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Abstract. To understand the consequences of biodiversity loss, it is necessary to test how
biodiversity–ecosystem functioning relationships may vary with predicted environmental
change. In particular, our understanding will be advanced by studies addressing the interactive
effects of multiple stressors on the role of biodiversity across trophic levels. Predicted increases
in wave disturbance and ocean warming, together with climate-driven range shifts of key
consumer species, are likely to have profound impacts on the dynamics of coastal marine
communities. We tested whether wave action and temperature modified the effects of
gastropod grazer diversity (Patella vulgata, Littorina littorea, and Gibbula umbilicalis) on algal
assemblages in experimental rock pools. The presence or absence of L. littorea appeared to
drive changes in microalgal and macroalgal biomass and macroalgal assemblage structure.
Macroalgal biomass also decreased with increasing grazer species richness, but only when
wave action was enhanced. Further, independently of grazer diversity, wave action and
temperature had interactive effects on macroalgal assemblage structure. Warming also led to a
reversal of grazer–macroalgal interaction strengths from negative to positive, but only when
there was no wave action. Our results show that hydrodynamic disturbance can exacerbate the
effects of changing consumer diversity, and may also disrupt the influence of other
environmental stressors on key consumer–resource interactions. These findings suggest that
the combined effects of anticipated abiotic and biotic change on the functioning of coastal
marine ecosystems, although difficult to predict, may be substantial.

Key words: biodiversity–ecosystem functioning; climate change; disturbance; environmental context;
facilitation; interaction strength; multiple stressors; rocky intertidal; trophic interactions.

INTRODUCTION

Ongoing biodiversity loss has profound implications

for the functioning of ecosystems on a global scale

(Pimm et al. 1995, Hooper et al. 2012). Over the last two

decades, biodiversity–ecosystem functioning research

has focused increasingly on the multi-trophic effects of

biodiversity change (see reviews by Duffy et al. 2007,

Gamfeldt and Hillebrand 2008), acknowledging the

complexity of biotic interactions in natural ecosystems.

Impacts of biodiversity change are complicated further

by changes in a suite of environmental variables

(Stocker et al. 2013), which are affecting the nature of

biological interactions via climate-driven species range

shifts and modification of ecophysiological processes

(Parmesan 2006). Therefore, in addition to incorporat-

ing processes occurring across trophic levels, we should

address the role of environmental context if we are to

understand the consequences of species loss against a

background of global environmental change (O’Connor

and Donohue 2013).

Consumer diversity effects on resources may be driven

by changes in consumer identity or species richness per

se (O’Connor and Crowe 2005). Two main classes of

mechanism may underlie the emergent effects of altered

consumer species richness. First, sampling or selection

effects occur when a particular consumer species,

characterized by traits begetting high performance and

competitiveness, comes to dominate resource use within

an assemblage. Second, complementarity effects involve

increased total resource use by an assemblage as a result

of either resource partitioning or facilitative interactions

(Loreau and Hector 2001). The basis for resource

partitioning among consumer species is provided by

differentiation in terms of traits related to resource

capture, such as body size, mobility, and food prefer-

ence, which may be manifested in the directions and

strengths of trophic interactions (Duffy 2002). If such

traits, and therefore interaction strengths, are differen-

tially sensitive to changes in environmental conditions,

then we should expect the role of consumer diversity

change to be context dependent. In general, testing how

environmental factors modify the relative strengths of

key consumer–resource interactions will advance our

mechanistic understanding of the community-level

effects of biodiversity change (Duffy 2002, Agrawal et

al. 2007).

Manuscript received 26 March 2014; revised 11 August 2014;
accepted 4 September 2014. Corresponding Editor: J. H.
Grabowski.

3 E-mail: rmrowicki01@qub.ac.uk

//titan/production/e/ecol/live_jobs/ecol-96-03/ecol-96-03-25/layouts/ecol-96-03-25.3d � 29 December 2014 � 9:24 am � Allen Press, Inc. � Page 207 MS#14-0577

nessaoconnor
Highlight



Warming may strengthen plant–herbivore interac-

tions by elevating metabolically driven consumption

rates to a greater extent than primary productivity rates,

resulting in increased top-down control and changes in

community structure (O’Connor et al. 2009). Converse-

ly, physical disturbance, such as that arising from wave

action in coastal marine systems, can disrupt the

foraging activity of consumers, potentially leading to a

weakening of trophic interactions and reduced top-down

control (Nielsen 2001). The extent to which trophic

groups are affected differentially by environmental

stressors, and therefore the sensitivity of trophic

interactions, can vary according to the type and intensity

of the stressor itself (Menge and Sutherland 1987).

Additionally, the effects of consumer diversity on

resource assemblages depend on resource species diver-

sity (Bruno et al. 2008) and on environmental hetero-

geneity (Griffin et al. 2009), both of which may be

regulated by abiotic stressors. Therefore, the combined

effects of biodiversity change and multiple stressors on

ecosystem processes are difficult to predict without

studies that address them simultaneously.

Rocky shores are highly productive environments,

functionally connected to other marine habitats via

trophic processes and the transport of biological

materials (Raffaelli and Hawkins 1996). These impor-

tant coastal habitats are subjected to a range of

interacting biotic and abiotic stressors, which have

potentially large impacts on the dynamics of their

constituent ecological communities. Loss of species on

local and regional scales owing to anthropogenic

pressures including overexploitation of organisms,

nutrient enrichment, and habitat alteration (Thompson

et al. 2002) is combined with larger-scale changes in

assemblage composition and diversity resulting from

climate-driven species range shifts (Harley et al. 2006).

