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Abstract 42 

Herbivores are generally considered to reduce plant fitness. However, as in natural 43 

communities herbivores often feed on several competing plant species, herbivores can also 44 

increase plant fitness by reducing interspecific competition among plants. In this study, we 45 

developed a testable model to predict plant fitness in the presence of an interspecific competitor 46 

and an herbivore that feeds on both plant species. Our model allows to predict at which 47 

herbivore and competitor densities the focal species will benefit from herbivory. This can be 48 

estimated by quantifying the effects of the herbivore on the fitness of the focal plant and on its 49 

competitor, and by estimating the levels of intra- and interspecific competition in a pair-wise 50 

fashion, respectively. We subsequently validated the model in indoor microcosms using three 51 

interacting species: an aquatic macrophyte (the giant duckweed Spirodela polyrhiza), its native 52 

competitors (green algae), and its native herbivore (the pond snail Lymnaea stagnalis). 53 

Additional outdoor mesocosm experiments supported our model under natural conditions. 54 

Together, this study provides a conceptual framework to understand how herbivores shape 55 

plant fitness in a community context. 56 

Introduction 57 

Plants are the backbone of most ecological interactions, and plant-herbivore interactions shape 58 

most of the planet’s ecosystems [1–3]. Herbivores are usually assumed to reduce plant fitness 59 

as herbivores consume plant material and thereby reduce growth and eventually reproduction 60 

(direct fitness costs). However, species do not occur in isolation but in a community, and 61 

herbivores often feed not only on a single but on multiple competing plant species. Thus, if an 62 

herbivore reduces the growth of a competitor, the herbivore may increase the fitness of other 63 
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plant species, even if the plant is grazed upon (indirect fitness benefits through reduced 64 

competition). For example, molluscs may increase the growth of grasses (Festuca rubra) by 65 

decreasing the abundance of herbs [4]. Similarly, insect herbivores feeding on goldenrod 66 

populations indirectly led to a long-term increase in understory forb abundance by increasing 67 

light availability [5]. While these studies illustrate that indirect positive fitness effects of 68 

herbivores may outweigh their direct negative effects, we currently cannot predict the 69 

circumstances under which plants benefit from herbivores through reduced interspecific 70 

competition. 71 

Predicting the net fitness effect of herbivores can be achieved by modifying and 72 

combining existing models of predator-prey interactions and two-species competition models 73 

[6–12]. Studies using mesocosms and microcosms can validate theoretic models; for example, 74 

[7]. Importantly, empirical studies should assess the consequences of herbivory and 75 

competition not only on plant phenotypes and growth, but also on plant fitness, that is, their 76 

contribution to the gene pool of the next generation [13]. However, this is challenging because 77 

many plants have long life cycles. Long-term herbivory exclusion experiments can overcome 78 

this limitation and thereby reveal the consequences of herbivory on plant abundance, 79 

community structure [14,15], diversity [4], and performance of alien plants under invasion 80 

[16]. However, in these long-term outdoor exclusion experiments, herbivores and competing 81 

plants continuously affect each other’s density, which prevents teasing apart, and therefore, 82 

quantifying the direct and indirect effects of herbivory. To test theoretic predictions when 83 

positive indirect effects outweigh the negative direct effects of herbivores, we need an 84 

experimental system in which we can manipulate the densities of both plant species. 85 

One of the few experimental systems in which the densities of the plant, its herbivore, and 86 

its competitor can be easily manipulated is the duckweed-snail-algae system. Duckweeds are 87 

free-floating, aquatic plants of small body size and simple morphology: the green vegetative 88 

tissue forms a flat, thallus-like structure, the so-called frond. As most duckweed species, the 89 

giant duckweed, Spirodela polyrhiza (L.) Schleid, reproduces almost exclusively asexually by 90 

budding every 2-3 days under optimal conditions indoors [17,18] and every 3-7 days outdoors. 91 

Outdoors, the plant is frequently attacked by one of its major native herbivores, the holarctic 92 

common freshwater snail, Lymnaea stagnalis. This snail feeds not only on S. polyrhiza but also 93 

on green algae, such as the microalgae Chlamydomonas spp., which compete with S. polyrhiza 94 

for light and nutrients [19,20]. As the abundance of S. polyrhiza, its herbivore L. stagnalis, and 95 

its competitor Chlamydomonas spp. can be quantified and manipulated across multiple 96 
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generations [21], these interacting species are ideal for testing the direct and indirect  effects of 97 

herbivores on plant fitness.  98 

Here, we first developed a theoretic model to understand the interaction between S. 99 

polyrhiza, its herbivore L. stagnalis, and its competitor Chlamydomonas reinhardii. Second, 100 

we used a reductionist setup for indoor model-guided assays to feed our theoretic model with 101 

data. Third, we performed indoor microcosm experiments as a proof of concept to validate our 102 

model, testing under which starting abundances of the competing species the presence of an 103 

herbivore promotes duckweed fitness by reducing interspecific competition. Fourth, we tested 104 

whether our findings hold true under outdoor conditions by quantifying the algal biomass and 105 

characterizing the algal community using amplicon metagenomics. Our findings highlight the 106 

importance of considering the real-world complexity when assessing the effects of herbivores 107 

on plant fitness. 108 

 109 

Material and Methods  110 

Model development and estimation of model parameters using laboratory microcosms 111 

