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Abstract. The role of positive interactions in structuring plant and animal communities is
increasingly recognized, but the generality of current theoretical models has remained
practically unexplored in animal communities. The stress gradient hypothesis predicts a linear
increase in the intensity of facilitation as environmental conditions become increasingly
stressful, whereas other theoretical models predict a maximum at intermediate environmental
stress. We tested how competition and facilitation between herbivores change over a
manipulated gradient of nutrient availability. We studied the effect of grazing by pond snails
(Lymnaea stagnalis L.) as bulk grazers on aquatic caterpillars (Acentria ephemerella Denis and
Schiffermüller) as small specialist grazers along an experimental gradient of environmental
nutrient concentration. Higher nutrient levels increased overall total plant biomass but
induced a shift toward dominance of filamentous algae at the expense of macrophytes.
Facilitation of caterpillars by snail presence peaked at intermediate nutrient levels. Both
caterpillar biomass and caterpillar grazing on macrophytes were highest at intermediate
nutrient levels. Snails facilitated caterpillars possibly by removing filamentous algae and
increasing access to the macrophyte resource, whereas they did not affect macrophyte biomass
or C : nutrient ratios, a measure of food quality. We conclude that competition and facilitation
in herbivore communities change along nutrient availability gradients that affect plant
biomass and community composition. Understanding how interspecific interactions may
change in strength and direction along environmental gradients is important to predict how
the diversity and structure of communities may respond to the introduction or removal of
herbivore species in ecosystems.

Key words: competition; food quality; food quantity; grazing; interspecific interaction; macrophyte;
plant production; positive interaction; productivity gradient; stress gradient hypothesis.

INTRODUCTION

Positive interactions are increasingly recognized as

important mechanisms structuring plant and animal

communities in terrestrial, freshwater, and marine

ecosystems (Bruno et al. 2003) by affecting both species

diversity (Hacker and Gaines 1997) and ecosystem

functioning (Cardinale et al. 2002, Duffy et al. 2003;

but see Maestre et al. 2010). Current theoretical models

on the role of facilitation along productivity and

predator pressure gradients, predict either a linear

increase in the intensity of facilitation as environmental

conditions become increasingly stressful, the stress

gradient hypothesis (Bertness and Callaway 1994, Le

Bagousse-Pinguet et al. 2012b), or a maximum at

intermediate environmental stress (Michalet et al.

2006, Maestre et al. 2009, Holmgren and Scheffer

2010). Empirical tests in plant communities support

both the linear model (Callaway et al. 2002, Cavieres et

al. 2006) and the humped-shaped model along abiotic

stress gradients (Maestre and Cortina 2004) and grazing

pressure gradients (Brooker et al. 2006, Smit et al. 2007,

Le Bagousse-Pinguet et al. 2012a). Meta-analysis

attempting to summarize the empirical evidence in plant

communities indicate either weak evidence for the linear

stress gradient hypothesis (Maestre et al. 2005) or show

nonlinear patterns suggesting that positive effects peak

at intermediate conditions (Holmgren et al. 2012). The

presence of multiple stress gradients and how large they

are, may affect the shape of these relationships (Kawai

and Tokeshi 2007, Smit et al. 2010, Bulleri et al. 2011).

Whereas positive interactions have also been docu-

mented in herbivore communities (Arsenault and Owen-

Smith 2002, Bakker et al. 2009), the relative role of

facilitation and competition along environmental gradi-

ents remains poorly understood. Correlational and

observational studies in mostly vertebrate herbivore

communities, indicate that herbivores generally compete

for plant resources at low productivity sites or years,

corresponding with low rainfall or plant nutrient
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availability (Cheng and Ritchie 2006, Odadi et al. 2011),