In the UK and Ireland, more poleward range

extensions of southern, warmer water species have been

recorded than range contractions of northern, colder

water species, thus changes in the richness and

abundance of rocky intertidal grazers are predicted

(Mieszkowska et al. 2005, Hawkins et al. 2009). Mean

sea surface temperatures, currently at the highest levels

recorded, are also increasing, and may rise a further 28C

by the mid-21st century (Hulme et al. 2002, Hiscock et

al. 2004). This warming is likely to be accompanied by

substantial changes in the nearshore hydrodynamic

environment. For example, extreme weather events are

expected to become more frequent, resulting in stormier

seas and enhanced wave action in coastal habitats

(Hulme et al. 2002, Stocker et al. 2013). Overall, these

climate-related biotic and abiotic changes may have

profound effects on the dynamic balance of rocky shore

ecosystems in the north east Atlantic. The combination

of altered gastropod grazer diversity and increased

hydrodynamic disturbance may result in decreased algal

biomass, reducing intertidal biodiversity, and thus

limiting detrital exports to other marine habitats

(Hawkins et al. 2009).
Empirical research has begun to address consumer

diversity effects in relation to multiple stressors in
marine systems (e.g., Blake and Duffy 2012, Eklöf et

al. 2012). Although previous studies have assessed the
effects of grazer diversity on ecosystem processes in

rocky shore habitats in the northeast Atlantic (O’Con-
nor and Crowe 2005, Griffin et al. 2010), little work has
been done to examine the context dependency of these

effects in relation to abiotic variables reflecting predicted
environmental change. We investigated how increased

wave disturbance and ocean warming may alter the
effects of changing grazer diversity on algal production

and assemblage structure in rocky intertidal ecosystems.
The composition and richness of gastropod grazer

assemblages, including the limpet Patella vulgata,
periwinkle Littorina littorea, and topshell Gibbula

umbilicalis, were manipulated simultaneously with wave
action and temperature to test the following hypotheses:

(1) The effects of grazers on algal biomass and
assemblage structure (a) differ according to grazer

identity and (b) increase with grazer species richness;
and (2) these effects are context dependent with respect

to the influences of both enhanced wave action and
increased temperature. Further, we aimed to determine
whether, under conditions where there are significant

effects of grazer identity and species richness, there are
differences among grazer species in terms of the

strengths of their interactions with algal resources.

MATERIALS AND METHODS

Experimental setup and design

The experiment was conducted in outdoor flow-

through mesocosms at Queen’s University Marine
Laboratory, Portaferry, Northern Ireland for four

weeks beginning on 7 February 2013. Three factors
were manipulated in a factorial design: wave action (two

levels, low and enhanced), temperature (two levels,
ambient and elevated), and gastropod grazer diversity
(five levels, no grazers, monocultures of Patella vulgata,

Littorina littorea, and Gibbula umbilicalis, and a poly-
culture containing all three species). Each of the 20

treatment combinations was replicated five times and
assigned randomly among 100 experimental units.

Mesocosms were opaque propylene boxes (internal
dimensions 55.5 cm long 3 35.5 cm wide 3 22.0 cm

height) enclosed with lids of opaque plastic mesh (size 5
mm), arranged in shallow tables (10 per table) supplied

with sand-filtered seawater from the adjacent Strangford
Lough. Light levels were quantified in a subsample of 10

mesocosms around midday on a sunny day using an
underwater photosynthetically active radiation (PAR)

sensor (LI-192; LI-COR, Lincoln, Nebraska, USA)
positioned centrally within each tank, providing read-
ings averaged over 15 s. Although PAR was lower in

experimental mesocosms (539 6 121 lmol�m�2�s�1
[mean 6 SE]) compared to ambient conditions measured
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simultaneously (1654 6 13 lmol�m�2�s�1), mean light

levels in natural rock pools are likely to be reduced by

the shading effects of macroalgal canopies (Reed and

Foster 1984).

Grazer diversity was manipulated using a modified

substitutive design, whereby the densities of species in

polyculture (one Patella, three Littorina, and four

Gibbula per mesocosm) were determined by dividing

the respective monoculture densities (Patella, 3; Littor-

ina, 9; Gibbula, 12) by the total number of species

(Griffin et al. 2009). Grazers were collected from the low

to mid shore at a site next to the laboratory, which is

typical of local rocky shores, and were acclimatized

outdoors in flowing seawater at ambient temperature for

a week prior to the start of the experiment. Monoculture

densities were chosen to reflect natural densities within

rock pools at the collection site (Patella, 9.5 6 2.5

individuals/m2; Littorina, 13.5 6 3.4 individuals/m2;

Gibbula, 19.3 6 3.5 individuals/m2 [mean 6 SE]), with

the density of Patella reduced to ensure a more

comparable initial total biomass among treatment levels

(monocultures, Patella, 1.26 6 0.04 g shell-free dry

biomass; Littorina, 1.55 6 0.04 g; Gibbula 1.01 6 0.01 g;

polyculture, 1.29 6 0.03 g).

