MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 468: 179–189, 2012
doi: 10.3354/meps09893

Published November 14

Mixed species diets enhance the growth of two
rocky intertidal herbivores
Kristin M. Aquilino1, 2,*, Meghan E. Coulbourne2, 3, John J. Stachowicz1, 2
1

Center for Population Biology, University of California, Davis, California 95616, USA
2
Bodega Marine Laboratory, Bodega Bay, California 94923, USA
3
Department of Biology, Hood College, Frederick, Maryland 21701, USA

ABSTRACT: Seaweeds provide food and shelter for countless species of invertebrates. Many
studies show how particular species of seaweed facilitate particular invertebrates, but few examine the simultaneous effects of multiple seaweeds, despite the fact that algal composition and
diversity are known to vary considerably. We conducted laboratory experiments to determine how
algal species richness affected the consumption and growth of 2 common rocky shore herbivores:
the turban snail Chlorostoma funebralis and the lined shore crab Pachygrapsus crassipes. For both
herbivores, highest growth was achieved on a diet of mixed algal species, though this was greater
than growth on the best single species only for C. funebralis. However, the herbivores differed in
their growth on particular single species diets and consumed prey species at different rates. This
suggests that, despite the similar boost in growth achieved by a diverse diet, the exact mechanism
was not the same for the 2 species. The benefits were not due simply to inclusion of the best single
food species in the mixed diet because consumption of these highest quality foods was lower in
mixed than in single species treatments and contributed only 50% of dietary intake in mixed diet
treatments. It seems likely that complementary nutritional quality, chemistry, or morphology
among prey species contributed to the positive effects of diet species richness on herbivore performance. Similar findings for taxonomically and ecologically distinct herbivores suggest that
such effects of diet species richness on consumer performance may be widespread among marine
generalist herbivores.
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Rocky intertidal
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Seaweed diversity and species composition varies
considerably within and across intertidal habitats as
a result of spatial variation in physical and biological
factors and disturbance (Lubchenco 1978, Sousa
1979a, Airoldi 1998, Benedetti-Cecchi et al. 2001).
Particular species of algae can have strong facilitative effects on particular species of invertebrates
(Hacker & Steneck 1990, Bertness et al. 1999), or
even the overall diversity of the invertebrate community (Lilley & Schiel 2006). However, fewer data are

available to examine the additive or interactive
effects of multiple seaweed species on invertebrate
communities (Bates & DeWreede 2007). Experimental studies from other systems provide evidence that
plant species diversity can affect the diversity or
abundance of higher trophic level organisms (Siemann 1998, Haddad et al. 2001, Narwani & Mazumder 2010). The increased diversity of animals
in more diverse plant assemblages on land is often
attributed to specialized host-plant interactions (Duffy
2002, Ives et al. 2005, Jactel & Brockerhoff 2007).
However, specialists are less common among marine
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than terrestrial invertebrate herbivores (Hay 1991),
and thus this mechanism may be of minimal importance in the ocean (Parker et al. 2001). Yet, other
mechanisms could still produce an effect of producer
diversity on invertebrate communities. For example,
enhanced structural complexity in species-rich producer assemblages can lead to reduced predation
pressure in more diverse habitat assemblages (Moran
et al. 2010). Additionally, the generalist feeding habit
of many marine consumers can increase the richness
of prey species eaten by a single consumer. If different prey offer complementary nutritional content,
this can lead to increased consumer performance on
mixed diets (see meta-analysis in Worm et al. 2006).
In this paper, we test the effect of single vs. mixed
species diet on the growth and survival of 2 rocky
intertidal generalist herbivores.
A substantial body of research has examined the
consequences of mixed diets for consumers, asking
whether consumers generally grow best on monospecific diets of preferred prey or if diet mixing
enhances consumer growth (Bernays et al. 1994,
Hagele & Rowell-Rahier 1999, Camus et al. 2008,
reviewed for marine organisms in Stachowicz et al.
2007), particularly in aquaculture studies (e.g. Stuart
& Brown 1994, O’Connor & Heasman 1997, Graham
2008). Mixed diets can increase the performance
(e.g. growth or reproductive output) of a variety of
marine consumer taxa (Worm et al. 2006) by allowing
consumers to benefit from nutritional differences
among prey, avoid the cumulative effects of chemical
or morphological deterrents, or both (e.g. Pennings et
al. 1993, Cruz-Rivera & Hay 2003). Mixed diets can
also boost consumer performance over the average
monospecific diet simply because these diets include
the most nutritious prey item (e.g. Cruz-Rivera & Hay
2000), analogous to a sampling effect (see Stachowicz et al. 2007).
On rocky intertidal shores, herbivores generally
decrease the abundance of early successional, ephemeral algae, such as Ulva spp., by direct consumption, with positive indirect consequences for the
abundance of later successional, perennial species
(Lubchenco 1978, Sousa 1984, Aquilino & Stachowicz
2012). Laboratory feeding studies have shown that
herbivores preferentially consume ephemeral algae
like Ulva spp. (Arrontes 1990, Barry & Ehret 1993),
arguably because ephemeral algae lack structural or
chemical defenses and/or have high nutritional quality. Although selective consumption of ephemeral
prey may be adaptive, the limited studies available
on rocky shores generally support the idea that
mixed diets lead to greater performance (Watanabe

