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Behavior and recruitment success in fish larvae:
variation with growth rate and the batch effect

Lee A. Fuiman, James H. Cowan, Jr., Michael E. Smith, and Jonathan P. O’Neal

Abstract: Predation-mortality risk for red drum (Sciaenops ocellatus) larvae does not appear to be related to their
growth rate, but important differences in behavioral performance occur between batches of larvae. This conclusion is
based upon field-enclosure and laboratory experiments that assessed the degree to which predation-mortality rates and
behavioral survival skills vary with growth rate. In field enclosures, populations composed of 15 fast-growing larvae
and 15 slow-growing larvae of a comparable size were exposed to a predatory fish. Growth rate did not affect preda-
tion rate. In the laboratory we measured 11 survival skills on 100 larvae of a common size from 10 batches of eggs.
For each batch, behavioral performance of fast-growing larvae was compared with that of slow-growing larvae. Growth
rate did not affect performance in 10 of the 11 survival skills, but behavioral performance varied among treatment
groups (growth rate x batch), with higher performance in most survival skills for some treatment groups and consis-
tently poorer performance for other groups. This coordinated pattern of behavioral performance forecasts differential
survival among batches. The variation among batches may be related to timing of spawning within the reproductive
season of this serially spawning species.

Résumé : Le risque de mortalité di a la prédation chez le tambour rouge (Sciaenops ocellatus) ne semble pas relié au
taux de croissance, mais il existe d’importantes différences de performance comportementale chez les divers groupes de
larves. Cette conclusion se base sur des expériences en laboratoire et en enclos en nature qui ont évalué a quel point
les taux de la mortalité due a la prédation et les habiletés comportementales de survie varient en fonction du taux de
croissance. Dans les enclos de terrain, nous avons exposé a la prédation par des poissons des populations de 15 larves
a croissance rapide et 15 larves a croissance lente de méme taille. Le taux de croissance n’affecte pas le taux de préda-
tion. En laboratoire, nous avons évalué 11 habiletés de survie chez 100 larves de méme taille provenant de 10 masses

d’oeufs. Pour chaque masse d’oeufs, nous avons comparé la performance comportementale des larves a croissance
rapide a celle des larves a croissance lente. Le taux de croissance n’affecte pas la performance de 10 de 11 habiletés
de survie, mais la performance comportementale varie d’un traitement a I’autre (taux de croissance x masse d’oeufs);
les meilleures performances dans la majorité des habiletés de survie se retrouvent dans certains groupes et les pires
performances sont régulierement dans d’autres groupes. Ce pattern coordonné de performances comportementales laisse
présager une différence de survie chez les différents groupes. Les causes de la variation chez les différents groupes
peuvent étre reliées au moment de la ponte au cours de la période de reproduction chez cette espece qui pond de facon

répétée.

[Traduit par la Rédaction]

Introduction

Fluctuations in population sizes of many highly fecund
marine organisms occur because of variability in the level of
recruitment (Caley et al. 1996; Todd 1998). For fishes, re-
cruitment variability is largely attributable to variable mor-
tality of larval stages (Cushing 1975; Sissenwine 1984;
Houde 1987). With the exception of catastrophic environ-
mental events, factors affecting survival of larval and juve-

nile fishes are believed to be related by what Cushing (1975)
called the “single process”: as the length of time that larvae
spend in a stage vulnerable to high mortality increases, the
time over which the mortality operates also increases,
thereby increasing cumulative mortality (Dahlberg 1979;
McGurk 1986; Houde 1987). Moreover, it is clear that small
changes in growth and mortality rates of larvae can generate
order-of-magnitude or greater differences in annual
recruitments (Shepherd and Cushing 1980; Davis et al.
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1991; Houde 2002), and that relationships among larval
traits — size, growth rate, and behavioral processes such as
foraging and predator defense — are critical for determining
survival (Bailey and Houde 1989). Although causes of in-
situ mortality are rarely known explicitly (Sissenwine 1984;
Houde 1987), it is clear that the factors that control preda-
tion rates ultimately can affect recruitment success.

A general paradigm has emerged from intuition that larger
individuals are usually less vulnerable to predation and thus
more likely to survive than smaller individuals (Anderson
1988; Miller et al. 1988; Rice et al. 1993a). This parsimoni-
ous and simple view places great emphasis on larval size as
a factor in predation vulnerability and on growth rate as a
controller of cumulative size-dependent predation mortality.
Within virtually every cohort of fish there is appreciable
variation in the growth rate of individuals. Evidence of this
variability is commonly seen in the laboratory in the form of
a size hierarchy or growth depensation, where the range of
sizes of individuals increases with age (Blaxter 1988). For
example, the coefficient of variation (standard deviation
(SD) divided by the mean) for total length (TL) of red drum
(Sciaenops ocellatus) larvae may increase from 5% to 15%
during the second week posthatching (Smith and Fuiman
2003). Such variability has been attributed to elevated com-
petition in dense cultures of larvae (Blaxter 1976), but the
presence of two- to three-fold variation in growth rates
within cohorts in large enclosures stocked at near-natural
densities of larvae and zooplankton prey (Cowan and Houde
1990; Secor and Dean 1992; Folkvord et al. 1994), and con-
siderable variation in size at age in field-collected fish
(Fitzhugh et al. 1996; Rooker and Holt 1997) and larvae
raised in isolation (Smith and Fuiman 2003), suggest that
high variability in growth rate might be a natural phenome-
non.

An obvious and important advantage of fast growth is the
reduction in predation mortality by shortening the time that
larvae spend in a stage vulnerable to high mortality (Cushing
1975; Houde 1987). Simulations using individual-based
models have verified this contribution of growth rate to cu-
mulative predation risk and the composition of the surviving
population (e.g., Cowan et al. 1996; Letcher et al. 1996;
Heath and Gallego 1997). However, experiments conducted
in mesocosm enclosures indicate that under some circum-
stances, larger or faster growing larvae are more vulnerable
to predators than smaller larvae (e.g., Fuiman 1989; Cowan
and Houde 1992; Litvak and Leggett 1992). In addition, a
recent field study showed an inverse relationship between
growth rate and predation vulnerability that was independent
of both size and time (Takasuka et al. 2003).

