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Abstract Several infaunal bivalve taxa show patterns of
decreased biomass in areas with higher densities of
adjacent reef-associated predators (the snapper, Pagrus
auratus and rock lobster, Jasus edwardsii). A caging
experiment was used to test the hypothesis that patterns
observed were caused by predation, using plots seeded
with a known initial density of the bivalve Dosinia su-
brosea to estimate survivorship. The caging experiment
was replicated at several sites inside and outside two
highly protected marine reserves: predators are signifi-
cantly more abundant inside these reserves. Survivorship
in fully caged, partially caged and open plots were then
compared at sites having either low (non reserve) or high
(reserve) predator density. The highest rates of survi-
vorship of the bivalve were found in caged plots inside
reserves and in all treatments outside reserves. However,
inside reserves, open and partially caged treatments
exhibited low survivorship. It was possible to specifically
attribute much of this mortality to predation by large
rock lobsters, due to distinctive marks on the valves of
dead D. subrosea. This suggests that predation by large

Electronic Supplementary Material Supplementary material is
available for this article at http://dx.doi.org/10.1007/s00442-005-
0148-7

Communicated by Roland Brandl

T. J. Langlois (IX)

Leigh Marine Laboratory, University of Auckland,
PO Box 349, Warkworth, New Zealand

E-mail: timothy.langlois@gmail.com

Tel.: +64-9-4226111

Fax: +64-9-4226113

M. J. Anderson
Department of Statistics, University of Auckland,
Private Bag, 92019, Auckland, New Zealand

R. C. Babcock
CSIRO Marine Research Floreat, Private Bag No. 5,
Wembley, 6913 WA Australia

S. Kato
Jinbe-kan, 540-9 Kakinouchi, Iburi,
Tosashimizu, Kochi, Japan

rock lobster could indeed account for the distributional
patterns previously documented for certain bivalve
populations. Our results illustrate that protection
afforded by marine reserves is necessary to investigate
how depletion through fishing pressure can change the
role of upper-level predators and trophic processes be-
tween habitats.
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Introduction

Biotic interactions across habitat types have been ob-
served to create distinct ‘halo’ patterns, often indicating
foraging by fauna from a shelter to a food habitat
(Ogden et al. 1973). Most investigations of these inter-
actions have focused on meso grazing herbivores
(Suchanek 1978) or secondary consumers (Fairweather
1988) rather than upper-level predators. ‘Haloes’ of re-
duced infaunal abundance have been observed in soft-
sediment communities adjacent to rocky reefs and have
been attributed to predation by reef-associated fauna
(Davis et al. 1982; Posey and Ambrose 1994; Barros
et al. 2001). However, these studies have been done with
only limited replication over small spatial scales (Davis
et al. 1982; Posey and Ambrose 1994) and have shown a
lack of significant effects in caging studies designed to
investigate predation (Posey and Ambrose 1994). Highly
protected marine reserves have been suggested to pro-
vide a framework for large-scale experiments in which
trophic interactions, involving more natural populations
of predators can be observed (Dayton et al. 2000; Bo-
hnsack 2003). Investigations of marine reserves have
generally documented the recovery of previously
exploited upper-level predators (Kelly et al. 2000; Willis
et al. 2003). However, few have identified the trophic
implications of increased populations and size distribu-
tions of these large, often relatively sedentary predators



(Shears and Babcock 2002; Graham et al. 2003) and no
previous studies have considered the importance of these
trophic interactions across habitats.

