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ABSTRACT: Sublethal effects of predators on the growth of their prey have been little studied in
marine systems and consequently their importance relative to other factors is poorly known. Using a
set of field experiments conducted on small artificial patch reefs, we measured the relative importance of the effects of predators and conspecific competitors on the growth of a temperate reef fish,
the blackeye goby Coryphopterus nicholsii, and we measured how the importance of the 2 processes
varied over time. We found that predators and competitors reduced the growth of the gobies at some
times, but not others, and that the relative importance of the 2 processes varied among time periods.
Moreover, the importance of the 2 processes varied as a function of body size, with large, fast-growing individuals suffering relatively more from the effects of predators than small, slow-growing individuals, which felt the effects of competition more keenly. Competition increased the variation (CV)
in growth rates within populations, but exposure to predators had no effect on growth variability. The
strength of both the competitive and predatory effects on growth rates declined from summer to winter, but the effect of competition on growth variability did not change appreciably over time. The
decline in the effects of competitors and predators on growth rates corresponded to predictable
seasonal declines in water temperature and predator abundance. The relative importance of the
sublethal effects of predators was greatest during the summer, when predators were most abundant.
This study highlights the potential importance of sublethal effects of predators in marine systems and
it suggests that the relative importance of predatory and competitive effects may vary in predictable
seasonal and ontogenetic ways.
KEY WORDS: Asymmetric competition · Predators · Sublethal effects · Growth · Relative importance ·
Reef fish · Coryphopterus nicholsii
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INTRODUCTION
In addition to the direct negative effect of predation
on prey population density, the mere presence of
predators may reduce the growth of individuals within
prey populations (e.g. Werner et al. 1983, Fraser &
Gilliam 1992, Nakaoka 2000). Such sublethal effects
can have important ramifications for population structure and dynamics (Werner & Gilliam 1984, McPeek &
Peckarsky 1998). For example, by influencing body
size, variation in growth rates can translate to variation in the rates of mortality, maturity, and fecundity
*E-mail: steele@uri.edu
© Inter-Research 2002 · www.int-res.com

(Werner & Gilliam 1984). Sublethal effects of predators
on growth of their prey are well known in freshwater
systems (e.g. Werner et al. 1983, Semlitsch 1987, Skelly
& Werner 1990, Fraser & Gilliam 1992, Peckarsky et al.
1993, Scrimgeour & Culp 1994), but they have seldom
been studied in marine systems (for rare examples,
see Connell 1998, Steele 1998, Nakaoka 2000). Consequently, the relative importance (sensu Welden &
Slauson 1986) of sublethal effects of predators in
marine systems is poorly known.
Here, we evaluate the importance of sublethal
effects of predators relative to those of conspecific
competitors, which are well known to influence the
growth rates of marine animals (e.g. Peterman 1984,

234

Mar Ecol Prog Ser 237: 233–245, 2002

Jones 1987, 1991, Levitan 1988, Stoner 1989). Since
population densities of predators and conspecifics typically vary in space and time (Krebs 1994), it is not
surprising that their effects do too (e.g. Dayton 1971,
Menge 1983, Fairweather et al. 1984, Bertness 1989,
Vincent et al. 1994). In particular, there can be strong
seasonal variation in the effects of predators and
competitors (e.g. Underwood 1984, Wissinger 1989,
Micheli 1997, Sano 1997, Beal et al. 2001), but how
such seasonal variation influences the relative importance of the 2 processes is poorly known. For example,
it is not known whether the 2 processes typically
covary, such that competition is intense when predatory effects are intense, or whether the intensity of
each process varies independently.
In this study, we use a reef fish to explore temporal
variation in the relative importance of the sublethal
effects of predators and conspecific competitors, and
we relate this to predictable seasonal changes. Reef
fishes have long been used as model organisms in ecological studies, yet the relative importance of the processes that affect them is still not well known and has
only recently received much attention (e.g. Forrester
1990, Hixon & Carr 1997, Steele 1997, Schmitt & Holbrook 1999, Schmitt et al. 1999, Shima 1999). Specifically, the relative importance of the sublethal effects of
predators and conspecific competitors in reef fishes is
almost completely unknown (but see Steele 1998), and
no effort has yet been made to determine whether the
relative importance of these 2 processes varies over
time. Here we test the hypothesis that the relative
importance of sublethal effects of predators and competitors varies with predictable seasonal changes in
the biotic and abiotic environment.

MATERIALS AND METHODS
Study system. We studied the blackeye goby
Coryphopterus nicholsii (family Gobiidae), a small
(<100 mm standard length [SL]) reef fish that is common along the Pacific coast of North America (Miller &
Lea 1976). This species lives in areas of mixed sand
and rock rubble, where it spends most of its time resting on the substrate. It forages for benthic invertebrates found in and on the substrate and also darts into
the water column to capture zooplankton. Blackeye
gobies seldom move more than about 0.5 m away from
rocky substrate because they use associated crevices
and excavated burrows to hide from predators. Juveniles settle from the plankton at sizes ranging from 15
to 25 mm SL (Steele & Forrester unpubl. data) and they
grow rapidly to reach sexual maturity within a few
months (Steele unpubl. data) at a size of about 45 to
50 mm SL (Wiley 1973, Cole 1983). Blackeye gobies

