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ABSTRACT 

 
Empirical implications of 

food web constraints for metacommunity assembly 
 

 
Eric Harvey         Advisor: 
University of Guelph, 2014      Andrew MacDougall 

 
Empirical metacommunity investigations remain scarce and biased toward simplified 

laboratory experiments or observation studies at single trophic levels, hindering generalizations 
of mechanism in natural systems. There is a need to expand metacommunity research into more 
realistic scenarios by integrating different type of biotic interactions at a range of spatial 
resolutions and under a range of environmental conditions. Especially, food web interactions 
have well-documented impacts on local and regional diversity patterns that have been untested in 
metacommunity research. In this thesis, I investigate empirical implications of food web 
constraints for insect community assembly in space. 

The Trophic Island Biogeography theory is a promising and parsimonious theoretical 
approach to integrate elements from food web theory into a metacommunity perspective. In the 
first chapter of this thesis I explore the implications of this theory for the establishment of 
arthropod feeding guilds in experimental grassland islands. I demonstrate that neither diet-based 
constraints nor landscape characteristics can predict the early structure of locally assembling 
food webs, with their establishment deriving instead from interactions between both processes as 
a function of diet specialization. 

Past work has made the connection between habitat fragmentation and the alteration of trophic 
control. However, mechanistic linkages with multiple stressors are needed to accurately describe 
potential effects of global change on consumer diversity regulation. The second chapter of this thesis 
tests how multiple stressors (habitat loss, fertilization, and stand perturbation) potentially spread 
through the food chain to affect insect herbivore diversity and spatial turnover. It shows that despite 
the potential for interactive effects of multiple stressors on each trophic level, plant-mediated 
processes mostly determined the decline in insect herbivore abundance, richness and spatial turnover, 
while predator-mediated effects were negligible. In complementarity with these results, the third 
chapter of this thesis illustrates how bottom-up trophic dependencies and dispersal-related drivers of 
consumer assembly can loop back to trigger higher top-down damage from consumers on plants, here 
an endangered native tree species of Ontario suffering from recruitment collapse. 

Taken together this thesis illustrates the importance of trophic dependencies for local 
community establishment, with important implications for biodiversity in altered landscapes.  
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Prologue&

A metacommunity is defined as a set of locally interacting species connected by dispersal 

(Leibold et al. 2004). The recent growth in metacommunity research has been largely motivated 

by an increasing awareness of the important role of spatial (or regional) dynamics to determine 

local community structure, amid ongoing global habitat fragmentation issues (Sodhi and Ehrlich 

2010).  

Paramount to the metacommunity concept is the idea that the relative importance of regional 

versus local processes defines co-existence dynamics among species (Leibold et al. 2004). Here, 

‘local’ typically refers to finer-scale plot or site level parameters such as species interactions 

(competition, predator-prey), and environmental conditions. ‘Regional’ typically refers to 

broader-scale landscape or regional level processes, mainly related to dispersal constraints. This 

metacommunity framework is conceptually represented as a simple two axes graph depicting the 

interacting relationship between environmental heterogeneity and dispersal, where high 

environmental heterogeneity among patches with low to moderate dispersal is expected to 

increase spatial clustering of species based on local adaptations (species sorting; Harpole and 

Tilman 2007, Questad and Foster 2007, Ingram and Shurin 2009). Higher dispersal, in this 

situation, would potentially enable species to persist in patches where they are not locally well 

adapted (mass effect; Shmida and Ellner 1985, Venail et al. 2008, 2010). When dispersal is 

limiting only for some species in the metacommunity, differential competitive and dispersal 

capabilities among species are expected to lead to competition-colonization tradeoffs where the 

weakest competitors can co-exist regionally with the strongest competitors by dispersing from 

patch to patch quicker than the dominant species (patch dynamics; Mouquet et al. 2004, Cadotte 
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2007). Finally, neutral dynamics can promote co-existence among species via probabilistic 

colonization-extinction events and is expected to occur within functionally equivalent species or 

group of species (Hubbell 2001, McGill et al. 2006, Gravel 2011c). Together these spatial co-

existence dynamics constitute the four fundamental metacommunity paradigms (Leibold et al. 

2004, Winegardner et al. 2012).  

The conceptual simplicity of the metacommunity framework makes it a great candidate as a 

unifying theory to explain the cause of local biodiversity patterns, a long sought goal of 

community ecology especially in the context of global environmental change, which can affect 

environmental conditions and dispersal simultaneously. However, empirically contrasting the 

four paradigms has shown to be a challenging task (Logue et al. 2011). For this reason, most of 

previous empirical work on metacommunity have been done in highly simplified laboratory 

experiments, artificially imposing one dynamic over the other (i.e., the processes represented in 

the four paradigms) to explore its effects on local and regional diversity (Logue et al. 2011). The 

only comprehensive meta-analysis of empirical data to date on this issue suggests that species 

sorting is the most prevalent dynamic in natural systems, emphasizing the importance of regional 

environmental gradients and local adaptation (Cottenie 2005). However, the generality of these 

experimental and empirical results are hindered by the fact that spatial signals can be challenging 

to interpret, and thus species-sorting is more readily detected by current statistical tools (Logue 

et al. 2011). Moreover, most observational studies to date have been performed in single trophic 

level competitive systems (Logue et al. 2011), despite the demonstrated importance of other 

interaction types such as food web interactions on local and regional diversity patterns (McCann 

et al. 2005, Gravel et al. 2011b, Pillai et al. 2011).  

