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ABSTRACT: Variability in environmental conditions during early life-history stages can have impor-
tant consequences for recruitment and population success. The red drum Sciaenops ocellatus spawns
between September and November, a period of seasonal temperature decline overlain by quick and
rather unpredictable change brought by frequent meteorological fronts. During 3 consecutive
spawning seasons (2005 to 2007), we assessed behavioral performance of wild-caught red drum lar-
vae in response to simulated predator attacks. Responsiveness and reactive distance of postsettle-
ment red drum larvae decreased towards the end of the season. Several factors could explain the
observed seasonal trends in escape performance, including variability in egg quality, changes in the
intensity of predation, and declining temperatures (which may act on performance through a devel-
opmental mechanism). Our data suggest that long-term thermal experience (10 to 14 d) is more
important than short-term thermal acclimation in determining escape performance. These results
imply that late season larvae are less likely to survive to the juvenile stage and recruit to the fishery.
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INTRODUCTION

Life-history trade-offs and reproductive strategies
are thought to be adaptations to maximize survival of
offspring in the face of changing environmental condi-
tions (Stearns 1992, Zera & Harshman 2001). These
adaptations to environmental uncertainty (e.g. blooms
of food organisms, Cushing 1990, Beaugrand et al.
2003) are particularly relevant in species that produce
offspring several times during a season. Batch spawn-
ing, a widespread strategy in teleosts, has been inter-
preted as a mechanism to cope with unpredictability of
the conditions that early life-history stages will face
(Trippel et al. 1997). Since females have a finite
amount of energy to invest in reproduction per season,
parameters such as propagule size sometimes de-
crease towards the end of the spawning season (Cham-
bers & Waiwood 1996, Kjesbu et al. 1996), possibly
affecting offspring fitness.

The reproductive season of the red drum Sciaenops
ocellatus (Osteichthyes, Sciaenidae) in the western
Gulf of Mexico starts by late August or early Septem-
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ber, when water temperature is around 30°C (Perez-
Dominguez et al. 2006). Along the Texas coast, spawn-
ing is widespread nearshore (Holt 2008), and tidal cur-
rents transport the eggs and early larvae through inlets
toward juvenile habitats in the bays and estuaries.
After 2 to 3 wk, planktonic larvae settle in nursery
habitats such as seagrass meadows or marsh edges
(Rooker & Holt 1997, Stunz et al. 2002). Successive
cohorts arrive at these habitats until early November,
by which time water temperatures have dropped to
about 20°C (Perez-Dominguez et al. 2006). Significant
unpredictability is superimposed upon this predictable
seasonal change in temperature when sporadic low
pressure meteorological fronts bring rapid drops in air
temperature followed by gradual warming. Tempera-
ture has well-known effects on developmental and
growth rates of larval fishes (Blaxter 1992). Therefore,
size and age at hatching and settlement, pelagic
stage duration, and size structure in nursery habitats,
change markedly as the season progresses. Along with
temperature and day length (from 13 h in late August
to 11 h in early November), several other environmen-
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tal factors are likely to change during the season,
including abundances of prey, predators, and competi-
tors, and the density of seagrasses (Orth et al. 1984).
Indeed, Rooker et al. (1999) reported different mortal-
ity rates of red drum larvae in seagrass beds at differ-
ent times of the season.

In a recent study, Fuiman et al. (2005) found high
variability in survival skills of red drum larvae from dif-
ferent batches produced by captive broodstock. Larvae
from early and late batches showed poorer escape per-
formance in response to simulated predator attacks
than larvae from mid-season batches. Since the adults
and larvae were maintained in the laboratory under
constant conditions, these results suggested that the
variability in larval performance could be a conse-
quence of seasonal differences in the quality of eggs
produced by females. Our goal was to determine
whether seasonal variability in larval escape perfor-
mance occurs in nature. Therefore, we measured
escape performance of wild-caught red drum larvae
over 3 spawning seasons. This also gave us the oppor-
tunity to explore natural variability in antipredator per-
formance during a period of predictable and unpre-
dictable change in environmental conditions.