First, we built a generic model that incorporates both plant-herbivore interactions and plant-112 

plant competition based on existing species-competition models [6–8,10–12,22].  113 

For simplicity, we focused on two competing species that can be attacked by the same 114 

herbivore. The population growth of the two plant species, which is affected by competition 115 

(intra- and interspecies) and herbivory, can be expressed as 116 

 117 

𝑑𝑁1

𝑑𝑡
= 𝑟1 ∗ 𝑁1 ∗ (1 − 𝑎11𝑁1− 𝑎12𝑁2 − 𝛽1𝑁ℎ)    – Eq1 118 

and 119 

𝑑𝑁2

𝑑𝑡
= 𝑟2 ∗ 𝑁2 ∗ (1 − 𝑎22𝑁2− 𝑎21𝑁1 − 𝛽2𝑁ℎ)     – Eq2 120 

 121 

where the 𝑟1 and 𝑟2 are the intrinsic growth rates of the two species. 𝑁1and 𝑁2 are the numbers 122 

of individuals from the two species at a given time, 𝑎11  and 𝑎22  refer to intraspecific 123 

competition. 𝑎12 and 𝑎21 are interspecific competition coefficients describing the effects of the 124 

species associated with the second number in the subscript on the species associated with the 125 

first number in the subscript. 𝛽1 and 𝛽2 refer to herbivore consumption rates of species 1 and 126 

2, respectively. 𝑁ℎ  refers to herbivore abundance. For simplicity, we assumed a constant 127 

herbivore population size. 128 
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To feed our theoretic model with experimental data, we used model-guided laboratory 129 

two-species assays, which allowed us to estimate the model coefficients. As model species we 130 

used S. polyrhiza (genotype 9500, originating from Germany), C. reinhardii (initial culture 131 

originating from a natural pond in Münster, Germany), and simultaneously hermaphroditic 132 

pond snail L. stagnalis (initial population originating from a long-standing laboratory culture 133 

from the Vrije Universiteit Amsterdam, Netherlands, [23]). Precultivation and indoor assays 134 

were carried out in a growth chamber at 26 °C with a light intensity of 135 µmol m-2s-1 under 135 

long-day conditions (16h:8h). All species were first cultivated in individually optimized media 136 

[24] (SI Table S1) and then preadapted to common experimental conditions (SI Table S2, SI 137 

Text S1). The snails were starved for 24 h under experimental conditions prior to the assays. 138 

For indoor assays, we used transparent plastic beakers (diameter 11 cm, PP) with 150 mL of 139 

Mix-Medium (SI Table S2). The beakers were covered with dark foil to avoid the incidence of 140 

light, and beakers were covered with transparent and perforated plastic lids to ensure gas 141 

exchange but to prevent evaporation and escape of herbivores. 142 

To quantify C. reinhardii, we generated a reference curve using a Thoma cell counting 143 

Chamber and measured the corresponding optical density with a plate reader (Tecan infinite 144 

200 with the software MagellanPro v7.3 2019) for OD750 nm [21] with pure Mix-Medium as a 145 

blank, covering a C. reinhardii concentration range from 0 to 22 [106 cells mL-1] (SI Fig. S1). 146 

 To estimate the intra- (α11) and interspecies (α12) coefficients of S. polyrhiza of our 147 

theoretic model, we quantified fitness, measured in terms of the number of individuals 148 

(expressed as per capita growth) of S. polyrhiza when competing against varying densities of 149 

itself, as well as when grown in the presence of a constant concentration of C. reinhardii as a 150 

competitor. We grew duckweed with a starting population size of 5, 50, 100, 300, 600, or 1000 151 

fronds in triplicate in the absence and presence of a fixed algae concentration of 1.33 [106 cells 152 

mL-1]. We reset the algae concentration to 1.33 [106 cells mL-1] daily for seven consecutive 153 

days, using centrifugation. To maintain the same medium with respective nutrient level 154 

changes throughout the course of the experiment, we reused the supernatant medium of each 155 

individual experimental beaker and added newly cultivated algae cells (daily preadapted to 156 

Mix-Medium) at the respective concentrations. To quantify S. polyrhiza on day seven of the 157 

experiment, we counted the number of live fronds, referring to green fronds with intact 158 

reproductive pouches. All the visible small daughter fronds were counted as individuals. Per 159 

capita growth per day is expressed using the formula ln(1+((number of fronds at day 7 – 160 

number of fronds at day 0) / number of fronds at day 0 / 7 days)).  161 
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 To estimate the coefficients α22 and α21 describing the intra- and interspecific 162 

coefficients of C. reinhardii, we grew algae in defined starting concentrations (0.0095, 0.59, 163 

