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Abstract Allochthonous subsidies of organic material
can profoundly influence population and community struc-
ture; however, the role of consumers in the processing of
these inputs is less understood but may be closely linked to
community and ecosystem function. Inputs of drift macro-
phytes subsidize sandy beach communities and food webs
in many regions. We estimated feeding rates of dominant
sandy beach consumers, the talitrid amphipods (Megalor-
chestia corniculata, in southern California, USA, and Tali-
trus saltator, in southern Galicia, Spain), and their impacts
on drift macrophyte subsidies in field and laboratory exper-
iments. Feeding rate varied with macrophyte type and, for
T. saltator, air temperature. Size-specific feeding rates of
talitrid amphipods were greatest on brown macroalgae
(Macrocystis, Egregia, Saccorhiza and Fucus). Rates for
large individuals of both species ranged from ~40 mg wet
wt individual "'12 h™! on brown macroalgae to negligible
feeding by M. corniculata on a vascular plant (surfgrass).
Amphipod growth rates were also greatest on Macrocystis
and lowest on surfgrass, Phyllospadix. For a Californian
beach with substantial inputs of macrophyte wrack (>70 kg
wet wtm~! month™! in summer), we estimated that the
population of talitrid amphipods could process an average
of 55% of the palatable Macrocystis input. Our results indi-
cate that talitrid amphipod populations can have a significant
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impact on drift macrophyte processing and fate and that the
quantity and composition of drift macrophytes could, in
turn, limit populations of beach consumers.

Introduction

Allochthonous inputs of organic matter can strongly influ-
ence population and community structure in many eco-
systems (e.g., Polis and Hurd 1996; Cross et al. 2006).
Such effects are expected to be greatest where a highly
productive system interfaces with and exports materials to
a relatively less productive system (Barrett et al. 2005).
Ecosystems that are subsidized by allochthonous inputs
often support a high abundance and diversity of primary
and secondary consumers (Polis and Hurd 1996; Busta-
mante et al. 1995; Anderson and Polis 1999; Dugan et al.
2003), however, the role of subsidized consumers in the
processing of these inputs is less understood.

Sandy beach ecosystems form a dynamic interface
between marine and terrestrial environments. These sys-
tems are generally characterized by low in situ primary
productivity (McLachlan and Brown 2006) and beach food
webs are subsidized by allochthonous inputs from the
coastal ocean (Griffiths etal. 1983; Dugan etal. 2003;
reviewed by Colombini and Chelazzi 2003). Beach con-
sumers are supported primarily by these allochthonous
inputs, which include macrophyte wrack, consisting of drift
macroalgal and vascular plant material, as well as phyto-
plankton, carrion, and other organic material (Griffiths et al.
1983; McLachlan and Brown 2006). In regions where the
production of reef macroalgae, such as kelps, is high (e.g.,
Kirkman 1984; Dayton 1985; Hobday 2000), inputs of drift
macrophytes to beaches can be extensive. For example,
annual inputs of kelp wrack exceeding 470 and up to
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2,100 kg wet weight m~' of shoreline were estimated for
sandy beaches of southern California and the west coast of
South Africa, respectively (Hayes 1974; Stenton-Dozey
and Griffiths 1983). The species composition and biomass
of macrophyte inputs to beaches vary both spatially and
temporally (e.g., Stenton-Dozey and Griffiths 1983; Mars-
den 1991; Dugan et al. 2003; Orr et al. 2005). Following
deposition on the beach as wrack, drift macrophytes are
subjected to a variety of processes including consumption
by beach herbivores, in situ microbial degradation, desicca-
tion, and export by tides and currents (Griffiths et al. 1983;
Griffiths and Stenton-Dozey 1981; Inglis 1989; Jedrzejczak
2002; Orr et al. 2005).

Biological processing of macrophyte inputs through con-
sumption by herbivores is a potentially important pathway
by which this imported detrital material is cycled through
the beach ecosystem (Hayes 1974; Griffiths et al. 1983;
Chown 1996). Talitrid amphipods are often the most abun-
dant herbivores on exposed sandy beaches, comprising up
to 90% of the abundance (Stenton-Dozey and Griffiths 1983)
and achieving high densities (>10,000 individuals m~1)
on some beaches (e.g., Jaramillo and McLachlan 1993;
Dugan et al. 2003; Lastra et al. 2006). These abundant
herbivores are supported by macrophyte wrack and are
important trophic intermediates between macrophytes and
higher level insect and avian consumers (Griffiths et al. 1983;
Dugan et al. 2003).

Although feeding by herbivores may remove appreciable
amounts of recently deposited macrophytes from a beach,
few data are available that permit general estimates of the
importance of this pathway to the fate of macrophyte wrack
and reported figures vary widely. For example, estimated
consumption of brown macroalgae inputs by beach herbi-
vores has been reported as negligible (<1%, Inglis 1989) or
very low (4-9%, Hayes 1974; Koop and Lucas 1983) to
substantial (>70%, Griffiths et al. 1983).

The rates of consumption of drift macrophytes by different
herbivore species may depend on the macrophyte species and
associated physicochemical and morphological characteris-
tics (Wakefield and Murray 1998; Van Alstyne et al. 2001;
Pennings et al. 2000). Thus, biomass, composition and palat-
ability of macrophytes arriving on the beach may play an
important role in determining the fate of these inputs (Van
Alstyne etal. 1999; 2001; Orr et al. 2005). Likewise, the
abundance, composition and structure of the consumer com-
munity inhabiting a beach could influence the processing and
availability of macrophyte wrack. In turn, spatial and tempo-
ral variability in wrack composition and biomass may affect
composition, abundance and demographic rates of amphi-
pods and other consumers within the beach community
(Stenton-Dozey and Griffiths 1983; Dugan et al. 2003).