1984, Kennish 1996, Graham 2008). Conducting prey
selection experiments in parallel with longer term
growth experiments that include the majority of relevant prey items found in the field would help address
whether consumer preferences are adaptive. Furthermore, understanding algal effects on herbivores
and herbivore effects on algae within the same system might improve our understanding of long-term
community dynamics.
We quantified the effects of rocky shore macroalgal species richness and identity on the growth of
the 2 most common intertidal macroalgal grazers in
north-central California, USA: the black turban
snail Chlorostoma (Tegula) funebralis and the lined
shore crab Pachygrapsus crassipes. In this system,
algal species richness increases the total cover and
stability of algal communities (Stachowicz et al.
2008), and seasonally increases the invertebrate
community species richness as well as the abundance of particular invertebrate species (J. J. Stachowicz unpubl. data), but the long-term consequences of living in areas of high versus low algal
species richness for herbivore growth are not
known. The maintenance of perennial algal species
diversity by herbivores during community development suggests that understanding effects of diet
diversity on herbivore performance could help elucidate potential community level feedbacks (Aquilino & Stachowicz 2012). We examined how the
identity and species richness of algal diet affect
growth and survival of C. funebralis and P. crassipes. To understand the potential mechanisms driving the effects of diet diversity on consumer performance, we also examined the nutritional content of
each alga and the consumption of each prey species
in choice and no-choice experiments.

