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SEASCAPE-DEPENDENT SUBTIDAL-INTERTIDAL TROPHIC LINKAGES
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Abstract. In this study, we test in southern New Zealand a conceptual model of food
web linkage that is seascape dependent, which can explain some of the variability in rocky
shore community structure among sites and coasts. Using a comparative-experimental ap-
proach at local and distant sites we demonstrate that mobile subtidal predators (fish and
crabs) can exert strong predation pressure on small mussels in the low tidal zone, but only
in sites where the seascape includes subtidal reefs. On intertidal benches with adjacent
subtidal reefs (+SR), 60—-100% of small (5-15 mm) transplanted mussels were removed
within a day from experimental tiles on the low shore when unprotected from predation,
compared to fully caged controlsthat had approximately 100% survival over several months.
In partial cages that exclude fish but not crabs, survivorship was intermediate. In contrast,
on benches without subtidal reefs (—SR) 40—-100% of mussels survived for months, even
if unprotected. This difference is expressed in lower cover (0—60%) of mussels on rocks
at +SR benches compared to —SR benches (70—-99%). The central to northern west coast
of the South Island is composed mostly of —SR benches, and predation on small mussels
there was low and similar to the —SR benches on the east coast, whereas the + SR benches
on the east coast had much greater predation. This contraststo other studiesin New Zealand
that examined only predation on larger mussels by seastars and concluded that predation
is strong on the west coast and weak on the east coast. Excluding large predators from
low-shore areas with new recruits for ayear in one + SR site showed longer-term predation
effects on their abundance and cover. Short-term sampling at the east coast sites showed
that mussel settlement was greater in —SR compared to + SR sites, providing some evidence
that seascapes may also affect settlement. Overall, predation depended on the local seascape
and ultimately affected community structure via suppression of effective recruitment rates.
This study emphasizes the importance of predation on early life stages of basal species and
the influence of seascapes on top-down interactions between subtidal predators and their

intertidal prey.
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INTRODUCTION

Understanding the variability in community structure
at different scales has been a major focus of ecological
studies for decades (Connell 1975, Underwood and
Denley 1984, Menge and Olson 1990, Underwood et
al. 2000, Robles and Desharnais 2002, Petraitis and
Dudgeon 2004, Schiel 2004). In rocky intertidal com-
munities, environmental-stress models (McQuaid and
Branch 1985, Menge and Sutherland 1987, Menge and
Olson 1990), alternative stable states (Petraitis and
Dudgeon 2004), and variation in settlement (Caffey
1985, Gaines et al. 1985) are used to explain variability
on a local scale (meters to kilometers), while biogeo-
graphical and dispersal limits can account for vari-
ability on alatitudinal, among-region, scale (100—-1000
km; e.g., Connolly and Roughgarden 1998). Sites with
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similar exposure to waves can support different com-
munities along a single coast (Foster 1990, Bustamante
and Branch 1996, Navarrete and Menge 1996, Con-
nolly and Roughgarden 1998), and across coasts at sim-
ilar latitudes (Menge et al. 1999, 2002, 2003). These
differences are often associated with mesoscale, near-
shore, oceanographic conditionsthat affect nutrient and
larval supply (so-called ‘“subsidies”” or bottom-up con-
trol). Bottom-up effects can in turn enhance top-down
control by increasing food availability to predators
which, via positive feedback, increases predation pres-
sure and reduces prey abundance. Such subsidy models
are now prominent in the ecological literature (see Pal-
umbi 2003).

Other models, however, may explain some of the
local and mesoscale variability in intertidal community
structure and species' distributions (Underwood and
Petraitis 1993). One such model could involve land-
scape dependent, or, in the case of marine systems,
seascape dependent (sensu, Jones and Andrew 1993)
interactions between reef-associated, mobile, subtidal
predators and their intertidal prey. Food web linkages
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between adjacent habitats are common in nature, but
are usually related to energy flow through the lower
trophic levels (e.g., Wootton 1991, Polis et al. 1997,
Wallace et al. 1997). Such linkages can also occur
through movement of predators. In someterrestrial eco-
systems, consumers move from their primary habitat
to another nearby to forage (e.g., Donovan et al. 1997,
Kollman and Buschor 2003). Linkages through the
higher trophic levels (predators) have also been rec-
ognized in the last few decades across seascapes. For
example, in temperate marine ecosystems, rocky reefs
can influence benthic assemblages of the adjacent soft
sediments (Lindquist et al. 1994, Barros et al. 2001),
and ‘“‘infaunal haloes” (e.g., Davis et a. 1982) are
thought to be associated with foraging reef predators.

The intertidal zone has its own unique features of
predation: it can be affected intermittently at low tide
by large predators from the air (seabirds; Levings et
al. 1986, Marsh 1986) or land (e.g., rodents; Navarrete
and Casilla 1993, Stapp and Polis 2003) and at high
tide by mobile subtidal predators such as crabs, |obsters
and fish (Kitching and Ebling 1967, Menge et al.
19864, b, Robles 1987, Burrows et al. 1999). The in-
fluence of mobile subtidal predators should depend at
least partially, however, on the nature of the seascape.
Where rocky shoresinclude both intertidal and subtidal
reefs, the potential for top-down effects from resident
subtidal predators should be greater than in seascapes
where intertidal benches are distant from subtidal reefs.
Here, we test this seascape-dependent, food web link-
age hypothesis by examining the effects of fish and
crabs on intertidal mussels across sitesin southern New
Zealand.

