
Abstract Herbivores are thought to achieve adequate
nutrition by consuming numerous species of plants or by
occasionally consuming animal tissue. Although active
selection of diverse foods is common in nature, the rela-
tionship between diet mixing and consumer fitness is
poorly understood, especially in marine environments.
We studied the fitness-based consequences of dietary
mixing in the sympatric amphipodsAmpithoe marcuzzii,
A. valida, Cymadusa compta, andGammarus mucrona-
tus by measuring survivorship, growth, and fecundity of
these amphipods when they were offered single species
of algae, a single animal food, a mixture of algal species,
or a combination of algae and animal matter. For the
more sedentary, tube-building amphipodsA. marcuzzii,
A. valida, and C. compta, fitness on mixed algal diets
was matched by fitness on at least one of the monospe-
cific algal diets, suggesting that they could benefit from
preferential feeding on those algae in the field. The more
mobile amphipod,G. mucronatus, survived and grew
similarly on the mixed diets and on the filamentous
brown algaEctocarpus siliculosus. However, its fecundi-
ty was significantly higher when feeding on the algal and
animal mixture than onEctocarpusalone. Additionally,
for G. mucronatus, fitness on mixed algae, mixed algae
plus animal matter, and animal matter alone was equiva-
lent, although female growth (but not gonad production)
was slightly lower on animal matter alone than on the
mixed algae combined with animal food. Thus the more
mobile amphipod,G. mucronatus, was the only species

able to perform well on animal food alone. In contrast,
A. valida and C. comptaexperienced large negative ef-
fects when limited to consuming animal matter alone.
For these two species, combining algae and animal mat-
ter did not enhance fitness over combining only algae.
Fitness effects of specific algal diets showed some gen-
eral similarities, but also considerable variance among
the amphipods. For example,E. siliculosuswas general-
ly better food than other algae for all four amphipods,
whereas Sargassum filipendulawas generally poor.
However,A. marcuzziidid not suffer negative effects of
consuming onlySargassum. The red algaPolysiphonia
sp. and the green algaEnteromorpha flexuosadecreased
fitness inA. marcuzzii, C. compta, andG. mucronatus,
but not A. valida, and the negative effects ofPoly-
siphoniawere considerably larger forA. marcuzziithan
for the other amphipods. Our data show that nutritional
requirements, even among related species (e.g.,A. marc-
uzzii and A. valida), can be dramatically different. Diet
mixing may benefit more mobile consumers likeGam-
marus that are better able to search for different foods,
and may be less important for more sedentary herbivores
like Ampithoeand Cymadusathat consume, and live in
close association with, individual host plants.
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Introduction

Herbivore diets are lower in nutrients and higher in non-
digestible structural materials than the body tissues that
they must build from these diets (Mattson 1980; White
1993; Sterner and Hessen 1994; Gulati and DeMott
1997). To cope with these poor-quality foods, herbivores
often feed selectively on plants or plant parts of higher
quality, have digestive associations with microbial 
symbionts, synchronize their life cycles to coincide with
seasonal bursts of higher-quality foliage, or show com-
pensatory feeding when limited to lower-quality plants
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(Mattson 1980; Martin 1987; Slansky and Rodriguez
1987; Simpson and Simpson 1990; Slansky 1993; White
1993; Van Soest 1994). Alternatively, herbivores may se-
lect a mix of complementary plants that balance their 
nutritional requirements (Pennings et al. 1993; Bernays
et al. 1994), or may exhibit occasional carnivory to en-
hance their protein uptake (Mattson 1980; Dearing and
Schall 1992; White 1993). Diet mixing can also benefit
herbivores by diluting chemical defenses in particular
foods (Freeland and Janzen 1974; Bernays et al. 1994).

Dietary mixing has been well documented for a vari-
ety of marine, freshwater, and terrestrial herbivores 
(Kitting 1980; Belovsky 1984; Bjorndal 1991; Speiser
and Rowell-Rahier 1991; Dearing and Schall 1992;
Pennings et al. 1993; Bernays et al. 1994; Sanders et al.
1996; Bernays and Minkenberg 1997; DeMott 1998),
with marine herbivores commonly having very broad
and generalized diets (Randall 1967; Hawkins and 
Hartnoll 1983; Hay 1992; Wahl and Hay 1995). Al-
though mixing foods is generally assumed to be benefi-
cial for consumer performance and is often treated as
adaptive (White 1993), few studies experimentally docu-
ment the relationship between dietary mixing and con-
sumer fitness (Pennings et al. 1993). This is not surpris-
ing. The long life span or complex life cycles of many
consumers often constrain efforts to measure dietary ef-
fects on fitness.

In terrestrial systems, dietary mixing occurs for ani-
mals ranging from insects to primates (White 1993), but
there are few cases where the consequences of these feed-
ing behaviors have been quantified. For example, both
birds and spiders can experience increased growth when
fed mixtures of insect prey (Greenstone 1979; Krebs and
Avery 1984; but see Toft and Wise 1999). However, of
the numerous examples showing mixing of plant diets or
mixing of plant with animal foods, only a few demon-
strate that consumers on mixed diets attain higher survi-
vorship, growth, or reproduction than conspecifics on 
single natural foods (MacFarlane and Thorsteinson 1980;
Johnson and Boyce 1990; Bernays et al. 1994; but see
Bernays and Minkenberg 1997).

For marine systems, only a handful of studies have
used natural foods to address the long-term effects of
single versus mixed diets on consumer performance or
fitness (Larson et al. 1980; Lobel and Ogden 1981;
Watanabe 1984; McTigue and Zimmerman 1991; Stein-
berg and van Altena 1992; Pennings et al. 1993; Rogers
et al. 1995; Kennish 1996; Schmidt and Jónasdóttir
1997). All but two of these studies (Watanabe 1984;
McTigue and Zimmerman 1991) have concentrated on
only one consumer, making it difficult to generalize
about the importance of diverse feeding strategies for
sympatric animals.