MATERIALS AND METHODS
Study system
The mid-high rocky intertidal zone (~1 m above
mean lower-low water) on the Bodega Marine Reserve (38° 19.0’ N 123° 4.1’ W) in northern California
is characterized by upwelling and high wave stress
(for further details about the physical characteristics
of this locality see Sutherland 1970). A diverse
assemblage of herbivores inhabits this system.
Limpets, such as Lottia scabra and L. digitalis, and
the snails Littorina plena, L. scutulata, and Chlorostoma funebralis are the most abundant molluscan
grazers at this tidal height, whereas gammarid
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amphipods and the crab Pachygrapsus crassipes are
the most common arthropod grazers (Aquilino &
Stachowicz 2012). Of these, we chose to focus on C.
funebralis and P. crassipes because they are both
abundant and are known to include macroalgae as
a large component of their diet. The C. funebralis
diet appears to be dominated by macroalgae (Kitting 1978, Morris et al. 1980), which it readily
consumes in the lab (e.g. Best 1964), and the high
density of this snail (mean ± SE = 36 ± 18 m−2) (J. J.
Stachowicz unpubl. data) is evidence of its potential
impact on algal communities. Although P. crassipes
are not easily detected in visual surveys due to their
high mobility and their tendency to occur interstitially in mussel beds during daytime low tides,
these crabs can occur at densities at least as high as
17 m−2 in destructive surveys of mussel beds in
the mid-high zone (M. E. Coulbourne unpubl. data).
P. crassipes predominantly consumes macroalgae,
including red and green algae as a large portion of
its diet in the field (Barry & Ehret 1993) and is
known to affect macroalgal species composition in
field enclosure experiments in other locations (Sousa
1979b).
Four perennial macroalgal species compose over
85% of total macroalgal cover on emergent rock and
mussel substrate in this zone on the reserve (Stachowicz et al. 2008). These species are the canopyforming brown algae Pelvetiopsis limitata (making
up an average of 36% of the total macroalgal cover),
the foliose red algae Mastocarpus papillatus (27% of
total macroalgal cover), the turf-forming red algae
Endocladia muricata (17% of total macroalgal cover),
and the turf-forming green algae Cladophora columbiana (9% of total macroalgal cover), all of which
have overlapping distributions in the field. The ephemeral species Ulva spp. can be abundant as a seasonal epiphytes or in areas of high disturbance but
accounts for an average of only 5% of total macroalgal cover (Sousa 1984, Aquilino & Stachowicz
2012). Eight years of sampling in these plots revealed
that all 5 seaweeds regularly co-occur in 20 × 20 cm
quadrats, and thus, all herbivores typically have access to all species. Chlorostoma funebralis and
Pachygrapsus crassipes readily consume all of these
algal species in laboratory feeding trails (see ‘Results’).
Although they may consume additional foods in the
field (e.g. microalgae), we restricted our study to
these food choices because they are the most abundant in the field, and both consumers appear to focus
on macroalgal prey based on field observations and
lab studies (Best 1964, Kitting 1978, Morris et al.
1980, Barry & Ehret 1993).
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Measuring feeding and growth
We measured snail and crab growth and consumption rates in the laboratory on 6 different algal
diets: Cladophora columbiana, Endocladia muricata,
Mastocarpus papillatus, Pelvetiopsis limitata, and
Ulva sp. alone, or all 5 species together in mixture.
Algae were collected from the north shore of Horseshoe Cove on the Bodega Marine Reserve at ~1 m
tidal height for all experiments. Herbivores were collected at the same location as the algae. We replaced
the algae in experimental cages weekly and provided enough of each type so that the herbivores
never exhausted any of the species available to them.
We also measured growth of herbivores that were
given no macroalgae to determine whether performance in any treatment was worse than starvation,
which could indicate severe toxic effects of consuming particular species. Using plastic clips and cable
ties, we secured algae to the bottom of 0.5 l plastic
cages with 2 mm mesh sides. When measuring feeding rates, cages with herbivores and algae were
paired with cages containing algae alone to account
for changes in algal mass due to factors other than
consumption (Roa 1992). Cages were submerged in
flowing seawater. To minimize microalgal growth,
the experiments were performed indoors on a 12 h
light:12 h dark cycle.
For the Chlorostoma funebralis experiment, each
cage contained 3 field collected snails (averaging 9.0
± 0.1 mm in shell diameter and 0.28 ± 0.01 g wet
mass) marked with colored nail polish to distinguish
individuals. The unit of replication was the cage and
there were 10 cages per treatment. The experiment
ran for 149 d from November 2009 to April 2010. Prior
to the start of the experiment, we measured the
height, diameter, and mass of each snail, and we
etched a notch in the outer lip of the body whorl of
each snail to measure new shell growth. Because we
were interested in whether diets differentially affected snail tissue growth and shell growth, we also
weighed the snails suspended in seawater to nondestructively obtain a proxy for change in shell mass
alone (Palmer 1982). If the effects of diet on mass
change in air were different from change in seawater, this would provide evidence that diet had differential effects on snail tissue and shell growth, and
we could use the regression methods of Palmer
(1982) to estimate actual tissue and shell mass.
For the Pachygrapsus crassipes experiment, we
used only 1 crab per cage to avoid intraspecific predation, which would have changed the composition
of their diet. We performed the experiment in 2
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blocks to increase replication: 1 in 2010 (N = 10) and
the other in 2011 (N = 20), both lasting from mid-June
to mid-September. Two crabs from the Cladophora
columbiana and 1 from the Ulva sp. diet treatment
escaped during the experiments and were not included in the analyses. Crabs averaging 8.1 (± 0.1) mm
in carapace width were collected from mussel beds in
the field. The 5 algal species used in the experiment
grew on or within the same vertical zone as the mussel beds and so were available to the grazers as prey
prior to collection. To assess crab growth we measured crab carapace width, wet mass (for the 2010
block only), and days to first molt. For analysis, crabs
that never molted were assigned a value of days to
first molt equal to the duration of the growth experiment (84 d). Crabs were checked daily to monitor
molting and mortality, and molts were removed from
cages to prevent their consumption.
We assessed consumption rates on each algal diet
2 wk into the first block of the Pachygrapsus crassipes growth study and at the end of the Chlorostoma
funebralis growth study. Total algal biomass was
kept constant among treatments for each herbivore,
with a total of 2.5 g of algae in snail cages (0.5 g of
each species in mixture), and 1.25 g of algae in crab
cages (0.25 g of each species in mixture). These
amounts of algae were set to a level that was high
enough that herbivores never exhausted any of the
species available to them before we were able to
replace the algae, but low enough that we could still
detect changes in biomass due to consumption. Prior
to weighing, field collected algae were rinsed of epiphytes, microinvertebrates, and debris, immersed in
seawater for 1 h to ensure that they were fully hydrated, and spun in a salad spinner to remove excess
water. Before any algal species in the mixture was
consumed completely (at 11 d for snails and 9 d
for crabs), we weighed the remaining algae by hydrating and spinning, as above. The change in algal
mass in cages with herbivores was corrected for
change unrelated to consumption using algal mass
changes in paired controls lacking herbivores (Stachowicz & Hay 1999). We used the mixed diet treatments to assess the relative consumption rates
among algal species; we define differential consumption in these choice experiments as ‘preference’. Because these consumers often sample small
bits of each prey item encountered, aggregate consumption over time is a better indication of preference than other metrics, such as order of consumption (see Manly 1995 or Taplin 2007 for other
examples of how to define consumer preference).
Preferences of C. funebralis for algal species in