This early focus on species interactions at a single trophic level (i.e., competition) in 
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metacommunity studies illustrates the divide that has tended to occur between community and 

food web ecologists. This divide means that conceptual developments on spatial dynamics have 

been done independently on one hand for competitive systems (Amarasekare and Hoopes 2004) 

and on the other hand for food webs (McCann et al. 2005, Pillai et al. 2011) thus limiting 

generalization possibilities and understanding. On the other hand, this represents an exciting 

research opportunity in the field of metacommunity dynamics, and was where I decided to focus 

my research.  

The island biogeography theory (‘IB’) remains the most well-recognized and elegant process-

based explanation for the spatial distribution of species richness in metacommunities (MacArthur 

and Wilson 1967, Lomolino 2000, Gravel et al. 2011a). The IB theory, a neutral model, 

stipulates that local species richness corresponds to the dynamic equilibrium between 

probabilistic local extinctions, and colonization from the main regional pool of colonists 

(MacArthur and Wilson 1967). Based on several key assumptions, MacArthur and Wilson 

(1967) suggested that within a metacommunity, local extinction probabilities decrease, and 

colonization probabilities increase with increasing habitat size and proximity to the source of 

colonists. Although these predictions received mixed empirical support (Debinski and Holt 

2000), the simplicity of this theory offered fertile ground as a starting point for further 

conceptual development and improvement.  

Gravel and colleagues (2011b), in an attempt to incorporate elements from food web theory 

into the IB, showed that including the spatial dependencies of consumers on their prey in the 

model can lead to significantly different and empirically more accurate predictions of local 

species richness (Trophic island biogeography – ‘TIB’, Gravel et al. 2011b). Pushing further this 

idea, in the first chapter of this thesis I explore the empirical implications of the TIB theory for 
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turnover in local community composition and abundance using a large-scale grassland 

fragmentation experiment. This work allowed me to test the effect of habitat size and isolation on 

the establishment of arthropod feeding guilds. I demonstrate that habitat size is important to 

explain differences in local plant richness and composition, but that trophic dependencies and 

spatial constraints are more important drivers of herbivore and predator feeding guilds. 

Specifically, more specialized feeding guilds are more affected by trophic dependencies while 

more generalist guilds are mainly constrained by distance from the mainland. These results 

support predictions from the TIB theory, and also are in accordance with previous empirical 

work on niche specializations and colonization constraints (Pandit et al. 2009).  

In the current context of anthropogenic landscape alterations, the metacommunity concept can 

inform conservation practices (e.g., Diaz et al. 2013). Anthropogenic alterations are affecting 

consumer regulation worldwide with important functional implications for ecosystems 

(Carpenter et al. 2001, Dobson et al. 2006, Estes et al. 2011, Martinson and Fagan 2014). This is 

especially true for primary consumers such as insect herbivores, which population outbreak or 

collapse can strongly influence numerous ecological and evolutionary processes in plants, often 

leading to a degradation of ecosystem processes (Schmitz 2010, Agrawal et al. 2012, Silliman et 

al. 2013). However, the main drivers of these changes remain unclear because anthropogenic 

stressors can affect herbivores directly but also via food web alterations. Building up in 

complexity from the first chapter, the second chapter of this thesis explores the relative 

importance of direct versus trophically mediated effects of habitat loss, fertilization and stand 

perturbation on spatial variations in herbivore diversity and composition. Using a model 

selection approach with structural equations, I show that spatial changes in insect herbivore 

diversity and composition in response to multiple stressors are mainly mediated by plant 
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composition while evidence for direct or predator-mediated effects are negligible.  

Difference in life history and foraging behavior can potentially lead to contrasting spatial 

dynamics that are seldom considered within the current metacommunity literature (but see 

Stevens and Tello 2012). Given that consumers can sometimes limit the distribution or the local 

re-establishment of certain endangered prey species, it is important to better understand how 

habitat fragmentation will affect consumer attack as a function of different life history strategies. 

In the third chapter of this thesis, I expand on the knowledge build in the two first chapters by 

specifically comparing the effect of habitat fragmentation on plant damage by two groups of 

consumers with contrasting life history (e.g., generation time) and foraging behavior (e.g., spatial 

scale of dispersal) –invertebrates (insects) and vertebrates (small-mammals and deer). Research 

on how habitat loss and isolation may affect consumer pressure on their prey has described a 

gradient of contrasting outcomes from a predicted increase in attack (resource dilution 

hypothesis - Otway et al. 2005) to a predicted decrease (Janzen 1970) in herbivory on small and 

isolated habitats. Using native grassland oak seedlings (the provincially rare Quercus 

ellipsoidalis) as ‘phytometers’ I showed that insect damage on oak leaves decreased in smaller 

and isolated habitats, while vertebrate damages remained constant across the metacommunity. 

These results are in accordance with the knowledge build in the two previous chapters and 

further show that resource dependencies and dispersal related drivers can loop-back to modify 

top-down damage on plants from consumers. It also illustrates how fundamental differences in 

life history and foraging behavior can lead to contrasting effects of habitat fragmentation, likely 

based on different perceptions of the landscape (see the ‘Foodscape’ hypothesis - Searle et al. 

2007).  