are protogynous hermaphrodites and, consequently,
most large adults are male, whereas smaller adults are
usually female (Cole 1983, Breitburg 1987). The species is territorial, but territories overlap, the greatest
overlap occuring between individuals that differ
considerably in size (Cole 1984). Small (< 25 mm SL),
recently settled juveniles are not territorial and are
ignored by larger, older individuals that maintain territories <1.0 m2 (Cole 1984, M. Steele pers. obs.). Social
organization and territory size is based upon dominance relationships that are determined largely by
body size (Cole 1982, Breitburg 1987).
We conducted our study at Santa Catalina Island
(33° 27’ N, 118° 29’ W), 35 km off the coast of southern
California. Here the main predator of the blackeye
goby is the kelp bass Paralabrax clathratus (family
Serranidae), but the barred sand bass P. nebulifer, an
important predator at coastal sites where it is abundant
(Wiley 1973), is also present in low numbers. The combined impact of these predators on survival of blackeye gobies is quite variable, with some studies finding
little or no effect of predators (Steele 1998, Forrester &
Steele 2000) and others finding large effects (Steele
1996, 1999, Forrester & Steele 2000).
Experiments. We explored the relative importance of
sublethal effects of predators and intraspecific competition on growth of blackeye gobies over 3 one-month
periods in 2 experiments that were identical in design.
The 3 periods spanned the summer and early winter
and so encompassed predictable seasonal changes in
water temperature and predator abundance (M. Steele
pers. obs.). We estimated variation in predator abundance among the 3 mo of the study by counting the
number of kelp and barred sand bass within 1 m of
each of the artificial reefs on which we established
populations of gobies. These counts provided a useful
index of predator abundance but they could not provide an accurate measure of predator density because
these predators are very mobile and tend to aggregate
to divers, thus inflating density estimates. The predator
counts were made 1 to 10 times during each month of
the study. We estimated seasonal changes in water
temperature from data obtained from the National
Oceanic and Atmospheric Administration’s National
Data Buoy Center from the automated Catalina
Ridge weather buoy (#46025; located at 33° 44’ 48” N,
119° 04’ 06” W), which records water temperature
hourly at 0.6 m depth. This buoy is located about 60 km
from our study site, so we do not expect the temperatures recorded there to be identical to those at our
study site, but they should reflect the seasonal trends
that we were interested in.
In our experiments, we manipulated concurrently
the density of blackeye gobies and the presence of
predators on a set of 16 artificial reefs in Big Fisherman
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Cove (see Steele 1997 for a map of the site). Half of the
reefs were exposed to predators and the other half
were not, and on each of the 2 sets of reefs the same
range of densities of gobies was stocked: 2 to 15
subadult and adult gobies (35 to 50 mm SL) per 1 m2
reef. These densities spanned and slightly exceeded
those encountered in nature for this size class of gobies. Exposure to predators was manipulated with
cages: reefs free of predators had cages around them
and reefs exposed to predators did not. A previous
study (Steele 1996) demonstrated that the cages used
in the present study have no unintended effects on
blackeye gobies. In particular, the cages do not
enhance the growth of blackeye gobies — an artifact
that could be mistaken for a sublethal effect of predators. The cages were 1 × 1 × 0.67 m high and constructed of 18 mm mesh, rigid, black, plastic netting on
PVC pipe frames. The mesh was large enough for the
gobies to pass through easily and they did so regularly.
Consequently, the gobies in the ‘predator-free’ treatment were sometimes exposed to predators, although
they seldom ventured far from the cages and they
could always retreat to them for safety.
We assigned individual gobies to treatments such
that the mean size and variation in size (coefficient of
variation, CV) of fish at the start of each experiment
did not vary systematically with conspecific density or
predator treatment (p > 0.30 for both main effects and
their interaction in analyses of covariance [ANCOVAs]
including the factor ‘predator treatment’ and the
covariate ‘conspecific density’). Furthermore, at the
end of the experiments the mean and CV of starting
sizes of gobies that had survived through each experiment did not differ among treatments (all p’s > 0.2 in
ANCOVAs as above) because predation, and mortality
from all sources, were independent of goby size during
each month of the study (p’s > 0.6 in KolmogorovSmirnov tests comparing the starting sizes of gobies
that died vs survived [restricted to reefs exposed to
predators for tests of size-selective predation] in each
month of the experiments).
The 16 experimental reefs were built in a rectangular grid pattern (8 × 2 reefs) on a sand plain with adjacent reefs separated by 10 m to discourage movement
of gobies among reefs. The reefs were constructed of a
standard size distribution of rocks (5 to 30 cm long)
translocated from a local reef. We injected a 1 × 2.5 mm