The overall goal of this study was to investigate factors
that potentially influence the processing and consumption
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rate of macrophyte wrack by talitrid amphipods, including
macrophyte species, amphipod size and abundance, and air
temperature, and to explore the effect of macrophyte spe-
cies on the growth performance of these amphipods. Spe-
cifically, we (1) estimated the size-specific feeding rates of
talitrid amphipods on common drift macrophytes in the
field and laboratory in two widely separated geographic
regions, (2) explored amphipod food preferences in a field
experiment, (3) evaluated the effect of macrophyte species
on amphipod growth, and (4) estimated the impact of tali-
trid amphipods on drift macrophyte processing and fate.

Materials and methods
Study sites

Field sampling and experiments were carried out on sandy
beaches in southern California, USA, and the southeast
coast of Galicia, Spain (Fig. 1). Talitrid amphipods are
important primary consumers of drift macrophyte wrack in
both regions. Isla Vista beach, located along protected outer
coast in Santa Barbara County, southern California
(34°24'33"N, 119°52'9"W) is a narrow bluff-backed, reflec-
tive to low intermediate state beach (Dean’s Parameter,
Q =0.7-3.8, Short and Wright 1983) ~3 km in length that
experiences mixed semi-diurnal tides. The intertidal width
of the beach (bluff base to low swash level) ranges from
~30 to 70 m. Isla Vista beach receives inputs of the kelps,
Macrocystis pyrifera (giant kelp, hereafter Macrocystis)
and Egregia menziesii (feather boa kelp, hereafter Egregia)
and the vascular plant, Phyllospadix torreyi (surfgrass,
hereafter Phyllospadix), as well as a variety of other brown,

P

\vg
s g
Isla Vist £
s aB is ﬁ L L 430 00’
34°30’ 4 €aCh  ganta >
Barbara "L? )
Ao ﬂ—\ﬂ flf" Vigo
33°45 y F42° 00’
_° '\\“' " O Muing
120°00° 118° 30’ \Beach

9° 00’

Fig. 1 Location of the study beaches: Isla Vista beach in southern
California, USA and O Muifio beach in southwest Galicia, Spain
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red and green algal species from rocky reefs and kelp for-
ests located just offshore. This beach supports an abundant,
species rich (39 species) community of intertidal macro-
invertebrates (Hubbard and Dugan 2003).

O Muiifio beach, located in southern Galicia (northwest
coast of Spain) (41°52'21"N, 8°52'9"W) is a protected,
dune-backed reflective beach (Q =0.2) ~700 m in length.
The intertidal width of the beach from the edge of the dunes
to the low swash is ~100 m. O Muifio beach receives
inputs of the brown macroalgae, Saccorhiza polyschides
(furbelow, hereafter Saccorhiza) and Fucus spiralis (spiral
wrack, hereafter Fucus) and the green alga, Ulva lactuca
(sea lettuce, hereafter Ulva), as well as several species of
red algae from nearby rocky intertidal and subtidal habitats.
Large beds of macroalgae comparable to those offshore of
Isla Vista beach above were absent. The number of macro-
invertebrate species on the beach (7 species) is typical of
reflective beaches in northwest Spain (Incera 2004; Lastra
et al. 2006).

Field sampling
Composition and biomass of macrophyte wrack

The species composition and biomass of macrophyte wrack
on Isla Vista beach were estimated in August 2003 along 3
transects (30 m in length) extending perpendicular to the
water line from the landward intertidal boundary (sea bluff)
to the upper swash zone. A table of random numbers was
used to set the distances between the transects along a
100 m segment of the beach. All the macrophyte wrack
present within a 1 m wide strip of beach centered on each
of the transects was collected, separated by species, shaken
to remove adhering sand and weighed to the nearest 100 g.
Mean biomass values for each macrophyte species were
calculated by averaging data from the three transects and
expressed in terms of kilograms wet weight of each species
per meter of beach shoreline.

The species composition and biomass of macrophyte
wrack on O Muifio beach were estimated in October 2003
along 4 transects (26 m in length) extending from 1m
above the upper edge of the highest drift line of wrack to
the swash zone. The four transects were located using a
random number table along a 50 m segment of beach. Six
equally spaced, paired 10 cm diameter cores were taken to
a depth of 15 cm along each transect. The cores were sieved
(mesh size 1.0 mm) to separate wrack from the sand. All
the wrack was placed in labeled plastic bags, transported to
the laboratory at the University of Vigo, and frozen. In the
laboratory, species composition of macrophytes was deter-
mined to the lowest taxonomic level possible. The individ-
ual macrophyte taxa were blotted and weighed wet to the
nearest 0.1 g. Mean biomass values for each macrophyte

species were calculated by averaging data from the four
transects and expressed in terms of grams wet weight of
each species per meter of beach shoreline.