To manipulate ‘‘wave action,’’ water was delivered to

mesocosms via either (1) individual hoses supplying

water at a rate of ;1.5 L/minute (range 1.1–2.4 L/

minute) from a height of 5 cm, simulating a low

disturbance regime, or (2) weighted overhead dump

buckets that emptied their contents every ;1 minute

(range 36–93 s) from a height of 0.7 m, simulating

increased wave action. Each dump bucket delivered a

total water volume of ;4 L per rotation, shared across

either two or three mesocosms. Plaster dissolution rates

were used to quantify differences in ‘‘water motion’’

between the two wave action treatments (Porter et al.

2000). Plaster spheres (;5 cm diameter) were cast using

molds, dried at 708C for 24 hours, and weighed to the

nearest 0.01 g. Individual spheres were screwed onto

blocks and placed at the bottom of a random subset of

mesocosms within each wave action treatment (n ¼ 6).

To enable comparison with natural rock pools under

moderate wave exposure, six additional spheres were

screwed to the substratum within separate pools (;20

cm deep) on the same shore from which grazers were

collected. Plaster spheres were collected after 48 hours,

dried, and reweighed to calculate mass lost per hour.

Plaster dissolution rates for enhanced wave action (0.36

6 0.02 g/h [mean 6 SE]), which did not differ

significantly from those recorded in natural rock pools

(0.33 6 0.01 g/h), were greater than those observed

under low wave action (0.17 6 0.01 g/h; one-way

ANOVA, MS¼0.06, F2,15¼50.85, P , 0.001). It should

be noted that our simulated wave action cannot be

expected to recreate the complex patterns of water flow

generated by tides and wave action on rocky shores (e.g.,

Gaylord 1999). It does appear, however, that the

magnitude of hydrodynamic disturbance in the en-

hanced wave action treatment is comparable to that

experienced by rock pools on a moderately exposed

shore under typical conditions, at least in terms of the

aspects of water motion that regulate the thickness of

diffusive boundary layers (Porter et al. 2000).

Elevated temperatures were achieved using aquarium

heaters (Elite Submersible 300 W, Hagen Inc., USA).

Temperature was monitored weekly throughout the

experiment using a digital aquarium thermometer

(Marina Aqua-Minder; Rolf C. Hagen, Montreal,

Quebec, Canada), sampling the center of each mesocosm

after gentle mixing to disrupt any thermal stratification.

The mean temperature over the course of the experiment

was approximately 28C greater in elevated temperature

mesocosms (9.438 6 0.068C [mean 6 SE]) compared to

ambient levels (7.418 6 0.018C), in line with the

predicted increase in sea surface temperature by 2080

in the Irish Sea (Hulme et al. 2002). Data loggers

(iButton thermochron DS1922L, Maxim Integrated

Products, San Jose, California, USA) were used to

record temperature every 15 minutes throughout the

experiment in a random subset of mesocosms within

each temperature treatment (n ¼ 4 mesocosms). The

average daily temperature range (0.708 6 0.068C overall)

did not differ significantly between ambient and elevated

temperature mesocosms (one-way ANOVA, MS¼ 0.07,

F1,6¼ 2.85, P¼ 0.143). Thus, experimental temperatures

were within the range experienced by intertidal rock

pools in the northwest UK during February and March

(;0.5–138C; Morris and Taylor 1983). While our

outdoor mesocosms incorporated greater environmental

variability than studies conducted under controlled

laboratory conditions, diurnal temperature fluctuations

in natural rock pools are often substantially larger as a

result of tidal emersion and solar heating, particularly

during summer months (Morris and Taylor 1983).

Each mesocosm was stocked with a consistent wet

biomass of three locally common macroalgal species:

Fucus vesiculosus (90 g), Palmaria palmata (25 g), and

Ulva lactuca (7 g). Algal biomasses were representative

of their relative abundances on local shores (Vye et al.,

in press). Macroalgae were cleaned of epiphytes and

mobile fauna and dried of excess water prior to

weighing, and then secured in a random order to three

positions on a plastic mesh inlay in each mesocosm,

prior to the addition of grazers. At the end of the

experiment, macroalgae were reweighed after removing

epiphytes and excess water. Pieces of algae that had

broken off or become detached, but were retained within

mesocosms, were included in the measurements.

Microalgal biomass was quantified at the beginning

and the end of the experiment by measuring total

chlorophyll a concentration using a benthic fluorometer

(BenthoTorch; bbe Moldaenke GmbH, Schwentinental,

Germany [Aberle et al. 2006]) on a natural slate tile (10

3 10 3 1 cm) attached to the mesh inlay within each

mesocosm. An average reading for each tile was

calculated from three haphazardly spaced measure-
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ments. There was no difference in total chlorophyll a

concentration among microalgal settlement tiles allocat-
ed to different treatments at the start of the experiment

(ANOVA; P . 0.05 for all terms).
Grazers were measured and shell-free dry biomasses

were calculated using length–mass relationships estab-

lished using an additional 50 individuals of each species
collected from the same shore prior to the experiment. In

conjunction with values obtained at the beginning, these
relationships were used to estimate the mean total shell-

free dry biomass of grazers in each mesocosm.