whereas there is some evidence that they may interact

positively under highly productive conditions (Krueger

1986, Kuijper et al. 2008, Odadi et al. 2011). The

generality of the theoretical models on the interplay of

facilitation and competition along environmental gradi-

ents remains practically unexplored in herbivore com-

munities. The best known cases on positive interactions

between herbivores have been described in grasslands,

where large herbivores indirectly facilitate smaller ones

by increasing access to edible plants and by improving

plant quality (Huisman and Olff 1998, Arsenault and

Owen-Smith 2002). Theoretically, one would expect

competition to override facilitation at low plant growth,

as availability of the common food source is restricted,

whereas facilitation may become increasingly important

as plant productivity increases (Cheng and Ritchie

2006). As productivity increases, plant size and the

proportion of woody tissue increase, causing plants to

be less accessible and palatable to small grazers (Van der

Wal et al. 1998, Kuijper et al. 2008). Removal of tall and

inedible plant material by large bulk grazers can increase

both accessibility and quality of food sources for small

herbivores as sprouting tissue is lower in height and

richer in nutrients. However, at very high productivity

levels, woody plants can outcompete grasses (Sankaran

et al. 2005, Hopcraft et al. 2009) and even bulk grazers

may not be able to forage, thus reducing the potential

for facilitation to occur. Instead facilitation may turn

into competition for the remaining scarce grasses under

very high productivity levels. Recent experimental

evidence with terrestrial invertebrate herbivores shows

switches in the direction and strength of positive

interactions along plant palatability gradients. Dangles

et al. (2013) showed that the interaction between larvae

of two potato tuber moths switches from neutral to

positive at increasing unpalatability stress, reaching a

peak at intermediate levels of plant thickness to further

decrease at the highest levels of plant unpalatability

(Dangles et al. 2013). Whereas most cases are docu-

mented in terrestrial ecosystems, facilitation among

herbivores has also been described in marine (Bruno et

al. 2003) and freshwater systems (Brönmark et al. 1991,

Vanni 2002, Hertonsson et al. 2008, Holomuzki et al.

2010).

We tested experimentally how competition and

facilitation between herbivore species change over a

manipulated gradient of nutrient availability. We

constructed freshwater microcosms with different nutri-

ent levels to assess changes in plant biomass and species

composition and the resulting interaction between a

generalist and specialist herbivore. Increasing nutrient

concentrations can potentially increase macrophyte,

filamentous algae, and phytoplankton growth (Brön-

mark 1985, Underwood et al. 1992, Jones and Sayer

2003), inducing changes in food availability to different

types of herbivores. At high nutrient availability,

macrophyte biomass decreases due to light limitation

by increasing biomass of filamentous algae and phyto-

plankton (Weisner et al. 1997, Jones and Sayer 2003, Le
Bagousse-Pinguet et al. 2012b). We hypothesized that

snails, as generalist herbivores, by feeding on filamen-
tous algae, would provide indirect facilitation by making

macrophytes more accessible to aquatic caterpillars,
which are specialist grazers on macrophytes (Gross and

Kornijów 2002). We predicted that caterpillars would be
able to have higher growth when snails were present and
show the highest positive effects of snails at intermediate

levels of nutrient availability and neutral or negative
effects at very low or very high nutrient levels.

METHODS

Study system

The aquatic caterpillar Acentria ephemerella is a
facultative specialist herbivore (sensu Gross and Bakker

2012), which feeds on a limited set of macrophyte
species, including Potamogeton perfoliatus L. as one of

its favorites (Choi et al. 2002, Le Bagousse-Pinguet et al.
2012a). Caterpillar growth is enhanced by macrophyte

quality (high nutrient and low secondary metabolite
concentrations [Choi et al. 2002, Miler and Straile
2010]). Within aquatic systems, snails can function as

bulk grazers and caterpillars as specialist grazers (sensu
terrestrial systems [Huisman and Olff 1998, Arsenault

and Owen-Smith 2002]). The pond snail Lymnaea
stagnalis is an omnivore that includes macrophytes in

its diet (Elger et al. 2007). Snails prefer filamentous algae
over macrophytes (Pinowska 2002, Elger et al. 2007),

and therefore they can potentially facilitate caterpillars
by removing algae and improving access to the

macrophytes (Choi et al. 2002, Gross and Kornijów
2002). A facilitative effect of snails on caterpillars may

also arise when snails improve food quality for the
caterpillars. Through nutrient recycling, snails can

increase the nutrient concentration in the water (Pinow-
ska 2002) and perhaps also in the macrophyte tissue.