Recent investigations in northeastern New Zealand
have revealed patterns in soft-sediment communities
near reefs that correlate well with the measured densities
of two upper-level predators, the snapper, Pagrus aura-
tus, and the rock lobster, Jasus edwardsii (Langlois et al.
2005). In that study, large-scale differences in abun-
dances of predators found inside versus outside three
comparable marine reserves were used to investigate the
influence of these reef-associated predators on adjacent
soft-sediment fauna. Snapper are generalist predators
that take primarily invertebrate prey from both soft-
sediment habitats and rocky reefs (Paul 1976; Babcock
et al. 1999) and rock lobster, although commonly as-
sumed to spend most of their time on rocky reefs, have
been observed to forage over adjacent sandy areas
(Kelly et al. 1999). MacDiarmid et al. (1991) found
nocturnal foraging by J. edwardsii to be spatially limited,
suggesting that any control these rock lobster may have
on prey populations would be restricted to areas near
day-time shelters. Langlois et al. (2005) found sites with
consistently higher densities of snapper and lobster to
have ‘haloes’ of lower biomass of several bivalve species
adjacent to the reef, in particular Dosinia subrosea, the
largest and third most abundant species of the infaunal
assemblage. This pattern was consistent across the three
locations that were separated by hundreds of kilometres.
In addition, the comparison of sites with different den-
sities of predators could not be correlated in any sys-
tematic way with other measured environmental
variables, such as sediment characteristics, densities of
bioturbating infauna or predatory infauna. These
observations, however, although quantitative and repli-
cated, do not provide conclusive evidence that differ-
ences in bivalve densities are due to predation by
snapper and rock lobster, as correlation does not pro-
vide a basis for causal inference. Experimental caging
manipulations are needed to establish that predators are
causing the observed effects.

Caging manipulations are useful in that they can re-
duce or remove concerns relating to confounding envi-
ronmental effects at larger scales. However, such
experiments are successful only if there are significant
levels of predation in the ‘uncaged’ treatment (Posey and
Ambrose 1994; Connell 1997). We used the large-scale
differences in density of upper-level predators inside
versus outside two marine reserves as part of a large-
scale caging manipulation, with replication at three
spatial scales. Snapper and rock lobster are both heavily
fished in northeastern New Zealand and they have been
found to occur at significantly higher densities inside no-
take marine reserves. Greater-than-legal-sized snapper
(>270 mm fork length) and rock lobster (>100 mm
carapace length (CL)) have been observed to be 14 times
and 3.7 times more abundant, respectively, inside no-
take reserves than outside (Babcock et al. 1999). How-
ever, the role of predators in structuring soft-sediment
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systems can be complex (Thrush 1999) and confounded
by environmental heterogeneity at larger scales (Legen-
dre et al. 1997). Here, by replicating the caging manip-
ulation both inside and outside reserves, the relative
sizes of any effects could be compared between sites of
high (reserve) and low (non reserve) predator densities.

The model proposed was that the differences in the
distribution of large bivalves observed inside versus
outside marine reserves are due to greater levels of
predation inside the reserves. The central hypothesis was
that there would be significantly lower survivorship of
the bivalve, D. subrosea, in uncaged areas (exposed to
predation) than in caged areas where predators were
excluded. It was also predicted that survivorship of
bivalves would be lower in areas open to predators at
sites having higher densities of predators (inside re-
serves) than in open areas with lower densities of pre-
dators (outside reserves).

Laboratory feeding trials of juvenile J. edwardsii on
the mussel Perna canaliculus (James and Tong 1998)
have described an innate feeding technique where the
mandibles leave a distinctive damage pattern on the
posterior margin of bivalve shells. Similarly, aquaria
trials indicated that the method used by larger rock
lobsters to open and consume D. subrosea also leaves
distinctive marks on their shells (T. J. Langlois pers.
obs.). Furthermore, shells of D. subrosea (~50 mm)
preyed on by large lobster (> 120 mm CL) exhibit marks
distinct from those preyed on by smaller lobster
(< 90 mm CL) or other predators. By identifying these
distinctive marks on shells of D. subrosea in the field, we
also tested the hypothesis that predation of D. subrosea
is primarily due to large rock lobster. Feeding on Do-
sinia species by snapper has been reported (Godfriaux
1970) but has not been widely observed.