Thus, predation mortality is not determined solely by a
size-based “window of vulnerability”. The predation process
ultimately decomposes into discrete events involving indi-
viduals and taking place over very short periods of time. The
immediate outcome depends upon the behavior of predator
and prey. In particular, the routine behavior of a larva will
influence its likelihood of encountering a predator and, when
it is challenged by a predator, evasive skills (including sen-
sory and locomotor performance) are its ultimate hope for
survival. Therefore, individuals will enjoy the lowest imme-
diate predation risk if their behavior minimizes encounters
with predators, their sensory capabilities allow them to per-
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ceive a threat and initiate a response, and their evasive per-
formance maximizes the effectiveness of the response. The
question arises, is predation mortality little more than the ac-
cumulation of deaths of individuals that were unfortunate
enough to have encountered a predator during their vulnera-
ble stage? Or is there a subset of individuals that have a
suite of behavioral or physiological characteristics that con-
fer greater fitness in predator—prey interactions, leaving less
fit individuals to succumb to predators?

It has been suggested that the survivors of a larval year
class are exceptional individuals (Crowder et al. 1992; Rice
et al. 1993b; Heath and Gallego 1997), and field studies pro-
vide growing evidence of differential survival among indi-
viduals or cohorts of larvae (e.g., Rice et al. 1987; Meekan
and Fortier 1996; Hare and Cowen 1997). Individuals and
cohorts may benefit (or suffer) from spatial or temporal het-
erogeneity in extrinsic factors, such as food, predators, nurs-
ery habitat, and contaminants. But there may also be
intrinsic variability in offspring viability that arises from
variations in maternal investment in egg quality (e.g.,
Kjgrsvik 1994; Chambers and Waiwood 1996). Such varia-
tions in investment may occur within a spawn or among
spawns; the latter variation is referred to as a batch effect.

Here we investigate the possibility that exceptional indi-
viduals are those that combine fast growth with optimal
antipredator behavior. Such a combination of attributes
could be favored by natural selection, although recent stud-
ies of juvenile Atlantic silverside (Menidia menidia) showed
that swimming performance was inversely related to growth
rate, implying a trade-off between these traits (Billerbeck et
al. 2001; Lankford et al. 2001). Nevertheless, there is also a
mechanistic basis for a positive relationship. Growth rate
and the sensory and locomotor capabilities that mediate all
behaviors are fundamentally the products of physiological
processes. The variation in growth rate observed within a co-
hort may be only the most obvious manifestation of more
pervasive physiological variability among individuals. Such
variability may affect all physiological processes, including
survival skills that rely on sensory and locomotor perfor-
mance.

We investigated the relationships between growth rate, be-
havioral survival skills, and predation mortality of red drum
larvae in laboratory and field-enclosure experiments. Our
objectives were to determine whether relative (within
batches) or absolute differences in growth rate are associated
with differences in behavioral performance and predation-
mortality rate. We found no relationship between growth rate
and either predation mortality or behavioral performance, but
we did find significant differences in performance between
batches of larvae (spawns). Closer examination of this batch
effect suggested that behavioral performance might be re-
lated to variations in egg quality during the reproductive sea-
son of this serially spawning species.

Methods

The red drum has a reproductive strategy typical of many
marine fishes. It is a generalized perciform fish that has high
fecundity and spawns multiple times annually between mid-
August and late November. It has planktonic eggs and
estuary-dependent larvae that settle out of the water column

© 2005 NRC Canada



Fuiman et al.

at 4-6 mm TL to take up residence in seagrass beds (Rooker
et al. 1998). We compared predation-mortality rates for fast-
and slow-growing larvae in a field-enclosure experiment and
compared the performance of behavioral survival skills by
fast- and slow-growing larvae in a laboratory experiment.
The larvae used in the laboratory experiment were those an-
alyzed by Fuiman and Cowan (2003) but applied here to re-
solving different questions. Procedures for animal care and
the laboratory experiment are summarized here; details were
provided by Fuiman and Cowan (2003).

We obtained larvae with different growth rates without re-
stricting diets or altering temperature, by taking advantage
of growth-rate variability that is common in cultures of fish
larvae (Smith and Fuiman 2003). In the laboratory, fast-
growing larvae were selected for experiments when the first
individuals in a tank reached the target length (7.5 mm TL;
63% of complete development based on the ontogenetic in-
dex (O;) using complete squamation at 25 mm TL to define
metamorphosis; Fuiman et al. 1998). Later, when the slowest
growing individuals in the same tank reached the same target
size, slow-growing larvae were removed for experiments.
This provided a near-maximum range of growth rates and
allowed comparisons of different batches of larvae, without
artifacts from inducing growth-rate variability experimen-
tally. In the mesocosm experiment, test populations were
composed of larvae of similar sizes but different ages se-
lected from cohorts of larvae being reared contemporane-
ously.

Animal care

Eggs were obtained from captive broodstock maintained at
the Fisheries and Mariculture Laboratory of the University of
Texas Marine Science Institute and the Coastal Conserva-
tion Association / Central Power and Light Marine Develop-
ment Center hatchery (Corpus Christi, Texas) between July
1997 and May 1998 for the laboratory experiment and be-
tween June and July 1999 for the field-enclosure experi-
ment. Broodstock were induced to spawn by manipulation of
temperature and photoperiod; no hormonal injections were
given. Each of four broodstock tanks contained 2 or 3 males
and 2 or 3 females that spawned voluntarily. For each spawn
(batch), 5000 eggs were incubated in a bucket. They hatched
within 24 h of fertilization and were then placed in a 150-L
conical rearing tank with aeration and a recirculating biolog-
ical filter. Water temperature and salinity were maintained at
26.4 = 0.7 °C (mean = SD) and 30.1 = 1.7 ppt, respectively.
Larvae were maintained on a 12 h light : 12 h dark cycle
with overhead fluorescent lighting providing illumination at
10 uE-m2s™'. Larvae were fed a mixture of rotifers
(Brachionus sp.) and planktonic algae (Isochrysis galbana or
Nannochloropsis oculata) once daily until 13 days post-
hatching. The larvae were fed newly hatched brine shrimp
(Artemia salina) once per day from 10 days posthatching
onward.

