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Abstract Large animals are severely depleted in many
ecosystems, yet we are only beginning to understand the
ecological implications of their loss. To empirically mea-
sure the short-term effects of removing large animals from
an ocean ecosystem, we used exclosures to remove large
fish from a near-pristine coral reef at Palmyra Atoll, Central
Pacific Ocean. We identified a range of effects that followed
from the removal of these large fish. These effects were
revealed within weeks of their removal. Removing large
fish (1) altered the behavior of prey fish; (2) reduced rates
of herbivory on certain species of reef algae; (3) had both
direct positive (reduced mortality of coral recruits) and
indirect negative (through reduced grazing pressure on
competitive algae) impacts on recruiting corals; and (4)
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tended to decrease abundances of small mobile benthic
invertebrates. Results of this kind help advance our under-
standing of the ecological importance of large animals in
ecosystems.

Introduction

Human hunters and fishers often selectively target large
prey (Pauly et al. 1998; Bird et al. 2001; Jerozolimski and
Peres 2003; Myers and Worm 2005). Removing large
animals from ecosystems can have important short and
long-term ecological effects that can cascade across multi-
ple trophic levels (Baum and Worm 2009; Johnson 2009;
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Terborgh and Estes 2010). Removing large predators can
cause immediate change by decreasing mortality of prey
species, benefiting smaller competitors, or altering prey
behavior (Pace et al. 1999; Preisser et al. 2005; Heithaus
etal. 2008). Likewise, removing large herbivores and
omnivores can have immediate direct and indirect impacts
on their forage base and smaller-bodied competitors
(Berger et al. 2001; Pringle et al. 2007).

Research on the importance of large animals in terres-
trial ecosystems has been significantly advanced by studies
conducted in systems that retain moderately intact large
animal communities (e.g. Sinclair and Norton-Griffiths
1995; Terborgh et al. 2001). Following this model in the
oceans has been problematic because densities of large
marine animals were greatly reduced in many accessible
ocean ecosystems prior to the onset of most modern marine
ecological research (Dayton et al. 1998; Lotze et al. 2006).
Much of the literature on the ecological role of “large”
marine animals has been generated in ecosystems already
depleted of their large fauna (Jackson 1997). Conclusions
generated within these impacted baselines provide an
incomplete understanding of the importance of large
marine animals to ecosystems and the significance of their
loss.

In order to directly investigate the ecological impact of
removing large animals from a marine ecosystem, we used
exclosures to experimentally remove large animals from a
rare example of a near-pristine coral reef ecosystem at
remote Palmyra Atoll, in the central Pacific Ocean. Palmyra
has one of the highest documented biomasses of large coral
reef fish in the world (Stevenson et al. 2007; DeMartini
et al. 2008). We measured the effects of the removal of
large fish in this system on: (1) fish abundance and commu-
nity structure, (2) the behavior of prey fish, (3) algal com-
munities, (4) coral recruitment, and (5) mobile benthic reef
invertebrates. These five variables were chosen because
they involve processes that are fundamental to coral reef
community structure and function and because they operate
at spatial and temporal scales small enough to be meaning-
fully measured using the methods we selected. Results
from this work help us to better understand the ecological
implications of depletions of large fish and provide valu-
able information about how marine reserves and other man-
agement actions that successfully recover large fish stocks
may affect ecosystem properties.

Methods
Study site

Palmyra Atoll (5°52'N, 162°04'W), in the Northern Line
Islands, has been mostly uninhabited, save for a brief, but

@ Springer

intense, occupation by the US military during World War
II. Currently, the atoll is managed as a National Wildlife
Refuge by the US Fish and Wildlife Service where all fish-
ing is prohibited. We conducted our experiments on the
atoll’s northern forereef (exposed to open ocean), where
densities of large fish are particularly high (McCauley,
unpublished data).

Other large animals in the Palmyra forereef community
include sea turtles and marine mammals. However, their
abundances at Palmyra are low relative to the abundance of
large fish. Macro-invertebrate densities on Palmyra’s forer-
eef are so low as to be unmeasurable (Miller et al. 2008).
Given the dominance of large fish in this community, the
focus of this experiment was on the impact of their removal.

Exclosure experiment

Three experimental treatments were used to investigate the
ecological impacts of removing large fish from the fore-
reefs of Palmyra: (1) full exclosures (F) with 5 x 5cm
mesh, designed to reduce abundances of fish 10-25 cm
total length (TL) and completely exclude fish >25 cm TL;
(2) partial exclosures (P) (Fig. 1), constructed in the same
fashion but with six 75 x 75 cm holes cut in their sides to
allow both small and large fish to enter, and (3) completely
open plots (O). The partial exclosure treatments provided
an experimental control to compare against open treatments
and test for possible exclosure artefacts (e.g. shading,
reduced water flow).

Palmyra’s large coral reef fish encompass a variety of
feeding guilds including: piscivores, herbivores, coralli-
vores, non-coral invertivores, detritivores, and omnivores.
Exclosures removed fish >25 cm TL without regard to their
function. In this way, they mimicked the size-selective har-
vest strategies of many fisheries and matched size specific
depletion trends observed in this region (DeMartini et al.
2008).