MATERIALS AND METHODS

Experimental larvae. Red drum larvae were col-
lected in seagrass meadows near Lydia Ann Channel in
Aransas Bay, South Texas, USA (27°54.5' N, 97°2.4' W)
during the spawning seasons of 2005, 2006, and 2007.
Sampling started in mid-September before the first re-
cruits arrived to the nursery habitats and was intended
to continue weekly until all red drum larvae or juve-
niles left the seagrass beds by the end of November.
However, the active hurricane season of 2005 and a
bloom of the harmful alga Karenia brevis in 2006 re-
duced the number of sampling dates in those years.
Over the 3 years, we collected larvae from 23 Septem-
ber to 29 November for a total of 19 separate sampling
dates. Mean (+SD) total length (TL) of the 393 larvae
captured was 13.6 + 2.9 mm, ranging from 8.3 to
22.9 mm. We defined larvae as individuals shorter than
25 mm TL (the size at complete squamation) following
the ontogenetic criteria of Fuiman et al. (1998).

Larvae were collected during the central hours of the
day between 11:00 and 15:00 h by towing an epibenthic
sled (1 m width, 25 cm height, and 1 mm mesh size) on
shallow banks where seagrasses were abundant. Tows
were intentionally short (less than 20 m) to avoid dam-
aging the larvae. On average, 25 larvae were trans-
ported to the laboratory in buckets with aerated sea
water within 1 h of capture. Once in the laboratory, lar-
vae were kept for ca. 40 h in fiberglass tanks filled with

filtered and aerated sea water (27°C, 27 %) with a patch
of artificial seagrass to provide shelter and reduce
stress, and received an ad libitum diet of Artemia nau-
plii. Photoperiod was set at 12 h light:12 h dark.

Escape response experiments. Experiments to mea-
sure escape responses to a visual stimulus followed es-
tablished protocols (see for example Fuiman & Cowan
2003). On the second day after capture, 22 (or all avail-
able) larvae were transferred to individual glass con-
tainers (20 cm in diameter, 6 cm deep) filled with 11 of
seawater. The containers and fish were kept overnight
in a temperature-controlled room. Water temperature
the previous night and during the behavioral tests was
the same for all samples (average + SD: 22.6 + 1.2°C).
On the day of the experiments, one larva at a time was
gently transferred to a transparent glass chamber (75 x
70 x 25 mm) containing 50 ml of seawater. The cham-
bers were deliberately shallow to limit the vertical com-
ponent of escape responses. Larvae were allowed to re-
cover from handling for at least 30 min before the
chamber was placed into position for the visual startle
assay and left undisturbed for at least another 3 min.

The visual stimulus was a vertically oriented black
oval (15 x 10 mm) on a white card (10 x 15 cm) at the
end of a pendulum (115 cm in length). The pendulum
was held by an electromagnet connected to a switch so
its release could be triggered from an adjacent room to
avoid human disturbance of the fish. The pendulum
was released when the larva was near the front of the
chamber and facing toward the side where the stimu-
lus would be presented. Once released, the pendulum
accelerated toward the experimental fish, but a tether
kept the pendulum from making contact with the con-
tainer holding the fish. The approaching pendulum
elicited responses of the type used by fish larvae to
escape predators (e.g. Fuiman 1994). Responses were
recorded by a high-speed video camera (250 frames
s’y synchronized with the pendulum release and
located 50 cm below the chamber to obtain a view per-
pendicular to the horizontal plane. Recordings of the
escape responses were digitalized and stored in a com-
puter for subsequent motion analysis. Larvae that
showed abnormal behavior during the acclimation
period were not tested. All larvae were humanely
killed immediately after the experiments. Digital
pictures of each larva were taken under a dissecting
microscope to measure TL using image analysis soft-
ware (Image J 1.33, http://rsb.info.nih.gov/ij).

Data analysis. Time of the season was computed as
the number of days since 21 September, which was the
earliest date in any of the years of the study on which
red drum larvae were found in the seagrass meadows.
The latest date on which larvae were captured during
the study was 27 November (i.e. 68 d after 21 Septem-
ber) in 2007, which was also the year with the earliest
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appearance of settled larvae. Water temperature data
were obtained from instruments installed at the Uni-
versity of Texas Marine Science Institute pier, located
on the Aransas Pass Ship Channel (27°50.3'N,
97°3.1'W). This pass is the main access to the bay for
eggs and larvae, and the closest (less than 7 km) to the
field sites where the experimental fish were collected.
Data from a prior study at the same site (Perez-
Dominguez et al. 2006) show very strong correlations
(r =0.97) between daily mean temperatures at the pass
and those registered in the seagrass beds where our
larvae were collected.