0.13, 1.64, 3.91, 7.66, 9.24 [106 cells mL-1]) in the absence (n=4 per gradient step) and presence 164 

(n=4 per gradient step) of 100 fronds. To keep the number of fronds constant across seven days, 165 

we manually reduced duckweed to 100 individuals on days two and five of the experiment. Per 166 

capita growth was calculated analogously to the per capita growth of S. polyrhiza. Here, we 167 

assume a linear relationship for the interspecific competition. 168 

 To determine the individual feeding rate of S. polyrhiza (β1) by a snail within 24 h, we 169 

subjected 100 fronds to one snail (n=6) or none as a control (n=4). We harvested all remaining 170 

fronds after 24 h. Similarly, to determine the individual feeding rate of C. reinhardii (β2) by a 171 

snail within 24 h, we started with a concentration of 12.6 [106 cells mL-1] and one snail (n=8) 172 

or none as control (n=4). We again measured the OD after 24 h to determine the remaining 173 

algae concentration. For all consumption rates we assumed a constant feeding rate within 24 h.  174 

 The data from the experiments described above allowed us to estimate the competition 175 

coefficients (α11, α22, α12, α21) and consumption coefficients (β1, β2) based on our proposed 176 

model equations using R [25] (see the SI R Markdown script). Data were visualized using 177 

ggplot2 [26]. 178 

The 95% confidence intervals of each parameter were estimated using a bootstrapping 179 

approach with 500 repetitions. Based on the extracted coefficients, we were able to test the 180 

predicted scenarios from the SI Fig. S2 to determine the scenario that best describes the 181 

duckweed-algae-snail interaction. 182 

 183 

Testing our theoretic model within laboratory microcosms 184 

We tested within laboratory three-species microcosms under which starting conditions S. 185 

polyrhiza benefitted from the presence of a snail herbivore when competing with C. reinhardii. 186 

We included a treatment with a high number of duckweeds competing against a low 187 

concentration of algae, and vice versa, as well as two treatments with intermediate densities. 188 

We grew these combinations in the presence or absence of none, one, or two snails. We 189 

excluded replicates in which the populations collapsed, or snails died within 14 days from the 190 

analysis, resulting in a data set of n=3-8 per treatment. The details can be found in the 191 

Supporting Information (SI Text S2). On day 14 of the experiment, we counted the number of 192 

live fronds, measured the OD of algae, and calculated the per capita growth of both competing 193 

species. Data were analysed using Wilcoxon tests to compare per capita growth between the 194 

herbivory and control treatments. 195 
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 196 

Experimental validations in the field 197 

To test our model in a natural setting, we set up an outdoor experiment in 2019 in Münster, 198 

Germany (51°57'54.0’N, 7°36'22.4‘E), in which S. polyrhiza was exposed to a natural 199 

community of green algae in the presence and absence of snail herbivory. Eight experimental 200 

ponds (60 × 80 × 32 cm; AuerPackaging, Amerang, Germany) were buried on the rim of the 201 

soil and filled on June 26th, 2019  with 120 L of tap water, 6 L of commercial pond soil (~ 100 202 

mg/L each of organic N, P2O5, K2O, ~160 mg/L Mg, pH (CaCl2)= 4.2, salts 1.0 g/L;  Floragard, 203 

Oldenburg, Germany), and 40 mL of commercial liquid fertilizer (organic NPK 3,1+0,5+4,1; 204 

COMPO BIO, Compo GmbH, Münster, Germany) based on pretests allowing sufficient 205 

growth similar to natural pond systems. To allow the establishment of a natural (phyto-206 

)plankton community, ponds were inoculated with filtered water (via coffee filter) from three 207 

natural ponds located within and around Münster Municipality, where duckweeds (S. polyrhiza 208 

and Lemna sp.) naturally occur (SI Table S3). The experimental ponds were covered with a 209 

stainless-steel mesh (mesh opening 0.63 mm, wire diameter, 0.224 mm; Haver&Boeker, Oelde, 210 

Germany) to avoid debris and small animals from entering the ponds. The ponds were divided 211 

into two compartments by using the same metal net. Each compartment received 1000 S. 212 

polyrhiza fronds that were pre-cultivated indoors (S1 Text 1). The plants were shaded with a 213 

shading net during the first week to facilitate plant establishment. Then, on July 15th, the 214 

experiment began with eight snails (shell size 14-32 mm), which were added to one of the 215 

compartments of each pond; the other compartment served as a control. As the two 216 

compartments were separated with a fine metal net, water and dissolved nutrients, but not 217 

herbivores, could be exchanged between compartments. To compensate for the water loss due 218 

to evaporation, the ponds were refilled with tap water once a week. In week six, aphids invaded 219 

three ponds and extinguished duckweed populations. To avoid further contamination, we 220 

removed infested ponds from the field and excluded all the data from our analysis. Therefore, 221 

all the data presented correspond to n=5 per treatment until week nine, which was the end of 222 

the experiment. 223 

 To track the growth of the duckweed populations, we took pictures of the populations 224 

weekly and estimated the surface area covered by plants over time using the ImageJ 225 

software[27]. We further tested whether herbivory altered the biomass of fronds by sampling 226 