Full and partial exclosures were constructed of durable
polyethylene construction fencing supported by a dome-
shaped PVC frame, anchored to the substrate using stain-
less steel posts. The basal diameter of these hemispherical
exclosures was 3.5 m and the maximum radial height was
I m. A 75-cm-wide flexible mesh skirt was sealed to the
substrate at the base of the exclosure using cable ties to pre-
vent unwanted incursions of large fish. Each treatment was
replicated four times, for a total of twelve experimental
plots. The experiment was installed at 13 m depth with
plots spaced 20 m apart. Treatment designations (F, P, or
O) were randomly determined. Fouling on exclosures was
minimal during the time course of the experiment. Spots of
minor growth, when observed on exclosures, were
removed. The experiment was installed in July 2007 and
removed in November 2007.
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Fig. 1 An example (a) partial exclosure. Responses of b fish biomass
and ¢ density to exclosure treatment (mean £ SE). Effects of treatment
on d fish recruit density from the three families with the highest rates
of recruitment (mean £ SE). All data is from SCUBA surveys. Aster-
isks mark the treatments that significantly differ from open treatments.

To directly test whether full or partial exclosures signifi-
cantly blocked light, we installed sensors (Onset Comput-
ers) that logged light level every 10s for 7 days at the
center point of three plots in each of the three treatments.
To test whether exclosures affected water flow, we placed
three dissolution blocks constructed of lab grade dental
plaster in the center of all experimental plots for 4 days.
The difference in dry mass of blocks before and after
deployment was used to approximate and compare rates of
flow (Bertness et al. 2002).

Fish communities

Fish were surveyed by two observers (taxa divided evenly
between observers) within each experimental plot using a
modified point count method (Samoilys and Carlos 2000).
For a period of 5 min, all fish inside the dome-shaped
boundaries of each treatment (boundaries of open plots
demarked to aid in visualization) were identified to species,
counted, and their length was estimated visually to the
nearest 5 cm. The first minute of each survey was con-
ducted with observers remaining 10 m from the plot under
observation to properly record easily intimidated species.
Fish surveys were conducted approximately weekly for a
total of 13 replicate observations for each plot.

Because large fish at Palmyra may be affected by the
presence of SCUBA divers, we used seafloor mounted
video cameras that filmed whole plots to supplement data
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Large fish were much reduced in full plots indicating that total exclo-
sures functioned properly. Removal of large fish from full exclosures
did not affect the biomass or density of fish <10 cm total length (7L),
but caused marginal, although non-significant, increases in the recruit-
ment of fish from families Scaridae and Acanthuridae

from SCUBA observations. Video cameras captured data in
a subset of the plots continuously for 30-90 min while
divers were not in the water. All recordings were made dur-
ing daylight hours for a total of 1,605 min of video. In the
video analysis, all fish >15 cm TL that entered plot bound-
aries were counted and their approximate size was esti-
mated in 5 cm increments based on reference points of
known size in the frame of view. All attempts were made to
count individual fish recorded on video only once: fish that
appeared in consecutive frames and uniquely marked fish
that reappeared during the same video survey were counted
one time only. To standardize these observations, the total
biomass of all fish observed in any given video was normal-
ized by the film time.

Given our experimental context, it is only meaningful to
test for the effects of large fish removal on small fish whose
home-ranges were wholly or partly enclosed by the exclo-
sures. Values from the literature and observation at Palmyra
suggest that fish <10 cm TL best meet this criterion (Madin
etal. in press; Kramer and Chapman 1999; McCauley,
unpublished data). Thus, when evaluating the response of
small fish communities to large fish removal, we only com-
pare the density, biomass, and species richness of commu-
nities of fish <10 cm TL. In these comparisons, we decided
a priori to remove data from the first four fish surveys to
eliminate the initial period when fish may have been adjust-
ing to the experiment. Changes in densities of fish recruits
in the experiment were calculated for families in which
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recruitment was high enough to be measurable (Acanthuri-
dae, Labridae, and Scaridae). We also compared commu-
nity composition of fish <10 cm TL, at the species level,
across treatments. Throughout fish biomass was estimated
using length—weight conversion factors obtained from Fish-
Base (Froese and Pauly 2009) or published literature.

SCUBA data was the only data source used to measure
the direct effects of removing large fish on <10 cm TL
small fish communities. SCUBA data was also used to
evaluate the general effects of partial and total treatments
on medium (10-25 cm TL) and large fish (>25 cm TL) and
to investigate causality for patterns of fish behavior. How-
ever, because video data likely provides a better way to
measure large fish abundance than SCUBA data, we used
video data to determine which large fish families were
removed from full exclosures and if and how specific fish
families may have been affected by the partial exclosure
treatments.

