a positive relationship between juvenile and larval
growth was associated with high levels of freshwater runoff that displaced juvenile croaker from
nursery areas to downstream habitats, in which they had reduced feeding success. Variability in the
correlation between juvenile and larval growth for the 27 cohorts examined (fish hatched during the
same 1 wk period) was independently explained by change in salinity (a proxy for freshwater runoff)
and feeding ability (percentage of fish with empty stomachs). Future research should recognize the
role that variable environments play in our ability to detect the relationship of life-history traits
between ontogenetic stages.

KEY WORDS: Larval growth - Juvenile growth - Atlantic croaker - Freshwater runoff - Habitat
quality

Resale or republication not permitted without written consent of the publisher

Published November 8

INTRODUCTION

In marine organisms with bipartite life cycles, there
is growing recognition that larval and juvenile stages
are not independent (Pechenik et al. 1998, Metcalfe &
Monaghan 2001, McCormick & Hoey 2004). To date,
most theoretical and empirical studies investigating
processes that occur across life-history transitions in
marine organisms have focused on how larval history
influences age-, condition-, and length-at-metamor-
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phosis to the juvenile stage (e.g. McCormick 1994,
Sponaugle & Cowen 1994, Basch & Pearse 1996). More
recently, researchers have begun to investigate how
larval traits influence juvenile survival (e.g. Searcy &
Sponaugle 2001, Bergenius et al. 2002) and juvenile
growth rates (Searcy & Sponaugle 2000, Phillips 2002,
McCormick & Hoey 2004).

With fishes, recognition of the potential dependence
of juvenile growth on previous larval growth is critical,
since juvenile growth rates have been proposed as a
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means to evaluate habitat quality (reviewed in Able
1999). The use of growth rates as an index of habitat
quality is based on the widely held assumption that
relatively high growth rates are a consequence of
high-quality habitat (i.e. appropriate abiotic condi-
tions, abundant food, and refuge from predators) (Sog-
ard 1997). However, high juvenile growth rates could
simply reflect larval characteristics. For example, pre-
vious studies of marine organisms have shown that
small size at the larval-juvenile transition may be
related to both slower (McCormick & Molony 1992,
Pechenik et al. 1998) and faster juvenile growth
(Bertram et al. 1993). Similarly, relatively faster grow-
ing larvae may continue to grow rapidly as juveniles or
have relatively slower juvenile growth (McCormick &
Hoey 2004). If growth rates result from the previous
history of an individual, rather than specific character-
istics of the current habitat type, then growth rates
would be an inappropriate index of habitat quality.

Most studies investigating the relationship between
larval and juvenile traits in marine organisms have
been conducted in the laboratory (e.g. Bertram et al.
1993, Pechenik et al. 1996). More recently, studies of
coral reef fishes have examined patterns of otolith
growth to determine how larval and juvenile traits are
related in the field (Searcy & Sponaugle 2001,
McCormick & Hoey 2004). Otoliths (ear stones) of
many fishes have daily rings, allowing estimates of
age, hatch date, and age-specific growth history (e.g.
Thorrold & Hare 2002). We used the estuarine fish
Atlantic croaker Micropogonias undulatus in both a
controlled laboratory experiment and replicated field
studies spanning a wide range of environmental condi-
tions to test the null hypothesis that juvenile and larval
growth are uncorrelated.

MATERIALS AND METHODS

Atlantic croaker Micropogonias undulatus is a com-
mercially and recreationally important sciaenid fish
that is a dominant component of the demersal nekton
community along the Atlantic and Gulf coasts of the
United States. Along the southeast US, Atlantic
croaker spawn primarily over the continental shelf and
have a protracted spawning season that extends from
September through April (Hettler & Chester 1990). Fol-
lowing pelagic larval development on the continental
shelf, Atlantic croaker enter estuaries, and typically
settle in low-salinity, upper-estuary channels, which
they use as juvenile nursery areas (Ross 2003). The
transition from larval to adult morphology is gradual
(Able & Fahay 1998); therefore, we designated life-
history stage according to habitat type. The ‘larval
period’' includes pelagic development occurring off-

shore, the ‘ingress period' includes movement from
inlets to freshwater nurseries, and the ‘juvenile period’
occurs after settlement to nursery areas.