Because temperature can have both short- and long-
term effects on fish performance (Blaxter 1992), we
converted hourly temperature records to daily mean
temperatures and used these to calculate mean tem-
peratures for different time periods prior to fish cap-
ture. Mean temperature on the day of capture (T)
reflects the most recent thermal experience of the lar-
vae. Mean temperature over the previous 10 d (Tj)
reflects the conditions to which the fish were acclima-
tized. Finally, since red drum larvae reach settlement
size in about 3 wk (Herzka et al. 2001), the 20 d mean
(T,y) approximates lifetime thermal experience. Sea-
sonal changes in antipredator performance were ana-
lyzed with respect to T, Tjo, and T, to gain a better
understanding of the nature of thermal effects.

Frame-by-frame motion analysis was performed on
the high speed video recordings using WINanalyze
(version 1.9 2D, Mikromak). Two behavioral variables
were obtained: responsiveness (binary variable, indi-
cating whether or not the larva responded to the stim-
ulus) and reactive distance (distance in mm between
the pendulum and the chamber when the fish initiated
the escape response). Using the same experimental
protocol, Fuiman et al. (2006) demonstrated that these
2 variables affected the likelihood of red drum larvae
evading attack by an actual piscine predator.

We used principal components analysis to construct
composite variables to test for effects of seasonality on
antipredator performance using time of season, T, T,
Ty, and TL as measures of seasonal change. The
scores for each fish on the first 2 principal components
were used as predictive variables in subsequent analy-
ses. The effect of time of the season and fish size on
responsiveness was tested using a probit generalized
linear model with year as a factor. Reactive distance
was log-transformed to normalize the distribution
which was skewed to the right. A general linear model
was used to assess the effects of year, season, and size
on reactive distance. These multivariate models were
refined using the Akaike information criterion (AIC,
Burnham & Anderson 2002) to reduce the number of
parameters. All the analyses were performed using
SPSS 16.0 for Windows.

RESULTS

A total of 323 larvae was tested for escape responses.
One-third (102) of them did not respond to the visual
stimulus. Considering data from all years, responsive-
ness was highly variable during the first half of the sea-
son and decreased sharply from more than 80% in
mid-October to less than 30% in November (Fig. 1).
Time of the season explained 45.6 % (F,, 320 = 133.9, p <
0.001) of the variability in responsiveness through a
quadratic regression weighted by the number of fish
tested for each date. For those fish that responded to
the stimulus, mean reactive distance was also highly
variable, and the relationship with time of the season,
weighted by the number of fish responding, was nega-
tive although not very strong (r? = 0.049, Fj 508 = 10.8,
p = 0.001). Mean reactive distance was positively cor-
related with responsiveness (Pearson correlation
weighted by number of fish responding, R = 0.635, p =
0.004, Fig. 2).

T., Tyo, and T,y decreased significantly as the season
progressed (Fig. 3a). Mean TL increased toward the
end of the season (Fig. 3b) because only recently
arrived larvae were present in the seagrass beds at the
beginning of the season, and the supply of new recruits
(small larvae) stopped at the end of the season. Com-
bining all seasonally changing variables, the first 2
principal components explained more than 93 % of the
total variance. The first factor was defined by high
loadings for the 3 temperature averages (T, Tio, and
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Fig. 1. Sciaenops ocellatus. Responsiveness, expressed as pro-
portion of fish responding to the visual stimulus, observed at
different times of the reproductive season for the 3 years of
the study. Size of the symbols is proportional to the number of
individuals tested for each sampling date (n = 8 to 28). Line
represents a quadratic regression obtained for all 3 years
combined, taking into account the number of fish tested on
each date
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Fig. 2. Sciaenops ocellatus. Relationship between larval reac-

tive distance and responsiveness averaged per sampling date

in 3 different years. Symbol size is proportional to the number
of individuals tested
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Fig. 3. Sciaenops ocellatus. (a) Seasonal variability of the ther-

mal averages of the day of capture (T,) and the 10 and 20 d

before capture (T;o and T5). (b) Increase in mean (+SE) total

length (TL) of fish captured as the season progresses in 3
sample years

Table 1. Principal components loadings for seasonally chang-
ing variables. Temperature averages of the day of capture
(To); Tyo and Typ: 10 and 20 d before capture; TL: total length