New Zealand intertidal food webs

In recent studies in southern New Zealand, Menge
et al. (1999, 2003) concluded that intermittent up-
welling along the west coast enhances bottom-up pro-
cesses and top-down predation effects in the intertidal
zone, but on the east coast both effects are weak and
macroinvertebrate predators (seastars and whelks) are
rare. They measured predation effects using relatively
large (30-50 mm) mussels. These were transplanted
into the lower-midtidal zone and were rarely consumed
on the east coast, probably because of the scarcity of
seastars. Crabs and whelks were considered too scarce
to have an effect and predation by fish was not con-
sidered (Menge et al. 1999, 2002, 2003). However, la-
brid fishes, especially Notolabrus celidotus and N. fu-
cicola, are abundant on subtidal reefs around New Zea-
land and feed on invertebrate prey (Choat and Ayling
1987, Jones 1988, Hickford and Schiel 1995, Denny
and Schiel 2001, Schiel and Hickford 2001). N. celi-
dotus is a major consumer of recently seeded mussels
on commercial mussel farmsin New Zealand (Hayden
1995). During high tide, these fish readily feed on small
mussels in the lower and middle parts of the intertidal
zone (G. Rilov, unpublished data).
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Not all rocky shores are contiguous with extensive
subtidal reefs. Many are located along shallow sandy
beaches or where the nearshore bathymetry is very
shallow and lacks subtidal reefs (—SR). Our initial ob-
servations at sites near Christchurch suggested that
mussel cover in general, and especially that of small
mussels, is greater on benches located in —SR sea-
scapes than on nearby benches adjacent to extensive
subtidal reefs (+SR). We hypothesized that this pattern
resulted from lower predation on small musselsin —SR
sites or greater settlement/recruitment (‘‘bottom-up”
control) in such sites, or both. In this paper, the major
top-down hypothesis is that seascape determines the
strength and rate (intensity) of predation by subtidal
predators. Different predation pressure may then be
expressed in the differential structure of intertidal as-
semblages between seascapes with and without adja-
cent subtidal reefs. To test this hypothesis we used a
comparative-experimental approach (e.g., Menge et al.
2002) at two spatial scales (Underwood and Petraitis
1993). First, we compare sites with different seascapes
on a small scale on the east coast. Then, to test if our
results can be generalized over awider region, we com-
pare more distant sites on the east and west coasts of
southern New Zealand. Three null hypotheses were
tested: (1) mussel population structure is similar in
+SR and — SR seascapes; (2) predation rates and in-
tensity on small mussels are similar in +SR and —SR
seascapes; (3) mussels settlement is similar in +SR
and —SR seascapes. We also tested the longer-term
effects of predation in one east coast mussel population.

METHODS
Sudy sites

Surveys of benthic cover and predation experiments
were donein different seascapes (+SR vs. —SR) at two
spatial scales. Small-scale studies were done on four
sites on Banks Peninsula near Christchurch (Fig. 1),
all within an aerial distance of approximately 3 km.
Black Rock (BR) and Box Thumb (BT) are + SR bench-
es that extend underwater to create an extensive, rap-
idly sloping, subtidal reef to depths of 5-8 m. The reefs
had lush subtidal brown algae and had bull kelp (Dur-
villaea spp.) at the intertidal-subtidal fringe. Under-
water surveys during high tide showed that the labrids
N. celidotus and N. fucicola are abundant at these sites
and actively forage in the intertidal zone (G. Rilov,
unpublished data). Cave Rock (CR) and Taylor's Mis-
take (TM) are —SR rocky benches in which the sub-
stratum changes from rock to sand at the lower tide
mark, and they are located at gently sloping sandy
beaches with no nearby subtidal reefs. Underwater ob-
servations during high tide around these sites indicated
that labrid fish arerare. The east coast siteswere mostly
composed of volcanic and hard metamorphic rocks.
The maximum tidal range on the east coast is approx-
imately 2.4 m. We define the low shore there as ex-
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tending from 0 to 0.8 m (lowest astronomical tide) and
the mid shore from 0.8 to 1.6 m.

Surveys and experiments were conducted in addi-
tional sitesfor the large-scale study. Two sites, Raramai
(RR) and Nugget Point (NP), located 180 km north and
400 km south of Banks Peninsula, respectively, were
used as additional +SR sites (Fig. 1). As additional

—SR sites, we used two |ocations on the northern west
coast separated by about 80 km: Nine Mile Bluff (9MB)
and Woodpecker Bay (WB, Fig. 1). Benches at these
—SR sites were composed of hard metamorphic rock
covered by extensive mussel beds down to the middle
low shore level where they were replaced by red algae
and where seastars (Stichaster australis) are abundant.
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The central and northern west coast is characterized by
rocky headlands and bluffs separated by sand and grav-
el beaches. A few large intertidal platforms and many
boulders and pinnacles are found along this coast. The
coast has a shallow bathymetry nearshore so that the
intertidal benches end mostly in a gently sloping, sub-
tidal sand or gravel bottom. Most accessible intertidal
benches do not have extensive subtidal reefs adjacent
to them, and thus can be defined as —SR sites. The
maximum tidal range in the west coast is ca. 3.7 m.
The low and mid shore zones on this coast extend from
0-1.2 m and 1.2—2.4 m, respectively. Benches at both
study sites were mostly at the lower tidal level (ap-
proximately 0.8-1.2 m). All our study sites are con-
sidered to be wave exposed (Morton and Miller 1968)
and were at least superficially similar in their intertidal
structure. They were composed of rocky intertidal
benches with varying mussel cover and barnacles in-
terspersed among and above them at the mid and low
shore levels. BT, RR, and WB are sites used by Menge
et al. (1999) and 9MB is a site located several kilo-
meters south of Menge's 12 Mile Beach site.