The research presented in this thesis certainly does not close the gap between food web theory 
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and the metacommunity framework. It does, however, provide key information toward this goal 

by emphasizing the specific importance of trophic dependencies to explain spatial variations in 

consumer diversity. Furthermore, it shows how these resource-based constraints predict the 

effects of multiple stressors related to current global change on consumer diversity regulation, 

and emphasizes that taking life history and foraging behavior into account could improve current 

predictions of the effect of habitat fragmentation on consumer damage. Taking together, this 

thesis proposes trophic dependencies as a fundamental aspect of metacommunity assembly, 

which could be further integrated into the current space-environment framework of this theory. 
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Chapter&1.&Trophic&island&biogeography&drives&spatial&divergence&of&
community&establishment1.&
 

1.1&Abstract&
Food webs assemble via the interacting constraints of dispersal limitation and bottom-up trophic 

dependencies where consumers can only establish after their resources have arrived. These 

factors can affect assembly by influencing the expression of the regional species pool in local 

patches, but how this unfolds mechanistically remains unclear. Here, I use a large-scale grassland 

metacommunity experiment to demonstrate how the independent influences of spatial factors and 

bottom-up constraints on insect trophic guilds interact to create divergent local insect 

communities. Bottom-up trophic dependencies tightly controlled the composition and abundance 

of specialist trophic guilds, resulting in different communities among islands because producer 

communities were mainly determined by patch size contingencies. Spatial isolation controlled 

the composition and abundance of generalist trophic guilds, resulting in different insect 

communities among islands based on distance from mainland. These results demonstrate that 

neither diet-based constraints nor the spatial characteristics of islands can predict the early 

structure of locally assembling food webs, with their establishment deriving instead from 

interactions between both processes.  

 

 

 

 

_____________________ 

1Published in Ecology (2014, 95(10): 2870-78) and co-authored by A. S. MacDougall. 
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1.2&Introduction&
The trophic theory of island biogeography (TTIB - Gravel et al. 2011) extends classic island 

biogeographic theory (CIB, MacArthur and Wilson 1967) for food web assembly by combining 

biogeographic factors relating to isolation and patch size with bottom-up trophic dependencies (Holt 

1997). The TTIB predicts the dependence of consumers on their prey to become stronger in smaller and 

more isolated patches, given that colonization by higher trophic levels cannot occur until the lower ones 

have established, thereby slowing the accumulation of species. This effect is especially constraining 

when diet specialization among consumers is high, because any limitation on the establishment of a 

required prey species will prevent colonization (Gravel et al. 2011). Predictions from the TTIB resemble 

those from the CIB when islands are bigger and closer to the mainland such that bottom-up 

dependencies are no longer limiting (i.e., because all species are more likely to be everywhere), or when 

the regional community is mostly composed of generalist consumers (i.e., prey are interchangeable). 

Amid increasing global-scale environmental change, the likelihood of both scenarios is unclear – diet 

specializations tend to be common within communities (Gravel et al. 2011) making them more sensitive 

to collapse (Dunne and Williams 2009, Gravel et al. 2011b), while habitat loss and fragmentation are 

increasing (Butchart et al. 2011). Therefore, TTIB predictions may capture change in transformed 

systems in ways that CIB cannot.   

Tests of the TTIB have largely focused on the accumulation of species within communities (i.e., 

the numbers of species that establish and persist), but this work also has implications for other 

community attributes (i.e., variation in composition, relative abundance, and complexity of food webs 

among local patches). This includes the possibility of community divergence, with different species 

assemblages developing in different places. The effect of fragmentation on divergences in community 

composition and abundance can unfold somewhat predictability when distance and small patch size 

select against specific dispersal traits for producer, prey, or predator species. Community divergences 
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become less predictable, however, if establishment by lower trophic levels is stochastic (as predicted by 

both CIB and TTIB) and consumers exhibit diet specialization or preference. In such a case, different 

consumer (herbivores and predators) communities would assemble depending on which producer 

species happen to establish (Piechnik et al. 2008, Pillai et al. 2011). Given that these trait-based and 

stochastic-colonization factors are likely to interact (Driscoll and Lindenmayer 2009), neither the traits 

of species nor the spatial configuration of the patches may be sufficient to predict early patterns of 

establishment. Testing how these interactions unfold has theoretical relevance for understanding how 

biotic interactions and biogeographic factors interact to drive patterns of spatial associations among 

trophic guilds. It also has applied relevance for anticipating how habitat loss and isolation – two 

ubiquitous changes to terrestrial systems – are likely to affect trophic complexity.  

Here, I test these issues with a large-scale (24 ha) assembly experiment of insect communities on 

‘islands’ of old-field plant communities in central North America (see Fig. A1 and A2 in Supporting 

Information – Appendix A). I emphasized early community composition given the potential importance 

of founder effects on subsequent assembly (Chase 2003, Williams and Hastings 2013) and ecosystem 

functioning (Fukami et al. 2010), which are difficult to detect post hoc and may be strongly influenced 

by habitat fragmentation. Starting from bare field, I measured the composition and abundance of both 

plant and insect communities (herbivores and predators of the green food web) during the first year of 

establishment. The design comprised 36 islands varying in size and isolation distance from a mainland, 

which served as the primary source of insect colonization. I tested the effects of biogeographic factors 

(isolation and patch size) versus biotic interactions (statistical associations between trophic guilds) on 

patterns of establishment including spatial turnover among islands.  
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1.3&Methods&

1.3.1$Study$area$
I worked in a 24 ha study area at the rare research reserve (http://www.raresites.org/) located near 

Cambridge, Ontario, Canada (43°22’18”N – 80°21’44”W). The site is divided in two main sections – a 

13 ha array of constructed prairie islands that was intensively farmed for 50+ years prior to island 

construction in 2012 (“islands”), and a 15 years old old-field grassland (11 ha) that borders the island 

area to the north and west and serves as the main source of colonization for insects (“mainland”, see Fig. 