Data analysis

The difference between final and initial biomass
(biomass accumulation) was calculated for both micro-

algae and macroalgae (all species combined). For
mesocosms containing grazers, the dynamic interaction

strength (Laska and Wootton 1998) between grazers and
both microalgae and macroalgae (all species combined)

was calculated as

aij ¼
lnðBþj

i =B̄
�j
i Þ

B̄j 3 t
ð1Þ

where Bþj
i is the final biomass of the algal resource i

(either microalgae or macroalgae) in the presence of
grazer assemblage j (monocultures or polyculture); B̄

�j
i is

the mean final biomass of the algal resource i in the
absence of grazers within the respective combination of

wave action and temperature; B̄j is the mean total shell-
free dry biomass of the grazer assemblage j; and t

represents time. Explicit quantification of species inter-
action strengths and how they vary across relevant
environmental contexts is critical for enhancing the

predictive power of ecological studies (Agrawal et al.
2007). Interaction strength data were range standard-

ized, by subtracting the minimum value from each
observed value and dividing by the range, to account for

the presence of negative values and enable transforma-
tion prior to analysis.

ANOVA was used to examine the effects of experi-
mental treatments on biomass accumulation and inter-
action strengths, separately for microalgae and

macroalgae. Models incorporated all possible individual
and interactive combinations of wave action (fixed, two

levels), temperature (fixed, two levels) and grazer
diversity (fixed, five levels). For analyses involving

biomass, a priori planned contrasts were also performed
to detect differences between (1) no grazers vs. all other

grazer treatments (grazer presence contrast) and (2)
grazer monocultures vs. the polyculture (species richness
contrast; Hypothesis 1b), enabling us to test for non-

transgressive overyielding, i.e., the performance of the
polyculture exceeding that of the mean performance of

its component species in monoculture (Fridley 2001,
Blake and Duffy 2012). Where a significant interaction

between grazer diversity and either wave action or
temperature was identified, a separate ANOVA, includ-

ing planned contrasts, was then performed for each level

of the respective environmental factor. Prior to analysis,

normality and homoscedasticity were assessed using

Shapiro-Wilk and Cochran’s tests, respectively. To

correct non-normality, microalgal biomass data were

square-root-transformed and interaction strength data

were squared. Student-Newman-Keuls (SNK) tests were

used to make post hoc comparisons among levels of

significant terms.

To investigate further the effects of grazer diversity on

algal biomass, we calculated the stringent overyielding

criterion, Dmax, a positive value of which is an

unambiguous indication of transgressive overyielding,

i.e., the performance of a polyculture exceeding that of

the best-performing component monoculture (Loreau

1998). Thus, calculating this value aids the evaluation of

potential mechanisms underlying diversity effects (e.g.,

Bracken et al. 2011). For all mesocosms containing

grazers, we expressed microalgal and macroalgal bio-

mass accumulation as the difference from the mean of

the no-grazer treatment within the relevant combination

of wave action and temperature (relative biomass

accumulation). Then, for each polyculture mesocosm,

we calculated the overyielding criterion as

Dmax ¼
ðP�MmaxÞ

Mmax

ð2Þ

where P is the performance (the inverse of relative

biomass accumulation standardized by mean total

grazer biomass) of the polyculture and Mmax is the

average performance of the best-performing monocul-

ture within the respective treatment combination.

Permutational multivariate analysis of variance

(PERMANOVA; Anderson 2001, McArdle and Ander-

son 2001) was used to test for effects of experimental

treatments on final macroalgal assemblage structure,

based on the same model structure as the ANOVAs and

including the planned contrasts for grazer presence and

species richness. Although algal assemblages comprised

only three taxa, changes in competitive interactions

among algal species (Harley et al. 2012) may result in

nonindependent responses to treatments, which would

violate the assumptions of traditional univariate proce-

dures (Anderson 2001). Multivariate tests involved 9999

permutations of residuals under the reduced model and

were based on Bray-Curtis dissimilarities. Post hoc

pairwise t tests were carried out to reveal differences

between levels of significant terms, and the relative

contributions of individual macroalgal species to differ-

ences among treatment groups were determined using

similarity of percentages analyses (SIMPER; Clarke

1993). For all multivariate analyses, macroalgal biomass

data were log10(x þ 1)-transformed to reduce the

influence of Fucus, the dominant species by biomass

(Clarke and Warwick 2001). All analyses were per-

formed in R (version 3.0.1; R Development Core Team

2013), except for PERMANOVAs, which were carried

out using the PERMANOVAþ add-on in PRIMER

(version 6.1.13; PRIMER-E, Plymouth, UK).
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RESULTS

Microalgal and macroalgal biomass

Microalgal biomass was affected by grazer presence,

identity, and species richness (Fig. 1a, b; Table 1a).

Total microalgal biomass was lower in the presence of

grazers (grazer presence contrast, Table 1a), and was

reduced more strongly by the Littorina and Gibbula

monocultures compared to the Patella monoculture

(SNK tests, Fig. 1a inset). The effect of the grazer

polyculture on microalgal biomass was greater than that

of the mean of all monocultures (species richness

contrast, Table 1a) but not the best-performing mono-

culture, i.e., Littorina (Dmax across all polycultures ¼
�0.09 6 0.07 [mean 6 SE]). Regardless of grazer

diversity, enhanced wave action promoted the accumu-

lation of microalgal biomass, whereas increased temper-

ature had no effect (Fig. 1a, b; Table 1a).