Biotic characterization of the sites

To test the first null hypothesis (similar mussel pop-
ulation structure between seascapes) asurvey was done
in April 2004 at the eight study sites. We estimated the
percentage cover of the main space occupiers on the
rocks: different size classes of mussels (<5 mm, here
defined as early recruits; 5-15 mm, juveniles/subadults;
and >15 mm, adults), barnacles, algae (all types
pooled), and “‘free”’ space (bare rock or thin crustone
coralline algae, hereafter **free space,” see Menge et
al. 1999) in the middle (east coast) to higher (west
coast) parts of the low-shore and the middle mid-shore
levels. This was done by using a 25 X 30 cm quadrat
dividedinto 5 X 5 cm squaresthat was placed randomly
along two 10-m transects laid parallel to the water edge
at each shore level (n = 10 quadrats in each transect,
i.e,, n = 20 in each shore level).

Top-down effects

Seascape effect on predation by fish: small scale—
The second null hypothesis (similar effects of fish pre-
dation on small mussels between seascapes) was tested
first on a small scale at the two +SR sites (BR and
BT) and the two —SR sites (TM, CR) near Christ-
church. The experimental units were mussels on 5 X
5 cm plastic tiles with 4 mm thick nylon carpet glued
to one surface, which provided a heterogeneous sub-
stratum for mussel attachment. Juvenile/subadult mus-
sels (5-15 mm shell length) were collected from low-
shore rocks at a nearby site. These were a mixture of
Xenostrobus pulex Lamarck and Mytilus galloprovin-
cialis Lamarck because they were by far the most abun-
dant small musselsin the area outside established beds.
Twenty-five mussels were placed onto each tile, which
were then wrapped with plastic mesh to secure the mus-
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sels until they were attached firmly. In each site, five
plots were randomly established on the low shore
(within 20 cm of vertical height) along approximately
25 m of shoreline, with one partial cage (to exclude
fish) and one no-cage control (open plots) within each
plot. Partial cages were designed to exclude fish and
birds, but allow access to benthic invertebrates such as
crabs, whelks, and seastars. No other type of cages was
used in this experiment, because no artifact was de-
tected in extensive small-scale experiments (G. Rilov,
unpublished data). There were no observed effects of
the cages on water flow, and predation effects occurred
rapidly (see Results). The frame of the fish exclusion
cages was 10 X 10 X 10 cm and made from 6-mm
steel rods. A rigid plastic mesh with holes of 16 X 16
mm was wrapped around each cage. This mesh pre-
vented access to large predatory fish and minimized
cage effects (such as reduction in light or water mo-
tion). A gap of 3 cm was left between the mesh and
the rock surface to allow access to benthic predators.

On 21 January 2003, mussels were settled for at-
tachment on 40 tiles as described above and all tiles
were placed in the same site, BR, to reduce potential
effects of site on attachment and survival prior to the
initiation of the experiment. The experiment began on
19 February after the tiles were distributed to all sites
and treatments. The number of live mussels on tiles
was monitored at low tide for 27 days in the + SR site
(after which almost all mussels were gone) and for 203
day in the —SR sites. To test if mussels are more ac-
cessible to predators on experimental tiles than on bare
rock we also transplanted mussels directly on the rock
in the low shore at one site (BR). Five clumps of 25
uncaged small mussels were placed on the rock surface
and held until attached under a soft plastic mesh with
steel nails and wall anchorsinserted in six holesdrilled
around the mussels. This mesh was removed after mus-
sels were firmly attached to the reef.

Seascape effect on predation by fish and macro-in-
vertebrates: large scale.—For this experiment, we used
sites that were more remotely dispersed: two + SR sites
(BR and RR on the east coast) and two — SR sites (9MB
and WB on the west coast). A full-factorial design that
included “‘coast’”’ as main effect (with +SR and —SR
sites on both the west and east coasts) was impossible
because there are no accessible intertidal benches with
contiguous reefs along the central and northern west
coast. From our previous experiment, it was clear that
another predator was eating mussels besides fish at
+SR sites. The most likely candidates were crabs that
may have reached through the 3-cm gap between the
mesh and rock in partial-cage treatments. In this ex-
periment, therefore, full cages were added as a treat-
ment to exclude both fish and large invertebrate pred-
ators such as crabs and seastars. The full cage had a
similar shape as the partial cage and used the same
plastic mesh with 16 X 16 mm holes that in this case
extended all the way to the rock surface (full cage).
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Mussels were settled on tiles in mid April 2003 and
the experiment initiated between 13 May and 15 May
2003. Treatments were arranged in five plots along ap-
proximately 25 m of shoreline in each site. Monitoring
of survival was done on days 1-3, and then at 2—6 wk
intervals for up to 6 mo (except for BR, where we had
to terminate the experiment at day 74 because many
of the cages were damaged by the following monitoring
date). On the west coast sites, seastars were abundant,
and they were counted within a2 m radius around each
plot on 12 June 2003.

