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Abstract

Although body size can affect individual fitness, ontogenetic and spatial
variation in the ecology of an organism may determine the relative advantages
of size and growth. During an 8-year field study in the Bahamas, we examined
selective mortality on size and growth throughout the entire reef-associated
life phase of a common coral-reef fish, Stegastes partitus (the bicolour
damselfish). On average, faster-growing juveniles experienced greater
mortality, though as adults, larger individuals had higher survival. Comparing
patterns of selection observed at four separate populations revealed that
greater population density was associated with stronger selection for larger
adult size. Large adults may be favoured because they are superior competitors
and less susceptible to gape-limited predators. Laboratory experiments
suggested that selective mortality of fast-growing juveniles was likely because
of risk-prone foraging behaviour. These patterns suggest that variation in
ecological interactions may lead to complex patterns of lifetime selection on

body size.

Introduction

Both body size and growth rate can influence individual
survival probabilities (reviews by Roff, 1992; Stearns,
1992). Because larger size is often associated with a
higher probability of survival, rapid growth may confer a
survival benefit by allowing individuals to reach a large
size sooner (Case, 1978; Arendt, 1997). However, rapid
growth may also be associated with a suite of costs,
including increased risk of predation while foraging (Sih
et al., 2004; Stamps, 2007), delayed physiological devel-
opment (Arendt, 1997; Metcalfe & Monaghan, 2001) and
decreased locomotory performance (Billerbeck et al.,
2001). Because size and growth are often strongly
correlated, their direct effects on survival probability,
and therefore on fitness, are often unclear (Lynch &
Arnold, 1988). Moreover, the relative costs and/or
benefits of rapid growth and large size may vary
throughout the lifetime of an organism and among the
locations it inhabits (review by Blanckenhorn, 2000).
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Recent reviews suggest that natural selection on
morphological traits such as body size can be strong
but that the magnitude of selection is highly variable
(Endler, 1986; Hoekstra et al., 2001; Kingsolver et al.,
2001; Hereford et al, 2004; Kingsolver & Pfenning,
2007; Siepielski et al.,, 2009). For estimates of viability
selection (i.e. fitness differences among individuals
measured by differences in survival probabilities), some
of the wvariability in intensity of selection can be
explained by study duration. Hoekstra et al. (2001)
found that the largest estimates of selection came from
studies that measured differences in survival over short
time scales (days) and suggested that intense selective
mortality is typically sustained for only brief episodes.
Over longer intervals, the strength of selection is likely
to be balanced by periods of no selection or by
reversals in selection. These findings suggest that
studies that focus on short-duration episodes of selec-
tion (e.g. during a single life stage transition) may
provide an inaccurate description of the total effect of
selection that operates within an entire generation
(Arnold & Wade, 1984; Schluter et al.,, 1991; Siepielski
et al., 2009).

Understanding the lifetime effects of selection on size
and growth may be complicated by ontogenetic variation
in both of these traits. This complication is especially
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prevalent in species that exhibit indeterminate growth,
i.e. growth that continues throughout the lifespan of an
individual (though typically at a decelerating rate). For
such species (e.g. fishes and many invertebrates), there is
often considerable flexibility in size-at-age and age-
specific growth rate (Wootton, 1990). For species with
asymptotic growth, size-at-age will be influenced by both
an individual’s maximum attainable size (i.e. its asymp-
totic size), and how quickly it reaches that size (von
Bertalanffy, 1938). Both of these components of growth
are ecologically important and may be subject to natural
selection. For example, an individual’s asymptotic size
may influence its competitive ability or vulnerability to
predators (Persson et al., 1996), and relative growth rate
may be directly associated with foraging risk and/or
physiological costs (Blanckenhorn, 2000). Moreover, the
importance of growth components may vary with
ontogeny. Adult size is largely determined by asymptotic
size, whereas juvenile size is mostly influenced by
relative growth rate (Francis, 1996). An examination of
lifetime selection on components of growth can detect
ontogenetic changes in size-selective mortality and may
therefore provide a clear picture of how selection on
growth operates over an entire generation.

Size-selective mortality is common in marine fishes
(reviewed by Sogard, 1997). Although most studies
suggest that larger fish experience greater survival rates,
the duration of most studies has been short and
inferences about lifetime selection on size are limited.
Few studies of marine fishes have examined survival of
specific individuals to estimate selection (e.g. DiBattista
et al., 2007; Olsen et al, 2009) and fewer still have
examined selection throughout the entire lifespan. In
this study, we examined viability selection on size and
relative growth rate of a marine fish from settlement
through adulthood. Using data from an 8-year demo-
graphic study of four separate populations in the wild, we
examined how individual lifespan was related to two
different components of growth: asymptotic size and
relative growth rate. Analyses focused on ontogenetic
variation in size-selective mortality and spatial variation
in the intensity of selection.

Methods

Study species

The bicolour damselfish (Stegastes partitus) is a common
species on coral reefs in the Caribbean and tropical
western Atlantic. Bicolour damselfish inhabit relatively
complex coral heads that provide refuge from predators
(Nemeth, 1998). Both adults and juveniles have
extremely small (approximately 1-3 m) home ranges
around home coral heads, except for occasional local
excursions to neighbouring coral heads when mating
(Schmale, 1981; Knapp & Warner, 1991). Bicolour
damselfish deposit and fertilize eggs in holes on the reef
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and nests are defended by males. Eggs develop on the
seafloor for 3.5 days and larvae are pelagic for
approximately 30 days before settling to reef habitat
(Wilson & Meekan, 2002). Spawning activity follows the
lunar cycle with peak reproduction occurring around the
third quarter, with minimal spawning near the new
moon (Robertson ef al. 1988; D. W. Johnson, personal
observation). Spawning cycles may occur year round,
though in our study area reproductive activity is greatest
during the summer months. Aggressive behaviour is
common in larger social groups, which range from 2 to
15 fish at our study sites. Long-term research in the
Bahamas has revealed no long-distance (i.e. between-
reef) post-settlement movement of adults (M. A. Hixon
et al., unpublished data).