tag with a unique, 3 digit, alphanumeric code (visual
implant tag; Northwest Marine Technology, Shaw
Island, WA) under the skin of each fish. These tags
were visible through the skin of the fish and they
allowed us to (1) measure the growth of each fish by
simply measuring it at the beginning and the end of
each month-long period, and (2) detect migration
among reefs. Only 5 out of 184 gobies moved among
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reefs; these movements occurred with the first few
days of the start of the experiments and the migrants
then remained on the reef they had moved to. Therefore, we considered those 5 fish to be residents on the
reefs they moved to and included their growth in the
estimate of growth on those reefs.
Our 2 experiments were conducted in 1996: the first
(Expt 1) ran during July and August (32 d) and the second (Expt 2) during October to December. We divided
Expt 2 into 2 periods (roughly 1 mo each: 32 and 27 d,
respectively). At the end of each of the 3 one-month
periods, divers using handnets and the anesthetic
quinaldine captured each tagged goby and measured
it. At the end of the first month of Expt 2, after being
captured and measured underwater, the gobies from
each reef were allowed to recover from anesthesia for
10 to 20 min in a clear glass bottle (2 l) placed next to
their reef and then released back onto it. A month
later, those individuals still remaining (93% were still
present) were captured and measured again.
The 2 experiments differed slightly. During Expt 1,
the reefs were composed of fewer and smaller rocks
(64 vs 68 rocks, approximately 40 vs 60 l in total volume) and therefore they provided somewhat less shelter. Also in this experiment we used slightly smaller
gobies (35–45 vs 40–50 mm SL), which reflected the
field population at that time. The last important difference is that we protected the 8 predator-exposed reefs
in Expt 2 with cages for the first 24 h after the gobies
were stocked to protect them from predators while
they became familiar with the reefs, whereas the 8
predator-exposed reefs in Expt 1 were not protected
from predators at the start of that experiment. The gobies on these unprotected reefs suffered extensive (sizeindependent) mortality, most within the first 24 h of
that experiment (65% died within 24 h and 83% died
over the entire month), and consequently, the number
of replicates with surviving gobies (n = 3 instead of 8)
and the range of goby densities (1.0–6.6 vs 2.0–14.0
reef –1 d–1) were lower in the predator-exposed than the
predator-free treatment. Hence, our test for densitydependent growth on reefs exposed to predators in
Expt 1 was compromised.
In each month, the gobies on every reef were surveyed
visually on several occasions and we used these counts,
along with the numbers of gobies captured at the end of
each month, to calculate the time-averaged density on
each reef in each month. Linear interpolation was used
to estimate densities between censuses. Except on the
reefs exposed to predators in Expt 1, the density treatments were well maintained because there was no detectable predation during Expt 2 and mortality was slight
and density-independent (mortality = 13, 8.3, 8.7, 7.0,
7.7% on predator-free reefs in Expt 1, predator-free reefs
in the first month of Expt 2, predator-exposed reefs in the
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first month of Expt 2, predator-free reefs in the second
month of Expt 2, and predator-exposed reefs in the second month of Expt 2, respectively; Forrester & Steele
2000). Because some fish were lost from the reefs, the
time-averaged density estimates were more accurate
measures of the actual densities experienced by the
gobies than the densities stocked, so we used them in our
tests for density-dependent growth.
Statistical analyses. Treating reefs as replicates, we
used 4 response variables to explore the effects of
predators and competitors on growth of blackeye gobies. These variables were (1) mean growth, (2) variation in growth (coefficient of variation, CV), (3) minimum growth (growth of the slowest-growing fish on
each reef), and (4) maximum growth (growth of the
fastest-growing fish on each reef). We examined minimum and maximum growth to evaluate the symmetry
of effects of predators and competitors.
The experiments were designed to be analyzed with
analysis of covariance (ANCOVA), with ‘predator
treatment’ a categorical variable and ‘conspecific density’ the covariate. We used this approach for Expt 2,
but unfortunately, it was inappropriate for Expt 1 as it
was not possible to calculate a reliable estimate of the
strength of competition in the presence of predators
due to the low replication and range of densities on the
predator-exposed reefs. Therefore, we used a simple
linear regression to test for competition only on the 8
reefs free of predators in Expt 1. We tested for an effect
of predators during Expt 1 with a t-test comparing the
3 reefs exposed to predators to the 8 reefs protected
from them.
For Expt 2, we used ANCOVA with 2 categorical
variables, ‘predator treatment’ and ‘month’ (first or
second), and the continuous variable ‘conspecific density’. In cases where these analyses revealed that
either the effects of predators or conspecifics differed
between the 2 mo of the experiment (i.e. significant