Field-enclosure experiment

Seven predation trials were conducted on 24 July and 4
August 1999 in cylindrical mesocosm enclosures, with three
trials (enclosures) on the earlier date and four trials on the
later date. Larvae were taken from three separate batches
such that on each date fast growers from one batch were
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combined with slow growers of the same size from another
batch. Each enclosure was 1 m in diameter by 3 m deep
(volume 2.4 m?) and suspended from a raft in waters adja-
cent to the University of Texas Marine Science Institute. En-
closure walls were constructed from 2-oz. blue Dacron
sailcloth and the flat bottom panel was 53-um nylon mesh
(Nitex) with a 10 cm diameter hole at its center (plugged
during deployment). Four external stainless-steel rings at-
tached at 1-m intervals along the enclosures maintained each
enclosure’s shape during deployment. When deployed, ap-
proximately 0.5 m of each enclosure (not including the sub-
merged 3 m) remained above the water surface to prevent
loss of contents from enclosures or contamination from the
surrounding water.

Prior to experimentation, otoliths of either fast- or slow-
growing red drum larvae in one of the test populations were
chemically labeled for subsequent identification. Larvae
were removed from a rearing tank and placed in 4 L of aliza-
rin complexone dihydrate (ALC) solution (50 mg~L‘1) at a
temperature of 27 °C. After 5 h of immersion, larvae were
“rinsed” by siphoning as much of the ALC solution as possi-
ble and replacing it with clean, filtered seawater (~27 °C,
27 ppt). This rinsing process was repeated until the water
had no visible traces of ALC. The larvae were then trans-
ferred to a 2-L mesh-sided (153 um) holding chamber float-
ing in their rearing tank. This procedure provided labeled
larvae with the same water conditions as all other larvae,
while separating them from the others prior to experimental
trials. The group of larvae that was labeled alternated from
trial to trial (i.e., slow growers in one trial, fast growers in
the next), to eliminate any bias due to marking.

An assemblage of natural zooplankton (between 250 um
and 1 mm in size) was added to each enclosure at a concen-
tration of approximately 90-100 zooplankters-L™! (i.e.,
~180 000 per enclosure). This zooplankton served as a food
source for the larvae, as well as alternative prey for the pred-
ator. About 1 h after the alternative prey were added, 30 red
drum larvae were introduced (15 fast growers from one
batch and 15 slow growers from another batch) into each en-
closure. Larvae were allowed to acclimate and disperse for
~12 h before a single predator (a pinfish, Lagodon
rhomboides, 40-50 mm TL) was added to each enclosure.
Pinfish are voracious predators of fish larvae and are com-
mon in the habitats occupied by red drum larvae (Fuiman
1994). In addition to the seven predation enclosures, eight
enclosures were used as controls to establish the recovery
rate for these trials. Control enclosures contained the same
concentrations of larvae and zooplankton as the predation
enclosures but without a predator.

Trials lasted approximately 6 h after introduction of the
predators. After a trial, the contents of each enclosure were
collected by removing the plug from the drain hole and lift-
ing the enclosure from the water so that the water drained
through the mesh bottom. As each enclosure was lifted, its
sides were washed to free larvae that may have adhered.
Predators were removed as soon as possible (within 5 min)
to prevent additional predation on larvae as they became
concentrated at the bottom during the recovery process.
When each enclosure was removed from the water, its con-
tents were placed in a 19-L bucket and returned to the labo-
ratory, where the remaining larvae were removed, counted,
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and stored in 40% isopropyl alcohol until their otoliths could
be examined for an ALC mark.

The numbers of fast- and slow-growing larvae recovered
from an enclosure were used to compute instantaneous
hourly mortality rates, after correcting for losses of larvae
from control enclosures:

Z, = —{[In(NF./No) = In(NS./ No)I/1)

where Z,. is the corrected instantaneous hourly mortality rate
for larvae of relative growth rate r (r = fast or slow), ¢ is the
duration of the trial in hours, N, is the number of larvae ini-
tially stocked, N ,‘? . is the number of larvae of growth rate r
recovered from an enclosure that contained a predator, and
N fr is the number of larvae recovered from a control enclo-
sure (Fuiman and Gamble 1988).

Laboratory experiment

Three laboratory assays of behavioral performance were
conducted on five fast-growing larvae and five slow-growing
larvae from each of 10 replicate batches of larvae (100 lar-
vae). The assays were routine swimming, acoustic startle
stimulation, and visual startle stimulation, which yielded 11
variables (survival skills): routine swimming speed and, for
each of the two types of startle stimuli, responsiveness, re-
sponse latency, response distance, response duration, and re-
sponse speed. Routine swimming speed is a measure of
unstimulated movement and pertains to rates of encounter
with predators and food items. The other performance vari-
ables are attributes of an evasive response that would be
used when a predator attacks.

Each assay was repeated 5 times for each larva. Analyses
of variability within individuals demonstrated that all vari-
ables were repeatable (Fuiman and Cowan 2003). Therefore,
the data set for this study comprised the mean of each vari-
able for each larva (n = 100 larvae). These means were
based upon five trials for routine swimming speed, acoustic
responsiveness, and visual responsiveness. The number of
values contributing to the means for the remaining variables
was the number of times (out of 5) a larva responded to the
acoustic or visual stimulus.

Routine swimming was measured by placing a larva in a
glass watch bowl with 1 L of seawater and recording its be-
havior for 2.5 min on videotape. The acoustic startle stimu-
lus was a 500-Hz tone played at 5 dB above background
through a loudspeaker (20 cm diameter) for a period of
about 0.5 s. The visual startle stimulus was a black oval on a
white card attached to a pendulum (after Batty 1989). When
the pendulum was released from its resting position 17°
from the bottom of its path, it accelerated toward an acrylic
chamber containing a larva. A video camera recorded the
larva’s behavior in all assays.