Seasonally changing variable Factor 1  Factor 2
T. 0.935 0.175
Tio 0.968 0.179
T 0.951 0.160
Time of season -0.936 0.010
TL -0.604 0.794
Percent of total variance explained 79.1 14.4

T,y) and time of the season. The second factor was
defined primarily by TL. Therefore, we interpret Fac-
tor 1 as an axis of primarily season and Factor 2 as fish
size (Table 1).

We used a generalized linear model (GLM) with
responsiveness as a binary dependent variable, year as
a categorical variable and season (Factor 1) and fish
size (Factor 2) as covariates. This model was statisti-
cally significant overall (likelihood ratio x% = 56.4, p <
0.001) but showed no significant interactions (Wald
x% < 1.4, p > 0.50) nor significant effects of year, season
or size (Wald %2 < 2.6, p > 0.10). We simplified the
model by removing year, which resulted in a substan-
tial reduction of the AIC from 370.4 to 366.6. The new
model showed no significant interaction between sea-
son and fish size (Wald y? = 2.5, p > 0.112) but signifi-
cant decreases in responsiveness with both season
(Wald y? = 4.5, p = 0.034, Fig. 4a) and fish size (Wald
XZ = 30.3, p < 0.001, Fig. 4b). The effect of fish size on
responsiveness was much greater than the effect of
season.

Reactive distance of the individuals that responded
to the stimulus was highly variable, ranging from 1.7 to
297.8 mm. However, no significant portion of this vari-
ability was explained by year (GLM: F, 191 = 1.11, p =
0.331), season or fish size (F; 191 < 0.61, p > 0.438), and
neither the 2-way or 3-way interactions were signifi-
cant. Nevertheless, when we excluded year as categor-
ical variable, season, size, and their interaction all
became significant (GLM: season, F; 95 = 7.09, p =
0.008; size, Fj 195 = 16.65, p < 0.001; Season x Size,
F 195 = 8.15, p = 0.005).

DISCUSSION

Antipredator performance of postsettlement red
drum larvae was lower during the second half of the
season. This temporal trend is partially consistent
with the pattern suggested by data previously
obtained from larvae reared from captive-spawned
adult red drum (Fuiman et al. 2005). Both Fuiman et
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Fig. 4. Sciaenops ocellatus. Relationships (probit regression

lines) between probability of the fish responding to the

visual stimulus and (a) time of the season (Factor 1, see

‘Materials and methods’) or (b) fish size (Factor 2) combining

all fish from the 3 study years. Histograms show the relative

frequency distributions for (a) responsive and (b) non-
responsive individuals

al. 2005 and the present studies showed high perfor-
mance at mid-season and reduced performance late
in the season. Our results, however, show high, but
variable performance early in the spawning season.
The 2 measures of performance used in our study,
responsiveness and reactive distance, are important
to survival during encounters with predators.
Responsiveness accounted for 86 % of the variation in
escape potential of red drum larvae in experiments
with real piscivores (Fuiman et al. 2006). Reactive
distance was 1 of 3 performance variables that pre-
dicted escape potential for individual larvae attacked
by a longnose killifish (Fuiman et al. 2006). In our
data set, size of the larvae and time of the season
were inextricably linked, and therefore, we cannot
conclude which variable is responsible for the
decrease in performance. It is important to note that
laboratory experiments on larvae from the same pop-
ulation showed that responsiveness was positively
correlated with TL (Fuiman et al. 1999). Nonetheless,
responses of wild fish did not show a clear pattern
(Smith & Fuiman 1994), partly because of the large

variability of the very large size class. The apparent
contradiction between the 3 studies could mean that
the seasonal trend is actually stronger than our
analyses suggest.