interactions), we used separate ANCOVAs for each of
the 2 mo of the experiment to elucidate the cause of the
interactions. ANCOVA was also used to explore the
effects of body size on individual growth rates. This is
described in more detail in ‘Results’. In all ANCOVAs,
non-significant (p > 0.05) interactions between categorical factors and covariates, indicating homogeneity
of slopes, were eliminated from the statistical models
before testing the main effects and lower-level interactions (Wilkinson et al. 1992).
We measured the relative importance of the sublethal effects of predators and conspecific competitors
by comparing the magnitude of effects attributable to
each factor in each month-long experimental period.
This is described in detail in the next section. We compared the abundance of predators (kelp and barred
sand bass) among the 3 study months with the nonparametric Kruskal-Wallis test because the data were
not normally distributed. This analysis compared the
average number of bass seen near the reefs among the
3 mo of the study using the experimental reefs as replicates. We compared water temperature among the
3 mo of the study with one-way ANOVA, using each
hourly measurement as a replicate. For all parametric
tests, we visually evaluated the assumption of normality with normal-probability plots of residuals and
homoscedasticity with plots of residuals vs estimated
values. For categorical data, we further evaluated the
assumption of homoscedasticity with Cochran’s C-test.
There were no significant violations of the parametric
assumptions.

RESULTS
The effects of predators and competitors differed considerably among the 3 months of the study and among
response variables. In Expt 1, intraspecific competition

Table 1. Summary of tests for effects of competitors and predators on growth rates of blackeye gobies in Expt 1. Competition was
evaluated only on reefs protected from predators, using linear regression. Effects of predators were evaluated with t-tests comparing 8 reefs free of predators with 3 exposed to predators. Tests were made with 4 response variables: mean growth, minimum
growth (growth of the slowest growing fish on each reef), maximum growth (growth of the fastest growing fish on each reef), and
the coefficient of variation (CV) of growth. Each reef was a replicate. Two of the 3 reefs exposed to predators had only 1 goby on
them at the end of the experiment, so no meaningful estimate of the CV or test for influences of predators on it could be made
Mean growth

Minimum growth

Competition (linear regression; n = 8)
Slope
r2
p
Slope
–0.0078

0.72

Predation (t-test)
t
df
–3.42

9

Maximum growth

CV

r2

p

Slope

r2

p

Slope

r2

p

0.008

–0.0126

0.72

0.008

–0.0036

0.55

0.036

0.010

0.44

0.075

p

t

df

p

t

df

p

t

df

p

0.008

–2.41

9

0.039

–3.30

9

0.009

Insufficient data for test
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in the absence of predators caused mean, minimum,
and maximum growth to decline with density and
tended to cause variation in growth to increase with
density (Table 1, Figs. 1a & 2a,b). Competition appeared to be asymmetric, since minimum growth was
affected more strongly (i.e. steeper slope) by population
density than was maximum growth (Fig. 2a, Table 1).
We could not determine whether competition occurred
in the presence of predators in Expt 1 due to low replication and a limited range of densities. By comparing
the 3 predator-exposed reefs that had surviving gobies
at the end of the experiment to the 8 predator-free
reefs, we found that the presence of predators reduced
mean growth by 35%, minimum growth by 37%, and
maximum growth by 34% (Tables 1 & 2, Figs. 1a & 2a).
We could not determine whether predators influenced
growth variability (CV) during this experiment because
only one reef exposed to predators had more than one
fish remaining at the end, making it impossible to
calculate the error of the estimate of CV.
In Expt 2, the effects of predators and competitors
generally differed between the 2 months of the experiment. The main exception was that in both months,
predators had no effect on growth variability (CV),
whereas competitors did, causing variability to increase with population density (Tables 2 & 3, Fig. 2d,f).
The effects of predators and conspecifics on mean
growth differed between the 2 months, indicated by
significant ‘predator treatment × month’ and ‘conspecific density × month’ interactions (Table 3). These
interactions occurred because predators and competitors both had significant effects on growth in the first
month of Expt 2, but not in the second (Tables 2 & 3,
Fig. 1b,c).
The effects of predators on minimum and maximum
growth in Expt 2 generally mirrored those on mean
growth, with significant differences in the effects of
predators in the 2 mo (significant ‘predator treatment ×
month’ interactions for both: Table 3). For both of these
measures of growth, predators tended to slow growth
in the first month and have no effect in the second
month (Tables 2 & 3, Fig. 2c,e). Predators reduced
mean growth by 10%, minimum growth by 11%, and
maximum growth by 7% in the first month and caused
non-significant increases in growth of 8 to 16% in the
second month (Table 2, Fig. 3c,e).
In Expt 2, the effects of conspecific competitors differed between fast and slow growing gobies (i.e. minimum and maximum growth; Table 3, Fig. 2c, e), indicating that competition was asymmetric. Minimum
growth declined significantly with density in both
months of Expt 2 and the strength of competitive
effects on minimum growth did not differ between the
2 mo (i.e. non-significant ‘conspecific density × month’
interaction; Table 3, Fig. 3c,e). In contrast, the effects
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Fig. 1. Relationship between mean growth of blackeye gobies
and density of conspecifics on reefs free of predators and
reefs exposed to predators. Relationships are shown for 3 onemonth-long periods in 2 experiments. Solid lines indicate statistically significant relationships (Tables 1 & 3) and m is the
slope, pooled from both predator treatments in Expt 2 since
slopes did not differ between predator treatments. Each point
represents the mean growth rate of all individuals on one reef

of conspecific density on maximum growth differed
significantly between months, with no effect of population density in the first month and a positive effect in
the second month (Table 3, Fig. 3c,e). By some mechanism, high population densities enhanced growth of
the fastest growing fish. However, in neither month did
predators affect the strength of competition, i.e. there
were no ‘predator treatment × conspecific density’
interactions (Table 3, Figs. 1b,c & 2c,e). Moreover,

238

Mar Ecol Prog Ser 237: 233–245, 2002

Fig. 2. Relationships between minimum growth, maximum growth, and variability in growth (coefficient of variation, CV) and
density of conspecifics on reefs free of predators and exposed to predators. –P = predator-free reefs, +P = predator-exposed
reefs, min. = minimum growth, max. = maximum growth. For statistics, see Tables 1, 2 & 3. The slope, m, is pooled from both
predator treatments in Expt 2 since slopes did not differ between predator treatments (Table 3)

since there was no detectable predation during this
experiment (Forrester & Steele 2000), predators did not
reduce the intensity of competition by reducing population densities.