Caterpillars of Acentria ephemerella can be found from
May through September in the field, where they

complete two to three life cycles per year (Gross et al.
2002). Lymnaea stagnalis snails can be active year round

in the field, depending on the water temperatures (Otto
and Svensson 1981).

Experimental design

In order to assess the potential positive effect of snails

on the food consumption and growth of caterpillars, we
created a gradient of nutrient availability and applied six

grazer treatments. We created the nutrient gradient by
applying five increasing nutrient levels corresponding to

0.25, 0.50, 1.00, 2.00, and 4.00 g slow-release fertilizer in
the sediment of each container and we introduced six

grazer treatments: a control treatment with no grazers
and five treatments with respectively 1 snail, 5 snails, 10

caterpillars, 1 snail þ 10 caterpillars, and 5 snails þ 10
caterpillars. The density of 1 snail is similar to

intermediate densities used in other studies (Elger et al.
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2007), whereas we added the density of 5 individuals per

container in case the duration of the experiment was too

short to allow 1 snail to graze down the filamentous

algae. Both densities can be found in the field, even

though the highest density only occurs in the absence of

predation or during drought (Elger et al. 2007).

Caterpillar densities in the field have been found to

range from 0–165 individuals per g dry macrophyte

(Gross et al. 2002). The caterpillar density of 10 per

container corresponded to 63 individuals per g dry mass

of Potamogeton perfoliatus at the time of introduction,

corresponding to a moderate grazing pressure (Gross et

al. 2002, Miler and Straile 2010). Each nutrient and

herbivore treatment combination was randomly as-

signed to each of 60 experimental units resulting in

two replicates per treatment combination.

Experimental setup

We used 10-L polyethylene containers filled with 1.5 L

sand enriched with a slow-release fertilizer (Osmocote

Plus 16N-8P-12K; Scotts Europe BV, Heerlen, The

Netherlands) and 8 L pond water diluted with demin-

eralized water (50:50, conductivity r ¼ 450 S/m; see

Appendix A for abiotic conditions). The nutrient levels

were chosen to result in a gradient ranging from low to

high sediment nutrient availability for macrophyte

growth. The nutrient gradient was based on optimal

growing conditions for Potamogeton pectinatus in

culture, a species with similar nutrient requirements as

Potamogeton perfoliatus (LeBagousse-Pinguet et al.

2012a), which was achieved using 1.2 and 1.3 g

Osmocote, respectively, of the same nutrient composi-

tion per liter of sand sediment (Elger et al. 2007, Hidding

et al. 2010), corresponding to our treatment of 2 g

Osmocote. We used three lower nutrient levels to mimic

decreasing nutrient availability leading to reduced plant

biomass and plant quality by means of nutrient

concentrations and nutrient ratios. We doubled the

optimal nutrient dosage to achieve the highest nutrient

level of our gradient at which the macrophyte would just

be able to persist, with reduced growth due to a shift to

algal dominance. This gradient would most closely

mimic the gradient of nutrient availability under which

Potamogeton perfoliatus can be found in the field

(LeBagousse-Pinguet et al. 2012a). Each container was

planted with three clean shoots of approximately 15 cm

plus rhizomes of Potamogeton perfoliatus (9.7 6 1.9 g

wet mass per container [mean 6 SD], corresponding to

0.12 g dry mass of shoot mass) collected from Lakes

IJsselmeer (528500 N, 58360 E) and Loenderveen (528120

N, 58030 E) in The Netherlands. Filamentous algae and

epiphyton developed spontaneously on the planted

macrophytes. Plants were allowed to establish and grow

during five weeks prior to introduction of the herbi-

vores. In total, 60 containers were placed in a climate

room with a 16:8 hour day : night regime at 188C and

light level of 100 lmol�m�2�s�1 PAR at the water surface.