Amphipods have short generation times, carry their
eggs in an external brood pouch, and can be cultured on
diverse diets with relative ease. Amphipods, thus, offer
an excellent opportunity for evaluating dietary effects on
fitness because they can be grown from newly produced
juveniles to egg-bearing adults in a few weeks and many

reproductive parameters that are difficult to obtain for
larger consumers can be measured (e.g., Robertson and
Lucas 1983; Duffy and Hay 1991b; Graça et al. 1993;
Kneib et al. 1997). Although the nutritional ecology of
amphipods and other mesograzers is poorly understood
(Brawley 1992), studies show that many amphipods con-
sume a range of plant, animal, and detrital foods (Nelson
1979b; Zimmerman et al. 1979; Pederson and Capuzzo
1984; Agnew and Moore 1986; Bärlocher and Howatt
1986; Hay et al. 1987; DeLong et al. 1993), with a few
species showing a strong preference for particular prey
species or groups (Nicotri 1977, 1980; Nelson 1979b;
Zimmerman et al. 1979; Robertson and Lucas 1983; Hay
et al. 1987, 1988a, 1990; Duffy and Hay 1991b, 1994).
Therefore, dietary mixing could be important for these
consumers if less preferred foods are consumed as a way
of achieving nutritional balance (Pennings et al. 1993;
Bernays et al. 1994) or if they supplement their plant or
detrital diets with periodic consumption of animal tissues
(Mattson 1980; White 1993).

In this study, we compare the relative importance of
dietary mixing and single foods for four phytal amphi-
pods that are widely distributed in the western North 
Atlantic: Ampithoe marcuzzii, A. valida, Cymadusa com-
pta, andGammarus mucronatus. Our experiments assess
the effects of various macroalgae, algal epiphytes, ani-
mal matter, and combinations of algae or algae and ani-
mal tissue on the fitness (survivorship, growth, and fe-
cundity) of these consumers. By using four co-occurring
mesograzers and including common seaweeds as well as
animal matter in diets, we insured that fitness effects
were measured across a range of available food and con-
sumer types.

Materials and methods

Amphipods were obtained from algae collected near Morehead
City, North Carolina, USA (34°42’ N, 76°41’ W). During the win-
ter and spring, when these experiments were performed, both pe-
rennial and ephemeral algae were abundant, as were amphipods,
due to the seasonal absence of most predatory fishes (Nelson
1979a, 1979b; Duffy 1990; Duffy and Hay 1991b). To obtain our
mesograzers, we collected abundant seaweeds at our sites, includ-
ing the green algaeBryopsis plumosa, andEnteromorphaspp., the
red algaePolysiphonia spp., andSpyridia hypnoides, and the
brown algaeEctocarpusspp.,Fucus vesiculosus, andSargassum
filipendula, transported them to the laboratory, and carefully in-
spected each for phytal amphipods.

We studied the effects of various single diets, or dietary 
mixtures, on the fitness of four of the most abundant amphipod
species collected:A. marcuzzii, A. valida, C. compta, andG. mu-
cronatus. Natural diets of most amphipods are poorly known, but
diets often appear to be broad, with some species consuming foods
ranging from detritus through seaweeds to animal tissues. Al-
though little is known aboutA. marcuzzii, this species associates
with seaweeds, and prefers to feed on the brown macroalgaS. fi-
lipendula(Duffy 1990). Its congenerA. validais a broadly distrib-
uted species (Pomeroy and Levings 1980; Alonso et al. 1995)
which also associates with, and readily consumes, diverse macro-
algae (Nicotri 1977, 1980; Duffy and Hay 1994; Alonso et al.
1995; Deal 1997). Gut contents ofC. comptahave revealed algae,
detritus, and some vascular plant material (Nelson 1979b), and
feeding on algae has been documented under both field (Hauxwell
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et al. 1998) and laboratory (Zimmerman et al. 1979) conditions.
Similarly, gut contents and laboratory observations onG. mu-
cronatushave suggested a generalized diet of detritus, macroal-
gae, and microalgae (Zimmerman et al. 1979; Bärlocher and 
Howatt 1986; Duffy and Hay 1994; seeCarinogammarus mu-
cronotusin Sanders et al. 1962). This amphipod is commonly as-
sociated with subtidal macroalgae and seagrasses (LaFrance and
Ruber 1985; Fredette and Diaz 1986) in the North Atlantic. These
dietary lists are crude and incomplete due to the relatively poor
understanding of amphipod feeding and nutrition (Bell 1991; 
Duffy and Hay 1991a; Brawley 1992); however, it seems clear
that these species are relatively generalized feeders.

Ampithoeand Cymadusabelong to the family Ampithoidae
(Bousfield 1973; Barnard and Karaman 1991) and build mucous
tubes on the plants they inhabit, thus somewhat limiting their for-
aging range or mobility (Duffy and Hay 1991b, 1994; Poore and
Steinberg 1999).G. mucronatusdoes not build tubes, is more mo-
bile (Duffy and Hay 1994), and belongs to the family Gammaridae
(Bousfield 1973; Barnard and Karaman 1991). Ovigerous females
from each species were individually placed in small petri dishes
for 1 week, and allowed to hatch their offspring. During this time,
females and newborns were allowed to feed on a mixture of algal
species from which the females were collected. For all species,
one sibling from each female was used in each treatment. Off-
spring from each female were assigned randomly to either one of
the diets, or to a starvation control receiving no food. These
amphipods were individually placed in small petri dishes and fol-
lowed through time. To reduce the probability that small amphi-
pods would get trapped in the surface tension, which can enhance
mortality (Duffy and Hay 1991b; Cruz-Rivera and Hay, in press),
we dusted the surface of the water with cetyl alcohol (Sigma). 
This compound breaks the surface tension and is not toxic to the
animals.

Amphipods were not measured at the beginning of the experi-
ments because in initial efforts we found that measuring these
small and delicate juveniles increased mortality. However, after
only 1 week and with a microscopic resolution of 20 µm, differ-
ences in size among siblings ofA. valida, C. compta, andG. mu-
cronatus, as well as among families within each species, are small
(E. Cruz-Rivera, personal observation), suggesting that it is rea-
sonable to assume all treatments started with juveniles of similar
size. Additionally, because newborns were assigned randomly to
each treatment, initial variance in size among siblings and families
would contribute similarly to each of the experimental treatments.
The number of siblings obtained perA. marcuzziifemale was gen-
erally smaller than for the other amphipod species: only six treat-
ments, rather than nine, were evaluated for this amphipod. We
raisedA. marcuzzii(n=22 per treatment) on four individual algae
(Enteromorpha flexuosa, Polysiphoniasp.,Ectocarpus siliculosus,
S. filipendula), a combination of all four algae (=mixed algae), and
a starvation treatment. The other three amphipod species (n=25
per treatment) were cultured on a starvation treatment, on one of
five species of algae (E. flexuosa, Polysiphoniasp.,E. siliculosus,
F. vesiculosus, S. filipendula), on frozen brine shrimp alone (Arte-
mia salina), on a mixture of all five algae (=mixed algae), and on
a mixture of all five algae plus brine shrimp (=mixed algae+
Artemia), for a total of nine treatments. Thus, we raised amphi-
pods on either single algal species, brine shrimp, mixtures of al-
gae, or mixtures of algae and brine shrimp together. Starvation
treatments provided information on baseline amphipod mortality
in the absence of food. Although some females were collected
from B. plumosaand S. hypnoides, these macroalgae were not
tested because they could not be collected consistently throughout
our assays.