Growth of individual gobies was a complex function
of body size. Within each month-long period, large fish
generally grew more rapidly than smaller fish (Fig. 3).
Maximum growers were larger than minimum growers
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Table 2. Growth and variability in growth in the presence and absence of predators. +P = predators present, –P = predators
absent. Data are means and (1 SE); least squares adjusted means and pooled SE are shown for Expt 2. Significant differences
(Tables 1 & 3) are denoted by an asterisk
Mean growth
–P
+P

Minimum growth
–P
+P

Maximum growth
–P
+P

CV
–P

+P

Expt 1

0.284
(0.038)
n=3

*0.184*
(0.057)
n=8

0.248
(0.061)
n=3

*0.156*
(0.032)
n=8

0.316
(0.020)
n=3

*0.208*
(0.095)
n=8

0.228
–
n=1

0.118
(0.023)
n=8

Expt 2,
1st month

0.278
(0.004)
n=8

0.250*
(0.004)
n=8

0.231
(0.011)
n=8

0.206
(0.011)
n=8

0.316
(0.005)
n=8

0.293*
(0.005)
n=8

0.144
(0.028)
n=8

0.149
(0.028)
n=8

Expt 2,
2nd month

0.181
(0.011)
n=8

0.201
(0.011)
n=8

0.141
(0.013)
n=8

0.164
(0.013)
n=8

0.220
(0.013)
n=8

0.238
(0.013)
n=8

0.230
(0.025)
n=7

0.166
(0.025)
n=7

in both months of Expt 2, but not in Expt 1 (paired
t-tests, Expt 1: t = 0.65, df = 10, p = 0.5; first month of
Expt 2: t = –3.41, df = 15, p = 0.004; and second month
of Expt 2: t = –2.34, df = 15, and p = 0.03). The tendency
for individual growth to increase with body size, however, varied with population density, as indicated by
significant interactions between size and population
density in ANCOVAs (Table 4). The tendency for
larger fish to grow more rapidly than small fish was
stronger in high-density than in low-density populations (Fig. 4), supporting the idea that size-based dom-

inance hierarchies influenced growth rates in highdensity populations. Mean growth rates differed
among the 3 mo of the study, being relatively high and
similar in the first 2 mo (0.257 ± 0.019 and 0.264 ±
0.007 mm d–1 in months 1 and 2, respectively), and
lower in the third month (0.191 ± 0.008 mm d–1). The
slower growth of the gobies in the third month of the
study, however, cannot be explained entirely by differences in goby size among the 3 mo of the study. Even
though growth in this species does decline with size
over a wide range of size (Steele 1998) and gobies in

Table 3. Summary of results of analysis of covariance (ANCOVA) of Expt. 2 testing for effects of predators, conspecific density
(the covariate), experimental period (month: first or second), and interactions between these main effects on measures of growth
and growth variability (as in Table 1). Each reef was a replicate. Separate ANOVAs were calculated for each month of the experiment if there were significant interactions with ‘month’ in the overall analysis. In the second month, 2 reefs had only one goby
on them at the end of the experiment, so no meaningful estimate of the CV could be made for those replicates. *Non-significant
(p > 0.05) interactions with the covariate were sequentially eliminated from the models before testing main effects and lowerlevel interactions (Wilkinson et al. 1992). Significant effects are shown in bold. p-values are not reported for main effects involved
in interactions because these tests are meaningless (Underwood 1997). NA: not applicable
Source
df

Mean growth
F
p

Overall analyses of Expt 2
Predators (P)
1, 25
0.00
Conspecifics (C) 1, 25
5.32
Month (M)
1, 25 85.220
P×C
1, 25
0.21
C×M
1, 25
4.60
P×M
1, 25
8.23
P × C × M*
1, 24
0.23

NA
NA
NA
0.65
0.04
0.008
0.64

Minimum growth
df
F
p

Maximum growth
df
F
p

1, 27
1, 27
1, 27
1, 25
1, 26
1, 27
1, 24

0.01
NA
37.800 < 0.001<
38.520
NA
0.01
0.92
0.16
0.69
4.13
0.05
0.30
0.59

1, 26
1, 26
1, 26
1, 25
1, 26
1, 26
1, 24

0.07
7.12
40.1
0.08
7.21
4.46
0.14

NA
NA
NA
0.77
0.01
0.04
0.71

First month
Predators (P)
Conspecifics (C)
P × C*

1,13
1,13
1,12

20.44 < 0.001<
33.08 < 0.001<
< 0.01< 0.97

1,13
1,13
1,12

2.74
0.12
27.620 < 0.001<
0.10
0.76

1,13
1,13
1,12

10.530
0.00
0.83

0.006
0.98
0.38

Second month
Predators (P)
Conspecifics (C)
P × C*

1,13
1,13
1,12

1.45
< 0.01<
0.26

1,13
1,13
1,12

1.56
11.920
0.20

1,13
1,13
1,12

0.98
7.47
0.00

0.34
0.02
0.95

0.25
0.96
0.62

0.23
0.004
0.67

df

CV
F

p

1, 25
1, 25
1, 25
1, 23
1, 24
1, 25
1, 22

1.26
12.950
3.81
0.81
0.95
1.75
0.00

0.27
0.001
0.06
0.38
0.34
0.20
0.97
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Fig. 3. Relationships between the growth of individual gobies
and their length at the start of each month-long period. Narrow lines show linear fits to the data from each month and the
thick line shows the fit to all data pooled. For Expt 1,
r2 = 0.015, p = 0.40, and n = 48; for the first month of Expt 2,
r2 = 0.06, p = 0.03, and n = 83; and for the second month of
Expt 2, r2 = 0.19, p = 0.00007, and n = 76. For all data pooled,
r2 = 0.09, p = 0.00001, and n = 207. Fish from both predatorexposure treatments are pooled