Fish behavior

To determine whether the behavior of small prey fish
changed with the removal of large predatory fish, we mea-
sured the foraging behavior of the abundant damselfish
Chromis margaritifer. This small-bodied (<9 cm TL) spe-
cies makes cautious foraging excursions from a benthic
refuge a short distance into the water column to feed on
plankton. When alarmed, C. margaritifer, like many reef
fish, reduces its hovering height in the water column or
dives directly into the protective reef structure. We
recorded the hovering height (straight line distance from
fish to nearest refuge in the reef) of a focal C. margaritifer
every 10 s for 5 min (as described in Madin et al. in press)
during daylight hours, with observers ~2.5 m from focal
fish. Individual C. margaritifer closest to the marked cen-
ter point of each plot were selected for observation.
C. margaritifer has been shown in a separate study in the
same reef system to move on average approximately 5 cm
from refuge when no immediate predator is present
(Madin et al. in press). The 3.5 m diameter and 1 m height
of the exclosures therefore represent 70 and 20 times,
respectively, longer distances than they would normally
venture from shelter. Although C. margaritifer appeared
generally unaffected by divers, observers waited 2 min
before taking data on a focal fish to allow them to become
accustomed to their presence. During each observation, we
estimated the total length of focal fish as well as the group
size of the conspecifics with which the focal fish associ-
ated. There were no significant differences for the total
length of focal fish or of their conspecific group size in the
different treatments.

Behavioral surveys began 1 month after the installation
of the experiment. The behavior of focal fish (F, N = 23; P,
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N=21; O, N=20) was monitored in six surveys evenly
spaced over the course of the experiment. Fish were not
marked to avoid negatively conditioning them to divers.
We cannot, therefore, rule out the possibility that data were
taken on the same individual more than once over the
course of the experiment.

Algal communities

The response of algal communities to the removal of large
fish was measured in three ways: (1) benthic algae commu-
nities were monitored using recruitment tiles, (2) herbivory
on macroalgae was measured using feeding assays, and (3)
abundance of locally dominant macroalgae Halimeda spp.
was measured using photographic sampling.

Algal community development was measured on
unglazed terracotta settlement tiles. Five 10 cm x 10 cm x
1 cm tiles were attached to the substrate in each experimen-
tal plot. Benthic algae on tiles were non-destructively sam-
pled at month one, two, and four of the experiment. Tiles
were collected and brought back to the lab where we photo-
graphed their top surfaces. During transport and analysis
tiles were stored without contacting one another in aerated
seawater tanks maintained at ambient reef temperature.
Tiles were returned in <24 h to their exact location and ori-
entation in the experiment. To estimate the percent cover of
benthic algae on tiles, we analyzed tile photographs using
the software CPCe (Kohler and Gill 2006). All algal spe-
cies on tile surfaces were pooled into two categories:
“CCA” (live and dead crustose coralline algae; mainly Por-
olithon onkodes, but also Paragoniolithon conicum, Neo-
goniolithon frutescens, N. rufum, and N. clavycymosum)
and “non-CCA” (mainly Lobophora spp. and Peyssonnelia
spp., but also green encrusting algae (e.g. Ulvella spp.),
filamentous algae, turf algae, and cyanobacteria). Statistical
analyses were conducted on the percent cover of CCA and
non-CCA at the end of the experiment (month four). These
same tiles were used to study rates of coral recruitment as
discussed below.

To determine how large fish removal affected rates of
herbivory on reef macroalgae, we measured feeding rates
on five species of erect green macroalgae in each treatment:
Halimeda opuntia, Halimeda taenicola, Caulerpa serru-
lata, Dictyosphaeria cavernosa, and Avrainvillea amadel-
pha. All of these species are found on the forereef in the
vicinity of the exclosure installation, although only calci-
fied H. taenicola and H. opuntia are common. Pieces of
each of the five species of algae were field collected,
trimmed to a consistent size (~7 cm lengths), and presented
in a random order to herbivores in feeding arrays (PVC
tubes with clothes pins) mounted to the substrate in each
experimental unit. To measure biomass change, each piece
of algae was blotted dry and weighed before and after being
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deployed. Pieces were left in the field for 2-3 days, contin-
gent on rates of consumption. Biomass change was mea-
sured as weight change per 24 h. The few pieces that were
completely missing from arrays were not included in bio-
mass comparisons given the possibility that they had been
removed by currents or pulled from pins by herbivores and
not entirely consumed. We do, however, report the frequen-
cies at which whole pieces of algae were removed. To
determine the identity of the herbivores consuming the
macroalgae in these arrays, we video recorded feeding
arrays at the conclusion of the experiment. We conducted
these video trials with four of the five macro-algal species
used in the exclosure experiment (Halimeda taenicola not
included because of its functional similarity to H. opuntia).
Videos of herbivores feeding on algae in these arrays ran
continuously for 90 min while divers were absent. Filming
was conducted during daylight hours for a total of
2,494 min of video.

To compare in situ changes in macro-algal abundance
between treatments, we photographed or took video of the
1 m? circular area at the center of each treatment before
experimental installation and at month three of the experi-
ment. Halimeda was the only genus of macroalgae at this
site that was abundant and conspicuous enough to be com-
pared using these images. Two species of Halimeda
(H. opuntia and H. taenicola) occurred at the experimental
site, but were pooled for analysis. The percent cover of
Halimeda spp. in each plot was measured from images
using the software Vidana (Hedley 2003).