20 randomly selected fronds from each treatment zone and pond at weeks 0, 2, 3, 4, 5, 7, 8, and 227 

9. Further details and statistics can be found in SI Text S3. To test whether herbivory affects 228 

metabolite levels of S. polyrhiza, we harvested fronds at weeks 0, 3 and 6, and analysed a wide 229 
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set of primary and specialized metabolites via HPLC-UV/VIS and LC-MS. The details can be 230 

found in SI Text S4. To test whether water exchange through the net maintained equal nutrient 231 

levels between the herbivore and control compartments, we analysed the nutrients in each 232 

treatment zone per pond at weeks 0, 3, 5, 7, and 9 via ion chromatography (792 basic IC, 732 233 

detector, Metrohm, Herisau, Switzerland). Details on the water sampling and analysis can be 234 

found in SI Text S5. 235 

 We also collected algal samples from the field. We first identified the emerging algal 236 

species based on their morphology. We characterized free-swimming microalgae emerging 237 

within the first half of the season as well as sediment-rooted macroalgae that emerged during 238 

the second half of the season. To test whether herbivory alters the biomass of sediment-rooted 239 

macroalgae, we harvested all sediment-rooted macroalgal materials at the end of the season. 240 

The harvested macroalgae material was washed several times in tap water, frozen at -20 °C, 241 

and freeze-dried. Dry weight was determined and analysed using a linear mixed effect model 242 

with treatment (herbivory/control) as a fixed factor and pond as a random factor, using the 243 

formula: ~ treatment * (1|pond). 244 

 To test whether algae and associated (cyano-)bacterial communities differ under 245 

herbivory and control conditions outdoors, we used an amplicon metagenomic approach. We 246 

selected two types of samples: First, we sampled 30 fronds of each treatment and control pond 247 

(n=5) at weeks 0, 4, and 7 to characterize the free-swimming microalgae (18S) and (cyano-248 

)bacteria (16S) communities that were attached to or growing as endophytes of S. polyrhiza 249 

fronds. Upon harvest, the fronds were washed with ultrapure water and frozen at -20 °C. 250 

Secondly, we harvested macroalgal material with adherent microalgae at the end of the season, 251 

as described above, to characterize the (macro-)algal community (18S) of each treatment and 252 

control pond (n=4-5, as one herbivore compartment did not contain any macroalgae). 253 

Freeze-dried fronds were ground with steel balls inside a tissue lyser (1.5 min at 30 254 

Hz). DNA was extracted using a phenol-chloroform protocol. Samples were then shipped to 255 

Novogene Ltd. for amplicon metagenomic library preparation and sequenced on an Illumina 256 

NovaSeq 6000 S4 250PE flow cell. (Cyano-) Bacterial communities were assessed by 257 

amplifying the V4 region of the 16S rRNA (primers 515F and 806R), whereas the eukaryotic 258 

community (including algae) was determined by amplifying the V4 region of the 18S rRNA 259 

(primers 528F and 706R). 260 

Macroalgal material with adherent microalgae was freeze-dried, weighed, and ground 261 

using a mortar and pestle. DNA was extracted from approximately 30 mg of freeze-dried 262 

ground tissue using the Plant II Mini Kit (MacheryNagel, Düren, Germany) according to the 263 
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manufacturer's instructions with the following adjustments: 400 µL P1 (CTAB-based), lysis 264 

for 1 h at 65 °C, and elution for 20 min at 65 °C. The samples were then subjected to StarSeq 265 

(Mainz, Germany) for library preparation (18S, primers 528F, and 706R) and sequencing using 266 

Illumina MiSeq (300PE). 267 

 Raw data were processed using TrimGalore v0.6.7 to remove Illumina adaptors and 268 

discard low-quality reads. Paired-end reads were processed using the DADA2 v1.22 [28] 269 

pipeline implemented in R to remove low-quality data, identify ASVs, and remove 10 270 

chimeras. Taxonomy was assigned using the SILVA v138 database [29] for 16S data or the PR2 271 

v4.14 database [30] for 18S data. Data were analysed using R v4.1.2, with the packages 272 

phyloseq v1.38 [31], vegan v2.6 [32], DESeq2 1.34 [33], and lme4 1.1.33 [34]. Analysis of 18S 273 

was restricted to the phylum "Archaeplastida,” which includes alga. Before downstream 274 

analyses, contaminants were removed using the decontam v1.14 [35] and data from non-275 

template control libraries. We also removed reads identified as “chloroplast” or 276 