mixed diets measured at 5 mo in this study were
equivalent to those measured immediately after individuals of both species were collected from the field
(authors’ unpubl. data). In a final feeding trial with C.
funebralis (after the growth experiment was terminated), we fed all individuals mixed diets to test for
variation in preferences among snails with different
diet histories.
To assess potential reasons for differences in consumption and performance among algal diets, we
analyzed 3 thalli of each of the algal species (Cladophora columbiana, Endocladia muricata, Mastocarpus papillatus, Pelvetiopsis limitata, and Ulva sp.) for
carbon (C) and nitrogen (N) content (%N and C:N
ratios) in 2 different years. Thalli were collected in
August 2011 from the same location on the north
shore of Horseshoe Cove, where algae and consumers were collected for all feeding and growth
experiments. We also report the results of nutrient
analyses on thalli collected in May 2009 (all species
but Ulva sp.) from the south shore of Horseshoe
Cove.

Statistical analysis
We analyzed total amount of algae consumed and
herbivore growth among all diet treatments with
1-way analyses of variance (ANOVA), and applied
post hoc Ryan’s Q tests to ANOVA results to compare
differences in growth and consumption among them,
including block (year) to analyze crab growth. We
tested model assumptions by plotting the residuals
versus the fitted values, and using Levene’s test for
homogeneity of variance and Shapiro-Wilk’s test for
normality within and among treatments. We used
cage as the unit of replication, averaging consumption and growth across the 3 individuals within each
cage in snail experiments to allow identical analyses
for both species. Analyzing snail growth as a mixed
model with snail within cage as a random factor produced identical results with zero variance explained
by the random term. To assess the relative importance of algal species richness and identity on
growth, we first performed an a priori contrast between the mixed and single species treatments (richness effect, df = 1) on the results of 1-way ANOVAs
testing the effect of all diet treatments containing algae (i.e. all but the ‘starved’ treatment) on consumption and growth. We used the residual treatment
sums of squares, attributable to variation among the
single species treatments (df = 4), to evaluate the effect of species identity (Bruno et al. 2005). We calcu-
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lated magnitude of effects (ω2) for algal richness and
identity (Graham & Edwards 2001). We used this approach because we were unable to use the statistical
partitions between sampling and complementarity
due to the inability to tell what fraction of growth on
mixed diet was due to each seaweed species. To assess the extent to which treatment effects on growth
could be explained by differences among diets in total consumption rates, we performed an analysis of
covariance (ANCOVA) on the effect of diet treatment
on growth using total consumption as a covariate. We
used a linear correlation and a Spearman’s rank correlation to compare the effect of single species diet
treatments on crab versus snail growth and consumption. All analyses were performed in R 2.11.1
(R Development Core Team 2010).

RESULTS
Effect of diet species richness on growth
and survival
Algal diet affected shell growth (of the outer lip of
the body whorl), shell height, shell diameter, and
mass of Chlorostoma funebralis (Fig. 1A; ANOVA:
F6, 63 = 241, p < 0.001 for shell growth; see Table 1 for
ANOVA results for other measurements). The relationship between change in snail mass in air and seawater was strong and linear (F1, 68 = 1536, p < 0.0001,
r2 = 0.96), indicating that diet treatments affected
tissue and shell growth similarly. The relationships
between growth of the outer lip of the shell and other
growth measurements (mass in air and water, height,
and width) were also strong and linear, so we focus on
shell growth for the rest of the analyses. Partitioning
the effects of diet on shell growth among species richness and identity, each contributed significantly to
differences in shell growth (ω2 = 0.35, F1, 54 = 255, p <
0.001 for species richness and ω2 = 0.64, F4, 54 = 116, p <
0.001 for identity), with an increase in growth on a
mixed diet compared to single species diets. Single
species diet treatments varied substantially in their effects on snail growth, with fastest growth on Ulva sp.
and Mastocarpus papillatus and slowest growth on
Cladophora columbiana. However, shell growth was
greater on the mixed diet than on any single species
diet (Fig. 1A; Ryan’s Q: p < 0.05).
Algal diet also affected Pachygrapsus crassipes’
change in carapace width (Fig. 2A; F6,170 = 18,
p < 0.001), mass, and the time to first molt (Fig. 2C,
Table 2). Partitioning the effects of diet among
species richness and identity, each contributed to dif-