Amphipods were monitored daily and foods were always avail-
able in excess. Algae for food were collected from the same sites
where we originally obtained the amphipod females.Ectocarpus
and Polysiphoniawere always collected as epiphytes fromS. fi-
lipendula. Care was taken to provide only one algal food to
amphipods being raised on single-alga treatments. We did this by
using algal pieces that were free of visible epibionts. Brine shrimp
(A. salina) represented our animal-derived food and were pur-

chased frozen. Before offering this food to the amphipods, brine
shrimp were thawed in clean seawater. Food was replaced every
1–2 days, and water was changed every 2–3 days. Petri dishes
were scrubbed every 2–3 days to eliminate fecal pellets and re-
duce the growth of microbes that could serve as alternative food
sources or potential pathogens.

We measured survivorship, growth, and fecundity for each spe-
cies. For species that ovulated, survivorship (in days) was mea-
sured as the number of individuals alive only until the first female
became ovigerous in any of the treatments. This was necessary be-
cause females were killed at ovulation in order to quantify fecun-
dity. ForG. mucronatus, which does not ovulate when cultured us-
ing these methods (Cruz-Rivera and Hay, in press), survivorship
was measured until the experiment was terminated on day 30. Sur-
vivorship data were analyzed, and post hoc comparisons among
treatments were made, using chi-square analyses. Because survi-
vorship ofG. mucronatuswas measured over a longer period than
in any of the other species, we ran additional statistical analyses at
day 15, comparable to the time at which all other species first be-
came ovigerous.

Size at death was measured from the rostrum to the last large
coxa under a dissecting microscope. Growth (in µm/day) was then
calculated as size at death divided by the number of days lived in
that treatment. For determining growth, we considered only
amphipods that survived beyond the day the last amphipod in the
starvation treatments died. This prevented us from using amphi-
pods that may not have fed at all, and from using very small
amphipods for which measurement errors could have been large.
In a few cases, dead individuals could not be accurately measured
because of microbial degradation. These were excluded from the
analyses.

At ovulation, females were fixed in formalin, measured, and be-
headed to extract the eggs from the brood pouch. ForA. marcuzzii,
A. valida, andC. compta, we measured female growth (µm/day),
length at ovulation (µm), days to ovulation, clutch size, and we cal-
culated individual egg volumes (in µl) by measuring the length and
width of eggs, and applying the formula for the volume of a spher-
oid. Individual egg volumes were added to obtain total clutch vol-
umes. We also recorded the number of females that failed to ovu-
late in the experiments withAmpithoeand Cymadusa(but not
Gammarus, explained below) when they could be reliably sexed.
Because few amphipods matured and expressed secondary sexual
characters on some diets, we were unable to quantify the total num-
ber of females present. However, because amphipods were as-
signed at random, we considered those diets to be suppressing fe-
cundity, rather than having no females. We present qualitative in-
formation for those treatments. ForG. mucronatus, which did not
produce eggs during our experiments, we approximated reproduc-
tive potential by calculating the area of the gonads visible on each
side of the female body and dividing by 2 (µm2/female side), upon
termination of the assay. Experiments were ended when most dis-
cernible females had produced eggs (26–27 days forAmpithoeand
Cymadusa), or when most individuals in our experimental popula-
tions had developed obvious adult characters (30 days forGamma-
rus). Upon termination of the experiments, all individuals remain-
ing alive were killed and measured.

Growth and reproductive data were analyzed with one-way
ANOVA. Homogeneity of variances was tested usingFmax tests.
Data were appropriately transformed when necessary. If variances
were homogeneous, post hoc comparisons, were made using 
Tukey’s HSD tests, adjusted for unequal sample sizes. If heteroge-
neity among variances could not be corrected through transforma-
tions, we used Welch’s tests. Treatments in which only one indi-
vidual survived or ovulated were not included in the ANOVA, but
the data are presented in the results for comparison.

Results

Food type significantly affected survivorship for all four
species of amphipods (P<0.001 for all species, chi-square
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tests; Fig. 1). At day 15, when the firstA. marcuzziife-
male ovulated, survivorship was high (82–91%) and simi-
lar on E. siliculosus, S. filipendula, and mixed algae, in-
termediate (45%) onE. flexuosa, and very low (0%) on
either Polysiphoniasp. or the starved treatment. In fact,
A. marcuzziiconfined withPolysiphoniasp. died as rap-
idly as those with no food. In contrast toA. marcuzzii, the
congenericA. valida survived well and similarly on all
diets containing algae (84–96%). However, when fed on
animal matter alone (Artemia), survivorship was signifi-
cantly suppressed (48%; Fig. 1).

With one exception,C. comptaand G. mucronatus
showed generally similar patterns of survivorship among
diets. For both species, survivorship was highest (Fig. 1)
when fed mixed algae, mixed algae+Artemia, or Ecto-
carpus(80–96%), intermediate onEnteromorpha, Poly-
siphonia, and Fucus (28–68%), and lowest onSargas-
sumand the starvation treatment (0–16%). ForC. com-
pta, survivorship onArtemiaalone was low and did not
differ significantly from that onSargassumor the starva-
tion control (Fig. 1). In contrast, survivorship ofG. mu-
cronatuson Artemiawas equivalent to survivorship val-
ues produced by the best diets (Fig. 1). Thus,G. mu-
cronatuswas the only species whose survivorship was
not depressed by feeding on animal matter alone.