Materials and methods
Study sites and sampling methods

Two separate no-take marine reserve locations in
northeastern New Zealand were studied between Janu-
ary and March of 2003. The Cape Rodney to Okakari
Point (Leigh) Marine Reserve (36°16’S, 174°48'E) was
gazetted in 1975 and the Tawharanui Marine Park
(36°22’S, 174°50’E) was declared a no-take area in 1981
(Fig. 1). Six sites were designated at each location (three
inside and three outside each marine reserve) at 12 m
depth on sand flats adjacent to the extensive subtidal
rocky reefs. They were chosen for similar wave exposure
and reef/soft-sediment interfaces. To ensure intersper-
sion, non reserve sites were selected on either side of
each reserve at distances of more than 500 m apart (see
Fig. 1). Within each site, 12 circular plots (each 0.5 m?)
were established (5-7 m from the reef edge and marked
with two steel stakes) within which all D. subrosea were
removed before the plots were reseeded with ten live D.
subrosea. These densities were comparable to densities
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Fig. 1 a Map of Hauraki Gulf and environs showing the location
of the two reserves used in this study. b The insets show the reserve
boundaries (dashed lines) and experimental sites (filled circles) at the
two locations

observed in wild populations outside reserves (Langlois
et al. 2005). No plots were more than 25 m away from
each other. Dosinia subrosea were of similar size
(~50 mm) and obtained from local populations. Exclu-
sion cages were constructed over four of these plots,
using steel mesh with a cross-mesh measurement of
75 mm, and anchored by steel stakes. Cages were cir-
cular, extended 150 mm into the sediment, and pro-
truded 200 mm above. Lids to the cages were
constructed out of the same material and hinged to al-
low easy access. Over four other plots, cage walls were
constructed around half the circumference of the plots
but lids were not added, creating partial exposure. The
four remaining plots were left open. These three treat-
ments (cage, partial cage and open plots) were haphaz-
ardly interspersed across each site. These bivalves are
not thought to be highly mobile (Powell 1979) and a
pilot study did not find any measurable migration of D.
subrosea out of the plots (T.J. Langlois unpub. data). All
plots were excavated after 2 weeks to estimate the sur-
vivorship of D. subrosea. Shells of dead D. subrosea were
collected from an area of ~250 m? around the plots and
along the adjacent reef edge.

Environmental variables

Densities of snapper at the sites were estimated from
data collected in April and May of 2002. Relative den-
sities at these locations were shown to be fairly stable
between years (Willis et al. 2003). Baited underwater
video (BUV) (Willis and Babcock 2000) (n =4) was used
at each site to estimate snapper density. Densities of
lobster at each site were estimated by underwater visual
census (UVC) of 25 m? quadrats (n=10) during Feb-
ruary and March 2003, and the sizes of lobsters were
obtained using a visual method as described by Mac-

Diarmid (1991). Feeding rates in captive J. edwardsii
from January to March have been observed to be
approximately 50% of the peak rates found in Novem-
ber and December (Kelly et al. 1999). Other species
known to be predators of soft-sediment fauna (i.e.
octopus and rays) were also identified during rock lob-
ster census dives. Pilot studies suggested that caging
materials presented a limited area of resistance to water
movement within the experimental plots and therefore
environmental variables, including grain size and or-
ganic content were not expected to change over short
time periods. Any confounding effects of the caging were
thus considered as likely to be detected by the compar-
ison of survivorship in the partial cages versus that in the
open plots.

Statistical analyses

The overall experimental design consisted of four fac-
tors: Location (random with two levels: Leigh and
Tawharanui), Status (fixed with two levels: inside versus
outside a marine reserve), Site (random with three levels,
nested within Location X Status) and Treatment (fixed
with three levels: full cage, partial cage and no cage).
The density of snapper and rock lobster (greater than
legal size) were analysed with a generalized linear model
under the assumption of Poisson errors with over-dis-
persion. The survivorship of D. subrosea observed in the
plots was analysed using a binomial generalized linear
mixed model. Models were fit using the GLIMMIX
routine (Littell et al. 1996) in the SAS statistical software
package. The tests associated with each of the variance
components for all random effects in the model and
random interaction terms (i.e. Lo, Si(LoxSt), LoxSt,
LoxTr, LoxStxTr, and TrxSi(LoxSt)) had P-values
>0.4. As a consequence, the model was refitted with the
fixed effects and their interaction only. Effect sizes were
calculated from maximum likelihood estimates from the
SAS GLIMMIX procedure (see Willis and Millar 2001).