The influence of grazer diversity on total macroalgal

biomass was determined by wave action (Fig. 1c, d;

Table 1b). With low wave action, there was no effect of

grazer diversity (MS¼ 8.00, F4,80¼ 0.12, P¼ 0.973), but

when wave action was enhanced, biomass was affected

by both grazer identity and species richness (see

Appendix A for further details). In terms of grazer

identity, there was a difference between the Patella

monoculture, in which there was a tendency toward

greater total macroalgal biomass than in the absence of

grazers, and the Littorina monoculture, which signifi-

cantly reduced biomass relative to the controls (SNK

tests, Fig. 1d). Furthermore, with enhanced wave action,

the grazer polyculture reduced total macroalgal biomass

to a greater extent than that of both the average of the

monocultures (Fig. 1d; species richness contrast, Ap-

pendix A) and the Littorina monoculture (Dmax,

enhanced wave action, 0.15 6 0.12; low wave action,

�0.13 6 0.10).

Macroalgal assemblage structure

Macroalgal assemblage structure was affected by

grazer identity, in addition to the interaction between

wave action and temperature (Table 1c). A comparative

decrease in the biomass of Ulva in both the grazer

polyculture and, to a greater extent, the Littorina

monoculture appeared to drive the shift in assemblage

structure (SIMPER, d̄ . 49.6%, where d̄ is the

contribution of a species to the average dissimilarity

between groups) in these two grazer diversity treatments

relative to the other three (Appendices B and C). The

Littorina monoculture differed to the polyculture owing

primarily to a reduced biomass of Ulva (d̄¼ 64.4%) and

Palmaria (d̄ ¼ 20.3%), along with a greater Fucus

biomass (Appendix C), yet there was no overall effect

of grazer species richness on assemblage structure

(species richness contrast, Table 1c). Elevated tempera-

ture affected macroalgal assemblage structure under

enhanced wave action only (PERMANOVA post hoc

tests; low wave action t¼0.32, P¼0.889; enhanced wave

action t¼2.54, P¼0.002), via a reduction in the biomass

of Ulva (d̄ ¼ 54.1%) and a reversal of the growth of

Palmaria (d̄ ¼ 29.0%; Appendix C).

Grazer–algal interaction strengths

Interactions between grazers and microalgae were

consistently negative, and differed according to grazer

identity, being stronger for Littorina and Gibbula than

for Patella (Table 2a; see also Appendix D). Conversely,

interactions of grazers with macroalgae were either

negative or positive, and depended on the interaction of

wave action separately with temperature and grazer

diversity (Fig. 2; Table 2b). When there was low wave

action, elevated temperature caused an overall shift in

grazer–macroalgal interaction strength from negative to

positive but there was no effect of grazer diversity (Fig.

2a inset). With enhanced wave action, although post hoc

tests were inconclusive, the overall positive interaction

strength involving Patella differed from the negative

interaction strengths involving Littorina and the grazer

polyculture (Fig. 2b). The polyculture interaction

strength was also more negative than that of the Gibbula

monoculture (Fig. 2b).

DISCUSSION

Shifts in the composition and diversity of biotic

assemblages, together with the intensification of multiple

abiotic stressors, are predicted to have profound effects

on the functioning of coastal marine ecosystems (Harley

et al. 2006, Hawkins et al. 2009). This study is the first to

test the combined effects of increased hydrodynamic

disturbance and ocean warming on the role of consumer

diversity in ecosystems. Our findings demonstrate that

increased wave action may exacerbate the effect of

changing grazer diversity on algal biomass. Further, we

have shown that wave action can interact with warming

to drive shifts in algal assemblage structure and that it

may disrupt warming-induced positive interactions

between grazers and algae. Overall, these results

highlight the potential for complex, interactive impacts

of multiple abiotic and biotic stressors on natural

communities, which may lead to unpredictable respons-

es of ecosystems to environmental change.

We found a pervasive influence of grazer species

identity, dominated by the periwinkle Littorina littorea,

on all measured responses of algal assemblages, high-

lighting the apparent prevalence of idiosyncratic con-

sumer effects in marine ecosystems (e.g., Emmerson et

al. 2001, O’Connor and Crowe 2005, Griffin et al. 2010).

Differentiation among grazer species in terms of traits

related to resource capture (Hawkins et al. 1989) may

account for such consumer identity effects in conjunc-

tion with variation in species-specific densities (Griffin et

al. 2010). While the relative roles of consumers within

natural ecosystems may be predicted from their func-

tional traits, the effects of grazers on producers also

depend largely on the traits of producers (Poore et al.

2012). In our study, for example, the effects of consumer
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FIG. 1. Change in total (a, b) microalgal and (c, d) macroalgal biomass (mean þ SE) for different levels of temperature and
grazer diversity (none, no grazers; P, L, and G, monocultures of Patella, Littorina, and Gibbula, respectively; PLG, polyculture
containing all three species) under (a, c) low and (b, d) enhanced wave action. The inset shows mean microalgal values for grazer
diversity pooled across levels of wave action and temperature. Groups labeled by the same lowercase letter are not significantly
different (P . 0.05; SNK tests). Dashed lines indicate expected values for polycultures derived from monoculture means, weighted
according to average total grazer dry biomass.

TABLE 1. ANOVAs and PERMANOVA testing the effects of wave action, temperature, and grazer diversity (including planned
contrasts for grazer presence and species richness) on the change in total biomass for (a) microalgae and (b) macroalgae, and (c)
macroalgal assemblage structure.