the third month of the study were larger than in the
first and second months (52 ± 0.4 vs 44 ± 0.3 mm in the
second month and 38 ± 0.3 mm in first month), sizematched fish grew more slowly in the third month of
the study than in the second (Fig. 3). Growth of sizematched fish in the first and second months, however,
was similar (Fig. 3).
The magnitude of the negative effects of predators
and competitors on growth rates of blackeye gobies
declined across the 3 experimental periods (Figs. 1 & 2,
Table 5) and these changes corresponded to declines
in both water temperature and predator abundance.
Predator abundance declined significantly across the
3 periods from 0.90 (± 0.11) to 0.31 (± 0.15) to 0.09
(± 0.05) bass cage–1 (mean ± 1 SE; n = 16 in each case;
Kruskal-Wallis test: p < 0.001). Over the 3 mo, the average water temperature declined from 19.2 (± 0.04) to
16.3 (± 0.03) to 15.1 (± 0.03) °C (ANOVA: F2, 2220 = 4219,
p << 0.00001).
Although the effects of both predators and competitors on growth rates declined over the 3 mo of the
study, the changes did not covary perfectly and therefore the relative importance of the 2 processes differed
among the 3 mo of the study. Moreover, the relative
importance of the 2 processes differed among response
variables, suggesting that relative importance of the 2

factors varied among individual gobies. To judge the
relative importance of the 2 processes, their effects
must be measured in the same units, but the effects of
conspecifics were measured on a per capita basis (i.e.
per additional goby), whereas the effects of predators
were measured in aggregate. The effects of predators
in our study cannot be expressed on a per predator
basis because our estimate of predator abundance cannot be converted into a meaningful estimate of predator density. We therefore estimated the aggregate
effects of competitors to compare with the aggregate
effects of predators. Because the effect of intraspecific
competition will depend upon the density of the focal
population, for illustrative purposes, we calculated 2
estimates of the aggregate effects of competitors: the
maximum and the average effects. We calculated the
maximum effect as the difference between the predicted growth rate (or CV) at the maximum population
density found in nature, about 15 fish m–2, and at the
minimum density that a goby would encounter in

Table 4. ANCOVAs testing the effects of initial size (covariate), density of conspecifics (covariate), month (categorical),
and exposure to predators (categorical) on growth of individual blackeye gobies. (A) The analysis includes all 3 mo of the
study, but is restricted to reefs free of predators because it was
not possible to estimate accurately the effect of conspecific
density on reefs exposed to predators in Expt 1 (see ‘Materials
and methods’), and therefore exposure to predators could not
be included as a factor in the model. In (A) the factor ‘month’
had 3 levels, whereas in (B) it had only 2 levels. Other
conventions as in Table 3. NA: not applicable
Source

df

.F

p

(A) Expts 1 and 2 (predator-free reefs only)
Size (S)
1,116
1.52
Conspecifics (C)
1,116
42.66
Month (M)
2,116
33.90
S×C
1,116
33.91
S × M*
2,114
1.61
C × M*
2,112
0.30
S × C × M*
2,110
0.10

NA
NA
< 0.00001
< 0.00001
0.20
0.74
0.90

(B) Expt 2
Size (S)
Conspecifics (C)
Predators (P)
Month (M)
S×C
P×M
S × M*
S × P*
C × P*
C × M*
S × M × P*
S × C × P*
C × P × M*
S × C × M*
S × C × M × P*

NA
NA
NA
NA
< 0.00001
0.0003
0.20
0.32
0.67
0.80
0.43
0.85
0.70
0.84
0.24

1,152
1,152
1,152
1,152
1,152
1,152
1,151
1,150
1,149
1,148
1,147
1,146
1,145
1,144
1,143

0.54
29.70
0.24
101.32
27.30
13.80
1.69
0.98
0.18
0.06
0.63
0.03
0.15
0.04
1.41
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nature, 1 fish m–2 (i.e. one fish alone in a 1 m2 home
range). The average effect was calculated as the difference in the predicted growth rates or CV at the
minimum population density of 1 goby m–2 and at the
average population density found in nature, about 3
gobies m–2.
Comparing the maximum aggregate effects of competitors with the effects of predators on mean growth,
competitors and predators were about equally important in the first month of the study, competitors more
important than predators in the second month (even
though competition itself was weaker, i.e. a smaller
per capita effect of conspecifics), and neither factor
was important in the third month (Table 5). Examining
minimum growth, the maximum aggregate effects of
competition were always more important than those of
predators. In contrast, examining maximum growth,
the effects of predators were larger than the maximum aggregate effects of competitors in the first 2 mo
of the study, but not in the third month when ‘competitors’ had significant positive effects on maximum
growth.
Comparing average aggregate effects of competitors
with those of predators on mean, minimum, and maximum growth, predators were more important than
competitors in the first 2 mo of the study. In the third
month of the study neither predators nor competitors
were important in influencing mean growth, but competitors were more important in affecting minimum
and maximum growth than predators (which had no
significant effects). Competitors always had a stronger
effect on growth variability (CV) than predators did
since predators never significantly influenced this
response variable and competitors did. In general, the
negative effects of predators on growth rates were
greater than those of competitors for fast growing fish
(maximum growth), whereas the effects of competitors
were generally more important than those of predators
for slow growing fish (minimum growth). For all 3
growth rate response variables, the largest relative
effects of predators occurred during Expt 1, when
predators were most abundant.