Shells of dead D. subrosea collected from each site
were classified into one of three categories: ‘cracked’
(opened by a large lobster, see the short video of a large
lobster feeding on D. subrosea provided as Electronic
Supplementary Material), ‘nibbled’ (opened by either a
small lobster or another predator) or ‘ambiguous’ (shell
fragments or unmarked valves). The proportion of shells
in each category recovered from non reserve and reserve
sites were compared using a chi-squared test.

Results

Within reserves, where there are high densities of large
snapper and rock lobster, levels of survivorship were
found to be consistently lower for treatments open to
predation (Fig. 2). At these reserve sites, large rock
lobster (>legal size) were found to be consistently and
significantly more abundant (Fig. 2, »* =26.1,



Fig. 2 a Average (+1SE) a
survivorship of Dosina subrosea
(n=12) within each treatment,
reserve status and location. b
Average (+ 1SE) density of
legal-size snapper (Pagrus
auratus) and rock lobster (Jasus
edwardsii) at reserve and non
reserve sites of each location.
All sites and replicates were
pooled. No greater-than-legal-
sized rock lobster were
observed at the non reserve sites
within Leigh
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P <0.0001) with no significant interaction of Location
and Status. The estimated effect was a 4.6-fold higher
average density in greater-than-legal-size rock lobster
at reserve sites compared to non reserve sites (with
95% confidence bounds of 3.2-7.1). Large snapper
(>legal size) were also significantly more abundant at
the reserve sites for both locations (Fig. 2, > = 186.9,
P<0.0001) with no significant interaction between
Location and Status. The estimated effect was a 16-
fold higher average density in snapper larger than le-
gal size at reserve sites compared to non reserve sites
(with 95% confidence bounds of 4.2-41.4). No octo-
puses or rays were observed during the censuses of
rock lobster.

Analysis of the survivorship of D. subrosea found
significant interaction of Status and Treatment (Table 1,
F> 137=10.65, P<0.001), indicating that the effects of
cages on survivorship of D. subrosea should be analysed
separately inside and outside reserves. Inside reserves,
the survivorship of D. subrosea was significantly and
consistently lower in uncaged plots than in caged plots
(P<0.0001, Fig. 2a). The estimated probability of sur-
vivorship within reserves was 0.39 (with 95% confidence
bounds of 0.34-0.44) in open plots compared to 0.93
(with 95% confidence bounds of 0.84-0.98) in caged
treatments. In contrast, there were no effects of either
cages or predators on survivorship of D. subrosea out-
side reserves (Fig. 2a). The likelihood of survivorship in

Reserve Non-reserve  Reserve

plots open to predation outside reserves was estimated
to have a probability of 0.94 (with 95% confidence
bounds of 0.87-0.99) compared to 0.39 inside reserves.

No caging artefacts were detected, as there were no
significant differences in survivorship between open plots
and partial cages, either inside (P>0.31) or outside
marine reserves (P> 0.27, Fig. 2a). In addition, the lack
of any significant differences among any of the treat-
ments outside of marine reserves indicated that (a) there
was a conspicuous lack of predation occurring outside
reserves and (b) there were no detectable caging artefacts
in the absence of predation. The loss of bivalves ob-
served in fully caged plots was attributed to mortality
from handling, as intact but empty valves were recov-
ered from these plots.