Pond snails were collected from the same ponds at

Lake Loenderveen, where Potamogeton perfoliatus was

collected, and kept in aquaria prior to the introduction

of herbivores in the experiment. Caterpillars (eggs and

larvae) were collected in Lake Constance (478390 N,

98190 E), Germany, as caterpillars were not found in

sufficient numbers at the time of sampling in Lake

Loenderveen. Larvae and eggs were kept in separate

containers filled with water from the ponds at Loen-

derveen and fed with P. perfoliatus leaves. Water and

leaves were refreshed every two days. All herbivores

were introduced at the same day in the experimental

containers (snails of 2.7 6 0.27 cm shell length [mean 6

SD, n ¼ 40 snails] and caterpillars of the third instar).

After three weeks, caterpillars pupated, meaning that

caterpillar growth could not be measured anymore.

Therefore, we continued the experiment and another 10

caterpillars (newly hatched from the eggs that we had

collected) were introduced per container with a cater-

pillar treatment at the start of the fourth week of the

experiment. The experiment was terminated two weeks

later before these caterpillars pupated, having run in

total five weeks after the first introduction of the

herbivores. Caterpillar growth was measured on this

second set of caterpillars.

Measurements

Water conditions.—We measured conductivity, pH,

and the phytoplankton and nutrient concentration in the

water column at the end of the experiment. Conductivity

and pH were measured in situ with a portable probe

(340i SET, 2E30-101B02; WTW GmbH, Weilheim,

Germany). To determine phytoplankton concentration

and water nutrient concentration a 50-mL water sample

was taken from each container. The phytoplankton

concentration of the water was measured as the

concentration of chlorophyll a on a PhytoPAM

phytoplankton analyzer (Heinz Walz GmbH, Effeltrich,

Germany). Subsequently the water was filtered over a

0.7-lm mesh filter (Whatman GF/F) and the filtrate was

analyzed with continuous flow analysis on an auto-

analyzer (QuAAtro; Seal Analytical, B. de Ronde,

Abcoude, The Netherlands) to determine PO4, NO3,

and NH4 concentrations. The results can be found in

Appendix A.

Macrophytes and algae.—Aboveground biomass of

macrophytes and biomass of filamentous algae was

harvested by hand at the end of the experiment, washed

and dried in the oven at 608C for 48 h, and weighed.

Epiphyton biomass was estimated as mg/g of macro-

phyte dry mass by shaking three harvested Potamogeton

leaves for one minute in a bottle with 50 mL filtered

water free of algae, following Zimba and Hopson

(1997). The water was subsequently filtered using 0.7-

lm mesh filters (Whatman GF/F) and algal dry mass on

the filters was determined after drying in the oven at

608C for 48 h. Potamogeton leaves were added to the rest

of the harvested Potamogeton for further analysis. We
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found that epiphyton biomass was generally less than

5% of the biomass of the filamentous algae (data not

shown), which were very abundant. Therefore, we

further focused on the role of filamentous algae.

We determined plant nutrient ratios (C:N and C:P) in

the ground macrophyte biomass. Plant C and N

concentrations were determined with a FLASH 2000

Organic Elemental Analyzer (Interscience, Breda, The

Netherlands). Plant P concentration was measured by

incinerating grounded homogenized dry material for 30

minutes at 5008C, followed by digestion in 2.5% K2S2O8

(Murphy and Riley 1962), before analysis with a

QuAAtro CFA flow analyzer (Seal Analytical, Beun de

Ronde, Abcoude, The Netherlands).