Input of macrophyte wrack

To estimate the potential food resources available and
allow calculations of macrophyte processing rates by tali-
trid amphipod populations, we measured the input of drift
macrophytes for 30 days on Isla Vista Beach in July—
August 2002. This period coincides with a time of year that
lacks storm activity and has consistently small waves and
minimal beach erosion. Four 25-m wide plots were selected
from a 300 m segment of beach using a random number
table. These plots were initially cleared of surface and bur-
ied wrack by hand on 9 July. Subsequently, all wrack accu-
mulated between the sea bluff and the high swash level was
collected by hand, categorized by type, weighed to the
nearest 100 g and removed from the plots every 3 days.
Wrack was collected following the highest tide for each day
of sampling to minimize any effects of tide level on wrack
input estimates. Wrack in the active swash zone (below the
high swash level) was not removed or estimated. To pre-
vent the redeposition of wrack in the study plots, all wrack
removed was transported off the entire 300 m segment of
beach. Input for each 3-day period was estimated from the
mean biomass of fresh algae for the four plots. These bio-
mass values represented net input for each 3-day period
after loss from amphipod feeding. For use in calculating
processing by talitrid amphipods, the mean wet biomass of
accumulated fresh Macrocystis was adjusted to reflect the
average proportion of blades in individual plants (64%,
D. Reed personal communication) as an estimate of the input
of palatable material per meter of beach shoreline.

Density and population structure of talitrid amphipods

To predict the potential impact of talitrid amphipod popula-
tions on their food resources, we used data on the density
and population structure of Megalorchestia collected in
2002 and on Talitrus collected during the field feeding
experiments in the present study. On Isla Vista beach, the
population of Megalorchestia was sampled along each of
three shore-normal transects extending from the landward
intertidal boundary (bluff) to the upper swash zone. A table
of random numbers was used to set the distances between
the transects along a 25 m segment of beach. Twenty (0.1 m
diameter) cores were collected at uniform intervals to a
depth of 20 cm along each transect. Sand from each set of
ten cores was sieved through a 1.5 mm mesh retaining any
animals. For O Muifio beach, the population of Talitrus was
sampled with the cores used to estimate macrophyte wrack
composition and biomass. As above, amphipods were
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separated from the sand in each core by sieving (mesh size
I mm). Samples were placed in ziplock bags, transported to
laboratories at the University of California, Santa Barbara or
University of Vigo, and frozen. In the laboratory, talitrid
amphipods were identified, enumerated, measured (total
length to the nearest 1 mm) blotted dry, and weighed to the
nearest 0.001 g. Dry weight was determined on subsamples
of each species after drying to a constant weight at 60°C. A
length-dry weight relationship for each amphipod species
was calculated using regression analysis. The size-specific
density of Megalorchestia and Talitrus were expressed per
linear meter of beach shoreline (ind m ™).

Field and laboratory experiments
Consumption rate of macrophytes in the field

To estimate the consumption rates of common macrophytes
by Megalorchestia and Talitrus, we conducted field experi-
ments at Isla Vista and O Muifio beaches. Consumption
rates were measured by enclosing amphipods in the field in
replicate plastic containers of 12 cm diameter and 8 cm
depth that were filled with ~5 cm of moist sand from the
respective study beach. Sand was sieved through 1 mm
mesh to remove animals and particulates prior to use in
experiments. The lids of the containers were perforated
with many small (~1 mm) holes to facilitate air flow. Since
consumption rate varies with body size, we used three size
classes of amphipods (small, medium, and large) in the
feeding experiments. The sizes of animals in the three clas-
ses varied between the two species because Megalorchestia
reaches a larger size (30 mm) than Talitrus (20 mm). For
Megalorchestia, amphipods ranged in total length from 8 to
10 mm, 14 to 17 mm, and 20 to 23 mm, for small, medium,
and large size classes, respectively. For Talitrus, amphi-
pods ranged in length from 5 to 8 mm, 10 to 12 mm, and 15
to 18 mm, for small, medium, and large size classes,
respectively. The two largest size classes of Megalorchestia
were composed entirely of M. corniculata, whereas the
smallest size class could also potentially have included a
few individuals of a smaller species, M. benedicti, since it
was difficult to separate this species from M. corniculata by
eye at that size.

We compared consumption rate of talitrids on three spe-
cies of macrophytes at each beach. For experiments at Isla
Vista beach, the brown macroalgae, Macrocystis and Egre-
gia, and the vascular plant, Phyllospadix were used. These
3 species comprise >90% of total biomass of recently
deposited wrack (see “Results”). For O Muifio beach, the
brown macroalgae, Saccorhiza and Fucus, and the green
alga, Ulva, were used. These three species comprise 50% of
the total biomass of recently deposited wrack (see
“Results™).
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To estimate consumption rates, amphipods freshly col-
lected by hand from each beach were added to individual
containers as follows: 20 small, 10 medium or 10 large
individuals. Once the amphipods had burrowed, a pre-
weighed portion of the blade (macroalgae) or several leaves
(surfgrass) of single macrophyte species was placed on the
sand surface in each experimental container. All macro-
phyte portions were composed of material that was har-
vested from the field, blotted to remove excess water and
weighed to the nearest 0.001 g prior to addition to the con-
tainers. We used harvested material in experiments to simu-
late recently deposited beach wrack. Although the time
from dislodgement of macrophytes in nearby beds to depo-
sition on the beach is unknown, macrophytes deposited on
our study beaches typically desiccate during the day, or
become buried and less useable to amphipods. Macrophytes
were always supplied to each experimental container in
excess of anticipated consumption by amphipods (generally
0.8-1.0 g wet wt). To control for a possible weight change
of the macrophyte portions independent of feeding by
amphipods (e.g., from desiccation, microbial degradation),
three controls consisting of containers with sand and pre-
weighed portions of each of the macrophyte types, but
without amphipods, were also prepared for each experi-
mental trial.