Of the transplanted shells that did not survive or were
missing from the plots at the end of the experiment, 49%
were accounted for by the dead shells recovered around
the plots and along the adjacent reef edge. Amongst
these recovered shells, a significantly greater proportion
from reserve sites (64.8%) than from non reserve sites
(8.5%) were cracked distinctly (Fig. 3, y* =124.5,
P <0.0001), indicating large lobster had preyed on them.
A significantly greater proportion of shells at non re-
serve sites (23.4%) compared to reserve sites (5.2%)
were marked by ‘nibbles’ (Fig. 3, 5*; =25, P<0.001),
suggesting either a small lobster or another predator had
opened them.
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Table 1 Tests for the fixed effects of Status (reserve and non re-
serve), Treatment (cage, partial and open) and their interaction on
percentage survivorship of bivalves

Fixed factors df F P
Status (St) 1, 137 89.25 0.067
Treatment (Tr) 2,137 20.2 <0.001
StxTr 2,137 10.65 <0.001
Discussion

There was no evidence of significant predation from the
cage experiment after 2 weeks at sites where upper-level
predators were exploited. However, within the reserves,
where the densities of large rock lobster and large
snapper were higher, predation resulted in lower survi-
vorship of bivalves. This difference in the level of sur-
vivorship between the reserve and non reserve sites
suggests that the significantly higher densities of rock
lobster and snapper within the reserves can have a large
influence on soft-sediment bivalve populations.

The majority of dead shells recovered from reserve
sites exhibited distinctive markings attributable to pre-
dation by large rock lobster. Observations of rock lob-
ster and snapper in aquaria suggest that rock lobsters
readily prey on D. subrosea, while snapper do not (T. J.
Langlois pers. obs.). These bivalves are not thought to

Fig. 3 Proportion of dead Dosinia subrosea found at the experi-
mental sites, within each reserve status, that exhibited marks
consistent with predation by large lobster (Cracked), small lobster
(Nibbled) or had no attributable marks (Ambiguous). Locations
were pooled

| .
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be highly mobile (Powell 1979) and so predation by rock
lobster or benthivorous fishes that then deposited any
shell fragments outside the experimental sites may ex-
plain the 51% of shells not recovered. In their natural
environment, rock lobster have been observed to forage
over adjacent soft-sediments and return to the reef edge
with bivalves (MacDiarmid 1991) and also to cover large
distances (~km’s) along and off the reef edge. This
behaviour could have resulted in a wide dispersal of shell
fragments.

This study does not provide unequivocal evidence to
show that rock lobster predation is the only explanation
for patterns previously described in soft sediment com-
munities by Langlois et al. (2005). Snapper and other
benthivorous fauna such as rays (Hines et al. 1997) and
octopus (Luckens 1991) are also likely to prey on these
organisms. However, this study provides strong evidence
that predation by rock lobster can be an important
factor in the survivorship of adult bivalve populations.

Langlois et al. (2005) and this study illustrate the
possible trophic interactions between reef-associated
predators and large bivalves in adjacent soft-sediment
assemblages. The actions of these predators may result
in further indirect effects. Shears and Babcock (2002)
describe a trophic cascade of effects on rocky reef hab-
itats in these marine reserves, where snapper affect
densities of urchins that in turn affect distributions of
kelp forests. However, the large-scale study by Langlois
et al. (2005) found no evidence of further community
effects beyond these direct effects of predators on biv-
alves in soft-sediment habitats at these locations. Reg-
ular disturbance of soft-sediment communities by the
feeding activity of decapod crustaceans have been shown
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to indirectly impact infaunal assemblages (Bonsdorff
and Pearson 1997) and feeding disturbance by rays has
been found to indirectly regulate community structure
(Thrush et al. 1991), but such effects may be lost at the
large-scale of sampling employed by Langlois et al.
(2005) as the inherent spatial variability in soft-sediment
assemblages can mask subtler small-scale patterns
(Legendre et al. 1997).