Herbivores.—Caterpillar mass was determined at the

end of the experiment as dry mass (lg) per individual

after drying the caterpillars in the oven at 608C for 24 h.

The shell length (mm, maximum length taken from

aperture to tip) of snails was determined at the start and

end of the experiment. Shell length of Lymnaea stagnalis

is a proxy for dry mass of the soft snail tissue (Elger and

Barrat-Segretain 2002). Snail growth rate was calculated

as g¼ (ln [x1] – ln [x0])/d where x0 and x1 represent snail

length at the start and end of the experiment and d is the

experimental duration in days.

Statistical analysis

Relative effect sizes of snail or caterpillar presence on

each other were calculated as the log response ratio. For

example the effect of the presence of one snail on

caterpillar biomass is expressed as caterpillar log

response ratio ¼ ln ([caterpillar biomass in 1 snail þ 10

caterpillars treatment]/[caterpillar biomass in 10 cater-

pillars, no snail treatment]) (Hedges et al. 1999). Mean

log response ratios of caterpillars (695% confidence

intervals) in response to nutrient availability were

analyzed with a linear least squares regression model.

Effects of treatments on biomass of macrophytes,

filamentous algae, and phytoplankton, C:N and C:P

ratio in macrophytes, as well as on abiotic variables,

were analyzed using linear least squares regression

models. To allow for nonlinear responses to nutrient

additions, we included nutrients (N ) also as a quadratic

term (N2) in the models. We examined full models

including higher-order interactions and removed non-

significant (P . 0.05) interactions and variables

subsequently. However, a nonsignificant main effect

was not removed when interactions involving this

specific main effect were significant (marginality princi-

ple [Venables and Ripley 2002]). Likewise, when there

was no nonlinear effect of nutrients, N, but not N2 was

retained in the models. Residuals of final models were

checked for normality and variance homogeneity. When

diagnostic plots indicated deviations from normality and

variance homogeneity, data were log-transformed. As

Potamogeton C:N and C:P ratios were strongly hyper-

bolically related to nutrient concentrations, nutrient

concentrations were 1/x transformed prior to analysis of

Potamogeton C:N and C:P ratios. All analyses were

performed using R version 2.13.0 (R Development Core
Team 2011).

RESULTS

Plant biomass and macrophyte nutrient ratios
along the nutrient gradient

In the absence of herbivores, macrophyte biomass
showed an optimum at intermediate nutrient levels (Fig.

1a; linear model with quadratic term, R2 ¼ 0.88, P ¼
0.001). Biomass of filamentous algae increased linearly

along the nutrient gradient (Fig. 1b; linear model, R2¼
0.69, P¼ 0.007). Phytoplankton concentration increased

exponentially with nutrient availability (Fig. 1c; linear
model with log-transformed chlorophyll a data, R2 ¼
0.86, P , 0.001). The total biomass of the primary
producers (macrophytes, filamentous algae, and phyto-

plankton combined) increased with nutrient availability
in a satiating way (R2 ¼ 0.68, P ¼ 0.030). Increased

nutrient availability reduced the C:N and C:P ratio in
macrophytes (Appendix B: Fig. B1, linear models with

1/x-transformed nutrient data, R2¼ 0.81, P , 0.001 and
R2 ¼ 0.68, P , 0.01, respectively).

Herbivore facilitation along the nutrient gradient

The effect of snails on caterpillar biomass, i.e.,

caterpillar log response ratios, showed an optimum at
intermediate nutrient levels (Fig. 2; quadratic regression,

R2¼ 0.63, P , 0.001). Snails had the strongest positive
effect on caterpillar log response ratios at intermediate

nutrient concentrations, whereas their effect became
negative or neutral toward very low or very high

nutrient levels. The effect of snail density was not
significant (t¼ 0.57, df¼ 14, P¼ 0.58), i.e., the effect of

snails on caterpillar log response ratio did not differ
significantly between the one-snail and five-snails

treatments. The 95% confidence intervals of the predict-
ed mean caterpillar log response ratio did just not

include zero at the lowest nutrient concentration and
were clearly higher than zero at medium nutrient

concentration indicating neutral to negative interactions
at the lowest nutrient concentration and facilitation at
medium nutrient concentrations (Fig. 2). In contrast, at

high nutrient concentrations, confidence intervals in-
cluded zero indicating no effect of snails on caterpillars.