Experimental containers were prepared in the laboratory.
Containers were shuffled and picked at random for deploy-
ment in the field, where they were spaced ~1 m apart along
the drift line, buried in the sand, but leaving the top few
millimeters of each container exposed at each study beach.
Both amphipod species are primarily nocturnal, emerging
at dusk and burying into the sand at dawn (Craig 1973; Sca-
pini et al. 1992; Nardi et al. 2003). To bracket natural activ-
ity patterns, experimental containers were deployed at
dusk, left overnight, and collected at dawn (12 h period of
deployment). Each amphipod size class x macrophyte spe-
cies treatment was replicated over three consecutive nights.
Field experiments at Isla Vista beach were conducted from
21 to 23 September 2004. Experiments at O Muifio were
conducted from 15 to 17 October 2003. Air temperatures
during the experiments ranged from 14 to 22°C at Isla Vista
beach and from 10 to 15°C at O Muifio beach. At the termi-
nation of the experiment, the remaining food was removed,
brushed lightly with a small brush to remove adhering sand,
blotted to remove excess water, and weighed to the nearest
0.001 g. The total length of each amphipod used in the
experiments was measured to the nearest 0.1 mm with ver-
nier calipers.

Consumption rates were calculated per individual (mg
consumed ind~' 12 h™') as: ((T; x C/Cp) — Tp/n where T,
and 7} are the initial and final blotted wet weights of macro-
phyte in the treatment, C; and C; are the initial and final
weights of macrophyte in the controls, and n = number of
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individuals in the treatment (e.g., Taylor and Brown 2006).
This calculation does not consider interactions over time
between weight changes due to feeding and other factors,
such as desiccation, and most accurately reflects consump-
tion when weight changes and variability among values
in the controls are small (as in this study, generally <5%)
(Peterson and Renaud 1989). Consumption rates were
expressed per mean individual dry weight using the follow-
ing length—weight relationships developed from a subset of
experimental animals:

(1) Megalorchestia: log dry wt (mg) =3.16 x (log total
length, mm) — 2.41 (*=0.82, n = 75).

(2) Talitrus: log dry wt (mg) =1.99 x (log total length,
mm) — 1.99 (¥ =0.93, n = 66).

Food preference and population feeding

To investigate the preference of Megalorchestia for the
three most abundant types of macrophyte wrack and esti-
mate the impact of feeding on their food resources, we
deployed whole blades (including pnematocysts) of Macro-
cystis, pieces of rachis with blades of Egregia, and leaves
of Phyllospadix on Isla Vista beach. The experimental
wrack portions were blotted to remove excess water,
weighed to the nearest 0.01 g, and set out on the driftline
overnight on 23 September 2004. Each treatment was pre-
pared in triplicate and nestled into existing wrack on the
beach at stations located ~2 m apart along the drift line.
Replicate portions of wrack covered with 250-um mesh
that excluded Megalorchestia, were used as controls for
weight changes independent of amphipod feeding. Just
prior to dawn the following morning, the remaining pieces
of Macrocystis, Egregia, and Phyllospadix were retrieved,
returned to the laboratory, brushed lightly to remove adher-
ing sand, blotted, and weighed.

Effect of air temperature on consumption rate

The effect of the air temperature on the consumption rate of
macrophytes by Megalorchestia and Talitrus was explored
in laboratory experiments using Macrocystis and Saccorh-
iza, macroalgal species that were readily consumed in the
field experiments. Containers and size classes of amphipods
used in the laboratory experiments were the same as those
used in the field experiments. Replicate trials were run over
three consecutive nights (12 h) in environmental chambers
at three temperatures that bracketed the range of tempera-
tures observed during the field experiments at each site
(£1°C). Thus, experiments were conducted at 15, 17.5,
and 20°C with Megalorchestia, and 10, 15, and 20°C with
Talitrus. Each amphipod size class, temperature treatment
combination was replicated three times. Controls containing

portions of each macrophyte species, but no amphipods,
were included as in the field experiment. Photoperiod in the
environmental chambers was similar to that in the field
(~12 h of daylight). At the conclusion of the experiment,
the total length of each amphipod used in the experiments
was measured as above.

Effect of macrophyte type on amphipod growth rate

To examine the effect of macrophyte species on amphipod
growth rate, we enclosed ten Megalorchestia (8—10 mm in
length) in a container (as described above) together with
portions of blade of either Macrocystis or Egregia, or
leaves of the surfgrass, Phyllospadix. Macrophytes were
supplied to each experimental container in excess of antici-
pated consumption by amphipods in 24 h. Each of the three
macrophyte treatments was replicated four times. Contain-
ers were deployed randomly (as above) in the upper part of
the beach (above the driftline) and left in place for 7 days
(20-27 September 2006). During this period, the containers
were checked each morning, all uneaten algae or surfgrass
was removed, and fresh portions of macrophyte species
added in excess of consumption. Total blotted wet weight
of the amphipods was measured to the nearest 0.001 g at the
beginning and at the end of the experiment. Amphipod growth
was calculated as the difference between the initial and final
weights for the composited ten animals in each container.

Data analysis

Density and biomass data are expressed per meter of shore-
line in the alongshore direction. All the statistical analyses
were done using SYSTAT 11.0 (SPSS). We tested for treat-
ment effects (macrophyte species, air temperature) on the
consumption rate of macrophytes in the field and laboratory
enclosure experiments using analysis of covariance
(ANCOVA) with individual weight as the covariate. We
tested for differences in the consumption of macrophytes
deployed overnight in the field using one-way analysis of
variance (ANOVA). If the main effects were significant, we
used the Tukey post hoc test to identify significant differ-
ences among treatments.