The females ofA. marcuzzii, A. valida, andC. compta
first became ovigerous on days 13–15 of the experi-
ments. Because measuring egg number and size required
killing these females, we analyzed survivorship on the
different foods at those dates. In contrast, survivorship of
G. mucronatuswas analyzed after 30 days because these

amphipods never ovulated. For more similar contrasts
among species, we ran an additional analysis forG. mu-
cronatuscomparing all treatments at day 15 so that die-
tary effects could be compared among all species after
similar times of exposure to the diets. For three of our
treatments, patterns forG. mucronatusafter 15 days dif-
fered to those after 30 days. At day 15, survivorship in
all feeding treatments exceptE. flexuosaand S. fi-
lipendula was equivalent, but amphipods survived sig-
nificantly better on any of the feeding treatments than
they did in the starved treatment. These differences be-
tween 15 and 30 days forG. mucronatusindicate that the
negative effects ofPolysiphonia, Fucus, andSargassum
diets increased with time of exposure to those diets 
(Fig. 1).

Of the 807 amphipods we cultured, only 6 could not
be measured due to microbial degradation following
death. Growth of all species was significantly affected
by diet (P<0.001, one-way ANOVA; Fig. 2), with pat-
terns for growth generally paralleling patterns for survi-
vorship (i.e., amphipods usually grew best on the diets
that supported higher survivorship, but there were a few
interesting exceptions). Similar to the patterns in survi-
vorship (Fig. 1),A. marcuzziigrowth was equivalent on
Ectocarpus, Sargassum, and the mixed algal treatment,
but growth was depressed significantly (≈30%) when
confined toEnteromorpha(P<0.001, one-way ANOVA;
Fig. 2), a diet which also caused lower survivorship 
(Fig. 1).

A. validaattained highest growth on mixed algae and
mixed algae+Artemia, followed byEctocarpus, Entero-

Fig. 1 Survivorship of four
sympatric amphipods on single
and mixed diets. The mixed 
algal treatment forAmpithoe
marcuzziicontained fewer 
species than for the other
amphipods (see Materials and
methods). Animals were moni-
tored daily, but some symbols
are deleted from the graphs to
enhance clarity of the figures.
Significance values and group-
ings (shown byvertical linesto
the right of the survivorship
plots) are from chi-square ana-
lyses assessing survivorship on
the last day plotted
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morpha, and Polysiphonia. The two mixed-diet treat-
ments, but not Ectocarpus, produced significantly 
larger individuals thanEnteromorphaandPolysiphonia
(Fig. 2), although survivorship had not differed among
these treatments (Fig. 1). AlthoughA. valida survived
similarly on F. vesiculosusand S. filipendulaas in all
other treatments containing algae (Fig. 1), growth on
Sargassumwas suppressed significantly compared to all
other treatments containing algal foods, and growth on
Fucuswas significantly suppressed compared to growth
on Ectocarpus, mixed algae, or mixed algae+Artemia
(P<0.05, Tukey’s HSD, Fig. 2). BothFucusandSargas-
sumare fucalean algae, but growth onFucuswas signif-
icantly higher than growth onSargassum. Growth on
Artemia was significantly lower than for any other fed
treatment.Artemiawas also the treatment producing the
lowest survivorship for this species (among the 
fed treatments; Fig. 1). Growth onArtemia was only
30–60% of that on any of the other diets. Therefore, for
A. valida, animal matter alone was a lower-quality food
than algae.

C. comptagrew significantly faster when feeding on
Ectocarpusalone, mixed algae, or mixed algae+Artemia,
than when feeding on any of the other treatments
(P<0.05, Tukey’s HSD). This paralleled our findings for
survivorship (Fig. 1).Enteromorpha, Polysiphonia, Fu-
cus, Artemia, andSargassumyielded lower growth, with
Enteromorphaproducing significantly better growth than
Sargassum(P<0.05, Tukey’s HSD; Fig. 2). Thus,C.
comptafeeding onSargassumgrew 20–50% slower than
when feeding on any of the other diets. Interestingly,Ar-
temia caused high mortality in this species (only 20%
survivorship, Fig. 1), but surviving individuals grew at
rates comparable to four of the five monospecific algal
diets (Fig. 2).

Growth of G. mucronatusparalleled our findings for
survivorship (Fig. 1), with the possible exception of the
Sargassumtreatment. For this amphipod, all treatments
fell into one of two significant groupings (Fig. 2).
Growth was highest on theEctocarpus, mixed algal,
mixed algal+Artemia, and Artemia-alone treatments.
Sargassum, Enteromorpha, Polysiphonia, andFucusdi-
ets produced lower but similar growth. Although no indi-
viduals survived beyond 27 days on theSargassumdiet
(Fig. 1), growth on this diet was equivalent (Fig. 2) to
growth on diets sustaining significantly (≈30%) higher
survivorship.

Dietary effects on fecundity and other fitness-related
variables of the females showed that particular diets
strongly suppressed reproductive potential in these
amphipods. ForA. marcuzzii, all females in theEctocar-
pus, Sargassum, and mixed algal treatments became
ovigerous. We could not quantify how many females
were present in theEnteromorphatreatment because
growth was suppressed (Fig. 2) and none of the amphi-
pods matured to the stage where secondary sexual char-
acters were clearly expressed (Table 1). However, be-
cause amphipods were assigned randomly to all treat-
ments, and the treatments with high survivorship con-
tained 30–50% females, it is unlikely that no female
amphipods were present in theEnteromorphadiet (or the
Polysiphoniatreatment, where all individuals died). Fe-
males in theEctocarpus, Sargassum, and mixed algal
treatments grew at equivalent rates, ovulated at equiva-
lent sizes and ages, had similar clutch sizes, produced
eggs of similar volume, and had equivalent clutch vol-
umes (Fig. 3). Thus, fitness in thePolysiphonia(which
produced no survivors) andEnteromorphatreatments
was zero, and lower than in any of the other three fed
treatments (Figs. 1, 2, and 3).