Fig. 4. Interactive effects of size and population density on
individual growth of blackeye gobies (see Table 4 for statistics), presented for each month of the study. Population density was measured as the daily average per reef integrated
over each month. Each point represents growth of one fish
and fish from both predator-exposure treatments are pooled.
This pooling causes some extra scatter of points, but does not
confound the interpretation of the plots since the effect of
predators did not interact with those of size and density
(Table 4). For Expt 1, Expt 2, first month, and Expt 2, second
month, n = 48, 83, and 76, respectively
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behavior of prey in the presence of predators. One
common response of prey to predators is to reduce
We found that predators reduced the growth of
their rate of foraging (and movement in general) to
blackeye gobies during much of our study. Prey often
reduce their risk of being detected (reviewed in Lima &
grow more slowly in the presence of predators in other
Dill 1990). Blackeye gobies reduce their rate of foragsystems (e.g. Werner et al. 1983, Semlitsch 1987, Skelly
ing by 10-fold when predators are near them (Steele
& Werner 1990, Fraser & Gilliam 1992, Peckarsky et al.
1998) and this behavioral response probably caused
1993, Scrimgeour & Culp 1994), but few studies have
the reduced growth of individuals exposed to predaexplored this phenomenon in marine animals. The
tors in this study. Prey growth can also be reduced by
few published studies that have tested for predatorpredators by other mechanisms, e.g. by relocating forinduced reductions in growth of marine animals have
aging to safer microhabitats that contain less or poorer
found them (Connell 1998, Steele 1998, Nakaoka 2000,
quality food (Werner et al. 1983) or by nonlethal damthis study). Furthermore, marine animals are well
age caused by predators (Peterson & Quammen 1982).
known to alter their foraging behavior in response to
Neither of these mechanisms is likely in our study syspredators (e.g. Holbrook & Schmitt 1988, Irlandi &
tem because there was no alternative microhabitat
Peterson 1991, Micheli 1997, Steele 1998), so we susavailable to the gobies and, when detected by predapect that sublethal effects of predators on prey growth
tors, the gobies are either consumed whole or escape
may be widespread in marine systems. Certainly, such
without injury (M. Steele pers. obs.).
effects merit greater attention in marine systems than
Sublethal effects on prey growth may have importhey have received to date.
tant demographic consequences for prey populations
Typically, sublethal effects of predators on the
because of the functional relationships between size,
growth of their animal prey are caused by a shift in the
maturity and fecundity, and between size and risk of
mortality (Werner & Gilliam 1984, Heintz et
al. 2000). In fishes and many other organTable 5. Comparison of the relative magnitude of effects of predators and
isms, maturity and fecundity are directly
competitors on 4 estimates of growth and growth variability of blackeye
related to body size (Bagenal 1978, Wootgobies in each month of the study. Values are the change in daily growth
ton 1979, Peterson 1983, Werner & Gilliam
–1
rate (mm SL d ) (for mean, minimum, and maximum growth) or CV attrib1984, Jones 1987, Levitan 1989), and thereutable to each process. Aggregate effects are shown, i.e. without vs with
fore, the effects of predators on growth
predators, without competitors (1 goby m–2) vs with competitors. Two estimates of the effects of competitors are given: the ‘maximum effect’ is the
may ultimately reduce reproductive outdifference between growth of a solitary goby and one living at the
put. Also, in sex-changing species, like the
–2
maximum density in nature of 15 m ; and the ‘average effect’ is the differblackeye goby, effects on growth rates may
ence between growth of a solitary goby and one living at the average
further alter reproductive output by modipopulation density found in nature, 3 m–2. Statistically significant effects
(see Tables 1 & 3) are shown in bold
fying the sex ratio of the population. Additionally, effects on growth may alter rates
of mortality if it is a function of size. Most
Factor
Mean
Minimum
Maximum
CV
growth
growth
growth
predators are size selective, so size-related
mortality may be widespread (see e.g.
Expt 1:
review by Sogard 1997), but the issue of
Predators
–0.100
–0.092
–0.108
–0.110
size-related risk of predation is a complex
Competitors
–0.109
–0.176
–0.050
+ 0.140
one that has received inadequate attention
(maximum effect)
in natural settings (vs the laboratory). It is
Competitors
–0.016
–0.025
–0.007
+ 0.020
(average effect)
made complex by the fact that most prey
species are exposed to a wide variety of
Expt 2, first month:
predators that may show both positive and
Predators
–0.028
–0.025
–0.023
+ 0.005
negative size selectivity that will vary with
Competitors
–0.071
–0.157
–0.000
+ 0.154
(maximum effect)
their own size (Werner & Gilliam 1984). We
Competitors
have found no evidence that risk of preda(average effect)
–0.010
–0.022
–0.000
+ 0.022
tion changes with size in blackeye gobies,
Expt 2, second month:
either in the present study or other field
Predators
+ 0.020
+ 0.023
+ 0.018
–0.064
experiments (Steele 1995, Steele unpubl.).
Competitors
–0.001
–0.137
+ 0.111
+ 0.266
In addition to predatory effects, we also
(maximum effect)
found significant effects of intraspecific
Competitors
–0.000
–0.020
+ 0.016
+ 0.038
competition on growth of blackeye gobies
(average effect)
in our study. Effects of intraspecific compeDISCUSSION
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tition on growth are well known in reef fishes (e.g.
Doherty 1983, Jones 1987, Forrester 1990, Booth 1995,
Steele 1998) and are thought to be caused by both
exploitative and interference competition for food (Forrester 1990, Jones 1991), though social limitation of
growth in the absence of food limitation (e.g. Abbott &
Dill 1989) is also an untested possibility. Our findings
that small fish grew more slowly than large fish in
dense populations but not in sparse ones, and that the
negative effects of competition were greater for small