Source of variation df

a) Microalgal biomass b) Macroalgal biomass c) Macroalgal assemblage structure

MS F P MS F P MS Pseudo F P

Wave action, W 1 4.48 19.69 ,0.001 781.20 7.98 0.006 29.96 4.62 0.007
Temperature, T 1 0.002 0.01 0.935 281.90 2.88 0.094 18.47 2.85 0.053
Grazer diversity, Gr 4 4.42 19.43 ,0.001 346.68 3.54 0.010 47.70 7.35 ,0.001
Grazer presence 1 1.99 8.75 0.004 149.21 1.53 0.220 20.41 2.54 0.073
Species richness 1 3.35 14.75 ,0.001 506.05 5.17 0.026 7.59 0.85 0.440

W 3 T 1 0.58 2.53 0.116 42.38 0.43 0.512 18.55 2.86 0.049
W 3 Gr 4 0.14 0.61 0.656 276.91 2.83 0.030 6.44 0.99 0.459
T 3 Gr 4 0.13 0.58 0.680 42.06 0.43 0.787 3.80 0.59 0.814
W 3 T 3 Gr 4 0.15 0.64 0.638 67.05 0.69 0.604 6.36 0.98 0.461
Residual 80 0.23 97.84 6.49
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identity on macroalgal assemblages appeared to be

driven by the strong interaction between L. littorea and

Ulva lactuca, reflecting the strong preference of this

grazer for palatable ephemeral green algal species over

perennial brown and red species (Norton et al. 1990).

The topshell Gibbula umbilicalis, which feeds largely on

microalgae and filamentous macroalgae, is frequently

encountered on leathery macrophytes, although it is

most likely to be feeding on epiphytes (Steneck and

Watling 1982). In contrast, the limpet Patella vulgata is a

generalist that grazes predominantly on microbial films,

which may harbor macroalgal sporelings (Hawkins and

Hartnoll 1983, Hawkins et al. 1989). Whereas P. vulgata

regulates establishment of macroalgae on emergent

substrata on European rocky shores (Hawkins and

Hartnoll 1983), it has less of an effect on mature

macroalgae (but see Davies et al. 2007). Further, the

relatively weak effects of P. vulgata in the current study

may relate to the unsuitability of rock pool habitats for

this species (Firth and Crowe 2010) and reduced grazing

activity under nontidal conditions (Hawkins and Hart-

noll 1983).

As predicted, biomass accumulation of both micro-

algae and macroalgae decreased with increasing con-

sumer species richness (cf. Bruno et al. 2008, Blake and

Duffy 2012). Importantly, however, the effect of grazer

species richness on macroalgal biomass emerged only

when wave action was enhanced. Moreover, under these

conditions, the fact that the grazing performance of the

polyculture exceeded that of the Littorina littorea

monoculture is indicative of a complementarity effect

(Loreau 1998), which can involve two types of

mechanism. First, differentiation among species in terms

of feeding mode may provide the basis for resource

partitioning, thus enabling greater total resource use by

the more species rich polyculture compared to mono-

cultures (Loreau and Hector 2001). This trait differen-

tiation must be combined with sufficient environmental

heterogeneity to allow the expression of complementary

resource use. For example, using these same three

species, Griffin et al. (2009) showed that the effect of

grazer richness on algae manifested itself only on

spatially heterogeneous substrata. In our study, wave

action may have enhanced environmental heterogeneity

in other terms (i.e., water flow), which perhaps led to the

redistribution of grazers, resulting in greater spatial

complementarity.

TABLE 2. ANOVAs testing the effects of wave action, temperature and grazer diversity on dynamic interaction strengths between
grazers and (a) microalgae and (b) macroalgae.

Source of variation df

a) Microalgae b) Macroalgae

MS F P MS F P

Wave action, W 1 0.04 0.84 0.362 0.02 0.61 0.438
Temperature, T 1 0.01 0.21 0.648 0.29 7.98 0.006
Grazer diversity, Gr 3 0.26 5.44 0.002 0.12 3.37 0.024
W 3 T 1 0.01 0.25 0.618 0.48 13.36 0.001
W 3 Gr 3 0.01 0.19 0.901 0.11 3.20 0.029
T 3 Gr 3 0.03 0.53 0.665 0.02 0.60 0.621
W 3 T 3 Gr 3 0.03 0.68 0.568 0.01 0.35 0.787
Residual 64 0.05 0.04

FIG. 2. Interaction strengths (mean 6 SE; see Eq. 1) between grazers and macroalgae (all species combined) for different levels
of temperature and grazer diversity (see description in Fig. 1) under (a) low and (b) enhanced wave action. Groups labeled with the
same letter are not significantly different (P . 0.05; SNK tests). The inset shows mean values for different temperatures, pooled
across levels of grazer diversity, within low wave action only.

*** P , 0.001; SNK tests.
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The second type of mechanism underlying species

complementarity involves facilitative interspecific inter-

actions among consumers in polyculture, which may

enhance the performance of particular species (Cardi-

nale et al. 2002). For example, Gibbula umbilicalis exerts

minimal grazing impact on Fucus vesiculosus in isola-

tion, but its effect on the algae may be greater on areas

grazed previously by other species (Steneck and Watling

1982, Viejo and Arrontes 1992). If increased wave action

altered the spatial distribution of grazers so that such

facilitative interactions became stronger or more fre-

quent, this could also explain why the effects of grazer

diversity were dependent on wave action. Further

experimentation is necessary to separate the relative

effects of grazer species in polyculture compared to

monoculture and to clarify the contributions of different

mechanisms to the observed patterns. In particular, the

effect of wave action on the spatial distribution and

feeding behavior of grazer species would be revealing.