Fig. 2 Growth (mean+1 SE) of
amphipods on single versus
mixed diets. The mixed algal
treatment had fewer algal spe-
cies forA. marcuzziithan for
the other three amphipods (see
Materials and methods).
Numbers at the base of the bars
denote the number of individu-
als measured. Analyses are by
one-way ANOVA followed by
Tukey’s HSD.Similar letters
above barsindicate no signifi-
cant differences among those
treatments
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A. validaexperienced complete suppression of ovula-
tion in theArtemia-alone treatment. Of the 13 individu-
als that were alive at the end of the experiment, only 1
had developed clear secondary sexual characters (a fe-
male). In contrast, of the 7–13 recognizable females in
the Enteromorpha, Ectocarpus, and mixed algal treat-
ments, only one female in each failed to produce eggs
(Table 1). All females produced eggs in the remaining
treatments. Thus,Artemiagreatly decreased survivorship
(Fig. 1), growth (Fig. 2), and fecundity (Fig. 4) for this
species. Similar to the patterns of growth for the entire
experimental population (Fig. 2), growth of the females
was significantly decreased onSargassumand Fucus
compared to most of the other diets (P<0.001, one-way
ANOVA; Fig. 4), and growth tended to be highest on
Ectocarpus, mixed algae, and mixed algae+Artemia. Al-
though rigorous statistical groupings changed slightly
when analyses of the entire population (Fig. 2) were
compared to analyses of the females alone (Fig. 4), the
overall patterns were very similar.

A. valida females tended to become ovigerous at a
smaller size in theFucus and Sargassumtreatments
(P<0.001, one-way ANOVA; Fig. 4). Females ovulating
on Fucus were significantly smaller than those on the
two mixed-diet treatments (P<0.05, Tukey’s HSD), but
were of equivalent size as those fed on any of the other
algae offered alone (P>0.05, Tukey’s HSD). In contrast,
females onSargassumovulated at a significantly smaller
size than in any of the other treatments, except forFu-
cus. Ovulation was delayed for females feeding onSar-
gassum, when compared to most other diets except
Fucus and Polysiphonia (P<0.001, one-way ANOVA;
Fig. 4). Although females in the two mixed-diet treat-
ments and theEctocarpustreatment tended to ovulate
sooner than in other diets, the days to ovulation in those
three treatments were not statistically different from the
Enteromorpha and Polysiphonia treatments (P>0.05,

Table 1 Totals and percentages
(in parentheses) of females
ovulating during the experi-
ments, for the three amphipod
species that produced eggs (see
Materials and methods). No 
data are available for treat-
ments in which most amphi-
pods did not develop secondary
sexual characters (sexes indis-
tinguishable) or died early in
the assays (no survivors)

Amphipod Diet Ovulating females Remarks

Ampithoe marcuzzii Enteromorpha 0 (0) Sexes indistinguishable
Polysiphonia 0 (0) No survivors
Ectocarpus 10 (100) All individuals matured
Sargassum 10 (100) All individuals matured
Mixed algae 6 (100) All individuals matured

Ampithoe valida Enteromorpha 13 (93) All individuals matured
Polysiphonia 10 (100) All individuals matured
Ectocarpus 7 (88) All individuals matured
Fucus 13 (100) All individuals matured
Sargassum 9 (100) All individuals matured
Mixed algae 12 (92) All individuals matured
Artemia 0 (0) Sexes indistinguishable
Mixed algae+Artemia 7 (100) All individuals matured

Cymadusa compta Enteromorpha 5 (100) All individuals matured
Polysiphonia 5 (83) All individuals matured
Ectocarpus 11 (100) All individuals matured
Fucus 6 (86) All individuals matured
Sargassum 0 (0) Sexes indistinguishable
Mixed algae 12 (92) All individuals matured
Artemia 0 (0) Sexes indistinguishable
Mixed algae+Artemia 7 (100) All individuals matured

Fig. 3 Reproductive parameters measured for mature females of
A. marcuzzii. Because all amphipods onPolysiphoniadied, and
those onEnteromorphadid not reach sexual maturity, only three
treatments produced ovulating females (see Table 1).Bars repres-
ent means+1 SE andnumbers at the base of the barsin the upper-
left histogram indicate total number of females per treatment. An-
alyses are by one-way ANOVA



Fig. 5 Reproductive parameters measured inCymadusa compta
females. Because only one female ovulated onSargassum, this
treatment is excluded from the statistical analyses, but the data for
this female are plotted for comparison. Symbols and analyses are
as in Fig. 4
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Welch’s test; Fig. 4). Clutch size differed among diets
(P=0.018, one-way ANOVA; Fig. 4), withSargassum
producing the lowest number of eggs per female
(55–75% lower than other diets), and the two mixed-diet
treatments producing the highest. Despite considerable
differences in mean clutch size among treatments, the
variance was often large and there were, thus, few signif-
icant differences among treatments in post hoc pairwise
comparisons (as determined by Welch’s tests; Fig. 4).

Diet influenced the volume of individual eggs inA.
valida (P<0.001, one-way ANOVA; Fig. 4).A. validafe-
males fed on a monospecific diet ofSargassumproduced
larger eggs, and this difference in egg volume was statis-
tically significant compared to all treatments except
Polysiphonia. Despite producing larger eggs, the total
volume of the clutch was significantly smaller for fe-
males fed onSargassumbecause they produced so few
eggs (P=0.027, one-way ANOVA; Fig. 4). However, as
with clutch size, clutch volume showed high variance
among treatments and post hoc comparisons could only
detect statistical differences between the mixed al-
gae+Artemia diet and theSargassummonospecific diet
(P<0.05, Welch’s test; Fig. 4).

For C. compta, of the 49 females developing second-
ary sexual characters, only 3 failed to ovulate (one in

Fig. 4 Female reproductive parameters measured inAmpithoe va-
lida. TheArtemia treatment did not produce any reproductive fe-
males (Table 1).Bars represent means+1 SE andnumbers at the
base of the barsindicate total number of females per treatment.
Analyses are by one-way ANOVA followed by Tukey’s HSD or
Welch’s test for significant groupings.Bars with the same letters
are not significantly different

each of theFucus, Polysiphonia, and mixed algal treat-
ments). However, very few individuals in theSargassum
or Artemiatreatments survived, and these were often too
small at death to be sexed reliably (Table 1). Neverthe-
less, 1 female became ovigerous in theSargassumtreat-
ment and 3 females ovulated in theArtemiatreatment, so
at least some individuals attained maturity on these two
diets. Because including a treatment with one replicate
would violate the assumptions of ANOVA, our analyses
did not include theSargassumtreatment. In addition, the
low number of replicates in several of the treatments
constrained our statistical power, particularly during post
hoc comparisons.