Otoliths. Caution is required when translating
otolith growth rates into somatic growth rates, as
otolith increment deposition is not always daily and
periods of stress may decouple otolith and somatic
growth (reviewed in Thorrold & Hare 2002). Searcy
(2005) validated daily otolith increment deposition for
Atlantic croaker and found a positive relationship
between otolith and somatic growth (r = 0.41). Otolith
growth was examined directly, to avoid errors in
converting to estimates of somatic growth, as this
approach provides a useful, albeit conservative, mea-
sure of fish growth (Chambers & Miller 1995; r = 0.41,
Searcy 2005).

To prepare otoliths for analysis, left sagittae were
removed, mounted in epoxy, sectioned along the
frontal plane, and polished to the core. All otoliths
were examined using a transmitted light microscope at
400x magnification. Otolith images were captured with
a frame grabber, on-screen magnification was doubled
to 800%, and increments were counted and distance
between sequential increments was measured using
Image-Pro Plus 4.5 image analysis software. Each
otolith was analyzed a minimum of 2 times and if
counts differed by <2 increments, 1 reading was ran-
domly chosen for analysis. If the increment counts dif-
fered by 23 increments, the otolith was analyzed again.
If the count from the third independent reading dif-
fered by <2 increments from one of the former read-
ings, 1 reading was randomly chosen for analysis, and
if the count still differed by >3 increments, the otolith
was discarded from further analysis. The ‘acceptable’
ageing error was 6.7 % for 30 d old fish (2 of 30 incre-
ments) and decreased correspondingly for older fish.
In total, 3% of otoliths (3 of 100) from the laboratory
study and 7.8 % of otoliths (198 of 2550) from the field
study were discarded.

Laboratory experiment. The laboratory experiment
examined whether variability in growth of juvenile
Atlantic croaker could be explained by larval traits,
including (1) size at estuarine ingress, (2) age at estuar-
ine ingress, and (3) larval otolith growth. The goal of
the laboratory experiment was not to mimic patterns of
growth found in the field, but to determine if, in the
absence of environmental variability, juvenile growth
was correlated with previous larval growth.

Collection method: Atlantic croaker (n = 100) were
collected during estuarine ingress at a mid-estuary sta-
tion in North Carolina’s Newport River estuary during
night-time flood-tide on November 23, 2003, with a
passively fished 0.5 m? plankton net with 1 mm mesh
(Fig. 1). Length and age measurements of croaker
sampled at the mid-estuary station provide a reason-
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taken immediately after removal from
the alizarin stain solution (assumed
length-at-ingress) and at weekly inter-
vals until the end of the experiment. To
ensure accurate length measurements,
Atlantic croaker were decanted into a
narrow glass container that restricted
fish from moving horizontally (turning
right or left), and positioned in front of a

metric ruler. A total of 5 to 10 images of
each fish were taken using a macro lens
attached to a digital camera. Weekly
measures of standard length (0.1 mm SL)
for individual fish were calculated by
taking the average of the 3 best (individ-
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ually calibrated) digital images using
0 km 10 location Image-Pro Plus 4.5 image analysis soft-
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" " " " Data analysis: The relationship be-
Fig. 1. White Oak River and Newport River estuaries, North Carolina, USA. tween juvenile somatic growth in the

Location of upper-estuary beam-trawl (A) and deployment site of YSI-6600 laboratory and larval history (estimates
multiparameter dataloggers (+). Inset shows location of study area in relation of larval otolith growth, age-at-ingress,

to US East Coast

able approximation of length- and age-at-estuarine-
ingress, as movement from inlet to nursery areas in the
study region has been estimated to be a 1 to 3 d pro-
cess (Searcy 2005). To help differentiate the larval and
juvenile periods for subsequent analyses, the otoliths
of each fish were marked by placing all fish in a 201
aquarium containing 18 ppt estuarine water from the
collection site, combined with a 100 mg 1! solution of
alizarin complexone (Ahrenholz et al. 1995) for 24 h
immediately after capture. Otolith increments prior to
the alizarin mark were assumed to represent ‘larval’
growth that occurred in the marine environment and
otolith increments after the alizarin mark were consid-
ered ‘juvenile.’