Demography of study populations

Data on individual growth and survival were obtained
from a long-term, large-scale demographic study of
S. partitus (M. A. Hixon et al., unpublished data). During
the time period of 1998-2006, tagging studies were
conducted within four populations of S. partitus near Lee
Stocking Island, Bahamas (23°46’N, 76°06’W). Local
populations within each of the four coral reefs, each
approximately 100 m in diameter, were sub-sampled
within 22 permanent plots that were chosen haphazardly
and distributed evenly over the reef. Plots measured
2 x 2 m and were centred on large coral heads that were
inhabited by groups of S. partitus. All resident fish within
each plot were individually tagged with subcutaneous
injections of visibly identifiable elastomer (Northwest
Marine Technologies, Shaw Island, WA, USA) just under
the skin in the lightly pigmented posterior half of the
body. To minimize stress, all handling and release of each
fish occurred exactly where captured underwater, and
each fish was handled for less than a minute. Previous
studies have demonstrated that elastomer tags have
negligible effects on mortality and growth of other
coral-reef fishes, including damselfishes of similar size
to S. partitus (Frederick, 1997, Hoey & McCormick,
2006), suggesting that our tagging procedure did not
influence demographic rates. Tag loss was unlikely
because, when fish were recaptured and measured, tags
were inspected and re-applied, if necessary. Moreover,
retention and visibility of elastomer tags has been
demonstrated to be high over time periods comparable
to the intervals between our measurements (e.g. 100%
during a 76-day laboratory study; Frederick, 1997).

By using a combination of multiple tag locations (e.g.
mid body vs. caudal, dorsal vs. ventral, left side vs. right
side) and seven colours of elastomer, we were able to
track the fates of individual fish from larval settlement
(or subsequent immigration to study plots) until death.
Mortality, known to occur mainly via predation (Booth &
Hixon, 1999; Carr et al,, 2002; see also Hixon & Jones,
2005), was distinguished from local emigration by
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exhaustive searches of the entire home reef and environs
during each census. Movement of adults in our
demographic study was minimal. The average, monthly,
per-capita rate of emigration out of the 2 X 2 m study
plots was 0.019, and all cases involved fish moving
<10 m and establishing residence on a nearby coral
head. In all cases when individuals emigrated from plots,
we continued to include them in the censuses and
continued to re-measure them. Moreover, in our demo-
graphic study, only 9 of 484 (1.86%) fish were ever
absent on one census but re-sighted on a subsequent
census, and only 1 of 484 (0.21%) was absent on two
consecutive censuses before being resighted on the next
census. Importantly, these data summarizing encounter
probabilities were collected over a 3-year period,
suggesting that the encounter rate of living fish per
census was effectively 100%.

Study populations were monitored weekly during the
main summer recruitment season (June—September) and
1-2 times each winter. Growth was measured by cap-
turing and measuring fish within each population several
times throughout the year (at least early summer, late
summer and winter), and special effort was made to
capture and measure new individuals upon first encoun-
ter. Individuals were therefore measured up to five times
each year. However, because of natural differences in
settlement date, individuals were measured at a variety
of ages.

Stegastes partitus is a conspicuous species that exhibits
little post-settlement movement (Emery, 1968; Myrberg,
1972). Because our demographic study suggested that
recapture rates were essentially 100%, and because each
study area was thoroughly searched during each census,
the date of mortality (and therefore the lifespan) of each
individual could be reliably estimated from the date of
disappearance (i.e. we did not need to adjust for
recapture probabilities). The date of mortality was esti-
mated as the mid-point between the first census when
that individual was absent and the previous census when
it was present. During the summer, when censuses were
conducted weekly, the time of mortality could be
estimated with a margin of error of no more than
3.5 days. For those individuals that died at some point
between summer and winter censuses, date of mortality
was estimated with less precision (margin of error
< 2 months). However, even in the latter cases, the
uncertainty in death age was small relative to the average
lifespan of individuals in this study (530 days).

Estimation of growth form

To quantify patterns of natural selection on size and
growth, we compiled a subset of data that included all
individuals that had been monitored from settlement
(equivalent to birth in each local population) and
measured at least three times. Although recent settlers
could be readily identified by their size and behaviour,

we restricted our analysis to those individuals that settled
sometime between weekly censuses, such that their
estimated post-settlement age was never off the true
value by more than 3.5 days. Size-at-age of S. partitus is
well described by a Von Bertalanffy growth equation
(VBGE), a model of asymptotic growth that is commonly
used to describe the growth form of fish:

TL = TLpax[1 — exp(—k*age)]

where TL is the total length, TL . is the asymptotic size
and k is a growth constant describing how quickly the
asymptotic size is reached (Fig. 1). The model was fit to
individual size-at-age data using nonlinear least squares
regression, and growth trajectories were modelled from
hatching (day 0) through post-settlement life. To model
growth during the early stages, we used an initial size at
hatching of 2.17 mm (average from a sample of 103 fish)
and a 30-day larval duration (Wilson & Meekan, 2002).
This procedure provided estimates of k and TLy.. for
each individual (Fig. 1a). The parameters of the VBGE or
simple measurements of growth derived from these
values [e.g. body size attained at a standard age (Francis,
1996, Wang & Milton, 2000)] can be treated as age-
invariant, quantitative traits that may be under selection
(Cock, 1966). Asymptotic size (TL,.y) is technically
never reached within an individual’s lifetime and it is
not a trait that is ‘expressed” in the conventional sense.
However, asymptotic size influences growth at all ages
and can be accurately estimated with relatively few
observations per individual, i.e. even when the individ-
ual is small relative to its estimated asymptotic size.
Within this data set, fish that lived longer tended to be
measured more often. To examine whether this phe-
nomenon affected estimates of growth parameters, we
conducted a simulation analysis to assess potential biases
in the procedure used to estimate growth of individual
fish. The goal of the simulation analysis was to determine
whether estimates of a ‘true” growth function change as
more observations become available. The true function
was a Von Bertalanffy growth curve with TL,,. = 7.15
cm and k = 0.007. Although in our study area individual
asymptotic size ranged from 6.2 to 9.7 cm, a value of
7.15 cm TL is near the overall average for fish in our
selection study. Each replicate of the simulation pro-
duced an individual growth curve by generating size
values at various ages. Size was randomly generated from
the true size-at-age function + a normally distributed
random error term with mean of 0 and standard
deviation of 2.5% of ‘true’ size-at-age value. Sizes were
generated at 50, 100, 150, 200, 300, 400, 500, 600 and
700 days of age. These ages provided an approximation
of how frequently individuals were sampled in the field,
and encompassed most of the variation in lifespan. For
each replicate (an ‘individual” in the simulated study), a
VBGE was fit to the simulated size-at-age data using
nonlinear least squares regression. Estimates of TLjax
and k for each individual were compiled, and we
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Fig. 1 (a) Three examples of the Von Bertalanffy growth equation fit to individual size-at-age data for three bicolour damselfish (Stegastes
partitus). Age is expressed as days after hatching. (b) An illustration of variation in relative growth rate (D). For a fixed asymptotic size
of 7.15-cm TL, growth curves are plotted for the mean Dy (solid line) and values one standard deviation above (dashed line) and one standard

deviation below (dot-and-dashed line) the mean.

compared distributions of parameter estimates among
samples of individuals with four observations (ages 0, 50,
100, 150 days), six observations (ages 0, 50, 100, 150,
200, 300 days) and ten observations (ages 0, 50, 100,
150, 200, 300, 400, 500, 600, 700 days).

It growth function parameters can be reliably esti-
mated with relatively few observations, then compari-
sons of size- or growth-at-age can be made by
interpolation or extrapolation from individual growth
functions. Such a procedure therefore allows estimation
of the ‘invisible fraction” — the subset of phenotypic
values that are not normally measured because individ-
uals die before those traits are expressed (e.g. size at
500 days cannot be measured if the individual only lives
300 days). Ignoring the invisible fraction can lead to
biased and unreliable measures of lifetime selection
(Lynch & Arnold, 1988). However, estimates of growth
parameters will allow a comparison of trait values of
survivors to the estimated trait values of nonsurvivors,
thereby allowing a more accurate measurement of
lifetime selection.

Size, growth rate and selective mortality

We quantified selection on size and growth rate by
analysing asymptotic size (TL.y) and relative growth
rate (Dy) as quantitative traits. We used multiple linear
regression to test the relationship between an individ-
ual’s relative fitness (defined as an individual’'s life-
span/population mean lifespan) and that individual’s
values of TL,,,x and D;. This procedure allowed estima-
tion of the strength and form of natural selection acting
directly on each trait, assuming that selection is fre-
quency independent, that traits have a multivariate
normal distribution before selection, and that the fitness
surface can be reasonably approximated by quadratic
polynomials (Lande & Arnold, 1983).

© 2010 THE AUTHORS. J. EVOL. BIOL. 23 (2010) 724-737

When growth can be described by a VBGE and when
comparing growth rate among individuals (or other
groupings, such as populations or species) that vary in
their asymptotic size, it is often most useful to compare
how quickly the asymptote is reached by comparing
values of k (Francis, 1996). However, among individuals
in this study, estimates of TL,., and k were strongly
correlated, causing problems with interpretation of the
regression analyses. We removed this correlation by
expressing k as a power function of TLp,,:

k = a(TLmay)"

where a and b are constants estimated by nonlinear
least squares regression. We then calculated deviations
from this relationship for each individual. Deviations in
k (Dy) provided a measure of whether an individual’s
growth rate was relatively fast or slow (positive and
negative values, respectively; Fig. 1b) after accounting
for individual values of TL,,,x, which influence absolute
growth rate. Consequently, TL,,.x and D, were pheno-
typically uncorrelated (r = 0). For the analyses, both
TLnax and D were expressed as standardized traits
(mean = 0 and phenotypic SD before selection = 1;
Lande & Arnold, 1983). Specifically, we fit the following
statistical model:

1 1

w = o+ f; TLiax + oDk + 5 711 (TLmax)® + 5 722 (D)

4 912TLmaxDx + €

where w is relative fitness (individual longevity/mean
longevity), o is an intercept term, f/; and f, are linear
selection gradients, y;; and y,, are quadratic selection
gradients, 7, is a correlational selection coefficient, and e
is residual variation. TL,., and Dy are as defined earlier.
We used quadratic regression to estimate selection
coefficients and conduct statistical tests. However, we
also examined the form of the univariate selection
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surfaces. For each site and trait combination, we used
generalized additive models to fit cubic splines by
generalized cross-validation using the program R (R
development core team 2009).