Growth of C. comptafemales (Fig. 5) mirrored the 
pattern for the entire experimental population (Fig. 2). 
Female growth was significantly higher on theEctocarpus,
mixed algal, and mixed algal+Artemia treatments than on
the Polysiphonia, Fucus, or Artemia treatments. Female
growth onEnteromorphawas intermediate and statistically
indistinguishable from all other treatments. Similar to the
patterns for growth,C. comptafemales ovulated at signifi-
cantly larger sizes (P<0.001, one-way ANOVA; Fig. 5) in
the Ectocarpus, mixed algal, and mixed algal+Artemia
treatments, than on thePolysiphoniaandFucustreatments.
Length at ovulation was intermediate in theEnteromorpha
andArtemiatreatments, which were not statistically differ-
ent from any of the other diets (Fig. 5).
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Ovulation occurred significantly sooner (P=0.005,
one-way ANOVA; Fig. 5) in the mixed algal treatment
than in either theFucus or Artemia treatments, but all
other diets were intermediate and statistically indistin-
guishable from all other treatments. Variance in clutch
sizes was high, but differences among treatments were
significant (P=0.015, one-way ANOVA; Fig. 5). Females
on Fucusproduced significantly fewer eggs than those
on the mixed algal+Artemia treatment (P<0.05, Welch’s
test), but none of the other treatments were statistically
different from the rest despite large differences in mean
egg output (Fig. 5). The patterns for clutch volume mir-
rored those for clutch size (P=0.013, one-way ANOVA;
Fig. 5).

BecauseG. mucronatusdid not produce eggs, we ana-
lyzed the size of the females and the area of the develop-
ing gonads after 30 days. TheEnteromorphaandFucus
treatments produced only one female each, so these two
treatments were excluded from the analyses. No females
with gonads occurred in thePolysiphoniatreatment. In
fact, few matured to the point of expressing secondary
sexual traits clearly, and only one female could be posi-
tively identified. Female size after 30 days (P=0.007,
one-way ANOVA; Fig. 6) was significantly higher in the

mixed algal+Artemiatreatment than onArtemiaalone or
on Ectocarpus, but indistinguishable from the mixed al-
gal diet. The mixed algal treatment did not differ from
any treatment producing more than one female. Al-
though differences in female size were significant, they
were small (5–10%). In contrast, differences in gonadal
size among some treatments were large (P=0.02, one-
way ANOVA; Fig. 6). Gonads of females fed onEcto-
carpuswere 42% smaller than those of females fed on
mixed algae+Artemiaand this difference was significant
(P<0.05, Tukey’s HSD). However, gonadal area in the
mixed algae, and theArtemia treatments were not statis-
tically different from any of the other treatments, despite
being considerably larger than onEctocarpus(Fig. 5).

Discussion

Because plant tissue is nutritionally poor and feeding from
one or a few plant species may not provide balanced nutri-
tion, both mixing of food plants and occasional carnivory
have been interpreted as strategies enhancing nutrient ac-
quisition in herbivores (Mattson 1980; White 1993). The
benefits of these feeding behaviors, however, are not al-
ways apparent because many studies demonstrating die-
tary mixing do not test the consequences of single versus
mixed diets on consumer performance (e.g., Kitting 1980;
Belovsky 1984; Speiser and Rowell-Rahier 1991; Dearing
and Schall 1992; see also Pennings et al. 1993). Neverthe-
less, studies have shown that aquatic micrograzers may at-
tain higher fitness by supplementing their algal diets with
protozoa or cyanobacteria (Sanders et al. 1996; Schmidt
and Jónasdóttir 1997; DeMott 1998). Supplementing natu-
ral plant diets with animal material enhances performance
or fitness in some crustaceans (McTigue and Zimmerman
1991; Kennish 1996; Cruz-Rivera and Hay, in press), and
has been suggested or demonstrated to enhance fitness for
terrestrial herbivores (Johnson and Boyce 1990; White
1993). Bjorndal (1991) showed that freshwater turtles
could increase digestibility of plant matter by also con-
suming insect larvae, thus demonstrating a possible mech-
anism through which dietary mixing could further en-
hance fitness by indirectly enhancing the assimilation of
plant material. Similarly, mixing plant foods has positive
effects on the performance of some gastropods (Watanabe
1984; Pennings et al. 1993), fish (Lobel and Ogden 1981),
and insects (MacFarlane and Thorsteinson 1980; White
1993; Bernays et al. 1994; Bernays and Minkenberg
1997). However, mixed algal diets have not been demon-
strated to be better than some single foods for certain sea
urchins (Larson et al. 1980; Steinberg and van Altena
1992) or gastropods (Rogers et al. 1995; see also Pennings
et al. 1993).

In our experiments, all amphipods survived, grew
well, and attained high fecundity on mixed diets. In most
instances, however, the fitness on mixed diets was
matched on some single plant diets such asEctocarpus.
Only for G. mucronatusdid we find that mixed diets en-
hanced fitness over all monospecific algal diets (Fig. 6).

Fig. 6 Reproductive traits measured inG. mucronatusfemales.
The Enteromorphaand Fucus treatments are not included in the
analyses because only one female matured in each, but the data
are shown for comparison. Other symbols and analyses are as in
Fig. 4



Contrary to what one might expect from the generally
held notion that plant-eating consumers are nitrogen lim-
ited (Mattson 1980; White 1993), adding animal tissue
(Artemia) to the mixed seaweed diet did not significantly
affect survivorship, growth, or fecundity of any of the
consumers tested. Additionally, forA. valida and C.
compta, limiting the consumers toArtemia suppressed
survivorship and growth more than limiting them to
some single algal diets. Given the number of studies
showing, or suggesting, positive effects of occasional
carnivory for herbivores and omnivores, our results for
A. valida and C. comptaappear unusual. They suggest
that these amphipods may be more herbivorous thanG.
mucronatus, which performed relatively well on a diet of
Artemia alone. Most overviews suggesting that herbi-
vores are nitrogen or protein limited have focused pri-
marily on interactions between terrestrial herbivores and
higher plants (e.g., Mattson 1980; White 1993). Because
seaweed thalli tend to be less refractory and more digest-
ible than the foliage of terrestrial plants, it is possible
that nitrogen acquisition may be less critical for marine
than for terrestrial herbivores.