Caterpillars did not affect snail growth rates, i.e., snail
log response ratios did not differ significantly from zero

(Appendix C: Fig. C1, one-sample t test, t¼�0.99, df¼
19, P ¼ 0.38).

Mechanisms of facilitation

Snails did not affect macrophyte biomass (Fig. 3a; see
Appendix D: Table D1, for results of the statistical

analyses). Caterpillars, on the other hand, reduced
macrophyte biomass (Fig. 3a), but this effect depended

on the nutrient availability (interaction caterpillar
presence 3 nutrient2, Table D1). Caterpillars reduced

macrophyte biomass most at intermediate nutrient
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availability (Appendix E: Fig. E1). Snails significantly

reduced the biomass of filamentous algae, which was

almost absent at the highest snail density, whereas the

biomass of filamentous algae significantly increased in

the presence of caterpillars (Fig. 3b; Table D1). The

positive effect of caterpillars on filamentous algae

decreased with both increasing nutrients and increasing

snail density (significant interactions, Table D1). Snails

did not affect the C:N and C:P ratios in macrophytes,

whereas caterpillar presence increased the C:N and C:P

ratios in the macrophytes (Fig. 3c; Table D1).

DISCUSSION

Facilitation along a gradient of nutrient availability

We found that the positive interaction between these

aquatic herbivores peaked at intermediate nutrient

availability. Previous work in terrestrial systems had

suggested that contrasting productivity levels in re-

sponse to resource availability could shift the interaction

between herbivores from competition at low productiv-

ity levels to facilitation at high productivity levels

(Cheng and Ritchie 2006, Odadi et al. 2011). Also

switches from neutral to positive interactions have been

observed along plant palatability gradients (Dangles et

al. 2013). Our study provides experimental proof that

correlational field observations fit in a pattern of

systematic change of facilitation between herbivores

over environmental gradients of resource availability.

We found evidence that facilitation among aquatic

herbivores follows a hump-shaped curve over the

experimental gradient of nutrient availability. These

FIG. 2. The effect of snail presence on caterpillar biomass,
expressed as caterpillar log response ratios, over the nutrient
gradient. There was a significant hump-shaped relationship
between caterpillar log response ratio and nutrient availability
(solid line; see Results for statistical analysis). The effect of snail
density was not significant. The shaded area indicates the 95%
confidence interval; the dotted line indicates zero effect of snails
on caterpillar log response ratio.

FIG. 1. Biomass of (a) macrophytes (Potamogeton), (b) filamentous algae, and (c) phytoplankton over the nutrient gradient in
the absence of herbivores, at the end of the experiment (dry mass). Solid lines indicate significant regressions between nutrient
availability and plant growth. For filamentous algae one outlier (indicated by an open circle) was excluded from statistical analysis
(Bonferroni-adjusted outlier test; studentized residual¼ 11.75, df¼ 7, P , 0.001). Biomass is expressed as g dry mass per pot for
macrophytes and filamentous algae and as lg chlorophyll a per liter of water for phytoplankton.
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results support theoretical models that predict the role of

facilitation to peak at intermediate levels of environ-

mental stress (Maestre et al. 2009, Holmgren and

Scheffer 2010, Smit et al. 2010).

Facilitation in the freshwater model system

Higher nutrient levels increased overall total plant

biomass but induced a shift toward dominance of

filamentous algae at the expense of macrophytes. At high

nutrient availability, filamentous algae and phytoplank-

ton may have outcompeted the macrophytes by inducing

light limitation, which can lead to a strong decline in

macrophyte biomass as is commonly observed in

mesocosm experiments and field studies (Weisner et al.