Long-term predation effects on early recruits.—On
+SR intertidal benches of the east coast, small recruits
(1-5 mm) were rare outside mussel patches (see Re-
sults) and they mostly occurred within barnacle patch-
es. Although barnacles can facilitate mussel recruit-
ment (e.g., Lively and Raimondi 1987) in areas of high
predation, small mussels could be vulnerable to large
predators (fish, crabs) once they grow above the height
of barnacle tests. To test the long-term effects of pred-
ators on mussel recruits within barnacle patches, Full
cages were set over areas covered by barnacles and
early mussel recruits (<5 mm) at BR. Nearby marked
10 X 10 cm open areas with similar barnacle cover
(>80%) were used as controls. The experiment began
near the end of the major settlement season (April
2003) and lasted for 12 mo. The number of mussels
and percentage of cover were monitored every few
weeks and the presence of macrograzers and whelks
was noted. Mussel shell lengths were measured using
calipers.

Mussel settlement

To test our third null hypothesis (similar settlement
between seascapes) settlement was measured in the
summer months during the peak of the settlement sea-
son, the austral summer (Menge et al. 1999), at the two
—SR and two +SR at Banks Peninsula. Collectors
made of plastic-mesh, ovoid, pot scrubbers (** Tuffies,”
see Menge et al. 1994, 1999) were used. Five collectors
were fastened to the reef on the low shore level and
collected after a month. Collectors were stored in
—20°C freezers until analysis. Recently settled mussels
were extracted from the collectors by placing each col-
lector into a jar with 10% bleach solution for 4 min to
dissolve the byssal threads. The jar was shaken and the
contents sieved through three mesh sizes. Recruitswere
distinguished to species under a dissecting microscope
and counted. For the purpose of this paper all size
classes were pooled.

Data analysis

Where percentage of cover and survival were the
variables analyzed, data were arcsine-square-root
transformed (Sokal and Rohlf 1995). In the analysis of
percentage of cover of different size classes of mussels
on rocks and of settlement of different mussel species
in collectors, a nested (sites nested in seascape) MAN-

SEASCAPE-DEPENDENT FOOD WEB LINKAGES

735

OVA was done using Wilk’stest for multivariate effects
(sizes or species); univariate ANOVA was then used
on the different dependent variables (STATISTICA 7,
StatSoft, Tulsa, Oklahoma, USA). Seascape, shore
height, or month were fixed factors and sites were ran-
dom. In the predation experiments, a nested ANOVA
was used with seascape (+SR/—SR) and treatment (no
cage, partial cage, full cage) as fixed factors, and site
(nested in seascape) and plot (nested within sites) as
random factors. Where “‘plot” (i.e., blocks of treat-
ments within sites) was nonsignificant and P > 0.25 it
was pooled into the error term for final analyses. Ho-
mogeneity of variances was checked by Cochran’stest.
When variances were heteroscedastic we still used
parametric analyses because significance levels were
usualy very high (allowing an assumption that the
probability of Type | errors was likely to be low), but
conclusions were conservative and were based on the
significance of P values and degrees of freedom (e.g.,
Underwood 1997).

REsULTS
Biotic characterization of the sites

The dominant mussel species in the New Zealand
intertidal zone are the greenshell mussel Perna cana-
liculus (maximum shell length 160 mm), the blue mus-
sel Mytilus galloprovincialis (120 mm), the ribbed
mussel Aulacomya ater maoriana Iredale (80 mm), and
the black mussel Xenostrobus pulex (30 mm). In this
paper, we are primarily concerned with mussels as a
filter-feeding assemblage and, consequently, do not an-
alyze the separate species here. Furthermore, small
mussels (<10 mm) can be difficult to distinguish to
species level without the aid of a dissecting micro-
scope.

The average total cover of mussels at —SR siteswas
approximately three times higher than at +SR sitesin
both the low-shore (81.5 = 6.1 and 26.5 = 7.1 [mean
+ sE], respectively; range, 68-98% and 5-49%) and
mid-shore (73.3 = 5.2 and 20.0 + 5.6; range, 54—-89%
and 3-46%, respectively) levels (Fig. 1). The multi-
variate analysis showed a highly significant effect of
seascape, site, shore height, and their interactions (sea-
scape X shore height, site(seascape) X shore height)
on mussel cover (P < 0.0003 for all factors and their
interactions; see MANOVA table in Appendix A). Ex-
amining the effects separately on the different size clas-
ses showed that there was an effect of seascape on the
cover of large mussels (F,¢ = 13.27, P = 0.011) and
juveniles/subadults (5-15 mm; F, s = 9.05, P = 0.024)
but not on early recruits (<5 mm; F,; = 0.73, P =
0.42, Fig. 1, and see ANOVA table in Appendix A).
Shore height affected juveniles/subadults (F, = 8.41,
P = 0.027) and there was a strong site X shore height
effect on all size classes (P < 0.0001). Thisinteraction
was caused mostly by the great difference in mussel
cover between the two Banks Peninsula sites (which
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FiGc. 2. Small-scale predation experiment done at sites near Christchurch on the New Zealand east coast, February—October
2003. Survival (mean * se) of small mussels (5—-15 mm) with (no cage) and without (partial cage) the effect of fish at sites
with subtidal reefs (+SR; Box Thumb and Black Rock) and without subtidal reefs (—SR; Taylor's Mistake and Cave Rock).
The dotted rectangle in the —SR sites indicates the same time frame shown for the +SR sites.

had relatively high cover of mussels) and the two sites
north and south of it (very low cover, Fig. 1). On the
low shore, distinct patches of juvenile and sub-adult
mussels (5-15 mm) occurred outside mature beds of
large mussels in most —SR sites, but rarely in +SR
sites. On the mid shore, however, such patches were
present to some degree in both +SR and —SR sites.
Musselsin that size range were al so seen within patches
of large musselsasan *‘understory.”” Early recruits (<5
mm) were found in +SR mainly within barnacle patch-
es, whereas in —SR habitat, they were also found di-
rectly on rock surfaces.