A2). The mainland area was taken out of intensive agricultural production in 2007 and is now mainly 

dominated by species ubiquitous to oldfields of eastern and central North America (grasses: Festuca 

rubra and Poa pratensis; forbs: Solidago spp., Daucus carota and Cirsium spp.). The areas to the south 

and east of the 13 ha island area are agricultural fields (corn, soy and wheat, see Fig. A2). Scattered trees 

line the margins between the islands and the crop fields but made no detectable contribution to insect 

diversity and abundance within the prairie islands (see results below). 

 The 36 islands occur in three size classes; 25, 100, 400 m2, with each size class replicated 12 

times. The islands were randomly distributed over an isolation gradient from the mainland. The areas 

around the islands were mowed to ~10 cm throughout the summer to maintain their isolation from the 

mainland and from other islands (see Fig. A1).  

 The 13 ha island area appeared homogeneous in aspect and soil texture, as would be expected 

following decades of intensive agricultural management (Fig. A1). However, soil resources in farmed 

fields can still be heterogeneous (Robertson et al. 1993, Boerner et al. 1998) which, in turn, could 

influence community assembly. To test the possibility of underlying edaphic gradients, I sampled the 

following soil resources in nine randomly placed cores in June 2012: % soil moisture and organic matter 

[% kg soil-1], particle size, pH, NH4, NO3 [mg kg soil-1] and total carbon [% kg soil-1]). All tests were 

conducted by the Agriculture and Food Laboratory (University of Guelph, Canada). There was no 
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detectable gradient of spatial variability in any measured variable (see Table C1), suggesting that 

germinating conditions for plants among islands were similar.  

1.3.2$Plant$and$arthropod$sampling$
Plant sampling in the islands was conducted at peak plant biomass in mid July 2012. I surveyed 

each island entirely for plant species composition and richness. I also quantified the variation in 

abundance within each island, emphasizing changes in dominant species. Variation in abundance was 

sampled as the relative abundance of each species (percent cover to 1%) in 1 m2 quadrats placed along a 

transect located in the middle of each island and oriented in the north-south axis. Each plant species 

sampled from the transects was classified as forb or grass before further analyses (full species list - 

Table D1). There were three plots per island for the 25 and 100 m2 islands, and five plots in the 400 m2 

islands. Sampling multiple locations in the smallest islands quantified plant variability but also resulted 

in unbalanced sampling (covering 12%, 3%, 1.25% of total island area, from small to large islands 

respectively). This imbalance, however, did not affect subsequent analyses, a function of within-island 

variability in plant diversity being minimal (i.e., among island variability was high, but not variability in 

plant diversity within each island - see Fig. B1 –variability in plant diversity and Fig. B2 – species 

richness rarefaction curve).  

Arthropod sampling was conducted at two different times during the 2012 summer. The first 

sampling occurred in early August, at plant peak productivity, to capture most of the spring and mid-

summer emergences; the second sampling was in mid-September to capture fall emergence (Shorthouse 

and Floate 2010). Sampling was done between 10h00 and 14h00 by sweep-netting a 4m2 quadrat located 

in the middle of each island. A total of 4717 individuals were collected from the 36 islands, with 

specimens stored on ice before being frozen in the lab that same afternoon. Each individual was 

identified to the family level, following Marshall (2006), with the exceptions of Orthoptera, which I 

considered as a homogenous trophic guild, and plant bugs (Miridae, Hemiptera - the largest heteropteran 
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family) that were separated further to the genus level, given that this group contains both herbivores and 

predators.  

Each specimen was further classified to one of eight a priori functional groups according to 

foraging characteristics and life history traits (i.e. trophic guilds; based on Voigt and Perner 2004 and 

Voigt et al. 2007). The herbivore groups were: herbivore lifetime chewers (HLC; Orthoptera), stage-

specific chewers (HSC; Coleoptera), cell-tissue suckers (HTS; Heteroptera), vascular suckers (HVS; 

Homoptera). The predator groups were: carnivore sucking hunters (CSH: Heteroptera), carnivore spiders 

(CS, Araneae) and parasitoid wasps (CPA, Hymenoptera). There was also a group of decomposer 

chewers (DCW, Coleoptera). Other taxa were collected in the samples but were excluded either because 

of very low sample size (see Table D2), or issues with taxonomic and feeding guild resolution (for a full 

description of sampled insect taxa see Table D2).  Data from the two sampling periods were summed 

together for each island before further analysis, to average interactions over the 6 months establishment 

period (Rzanny and Voigt 2012). All arthropod and plant groups with less than 10 individuals (or 10% 

cover) over the entire study area were excluded to reduce statistical bias. In the case where all arthropod 

families within a functional group had total abundances lower than 10 individuals, they were summed 

together to the next taxonomic level (superfamily, suborder or order). Generating the functional groups 

in this way, I created two herbivorous groups that consist of insect orders (HLC and HSC) and two 

herbivorous groups that consist of insect families (HVS and HTS). To be coherent in the interpretation 

of the results, I considered herbivorous groups at the order level as “generalists” because they 

encompass a higher variability in feeding constraints and preferences than the groups composed of 

family taxa, which I treated as “specialists”. Most (94%) arthropod groups were also present in the 

mainland, based on 10 randomly placed 4 m2 sweep net samples conducted at the same time as the 

island sampling (see Table D2).  
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1.3.3$Statistical$analyses$
 To test for establishment constraints by trophic position (plants, herbivores, predators), I 

compared the strength of biogeographic (distance, island size) versus deterministic factors relating to 

functional group interactions.  