For all species, culturing amphipods on mixtures of
algae generally resulted in similar survivorship, growth,
and fecundity as feeding onE. siliculosusalone. This
suggests thatA. validaandC. comptawere either feed-
ing selectively on this alga or combining diets without
any relative benefit over consuming onlyEctocarpus.
For A. marcuzzii, fitness on the mixed algal treatment
was equivalent to that on eitherEctocarpusor Sargas-
sumalone (Figs. 1, 2, and 3), implying that this amphi-
pod was selectively consuming either of those algae, or
combining diets without enhancing its fitness over some
monospecific diets. However, a previous investigation
conducted in this same area demonstrated thatA. mar-
cuzziistrongly preferredS. filipendulaoverE. siliculosus
when various sympatric seaweeds were offered simulta-
neously (Duffy 1990). Both algae are abundant during
the times of the year whenA. marcuzziirecruits. This
suggests that feeding choices of this amphipod may not
correlate closely with dietary consequences on fitness.

Disparities between feeding choices and fitness conse-
quences of diet have been best studied in herbivorous in-
sects for which predator escape, mate searching, low rela-
tive mobility, or constrained ability to “remember” food
plants can strongly affect feeding preference and host
plant choice (Price et al. 1980; Bernays and Graham
1988; Futuyma and Moreno 1988; Courtney and Kibota
1990; Hay and Steinberg 1992). Although survivorship
and growth ofG. mucronatuson Ectocarpuswere similar
to survivorship and growth on the two mixed diets
(mixed algae and mixed algae+Artemia), gonad produc-
tion was ≈40% less on theEctocarpusdiet than on the
mixed diets. This difference, however, was only signifi-
cant whenEctocarpuswas compared to the mixed al-
gae+Artemiatreatment, but not the mixed algal treatment.
Nevertheless, reproductive potential was suppressed
when G. mucronatusfed only onEctocarpus. For this
amphipod, dietary mixing was clearly beneficial (Fig. 6).

The value of specific algae as foods showed interest-
ing contrasts and similarities. In general,E. siliculosusas
a single food source was a higher-quality food for all
four amphipod species. However, forA. marcuzzii, S. fi-
lipendulawas as beneficial asEctocarpus(Table 1, Figs.
1, 2, and 3). In contrast,Sargassumwas among the poor-
est, if not the poorest, of all monospecific algal diets for
the other three amphipods (Table 1, Figs. 1, 2, 4, and 6).
The relative food values ofE. flexuosa, Polysiphoniasp.,
andF. vesiculosusalso varied considerably among meso-
grazers. For example,Enteromorphasuppressed devel-
opment inA. marcuzzii, but for the congenericA. valida,
amphipods fed onEnteromorphaand Ectocarpushad
equivalent survivorship, growth, and fecundity (Table 1,
Figs. 1, 2, and 4). ForC. compta, Enteromorphapro-
duced lower survivorship and growth compared toEcto-
carpus and the two mixed-diet treatments (Figs. 1, 2).
For this amphipod, we were unable to rigorously docu-
ment suppressed reproduction in theEnteromorphatreat-
ment compared to others (Fig. 5), but our power to detect
statistical differences among diets was constrained by
the low number of females maturing and ovulating on
some diets.

Amphipods also differed considerably in their perfor-
mance on thePolysiphoniadiet. A. marcuzziiisolated
with Polysiphoniasp. died at the same rate as in the
starved treatment (Fig. 1),Gammarusand Cymadusa
survived at intermediate rates onPolysiphonia(Fig. 1),
but A. valida survived and produced eggs as well on
Polysiphoniaas on any of the diets (Table 1, Figs. 1, 2,
and 4). Although bothPolysiphoniasp. andE. siliculo-
suswere collected as epiphytes ofS. filipendula, these
two algae were clearly different as food sources for these
amphipods. Grazing by mesoherbivores on epiphytic al-
gae can be beneficial to aquatic plants by reducing the
negative effects of shading, drag, or competition for nu-
trients that epiphytes exert on their hosts (Orth and 
van Montfrans 1984; Jernakoff et al. 1996). Thus, meso-
grazer feeding on epiphytes is viewed as an important
process in marine plant communities (Orth and van
Montfrans 1984; D’Antonio 1985; Brawley 1992; 
Jernakoff et al. 1996; Jernakoff and Nielsen 1997; but
see Mukai and Iijima 1995). However, Duffy (1990)
demonstrated that the effects of amphipods on hosts ver-
sus epiphytic algae depended on the amphipods in-
volved; some species selectively graze epiphytes while
others focus on host tissue. Our data suggest that not on-
ly the mesograzer species, but also the identity of the
epiphytes, will influence the potential for consumers to
control fouling (Jernakoff et al. 1996; Jernakoff and
Nielsen 1997). Some amphipods attained high fitness by
feeding on some epiphytes (E. siliculosus), while dying
rapidly if they fed on others (Polysiphoniasp.). Some of
the species tested faired as well on large macrophytes as
on filamentous algae. For sea urchins, which may feed
on coarser spatial scales than amphipods, it has been
demonstrated that the attractiveness of potential food
plants can be dramatically altered by the epiphytic spe-
cies fouling host algae (Wahl and Hay 1995). Variability
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in epiphyte community structure may therefore have
complex indirect consequences for the dynamics of
plant-herbivore interactions, even for herbivores forag-
ing at different scales.

F. vesiculosuswas generally a poor food for all the
species against which it was tested (Figs. 1, 2, 4, 5, and
6). Nevertheless,A. valida occurs at high densities on
Fucus(Deal 1997), and this alga seems to be a preferred
host for A. valida in North Carolina (E. Cruz-Rivera,
personal observation based on numerous field collec-
tions). Recent investigations have shown that this amphi-
pod associates withFucus in the field, feeds readily on
Fucus, and remains in the tubes it constructs on this sea-
weed even at low tide when the plants are completely out
of the water (Deal 1997; E. Cruz-Rivera, personal obser-
vation). This close association betweenA. validaandFu-
cusat some sites, despite the costs in performance it en-
tails, could be explained if the amphipod gains protec-
tion from predators, or achieves other indirect advanta-
ges, by living on and consuming a suboptimal food. In-
teractions between predation pressure, habitat choice,
and constraints on diet have been suggested, or shown,
to be important for herbivores as diverse as sea urchins,
crabs, polychaetes, gastropods, amphipods, insects, and
desert rodents (Vance and Schmitt 1979; O’Dowd and
Hay 1980; Price et al. 1980; Hay and Fuller 1981; Hay 
et al. 1987, 1988a, 1988b, 1990; Bernays and Graham
1988; Futuyma and Moreno 1988; Courtney and Kibota
1990; Duffy and Hay 1994; Stachowicz and Hay 1996,
1999; reviewed in Hay 1992, 1996; Hay and Steinberg
1992). Although we observed that feeding only onFucus
caused average decreases in fecundity, some individuals
developed and ovulated at similar rates as those living on
better diets. It is possible that genetic diversity or pheno-
typic plasticity accounts in part for the success of this
amphipod in colonizing diverse habitats.A. valida is not
a specialist, and it associates with brown, green, and red
algae, as well as seagrasses, at different sites around the
world (Nicotri 1977, 1980; Pomeroy and Levings 1980;
Duffy and Hay 1994; Alonso et al. 1995; Deal 1997). If
interactions among host plant choice, feeding, and fit-
ness are important for this species, they could be context
dependent or operate as local phenomena.