Top-down effects

Seascape effect on predation by fish: local scale—
At the two +SR sites, mussels exposed to predators
(no-cage treatment) were quickly removed (Fig. 2). At
one site (BR) only a few mussels survived as long as
24 h. At this site, there also was a no-cage treatment
in which mussels were attached directly to the rock.
All of these mussels also disappeared within 24 h, in-
dicating that the use of tiles does not affect predation
rate. In contrast, mussel survival in the no-cage treat-
ment at —SR sites was very high (>70%) until day 27
and reduced to around 40% after 200 d (Fig. 2). In the

fish-exclusion (partial) cages, mussel survival declined
slowly over 27 d at the + SR sites, while, at the —SR
sites, it remained very high and eventually increased
to >100% due to the survival of new recruits on the
tiles (Fig. 2). There was no detectable plot effect (P >
0.25) in the initial analysis and it was pooled into the
error term for the final analysis. Variability among cag-
es was high in the +SR sites. In the first few days,
there was a strong treatment effect (F,, = 309.7, P =
0.003 for day 3) but, more importantly, a seascape X
treatment interaction (F,, = 203.6, P = 0.005; Ap-
pendix B ANOVA table). This interaction was because
of the high survival rates in cages at both seascapes,
but low survival in the no-cage treatment at +SR and
high survival at —SR site. The site effect was also
significant, mainly because survival was declining
slightly faster at BR than at BT. By day 27, the inter-
action disappeared but the single factors of seascape
and treatment affected survival (F,, = 53.6, P = 0.018
and F,, = 48.1, P = 0.02, respectively; Appendix B).
Differences between the open and caged treatments
were apparent in the + SR sites after one day, but were
evident much later in the —SR sites: 99 d in TM and
146 d in CR (Fig. 2).
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Fic. 3. Large-scale predation experiment. Survival (mean *+ sg) of small mussels (5-15 mm) exposed to all predators
(no cage), with fish excluded (partial cage) and with all large predators excluded (full cage) at sites with (+SR; Black Rock
and Raramai) and without subtidal reefs (—SR; Woodpecker Bay and 9 Mile Bluff) in May—October 2003.

Seascape effect on predation by fish and macro-in-
vertebrates: large scale—The second experiment,
done at +SR and — SR sites separated by hundreds of
kilometers, had similar results to those from the small-
scale experiment (Fig. 3, Appendix C for ANOVA ta-
ble). Over the first 3 d, seascape and treatment effects
were significant (F,, = 29.6, P = 0.032; F,, = 103.3,
P = 0.0004), and they also interacted strongly (F,, =
81.35, P = 0.001). There was no plot effect overall (P
= 0.11), but its potential interaction with treatments
was not testable in this model. By day 74, the treatment
effect remained significant (F,, = 7.78, P = 0.042),
and there was a significant site(within seascape) X
treatment interaction (F,, = 2.77, P = 0.038), due
mainly to differencesin survival rates within the partial
cages, that were quite different between RR and BR
(Fig. 3). There was still arelatively large contribution
of seascape to the overall results, shown in particular
by the differences in the fully exposed (no-cage) treat-
ment between —SR and +SR sites. Predation effects
at Black Rock (+ SR site) were almost identical to those
in the small-scale experiment over the first 30 d. There
was a sharp drop in mussel numbers in the open treat-
ment, slower mortality in partial cages, and greatest
survival in the full cages (Fig. 3). At the other +SR
site (RR), mussels in open areas disappeared rapidly
but most of those in the partial cages (where only fish
where excluded) survived well for 6 mo. At the two
—SR sites (WB and 9MB), there was a gradual decline

in survival in the open treatment, but it was still around
40% after 150 d (Fig. 3). Mussels survived well in both
caged treatments, although there appeared to be some
predation in the partial cages, particularly at WB. This
predation may be attributable to seastars that were
abundant around experimental plots (within 2 m of
plots there were 4.0 = 1.9 seastars per circle of 2 m
radiusat WB and 2.8 += 1.0 at 9MB). However, because
survival was higher in the partial cages (which seastars
can enter) compared to no-cage tiles, other predators
potentially contributed to predation on the fully ex-
posed mussels.

To illustrate the overall differences between sea-
scapes from both the small and large scale experiments,
data on mussel survival are summarized for days 13
(first experiment) and 15 (second experiment) (Fig. 4).
It is evident that on both the west and east coasts, — SR
sites behaved almost identically within thistime frame,
with no differences between coasts and between treat-
ments. Survival at the + SR sites on the east coast was
very low and similar among sites and between dates
(for BR in both experiments) when exposed to all pred-
ators, and intermediate in most cases (except for RR)
when fish were excluded (and large invertebrates were
allowed entry; partial cage).