Functional groups were each represented as a matrix of 36 rows (islands) by j columns 

(arthropod families) that was transformed into a distance matrix of i by j taxa. For each functional group, 

I used partial Mantel tests (Voigt and Perner 2004, Legendre and Fortin 2010, Rzanny and Voigt 2012 

and Bocard and Legendre 2012) on all of the possible pair-wise combinations to examine the 

independent influence of biogeographic factors (island area and isolation) versus biotic factors (the 

presence of other functional groups) on the spatial turnover of insect community composition and 

abundance within the 36 islands, while controlling for the potential effects of other trophic levels and 

biogeographic factors. Therefore, a significant pair-wise spatial association between two functional 

groups after controlling for biogeographic factors (dispersal and habitat related co-occurrence) and other 

functional groups was assumed to represent a biotic interaction between these two groups (see Voigt and 

Perner 2004 and Rzanny and Voigt 2012). I included total island plant composition (see “methods” 

section) as one of the explanatory variables in the analysis, to compliment the two plant functional 

groups (grass and forb) that mostly emphasize abundance changes in dominant species. I also considered 

three different measures of isolation: distance from the mainland (North-South axis, range from 8 to 330 

m.), distance from the tree line (East-West axis, range from 13 to 307 m.) and distance among islands 

(centroid to centroid, range from 8 to 227 m). 

These tests were run using Euclidean distance matrices on log transformed data, because it 

accounts for shared absences (e.g. two islands with the same set of taxa absent, within a functional 

group, will be considered as closer, see Anderson et al. 2010). I also used Hellinger distance matrices 

(which exclude shared absences), but obtained weaker correlation coefficients suggesting that shared 
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absences better represent early assembly constraints because sparse species distribution tends to inflate 

distance measures that exclude joint absence (Anderson et al. 2010). Partial Mantel tests are 

advantageous for this analysis because they capture the influence of biotic interactions on variability in 

community structure (i.e. turnover in composition and abundance, see Voigt and Perner 2004) while 

allowing to test for indirect pathways of interaction (i.e., to test for causal relationships among more 

than two matrices - see Legendre 1993, Rzanny and Voigt 2012).  

Finally, post-hoc multiple regression analyses were performed on each significant partial Mantel 

pair-wise functional group combination, to assess the specific effects of each factor (biogeographic and 

biotic interactions) on the variation of each taxa abundance within each insect functional group (i.e., 

what insect taxa are varying within each functional group to drive the observed variation in community 

structure?). Testing for associations between each taxon among functional groups generated a high 

number of correlation tests. Therefore, I used the Holm-Bonferroni adjustments to correct for inflated 

Type 1 errors (Holm 1979). 

All analyses were conducted with R 2.15 (R Development Core team), using the vegan package 

(Oksanen et al. 2010) to compute distance matrices and the ecodist package (Goslee and Urban 2007) 

for partial Mantel tests.  

1.4&Results&
I tested for the independent influences of biogeographic factors (isolation and patch size) and 

biotic interactions on trophic guild composition and abundance. I found distinct but interactive 

constraints on community establishment, with the structure of each local community unpredictable by 

biotic interactions and by the spatial characteristics of the islands (isolation, size) alone.  

The first set of establishment constraints was explained by a combination of biogeographic 

factors and trophic-based bottom-up constraints. Biogeographically, island area regulated plant 

composition (rM area/comp=0.39, Fig.1), which influenced the number of plant species (more on larger 
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islands, Fig.2). The trophic-based factors unfolded based on the outcome of the biogeographic 

influences on plant communities – different insect communities assembled depending on plant richness 

and which plant species established on which islands (Fig.1). Among-island differences in plant 

composition influenced changes in abundance of herbivorous cell-tissue suckers (rM HTS/comp=0.25, Fig 

1). Larger islands, which were dominated by more species-rich plant communities (Fig. 2), supported 

higher abundance of Lygus (Tarnished plant bug, HTS guild) and Lygaeidae (seed bug, HTS guild) taxa.  

I also found bottom-up constraints associated with changes in forb and grass composition (see 

Fig. 1). These differences in plant dominance occurred independently of island size, isolation distance 

measures, or any trophic factor (e.g. the presence of particular herbivores, see Fig 1), and triggered 

changes in the community structure of herbivorous cell-tissue suckers (rM HTS/forb=0.34), vascular suckers 

(rM HVS/forb=0.28), carnivorous parasitoid wasps (rM CPA/forb=0.13) and decomposer chewers (rM 

DCW/grass=0.20) (Fig. 1). Islands dominated by Chenopodium supported higher abundance of Lygus 

(HTS), Lygaeidae (HTS) and Cicadellidae (HVS, leafhopper, see Fig 3). The changes in herbivorous 

vascular sucker (HVS) abundance and composition caused by the forbs, in turn, also triggered a change 

in taxa composition within the carnivorous sucking hunters (CSH guild, Fig.1).  