Fig. 1. Chlorostoma funebralis (shown in A). Mean ± SE (A)
growth and (B) daily per capita consumption for each algal
diet treatment. Bars with the same letter are not statistically
different from each other (Ryan’s Q method: p > 0.05). The
abbreviations ‘Ulva’, ‘Masto’, ‘Endo’, ‘Pelv’, and ‘Clado’ are
for single species diets of Ulva sp., Mastocarpus papillatus,
Endocladia muricata, Pelvetiopsis limitata, and Cladophora
columbiana, respectively

Table 1. Chlorostoma funebralis growth. Effects of diet
treatment on the change in the length of the outer lip of the
body whorl (shell growth), mass in air, and mass in seawater
(df = 6 for each test). Mass in seawater is a proxy for shell
mass alone
Response
Shell growth
Mass in air
Mass in seawater

F-ratio

p

241
117
143

< 0.001
< 0.001
< 0.001
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Fig. 2. Pachygrapsus crassipes (shown in B). Mean ± SE (A) growth, (B) daily per capita consumption for each algal diet treatment, and (C) time to first molt (with 84 d conservatively assigned to crabs that did not molt). Bars with the same letter are not
statistically different from each other (Ryan’s Q method: p > 0.05). (D) Percent of crabs in each diet treatment that survived the
full growth experiment (84 d). Diet abbreviations are the same as in Fig. 1

ferences in carapace growth (ω2 = 0.22, F1,145 = 15.3,
p < 0.001 for richness and ω2 = 0.69, F4,145 = 12.2,
p < 0.001 for identity), with crabs growing more on
the mixed diet than single species diets. Among
monospecific diet treatments, crabs fed Ulva sp.,
Endocladia muricata or Cladophora columbiana had
the greatest growth and shortest time to first molt.
Table 2. Pachygrapsus crassipes growth: Effects of diet
treatment on the change in carapace width, mass, number of
days until first molt, and wet mass (df = 6 for each test). Mass
measurements are from 2010 only
Response
Carapace width
Mass
Time to first molt
Survival

F-ratio
18.0
2.6
2.7
3.0

p
< 0.001
0.025
0.015
0.008

The increase in carapace width and the time to first
molt in the mixed diet treatment did not differ significantly from that in the Ulva sp. treatment (Fig. 2A,
C; p > 0.05); however, over 3 times as many crabs
died in the Ulva sp. treatment (10 crabs) than in the
mixed diet treatment (3 crabs; Fig. 2D). Overall, there
was no significant difference among treatments in
crab survival (df = 6, Χ 2 = 2.1, p = 0.91). The mixed
diet did not differ from C. columbiana for any particular fitness metric, though crabs consumed more
algae on the C. columbiana diet than on any other
diet (Fig. 2B).
Although both herbivores grew best on mixed
diets, and grew at different rates on different single
species diet treatments, there was no correspondence between the growth of crabs and snails among
single species diet treatments (linear correlation: F1, 3
= 0.022, p = 0.89, Spearman’s rank correlation: ρ =
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0.5, p = 0.45). Among the single species diets, both
herbivores grew well on Ulva sp., but crabs also grew
well on Cladophora columbiana, whereas snails
grew the least on this species (Figs. 1A & 2A).
Because snails and crabs grew least in starved control treatments, and we never saw any accumulation
of microalgae in cages, or on the outside of cages,
where herbivores could not access, we do not think
that microalgae contributed appreciably to herbivore
growth in this experiment. Lowest growth in starved
treatments also indicated that the potential detrimental effects of noxious chemicals or damaging morphologies in any of the algal species did not outweigh
nutritional benefits of the algae for growth.