Following removal from the alizarin stain solution,
each fish was placed in an individual 0.95 1 container
(n = 100), held in a controlled temperature water bath
at 15°C, and exposed to ambient photoperiod. Over the
next 2 d, salinity was uniformly decreased by mixing
natural seawater with distilled water to reach 10 ppt, a
common salinity in Atlantic croaker nursery areas of
the Newport River estuary (Searcy 2005). Fish were
then kept under these conditions for the 4 wk experi-
ment. Atlantic croaker were fed recently hatched
Artemia ad libitum so that after 24 h there were still
Artemia visible in each container. Prior to the daily
feeding, leftover Artemia and waste material were
removed, and approximately 33% of the water was
replaced.

To obtain an estimate of size-at-ingress and somatic
juvenile’ growth, digital images of each fish were

and standard length-at-ingress) was ex-

amined using multiple regression analy-
sis. The response variable of individual juvenile
somatic growth was calculated by subtracting SL at the
end of the experiment from SL at the beginning of the
experiment. Daily larval otolith growth was obtained
by taking the average of otolith increment widths
between 21 and 30 d post-hatch. Age-at-ingress was
measured as the number of otolith increments from the
core of the otolith to the alizarin mark and length-at-
ingress was defined as the SL of each fish at the start of
the experiment. In the multiple regression analysis, the
independent contribution of each of the larval charac-
teristics was estimated using the coefficient of partial
determination (squared partial correlation coefficients)
with type II sums of squares (PROC REG, SAS Insti-
tute). Next, to compare the relationship between juve-
nile and larval growth in the laboratory study with
field results (presented in ‘Results’), the Pearson corre-
lation coefficient was calculated between juvenile (41
to 45 d) and larval (21 to 30 d) otolith growth. The 10 d
(31 to 40 d) not included in either the larval or juvenile
stages represents the ingress period (see ‘Results’) and
is used to conservatively separate the 2 life-history
periods.

Field study. The field study examined the relation-
ship between juvenile and larval Atlantic croaker
growth over a range of environmental conditions.

Collection method: Collection stations bracketed
expected Atlantic croaker nurseries, and included 1
mid-estuary and 4 river stations in both the White Oak
and Newport River estuaries, North Carolina (Fig. 1).
Each station was sampled during the last 2 h of day-
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time floodtide, using a towed 1 m beam trawl (1 mm
mesh upper and side panels, 3 mm mesh bottom
panel). At each station, 3 replicate tows of 1 min each
were completed, covering an area of ~60 m? each. In
total, 7 weekly collections were conducted in the fall
(November to December) and spring (February to
April) of 2 recruitment seasons (2001-2002 and
2002-2003) in the Newport River estuary, and spring
2002 and fall-spring 2002-2003 in the White Oak
River estuary. Bottom temperature and salinity were
measured at high tide twice per week at each sampling
station, using a handheld YSI-85 instrument (YSI), and
in the spring of 2003, hourly measures of these vari-
ables were obtained by deploying YSI-6600 multipara-
meter dataloggers at the head of each estuary (Fig. 1).

Otoliths were removed from a minimum of 30
Atlantic croakers from weekly collections within river
nursery areas, and a minimum of 30 Atlantic croakers
collected from mid-estuary stations. Otolith records
were used to establish range in age at estuarine
ingress (mid-estuary collections), to obtain age and
growth estimates for individual fish, and to identify
weekly hatch-date cohorts (i.e. groups of croaker that
were hatched during the same 1 wk period). For each
season, otolith growth that occurred prior to the age of
the youngest fish collected at the mid-estuary station
was assumed to represent larval growth that occurred
in the marine environment, and growth that occurred
at ages older than the oldest fish collected was as-
sumed to represent juvenile growth within river nurs-
ery areas. The otolith age data indicated that Atlantic
croaker entered the estuary between 30 and 40 d post-
hatch in the fall (36.7 + 3.6 d, average + SD, in the
White Oak and 36.1 + 3.9 d in the Newport) and 40 to
50 d post-hatch in the spring (45.0 + 4.1 d in the White
Oak and 459 + 4.4 d in the Newport). Therefore,
assumed larval and juvenile ages were <30 and >40 d
for the fall, respectively, and <40 and >50 d for the
spring (Fig. 2).