Coral recruitment

Rates of coral recruitment were measured on the same tiles
used to monitor benthic algae. Data on coral recruitment
were gathered synchronously with benthic algal data col-
lection at months one, two, and four. Only the top surfaces
of tiles were reviewed in these surveys. At month one,
counts of recruits were made by fluorescing and counting
recruits using blue light (Baird et al. 2006) and conducting
random visual searches using a dissecting microscope.
Although the percentage of non-fluorescing coral recruits
can vary over time, most recruits at Palmyra consistently
fluoresce (Brumbaugh, personal observation). Blue light
counts and visual searches produced the same results in
month one, thus, only blue light fluorescence was used in
subsequent counts. The location of metamorphosed recruits
on each tile was mapped. These maps allowed us to record
numbers of newly settled recruits (i.e. those that had not
been present during prior counts) separately from the
total number of recruits on tiles (i.e. newly settled
recruits + surviving recruits from previous observations). A
subset of coral recruits on tiles were identified to be in fam-
ilies Poritidae and Pocilloporidae. However, the overall

difficulty of identifying recruits at this life stage prevented
us from conducting taxon specific analyses.

Benthic invertebrate density

The density of small mobile reef benthic invertebrates was
measured using artificial invertebrate collectors (Tuffy®
brand scrub pads) (Broitman et al. 2008). Five sterilized
collectors were affixed to the reef in each treatment at the
start of the experiment and removed at month three. The
small size of these collectors confined us to considering the
effects of our experimental treatments on small-bodied
(generally <2 cm) invertebrates only. Upon retrieval, col-
lectors were frozen and later washed onto a 150-pm sieve.
Invertebrates were separated from the filter, identified, and
counted. Only gastropods, bivalves, malacostracan crusta-
ceans, and ophiuroid echinoderms were included in this
analysis. Other invertebrates were either too rare or were
unidentifiable after freezing. Given low abundances, sam-
ples were pooled by class for analysis.

Statistical analysis

We employed a generalized linear mixed model (GLMM)
approach (Gelman and Hill 2006) to deal with violations of
statistical assumptions of normality and independence in
much of our experimental data. These violations rendered
more traditional approaches inapplicable (Bolker et al.
2009). In particular, count data (e.g. coral recruits per tile)
had non-normal error distributions, and data within treat-
ments were correlated.

Hierarchical linear mixed effects models (replicate plots
nested within treatments, individual plots as random
effects) were used to determine whether there were signifi-
cant differences between treatments for light level; water
flow; density of fish recruits; fish density, biomass, and spe-
cies richness; percent cover of the benthic algae on recruit-
ment tiles; and percent cover of the dominant macroalga
Halimeda. In instances where temporally replicated mea-
surements of a response variable were taken, an autoregres-
sive correlation structure was adopted. GLMM were used
to analyze coral recruit and benthic invertebrate data
assuming a Poisson distribution and a quasi-Poisson distri-
bution, respectively. We use the Laplacian approximation
for parameter estimation. The arl autoregressive structure
was employed throughout. When there was evidence for
overdispersion, we used Wald #-tests for hypothesis testing
and when there was no evidence for overdispersion we used
Wald Z tests (Bolker et al. 2009).

To account for the possibility of non-independence in the
fish behavior data, we conservatively pooled data on the
hovering height, total length, and group size of focal fish to
create averages for each experimental replicate and analyzed
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these using a one-way ANOVA and paired two-tailed
Welch’s r-tests; o values were adjusted using a Holm-Bon-
ferroni correction. Given the large home range size of
>15 cm TL fish, video data of these large fish were treated
independently and compared between partial exclosures and
open plots using two-tailed Welch’s t-tests or Wilcoxon’s
tests (when parametric assumptions could not be met).

To normalize data when necessary, transformations were
performed for flow data (log), certain >15 cm TL fish taxa
in video data (log(x + 1)), percent cover of benthic algae on
tiles (arcsine square root), change in percent cover of Hali-
meda spp. (arcsine), and herbivory data on algae A. amadel-
pha, C. serrulata, and H. fragilis (log(x + 1)). In most
instances, reports from statistical tests compare results from
full (F) and partial exclosure treatments (P) to open plots
(O) after the fashion: F vs. O, P=X; P vs. O, P=Y. Our
experimental design does not necessitate that comparisons
be made between full and partial treatments. All of the
above statistics were computed in R v. 2.7.0 (R Develop-
ment Core Team 2008), using packages lme4 (Bates and
Maechler 2009) and MASS (Venables and Ripley 2002).

The composition of <10 cm TL fish communities were
compared between treatments at the species level using
multivariate analysis conducted in PRIMER. Bray—Curtis
dissimilarity between communities in different treatments
was calculated on square-root transformed biomass data.
We conducted 2-way analyses (treatment and time) of simi-
larity (ANOSIM) to test if structure of fish assemblages
differed between treatments.