Long-term predation effects on early recruits—
Throughout most of the experimental period, the total
number of mussel recruits found within barnacle patch-
es was approximately three times greater when pro-
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see Methods: Study sites.

tected from predators compared to unprotected treat-
ments (Fig. 5). This difference was significant already
on the first monitoring day (day 37: F,, = 11.6, P =
0.027). All mussels were young recruits (<5 mm) at
the start of the experiment (March 2003). By 200 d
after the experiment began, there was an average of
approximately 40 mussels per 100 m? in the caged treat-
ment but only 10 in the open treatment within barnacle
patches. By the end of October 2003 (day 217) new
recruits started to appear in all experimental plots and
this trend increased over time (Fig. 5b), but the total
number of mussels in the cages was still more than
twice that in the open plots (Fig. 5a). By day 259, the
effect of predation exclusion was even stronger (F,, =
85.0, P = 0.0008). Many of the small recruitsin caged
areas steadily grew in size. By early October 2003, the
number of larger mussels (5-10 mm) equaled the num-
ber of the small ones (Fig. 5b, c) and by March 2004
afew mussels were already >20 mm long. Only afew
mussels in the open (no-cage) treatment survived long
enough to recruit into the 5-10 mm size class (94%
fewer than in the caged plots by day 300 in January
2004, Fig. 5c). Mussels that did survive and grow in
open areas were located mostly inside tests of large
dead barnacles. The average mussel cover in the caged
plots tripled between March 2003 and March 2004
(from 5.6 = 1 to 17 = 8.3 [mean * sg]) while it did
not change in the open plots (5 1.2 and 6 = 3,
respectively).

*
*

Mussel settlement

Among the four sites near Christchurch, the tuffies
from the two —SR sites generally had higher mussel
settlement rates than those at the two + SR sitesin both
March and April 2003 (Fig. 6). The two —SR sites,
however, were quite different from each other. Settle-
ment at CR was an order of magnitude greater than at
TM and two orders of magnitude greater than at the
+SR sites. Overall, there was greater settlement in
April than in March, mainly at the —SR sites, and the
relative composition of species also changed. At the
—SR sites, the dominant species in the collectors was
Perna canaliculus. During March, M. galloprovincialis
was the second most abundant species and the other
two species were rare. In April, Xenostrobus pulex be-
came relatively abundant in the collectors at the —SR
sites and was more abundant than M. galloprovincialis
in TM. At the +SR sites, there was little difference
between months (settlement levels were low at both
months) but there were difference in species’ abun-
dances. Here, M. galloprovincialis was the most nu-
merous species followed by P. canaliculus and then X.
pulex, which occurred mostly in April. These complex
differences among seascapes, sites, and months are re-
flected in their strong interactions in the multivariate
analysis (P < 0.0001 for all factors and interactions;
Appendix D, MANOVA table) using the different spe-
cies (excluding Aulacomya ater maoriana that was
very rare in the collectors) as the dependent variables.
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Fic. 5. Density of mussel recruits (mean = sg of two
different size classes and of all sizes pooled) in 10 X 10 cm
plots within barnacle patches exposed to all predators (no
cage) and protected from large predators (full cage) in the
low shore of a +SR site (Black Rock) from March 2003 to
March 2004.

The separate univariate ANOVAS, however, showed
only a significant site(seascape) X month interaction
in Mytilus and Perna (F, 5, = 4.23, P = 0.024, and F 5,
= 32.7, P < 0.0001, respectively; Appendix D, AN-
OVA table).

DiscussioN

In recent years, the importance of trophic connec-
tivity among adjacent habitats in different ecological
systems is starting to emerge, requiring the integration
of landscape and food web ecology (Polis et al. 1997).
Our study integrates these two aspects of ecology and
offers several insights into the processes that account
for considerable variability in mussel-dominated, in-
tertidal communities among sites at different spatial
scales. We propose a conceptual model of seascape-
dependent, top-down control through predation on
mussel recruits by subtidal predators; we discuss the
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question of scale in which those predators operate,
compared to other less mobile predators; and we de-
scribe a context-dependent, interaction-web structure
for southern New Zealand that highlights the role of
mobile, subtidal predators. Finally, we point to a po-
tential decoupling between prey supply and predation
intensity, where predation involves subtidal predators.

Seascape-dependent predation

The importance of predation by subtidal predators,
particularly fish, on recruit mussels was unequivocal.
In most cases, predation was swift, occurring within a
few days, and intense, removing 60—100% of small
mussels. This predation pressure operated at alocalized
scale, in the order of hundreds of meters, and at broader
scales of sites scattered around the South Island of New
Zealand, but it was seascape dependent. Furthermore,
the differences in predation intensity corresponded to
the differences in domination of intertidal benches by
mussels. The cover of mussels, particularly those in
the smaller size classes, was significantly greater on
intertidal benches without adjacent subtidal reefs than
on those where the reef was contiguous from the in-
tertidal to subtidal zones.

The ability to infer a far-ranging relationship be-
tween predation and seascapes depends not only on the
predation intensity seen in our experimental results but
also on the experimental arrays themselves. Site se-
lection was limited in both the local- and broad-scale
experiments. In thefirst experiment, the + SR and —SR
sites were not interspersed, due to the nonrandom way
the seascapes were arrayed along the peninsula. How-
ever, the predation effects were strong and consistent
in this and in another related study (G. Rilov, unpub-
lished data). Furthermore, the sites were distant enough
from each other that the effects of mobile predators
should have been independent. The main predators
were undoubtedly fish, particularly the reef-associated
|abrids Notolabrus celidotus and N. fucicola, which are
the most abundant nearshore predatory fishes around
the South Island (Schiel and Hickford 2001). Both fish
are generalist predators that eat a wide range of bi-
valves, gastropods, and small crustaceans (Denny and
Schiel 2001). Around sites on the east coast of the
South Island, the most abundant prey items of N. fu-
cicola are small mussels, and 42% of fish sampled in
one study had these in their gut (Jones 1984b, Denny
and Schiel 2001). Both fish species show high fidelity
to reef sites dominated by large brown seaweeds, feed
mostly within circumscribed home ranges (Jones
1984a) and were seen foraging in the intertidal zone
at the +SR sites of Banks Peninsula (G. Rilov, un-
published data). We therefore consider it to be highly
likely that they were the primary agents of predation
and also that their effects were localized and did not
spill over between our study sites. We also surmise that
large crabs (red rock crab, Plagusia chabrus and cancer
crabs, Cancer novaezelandiae) foraging from the sub-
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tidal zone had an influence on mussel survival, as ev-
idenced by the smaller effects seen in the partial cages
that excluded fish. These crabs were abundant at the
+SR sites of Bank Peninsula at night (G. Rilov, un-
published data).