Interestingly,A. validafemales feeding onSargassum
produced eggs that were significantly larger than eggs
from females in all other treatments butPolysiphonia,
even though theSargassumdiet strongly suppressed
clutch size. Females onSargassumalso became oviger-
ous at a smaller size (Fig. 4). It appeared thatA. valida
feeding onSargassumattempted to compensate for the
low numbers of eggs by making larger eggs. In contrast,
for C. compta, there was a non-significant trend towards
larger eggs when that amphipod fed on nothing butEcto-
carpus (Fig. 5), the monospecific diet producing the
highest overall survivorship, growth, and fecundity. Egg
size can be influenced by food quality or quantity in di-
verse animals (Helm et al. 1973; Bayne et al. 1978;
Brody and Lawlor 1984; Leather 1994; Williams 1994)
and this can have important consequences for their off-

spring (but see Karlsson and Wiklund 1984). For exam-
ple, when food is limiting, larger eggs can produce larger
newborns that are more resistant to food limitation or
have increased ability for dispersal compared to smaller
newborns (Capinera 1979; Brody and Lawlor 1984; 
Hutchings 1991; Leather 1994; Williams 1994; Smith
and Bruun 1998). Bigger eggs may also produce larger
offspring that are less susceptible to predation (Kaplan
1992). The costs and benefits of variable size in amphi-
pod eggs remain to be studied.

Our findings that two of the three amphipods tested
on Artemiaalone show strong detrimental effects of con-
suming animal matter suggest that these species may be
better adapted to algal than animal food. These findings
relate well to published observations on the amphipod
species studied here. For example,A. marcuzziiand A.
valida both readily consume large seaweeds, and asso-
ciate with macroalgae in the field (Nicotri 1977, 1980;
Duffy 1990; Duffy and Hay 1994; Alonso et al. 1995;
Deal 1997).C. comptaassociates with algae (Hauxwell
et al. 1998; also see Materials and methods) but it is 
also abundant among seagrasses (Nelson 1979a, 1979b;
Stoner 1979; Lewis 1984). AlthoughC. comptacan con-
sume detritus, algae, and some vascular plant material
(Nelson 1979b; Hauxwell et al. 1998), it apparently pre-
fers macroalgae and epiphytes over detritus (Zimmerman
et al. 1979; but see Nelson 1979b). Our data show that it
can successfully live as a herbivore without supplement-
ing its diet with animal matter or detritus (Figs. 1, 2, 
and 5).

In contrast to the other amphipods,G. mucronatus
performed well on animal matter, algal mixtures, or a
combination of animal and algal food, arguing for a
more generalized, omnivorous diet as has been previous-
ly suggested (Zimmerman et al. 1979; LaFrance and 
Ruber 1985; Bärlocher and Howatt 1986; Fredette and
Diaz 1986; Cruz-Rivera and Hay, in press). AlthoughG.
mucronatusis often assumed to be an omnivore feeding
on plants, animals, and detritus, gut contents have not
confirmed its use of animal matter (Bärlocher and 
Howatt 1986;Carinogammarus mucronotusin Sanders
et al. 1962), and manipulative studies on food choice
have not used animal material among the foods offered
(Zimmerman et al. 1979; Duffy and Hay 1994). In our
experiments, we often observedG. mucronatusgrab
pieces ofArtemia and feed in a fashion described for
other species ofGammarus(MacNeil et al. 1997), even
though algal foods were abundant. This behavior was not
observed forA. validaor C. compta. Thus,Gammarusis
likely to be a more generalized feeder that exploits detri-
tal, animal, and plant matter, although it is capable of
surviving and maturing by feeding only on certain sea-
weeds (e.g.,Ectocarpus), despite achieving lower fecun-
dity than on a mixed diet or a diet of only animal matter
(Fig. 6).

Lack of reliable information on the trophic ecology
of marine mesograzers has often lead investigators to
assume that most mesograzers exploit similar resources
(reviewed in Brawley 1992). However, sympatric me-
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sograzers may live in very close proximity while ex-
ploiting markedly different resources, thus having dif-
ferential impacts on communities (Duffy 1990; Brawley
1992; Jernakoff and Nielsen 1997; Duffy and Hay, in
press). In the case of the amphipods studied here, 
considerable variance in the effects of different foods
suggests that nutritional requirements can be quite dif-
ferent even among congeners (e.g.,A. marcuzziiand
A. valida). The among-species patterns of food use 
also suggest that the variable ability of mesograzers 
to use alternative plant or animal resources will deter-
mine how populations will be affected when preferred
foods become limiting (see also Pennings et al. 1993; 
Bernays and Minkenberg 1997).

The three species of amphipods that showed no net
gains from mixing foods are all tube builders that 
spend considerable time in close association with their
hosts. In contrast, the species showing enhanced fitness
on a more diverse diet is a more mobile amphipod 
(Duffy and Hay 1994) that is likely better able to search
for different foods. Links between mobility and diet
have been noted before in both marine and terrestrial
systems (Hay et al. 1987, 1988b; Bernays and Graham
1988; Courtney and Kibota 1990; Duffy and Hay 1994;
Cruz-Rivera and Hay, in press), but the role of mobility
in favoring or inhibiting dietary mixing has not been
explicitly addressed (but see Bernays and Minkenberg
1997). Although dietary mixing is important for diverse
animals, it may be less important for some small her-
bivores like Ampithoe and Cymadusa, whose lower 
mobility may restrict their ability to acquire diverse
foods.
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