Strong evidence exists suggesting that epibenthic pre-
dators, such as rock lobster, can use various cues to locate
infaunal prey, including chemical signals carried in the
exhalent water from bivalve siphons (Vedel 1986; Zimmer
etal. 1999). Thereis also an increasing amount of evidence
suggesting relatively sessile prey such as bivalves (Nak-
aoka 2000) and urchins (Dill et al. 2003) can detect the
presence of certain predators. Nakaoka (2000) illustrated
how the presence of a specific predator resulted in
avoidance behaviour by an infaunal bivalve, including
reduced water flow through the siphons. This mechanism
of predator avoidance could explain the persistence of
small populations of D. subrosea in the presence of high
densities of rock lobster (Langlois et al. 2005). The high
predation rates detected by this study were likely to be the
result of density-dependent feeding behaviour (Eggleston
et al. 1992; Hines et al. 1997 and epibenthic predators
responding to various cues (Zimmer et al. 1999). These
cues may have been very strong because the densities of
bivalves used were far higher than any previously ob-
served in areas where high densities of rock lobster or
snapper occur (Langlois et al. 2005).

The historical fishing pressure for rock lobster (Kelly
et al. 2000) suggests that, before the exploitation of this
upper-level predator, coastal populations of D. subrosea
were likely to have been similar to those now found in
marine reserves. Centuries of fishing pressure off the
western coast of Europe has lead to a reduction of
predation on benthic ophiuroids and the extension of
their beds (Aronson 1989). Similarly, this study suggests
the extraction of rock lobster in New Zealand has lead
to populations of bivalves flourishing in the functional
absence of this important predator.

Caging has long been used as a means of under-
standing predation processes in marine systems, but it
can be difficult or impossible to eliminate the possibility
that any effects detected might be due to caging artefacts
(Connell 1997). Kennelly (1991) devised a means of
assessing caging artefacts by examining effects of full
and partial cages in the absence of predators. He
achieved this by setting up caging experiments inside and
outside larger-scaled exclusions. By using “cages inside
cages’”, his experiment provided a means of assessing
artefacts of smaller cages that were independent of their
role to exclude predators. In the present study, we rep-
licated caging treatments inside and outside of marine
reserves. This allowed the assessment of effects of pre-
dators in areas of different predator densities. More
particularly, no predation was detected in areas where
densities of predators were low (outside reserves), due to
exploitation. The lack of any significant effects of cages
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in these predator-free areas provided a solid basis for
inferring that caging artefacts, if any, did not confound
interpretations of results (Kennelly 1991; Connell 1997).
It also demonstrated how exploitation of higher-level
predators can dramatically affect trophic interactions.

Previous experimental caging studies of predation in
soft-sediment communities frequently have not detected
direct effects on prey (Reise 1977; e.g. Bell and Coull
1978; Raffaelli et al. 1989; Hall et al. 1990). Features of
soft-sediment communities used to explain the lack of
direct negative effects by predators include: the absence
of dramatic resource monopolization and the generalist
nature of many predators (Peterson 1979), multiple
trophic levels (Commito and Ambrose 1985) and the
mobility of both predators and prey (Thrush 1986; Frid
1989; Hall et al. 1990). These studies assumed that pre-
dation plays a strong role in these systems, an assump-
tion that we are increasingly realising may not be
correct, due to the functional extinction of large preda-
tors by fishing pressure (Aronson 1989; Dayton et al.
1998). Our study found direct evidence of how fished
areas, in comparison with reserves, act as a ‘sliding
baseline’ when investigating the trophic implications of
exploitation in marine communities (Pauly et al. 1998;
Dayton et al. 2000; Langlois and Ballantine 2005).

Our study has benefited from the ability to contrast
sites with different densities of predators, ensuring that
rates of predation are high enough to be functionally
important, and also ensuring that effects detected are not
due to caging artefacts. These results indicate that reef-
associated predators in this system, and in particular
rock lobster, are capable of controlling a dominant
species of macrofauna in adjacent soft sediments. Our
study estimates that where lobsters are fished this role is
reduced, and the estimated probability of survivorship
by D. subrosea increases from 0.39 to 0.94. This study
and Langlois et al. (2005) demonstrate that the com-
parison of highly protected and exploited areas is nec-
essary to appreciate how predators, that are normally
heavily fished, are capable of affecting populations of
their prey and how trophic processes can structure
adjacent habitats.
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