The influence of habitat structure on predation in-
tensity is well documented for some intertidal com-
munities, but most studies have focused on within-hab-
itat effects of microhabitats on predator abundance and
foraging. For example, In North America, Menge
(1978) described bare zones around crevices occupied
by whelks Thais (Nucella) lapillus. Fairweather (1988b)
found that the whelks Morula marginalba and Thais
orbita in Australia quickly moved away from areas
without shelter even when prey were abundant. Pre-
dation by these whelks was greatly reduced in areas
where shelter was scarce (Fairweather 1988c, a). Sim-
ilarly, in the eastern Mediterranean, food availability
is a poor predictor for density of the large whelk Stra-
monita haemastoma while refuge (holes and crevices)
appeared to be the limiting factor (Rilov et al. 2001,
2002). Within a short distance (<100 m) this whelk is
abundant on benches with ample suitable refuge and
is rare on benches where suitable refuge is scarce but
itsfavorite prey (mussels) is abundant. The interactions
between structure, distribution and predation effectsin
these studies were highly localized, mainly because
whelks are relatively small, slow, and usually forage
only on the scale of tens of centimetersto afew meters.
The effects of mobile predators foraging from subtidal
reefs are documented in only a few studies. For ex-
ample, Menge et al. (1986a) showed predation effects

by fish and crabs on sessile invertebrates in the low
intertidal zone in Panama. Robles (1997) showed that
lobsters in southern California maintained a distinctive
algal turf by feeding extensively on juvenile intertidal
mussels that otherwise grow and replace the algae on
wave-exposed shores. Fish and crabs, like lobsters, are
relatively large and can move rapidly between habitats
across a seascape and, therefore, have the potential to
be more effective predators on a larger spatial scale
than intertidal-dwelling invertebrate predators. Their
presence and influence in the intertidal zone seem to
be restricted primarily by the presence or absence of
subtidal reefs.

Because of the reported differences in predation in-
tensity between the east and west coasts of New Zea-
land (Menge et al. 1999, 2002, 2003), we had intended
to test the effects of seascapes across these two coast-
lines using a fully balanced design. However, we could
find no accessible sites on the northern west coast that
had contiguous subtidal reefs similar to those on the
east coast. Much of the South Island west coast has a
shallow bathymetry near the shoreline that extendsinto
sand and gravel. Subtidal reefs nearshore are rare and
the patches that exist are unlikely to support large pop-
ulations of reef-associated species. In this, the sites
without subtidal reefs on the west coast are similar to
those on the east coast. However, there are also con-
siderable differences between coastlines in upwelling
(Stanton 1976) and frequency of intense wave action.
Despite these differences, the survival rate of small
mussels at the —SR sites on the west coast was very
similar to those on the east coast, lending a degree of
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confidence that predation effects on small musselswere
more site dependent and seascape dependent than coast
dependent.

A modified structure of the New Zealand intertidal
trophic interaction web

The results presented by Menge et al. (1999, 2002,
2003) led to a coast-dependent, oceanographic-linked,
food web structure with only one important predator
in the system—a seastar. There are clearly differences
in the potential predators between the east and west
coasts, and they also appear to operate on different size
classes of mussels. The large seastar Stichaster aus-
tralis is far more common on the west coast than on
the east coast, but its abundance is highly site specific
(Morton and Miller 1968, Menge et al. 1999, 2003).
Menge et al. (1999, 2003) showed that this seastar was
responsible for most of the predation on large mussels,
leading to the conclusion that predation was more in-
tense along the west coast. Although there may have
been a minor effect of seastars at west coast sites in
our experiments, as evidenced by the lower survival in
partial cages at one site compared to full cages (Fig.
3), there were major contrasts in our assessment of
predation intensity on this coast compared to that of
Menge et al. (1999, 2003). The major reason for this
is that we experimented with smaller mussels, which
are far more susceptible to predation by fish (e.g., Den-
ny and Schiel 2001) than the larger mussels used by
Menge et al. (1999, 2003), and the fact that predation
by seastars can be highly localized. There may also
have been a seasonal effect in seastar feeding rates.
Our experiment was begun in the early austral winter
(May) and lasted until spring (October), and Stichaster
may reduce their activity during winter as Pisaster do
on the U.S. west coast (Menge et al. 1994). On a pop-
ulation scale, the high rates of mussel settlement on
the west coast compared to the east coast (Menge et
al. 1999, 2003) could ameliorate the effects on seastars
on mussel recruits (‘‘swamping’ effect, see Dayton
1971).