than large fish (Fig. 4), suggest that interference competition mediated via size-based dominance hierarchies (i.e. asymmetric competition) played an important role in generating the intraspecific competition
detected in this study. This notion is also supported by
the increasing variability (CV) of growth with population density (growth depensation sensu Magnuson
1962) and the demonstration that minimum growth in
populations was much more strongly affected by population density than maximum growth. Intriguingly, in
the final month of our study, large, fast-growing individuals actually benefited from enhanced population
densities, with their growth increasing with population
density, whereas small, slow-growing fish suffered
negatively density-dependent growth (Figs. 2 & 4).
This finding is also consistent with size-based dominance hierarchies, but the mechanism driving positive
effects of density on large fish is unknown. Dominance
hierarchies based on size and consequent individual
variation in effects of competition are common in fishes
(e.g. Magnuson 1962, Rubenstein 1981, Forrester
1991) and congruent with Cole (1984) and Breitburg’s
(1987) observations of size-based dominance hierarchies in blackeye gobies and with Steele’s (1995) finding that agonistic interactions increase disproportionately with population density in this species.
Many animals have social systems that generate
individual-level variation in the effects of competition
and by exploring only average effects, as is most commonly done, we may fail to grasp the actual consequences and importance of competition in nature
(Rubenstein 1981). For example, if we had only examined the effects of competition on average growth
rates, we would have failed to recognize that the relative importance of competition and sublethal effects of
predators depends on size, with predatory effects
being more important for large, fast-growing individuals than for small, slow-growing individuals. This finding is contrary to the widespread expectation that the
effects of predators should fall most heavily on small
individuals, which are thought face the highest risk of
predation (Sogard 1997). But as noted earlier, we have
found no evidence that risk of predation changes with
size in the blackeye goby. Nevertheless, the relative
importance of sublethal effects of predators and com-
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petitors did vary with size during the present study,
and hence, we reiterate the point that it will be
extremely important to incorporate size-based variation in the effects of competition and predation into
models of population and community dynamics
(Werner & Gilliam 1984).
Over the course of this study, the strength of competition declined. We suspect that this decline was
caused by seasonal changes in temperature and food
abundance. Declines in water temperature should
have caused the metabolic rates of the gobies to slow,
which lowers maximal growth rates and the amount of
food required to achieve them (Brett 1979). Because of
this effect of water temperature on metabolic rates,
food should have limited growth most strongly when
the water was warmest (July) and least when it was
coldest (November/December). Roughly equivalent
rates of growth in July and October/November, despite
significantly cooler water during the later period, may
have been driven by increased food availability in fall
(unfortunately we have no data on this). Average size
of the gobies increased across the 3 mo, but we think it
unlikely that this typical seasonal change can account
for the decline in the strength of competition over our
study, since the larger fish in last month of our study
should have had higher metabolic requirements than
smaller fish earlier. By that logic, competition should
have increased across the 3 mo, rather than decreased.
The magnitude of sublethal effects of predators on
growth also declined over the course of the study and
this mirrored predictable seasonal declines in predator
abundance and water temperature, and increases in
the average size of individual gobies. Presumably, as
the abundance of predators declined, the inhibitory
effects of predators on blackeye goby foraging should
have declined, resulting in a smaller predatory effect
on growth rates. The decline in predator abundance
from summer to winter is a normal occurrence at Santa
Catalina Island (M. Steele pers. obs.) and our impression is that it is caused by a redistribution from shallow
to deeper areas and not from an actual change in overall abundance of kelp and sand bass. The inhibitory
effect of predators on growth may also have declined
over the period of our study if the gobies were more
willing to forage in the presence of predators as they
grew larger over the course of the study. This might
have occurred if the gobies perceived their risk of predation to decline with increasing size. Although we
cannot rule out this possibility, and it may well be
important in other species, it seems unlikely in the
blackeye goby since we have found no evidence that
predation risk varies with size in this species (this
study, Steele 1995, Steele unpubl.). Finally, the magnitude of predatory effects on growth may have declined
over the course of the study because cooling water
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temperatures should have lowered proportion of time
that predator-caused reductions in foraging caused
food intake to drop below growth-limiting levels,
due to temperature-mediated declines in the rate of
metabolism.
Predictable seasonal variation in water temperature,
predator abundance, goby population size structure,
and food availability likely caused the magnitude of
predatory and competitive effects, and their relative
importance, to differ among the 3 mo of this study.
Such seasonal changes are the rule in most systems,
even tropical ones, though the range of variability will
be reduced in the tropics. Hence, we expect the relative importance of competition and predation to shift
continually in marine systems due to seasonal and
ontogenetic changes. Our results suggest that we may
be able to predict these shifts by measuring a few simple variables like water temperature, predator abundance, food abundance, and prey-population size
structure.
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