Results
Fish communities

Data from SCUBA surveys indicated that the total exclo-
sures effectively excluded large fish >25 cm TL (biomass F
vs. O, t=-3.28, P<0.01; density F vs. O, t=-5.13,
P <0.001; Fig. 1) and reduced the biomass (albeit non-sig-
nificantly), but not the density, of medium sized fish
10-25 cm TL (biomass: F vs. O, t = —2.0, P = 0.07; density: F
vs. O, t=—1.6, P=0.14). The composition of large fish
observed in open plots using video surveys, by inference,
also provides data on the identity and quantity of large fish
that were removed from the full exclosures. Corallivorous/
herbivorous parrotfish in the family Scaridae were the most
common large fish removed, accounting for 26.5% of the
biomass of excluded fish. They were followed by, in
decreasing order, fish in families Acanthuridae (20.6%, sur-
geonfish: herbivore, detritivore), Carcharhinidae (19.2%,
reef sharks: piscivore, invertivore), Labridae (10.8%,
wrasse: piscivore, invertivore), Serranidae (9.4%, grouper:
piscivore), Lutjanidae (5.3%, snapper: piscivore, inverti-
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vore), Mullidae (4.0%, goatfish: invertivore) Balistidae
(2.8%, triggerfish: invertivore), Carangidae (1.1%, jacks:
piscivore, invertivore), and Chaetodontidae (0.4%, but-
terflyfish: corallivore, invertivore). Results indicated that
exclosures did not significantly impede light passage (F vs.
0O, P=0.48; P vs. O, P=0.21), nor water flow (as inferred
using dissolution blocks; F vs. O, P=0.28; P vs. O,
P =0.15).

Results from SCUBA and video surveys provide differ-
ent viewpoints on how partial exclosures function relative
to open plots. SCUBA data indicated that the density and
biomass of 10-25 cm TL fish (biomass P vs. O, t = —0.42,
P =0.69; density P vs. O, r=—1.3, P=0.23; Fig. 1) and
>25 cm TL fish (biomass P vs. O, t= —1.2, P =0.25; den-
sity P vs. O, t=—0.8, P = 0.45) did not differ significantly
between open and partial treatments (Fig. 1). Video data,
which is likely to be a superior measure of the abundance of
wary large fish, suggested, however, that partial exclosures
reduced the abundance of certain functionally important
fish families. Video results indicated that fish >15 cm TL in
the families Scaridae (W =47, P = 0.05), Labridae (r = 4.8,
P <0.001), Serranidae (W=49, P=0.03), Mullidae
(t=3.2, P=0.02), Acanthuridae (r=2.3, P=0.04), and
Balistidae (W =47, P =0.04) were significantly less abun-
dant in partial exclosures than open plots. Members of fam-
ily Carcharhinidae were detected in open plots, but not
partial treatments. No differences were observed between
open and partial treatments for fish in families Lutjanidae
(t=-0.9, P =0.39), Carangidae (W=28.5, P=1.0), and
Chaetodontidae (W =37, P=0.22). Lethrinids were
detected in partial plots, but not open treatments. Because
video observed abundances of large fish from multiple
important feeding guilds in partial exclosures appeared to
be roughly intermediate between open plots and full exclo-
sures, we revised our expectation that results in partial
exclosures should match open plots.

The removal of large fish had no significant impact on
the density (F vs. O, r=-0.79, P=045; P vs. O,
t=—-0.34,P=0.74), biomass (Fvs. O, r=0.68, P=0.51; P
vs. O, t=-0.37, P=0.72), species richness (F vs. O,
t=—1.44, P=0.18; P vs. O, r=—1.50 P =0.17), or com-
munity composition (global R = —0.04, P =0.81; F vs. O,
R=0.02 P=034; P vs. O, R=-0.04, P=0.75) of
<10 cm TL fish (the size class that had free access to all
experimental plots, Fig. 1).

Rates of fish recruitment were low throughout the exper-
iment. Recruitment was only measurable for fish in families
Acanthuridae, Labridae, and Scaridae (Fig. 1). Density of
recruits was noticeably higher inside full exclosures than
other treatments for Scarid recruits, but none of the differ-
ences for these three families were statistically significant
(Scaridae: F vs. O, t=1.46, P=0.18; P vs. O, t=0.41,
P =0.69; Acanthuridae: Fvs. O, t=0.97, P =0.36; P vs. O,
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t=0.05, P =0.96; Labridae: Fvs. O, t = —0.09, P =0.93; P
vs. O, 1= -0.95, P=0.37; Fig. 1).

Fish behavior

Small prey fish C. margaritifer ventured on average the fur-
thest from safe refuge in full exclosures (Fig. 2; F vs. O,
t=6.31, P<0.001). Average distances traveled from ref-
uge in partial exclosures were intermediate to values
recorded in full exclosures and open plots (P vs. O, r = 2.91,
P =0.02; post-corrected o =0.025). Regressions of mean
biomass of predatory fish observed in SCUBA counts in
each plot vs. mean hovering height of C. margaritifer in
each plot demonstrated a significant negative relationship
(¥ =0.4; P=0.03).