Each set of experiments was conducted over a 2-day
period. The routine swimming assay was conducted first,
followed by the acoustic startle assay. Larvae were exposed
to the acoustic stimulus once and then set aside in a sound-
dampening box until the remaining four larvae were tested.
This sequence was repeated until each larva was tested 5
times. Afterward, larvae were fed a small ration of brine
shrimp and left undisturbed until the following day, when
the visual startle assay was conducted. Each larva in turn
was presented with the visual stimulus, until all larvae were
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tested 5 times. We examined the performance of individual
larvae over the course of the five trials and found no evi-
dence for habituation to either stimulus.

Analysis of video recordings included computer-assisted
measurement of distances traveled by the larvae. Spatial res-
olution of these measurements was 0.4 mm per pixel for the
routine swimming and acoustic startle assays and 0.2 mm
per pixel for the visual startle assay. Durations of responses
and latency of acoustic responses were measured by count-
ing video fields (0.0167 s each). Latency of visual responses
was determined from the electronic timer on the video dis-

play.

Statistical analysis

Growth rate of an individual was expressed in two ways:
relative and absolute. Relative growth rate was a binary cate-
gorical variable (fast, slow) that identified whether an indi-
vidual was selected as one of the fast-growing members of
its batch or one of the slow-growing members. Absolute
growth rate was a continuous variable that was independent
of batch membership. It was calculated as a larva’s TL
(millimetres to the nearest 0.1 mm) minus length at hatching
(2.77 £ 0.10 (mean = SD; n = 40), divided by its age (days
posthatching).

Field-enclosure experiment

The enclosure experiment directly examined the relation-
ship between growth rate and predation mortality but with-
out the behavioral information of the laboratory experiment.
Results were analyzed as a single-factor (relative growth
rate) paired-treatment experiment in which the mortality rate
for fast-growing larvae in a particular enclosure was com-
pared with the mortality rate of the slow-growing larvae in
the same enclosure (Z; — Z,). This comparison was made
with the nonparametric Wilcoxon’s signed rank test and Stu-
dent’s ¢ test for paired samples.

Laboratory experiment

Probability plots and skewness coefficients were exam-
ined to determine whether each of the 11 survival skills was
normally distributed. Routine swimming speed, acoustic-
response latency, and acoustic-response duration were
strongly positively skewed, so a log-transformation was ap-
plied before statistical analysis. Acoustic and visual respon-
siveness were calculated as proportions of five trials in
which each larva responded to each of the stimuli. There-
fore, an angular (arcsine) transformation was applied to the
square root of each value before statistical analysis to nor-
malize the distributions, with corrections for a mean of 0%
or 100% (Snedecor and Cochran 1967).

Effects of relative growth rate on the 11 performance
measures were assessed by multivariate analysis of variance
(ANOVA) and univariate ANOVA of the 100 larvae, using a
mixed-effects model in a randomized-block design in which
relative growth rate was a fixed effect and batch was a ran-
dom blocking factor. This design allowed testing for differ-
ences in relative growth rate within batches and for
differences among batches. Effects of absolute growth rate
and batch on behavioral performance were assessed by anal-
yses of covariance. The first stage of the analysis of co-
variance tested for a significant interaction term (difference
in slopes among batches). When the interaction was not sig-
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Fig. 1. Distribution of growth rates of populations of red drum (Sciaenops ocellatus) larvae used in field-enclosure experiments (a) and
individual larvae used in laboratory experiments (b). The absolute growth rate is the difference between total length (TL) on the test
date and length at hatching (2.77 mm TL) divided by age on the test date (days post hatching). Solid symbols denote larvae with fast
relative growth rates; open symbols denote larvae with slow relative growth rates. The symbols in a identify batches. In b, batches are
numbered consecutively; gaps in numbering are due to incomplete experiments, mass mortalities, or unhealthy batches of eggs or larvae.
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nificant (equal slopes), the model was recomputed without
the interaction term and the main effects (absolute growth
rate, batch) were tested. The statistical power for tests of a
growth-rate effect on predation-mortality rate and behavioral
performance was computed to detect the null hypothesis
that W, = U,, using SAS® (version 8.2; SAS Institute Inc.
2001). All other statistical analyses were performed with
SYSTAT® (version 10.2; Systat Software, Inc. 2002).

We explored patterns in behavioral performance among
relative growth rates and batches of larvae with hierarchical
cluster analysis. The data set for cluster analysis was sum-
marized for each of the 11 performance variables by com-
puting the means for each of the 20 treatment combinations
of relative growth rate and batch. Each performance variable
was standardized to a zero mean and unit variance to prevent
the scale of any variable from biasing the analysis. Clusters
were derived by applying hierarchical clustering to a similar-
ity matrix of Euclidean distances for the 11 standardized
variables. Three linkage methods were applied (complete,
average, Ward) to examine the stability of the resulting clus-
ters.

Results

Field-enclosure experiment

Fast-growing larvae came from two batches and were 16
or 19 days old with mean absolute growth rates of 0.34 and
0.25 mm-day~!, respectively (Fig. 1a). Slow-growing larvae
came from two batches (one in common with fast-growing
larvae) and were 25 or 27 days old with mean absolute
growth rates of 0.18 and 0.14 mm-day~', respectively. Larvae
were 7.3 = 0.76 mm TL (mean + SD) overall, but despite ef-
forts to use larvae of similar sizes, the mean length of fast-
growing larvae was always slightly greater than that of slow-
growing larvae in the same trial. Differences in mean TL be-
tween fast- and slow-growing larvae within a trial were 1.0
+ 0.70 mm (mean = SD).