Isolation constraints influenced taxa composition and abundance among islands of most 

herbivore groups (Fig 1). The lifetime chewers were the most affected (rM HLC/DM=0.64,Fig 1), followed 

by the vascular suckers (rM HVS/DM=0.15, Fig 1) and the herbivorous stage-specific chewers (rM 

HCW/DM=0.14, Fig 1). This led to divergence in the composition of insect communities among islands 

based solely on distance, with Orthoptera (HLC), and Issidae (HVS, Fig. 2) varying in abundance and 

occurrence based on whether the islands were close to the mainland.  

Finally, I found evidence for within trophic-level interactions between the two heteropteran 

herbivorous trophic guilds, the vascular and cell-tissue suckers (rM HTS/HVS=0.38,Fig 1). Specifically, 
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islands with higher abundance of Cicadellidae (HVS) also supported higher abundances of Lygus (HTS, 

see Fig. 4) while islands with higher abundance of Issidae (HVS, planthopper) supported lower 

abundance of Lygaeidae (HTS, see Fig. 4).  

1.5&Discussion&
I tested for divergences in trophic guild composition caused by the interacting influences of 

biogeographic factors (patch size and isolation) and biotic interactions associated in particular with 

bottom-up trophic dependencies. I first predicted two possibilities – biogeographic divergence with 

smaller islands containing smaller subsets of the regional pool taxa based mostly on random recruitment 

(i.e., diverging from bigger islands which should contain more of the regional species pool), and trophic 

divergence with different communities forming depending on which producer communities established 

on which islands.  

I found evidence for both happening simultaneously, meaning that establishment could not be 

predicted strictly by island characteristics or by species traits relating to dispersal or feeding. Trophic 

divergence occurred due to the presence of feeding specializations or preferences, with less diverse 

producer communities forming on smaller islands (regardless of proximity to mainland), which in turn 

led to the establishment of different sets of herbivores and predators. Dispersal limitation meant that 

more distant islands lacked key herbivore groups especially grasshoppers and planthoppers. In total, 

more generalist herbivore groups such as orthopteran and coleopteran herbivores appeared to be mostly 

dispersal-limited while more specialist groups like cell tissue feeders and leafhoppers (vascular feeder) 

appeared mainly limited by local plant composition, abundance and richness (see Pandit et al. 2009 and 

Fig.1). I also found that bottom-up dependencies became more important than isolation at higher trophic 

levels, presumably because of decreasing odds of finding suitable prey. These results suggest that 

habitat fragmentation and isolation together will simplify trophic community structure while also 

reducing the predictability of initial assembly including increased odds that groups with key functional 
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roles– herbivores or predators – may be absent.  

Previous work has predicted that island characteristics should shape species establishment 

especially via competitive interactions (e.g., islands influencing the formation of forbidden 

combinations of competitors - Diamond 1975). The impacts of interspecific competition on community 

assembly on islands remains debated, mostly because tests often fail to differentiate between interactive 

versus non-interactive (stochastic colonization, shared habitat affinities among species) explanations for 

why species are found together or not (Connor et al. 2013). In this study, the use of partial statistical 

associations allowed me to separate simple habitat affinities from actual interactions. I detected only one 

significant negative association between two taxa of the same trophic level (HVS versus HTS, see Fig. 

4). This suggests that competitive interactions had a marginal effect on the establishment of the trophic 

guilds. Indeed, previous studies have suggested that niche partitioning through competition usually 

becomes more important later in the assembly process (Walker et al. 1987, Cardinale et al. 2007). More 

specifically, in grasslands, the structuring role of competition for phytophagous insect communities is 

generally considered weak because of less overlap in host plant use than in other systems (van Veen et 

al. 2006).  

For feeding dependencies, in contrast, the connections are necessarily more certain. With 

specializations of predators on prey, upper-level establishment simply cannot occur until lower required 

levels are first present. This should lead to ordered establishment with highly predictable community 

composition, but only if lower trophic levels can first readily establish. I did not observe this capability 

(i.e., predictable plant establishment) on smaller and more distant islands, resulting in differences in the 

presence or abundance of insect groups with known strong influences on grassland function, including 

predators (heteropterans and parasitoid wasps), herbivores (grasshoppers, planthoppers, leafhoppers, 

plant bugs and coleopterans) and coleopteran decomposers (Tscharntke and Greiler 1995, Schmitz 



20 

2010).  

Colonization can influence community assembly by a range of processes and feedbacks 

including priority effects and relay dynamics (Egler 1954, Shurin et al. 2004, Chase 2010); the role that 

isolation and patch size might play in shaping these processes can be unclear. Past work on the assembly 

of communities on islands has tended to focus on the regulation of species richness, has considered 

variations at only one trophic level, or has focused on competitive interactions (Simberloff and Wilson 

1969, Diamond 1975, Holt et al. 1995, Debinski and Holt 2000, Collins et al. 2009). Here, I had a 

constant environment with set island characteristics, and surveyed the initial assembly of three trophic 

levels: plants, herbivores, and predators encompassing eight trophic guilds. I demonstrated that islands 

affect trophic guilds assembly by exacerbating limits on the establishment of producers and herbivores 

in particular, consistent with TTIB predictions that food web assembly is more than simply a function of 

island characteristics as predicted by CIB (Gravel et al. 2011).  