“mitochondria”, and singletons. 277 

Distances between pairs of samples in terms of community composition were 278 

calculated using an unweighted UniFrac matrix and then visualized using a nonmetric 279 

multidimensional scaling (NMDS) procedure. Differences between sample groups were 280 

inferred through permutational multivariate analysis of variance (PERMANOVA, 999 281 

permutations), specifying treatment (herbivory/control) as fixed factor, and using the factor 282 

"pond" to stratify permutations. Differences in microbial diversity between groups were 283 

assessed by calculating the Shannon diversity index and by fitting a linear mixed effects model  284 

using the formula Shannon _index ~ treatment * timepoint * (1|pond). ASVs that were 285 

differentially abundant between treatments (herbivory/control) were identified using DESeq2 286 

with FDR-corrected P<0.05. 287 

 288 

Results 289 

A model for plant fitness consequences under herbivory in the presence of a competitor 290 

We proposed a testable theoretic model describing the interaction of a focal species 1, its 291 

competing species 2 and an herbivore feeding on both species (meta-model Fig. 1a). The model 292 

aimed to predict under which starting abundances of each species, our focal species will benefit 293 

under herbivory by reducing interspecific competition. Based on the Eq1 and Eq2, we derived 294 

the isoclines of two species, and the lines that represent the zero-growth rate of each species 295 

can be expressed as: 296 
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 297 

𝑁1 = (1− 𝑎12𝑁2 − 𝛽1𝑁ℎ)/𝑎11    - Eq3 298 

and 299 

𝑁2 = (1− 𝑎21𝑁1 − 𝛽2𝑁ℎ)/𝑎22    - Eq4 300 

 301 

A graphic representation of the isoclines is shown in SI Figure S2. When the two species do 302 

not coexist, herbivory negatively affects plant fitness. If the two species coexist (𝑁1 > 0 and 303 

𝑁2 > 0), they must share one or more points on their isoclines, which can be calculated by 304 

substituting Eq3 into Eq4 and vice versa, as follows: 305 

 306 

𝑁1
∗ =

 𝑎22− 𝑎12+𝑁ℎ∗( 𝑎12∗𝛽2− 𝑎22∗𝛽1)

 𝑎22∗𝑎11− 𝑎12∗ 𝑎21
     - Eq5 307 

   and 308 

𝑁2
∗ =

 𝑎11− 𝑎21+𝑁ℎ∗( 𝑎21∗𝛽1− 𝑎11∗𝛽2)

 𝑎22∗𝑎11− 𝑎12∗ 𝑎21
   - Eq6 309 

 310 

where 𝑁1
∗ and 𝑁2

∗ are the population sizes of the two species that reach equilibria in the 311 

presence of herbivores. Because intraspecific competition is often higher than interspecific 312 

competition  (𝑎𝑖𝑖 > 𝑎𝑖𝑗), herbivory will increase or decrease the population growth of the focal 313 

species (species 1) depending on the positive or negative values of   𝑎12 ∗ 𝛽2 −  𝑎22 ∗ 𝛽1. For 314 

example, herbivory increases the population size of species 1, if  𝑎12 ∗ 𝛽2 −  𝑎22 ∗ 𝛽1 > 0, 315 

which can be expressed as 
𝛽1

𝛽2
<

 𝑎12

 𝑎22
, and the two species coexist (1 −  𝑎12𝑁2 − 𝛽1𝑁ℎ > 0 & 316 

1 −  𝑎21 𝑁1 − 𝛽2𝑁ℎ > 0 ). This can be interpreted as when the ratio of herbivory effects on the 317 

two species is less than the ratio of competitiveness of species 2 against species 1 and 318 

intraspecific competition of 2, and the combined effects of herbivory and interspecific 319 

competition are smaller than 1. Similar conditions also apply to species 2. 320 

 321 

Testing model predictions using laboratory microcosms 322 

Feeding our theoretic model with experimental data of model-guided two-species assays 323 

allowed us to estimate both intra- and interspecific competition coefficients, as well as 324 

individual consumption rates (Fig. 1b). Here, we first grew duckweed and algae either 325 

separately or together in beakers. Overall, the interspecific competition (in the absence of 326 

herbivory) between algae and duckweed was asymmetric (SI Fig. S3a-b). Although algae 327 

strongly reduced duckweed growth, duckweed did not significantly affect algal growth. 328 
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Second, quantifying consumption rates (in the absence of a competitor) of snails on duckweed 329 

and on algae suggested that snail herbivory reduced the growth of both algae and duckweed 330 

(SI Fig. S3c-d); however, the effect of herbivory on algae was greater than that on duckweed. 331 

 Based on the estimated parameters and coefficients (Fig. 1b), our model predicted that 332 

duckweed and algae would coexist in the absence of snails, but the duckweed population would 333 

remain small (SI Fig. S4). However, in the presence of a snail, duckweed will perform better 334 

and outcompete algae if the starting algal population size is small or intermediate (SI Fig. S4). 335 