Effect of diet species richness on consumption
Total algal consumption varied among diets for
both snails (Fig. 1B; F5, 54 = 21.5, p < 0.001) and crabs
(Fig. 2B; F5, 54 = 8.45, p < 0.001). Partitioning the effects of snail diet between algal species richness and
identity on total algal consumption, there was an
effect of identity (ω2 = 0.45, F4, 54 = 19.3, p < 0.001) and
a positive effect of species richness (ω2 = 0.18, F1, 54 =
30.4, p < 0.001), despite the fact that all snails were
initially offered the same total mass of algae and no
snails exhausted their supply of any of the available
choices. Although total daily per capita consumption
by snails was similar between the mixed diet (mean ±
SE = 0.024 ± 0.001 g d−1) and the Ulva sp. treatments
(0.025 ± 0.003 g d−1, Ryan’s Q: p > 0.05), Ulva sp.
accounted for only approximately 50% of the total
algae consumed by snails in the mixed diet treatment
(Fig. 3A). For crabs, there was also an effect of algal
species identity on consumption (ω2 = 0.37, F4, 54 =
10.1, p < 0.001), but no effect of richness (ω2 < 0.01,
F1, 54 = 1.87, p = 0.177), indicating that consumption
varied among species, but consumption in mixed diet
treatments was not different from that in the average
monospecific diet.
As with performance, relative consumption rates of
different seaweeds varied between the 2 consumers.
There was no relationship between total consumption by snails and crabs in single species diet treatments (linear regression: F1, 3 = 0.016, p = 0.91, Spearman’s rank correlation: ρ = 0.5, p = 0.45). Among the
single species diets, snails consumed most on the
Ulva sp. diet, whereas crabs consumed most on the
Cladophora columbiana diet (Figs. 1B & 2B).
In a final feeding trial with Chlorostoma funebralis
(after the 5 mo growth experiment was terminated),
preferences were identical to those from earlier in

Fig. 3. Mean ± SE preference in the mixed diet treatment
(proportion of each algal species consumed) for (A) Chlorostoma funebralis and (B) Pachygrapsus crassipes. Species
shown in panels. Diet abbreviations are the same as in Fig. 1

the experiment, and we found no evidence that diet
conditioning might affect preference.

Relationship between preference and growth
Preference among algal species in mixed diet treatments (Fig. 3) was positively related to the per capita
consumption rates in monospecific treatments for
snails (β = 1.3, F1, 48 = 52, p < 0.0001) and crabs
(β = 0.4, F1, 48 = 33, p < 0.0001, for the 2010 block
when both consumption and growth were measured). There was also a positive relationship between
consumption in the mixed diet treatments and shell
growth on single species diets of snails (β = 8.2, F1, 48
= 10, p = 0.002) and between preference and cara-
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Table 3. Algal nutritional content. Mean (SE) percent tissue carbon (%C) and nitrogen (%N) of dry mass and carbon to nitrogen ratio (C:N) of 3 individuals of each algal species collected from the Bodega Marine Reserve. In May 2009, thalli were collected from the south shore of Horseshoe Cove. In August 2011, thalli were collected from the north shore of Horseshoe Cove,
overlapping where algae and consumers were collected for feeding and growth experiments
Algal species (n = 3)

Cladophora columbiana
Endocladia muricata
Mastocarpus papillatus
Pelvetiopsis limitata
Ulva sp.

%C

May 2009
%N

C:N

%C

August 2011
%N

C:N

17.4 (0.86)
39.0 (0.18)
33.6 (1.34)
35.3 (0.26)
–

2.4 (0.10)
3.6 (0.05)
3.4 (0.18)
1.7 (0.04)
–

7.2 (0.08)
10.8 (0.20)
10.0 (0.20)
20.3 (0.50)
–

16.9 (1.00)
39.0 (0.27)
32.3 (0.32)
35.0 (0.49)
36.6 (0.95)

2.1 (0.06)
4.1 (0.02)
3.1 (0.07)
1.6 (0.15)
5.3 (0.15)

8.1 (0.47)
9.6 (0.07)
10.6 (0.21)
22.1 (2.01)
6.9 (0.08)

pace growth for crabs (β = 1.3, F1, 48 = 6.7, p = 0.013).
However, performance on some diets deviated considerably from the predicted relationship. For example, snails had the highest growth on their most
(Ulva sp.) and least (Mastocarpus papillatus) consumed species (Figs. 1A & 3A). Furthermore, differences in growth among all algal treatments were significant even when accounting for differences in total
algae consumed across single species and mixed diet
treatments (ANCOVA: F6, 63 = 247, p < 0.001 for
snails; F6, 63 = 9.18, p < 0.001 for crabs in 2010), indicating factors other than total or relative consumption rates, such as algal nutritional value or ease of
ingestion or digestion, affected growth.