Whether these divergent patterns will in any way stabilize in this system or homogenize towards 

the mainland communities in the long-term is unclear. Fragmentation increases extinction risk by 

reducing population sizes, for example (Rosenzweig 2001), but can also protect against the 

homogenization of diversity such as when invasive species with poor traits for dispersal may have 

harder times penetrating more distant and smaller communities (MacDougall and Turkington 2006, 

Bennett et al. 2013). There may also be a trade-off between the potentially positive effects of bottom-up 

dependencies on species invasion across trophic levels (predators will more easily establish once the 

prey have established in more distant places) versus the potential negative effects of competition within 

trophic levels (other plant species may have trouble penetrating already-established forb communities on 

distant islands).  

The question of the loss of major predators for food webs is an issue of global concern to which 
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fragmented systems may be especially vulnerable (Layman et al. 2007, Finke and Snyder 2010). 

Whether predator establishment (here: spiders, parasitoid wasps and heteropteran predators) is 

constrained more by dispersal limitation, habitat size, diet limitation, or all combined is key to evaluate 

local food web interactions and the potential for trophic cascades (Hein and Gillooly 2011). In this 

system, the presence and abundance of predators on islands were determined more by trophic-based 

constraints than dispersal – bottom-up dependencies regulated which predators were found on which 

islands. These results are also consistent with the idea that generalist predators are more likely to be 

favored in fragmented systems (Rösch et al. 2013) – in this case because it may be easier to make a 

living on herbivore communities that may be less diverse but also more unpredictable in composition 

and abundance from patch to patch.   
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1.7&Figures&

 
Figure 1. The effects of biogeographic and biotic interaction constraints on the spatial turnover 
of composition and abundance within trophic guilds.  
Boxes represent the distance matrix for each plant and insect trophic guild, and for each 
biogeographic factor. Lines represent significant associations between two groups while 
controlling for other trophic levels and biogeographic factors (at P<0.05, 1000 permutations). 
Numbers represent the standardized partial Mantel test statistic rM. The dotted black, continuous 
gray and dark continuous gray lines respectively represent biogeographic, bottom-up and within 
trophic level constraints. Only significant interactions are shown (see Table E1 in the 
Supplementary Information for complete results).   
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Figure 2. Post hoc regression I – effects of biogeographic constraints. 
The figure shows the specific effects of each biogeographic constraint on arthropod taxa 
abundance from different trophic guilds (herbivore lifetime chewers [HLC] and vascular suckers 
[HVS]) based on significant interactions from the partial Mantel tests. The right-most panel 
shows that plant richness increases with habitat size. Plant richness was measured as number of 
species/m2. The boxplots indicate interquartile variance in plant richness among habitat size 
treatments: the center line indicates the median, the end of the whisker on both sides indicate 
minimum and maximum values, and the black dots indicate data points. Only significant 
relationships (P < 0.05) are shown (see Table E1 for complete partial Mantel test results). 

 

 
Figure 3. Post hoc regression II – effects of bottom-up constraints. 
Post hoc regressions showing bottom-up constraints on log-transformed (*) arthropod taxa 
abundance from different trophic guilds (cell-tissue suckers [HTS] and vascular suckers [HVS]) 
based on significant interactions from the partial Mantel test with plant richness and with 
abundance of Chenopodium (a forb). Plant abundance was measured as relative cover (%). 
Shaded zones show 95% confidence intervals. Only significant relationships (P < 0.05) are 
shown (see Table E1 complete partial Mantel test results). 
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Figure. 4. Post hoc regression III – within-trophic level interactions. 
Post hoc regression analyses showing the specific effects of within-trophic level interactions on 
arthropod taxa abundance from different trophic guilds based on significant interactions from the 
partial Mantel test. Shaded zones show 95% confidence intervals. Only significant relationships 
(P < 0.05) are shown (see Table E1 complete partial Mantel test results). 
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Chapter&2.&Spatially heterogeneous perturbations homogenize the regulation 
of insect herbivores 1.&
 

2.1&Abstract&
Anthropogenic influences on resources and consumers affect food web regulation, with impacts on 

trophic structure and ecosystem processes. Identifying how these impacts unfold is challenging 

because alterations to one or both resources and consumers can transform community structure with 

similar outcomes especially to intermediate consumers. To date, empirical testing has been limited by 

the difficulty in separating the direct effects of perturbation on trophic dynamics versus those 

unfolding indirectly via altered feeding pathways, and disentangling the impacts of co-varying 

stressors that characterize human-altered systems. We examine these issues with a 25ha grassland 

meta-community experiment, testing how resource inputs, stand perturbation, and spatial factors affect 

three trophic levels of insect food webs. Using path-model comparisons, we find significant 

simplification of food web regulation on herbivores, shifting from mixed predator-resource regulatory 

model in unaltered mainland areas to strictly resource-based regulation with landscape fragmentation. 

Most changes were attributed to plant community homogenization caused by landscape fragmentation 

and the deterministic influence of eutrophication reducing among-patches beta-diversity. This lead to a 

simplified food web dominated by fewer, but more abundant herbivore populations. Our work implies 

that anthropogenic perturbation relating to resources and spatial isolation should transform the 

regulation of food web diversity, structure and function. 