Algal communities

Analyses of recruitment tiles indicated that there were no
significant differences in the percent cover change of CCA
growing on tiles between treatments (F vs. O, = —0.80,
P=0.45; P vs. O, t=—-0.46, P =0.66). However, the per-
cent cover of non-CCA algal groups was significantly
higher in full exclosures where large fish had been excluded
compared to open plots (F vs. O, r=2.57 P=0.03; P vs. O,
t=0.99 P =0.35) (Fig. 3).

Grazing assays indicated that herbivory on the macro-
alga A. amadelpha (F vs. O, t=-3.4, P<0.01; P vs. O,
t=—1.3, P=0.22) and D. cavernosa (F vs. O, t=2.02,
P=0.07; P vs. O, r=1.36, P =0.21) were significantly and
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Fig. 2 Distance that the small planktivorous fish Chromis margaritif-
er hovered above refuge points (mean £ SE). Asterisks mark the treat-
ments that significantly differ from open treatments. These prey fish
foraged the farthest from safety in full exclosures where large preda-
tors had been removed
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Fig. 3 Percent cover of benthic algae on recruitment tiles at the end
of the experiment (mean & SE). CCA: live/dead crustose coralline al-
gae; non-CCA: all other benthic growth (excluding corals). Asterisks
mark the treatments that significantly differ from open treatments. The
percent cover of non-CCA was significantly higher in full exclosures

than in open plots, but no differences were evident between treatments
for better defended CCA

near-significantly higher, respectively, in open plots where
large fish had access to algae relative to the full exclosures
(Fig. 4). There was considerably less grazing on the other
macroalgae C. serrulata, H. taenicola, and H. fragilis. Bio-
mass change of these three algae was not significantly
different between treatments. Rates of removal of whole
pieces of algae were generally quite low—the mean rate for
the complete loss of a piece of algae across the five taxa
was 3.6% (£1.4% SE). Rates of whole piece removal were
highest in open plots for D. cavernosa and H. taenicola;
and highest but tied between open plots and partial exclo-
sures for A. amadelpha and C. serrulata. No pieces were
lost for H. fragilis. In video observations of macro-algal
herbivory assays, only fish were observed to feed on the
algae. While video only provides insight into diurnal pat-
terns of herbivory, the near-absence of key nocturnal herbi-
vores (i.e. urchins) and the correspondence of patterns of
algal biomass loss with video herbivory data, suggest that it
is reasonable to conclude that diurnal fish are the major
consumers of macroalgae on Palmyra’s reefs. The two mac-
roalgae that lost biomass outside of the full exclosure treat-
ments (A. amadelpha and D. cavernosa) were observed in
the video to have been consumed by fish from families
Scaridae, Acanthuridae, and Pomacentride. Ninety-five per-
cent of the bites from fish >15 cm TL (those that removed
the largest biomass of algae) on A. amadelpha were deliv-
ered by parrotfish Calotomus carolinus, but herbivory was
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Fig. 4 Differences in herbivory on macroalgae (a) Avrainvillea ama-
delpha, (b) Dictyosphaeria cavernosa, (c) Caulerpa serrulata,

(d) Halimeda taenicola, and (e) Halimeda opuntia (mean grams con-
sumed day~! & SE). Asterisks mark treatments that significantly differ
from open treatments. Herbivory on A. amadelpha and D. cavernosa
was significantly and near-significantly, respectively, reduced in full
exclosures where large herbivorous fish were excluded (relative to
open treatments)

also observed by surgeonfish Acanthurus nigricauda and
Naso lituratus. Herbivory by >15 cm TL fish on D. cavern-
osa was more evenly distributed among species and caused
by (in decreasing order of number of bites) parrotfish
Scarus altipinnis and the four surgeonfish A. nigricauda,
N. lituratus, Ctenochaetus marginatus, and Ctenochaetus
striatus; although the latter two species appeared primarily
to feed on macroalgae epiphytes or surface biofilms.

Images of the benthos in each of the experimental plots
indicated that over the course of this experiment, the mean
percent cover of dominant macroalgae Halimeda spp.
declined in open plots where large fish had free access
(—8.0%) and marginally increased in partial (1.5%) and full
large fish exclosures (1.4%) (F vs. O, t=2.56, P =0.03; P
vs. O, t =2.40, P = 0.04).

Coral recruitment

Patterns in the abundance of metamorphosed recruits on
tiles between treatments changed over the course of the
experiment. The total number of recruits was highest in
total exclosures at month one (F vs. O, Z=3.34, P < 0.001;
P vs. O, Z=1.64, P=0.10) and month two (F vs. O,
Z=2.14, P<0.03; P vs. O, Z=1.52, P =0.13); but there
were no significant differences in the final review at month
four (F vs. O, Z=0.94, P=0.35; P vs. O, Z=1.22,
P =0.22; Fig. 5). When analyzed on their own, the abun-
dance of newly settled recruits showed a similar pattern.