Algal nutritional content
Ulva sp. had the highest percent nitrogen (%N) per
dry mass of any of the 5 algal species (Table 3; 5.3 ±
0.15%), and the lowest ratio of carbon to nitrogen (6.9
± 0.08). Cladophora columbiana, Endocladia muricata, and Mastocarpus papillatus had intermediate
%N content and C:N, and Pelvetiopsis limitata had
the lowest %N (1.6 ± 0.15) and highest C:N (22.1 ±
2.01). Although C and N contents in algae can vary
temporally, the values for %N, %C, and C:N obtained
from samples taken in May 2009 and August 2011
were similar to each other (Table 3) and to values in
literature (Fujita et al. 1989, Neighbors & Horn 1991,
Wheeler & Björnsäter 1992, Van Alstyne et al. 2009),
so they likely adequately represent relative differences among algae in these nutritional parameters.

DISCUSSION
We found that diet mixing enhances the growth of
2 common intertidal herbivores, Chlorostoma funebralis and Pachygrapsus crassipes. The similarity of

the results between 2 herbivores with very distinct
feeding morphologies, physiologies, and feeding
preferences suggests that this finding could be general across many consumers in this system. Because
we held the total amount of algae offered to each herbivore constant, the amount of each algal species
consumed was less in mixture than in the corresponding single species diet treatments (the most
preferred species composed, at most, 50% of diet in
mixtures). As a result, the greater performance of
herbivores on mixed diets was not solely the result of
including a single high-quality food, but was instead
likely due to complementarity among algal species in
nutritional benefit or dilution of algal chemical or
morphological features that negatively impact herbivore fitness (Kitting 1980, Pennings et al. 1993, CruzRivera & Hay 2003). Crabs preferred and had the
highest growth on Cladophora columbiana and Ulva
sp.. Because 72% of the total consumption in mixed
diet treatments was of these 2 species, the mixing of
these 2 species may be important for crabs. Differences in micronutrients or other aspects of algal
nutritional content could drive potential complementarity effects for both herbivores (e.g. Raubenheimer
et al. 2005). Additionally, herbivore-deterrent chemistry or morphology that can reduce performance in
some herbivore species, such as phenolics in Pelvetiopsis limitata and dimethylsulfoniopropionate in
Ulva spp. (Kitting 1980, Steinberg 1985, Van Alstyne
et al. 1999, 2009), could be less harmful when diluted
in mixed diets. Our experiments did not explicitly
test for the mechanisms underlying this complementarity, but we will discuss possible characteristics of
the algae that might underlie this effect.
The specific nature of the complementarity that
contributes to the benefit provided by a mixed diet
are likely different for each herbivore species, because each consumer preferred different algal species. However, both Cladophora columbiana, which
was most preferred by Pachygrapsus crassipes, and
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Ulva sp., which was most preferred by Chlorostoma
funebralis, have the lowest C:N (Table 3), and nitrogen content has been shown to enhance herbivore
consumption and performance (Kiørboe 1989, Van
Alstyne et al. 2009). These algae are also both relatively soft and may be consumed with less effort,
although we lack data to quantify this. Both species’
high consumption of Ulva sp. is also consistent with
experimental results demonstrating large effects of
herbivores on the abundance of Ulva spp. and similar
species in the field (Lubchenco 1978, Sousa 1979b,
1984, Aquilino & Stachowicz 2012). Curiously, C.
funebralis grew nearly as well on Mastocarpus papillatus as it did on Ulva sp., but had the lowest preference for M. papillatus in mixed diets, possibly due to
a combination of high nutritional value and morphological deterrents, such as differences in toughness
(Thornber et al. 2008). It is possible, for example, that
the low rate of consumption of M. papillatus was due
to its toughness, or because grazing was primarily on
reproductive structures of low mass but potentially
high nutritional reward (e.g. Thornber et al. 2006). In
general, consumers ate more of the species that conferred the most growth, indicating that consumer
choices may be adaptive.
Although principally an herbivore, Pachygrapsus
crassipes also occasionally consumes animals (Barry
& Ehret 1993), and some grapsid crabs are known to
require animal matter for optimal growth (McTigue &
Zimmerman 1991, Kennish 1996). A preference for
invertebrates could explain P. crassipes’ high consumption of Cladophora columbiana, which contains
4−5 times the abundance and biomass of infaunal
microinvertebrates compared to other common algal
species (Bracken et al. 2007). In southern California,
P. crassipes also consumes turf-forming coralline
algae that harbor invertebrates, which could be an
important nutritional part of its diet, even though
coralline algae occurs at low abundances in the zone
we examined (Barry & Ehret 1993). Morphology may