Results

Composition and standing crop of macrophyte wrack
Macrophyte wrack at Isla Vista beach was composed pri-
marily of giant kelp, Macrocystis (50% of total) and surf-
grass Phyllospadix (37%) with lesser amounts of other

algae and negligible amounts of terrestrial material (Fig. 2).
The total mean biomass of recently deposited wrack at this
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Fig. 2 Composition of the biomass (wet weight) of macrophyte wrack
at Isla Vista beach and O Muifio beach

beach was 21.4 kg wet wt m~!. Recently deposited macro-
phyte wrack at O Muifio beach was composed of a variety
of species, including the brown macroalgae Saccorhiza
(14% of total) and Fucus (3%), and the green alga Ulva
(5%), along with several species of red algae (22%)
(Fig. 2). Vascular plant material originating from the
nearby Mifio River and estuary comprised a high propor-
tion of wrack on the beach (53%). The mean biomass of
recently deposited macrophyte wrack on O Muifio beach

was 0.61 kg wet wt m™".

Input of macrophyte wrack
The measured net input of freshly deposited marine macro-

phytes to Isla Vista Beach during the 30 day study period
averaged 5,300 g wet wt m~' 3 days~! (£2,423) and varied
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over 4-fold (2,081-9,215 g wet wtm~' 3 days~') among
sampling dates. Net input of fresh wrack was dominated by
brown macroalgae but varied considerably among the kelp
species at Isla Vista beach. The net input of fresh Macro-
cystis was greatest, averaging 2,715 g wet wt m~' 3 days ™!
(£1,087) over the 30 days, while that of Egregia was more
than an order of magnitude lower, averaging 180 g wet
wtm~ '3 d™! (138). The net input of surfgrass, Phyllo-
spadix, was also high, averaging 2,006 g wet wtm~'3 d~!
(£1,154).

Consumption rate of macrophytes in the field

For Megalorchestia, mean individual consumption rate was
significantly correlated with individual body weight in the
Macrocystis (P < 0.001, ¥ =0.72) and Egregia (P < 0.001,
r*=0.79) treatments, but not in the Phyllospadix (P > 0.1,
r*=0.15) treatment (Fig. 3). The weight of the controls
decreased <4% for Macrocystis, Egregia, and Phyllospadix.
For Talitrus, individual consumption rate was correlated
with body weight in all treatments (Saccorhiza, P <0.001,
?=0.82; Fucus, P <0.01, #»=0.96; Ulva, P < 0.05, »=0.73)
(Fig. 3). The weight of the controls decreased generally
<5% for Saccorhiza and Fucus and 25% for Ulva.

There was a significant effect of macrophyte species on
consumption rate for both Megalorchestia and Talitrus
(Fig. 3). For Megalorchestia, there was no difference in
consumption rate between the Macrocystis and Egregia

0 Megalorchestia corniculata
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Fig. 3 Consumption rate of macrophytes as a function of amphipod

dry weight for Megalorchestia corniculata and Talitrus saltator in
field containers
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treatments (P =0.086, test for homogeneity of slopes,
P =0.091, ANCOVA); however, amphipods did not con-
sume detectable amounts of Phyllospadix. For Talitrus,
there was a significant difference in consumption rate
between the Saccorhiza and the Fucus and Ulva treatments
(P=0.002, F=9.82, test for homogeneity of slopes,
P <0.01, Tukey post hoc test), but not between Fucus and
Ulva treatments (P = 0.84, Tukey post hoc test).

Field preference and population feeding

The consumption of Macrocystis, Egregia, and Phyllospadix
deployed on Isla Vista beach overnight by Megalorchestia
populations differed significantly among treatments
(P<0.001, F=39.62,df =2, 12, One-way ANOVA: Fig. 4).
Macrocystis was readily consumed (87%) (x=6.6 0.5 g,
x=£1SE); the blade portion of this alga was almost entirely
eaten leaving only the thicker pnematocyst intact. Less
(53%) of the deployed Egregia was consumed (4.0 £ 0.2 g)
(P =0.012, Tukey post hoc test); the blade portion of this
alga was also preferred, leaving the thicker rachis. Only
negligible amounts of Phyllospadix (1%) (x = 0.01 g) were
eaten. The weight of the controls decreased 7, 3, and 2%
for Macrocystis, Egregia, and Phyllospadix, respectively.
These values are incorporated into the calculation of
consumption (see ‘“Materials and methods”).

Effect of air temperature on consumption rate

There was no effect of the experimental air temperature on
the consumption rate of Macrocystis by Megalorchestia at

101 52.9%
86.7% ' mmmm Before
[z After

—_~ 8 1
=
(o]
©
2 6
[}
=
k=) 1.3%
= 41
<
(o]
g

2 4

. 2

< <
%, % 2,
i) < )
o3 ® %
q\%; ‘90{«,._
Macrophyte

Fig. 4 Consumption of Macrocystis pyrifera, Egregia menziesii, and
Phyllospadix torreyi deployed overnight on Isla Vista beach. Percent-
age change indicated above bars. Weight change overnight corrected
for change independent of feeding (see text)

the three temperatures tested (P = 0.30, ANCOVA: Fig. 5).
There was a significant difference in the consumption rate
of Saccorhiza by Talitrus, among temperature treatments
(P=0.137, test for homogeneity of slopes, P =0.031,
F=4.105, df=2, 22, ANCOVA) with rates lower at 10°C
compared with 15 and 20°C (P < 0.05, Tukey post hoc
test).