Larval recovery rates in the eight control enclosures
ranged from 90% to 100% (mean recovery = 95%). At the

1 3 5 6 7 9 1 13 15 16
Batch

end of a predation trial between 6 and 18 (mean = 11.1) of
the 30 larvae were recovered from each enclosure. Taking
control recovery data into account, instantaneous mortality
rates for fast-growing larvae (Z;) ranged from 0.06 to 0.33-h™!
and entirely included the range of mortality rates for slow-
growing larvae (Z, = 0.10-0.26-h™!) (Fig. 2a). Mortality
rates were greater for slow-growing larvae than for fast-
growing larvae in five of the seven trials. Differences in
mortality rate (Z; — Z,) within a trial averaged —0.04-h™!, rang-
ing from —0.19 to +0.12-h”!. Disregarding the differences in
TL, there was no difference in Z due to growth rate
(Wilcoxon’s test, P = 0.23; paired Student’s ¢ test, P = 0.35).
To account for the potential effect on Z of the slight differ-
ences in size between fast- and slow-growing larvae, we
computed residuals from a regression of Z against TL
(Fig. 2b). Residuals for fast- and slow-growing larvae were
not significantly different (Wilcoxon’s test, P = 0.50; paired
Student’s ¢ test, P = 0.68), from which we conclude that
there was no difference in mortality rate due to growth rate
even after we corrected for differences in size. The statistical
power of the paired ¢ tests, using the observed differences in
Z between fast- and slow-growing larvae, was 0.14 (raw
data) and 0.07 (TL residuals), owing to the very small dif-
ferences between means and high variability within growth-
rate groups.

Laboratory experiment

The 100 larvae tested were 7.7 = 0.19 mm TL (mean +
SD), ranging from 7.1 to 8.2 mm TL. Mean absolute growth
rates of larvae used in the laboratory experiment were simi-
lar to those of larvae used in the field-enclosure experiment
(Fig. 1b). Growth of larvae within batches varied so much
that the ages and absolute growth rates of fast- and slow-
growing larvae did not overlap across the 10 batches. Fast
growers ranged from 18 to 27 days old and had grown 0.19—
0.29 mm-day~!, whereas slow growers were 29-37 days old
and had grown 0.13-0.19 mm-day~'. Mean differences in
age and growth rate within batches were 10.2 days and
0.08 mm-day~!, respectively. One batch (No. 11) grew espe-
cially slowly, so the fast growers had a mean absolute
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Fig. 2. (a) Instantaneous hourly predation-mortality rates for seven experimental groups of red drum larvae. Each group comprised 15
fast-growing larvae (@) and 15 slow-growing larvae (O). Experiments were conducted in field enclosures with a single predatory fish.
Box diagrams on the right-hand margin of a summarize data for fast-growing (shaded rectangle) and slow-growing (open rectangle)
larvae as the interquartile range (rectangle), median (horizontal line within the rectangle), range of values within 1.5 times the
interquartile range from the median (vertical line), and unusually small or large values (circle). (b) Relationship between instantaneous
hourly predation-mortality rates (Z) and mean TL of larvae for the same experimental groups. The regression equation (line) is Z =
0.320-0.021 TL (P = 0.47). Experiments were conducted in field enclosures with a single predatory fish.
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growth rate only slightly greater than the slow growers of
other batches (Fig. 1b).

Relative growth rate

Multivariate ANOVA indicated that relative growth rate
had no significant effect on survival skills (P = 0.159). The
statistical power of the multivariate ANOVA test for the ob-
served effect of relative growth rate on all survival skills was
0.09. When survival skills were examined individually
(univariate ANOVA), only visual-response duration demon-
strated a significant effect of relative growth rate (P = 0.015;
Fig. 3). Even though visual-response duration for fast grow-
ers (0.11 £ 0.02 s (mean = SD)) was greater than for slow
growers (0.09 = 0.02 s), the difference within a batch was
small (0.01 s £ 0.03; mean + SD). Power calculations for in-
dividual survival skills (univariate ANOVA) were mixed,
with some tests exhibiting acceptable power (0.89 and 0.96
for acoustic- and visual-response speed, respectively), mod-
erate power (0.43) for acoustic responsiveness, and low
power for the other variables (<0.18). The statistical power
was low because observed differences between fast- and
slow-growing larvae were very small (generally <8% of the
overall mean value of a variable). We consider this magni-
tude of difference in behavior, and in the predation-mortality
rate (see the field-enclosure experiment), to be biologically
insignificant, especially over the extremes of growth rate we
observed.

In contrast to the lack of a growth-rate effect, there were
significant differences in survival-skill performance among
batches of larvae (multivariate ANOVA, P < 0.0005).
Univariate F statistics showed that the growth-rate effect was
significant (P < 0.05) for 6 of the 11 survival skills and mar-
ginal (0.05 < P < 0.08) for 3 others (Fig. 4). Only visual-
response distance and visual-response duration were clearly
not different between batches (P = 0.248 and P = 0.511, re-
spectively). For many of the nine variables in which the
batch effect was significant, one or two batches displayed

_I(b)"'l"'l"'l_

Total length (mm)

extreme values relative to the other batches. For example,
mean acoustic responsiveness was 57.4% overall, but batch
1 had a much higher mean (84.0%), whereas batches 15 and
16 had a much lower mean (30.0% and 32.0%, respectively;
Fig. 4). Mean acoustic-response latency for batch 15 (0.05 s)
was higher than the overall mean (0.03 s), owing to three
larvae with very late responses. Acoustic-response distance
averaged 9.2 mm overall, but batch 1 averaged 13.0 mm,
which was 2.5 times the mean for individuals from batch 13
(5.3 mm). Overall responsiveness to the visual stimulus av-
eraged 75.0%, but several batches had distinctly lower aver-
ages (34.0%, 54.0%, and 58.0% for batches 15, 16, and 13,
respectively). Visual-response latency averaged 0.58 s over-
all, with a high mean value of 0.64 s for batch 16 and a rela-
tively low value of 0.53 s for batch 9.