Overall, however, our results highlight that physical

disturbance regimes may be critical in modifying

biodiversity–ecosystem functioning relationships (Car-

dinale and Palmer 2002). While we found that the role of

consumer diversity was insensitive to temperature,

recent studies have reported either interactive (Eklöf et

al. 2012) or independent (Blake and Duffy 2012) effects

of warming and grazer diversity on primary producer

assemblages in coastal marine ecosystems. Such con-

trasting results highlight the complexity of responses of

multi-trophic systems to abiotic and biotic change, and

emphasize the need to assess the relative importance of

biodiversity across a range of contexts.

Independently of grazer diversity, both wave action

and temperature affected algal assemblages, with wave

action appearing to have a greater overall influence than

elevated temperature on measured ecosystem responses.

The positive effects of enhanced wave action on algal

biomass accumulation may be attributable to increased

nutrient uptake via reduction in the diffusion boundary

layer overlying algal surfaces (Hepburn et al. 2007), in

agreement with the relatively high rates of dissolution of

plaster spheres observed in this treatment (Porter et al.

2000). Other potential mechanisms include the resus-

pension of overlying detrital matter or dislodgement of

competing epiphytes (Kersen et al. 2011), or improved

water–air gas exchange. The disruption of grazer

foraging by increased hydrodynamic disturbance (Niel-

sen 2001) is an unlikely explanation, given that wave

action did not modify grazer–algal interaction strengths.

Although the magnitude of experimental warming was

small compared to diurnal and seasonal ranges experi-

enced by temperate rock pools (Morris and Taylor

1983), temperature contributed to a significant shift in

macroalgal assemblage structure over a relatively short

timescale. With enhanced wave action, warming ap-

peared to promote the growth of F. vesiculosus at the

expense of the other macroalgal species, which may

reflect interspecific differences in physiological responses

and changes in competitive interactions within the

assemblage (Harley et al. 2012). For example, the

positive response of fucoid canopy algae to elevated

temperatures may have been facilitated by the dislodge-

ment of epiphytes under enhanced wave action, which

then led to increased shading and increased competition

with the other algal species. Regardless of mechanisms,

these results suggest that the influence of warming on the

structure of coastal algal assemblages will be complicat-

ed further by shifts in the nearshore hydrodynamic

regime.

A key finding was the reversal of grazer–macroalgal

interactions from negative to positive (i.e., facilitative) in

response to elevated temperature, an effect which

disappeared under enhanced wave action. Grazers may

facilitate macroalgal growth either by removing fouling

epiphytes or by increasing the concentration of available

nutrients (Guidone et al. 2012). The context-dependency

of facilitation in our study may be explained by the more

pronounced effect of grazers on nutrient concentrations

at elevated temperatures (Werner and Matthiessen 2013)

or the greater potential for grazing to alleviate the

growth-inhibiting effects of heavier epiphytic loads that

develop under conditions of reduced wave action and

warming (Kersen et al. 2011). The apparent disruptive

effect of wave action on warming-induced positive

species interactions is another means by which altered

environmental conditions can modify the effects of

consumer diversity change. While the importance of

facilitation in structuring communities still requires

greater attention (Bulleri 2009), our results illustrate

the benefit of considering interspecific interaction

strengths, and how they may change with context, when

determining the consequences of altered consumer

diversity within multi-trophic food webs (Duffy 2002).

In conclusion, our findings support expectations that

changes in consumer diversity, as is predicted for rocky

shores in many parts of the world, combined with

increased hydrodynamic disturbance and ocean warm-

ing, have large implications for the dynamics of coastal

benthic ecosystems (Hawkins et al. 2009), within which

both microalgal and macroalgal assemblages play

critical roles (Bracken and Williams 2013, Golléty and

Crowe 2013). As with all experimental manipulations,

there are certain caveats to consider when attempting to

extend the results of this study to natural coastal

systems. Our wave manipulation could not mimic the

complex flow regimes generated by wave action on

rocky intertidal substrata (Gaylord 1999), even though

the hydrodynamic disturbance was arguably of compa-

rable overall magnitude to that experienced by a

moderately exposed shore under typical conditions.

Combined with the modifying influence of the tidal

cycle on flow regimes, this would result in far greater

variability of community responses than can be detected

in such an experimental setting. Additionally, owing to

logistical restrictions on the number of treatments and

the study duration, it is not clear how our findings would
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vary across the full range of environmental conditions

throughout the year. Despite this, our findings provide

new insight into the importance of changes in consumer

diversity for ecosystem processes under conditions that

are relevant to predicted environmental change over the

coming decades. Although complementary field research

may be required to enhance the precise relevance and

predictability of our findings, studies conducted under

relatively constrained conditions are likely to underes-

timate the consequences of changing biodiversity in real-

world ecosystems (Duffy 2009). Overall, when evaluat-

ing the consequences of species loss against a back-

ground of global environmental change, studies should

aim to clarify the relative importance of different

environmental variables in regulating multiple ecosys-

tem processes, while identifying stressors that have the

potential to modify the effects of biodiversity change.
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Kersen, P., J. Kotta, M. Bučas, N. Kolesova, and Z. Dek, ere.
2011. Epiphytes and associated fauna on the brown alga
Fucus vesiculosus in the Baltic and the North Seas in relation
to different abiotic and biotic variables. Marine Ecology 32:
87–95.