For Megalorchestia offered Macrocystis, there was no
difference in the consumption rate-body weight relationship
between field and laboratory (P = 0.37, test for homogeneity
of slopes, P =0.125, ANCOVA). For Talitrus offered
Saccorhiza, however, there was a significant difference in
this relationship with consumption rates measured in field
lower than to those measured at 15 and 20°C (P = 0.26, test
for homogeneity of slopes, P = 0.009, F =3.338, df =1, 22,
ANCOVA), and higher than those observed at 10°C
(P =0.003, F =13.273, df = 1, 13, test for homogeneity
of slopes) in the laboratory.

Effect of macrophyte species on amphipod growth rate

There was a significant effect of macrophyte species on the
short-term growth rate of Megalorchestia (P < 0.001,
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Fig. 5 Consumption rate of Macrocystis pyrifera and Saccorhiza
polyschides as a function of amphipod dry weight at different air tem-
peratures for Megalorchestia corniculata and Talitrus saltator in the
laboratory
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F=28.7,df=2,9, One-way ANOVA: Fig. 6). Growth rate
differed among all macrophyte treatments (P < 0.05, Tukey
post hoc test); amphipods grew most rapidly in the Macro-
cystis treatment, with little growth in the Phyllospadix
treatment. Mortality of amphipods ranged from 10 to 17%
and did not differ significantly among treatments (P > 0.05,
ANOVA).

Density and population structure of talitrid amphipods

Densities of talitrid amphipods were three times higher at
Isla Vista beach (91,646 ind m ") compared with O Muifio
beach (25,195 ind m™") (Fig. 7). The population structures
of Megalorchestia corniculata and Talitrus saltator at Isla
Vista and O Muifio beaches, respectively, were dominated
by small individuals; however, M. corniculata reached a
much larger size (30 mm) than 7. saltator (20 mm) (Fig. 7).
Other talitrid species (M. benedicti and M. californiana)
were also present at Isla Vista beach, but the densities of
these species were much lower than for M. corniculata.

Processing of drift macrophytes by talitrid amphipod
populations

Although individual feeding rates measured on the most
abundant brown macroalgal types, Saccorhiza and
Macrocystis, were relatively similar for Talitrus and
Megalorchestia, respectively (Fig. 3), the estimated daily
population consumption of these macrophytes varied over
5-fold between the two study beaches (Fig. 7c, d). Using
the size frequency data on Megalorchestia at Isla Vista
beach (Fig. 7a) and the regression equation for the con-
sumption rate of Macrocystis (Fig. 3), we estimated that the
population of Megalorchestia had the potential to consume
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Fig. 6 Comparison of the growth rate of Megalorchestia corniculata
offered Macrocystis pyrifera, Egregia menziesii, or Phyllospadix
torreyi in field containers. x£1SE, n =4
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Fig. 7 a Density and population structure of a Megalorchestia cor-
niculata at Isla Vista beach and b Talitrus saltator at O Muifio beach
and potential daily population consumption of ¢ Macrocystis pyrifera
and d Saccorhiza polyschides by these amphipod species, respectively.
Equations for consumption rates of M. pyrifera and S. polyschiedes by
amphipods in Fig. 3 were used to estimate population consumption

606 g wet wt Macrocystism™' 12 h~! at Isla Vista beach
(Fig. 7c). Large individuals of Meglaorchestia (>20 mm
length), although comprising only ~3% of the population,
accounted for ~39% of the Macrocystis consumed over-
night during the summer (Fig. 7¢). In contrast, the potential
consumption of Saccorhiza by the Talitrus population at O
Muifio beach, estimated using size frequency data (Fig. 7b)
and the regression equation for the consumption rate of
Saccorhiza (Fig.3), was much less (114 gm~'12h™")
because of the lower density and smaller maximum size of
this amphipod species (Fig. 7d).

We estimated the potential importance of talitrid amphi-
pod populations to the processing of recently stranded palat-
able wrack at Isla Vista beach over a period of 1 month
using data on the population consumption rate of Macrocystis
(Fig. 7c) and the input of Macrocystis (Fig. 8). For this
calculation, the daily night-time consumption rate of Macro-
cystis by the Megalorchestia population of ~90,000 ind m™!
on Isla Vista beach was assumed to be constant over
30 days. Estimated net 3-day input of palatable Macrocystis
(blades only) varied 9-fold, from 436 to 3,931 g m~! aver-
aging 1,738 gm~! (+1,087 g m™") (Fig. 8). When adjusted
for the estimated consumption of ~1,800 g wet wt Macro-
cystis m~' 3 days™! (606 g m~'days™!) by the resident
talitrid population, the estimated total input of palatable
Macrocystis to Isla Vista beach ranged from 2,236 to
5,731 gwet wtm™! (x = 3,538 g m~! 3 days™') for the study
period (Fig. 8). Our calculations indicate that this population
of Megalorchestia was capable of consuming from 31 to
81% (average 55%) of the total 3-day input of palatable
Macrocystis wrack (Fig. 8).
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Fig. 8 Mean biomass of Macrocystis pyrifera (g wet wt m™') accu-
mulated in plots cleared of macrophytes at 3-day-intervals at Isla Vista
beach in summer 2002 (black bars) and estimated losses (derived from
Figs. 3, 7) from amphipod feeding (hatched bars). Total height of bars
is the estimated total input of palatable Macrocystis for each 3 day pe-
riod. Estimated percentage lost to herbivory by talitrids is indicated
above bars