Analyses of selection were conducted for each of
the study populations to assess spatial differences in
selection. Although there were only four study popula-
tions to compare, we also examined spatial differences in
population density and survival rates, two characteristics
of the study populations that may affect the presence
and/or intensity of selective mortality (Sogard, 1997).
Variation in selective morality among sites was evaluated
with respect to these ecological characteristics. Mean
survival rates were calculated using all tagged individuals
at each site in our demographic study. For each yearly
cohort, we used maximum likelihood estimation to fit a
2-parameter Weibull function to the survivorship data.
Survival of juveniles was summarized over a period of
0-30 days post settlement. Survival of adults was sum-
marized over a period of 365-395 days post settlement.
Survival estimates were then averaged over all 8 years of
the study.

Our main analyses examined patterns of viability
selection within the local population. To complement this
analysis, we also calculated the correlation between
lifespan and relative body size within local groups (i.e.
all conspecifics within 2 X 2 m plots centred on home
patches of coral). Such information may help identify the
scale at which selective processes occur. For example, a
correlation between relative size within the local group
and lifespan would suggest that size-dependent interac-
tions within groups are important mechanisms generating
selection. In contrast, if there was no correlation between
lifespan and relative size within groups, but selective
mortality at the scale of the population, then it would
suggest that size-selective processes occur among groups
(e.g. because of within-site spatial differences in growth
and predation). Each individual in our study was assigned
a rank based on their body size relative to other conspe-
cifics within each 2 x 2 m plot (1 = largest, 2 = second
largest, etc.). For each study population, we calculated the
correlation between body size rank and lifespan.

Selection on size-at-age

Although the parameters TL.,, and D, provided an
accurate summary of individual growth (see Results
section) and our main selection analysis provided a
summary of lifetime selection on growth form, it is also
useful to compare the effects of selection on size-at-age.
We examined ontogenetic variation in selection on size-
at-age by examining whether, for each of eight different
ages (50, 100, 200, 300, 400, 500, 600 and 700 days),
size-at-age was related to survival during the next
200 days. For each interval, fitness was defined as
equalling one for individuals that survived for
> 200 days past the beginning of the interval, and

equalling 0 for individuals that survived for < 200 days
past the beginning of the interval. We used logistic
regression to test for selection on size-at-age and to
estimate the average selection differential using the
method described by Janzen & Stern (1998). Total
length at each age was estimated from an individual’s
VBGE parameter estimates, and sizes were standardized
by subtracting the mean value from each individual
value, then dividing by the standard deviation before
selection (Lande & Arnold, 1983). Mean and variance
for size at each age were calculated based on estimated
size values for all individuals in the study, including
those that did not survive to the beginning of the
interval. However, for each interval we estimated
selection only for the subset of individuals that were
alive at the beginning of the interval (i.e. we calculated
conditional selection differentials; Lynch & Arnold,
1988). Consequently, statistical power to test for selec-
tion was much reduced for older age groups in which
there were relatively few survivors. Nonetheless, this
approach provides a useful means of visualizing varia-
tion in selection on size-at-age and was meant to
complement our main analysis of lifetime selection on
growth parameters.

Juvenile growth rate and foraging risk

Under natural conditions in the field, damselfish typically
remain near shelter but will occasionally swim a short
distance (10-50 cm) from their home coral head and feed
in the water column. Swimming farther from shelter may
incur a greater risk of predation by piscivorous fishes that
feed in the water column (Hixon, 1991; Hobson, 1991;
Hixon & Carr, 1997). Because faster growth rate and
larger size may be correlated with greater risk-prone
behaviour (Biro ef al., 2004; Stamps, 2007), and because
variation in foraging distance may be a mechanism
contributing to selective mortality of S. partitus, we
conducted a laboratory experiment to examine the
effects of growth rate and body size on individual
propensity to take such risks while foraging.

We collected recently settled fish (<1 week post
settlement) from the field and housed them in laboratory
aquaria (15 fish per 144 L aquarium) where they were
reared on a diet of household aquarium fish flakes. Fish
were measured and individually tagged with a subcuta-
neous injection of elastomer (Northwest Technologies),
then randomly assigned to either high (10% body weight
per day) or low (5% body weight per day) feeding
treatments for 68 days. The experiment was designed to
measure how far away from shelter an individual would
swim when feeding. Experimental trials were conducted
in seawater flow-through glass aquaria that measured
1.2-m long x 0.6-m high x 0.2-m wide (7 = 4). Shelter
was provided by a small plastic tube that was placed at
the base of a standpipe drain located 10 cm from the wall
of the aquarium. Nylon twine was attached around the
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exterior of the aquarium to delineate distance from
shelter at standard intervals (0, 10, 20, 40, 60 and
80 cm). Opaque black plastic was wrapped around each
tank to minimize the effects of observer presence on fish
behaviour. Approximately 5 min prior to each trial, the
flow of seawater into the tank was stopped to minimize
water flow in the tank.