also be important in determining herbivore preferences for C. columbiana and other algal species. The
thin filaments of C. columbiana may be relatively
easy for crabs to clip off with their chelae and ‘chew’
with their mouthparts, whereas they may be very difficult for snails to scrape with their radula.
In our study, snails fed mixed diets had highest performance even for a single fitness metric (growth). In
several other studies, effects of species richness are
strongest when multiple fitness parameters are
measured and integrated, because different monocultures maximize different parameters (e.g. growth,
survival, reproduction; reviewed in Stachowicz et al.
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2007). Similarly, examining a single metric (growth)
across multiple herbivores, our results show that the
single species that contribute to the boost in growth
in mixtures do not appear to be same for snails and
crabs. Examining additional metrics of fitness for
each species would prove informative, but the life
span and life history of these herbivores is such that
these could not be assessed in this study.
Our study demonstrates the potential benefits of
diet mixing for 2 distinct herbivores. There is evidence from other marine species, such as gammarid
amphipods, that diet mixing is important (Poore & Hill
2006, reviewed in Stachowicz et al. 2007), thus this
potential may be widespread, even in systems with
generalist consumers, where specialized host-plant
interactions do not drive diversity effects. Whether
such benefits are realized in the field is likely dependent on a number of factors not examined in this
study, including how spatial and temporal variation in
herbivore and algal densities could alter relative and
absolute consumption rates of the various algal species. Determining diet under natural conditions is a
difficult issue, and there are few data available to assess the degree to which these herbivores actively
consume a mixed diet under field conditions.
If the effects of prey diversity on consumer fitness
influence consumer distribution and abundance, this
could lead to important potential feedbacks between
algae and herbivores that facilitate biodiversity
maintenance. The high consumption rate of and preference for Ulva sp. by Chlorostoma funebralis, and
resulting high herbivore growth rates, suggest that
high consumption rates of Ulva spp. observed in
rocky shore field experiments (Lubchenco 1978,
Sousa 1984, Aquilino & Stachowicz 2012) may
enhance growth of some herbivores seasonally or in
recently disturbed areas, where Ulva spp. are abundant (Sousa 1979a, Cubit 1984). Because consumption of Ulva spp. and other ephemeral algal species in
disturbed patches tends to accelerate recovery to
more diverse algal assemblages (Lubchenco 1978,
Aquilino & Stachowicz 2012), herbivores may
increase species richness of algal standing stock
(Lubchenco 1978, Worm et al. 2002), leading to the
availability of a more diverse diet that ultimately promotes their continued growth. Even for herbivores
with poor survival on diets of Ulva spp. alone, like
Pachygrapsus crassipes, temporary consumption of
Ulva spp. could directly facilitate short-term growth
and indirectly facilitate long-term growth and survival by accelerating algal succession and promoting
algal species richness. Combined with the lower
impact of consumers on total prey abundance in
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88:2211−2219
diverse prey assemblages (Edwards et al. 2010), this
suggests that there may be feedbacks between her- ➤ Bruno JF, Boyer KE, Duffy JE, Lee SC, Kertesz JS (2005)
Effects of macroalgal species identity and richness on
bivores and algae that contribute to the maintenance
primary production in benthic marine communities. Ecol
of rocky shore algal species richness. However, such
Lett 8:1165−1174
feedbacks could be limited, because the effects of ➤ Camus P, Daroch K, Opazo L (2008) Potential for omnivory
and apparent intraguild predation in rocky intertidal
herbivores on algal communities depend on herbiherbivore assemblages from northern Chile. Mar Ecol
vore density and disturbance frequency. Also, broad
Prog Ser 361:35−45
dispersal of the larvae of these herbivores may
Cruz-Rivera E, Hay ME (2000) The effects of diet mixing on
restrict these feedbacks to a single generation, since
consumer fitness: macroalgae, epiphytes, and animal
matter as food for marine amphipods. Oecologia 123:
larvae of these crabs and snails likely travel great
252−264
distances. Nonetheless, the positive impact of species
Cruz-Rivera E, Hay ME (2003) Prey nutritional quality inter➤
richness on consumer performance across a number
acts with chemical defenses to affect consumer feeding
of systems and taxa (e.g. Bernays et al. 1994, Hagele
and fitness. Ecol Monogr 73:483−506
Cubit JD (1984) Herbivory and the seasonal abundance
& Rowell-Rahier 1999, Stachowicz et al. 2007) sugof algae on a high intertidal rocky shore. Ecology 65:
gests these feedbacks are worth investigation.
1904–1917
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