Unlike the more simplified, subsidies-dependent,
trophic-interaction web of high predation on the west
coast and low on the east coast (Menge et al. 2003;
noted by Palumbi 2003), a revised trophic-interaction
web, which incorporates differential effects by differ-
ent guilds of predators, is more appropriate (Fig. 7).
Sites without subtidal reefs, which encompass most of
those on the central to northern west coast, have weak
predation by fish, while the opposite applies to sites
with subtidal reefs. On a coast-wide basis, predation
by seastars is strong and by fish and crabs is weak on
the west coast, and predation by seastars is weak and
by fish and crabs is strong on the east coast (in +SR
sites), but only on small mussels (size selective pre-
dation, see also Ojeda and Dearborn 1991). On the east
coast, once mussels reach a refuge size (approximately
15 mm shell length), or if protected within crevices or

SEASCAPE-DEPENDENT FOOD WEB LINKAGES

741

a) East coast, —SR sites

Seastars

Mussels (small)

b) East coast, +SR sites

Birds Crabs Seastars
NS 7/ -
\, / -
N\

-

-

Mussels (small)

c) West coast, —SR sites

Birds

NS

Fish Seastars

4av Yy
Mussels (small and large)

Fic. 7. A seascape-dependent trophic interaction-web
structure for southern New Zealand east and west coasts. (a)
—SR bench on the east coast, (b) +SR bench on the east
coast, (¢) —SR bench on the west coast. Size of taxa names
indicates rel ative abundance and thickness of arrowsindicates
relative strength of the interaction. Dashed lines are assumed
interactions that have not been measured.

mussel beds, they are generally free from most pred-
ators. This refuge in size and micro-habitat probably
allows mussels to establish the beds seen at some sites
with subtidal reefs on the east coast. Whelks, which
are known to be important predators in other parts of
the world (Connell 1961, Menge 1976, Castilla and
Duran 1985, Hunt and Scheibling 1998, Johnson et al.
1998), are abundant on both coasts (up to hundreds per
m?), although most are small, concealed in crevicesand
mussel beds, and tend to be slow in feeding (B. Menge,
personal communication; D. Schiel, unpublished data).

Settlement and predation: a potential decoupling

The differential supply of recruits undoubtedly plays
a major role in determining community structure in
New Zealand (supply-side ecology, sensu Lewin 1986),
and is probably greater on parts of the west coast (Men-
ge et al. 2003), although we demonstrated that very
high supply occurs locally on the east coast as well.
The high supply rates on sites with no subtidal reefs
near Christchurch may be a result of alocalized reten-
tion mechanism near an estuary just north of Banks
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Peninsula. This area could also be a sink for larvae
coming from more southern populations via the South-
land Current, as trajectories of drift cards and circu-
lation in that area seem to suggest (Carter and Herzer
1979, Reynolds-Fleming and Fleming 2005). Alter-
natively, or in conjunction with this, there may be sea-
scape-dependent settlement. Banks Peninsulais known
to be an areawith large numbers of sessileinvertebrates
in the shallow subtidal zone (Schiel and Hickford 2001)
as well as throughout the intertidal zone. Where shal-
low subtidal reefs are present, mussel larvae may settle
throughout an extensive reef system. Where subtidal
reefs are absent, settling larvae could potentially be
concentrated on intertidal benches, the only hard sub-
strata available. Regardless of the mechanism, if the
higher rate of settlement seen on seascapes without
subtidal reefs in our study is a more general phenom-
enon, it would interact synergistically with lower pre-
dation pressure to produce the greater cover of mussels
seen at most of these sites.

This apparent inverse relationship between predation
intensity and settlement rate is an intriguing result of
our study. Although settlement into collectorswas mea-
sured in only two months, the sites without subtidal
reefs (particularly one of them) had far more recruits
than those with subtidal reefs. This contrasts with re-
cent bottom-up/top-down models (Connolly and
Roughgarden 1999) and the conclusions of studies both
around these New Zealand sites (Menge et al. 1999,
2002, 2003) and on the west coast of North America
(e.g., Menge et al. 1994) where a positive feedback
between the rate of settlement and predation intensity
has been suggested. This discrepancy is probably re-
lated to the fact that, unlike intertidal seastars and
whelks, predators such as fish and crabs are not entirely
reliant on intertidal subsidies because they also feed
subtidally.

In conclusion, our study shows the necessity of con-
sidering the entire suite of predators and the different
sizeg/life stages of prey before valid conclusions can
be drawn on trophic interactions and their effects on
community structure. Intertidal benches frequently do
not occur in isolation from subtidal reefsand, therefore,
present a contiguous seascape to mobile, foraging spe-
cies. Settlement and nutrient supply, the ‘‘subsidies”
from offshore (Palumbi 2003), are likely to interact
with these localized seascapes in complex ways.
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APPENDIX A

Nested MANOVA on the effect of seascape, site, and shore height on percentage of cover of three size classes of mussels
on the rock surface, and the separated ANOVA on the cover of the patches of the different size classes (Ecological Archives

E087-043-A1).

APPENDIX B
ANOVA testing the effect of seascape, site, and treatment on survival of 5-15 mm mussels at four sites in the small-scale

experiment (Ecological Archives E087-043-A2).

APPENDIX C

ANOVA testing the effect of seascape, site, plot, and treatment on survival of 5-15 mm experimental mussels at four sites
in the large-scale experiment (Ecological Archives E087-043-A3).

APPENDIX D

Nested MANOVA on the effect of seascape, site, and month on mussel recruitment to collectors, and a similar ANOVA
on the separated species (Perna canaliculus, Mytilus galloprovincialis, and Xenostrobus pulex) (Ecological Archives E087-

043-A4).