For each trial, a single fish was introduced into the
aquarium and directed into the shelter. Fish were
allowed to acclimate within the shelter, and each
feeding trial began once a fish had emerged from
shelter and resumed ‘normal” swimming behaviour (i.e.
once the fish had moved > 10 cm away from shelter).
Unless feeding, fish never moved further than 15-20 cm
from shelter. To examine foraging risk, we added food
to the water column and measured the distance that an
individual travelled from shelter when feeding. In these
experimental trials, damselfish would typically remain
near shelter (within 5-12 cm) until food was detected.
Food detection was marked by a pause in routine
swimming behaviour and an alignment of the fish
towards the food in the water column. Feeding did not
always immediately follow detection, but eventually
fish swam directly towards the food, often pausing
halfway en route.

Delivery of food began at a distance of 80 cm away
from the shelter and subsequent additions of food were
delivered progressively closer to the shelter (i.e. at
distances of 60, 40, 20, 10 and 0 cm). Each addition of
food comprised 1 mL of homogenized fish flakes in
seawater delivered to the top of the water column with a
pipette. This amount of food took 20-30 s to sink to the
bottom of the aquarium. After 30 s, more food was added
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at the next closest distance to the shelter. Food additions
stopped once fish began feeding.

We used a multiple linear regression to analyse the
effects of initial size, feeding treatment, and growth rate
on the distance from shelter that individuals would travel
and feed. Including initial size as a covariate allowed us
to statistically control for the effects of initial size and
directly test the effects of growth rate on foraging risk of
damselfish.

Results

Estimation of growth form

Simulations suggested that the VBGE provided an accu-
rate description of individual growth for S. partitus with
as little as four observations, including initial size-at-
hatching (Fig. 2). Increasing the number of observations
per individual increased the precision of the VBGE
estimates. However, relatively few samples per individual
growth curve did not appear to bias the parameter
estimates substantially (Fig. 2).

Size, growth rate and selective mortality

Quadratic regression analyses of the relationship between
relative fitness and phenotypic values for both asymptotic
size (TLax) and deviations in growth rate (D) revealed
selection on both of these traits (Table la). Linear
selection on TL,,, Was positive at most sites, indicating
that individuals that were large as adults experienced
greater survival, on average. However, nonlinear selec-
tion coefficients for TL,,,x were negative, suggesting the
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Number of observations per individual growth curve

Fig. 2 Effect of the number of observations per individual growth curve on estimates of Von Bertalanffy growth parameters. For each replicate,
parameters describing an individual Von Bertalanffy growth curve were estimated by fitting a nonlinear least squares regression to simulated
size-at-age data. True parameter values were based on population means and are represented by the dashed lines (TL,.x = 7.15, k = 0.007,
random error SD for individual size-at-age = 2.5% of ‘true’ size-at-age). Boxplots summarize the distributions of parameter values generated

for each group (i.e. individual growth curves with four, six and ten observations). # = 1000 randomizations within each group.
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Table 1 Summary of selection analyses and population characteristics. (a) Phenotypic selection gradients for asymptotic size (TLyax) and
relative growth rate (Dy) at each of the four study populations. Sample size refers to number of individuals included in the analysis of selection.

(b) Ancillary data on mean population density and mean survival rates in each population over 8 years of demographic monitoring.

Study population

Normans Pond Reef

Windsock Reef

NW Barracuda Reef

SE Barracuda Reef

Sample size 89 66 32 87
(a) Phenotypic selection summaries Symbol Coef. SE P Coef. SE P Coef. SE P Coef. SE P
Linear selection gradients
TLmax P 0.251 0.052 6.41E-6 0.145 0.050 5.45E-3 -0.107 0.085 0.212 0.063 0.052 0.232
Dy Pa -0.198 0.052 2.34E-4 -0.012 0.072 0.869 -0.187 0.125 0.148 -0.166 0.055 3.35E-3
Quadratic selection gradients
TLimax 711 -0.131  0.071 0.067 -0.056 0.062 0.373 -0.315 0.162 0.054 -0.161 0.066 9.08E-3
Dy Yoo 0.183 0.070 0.010 0.224 0.106 0.039 -0.048 0.141 0.7356 0.009 0.072 0.894
Tlimax X Dk Y12 -0.125 0.057 0.032 0.085 0.049 0.483 -0.079 0.094 0.409 -0.084 0.057 0.141
(b) Population characteristics Mean SE Mean SE Mean SE Mean SE
Population density (m~2)
Juveniles 0.992 0.109 1.099 0.357 0.315 0.107 1.264 0.550
Adults 2.402 0.237 1.643 0.279 1.079 0.215 1.286 0.286
Monthly survival
Juveniles 0.734 0.058 0.709 0.042 0.772 0.045 0.695 0.097
Adults 0.924 0.006 0.899 0.009 0.912 0.019 0.859 0.019
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selective loss of individuals with extreme values of this
trait (Table la). Linear selection on D, was always
negative, indicating lower average survival for individuals
that grew fast as juveniles. However, positive nonlinear
selection coefficients suggest that relative survival was

the population mean value. Solid lines are
cubic spline smoothers + 2 SE (dashed lines).

high for some individuals with relatively fast or slow
growth rates. There was strong evidence of correlational
selection at only one site, Normans Pond Reef (Table 1a).

Visualization of selection surfaces with cubic spline
smoothers confirm overall patterns identified by
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quadratic regression. Selection on asymptotic size was
both directional and stabilizing at Normans Pond Reef,
mainly directional at Windsock Reef, mainly stabilizing at
NW Barracuda Reef, and possibly multimodal at SE
Barracuda Reet (Fig. 3). Selection on relative growth rate
was both directional and disruptive at Normans Pond
Reef, slightly disruptive at Windsock Reef, directional
and possibly bimodal at NW Barracuda Reef and direc-
tional at SE Barracuda Reef (Fig. 4). However, because of
the low sample size at NW Barracuda Reef, complexities
in the selection surface were estimated with considerable
uncertainty (Fig. 4).