Absolute growth rate

Treating growth rate as a continuous random variable and
analyzing effects with analyses of covariance produced only
a few differences from the results for relative growth rate.
The same single variable, visual-response duration, was sig-
nificantly related to absolute growth rate (P = 0.014) but it
lacked a batch effect (P = 0.152). However, simple linear re-
gression of visual-response duration on absolute growth rate
(batch effect omitted) showed that the relationship was not
significant (P = 0.097, R*> = 0.029).

Four of the 11 performance variables — routine swim-
ming speed and acoustic-response distance, duration, and
speed — displayed a significant interaction between absolute
growth rate and batch, indicating that slopes of the relation-
ships varied among batches. More specifically, most, but not
all, batches showed no significant relationship between a
survival skill and growth rate. Batches 1 and 13 displayed a
significant negative relationship between routine swimming
speed and absolute growth rate (P < 0.021, R? > 0.508). For
batch 13, acoustic-response distance was negatively related
to absolute growth rate, but the relationship was positive for

© 2005 NRC Canada



Fuiman et al.

1343

Fig. 3. Comparisons of behavioral performance of red drum larvae with fast and slow relative growth rates. Only visual-response dura-
tion varied with growth rate. Sample sizes are 50 larvae for routine speed and acoustic and visual responsiveness and 46-50 larvae for
other variables, depending on responsiveness. Box diagrams summarize the data for fast-growing (shaded rectangle) and slow-growing
(open rectangle) larvae as the interquartile range (rectangle), median (horizontal line within the rectangle), range of values within

1.5 times the interquartile range from the median (vertical line), and unusually small or large values (asterisk and circle).
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batch 16 (P < 0.038, R2 > 0.436). Acoustic-response dura-
tion was positively related to growth rate in batches 3 and
16 (P <0.045, R? > 0.512). Both batches 9 and 16 showed
a positive relationship between acoustic-response speed and
growth rate, whereas batch 13 showed a negative relation-
ship (P < 0.044, R? > 0.416).

Four variables that lacked a significant interaction term
had a significant batch effect (P < 0.011), indicating that
there were differences among batches in mean level of the
behavioral performance variable. These variables were
acoustic responsiveness, acoustic-response latency, visual re-
sponsiveness, and visual-response latency. Neither absolute
growth rate nor the interaction term made a significant con-
tribution to variation in these performance measures. Unlike
the analyses of relative growth rate, the batch effects on the
relationships between absolute growth rate and acoustic-
response distance, duration, and speed were not significant.
Differences in elevation for responsiveness and latency of
acoustic and visual responses were attributable to a few
batches. Batches 15 and 16 had relatively low acoustic re-
sponsiveness and batch 1 had high acoustic responsiveness.
Batch 15 also had high acoustic latency. For visual respon-
siveness, four batches (11, 13, 15, 16) had low values com-
pared with other batches. Batch 16 had relatively high
visual-response latencies. Inasmuch as absolute growth rate
did not have a significant effect on these performance vari-
ables, these differences mirrored those described for relative
growth rate (Fig. 4).

Patterns in behavioral performance

The numerous significant differences in behavioral perfor-
mance attributable to batches in both analyses, including sig-
nificant interaction terms in the analysis of absolute growth
rate, prompted a closer examination of the pattern of vari-
ability in behavior among the batches. Cluster analysis was
performed on the 20 treatment groups (2 relative growth
rates x 10 batches) rather than the 10 batches because of the
significant interactions and because experiments were con-
ducted on all members of a treatment group (but not all
members of a batch) together. Two of the cluster linkage
methods (complete, average) produced entirely concordant
membership of two primary clusters (initial branching in
Figs. 5a and 5b), although details of the relationships within
each of these clusters differed. The third method (Ward link-
age) assigned 15 of the 20 treatment groups to the same two
clusters (Fig. 5¢). The remaining five treatment groups,
which formed a discrete subgroup in all three analyses, were
placed in a different primary cluster by the Ward linkage
method. Given the instability in the assignment of these five
treatment groups, we regarded these intermediate treatment
groups separately (cluster I in Fig. 5).

Inspection of mean values for survival skills of treatment
groups revealed that the stable primary clusters (A, B) were
quite distinct (Fig. 6). They were separated not on the basis
of a few variables but rather according to differences in al-
most all survival skills. Means for each variable were always
greater for cluster A than for cluster B. Formal comparison
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Fig. 4. Comparisons of behavioral performance of different batches of red drum larvae (growth rates are combined within each batch).
Only survival skills for which there was a significant (P < 0.05) or marginally significant (0.05 < P < 0.08) batch effect are shown.
Sample sizes are 10 larvae for routine speed and acoustic and visual responsiveness and 7-10 larvae for other variables, depending on
responsiveness. Box diagrams summarize the data for fast-growing (shaded rectangle) and slow-growing (open rectangle) larvae as the
interquartile range (rectangle), median (horizontal line within the rectangle), range of values within 1.5 times the interquartile range
from the median (vertical line), and unusually small or large values (asterisk and circle).
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of these clusters (two-sample Student’s ¢ test, n = 9, 0)
revealed significant differences (P < 0.044) in 8 of the 11
variables. Only routine swimming speed, acoustic-response
latency, and acoustic-response speed were not significantly
different (P > 0.113). The most trenchant differences
(P £ 0.008) between clusters A and B were for visual re-
sponsiveness (averaging 89.8% and 53.0%, respectively),
visual-response distance (32.6 and 22.9 mm), acoustic re-
sponsiveness (74.2% and 42.7%), acoustic-response distance
(11.1 and 6.3 mm), and acoustic-response duration (0.057
and 0.037 s) (Fig. 6).

Subgroup I, which was variously assigned to cluster A or
cluster B, displayed intermediate levels of behavioral perfor-
mance. Mean values for visual responsiveness (73.5%) and
acoustic-response distance (8.9 mm) and duration (0.047 s)

were midway between the corresponding values for clusters
A and B (Fig. 6). However, this intermediate subgroup was
more similar to cluster A in terms of visual-response dis-
tance, duration, and speed, but more similar to cluster B in
terms of acoustic responsiveness and visual-response latency.