Discussion

Allochthonous inputs of macrophytes subsidized food webs
at both of our study beaches and talitrid amphipods com-
prised the most abundant macrophyte consumers present
in these beach communities. These amphipods feed on
recently stranded macrophytes and therefore play a poten-
tially important role in the biological processing of macro-
phyte inputs. However, not all the drift macrophyte species
were readily consumed by amphipods. Brown macroalgae,
Macrocystis (Isla Vista beach) and Saccorhiza (O Muifio
beach), were consumed rapidly by Megalorchestia and
Talitrus, respectively, whereas the consumption of some other
macrophytes (e.g., Phyllospadix, Isla Vista beach, Ulva, O
Muifio beach) was negligible or low. Preferential use of
brown macroalgae by Talitrus was estimated from stable
isotope analyses (Adin and Riera 2003).

Differences in the consumption of macrophytes by tali-
trid amphipods may be related to one or more plant traits
that affect palatability. Two traits commonly suggested to
influence food preference and consumption rate are chemi-
cal deterrents to herbivory (e.g., phlorotannins in brown
algae) and structural toughness (e.g., Steinberg 1988;
Denton and Chapman 1991; Wakefield and Murray 1998;
Pennings et al. 2000). Few data are available on the presence
of chemical deterrents in the macrophyte species used in this
study. Concentrations of phlorotannins were low and simi-
lar (<2%) in Macrocystis pyrifera and Egregia menziesii
at another site in southern California (Catalina Island, Van
Alstyne et al. 1999), which may explain the rapid consump-
tion of these macrophytes by Megalorchestia in this study.
In contrast, species of Fucus are considered unpalatable to
many herbivores due to a higher content of phlorotannins
than other brown macroalgae (Denton and Chapman 1991).

These compounds may have contributed to the lower
consumption rate of Fucus by Talitrus in comparison to
Saccorhiza. However, this explanation is not supported in
laboratory food preference experiments in which Fucus sp.
was preferentially consumed over other macroalgal species
by the isopod, Ligia pallasii and amphipod, Traskorchestia
traskiana, despite containing higher levels of phenolics
than the other algal species tested (Pennings et al. 2000).
The influence of chemical deterrents on consumption does
not appear to be a satisfactory explanation for the low con-
sumption rate of the sea lettuce, Ulva, by Talitrus. Ulva
was a minor biomass component (5%) on O Muifio beach
and was poorly consumed by Talitrus. Low use of Ulva as a
food source by this talitrid species was predicted by Adin
and Reira (2003). Ulva species have been reported to have
low phenolic content and structural toughness (Pennings
et al. 2000), suggesting that some other factor(s) may have
deterred amphipod feeding. The role of plant traits in influ-
encing herbivory is potentially complex and may depend on
how these traits (e.g., chemicals, nitrogen content, lipid
storage compounds, water content, structural toughness)
interact with each other and with feeding history and the
digestive capability of consumers (Steinberg and van
Altena 1992; Moran and Arrontes 1994; Pennings et al.
2000; Johnston et al. 2005).

In contrast to the palatability of brown macroalgae, con-
sumption of the abundant (37% of wet biomass) surfgrass
Phyllospadix, by Megalorchestia on Isla Vista beach was
negligible in all field experiments. This result was most
likely related to the structural toughness of this vascular
plant (e.g., Valiela and Rietsma 1984; Birlocher and
Newell 1994). Although vascular plant material has been
reported to be consumed by talitrid amphipods in salt
marsh, sand, and cobble beach habitats, this generally
occurs only after aging and microbial degradation of the
plant tissue (Lopez et al. 1977; Moore and Francis 1985;
Gragca et al. 2000; Jedrzejczak 2002). We have not observed
feeding on recently deposited surfgrass by Megalorchestia
in the field. Our observations suggest that deposited surf-
grass does not decay to a palatable state on Isla Vista beach,
but either desiccates on the sand surface and/or becomes
buried where it becomes less available to amphipod and
other consumers. As a result, we propose that biological
processing of surfgrass by Megalorchestia is not an impor-
tant pathway influencing the fate of this abundant macro-
phyte on Isla Vista beach.

How generalizable are our estimates of consumption rate
of macrophytes by Megalorchestia and Talitrus to other
talitrid amphipod species? Consumption rates on preferred
algae (Macrocystis and Saccorhiza) appeared slightly
higher for Talitrus, although this pattern was statistically
significant only in the laboratory experiments. Consump-
tion rate values for both species fall within the range of
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previously reported values; however, comparisons with
data on other talitrid amphipods are somewhat problematic
because of differences in the methods, environmental con-
ditions, and units used among investigators to measure con-
sumption rates. If we convert our data to the units used in
Griffiths et al. (1983) using a water content for M. pyrifera
and S. polyschides of 87.2 and 86.4%, respectively (Lastra,
Page, Dugan, unpublished data), Megalorchestia and Talitrus
of 20 mg dry weight consume 9—11% of dry body weight d !
in dry weight of algae. This value is less than the value
of ~20% reported in Griffiths et al. (1983) for Talorchestia
capensis of similar weight feeding on brown algae on a
South African beach. However, our consumption rate esti-
mates for a 20 mg dry weight individual Megalorchestia or
Talitrus of 0.09 and 0.11 mg dry algae mg dry wtind~!,
respectively, were higher than values reported for Orchestia
gammarellus feeding on Laminaria digitata (0.011 and
0.059 mg dry weight algae g dry weight individual'12 h=")
(Moore and Francis 1985).