Our model also predicted that if the number of snails was too high (greater than two) when 336 

using our experimental laboratory setup using beakers, both the duckweed and C. reinhardii 337 

populations would collapse. 338 

To test these predictions, we grew duckweed and algae in the presence and absence of 339 

snails for 14 days in indoor three-species microcosms using beakers. As predicted, two snails 340 

often extinguished the populations. Therefore, we focused on comparisons between one and 341 

no snails. In three out of the four scenarios, where the algae density was relatively low or 342 

intermediate high, snails indeed increased the duckweed growth rate (P≤0.02, Wilcoxon test, 343 

n=3-8, Fig. 1c). However, when the starting algae density was very high (5.8 [106 cells mL-1]) 344 

and the starting duckweed population size was low (100 fronds), snail herbivory also led to the 345 

collapse of the duckweed population (Fig. 1c).  346 

Our theoretic model suggests that S. polyrhiza benefits under herbivory in the presence 347 

of C. reinhardii, when  1 −  𝑎12 ∗ 𝑁2 ∗ 𝛽1 ∗ 𝑁ℎ > 0. The outcome of the model prediction is 348 

consistent with the experimental result in three out of the four scenarios when incorporating 349 

the 95 % confidence interval of bootstrapped coefficients (Fig. 1c).  350 

Our model also predicts that snails always reduce algal population size ( 
𝛽2

𝛽1
>

 𝑎21

 𝑎11
) (Fig. 351 

1b). In our experiments, the algal populations grew significantly worse in the presence of snails 352 

under nearly all tested conditions (P≤0.03, Wilcoxon test, n=3-8, SI Fig. S5). 353 

 354 

Quantifying herbivory effects in outdoor mesocosms 355 

We tested whether snail herbivory can increase duckweed growth via reduced competition 356 

under outdoor conditions by growing replicated monoclonal duckweed populations and their 357 

native algal community in the presence and absence of snails across one growth season in 358 

outdoor ponds (Fig. 2a-b). Three weeks after the start of the experiments, snail-infested 359 

duckweed population covered an average of 57 % larger surface than control populations, and 360 

this difference even grew towards the end of the experiment (P=0.000002, X2=22.5, linear-361 
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mixed effect model, Fig. 2c-d). Increased duckweed coverage occurred despite the duckweeds 362 

being attacked by the snails, which was evident from visual damage and the increase in the 363 

levels of phenylpropanoids, particularly of flavonoids (SI Table S5). The increased duckweed 364 

surface coverage cannot be explained by the increased biomass per frond, as biomass per frond 365 

was reduced rather than increased under herbivory at week four (P=0.002, linear mixed effect 366 

model, SI Fig. S5) with diminishing effects in the following week. Increased duckweed growth 367 

under snail herbivory was likely not due to altered nutrient levels, as nutrient levels did not 368 

differ significantly between the adjacent snail and herbivore compartments (SI Table S4).  369 

Shortly after setting up the experiment, we observed rapid growth of microalgae, 370 

concurrent with an increase in water and air temperature (SI Fig. S6), with a peak at week four. 371 

Based on morphology, we identified Chlamydomonas ssp. as the dominant microalgal species, 372 

accompanied by Closterium sp. and Lagynion sp. (Fig. 3a). Amplicon metagenomics using the 373 

18S rRNA gene marker on duckweed samples with adherent microalgae revealed that the 374 

dominant microalgae were Chlamydomonadales (SI Fig. S7). Herbivory treatment did not 375 

affect microalgal and cyanobacterial community structure (SI Fig. S8a-b), neither the microbial 376 

diversity associated with S. polyrhiza fronds (P>0.2, PERMANOVA, SI Figure S7, SI Table 377 

S6) nor the relative abundance of different algal genera (Fig. 3c-d). However, our method was 378 

unable to estimate the absolute quantity of microalgae. 379 

In the second half of the experimental period (weeks 4–9), thick clumps of filamentous 380 

macroalgae started to grow along the bottom of the pond (Fig. 3b) and eventually started to 381 

attach to the duckweed roots. At the end of the growing season, these macroalgae were 382 

significantly less abundant in the presence than in the absence of the snail herbivore 383 

(P=0.00003, linear mixed-effect model, Fig. 3e). An additional feeding experiment also 384 

showed that the snails could directly feed on the macroalgae collected from the ponds (SI Fig. 385 

S9). Based on morphology, we identified Tribonema ssp., Oedogonium ssp., and Spirogyra ssp. 386 

(Fig. 3b) as the dominant macroalgal species, which was further confirmed by 18S amplicon 387 

sequencing (SI Fig. S10). Again, based on 18S rRNA gene marker, Chlamydomonadales was 388 

the dominant microalga associated with macroalgae samples. Shannon diversity of macroalgae 389 

with adherent microalgae was significantly higher under herbivory (P=0.03, linear mixed effect 390 

model, SI Fig. S10), whereas community structure was unaffected by herbivory (SI Fig. S8c). 391 

Furthermore, herbivory affected the abundance of different genera associated with macroalgae 392 

samples, for example, a higher relative abundance under herbivory for Chlamydomonas (Fig. 393 