The four study populations also varied in several
factors that may affect the presence and/or intensity of
selective mortality. Most notably, adult population den-
sity and juvenile survival varied appreciably among the
study populations (Table 1b) and were correlated with
the intensity of selection. Variation in the intensity of
selection among reefs was therefore examined with these
ecological factors in mind. At Norman’s Pond Reef, a
site characterized by high adult population density,
structurally complex habitat, and relatively high survival,
there was strong evidence for linear selection for large
asymptotic size and slower-than-average growth rate
(Table 1a). At Windsock Reef, a site that had medium
population density, but a low value for juvenile survival,
there was strong evidence only for linear selection for
larger asymptotic size (Table 1). At NW and SE Barracuda
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Fig. 5 Relationship between strength of selection on asymptotic
size and population density for the four study populations.

Reefs, two sites with low densities of adults, there was
little evidence of linear selection on asymptotic size, but
evidence for linear selection for slower-than-average
growth rate (Table la). In general, reefs with a greater
density of adults experienced stronger selection on
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asymptotic size (Table 1; Fig. 5), suggesting a mechanistic
link between population density and the magnitude of
linear selection on asymptotic size. Indeed, a similar
pattern was observed for correlations between body size
rank and lifespan. Correlation coefficients were negative
at all reefs, and increased in magnitude as population
density increased (NW Barracuda Reef: r=-0.088 =
0.190 SE; SE Barracuda Reef: r=-0.178 = 0.131 SE;
Windsock Reef: r = -0.294 + 0.122 SE; Normans Pond
Reef: r = —0.350 + 0.105 SE).

Emigration from study plots was low. Only 30 of 274
(10.95%) fish in our selection study left their focal plot
and all moved to nearby coral heads (mean migration
distance = 4.1 m). On average, emigrating fish tended to
be larger than those that stayed on their original plots
(ty72 = 2.21, P = 0.028), though moving to a nearby head
was often associated with an increase in size rank, i.e.
fish tended to move to coral heads with fewer con-
specifics larger than themselves. For those cases that
involved fish moving to another study plot (where all
fish were tagged and measured), rather than to a nearby
coral head (where we did not collect data on nontagged
individuals) 12 of 13 (92.31%) cases resulted in an
increase in size rank for the fish that moved. Overall,
emigrating fish tended to survive longer than nonemi-
grating fish (f,7, = 3.01, P = 0.003), consistent with the
results of our selection analysis indicating greater sur-
vival of large adults.

Selection on size-at-age

Interpretation of selection on TL,,,, and D, can be aided
by examining the degree to which each of these param-
eters influenced length-at-age. For S. partitus, this influ-
ence depended on age. Table 2 summarizes correlations
between growth parameters and size at various ages post
settlement (50, 100, 200, 500 and 700 days). Early in life,
length-at-age is uncorrelated with TL,,,,. However, most
individuals had approached TL,,, by about 500 days post
settlement, and size during the later phase of life was well
correlated with this parameter. In contrast, relative
growth rate (D) was strongly correlated with length-at-
age early, but not late in life (Table 2).

Because D, influences size-at-age early in life and
TLax influences size-at-age later in life, the pattern of
linear selection for large values of TL,,,, and small values
of D; may indicate an ontogenetic shift in the direction of
size-selective mortality. On average, this pattern was
observed. Selection differentials on size at 50 days were
negative at three of four reefs, indicating that larger
individuals experienced greater mortality early in life
(Fig. 6). However, the overall trend was for selection on
body size to become positive later in life, especially at
Normans Pond Reef, Windsock Reef, and to a lesser
extent, NW Barracuda Reef (Fig. 6). Overall, these results
suggest that as adults, large size was associated with
greater survival probability.

Table 2 Correlations between estimated growth parameters
of individuals and total length (TL) at different ages (expressed as
days after hatching).

Size-at-age (mm TL)

50 100 200 500 700
TLmax -0.02 0.42 0.83 0.98 1.00
Dy 0.95 0.82 0.45 -0.18 0.03

Juvenile growth rate and foraging risk

Juvenile fish housed in the laboratory exhibited a
wide range of growth rates [0.0018-0.0340 mm day™';
Coefficient of variation (CV) = 88%] during the 68-day
experiment. On average, fish in the high-ration treat-
ments grew faster. However, there was considerable
overlap in the distribution of growth rates for fish in the
high- and low-ration treatments. Food ration treatments
did not affect the distance away from shelter that
individuals would swim and feed (P = 0.93; Table 3).
However, both initial size and growth rate were posi-
tively associated with greater foraging distance (Table 3).

Discussion

By estimating growth parameters for each individual fish
and following the fate of these individuals throughout
their life on the reef, we found substantial net effects of
selection on both asymptotic size and relative growth
rate. Although previous studies of selective mortality of
teleost fishes have generally concluded that large fish
experience greater survival rates (review by Sogard,
1997), the results of this study highlight two sources of
variability in viability selection on body size. First,
patterns of selection on size and growth varied consid-
erably among the four populations studied. Second, at
least at some populations, the observed pattern of
selection corresponded to an ontogenetic reversal in the
direction of viability selection on size-at-age. Individuals
that survived longest tended have large asymptotic sizes,
but also tended to be those that grew relatively slowly,
especially during the juvenile phase. This pattern
appeared to be driven by greater mortality of fast-
growing juveniles followed by greater mortality of small
adults (cf. Fig 6).