Individual larval and juvenile growth was estimated
from analysis of otolith increment widths from fish
collected within river nursery areas. Fish condition
(Fulton's Condition Factor, weight x length’s, Ricker
1975) was calculated using the SL and dry weight
(dried at 60°C for 24 h) of fish used for otolith analysis.
Feeding success on each collection date was calculated
using 30 randomly selected fish collected from river
nursery areas and recorded as the proportion of fish
from each collection date that had empty stomachs.

Data analysis: For analysis of the relationship
between juvenile and larval otolith growth from the
field collections, only weekly hatch-date cohorts, from
which a minimum of 10 fish were aged, were used to
calculate Pearson correlation coefficients between
juvenile otolith growth (5 d after ingress period) and

Otolith growth (um d-)
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2 | —e— Fall (n = 436)
—O0— Spring (n = 549)

0 10 20 30 40 50 60 70

Otolith increment
Fig. 2. Micropogonias undulatus. Average otolith growth
(+1 SE) for Atlantic croaker collected in fall 2002 and spring
2003 in the Newport River estuary. Regions of otolith growth
identified by the double-ended arrows designate the periods
of assumed larval (solid lines) and juvenile (dashed lines)
growth used in correlation analyses, and the region between
the arrows shows the range in ages at which ingress was
observed to occur

larval otolith growth (10 d prior to ingress period).
These growth intervals were chosen to maximize the
number of fish aged that could be used in the analyses
and because growth during these intervals was gener-
ally linear (Fig. 2).

To address the concern that the relationship be-
tween juvenile and larval growth may change from
week to week due to differences in length- or age-at-
ingress, separate 1-way ANOVAs tested the null
hypothesis that length- and age-at-ingress did not vary
significantly within each study season. The total num-
ber of weekly mid-estuary collections for which com-
parisons were possible (minimum of 10 fish aged) in
the Newport River estuary was 3 in fall 2001, 5 in
spring 2002, 5 in fall 2002 and 5 in spring 2003. For the
White Oak River estuary, the total number was 5 in
spring 2002, 5 in fall 2002 and 5 in spring 2003.

To examine whether the relationship between juve-
nile and larval growth changed depending on abiotic
and biotic conditions experienced within juvenile
nursery areas, multiple regression analysis was used.
The univariate correlation between juvenile and larval
otolith growth was the dependent variable, while
abiotic factors (average weekly temperature, average
salinity, and maximum change in salinity) and biotic
factors (feeding, condition, catch-per-unit-effort [CPUE],
average larval growth, and average juvenile growth)
were explanatory variables. Abiotic factors within
each estuary were obtained from the sampling station
closest to the main body of the estuary (Fig. 1). Tem-
perature and salinity were averaged between the 2
values taken each week and the change in salinity
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between consecutive weeks was taken as a proxy for
flooding events. An estimate of feeding ability was
defined as the proportion of fish that had empty stom-
achs and an index of the relative condition of individ-
ual fish was calculated by taking the residuals of
Fulton's condition factor as a linear function of length.
CPUE for each sampling date was calculated by
averaging catch per 1 min tow, over 3 tows, from the
station in each estuary where most Atlantic croaker
were collected.

For multiple regression analysis, all juvenile-larval
growth correlation coefficients were used as depen-
dent variables, as even non-significant results likely
still capture the direction and general effect size of the
relationship. Prior to analysis, data were tested for
normality, homogeneous variances, and collinearity
(PROC UNIVARIATE and REG, SAS Institute). In addi-
tion to standard regression output, the coefficient of
partial determination was calculated for each indepen-
dent variable to estimate the proportion of variability
in the juvenile-larval growth correlation coefficients
that could be explained by each independent variable,
while holding the others constant.