1997, Jones and Sayer 2003, Le Bagousse-Pinguet et al.

2012b). Our model system therefore represented macro-

phyte growth along a nutrient gradient mimicking a

range from oligotrophic to eutrophic conditions, as can

be found in the field. At high nutrient availability,

macrophyte biomass was so low that an effect of snail

facilitation, if present, was not detectable. At low nutrient

availability, caterpillar growth tended to be unaffected or

slightly reduced in the presence of snails. This could

indicate that the biomass of filamentous algae was so low

that caterpillars still had access to the macrophytes

without the need for snails to remove filamentous algae.

In addition, the C : nutrient ratios in the macrophyte,

which were highest at the lowest nutrient level, may have

posed a constraint on caterpillar growth (Miler and

Straile 2010). Negative effects on caterpillar growth could

potentially have arisen from competition between cater-

pillars and snails for the sparse macrophytes; however, we

found no evidence that snails actually reduced macro-

phyte biomass at low nutrient availability. The potential

negative effect of snails on caterpillar growth at the

lowest nutrient level seemed only marginally significant; if

present, the effect was small and it remains unclear what

caused it. At intermediate nutrient levels, snails could

clean the macrophytes from fast-growing filamentous

algae (Brönmark 1985, Underwood et al. 1992, Jones et

al. 2002) improving access for caterpillars, while increased

feeding of snails on the algae left the macrophytes as food

FIG. 3. Impact of snails and caterpillars on (a) macrophyte biomass (g dry mass), (b) the biomass of filamentous algae, (c)
macrophyte C:N molar ratio, and (d) macrophyte C:P molar ratio. Values are means 6 SE. Results of statistical macrophyte
analyses are given in Appendix D.
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source for the caterpillars, profiting optimally from the

snails presence. At the highest nutrient level, snails still

removed the filamentous algae, but this did not result in

increased macrophyte biomass; due to increased phyto-

plankton densities macrophyte growth could still be light

limited (Le Bagousse-Pinguet et al. 2012b). As a result

caterpillar growth may have suffered from reduced

macrophyte biomass. Snails could also facilitate caterpil-

lars by increasing macrophyte biomass or macrophyte

nutrient concentration through nutrient recycling and

cleaning of macrophytes (Pinowska 2002, Lombardo and

Cooke 2004). As we did not find any evidence that snails

increased macrophyte biomass or macrophyte nutrient

concentration or nutrient ratios, we suggest that improv-

ing food accessibility is the most likely mechanism that

explains the observed facilitative effect of snails on

caterpillars (Gross and Kornijów 2002).

In our experiment, caterpillar presence did not affect

snail growth. However, caterpillars did affect the

quantity, accessibility, and quality of their own food

source. Caterpillar grazing reduced the biomass of the

macrophytes, which is commonly found (Gross et al.

2001, Miler and Straile 2010, Le Bagousse-Pinguet et al.

2012a) and a logical consequence of grazing. Interest-

ingly, caterpillar presence resulted in enhanced growth

of filamentous algae, which would limit the accessibility

of the macrophytes for themselves. This may be the

result of the regeneration and release of nutrients

associated with caterpillar feeding on macrophytes,

which could promote the growth of filamentous algae,

as has been observed for other aquatic herbivores

(Brönmark et al. 1991, Pinowska 2002, Vanni 2002).

Furthermore, caterpillar presence reduced the quality of

the macrophytes as food plant, which was reflected in

enhanced macrophyte C:N and C:P ratios in the

caterpillar treatments. An increased C : nutrient ratio

or decreased concentration of N or P of plants generally

indicates low food quality for aquatic herbivores (Elser

et al. 2000, Fink and Von Elert 2006, Miler and Straile

2010, Dorenbosch and Bakker 2011). The increased

macrophyte C:P and C:N ratios in the caterpillar

treatment might indicate nutrient reallocation in the

plant and hence controlled leaf senescence as a response

to caterpillar grazing as has been previously found

(Miler and Straile 2010).