The loss of fast-growing juveniles may be explained by
a correlation between growth rate and foraging risk (Sih
et al., 2004; Stamps, 2007). Juvenile S. partitus are vul-
nerable to many reef-associated predators and generally
remain close to shelter (Nemeth, 1998; Carr et al., 2002).
Bicolour damselfish are largely planktivorous, and
although individuals that forage farther away from
shelter may be rewarded with greater food availability
(particularly if there is competition for food), feeding
excursions away from protective habitat may incur a
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Table 3 Linear model analysis describing how foraging risk
(distance individual fish travelled from shelter and fed) was affected
by initial body size (TL), food ration (high vs. low) and growth rate
(mm day ™).

Coefficient SE t P
Initial body size 33.9 7.51 4.524 < 0.0001
Food ration —-0.843 9.51 —-0.089 0.93
Growth rate 1957.1 458.8 4.267 0.0002

greater risk of predation (reviews by Hixon, 1991;
Hobson, 1991). Results of the laboratory experiments in
this study indicated that, even after accounting for
greater boldness with increased body size, faster-growing
juveniles fed farther away from shelter. These results
may be because faster-growing fish are bolder and/or
better at detecting food at greater distances. Either way,
our laboratory results support the idea that faster growth
is correlated with greater risk of predation. However, it is
unclear whether boldness causes fast growth or fast
growth causes boldness. An earlier study with individual
S. partitus randomly assigned to high or low feeding
treatments demonstrated that after 6 days of feeding in
the laboratory, groups of high-ration fish were much
more aggressive after being returned to their natural
habitat (Johnson, 2008). Similar results have been
documented for other species of damselfish (Booth &
Beretta, 2004).

Greater mortality of small adults may be explained by
interference competition and size-dependent susceptibil-
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ity to predation. Indeed, our observations of negative
correlations between lifespan and relative body size
within groups suggest that within-group interactions
are important drivers of selective mortality. Adult S. par-
titus are aggressively territorial and groups on coral heads
often form size-dependent hierarchies where larger fish
chase and harass smaller fish with relative impunity
(Myrberg, 1972). Although predation is likely to be the
proximate agent of mortality for most reef fishes (Hixon,
1991), such competitive effects can have a strong
influence on susceptibility to predation (Carr et al.,
2002; Holbrook & Schmitt, 2002; Hixon & Jones, 2005).
Larger adults may also take the territories of smaller
adults (A. A. Myrberg, 1972; D. W. Johnson, personal
observation), possibly relegating small individuals to
inferior territories where risk of predation is higher
(e.g. because of territory location or reef structural
complexity; Holbrook & Schmitt, 2002). Larger adults
may also be less susceptible to gape-limited predators
(Stephens & Krebs, 1986), leading to greater probability
of survival. All three of these factors may act separately
or in combination, and it is likely that all contribute to
the observed pattern of selection for larger asymptotic
size.

This study also revealed considerable variation in the
patterns of selective mortality among populations.
Although the data we used to evaluate selective mortality
came from a long-term, large-scale demographic study
that was not designed to investigate selection per se, and
although there were only four populations to compare,
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some of the spatial variation in selective mortality may be
explained by variation in population density. Selection for
larger asymptotic size appeared to increase with greater
population density of adults. Because adult S. partitus form
size-dependent dominance hierarchies where large fish
harass small fish (but not vice versa; Myrberg, 1972), small
fish may be at a greater disadvantage when densities of
adults are high. In such situations, there would be a greater
number of large fish to harass small fish, thereby increas-
ing the susceptibility of smaller fish to predation (see
Persson et al., 1996; Carr et al., 2002, for other examples).
Indeed, within this study, the correlation between body-
size rank and lifespan was negative and greater in
magnitude for reefs with greater population densities,
suggesting that the consequences of size-dependent inter-
actions become more severe as the average number of fish
per plot increases. Selection on deviation in growth rate
exhibited less spatial variability than selection on asymp-
totic size. The only obvious difference among populations
was that there was little to no selection on deviation in
growth rate at one site (Windsock Reef). However, reasons
for this pattern are unclear.

Limitations of this study

Although this study estimated selection on size and
growth throughout the entire post-settlement lifespan of
individuals, there are two important limitations to the
approach used here. First, we were unable to reliably
describe growth form for individuals with less than three
measurements. Although the Von Bertalanffy growth
function describes size-at-age of S. partitus extremely
well, fitting the function to less than four data points
(including initial size) resulted in imprecise parameter
estimates (D. W. Johnson, unpublished data). In this
study, we only considered selective mortality of those
individuals that survived long enough to be measured at
least three times (approximately 100 days post settle-
ment and greater). Because many individuals died before
this point, we were unable to assess whether selective
mortality operated within the first few months post
settlement. Multiple studies of reetf fish have documented
that early life history traits (e.g. growth during the
planktonic larval phase, size at settlement) are positively
associated with greater survival during early post-settle-
ment life (Hare & Cowen, 1997; Searcy & Sponaugle,
2001; Shima & Findlay, 2002; McCormick & Hoey, 2004;
Raventos & Macpherson, 2005; Holmes & McCormick,
2006; Vigliola ef al, 2007). Selection on size- and
growth-related traits may also be strong during the larval
phase. Larvae of many marine fishes, including S. parti-
tus, experience high rates of mortality during the plank-
tonic phase (Houde, 1987). Although intense mortality
may provide considerable opportunity for selection,
selection during the larval phase has been difficult to
study for fishes (but see Urpanen et al., 2005; Robert
et al., 2007), and it is unclear whether patterns of

viability selection would be similar during larval and
post-settlement life. Additionally, selection on post-
settlement (rather than presettlement) growth remains
little studied (Gagliano et al, 2007). Investigating the
influence of growth on immediate, post-settlement mor-
tality would require much more frequent measurements
of individuals or the use of otolith measures to provide an
indirect, but continuous record of growth history
(Campana & Neilson, 1985).