RESULTS
Laboratory experiment

There was no evidence for either a positive or nega-
tive relationship between juvenile and larval growth.
Pearson correlation coefficients between juvenile
somatic growth and larval otolith growth (r = 0.05), and
between juvenile otolith growth and larval otolith
growth (r = 0.20) were not significantly different than
zero. The multiple regression with average somatic
juvenile growth as the dependent variable and length-
at-ingress, age-at-ingress, and average larval otolith
growth as factors suggested larval history explained a
small portion of subsequent juvenile growth (r? =
0.1685, p < 0.001). The coefficients of partial determi-
nation indicated that length-at-ingress was the only
statistically significant factor and independently
explained 8% (t = -2.62, p < 0.01) of the variation in
somatic juvenile growth; there was a trend for smaller
fish-at-ingress to grow faster as juveniles than larger
fish-at-ingress (Fig. 3).

Field study

Significant correlations between juvenile and larval
growth occurred over the same time intervals within
each estuary. In both estuaries, there was a significant
and positive correlation between juvenile and larval
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Fig. 3. Micropogonias undulatus. Relationship between aver-
age daily juvenile growth measured in the laboratory (28 d)
and length-at-ingress to the Newport River estuary

growth for the same fall 2002 weekly hatch-date
cohort, and in spring 2003, 3 significant correlations in
the Newport River estuary corresponded with 1 signif-
icant and 2 moderately non-significant (p < 0.15) cor-
relations in the White Oak River estuary (Fig. 4). Cor-
relation results were likely not the result of
cohort-specific life-history traits, as length- and age-at-
ingress did not vary significantly within season for
either estuary (1-way ANOVA all ns).

Significant correlations between juvenile and larval
growth were related to environmental conditions
within each estuary. The multiple regression with the
juvenile-larval growth correlation coefficients as the
dependent variable and with abiotic factors (average
temperature, average salinity, maximum change in
salinity) and biotic factors (feeding, condition, CPUE,
average larval, and average juvenile growth) as
explanatory variables was highly significant (r? = 0.74,
p < 0.01). The coefficients of partial determination
revealed that variation in the juvenile-larval growth
correlation coefficient was independently accounted
for by the proportion of fish that had empty stomachs
(56 %, t = 4.34, p < 0.001), individual condition (26 %,
t=2.3, p<0.05), and change in salinity (27 %, t=-2.35,
p < 0.05; Fig. 5). Average temperature, average salin-
ity, CPUE, average larval and average juvenile growth
were all non-significant (p > 0.05) in the multiple
regression analysis.

DISCUSSION

Laboratory results suggest that juvenile growth is
weakly related to size at estuarine ingress. Fish that
were smaller at ingress had faster subsequent growth
in the laboratory, which allowed them to reduce the
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Fig. 4. Micropogonias undulatus. Relationship between salinity and significant correlations (Corr.) between larval and juvenile

growth for weekly cohorts of croaker collected in the (A,C) White Oak and (B,D) Newport River estuaries, North Carolina, USA.

Both significant (Sig.; p < 0.05) and non-significant (N.S.) juvenile growth intervals upon which each correlation is based are rep-

resented by separate dashes. Juvenile growth intervals that had a moderately non-significant (p < 0.15) relationship between

larval and juvenile growth are represented by asterisks (C). In the White Oak River estuary no collections were made in fall 2001
(A) and no salinity data are available for winter 2002-2003 (C)

size difference with fish that had entered at larger
sizes. Faster growth for relatively smaller individuals
in the laboratory study may be attributed to a variety
of factors, including smaller individuals being able to
feed more effectively on Artemia, as well as smaller
individuals remaining on a faster portion of their
ontogenetic growth trajectory than relatively larger
individuals. One limitation of the laboratory portion
of this study, as well as other studies conducted in
controlled environments, is the degree to which
experimental conditions reflect what actually occurs
in natural environments. This is particularly impor-
tant in studies that have management implications,
as misleading information can affect development of
effective fishery management actions. In the labora-
tory study, by using wild-caught fish fed ad libitum,

it was possible to determine how natural larval
growth variability transferred to patterns of juvenile
growth without the confounding effects of variable
abiotic conditions, feeding environments, intra- and
inter-specific competition, and predation. Such base-
line data from a controlled laboratory environment
are critical, so that if results in field studies deviate
from laboratory results, possible causes can be
explored.