Laska, M. S., and J. T. Wootton. 1998. Theoretical concepts
and empirical approaches to measuring interaction strength.
Ecology 79:461–476.

Loreau, M. 1998. Separating sampling and other effects in
biodiversity experiments. Oikos 82:600–602.

Loreau, M., and A. Hector. 2001. Partitioning selection and
complementarity in biodiversity experiments. Nature 412:72–
76.

McArdle, B. H., and M. J. Anderson. 2001. Fitting multivariate
models to community data: a comment on distance-based
redundancy analysis. Ecology 82:290–297.

Menge, B. A., and J. P. Sutherland. 1987. Community
regulation: variation in disturbance, competition, and preda-
tion in relation to environmental stress and recruitment.
American Naturalist 130:730–757.

Mieszkowska, N., et al. 2005. Marine biodiversity and climate
change: assessing and predicting the influence of climatic
change using intertidal rocky shore biota. Scottish Natural
Heritage Commissioned Report No. 202 (ROAME No.
F01AA402). Scottish Natural Heritage, Edinburgh, UK.

Morris, S., and A. C. Taylor. 1983. Diurnal and seasonal
variation in physico-chemical conditions within intertidal
rock pools. Estuarine, Coastal and Shelf Science 17:339–355.

Nielsen, K. J. 2001. Bottom-up and top-down forces in tide
pools: test of a food chain model in an intertidal community.
Ecological Monographs 71:187–217.

Norton, T. A., S. J. Hawkins, N. L. Manley, G. A. Williams,
and D. C. Watson. 1990. Scraping a living: a review of
littorinid grazing. Hydrobiologia 193:117–138.

O’Connor, M. I., M. F. Piehler, D. M. Leech, A. Anton, and
J. F. Bruno. 2009. Warming and resource availability shift
food web structure and metabolism. PLoS Biology 7:
e1000178.

O’Connor, N. E., and T. P. Crowe. 2005. Biodiversity loss and
ecosystem functioning: distinguishing between number and
identity of species. Ecology 86:1783–1796.

O’Connor, N. E., and I. Donohue. 2013. Environmental
context determines multi-trophic effects of consumer species
loss. Global Change Biology 19:431–440.

Parmesan, C. 2006. Ecological and evolutionary responses to
recent climate change. Annual Review of Ecology, Evolution,
and Systematics 37:637–669.

Pimm, S. L., G. J. Russell, J. L. Gittleman, and T. M. Brooks.
1995. The future of biodiversity. Science 269:347–350.

Poore, A. G. B., et al. 2012. Global patterns in the impact of
marine herbivores on benthic primary producers. Ecology
Letters 15:912–922.

Porter, E. T., L. P. Sanford, and S. E. Suttles. 2000. Gypsum
dissolution is not a universal integrator of ‘‘water motion.’’
Limnology and Oceanography 45:145–158.

R Development Core Team. 2013. R: a language and
environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. www.r-project.org

Raffaelli, D., and S. Hawkins. 1996. Intertidal ecology.
Chapman and Hall, London, UK.

Reed, D. C., and M. S. Foster. 1984. The effects of canopy
shadings on algal recruitment and growth in a giant kelp
forest. Ecology 65:937–948.

Steneck, R. S., and L. Watling. 1982. Feeding capabilities and
limitation of herbivorous molluscs: a functional group
approach. Marine Biology 68:299–319.

Stocker, T. F., D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen,
J. Boschung, A. Nauels, Y. Xia, V. Bex, and P. M. Midgley,
editors. 2013. Climate change 2013: the physical science basis.
Contribution of Working Group I to the Fifth assessment
report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, UK.

Thompson, R. C., T. P. Crowe, and S. J. Hawkins. 2002. Rocky
intertidal communities: past environmental changes, present
status and predictions for the next 25 years. Environmental
Conservation 29:168–191.

Viejo, R. M., and J. Arrontes. 1992. Interactions between
mesograzers inhabiting Fucus vesiculosus in northern Spain.
Journal of Experimental Marine Biology and Ecology 162:
97–111.

Vye, S. R., M. C. Emmerson, F. Arenas, J. T. A. Dick, and
N. E. O’Connor. In press. Stressor intensity determines
antagonistic interactions between species invasion and
multiple stressor effects on ecosystem functioning. Oikos.
http://dx.doi.org/10.1111/oik.01583

Werner, F. J., and B. Matthiessen. 2013. Temperature indirectly
affects benthic microalgal diversity by altering effects of top-
down but not bottom-up control. Oikos 122:52–63.

SUPPLEMENTAL MATERIAL

Ecological Archives

Appendices A–D are available online: http://dx.doi.org//10.1890/14-0577.1.sm

//titan/production/e/ecol/live_jobs/ecol-96-03/ecol-96-03-25/layouts/ecol-96-03-25.3d � 29 December 2014 � 9:25 am � Allen Press, Inc. � Page 216 MS#14-0577

ROBERT J. MROWICKI AND NESSA E. O’CONNOR Ecology, Vol. 00, No. 0

http://dx.doi.org//10.1890/14-0577.1.sm


Queries for ecol-96-03-25

This manuscript/text has been typeset from the submitted material. Please check this proof carefully to make sure
there have been no font conversion errors or inadvertent formatting errors. Allen Press.