A second limitation is that the method of estimating
growth parameters may have inflated the magnitude of
nonlinear (quadratic) selection gradients. Simulation
analyses demonstrated that although VBGE parameter
estimates were unbiased with as little as four measure-
ments per individual, the precision of parameter esti-
mates increased with the number of measurements.
Individuals with low fitness (short lifespans) had rela-
tively few measurements of size-at-age, and growth
parameter estimates based on a low number of post-
settlement measurements were more likely to generate
extreme values. In the selection analysis used here, the
quadratic terms reflect change in trait variances and
covariances (Lande & Arnold, 1983). Variance in a trait
can be reduced by the loss of individuals with extreme
phenotypes. However, in this study, the magnitude of
the quadratic terms may have also been increased by the
decrease in the variability of growth parameter estimates
associated with long life (and more measurements per
individual). Although the procedure used to estimate
growth may have biased quadratic selection terms, it is
unlikely that the bias varied systematically among sites.
Comparing nonlinear selection among sites may there-
fore be heuristically valuable, despite potential bias in the
absolute values.

Response to selection on growth form

Growth rate of bicolour damselfish is likely to be a
moderately heritable trait. Although the amount of
information is limited, heritability values for body length
in other species of fish average 0.30 (SD = 0.21 from 17
studies; reviewed by Law, 2000). Given moderate heri-
tability of growth and the observed rates of selection on
both components of growth, evolution towards larger
asymptotic size and slower-than-average growth rate is
expected. However, the predicted response to selection
on growth may be complicated by interdependencies in
growth, food availability and behaviour. In this study, a
measure of boldness — foraging risk — was positively
correlated with juvenile growth rate. However, a previ-
ous study (Johnson, 2008) found that feeding history had
a causal effect on another measure of boldness: intraspe-
cific aggression. If increased foraging risk is a consequence
of previous feeding experience, rather than a genetic
predisposition to risk-taking behaviour, then the associ-
ation between growth and foraging risk would be because
of a shared environmental factor, rather than a genetic
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one. In the former case, selection against increased
growth and increased foraging risk would operate on an
environmental source of phenotypic variation and would
not result in a genetic response (Price ef al., 1988; Merila
et al., 2001). In the latter case, selection would operate on
a genetic source of variation and a genetic response
would be expected. Future studies would benefit from
disentangling how selection affects both genetic and
environmental sources of variation in growth rate.

Assuming that selection on size and growth is at least
partially operating on an underlying genetic effect, the
response to selection may still be difficult to predict
because of ontogenetic variation in selection on size-at-
age. Body sizes at different ages are expected to be
genetically correlated traits, in part because genes that
promote large size tend to affect size throughout an
organism’s life (Cheverud et al.,, 1983). Genetic covari-
ances tend to be high between sizes at nearby ages and
relatively low between ages that are further apart
(Kirkpatrick & Lofsvold, 1992). Although we have no
measurements of the underlying genetic architecture for
size-at-age throughout post-settlement life in S. partitus,
it is likely that there is a moderate-to-high degree of
additive genetic covariance among sizes because traits as
distant as larval and adult size show appreciable genetic
covariance in other fishes (Munch et al., 2005). Because
of genetic covariance among body sizes and the opposite
patterns of selection on size-at-age for juveniles vs.
adults, genetic response of growth form may be mini-
mized. For example, at Norman’s Pond Reef, direct
selection on asymptotic size was strong (linear selection
gradient = 0.251), but the response to direct selection
may be countered by a correlated response to opposing
selection on relative growth rate (linear selection gradi-
ent = —0.198), a trait that was strongly correlated with
juvenile size.

The values of linear selection for larger asymptotic
size documented in this study are consistent with the
general pattern of selection for larger body size in many
organisms (Kingsolver & Pfenning, 2007). However,
both ontogenetic and spatial variation in viability
selection on body size may lead to a complex evolu-
tionary response to selection on body size. Although
previous studies of fish populations have documented
differences in the intensity of selection on body size at
different ages (e.g. Hendry et al, 2003; Carlson et al.,
2004; DiBattista ef al., 2009), the results of this study
suggest that different aspects of growth form (adult size
and early growth) may be subject to strong linear
selection in opposite directions. Understanding the
evolutionary response to such selection will require
measurement of the quantitative genetic parameters of
growth form [i.e. additive genetic (co)variances of body
size at different ages; Kirkpatrick et al,, 1990]. Particu-
larly needed are quantitative genetic estimates for size
and growth in wild populations of marine fishes (e.g.
Shikano, 2008; DiBattista et al., 2009). Because body
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size influences other ecologically important traits (e.g.
reproductive output and timing), evolutionary responses
to selection on body size may exert considerable
influence on the dynamics of populations. A more
detailed understanding of selection on size and growth
may therefore be very useful in informing management
and conservation, particularly for species like marine
fishes that are subject to both natural selection and
artificial selection via fishing mortality on body size
(Gardmark et al., 2003; Carlson et al., 2007).
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