In the field component of this study, there was no
evidence for a negative relationship between juvenile
and larval growth and only limited evidence for a pos-
itive relationship. Despite this, the similar temporal
pattern of correlations between juvenile and larval
growth between the 2 estuaries suggests that pro-
cesses influencing juvenile growth occurred in both
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estuaries simultaneously. Age- and length-at-ingress
did not vary significantly within a season; thus, periods
when a positive relationship between juvenile and lar-
val growth occurred are likely the product of environ-
mental factors, rather than life-history characteristics.
Environmental conditions are known to affect growth
patterns of early juvenile of Atlantic croaker (e.g.
Peterson et al. 1999, Rakocinski et al. 2000).

Regression results indicate that a positive relation-
ship between juvenile and larval growth may be
expressed following a rapid drop in nursery area
salinity (as evidenced by a rapid decline in salinity to
near 0 ppt, Fig. 3), coinciding with periods when
croaker have reduced feeding success. As juvenile
Atlantic croaker typically occupy low-salinity habitats
(Weinstein 1979, Ross 2003), the positive relationship
between juvenile and larval growth is likely related to
reduced feeding success caused by high levels of
freshwater runoff flushing prey from Atlantic croaker
nursery areas rather than salinity-induced physio-
logical constraints.

The relationship between juvenile and larval growth
may be related to feeding success through a variety of
non-exclusive scenarios. First, rapid larval otolith
growth may be associated with higher early-juvenile
condition (Hovenkamp & Witte 1991, McCormick &
Molony 1992, Suthers et al. 1992), and consequently
when feeding conditions were poor, individuals with
relatively higher condition are able to continue grow-
ing faster. This is supported by the partial correlation
results, which suggest that cohorts that have higher
condition factors are more likely to have a positive
relationship between juvenile and larval growth. Sec-
ond, rapid larval growth may be positively related to
development of juvenile feeding structures, such that
individuals that are faster growing as larvae are better
able to feed as juveniles (McCormick & Molony 1992,

Pechenik et al. 1998). Although a developmental basis
may be responsible for the relationship between juve-
nile and larval growth, previous studies indicate that
recently settled Atlantic croaker are able to consume a
variety of pelagic and demersal prey items, which sug-
gests that developmental stage may not be critical to
feeding success (e.g. Currin et al. 1984, Soto et al.
1998). Third, previous manipulative field experiments
have found that the relationship between juvenile and
larval growth may change depending on exposure to
different size-ranges of predators (McCormick & Hoey
2004). Indeed, juvenile Atlantic croaker may have
encountered different suites of predators as they
moved down-estuary following high levels of fresh-
water runoff. Regardless of the exact mechanism
behind the positive relationship between juvenile and
larval growth, evidence that growth during separate
life-history stages are not always independent may
preclude use of growth as an index of early juvenile
habitat quality.

It is important to note that the positive relationship
between juvenile and larval growth would not have
been observed had this study simply ended with the
laboratory component, or if the field study had not
spanned a wide-range of environmental conditions.
The results suggest that the general growth relation-
ship of no correlation between juvenile and larval
growth (as found in our laboratory experiment as well
as most cohorts in our field study) may be disrupted
by environmental factors. Larval growth histories and
environmental conditions within juvenile nurseries
should be considered if juvenile traits are used to
infer quality of the juvenile environment. Future
work on other organisms should recognize the role
dynamic environments play in the ability to detect
dependence of traits between earlier and later onto-
genetic stages.
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