@ Springer

Total metamorphosed coral recruits

Mean # coral recruits per tile
2
|

Month

Fig.5 Total abundance of metamorphosed coral recruits (new
settlers + surviving recruits) on tiles (mean/tile £ SE). Asterisks mark
the treatments that significantly differ from open treatments. In month
one and two, rates of recruitment were significantly higher inside full
exclosures where recruits were protected from large herbivorous fish,
but this difference diminished by month four

The average number of newly settled recruits was highest
in total exclosures at month one (F vs. O, Z=3.62,
P <0.001; P vs. O, Z=2.0, P =0.04), but there were no
significant differences between treatments in month two (F
vs. O, Z=0.69, P=0.49; P vs. O, Z=0.04, P=0.97) and
month four (F vs. O, Z=0.08, P=0.94; P vs. O, Z=0.92,
P =0.36).

Benthic invertebrate density

Mean numbers of benthic invertebrates (pooled by class)
were higher in open plots and partial exclosures than full
exclosures (mean &= SE: O=32.14+3.1; P=29.1 +£3.8;
F =23.6 &+ 2.4) but these differences were not statistically
significant (F vs. O, t=—-2, P=0.08; P vs. O, r=—1,
P =0.53). The overall rarity of these invertebrates pre-
vented robust analyses from being conducted with individ-
ual classes, although trends at the class level qualitatively
mirrored trends observed when classes were pooled.

Discussion

Large fish exclosures, mimicking size-selective removal of
consumers through fishing, caused a suite of rapid changes
to occur in a coral reef community. In particular, the short-
term removal of large fish altered the behavior of a small
prey fish, but not the abundance, diversity, or community
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composition of small fish (<10 cm TL); reduced rates of
herbivory on certain macroalgae; appeared to facilitate the
growth of less preferred benthic algae; had direct positive
and indirect negative effects on recruiting corals; and
tended to decrease abundances of mobile reef invertebrates,
albeit non-significantly. As with all carefully designed
exclosure experiments, we have endeavored to separate out
the effects of large fish removal on response variables from
the potential effects of experimental artefacts. Our direct
measurements of light level and flow indicate that there
were no significant differences for these two potentially
important artefacts. Nevertheless, this lack of significant
differences does not provide definitive proof of the negligi-
ble effects of exclosure artefacts. Below we discuss the
changes that we observed in this experiment, offer our best
interpretations of the mechanisms that caused these
changes, and consider interactions between multiple
response variables.

Fish communities

The removal of large fish had no effect on the density, bio-
mass, diversity, or composition of <10 cm TL small fish
communities (Fig. 1). This lack of response contrasts with
the findings of exclosure experiments which have demon-
strated that removing large fish (particularly predators) reg-
ulates small fish recruitment, mortality, density, and
relative abundance (Hixon and Carr 1997; Levin et al.
1997; Ceccarelli et al. 2006; Hughes et al. 2007). It is diffi-
cult to predict if such effects would also have been observed
at Palmyra if it would have been possible to run this experi-
ment for a longer period of time. Trends toward increasing
abundance of Scarid recruits at the end of the experiment,
although statistically non-significant, suggest a possible
mechanism by which long-term differences in small fish
abundance might arise.

Fish behavior

Although there were no measurable numerical effects of
large fish removal on small fish abundance or diversity, we
observed substantial non-lethal effects on the behavior of
small prey fish. The planktivorous damselfish C. margari-
tifer foraged further from refuges in full exclosures where
large fish were absent than in open plots where they were
abundant (Fig. 2). This change in behavior is most likely
the result of the removal of large piscivorous fish from
these full exclosures. Small fish become exposed to increas-
ing risk of predation as they venture further from refuge,
but stand to benefit from increased access to food resources
by foraging over a larger area. C. margaritifer in full exclo-
sures appear to have perceived the removal of large preda-
tors and hence adopted a more optimal behavior pattern.

Average distances traveled from points of refuge by
C. margaritifer were greater in partial exclosures than open
plots, but still significantly less than full exclosures. These
graded differences most likely arose as a result of the vari-
able effectiveness of the different treatments to exclude cer-
tain families of large predatory fish, as evidenced by video
surveys (e.g. partial cages reduced abundance of certain
predators to intermediate levels yielding an intermediate
behavioral response by C. margaritifer). If, conversely, the
behavioral changes we observed for this species arose sim-
ply as a result of its response to the physical structure of the
exclosures, the expected outcome would have been to
observe similar hovering heights for the full and partial
exclosures, with decreased heights only in the open treat-
ment. This was not the observed pattern. Our interpretation
that these prey fish were responding to the removal of large
predators is reinforced by the significant negative relation-
ship observed between mean biomass of predatory fish and
mean hovering height of C. margaritifer.