Discussion

A direct link between larval growth rate and predation
vulnerability has been the subject of some debate (Bailey
and Houde 1989; Leggett and Deblois 1994; Takasuka et al.
2003). Our experiments demonstrate that growth rate and
predation vulnerability are not related, positively or nega-
tively, in red drum larvae at this stage of development. This
conclusion is based upon separate comparisons of predation-
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Fig. 5. Relationships among 20 treatment groups of red drum larvae (2 growth rates x 10 batches) based on the similarity of their
behavioral performance (11 variables) derived from hierarchical cluster analysis (complete linkage (a), average linkage (b), and Ward
linkage (¢) methods). Cluster analyses identified two stable clusters (A, B) and one intermediate cluster (I). Codes at ends of branches

identify batch number and relative growth rate (fast (f) or slow (s)).
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mortality rates and behavioral mechanics of predator eva-
sion. Our conclusion is supported by the study by Bertram
and Leggett (1994), who conducted experiments in 7-L labo-
ratory containers to compare predation mortality of winter
flounder (Pseudopleuronectes americanus) larvae that varied
in age at metamorphosis but not in length at metamorphosis.
Using a shrimp (Crangon septemspinosa) as the predator,
they too were unable to establish any difference in instanta-
neous predation mortality for larvae of different ages (i.e.,
mean growth rate histories). We concur with Bertram and
Leggett (1994) that any differences in instantaneous preda-
tion vulnerability between same-sized larvae of different
growth-rate histories are “subtle and potentially ecologically
inconsequential”, provided the slower growing larvae are not
malnourished. But this differs from the field observations of
Takasuka et al. (2003) and their proposed “growth-selective
predation” hypothesis.

In previous research studies in which a relationship be-
tween larval growth rate and predation vulnerability was dis-
cussed, larval size (independent of larval nutritional
condition) was often a confounding factor. For example, in
studies suggesting that predation vulnerability decreases with
larval growth rate (Miller et al. 1988; Bailey and Houde
1989), larval size, rather than growth rate, probably had the
greater effect on mortality. Many studies have shown that
larger individual larvae tend to be less vulnerable to preda-
tion (Anderson 1988; Miller et al. 1988; Fuiman 1994) be-
cause of a decrease in the number of potential predators and
an increase in escape ability as larvae become larger. Yet in-
situ enclosure experiments (Fuiman 1989; Litvak and
Leggett 1992; Cowan and Houde 1992) and modeling simu-
lations (Cowan et al. 1996; Letcher et al. 1996; Paradis et al.
1996) have indicated that under some circumstances, larger
larvae are more vulnerable to predators than smaller larvae.
This result is believed to be due, in part, to increased en-
counter rates attributable to higher swimming speeds of
larger larvae, and increased larval pigmentation and move-
ment that may make larvae more conspicuous to predators

Fig. 6. Mean performance for clusters identified in Fig. 5. Lines
connect standardized (mean = 0, standard deviation = 1) mean
values for each performance variable of cluster A (O, n = 45
larvae), cluster B ((J, n = 30 larvae), and cluster I (A, n = 25
larvae). Vertical lines through means represent +1 standard error.
An asterisk indicates a significant difference (P < 0.05) between
cluster A and cluster B. The sign for the standardized value of
acoustic- and visual-response latencies was reversed for better
comparison with other variables. Ac., acoustic; vis., visual; resp.,
response.
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(Bailey and Houde 1989; Fuiman and Magurran 1994).
Larger larvae also may be at a disadvantage when encoun-
tering predators that preferentially attack larger prey (Litvak
and Leggett 1992), or nonvisual predators, such as jellyfish,

© 2005 NRC Canada



1346

because of increased prey target size (Bailey and Batty
1984; Litvak and Leggett 1992). Simple and parsimonious
conceptual models that relate larval size to predation vulner-
ability as a monotonic function are therefore difficult to de-
fend (Cowan et al. 1997). The importance of size to the
staging and outcome of a predator—prey interaction (immedi-
ate mortality) does not, however, diminish the importance of
larval growth rate as a regulator of cumulative cohort-
specific mortality rate. Growth rate determines the span of
time during which predation-mortality risk is especially high
and, in this way, determines cumulative mortality, as has
been well demonstrated by both conceptual arguments
(Cushing 1975; Houde 1989) and modeling studies (Cowan
et al. 1996, 1997; O’Neal 2002).

Our finding of no difference in predation-mortality rates
between fast- and slow-growing larvae in field enclosures
must be considered in light of the fact that survival-skill per-
formance in the laboratory experiment varied among batches
of larvae. It was not possible to determine whether there was
a batch effect in the enclosure experiment because fast and
slow growers of the same size could not be placed in the
same enclosure on the same day.

The batch effect on behavioral performance was perva-
sive, in contrast to the absence of a growth-rate effect. We
did not expect such strong differences between the replicates
(batches) and so this batch effect merits closer scrutiny in
future experiments. The batch effect was present directly
(main effect) or indirectly (interaction) for 8 of 11 survival
skills. A pattern of variation in the broad array of survival
skills emerged, in which treatment groups (relative growth
rate x batch, the individual elements of the interaction term)
were characterized by a common level of performance for
most survival skills, rather than proficiency in one or a small
set of skills. The 20 treatment groups fell into three classes,
two of which represented distinctive extremes of behavioral
performance (clusters A and B in this study).

Differences between clusters A and B were many and the
magnitudes of these differences were ecologically meaning-
ful. The difference in responsiveness to the visual stimulus
paralleled the difference in responsiveness to the acoustic
stimulus, a pattern we previously observed at the level of in-
dividual larvae (Fuiman and Cowan 2003). Initiating a re-
sponse to a threatening stimulus is the first and most critical
stage in predator evasion because only after a response be-
gins do aspects of its timing, magnitude, and direction come
into play. If our measures are relevant to the natural preda-
tion scenario, the difference of 32-37 percentage points in
responsiveness could translate into a substantial difference in
mortality between batches. For example, laboratory experi-
ments showed that pinfish (14-15 cm TL) caught 98% of
non-responding red drum larvae of the size studied here,
whereas they caught 57% of responding larvae (Fuiman
1994). These percentages, when applied to mean visual- and
acoustic-responsiveness values observed in the current study,
predict that larvae from treatment groups in cluster A would
survive 32%-39% of attacks, but that larvae from treatment
groups in cluster B would survive 19%-24% of attacks.