3f). 394 
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Together, these results are consistent with our model prediction that snails increase 395 

duckweed fitness by reducing the growth of their competitors, here the macroalgae, under 396 

outdoor conditions. 397 

 398 

Discussion 399 

Herbivory and competition are two major factors that can influence plant fitness. Although 400 

these two factors are often studied separately, they are intertwined, as herbivores can alter the 401 

competitive landscape when feeding on multiple species. Here, we provide parallel evidence 402 

that herbivory can increase plant fitness via reduced interspecific competition. First, we 403 

developed a theoretic model to understand the fitness consequences of competing (plant) 404 

species under herbivory. We found that herbivores can increase or decrease plant fitness 405 

depending on the relative ratio of intra- and interspecific competition as well as the relative 406 

consumption rates of focal and competing species, respectively. Second, we tested and 407 

validated our model predictions using three aquatic species (including microalgae) growing 408 

together in an indoor microcosm. Third, the outdoor mesocosms confirmed that herbivory can 409 

increase plant fitness by reducing competing species (here macroalgae) under natural 410 

conditions. 411 

We developed our model by introducing plant-herbivore interactions into the existing 412 

species competition model. For simplicity, we kept the herbivore population size constant, 413 

which mimics natural situations when the herbivore life cycle is much longer than the plant life 414 

cycle. This is the case in our duckweed-algae-snail system, and it is similar to other aquatic 415 

plant-herbivore interactions. For example, the aquatic nymphal stage of mayflies can last for 416 

up to two and a half years while feeding on algae, epiphytes, and aquatic plants with various 417 

life spans [36]. In other systems, however, herbivores and plants may reproduce at similar rates 418 

or even higher rates, such as aphids feeding on mustard plants [37] . Please note here that within 419 

the timeframe of our indoor model-guided assays (which are the source data used to feed our 420 

theorical model to then estimate model coefficients) adult L. stagnalis did not propagate. Future 421 

generic models that include the population dynamics of herbivores (e.g. [38]), as well as 422 

mesocosm approaches that manipulate and quantify herbivore densities (as indeed snails laid 423 

eggs in our outdoor mesocosms over the course of 9 weeks), will provide further insights into 424 

the species dynamics of multitrophic communities. 425 

To determine interspecific competition coefficients, we used model-guided assays in 426 

which we kept the abundance of the competitor constant over time while varying the starting 427 
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abundance of the focal species and measuring the focal species’ per capita growth (fitness) (SI 428 

Fig. S3), assuming a linear relationship. While this approach made the experiments in the lab 429 

feasible, considering non-linearity within our model, as proposed elsewhere, [9,10,39,40] will 430 

further improve the realistic characterization of the species dynamics. While the current model 431 

analysis, considering linearity and using bootstrapped coefficients, demonstrates an alignment 432 

between the theoretical model and experimental findings in three out of four scenarios  (Fig. 433 

1c), exploring alternative methodologies holds promise for further refining and enhancing the 434 

robustness of the results. 435 

Despite these limitations, we experimentally validated the predicted outcomes of our 436 

model by using three interacting species under indoor conditions. Our results showed that snails 437 

benefitted duckweed fitness in the presence of low (0.9 [106 cells mL-1]) and intermediate-high  438 

(4.1 [106 cells mL-1]) starting concentrations of the competing algae, whereas snails had neutral 439 

effects on duckweed fitness when competing against high (5.8 [106 cells mL-1]) algae 440 

concentrations (Fig. 1c). In contrast, algae did not benefit from the presence of duckweed under 441 

herbivory in the tested scenarios (SI Fig. S5). In nature, snails feed on both micro- and 442 

macroalgae, which have also been found in outdoor communities [41–44]. It is likely that snails 443 

prefer algae over duckweed, as macroalgae have thinner and more easily palatable cell walls 444 

compared to macrophytes [41].  445 

 Under outdoor conditions, the algal community changed over time, which also likely 446 

led to changes in intra- and interspecific competition between algae and duckweed. Therefore, 447 

it is technically challenging to quantify model parameters directly in situ. Nevertheless, we 448 

found evidence that herbivory can indeed increase duckweed fitness by reducing algal 449 

abundance outdoors, which is likely due to the combined effects of the relative changes and 450 

absolute reduction of both micro- and macro-algae. Duckweed can suppress algae growth by 451 

reducing light availability [19] and nutrients [45], while in turn, algae can produce toxins and 452 

increase the pH to levels toxic to duckweeds [19,46]. Although we did not attempt to elucidate 453 

which of these mechanisms shaped duckweed-algae competition, our findings are in line with 454 

other studies, in which snails increased the growth of floating and submerged plants [47] and 455 

reduced the abundance of epiphytic communities thereby benefitting macrophytes [42,48]. 456 

Furthermore, it was shown before that the removal of macroalgae (e.g., Chara sp. and 457 