Consumption rates of macrophytes may be influenced by
air temperature as shown for Talitrus offered Saccorhiza in
the laboratory; rates were significantly lower at 10°C, the
lowest night-time temperature recorded for O Muifio beach
during our experiments, compared with 15 and 20°C
(Fig. 5). No effect of air temperatures in the range of 15—
20°C was found on the consumption rate of Macrocystis by
Megalorchestia. Nevertheless, our results for Talitrus sug-
gest that air temperature could influence the consumption
rate of macrophytes and needs to be considered in assessing
the potential importance of feeding by talitrid amphipods in
the processing of macrophyte inputs.

In addition, as expected, consumption rate was strongly
dependent on body size; thus, the size structure and density
of the amphipod population can be expected to significantly
influence the importance of these consumers to the process-
ing of macrophyte wrack on beaches. The population struc-
tures of Megalorchestia and Talitrus on Isla Vista and O
Muifio beach, respectively, were both dominated by small
individuals (<10 mm length), but differed in the higher
density and larger maximum size of Megalorchestia
(Fig. 7). This resulted in large differences (>5-fold) in esti-
mated daily consumption rates of the most abundant brown
macroalgal wrack species between these populations.
Based on daily rates, we estimated the abundant population
of Megalorchestia at Isla Vista beach could potentially con-
sume 18 kg wet wt Macrocystis m~' month™! with a small
number of large individuals accounting for 39% of that
consumption, while the potential consumption of Saccorhiza
by the less abundant population of a smaller species,
Talitrus, at O Muifio beach was estimated as 3.4 kg wet
wt m~! month~".

Our results suggest that variation in the consumption rate
of the different species of drift macrophytes by consumers
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can potentially affect the turnover rates and hence the bio-
mass and composition of wrack that accumulates on the
beach over time. In this regard, talitrid amphipods can act
as “biological filters”, removing more palatable macrophyte
material and species through consumption, leaving less pal-
atable species and material, such as Phyllospadix and the
stipes and floats of brown algae to accumulate and degrade
through mechanical and microbial pathways. This is sup-
ported by our calculations of the potential importance of
talitrid amphipod populations to the biological processing
of recently stranded palatable wrack for a beach with high
wrack input (Fig. 8) which estimated that this amphipod
population was capable of consuming an average of 55% of
the Macrocystis wrack input every 3 days in the summer
(Fig. 8). In contrast, this population consumes only negligi-
ble amounts of the abundant Phyllospadix deposited at rates
of >2kgm~' 3 days™' on this beach and that this wrack
type more likely dries and accumulates on the beach rela-
tive to the kelps, Macrocystis and Egregia. The consump-
tion of experimental blades of Macrocystis deployed
overnight on Isla Vista beach (Fig. 4) supports these calcu-
lations indicating that talitrid amphipods can consume a
high proportion of recently stranded Macrocystis (87%)
and Egregia blades (53%) but leave Phyllospadix blades
virtually untouched. Similarly, Griffiths et al. (1983) esti-
mated that talitrid amphipods consumed a large fraction
(~50%) of the kelp deposited during the year on a beach
with high wrack input in South Africa.

While our results demonstrate that talitrid amphipods
play an important role in the biological processing of
macrophyte inputs, the interaction between their feeding
activities and the supply of drift macrophytes could also
influence other components of the sandy beach community.
When the supply of palatable macrophytes is low relative to
population consumption rates, we propose that amphipod
feeding can have a large indirect effect on the sandy beach
community through the removal of a potential resource
(habitat, food) used by other wrack-dependent species (e.g.,
isopods, beetles, flies). At high macrophyte input rates,
amphipod feeding activities may facilitate wrack process-
ing by other consumers, as well as microbial activity.

In addition, our study suggests that variation in wrack
supply and composition has significant consequences for the
demographic attributes of talitrid amphipod populations.
This conclusion is supported by studies showing the impor-
tance of food quality to the individual performance of
amphipods (Robertson and Lucas 1983; Kneib et al. 1997;
Taylor and Brown 2006; this study) and the positive rela-
tionships reported between the availability of wrack and
talitrid amphipod abundance or biomass (Stenton Dozey
and Griffiths 1983; Dugan et al. 2003; Jaramillo et al. 2006).

Our results support the concept that the dynamics of
macrophyte wrack input and fate are closely coupled with
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the structure and production of sandy beach communities
and food webs. Allochthonous inputs of wrack to beaches
subsidize invertebrate consumers, while feeding by con-
sumers, such as the talitrid amphipods studied here, affects
the turnover and fate of wrack. These consumers, in turn,
are prey resources for higher predators, such as shorebirds
(e.g., Griffiths etal. 1983; Hubbard and Dugan 2003),
whose abundance can track prey and wrack availability on
beaches (Tarr and Tarr 1987; Dugan et al. 2003). Drivers
that affect the production and composition of marine mac-
rophytes (e.g., ENSO events, storms, urchin grazing, inva-
sive algae) and the supply of wrack inputs (e.g., beach
grooming, sea level change, beach erosion) have significant
implications for consumer populations, food webs, higher
predators, and wrack processing on sandy beaches. In this
regard, our study highlights the potential importance of
biological processing of macrophyte inputs by talitrid
amphipods and other consumers to the overall ecological
functioning of sandy beach communities as well as the
capacity of these subsidized communities to rapidly process
and transform large amounts of imported material.
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