These calculations, however, do not take into account the
coordinated differences in other survival skills that coincide
with differences in responsiveness to further enhance the
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survival of cluster A larvae relative to cluster B larvae. Clus-
ter A larvae traveled 5-10 mm farther during a response,
and approximately 40-60 mm-s~' faster, although their re-
sponses lasted only 0.02 s longer (i.e., faster acceleration).
The optimal strategy for predator evasion by a fish larva at-
tacked by a larger fish is rapid acceleration that takes the
larva out of the predator’s path in the final moments of the
attack (Blaxter and Fuiman 1990; Fuiman and Magurran
1994). Cluster A larvae also had a 0.05 s shorter latency in
their response to the visual stimulus. This earlier response
corresponded to a mean reactive distance of 21.9 cm from
the accelerating stimulus, compared with 16.5 cm for cluster
B larvae. This left larvae with an average of 0.22 and 0.17 s
(clusters A and B, respectively) before the “predator” would
have made contact had the larva not responded. Therefore,
the opposite sign of the difference in response latency be-
tween clusters A and B is fully concordant with the other
variables: a negative difference or earlier response signifies
better performance (a greater distance between predator and
larva and more time to escape). The benefit of ever earlier
responses does not increase indefinitely, however. Very
early responses are detrimental because they allow the pred-
ator sufficient time to correct its attack path to intercept the
moving prey (Fuiman 1993; Fuiman and Magurran 1994).
Overall, the earlier response and seemingly small advantage
in response distance for cluster A larvae amplify the effect
of their heightened responsiveness on the probability of sur-
viving a predatory attack.

An obvious and important question, given the presence of
a batch effect on larval performance and its likely impor-
tance to predation-mortality risk, is, What is the cause of the
batch effect? Our experimental design did not allow us to
draw definitive conclusions, but we can comment on the
most obvious possibilities: variations in rearing conditions or
in egg quality. It is unlikely that rearing conditions varied
enough to generate differences in behavior. We maintained
reasonably constant conditions of temperature, salinity, and
photoperiod, and used consistent rearing procedures (initial
stocking density, feeding regime). However, all batches as-
signed to cluster B occurred after the end of October 1997.
It is possible that an obscure or undocumented but detrimen-
tal change in rearing conditions or procedures took place at
this time, but we are unable to determine what this might
have been.

Variation in parental or egg quality is a possible explana-
tion for the variation in behavior among batches. We ob-
tained eggs for our laboratory experiment from four separate
broodstock tanks, each containing 2 or 3 females and 2 or 3
males. Therefore, each batch was produced by an unknown
number of parents, and different batches obtained from the
same tank may have been produced by the same or different
parents. Therefore, it is impossible to assess the role of ge-
netics in the behavioral differences we observed or to make
inferences about changes in an individual female’s egg qual-
ity over time. Nevertheless, we do have evidence that repro-
ductive seasonality may have had an effect on batch
variability, and we discuss this possibility in order to iden-
tify an important topic for future research.

Our broodstock spawned voluntarily over a protracted re-
productive season (5-9 months for any particular broodstock

© 2005 NRC Canada



Fuiman et al.

Fig. 7. Possible relationship between behavioral performance of
batches of red drum larvae and timing of batch production
within the spawning season. Relative timing is expressed as the
ordinal rank of a batch divided by the number of batches pro-
duced by a tank of broodstock in a season. Fast- and slow-
growing larvae within each batch are plotted separately. Batches
in cluster A (®) had better behavioral performance than batches
in cluster B (H). Batches labeled I (O) had intermediate behav-
ioral performance. Data shown are for nine batches; spawning
data were not available for one batch.
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tank) that was often out of phase with their natural spawning
period (locally September and October, according to hatch-
ing dates of wild-caught larvae; Rooker and Holt 1997).
Generally, spawning in a tank would begin at some point in
the year and its frequency would increase over the next 3—
5 months, then decrease before ceasing completely. Batches
having poorly performing larvae (cluster B) were produced
during the early and late stages of this reproductive period
(that is, in the first and last quartiles of spawns). All but one
of the batches in cluster A were produced during the third
quartile of the spawns from a tank (Fig. 7). The lone excep-
tion was fast-growing larvae from batch 6, which were
spawned at the end of the season (87th percentile of
spawns). This apparent association between relative timing
of a batch within the spawning period and behavioral perfor-
mance of offspring may be the product of poorer maternal or
egg quality at the start and end of the reproductive period.
Several studies have shown that egg quality (e.g., diameter,
dry weight, and energy, yolk, fatty acid, amino acid, or hor-
mone content) can vary among batches with a peak at
midseason (e.g., Kamler and Stachowiak 1992; Kjgrsvik
1994; Chambers and Waiwood 1996), but links between egg
quality and larval behavior have not been established.
Browman et al. (2003) found no connection between mater-
nal nutritional condition and routine swimming behavior of
offspring in Atlantic cod (Gadus morhua), at least under
non-extreme conditions.

In summary, we found that growth rates of red drum lar-
vae were not related, positively or negatively, to predation-
mortality rate or to performance of various survival skills.
There were significant and coordinated differences among
batches of larvae in the behavioral skills larvae could use to
evade predators. Specifically, elevated responsiveness to
threatening stimuli and improved timing and heightened
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magnitude of escape responses produced compounding ben-
efits to the survival potential of some batches over others.
The underlying causes of the variability among batches are
not known, but seasonality of maternal or egg quality is a
possible source of variation in larval behavioral perfor-
mance. Understanding the causes of variation in larval
antipredator behavior and their implications for larval-stage
mortality and subsequent recruitment success is a critical
area for further research.
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