The enhanced growth of filamentous algae in the

presence of caterpillars underlines the potential impor-

tance of snails as benefactors of caterpillars. Potentially

caterpillars might also act as a benefactor of snails,

through their enhancement of filamentous algae bio-

mass, as the snails consume filamentous algae. However,

we found no evidence of a facilitative effect of

caterpillars on snails in our experiment.

Facilitation in aquatic and terrestrial

herbivore communities

Facilitation among herbivores has been mostly

documented in terrestrial ecosystems. In grasslands,

facilitation is thought to be strongest under productive

conditions (Huisman and Olff 1998, Van der Wal et al.

2000, Cheng and Ritchie 2006). With increasing

productivity, plants become taller and accumulate stems
and woody material, which decreases food quality and

accessibility to smaller grazers (Van der Wal et al. 1998).

This is true within plant species, but also plant

communities shift toward dominance by taller and
woodier species with increasing productivity (Kuijper

et al. 2008). Bulk grazers that can remove tall and

indigestible vegetation, can retard this process, and

facilitate small specialist grazers, but fail to prevent it in
the longer term (Olff et al. 1999, Van der Wal et al.

2000). Therefore, at very high productivity, the interac-

tion between bulk and specialist grazers might turn into

competition for scarce food, namely the grasses in

between the dominant woody plants. Indeed increasing
plant unpalatability experimentally can switch the

interaction between herbivores from neutral to positive

until a certain point to further decrease at the highest

levels of plant unpalatability (Dangles et al. 2013).

In our aquatic system, we did find facilitation to
increase with nutrient level, as hypothesized for terres-

trial systems. By extending the gradient to higher

nutrient levels we found a shift from a linear to a

hump-shaped relationship between nutrient level and

facilitation. In our aquatic system, no woody species
exist, but with increasing nutrient availability, the

biomass of the primary producers increased and shifted

toward a functional group that causes light limitation (as

trees or shrubs would do in a terrestrial system) and
cannot be consumed by our grazers, e.g., the phyto-

plankton. Comparable to the transition from herbaceous

to woody plants with increasing resource availability

observed in terrestrial systems (Van der Wal et al. 2000,

Sankaran et al. 2005, Hopcraft et al. 2009), we also
found a hierarchy of responses of primary producers to

nutrient availability. Macrophytes initially have the

largest increase but decline at the highest nutrient

availability, filamentous algae increase linearly, and
phytoplankton exponentially with nutrient availability.

CONCLUSIONS

Our results demonstrate that facilitation between

herbivores follows a hump-shaped relationship along a
gradient of nutrient availability and suggests that there

are remarkable similarities in how interspecific interac-

tions change along environmental gradients among

aquatic and terrestrial habitats. Understanding how
interspecific interactions may change in strength and

direction along environmental gradients is important to

predict how the diversity and structure of communities

may respond to the introduction or removal of
herbivore species in ecosystems.
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SUPPLEMENTAL MATERIAL

Appendix A

A figure and table with statistical results for the effect of nutrient availability and herbivore presence on water conditions
measured at the end of the experiment (Ecological Archives E094-161-A1).

Appendix B

A figure showing nutrient ratios in the macrophyte in the absence of herbivores (Ecological Archives E094-161-A2).

Appendix C

A figure showing the effect of caterpillar presence on snail growth along the gradient of nutrient availability (Ecological Archives
E094-161-A3).

Appendix D

A table with the analysis of the effect of herbivore treatments and nutrient availability on biomass of macrophytes and
filamentous algae and the C:N and C:P ratio of macrophytes (Ecological Archives E094-161-A4).

Appendix E

A figure illustrating the interactive effect of caterpillar presence and nutrient availability on macrophyte biomass (Ecological
Archives E094-161-A5).
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