Interestingly, hovering heights observed for C. margari-
tifer in full exclosures, partial exclosures, and open plots
approximately match field measured hovering distances
recorded by Madin et al. (in press) in three Line Island atolls
(including Palmyra) positioned along a fishing gradient with
low, medium, and high densities of predatory fish, respec-
tively. The results we observed in this experiment also qual-
itatively agree with studies of the behavioral effects of
predatory fish on a range of taxa (Werner et al. 1983; Helf-
man 1989; Heithaus and Dill 2002; Stallings 2008).

Algal communities

We observed that the percent cover of crustose coralline
algae (CCA) did not differ between treatments, but that
non-CCA increased in full exclosures (Fig. 3). We hypothe-
size that this increase in non-CCA is the result of the
removal of large herbivorous fish. The enhanced structural
defenses of CCA generally make them more resistant to
large fish grazing (Steneck 1986). Increases in the abun-
dance of non-CCA following reductions in large grazers
have been observed in numerous studies conducted in other
tropical and temperate systems around the world (Burkepile
and Hay 2006; Hughes et al. 2007; Albert et al. 2008).

In like fashion, our macroalgae feeding assays demon-
strated that the removal of large fish affects some, but not
all species of macroalgae (Fig.4). A. amadelpha and
D. cavernosa exhibited the largest reductions in biomass when
exposed to large herbivorous fish in open plots. A. amadel-
pha and D. cavernosa may be relatively less well defended
against herbivory (although likely not undefended; Meyer
et al. 1994) or more preferred by grazers (Lewis 1985) at
this site than the three species of macroalgae used in this
study that did not respond to exposure to large herbivores
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(Paul and Van Alstyne 1992; Erickson et al. 2006). The
total removal of pieces of macroalgae, while relatively a
rare occurrence, tended to be highest in treatments where
large herbivores had access. Video data demonstrated that
large fish, particularly parrotfish and surgeonfish, are the
major herbivores of macroalgae at Palmyra.

Analysis of percent change in Halimeda spp. over the
course of the experiment (from before/after images) indi-
cated that even though Halimeda spp. were not heavily
grazed by large herbivorous fish in open plots during the
2-3 day assays, subtle changes in their abundance did
accrue, most likely as the result of prolonged exposure to
large herbivorous fish.

The percent cover of non-CCA benthic algae, herbiv-
ory of preferred macroalgae species, and percent cover of
Halimeda spp. in partial exclosures were intermediate to
values recorded in full exclosures and open plots. This
pattern is best explained by the fact that the abundance of
certain large herbivorous families (e.g. Acanthuridae,
Scaridae) was reduced in partial exclosures relative to
open plots.

Coral recruitment

In the first month of the experiment, the highest mean
number of metamorphosed coral recruits and mean num-
ber of new coral recruits were found in full exclosures
(Fig. 5). These differences between treatments disap-
peared by the end of the experiment. Coral recruits com-
pete with some algal species for space and light but are
facilitated by the presence of other algal species. Certain
species of CCA have been described to facilitate certain
species of coral recruits, while non-CCA are more often
considered to be recruitment inhibitors (Harrington et al.
2004; Arnold et al. 2010). We suggest that the high densi-
ties of coral recruits observed in full exclosures during the
first month of the experiment resulted because there was
ample bare tile space early on, competition from non-
CCA was low, and recruits profited from the protection
the full exclosures provided from large benthic feeding
fish (e.g. Scaridae; Bak and Engel 1979; Mumby 2009).
But, as time progressed, growth of potential coral inhibit-
ing non-CCA increased in full exclosures (also a result of
the removal of large benthic feeding fish) and may have
overrode the early positive effects of the exclosures on
coral recruits.

Benthic invertebrates
The mean number of benthic invertebrates found in inverte-
brate collectors (pooled Gastropoda, Bivalvia, Malacost-

raca, and Ophiuroidea) was lowest inside the total
exclosures. This difference, however, was non-significant,
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perhaps owing to low sample sizes and high data variance.
These putative decreases in invertebrates observed inside
exclosures may have resulted from increased feeding
efficiency of small invertebrate predators (e.g. Labridae)
following the removal of large piscivores. Like the small
planktivorous C. margaritifer, small invertivores may have
undergone behavioral shifts in the absence of predators that
allow them to forage more effectively. This would suggest
that even though abundances of small fish were not altered
by large fish removal, changes in their behavior may cause
ecological change.

Conclusions

Our observations at Palmyra demonstrate that the removal
of large animals from near-pristine ecosystems where they
are still abundant has direct and indirect effects on coral
reef communities, even at small spatial and temporal scales.
The variety of responses that we recorded and the rapidity
(within weeks) at which these shifts took place suggest that
the large reef fish may play an important ecological role in
reefs and that their removal can cause immediate change.
Additional empirical observation and longer term experi-
ments are needed to understand how ecological change may
advance when large fish are removed for more prolonged
periods of times.

Pushing forward this kind of science is imperative: large
animals have been and continue to be reduced in abundance
and size by humans at alarming rates, both on land and in
aquatic environments. By endeavoring to describe and
quantify the effects of large faunal depletions, we will
increase our understanding of how intact ecosystems func-
tion and can soberly evaluate the baselines we are and are
not managing for.
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