Vaucheria sp.) can increased the growth of a lake´s macrophytes [49]. Similar effects were also 458 

observed in terrestrial plant-herbivore interactions. For example, introducing novel herbivores 459 

to a plant community enhanced the growth of small-stature plants by reducing the dominant 460 

plant species and increasing light availability [50]. These studies and our results highlight the 461 
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importance of considering indirect effects, such as competition, when studying plant-herbivore 462 

interactions. Therefore, from an evolutionary perspective, herbivores cannot only drive the 463 

evolutionary changes in traits involved in defences but also shape the evolution of traits that 464 

are associated with intra- and interspecific competition in nature. 465 

Here, we demonstrate that herbivores determine plant fitness through both direct 466 

negative effects through feeding and indirect beneficial effects through the reduced growth of 467 

competitors. Consequently, herbivores can increase plant fitness by reducing the abundance of 468 

the competing species. Our model allows the quantification of these effects, showing that plant 469 

fitness depends on the relative ratio of intra- and interspecific competition, as well as the 470 

relative consumption rates of focal and competing species, respectively. Our study highlights 471 

that plant-herbivore interactions and their evolution should be studied in a community context, 472 

as indirect effects can sometimes overwrite direct effects. 473 
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Figure 1. Modelling approach and experimental proof of concept to test under which 617 

starting conditions duckweed benefits from herbivory when competing with algae. (a) 618 

Meta-model representing the causal relationships among our focal plant species Spirodela 619 

polyrhiza, the green microalgae Chlamydomonas reinhardii and the herbivorous snail Lymnaea 620 

stagnalis. Both competing species underly intraspecific (α11, α22) and interspecific (α12, α21) 621 

competition and a fixed abundance of the herbivore (𝑁ℎ) has individual consumption rates of 622 

each organism (β1, β2). (b) Estimated coefficients based on two-species laboratory assays 623 

(mean and 95 % confidence interval). Numbers above bars give mean values. Based on our 624 

model, species 1 benefits under herbivory if  
𝛽1

𝛽2
<

 𝑎12

 𝑎22
. (c) Comparison between three-species 625 

indoor-microcosm data and predicted outcome using our model approach. Starting abundances 626 

of interaction partners determined if S. polyrhiza benefitted under herbivory in the presence of 627 

C. reinhardii as competitor. P-values refer to Wilcoxon tests, n=3-8. The prior conditions (1 −628 

 𝑎12 ∗ 𝑁2 ∗ 𝛽1 ∗ 𝑁ℎ > 1) in which snail herbivory benefits duckweed are shown at the bottom.  629 

Plots of model predictions indicate means (values on top, black dashed lines) and 95 % 630 

confidence intervals (grey dashed lines) estimated based on 500 bootstraps. Yellow shaded 631 

areas indicate congruence of theoretic model (1 −  𝑎12 ∗ 𝑁2 ∗ 𝛽1 ∗ 𝑁ℎ)  and experimental 632 

outcome (values > 0 indicate a fitness benefit for S. polyrhiza). Picture of C. reinhardii was 633 

created with Biorender.com.  634 

  635 
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   636 

Figure 2. Herbivory treatment increased relative fitness of Spirodela polyrhiza in outdoor 637 

mesocosms. (a) Field site with eight replicated ponds covered with mesh. (b) Schematic 638 

representation of each pond. Treatment compartments with presence and absence of the snail 639 

herbivore Lymnaea stagnalis were separated by a mesh, preventing snails to enter the control 640 

compartment while allowing for water exchange. (c) Presence of L. stagnalis increased the 641 

fitness of S. polyrhiza outdoors over a course of nine weeks during one summer season 642 

representing about 15-20 asexual generations of plants (n=4-5, linear mixed effect model). 643 

Values above 0 indicate herbivory increased duckweed fitness. Y-axis refers to normalized 644 

fitness and x-axis refers to time. (d) Representative plant populations in week nine.   645 
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 646 

 647 

Figure 3. Algae community lived together with Spirodela polyrhiza in outdoor mesocosms. 648 

Herbivory treatment reduced abundance of macroalgae biomass and partly affected the 649 

abundance of microalgae genera associated with macroalgae samples in outdoor ponds. 650 
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(a) In early summer abundance of microalgae was high. Representative pictures of dominant 651 

microalgae species, later confirmed via amplicon metagenomic approach. (b) During the 652 

second half of the season, macroalgae started growing. Representative pictures of dominant 653 

macroalgae species harvested at the end of the season, later confirmed via amplicon 654 

metagenomic approach. (c) Presence of snails did not affect the abundance of different genera 655 

of algae (18S) and (d) (cyano-)bacteria (16S) associated with S. polyrhiza samples. (e) 656 

Presence of snails significantly reduced macroalgae abundance (linear mixed effect model, 657 

n=5). (f) Herbivory affected the relative abundance of 18S genus hits associated with 658 

macroalgae samples. Higher abundance of genera in either control (left green) or herbivory 659 

(right red) treatment. Microscopic pictures were taken by Antje Gutowski.  660 
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