Several biotic and abiotic factors could explain the
observed changes in escape performance during a
time of the year in which ecological conditions vary
rapidly. The seasonal decline in escape performance of
wild-caught red drum may have been due to changes
in their interactions with predators and habitats. For
instance, those individuals that do not respond to less
imminent threats and instead trust crypsis may avoid
false alarms that could attract attention from predators,
leading to higher survival chances (Fuiman 1993). In
this case, we would expect selective mortality that
would favor larvae with reduced responsiveness and
reactive distance, like those observed at the end of the
season. Seagrass beds contain different fish (predator)
assemblages depending on the structure, density and
morphology of the plants (Orth et al. 1984, Baelde
1990). Since growth and production of seagrasses fluc-
tuate as environmental conditions change during the
fall (Herzka & Dunton 1997), a change in predation
pressure can also be expected (Orth et al. 1984). For
example, at the end of the fall the dense seagrass
meadows become sparser therefore providing a less
complex habitat and a likely increase in predation
pressure.

Alternatively, the seasonal change in antipredator
performance could be caused by maternal effects, such
as egg quality or timing of spawning (Mousseau & Fox
1998, Green 2008). Our results are compatible with the
hypothesis of seasonal variation in egg quality sug-
gested by Fuiman et al. (2005) to explain the variability
in survival skills they observed among captive-
spawned red drum larvae. Firstly, it is possible that
females of different quality spawn at different times of
the season, such as bigger, older females spawning
early and producing higher quality eggs than smaller,
younger females that spawn later (e.g. Schultz 1993,
Cargnelli & Gross 1996). Alternatively, individual
females may spawn over a prolonged period, produc-
ing eggs that vary in quality over time. Since many
marine fishes produce eggs from energy reserves
(‘capital breeding’ sensu Stephens et al. 2009), egg
quality typically decreases toward the end of the sea-
son as females deplete their resources (e.g. Chambers
& Waiwood 1996, Kjesbu et al. 1996). Unlike many
other fractional spawners, however, red drum females
continue to eat during the spawning period (‘income
breeding') so that their eggs are provisioned with
nutrients from the diet instead of body reserves, and
captive females are able to produce egg batches of rel-
atively constant quality over several months (authors’
unpubl. data).
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Timing of spawning is one of the obvious ways
females can influence which environmental conditions
the offspring will experience (Mousseau & Fox 1998).
This is particularly relevant for a species such as red
drum whose reproductive season happens over a
period when temperatures drop more than 10°C (our
Fig. 3a, Perez-Dominguez et al. 2006). This tempera-
ture decrease is usually not entirely gradual because of
unpredictable weather events that occur in the latter
half of the season. In some years, temperatures stay
close to late summer levels until November, while in
other years temperatures drop early and subsequently
rise. Temperature has well-known immediate physio-
logical effects on almost every aspect of fish perfor-
mance (Blaxter 1992). To avoid this confounding effect,
we tested all fish at the same temperature. Our results
are compatible with an acclimation effect and with
developmental plasticity, i.e. thermal conditions expe-
rienced during early developmental stages could pro-
duce different phenotypes (Atkinson 1996) that vary in
performance.

Our formal analysis considered larval thermal expe-
rience measured over 3 different time frames to pro-
vide insight into the mechanism of seasonal effects on
escape performance. To expand that approach, we also
computed thermal experience for each fish for all pos-
sible spans of days and related each measure to
responsiveness through a quadratic equation. The pro-
portion of variability explained (r?) by thermal experi-
ence reached a maximum at 10 to 14 d (1?2 = 0.374,
Fig. 5), suggesting that long-term thermal experience

(acclimatization, Wilson & Franklin 2002) is more im-
portant than short-term thermal experience in deter-
mining escape performance in these larvae.

In summary, given the decline in 2 measures of per-
formance that are important to surviving attacks, we
would expect the probabilities of individual larvae sur-
viving predator attacks to decrease as the season pro-
gresses. This seasonal variability in escape potential
during a stage when predation mortality is high
(Rooker et al. 1999, Stewart & Scharf 2008) could have
previously unexplored consequences for population
success. For example, it suggests that egg batches pro-
duced at the end of the season would contribute fewer
recruits to the population. In any case, time of the sea-
son, temperature and size distribution of red drum lar-
vae in the seagrass meadows are all highly interrelated
in our study making the mechanism of the observed
variability in escape behavior unclear. Disentangling
these effects will require an experimental approach.
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