 
 
 
 
 
_____________________ 

1 In revision (The American Naturalist), and co-authored by A. S. MacDougall 
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2.2&Introduction&
 

Ongoing anthropogenic changes are affecting the abundance, richness, and spatial distribution 

of consumers, often leading to regime shifts and the degradation of ecosystem processes (Silliman et 

al. 2013). This is especially true for insect herbivores, which influence numerous ecological and 

evolutionary processes, including functional attributes relating to plant production and pollination 

(Crawley 1989; Branson et al. 2006; Schmitz 2010; Agrawal et al. 2012; Silliman et al. 2013; Borer et 

al. 2014). There is widespread evidence for anthropogenic-based changes to insect herbivores, with 

signals including reduced species richness, invasion, outbreaks, and selection towards generalist 

feeding strategies (Tscharntke & Brandl 2004; Branson et al. 2006; Clavel et al. 2010; Martinson & 

Fagan 2014). What remains unclear are the main drivers of these changes, given that human 

disturbances may directly affect herbivore diversity and composition (e.g., habitat loss, stand 

perturbation) but also do so indirectly via trophically mediated effects on plants and predators 

(Halpern et al. 2005; Shurin et al. 2012; Rzanny et al. 2013). 

As with all consumer groups, theoretical models for the regulation of insect herbivores 

generally emphasize interactions between resource-based bottom-up and predatory top-down 

processes (Strong et al. 1984; Crawley 1989; Schmitz 2008; Price et al. 2011). Both processes can be 

affected by human activity, but the consequences for herbivore diversity and composition can be 

unclear (Silliman et al. 2013). Eutrophication, for example, can elevate production of insect herbivores 

by increasing plant productivity (Polis et al. 1997), but simultaneously select against herbivore 

richness, especially specialist feeders, because nutrient-rich plant communities tend to be species-poor 

(Stevens et al. 2004) and support fewer feeding guilds (Haddad et al. 2000, 2009; Borer et al. 2012) 

Loss of apex arthropod predators (Hendrickx et al. 2007; Shochat et al. 2008), however, can 

have similar effects, with reduced predation increasing herbivore abundance but also lowering richness 
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if one or a few herbivores dominate (Holt 1977; Oliver et al. 2009). There may also be strong 

interactions between human-induced changes to resources and predators: nutrient enrichment may 

drive consumer birth rates that far exceed predator-driven herbivore mortality, or cause system 

instability by creating top-heavy feeding webs (Polis et al. 1997; McCann 2011; Shurin et al. 2012; 

Tunney et al. 2012).  

Food web dynamics can also be influenced by anthropogenic landscape transformations through 

factors such as habitat loss and patch isolation (Kruess & Tscharntke 1994; Polis et al. 1997; 

Valladares et al. 2006). This can affect herbivores spatial turnover directly by dispersal constraints, but 

also indirectly by constraining their resources and predators. Habitat loss, for example, can maximize 

either stochastic influences on plant community assembly (i.e., different plant communities on 

different islands due to random dispersal), or deterministic ones by favoring the same subsets of 

species with traits for long-distance colonization (Arroyo-Rodríguez et al. 2013; Harvey & 

MacDougall 2014). Habitat loss can also modify predation pressure by concentrating predators in 

smaller remnant areas, creating predation-free patches via dispersal limitation (Kruess & Tscharntke 

1994; Hein & Gillooly 2011), or reducing predator diversity on smaller patches because of food 

limitation (Holt 1997; Gravel et al. 2011).  

Here, I test how multiple stressors on consumers and resources affect insect herbivore diversity, 

composition and spatial turnover in grasslands. I use a large-scale factorial mainland-islands food web 

assembly experiment, simulating a range of co-occurring changes associated with anthropogenic 

impacts (eutrophication, stand perturbation, and habitat fragmentation) and examining their impacts on 

the regulation of insect herbivore communities. My main objective is to test whether these typical 

anthropogenic impacts associated with global change affect insect herbivores mainly via direct effects 

or indirectly by their effects on plant or predator composition and diversity. I meet this objective in 
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three complementary steps: (i) I test for the main effects of habitat size, isolation, eutrophication and 

defoliation on herbivore diversity, composition and among-islands spatial turnover, (ii) I use a path 

model comparison approach to test whether these effects on herbivores occur through direct or food 

web mediated effects, and (iii) I contrast how these changes compare to herbivore dynamics in 

unperturbed and continuous mainland habitat. This approach allows me to separate the direct effects of 

perturbation on herbivores, versus those mediated indirectly by how perturbations affect plants, 

predators, and spatial constraints on herbivores.  

2.3&Methods&

2.3.1$Experimental$design$
I worked in a 25 ha study area at the rare research reserve (http://www.raresites.org/) near 

Cambridge, Ontario, Canada (43°22’18”N – 80°21’44”W). The area consisted of two parts: a 13 ha 

array of prairie islands constructed in Fall 2011 in area field cropped intensively for 50+ years, and a 

12 ha adjacent ‘mainland’ oldfield. The islands were of three sizes (25,100, and 400 m2) randomly 

located on an isolation gradient from the nearest edge of the 12 ha oldfield mainland (see Figure S1 in 

Supplementary Information). This mainland field was dominated by plant species ubiquitous to 

oldfields of eastern North America (grasses: Festuca rubra, Poa pratensis, forbs: Solidago spp., 

Daucus carota, Cirsium spp.), and served as the main source of insect colonization to the islands 

(Harvey & MacDougall 2014). The south and east borders of the study area contained agricultural 

fields (corn, soy and wheat); a scattered line of trees borders the area between the prairie islands and 

the crop fields (Fig S1).  

At the beginning of the experiment, the 13 ha island area was bare ground. Plant colonization of 

the islands likely came from two main sources – oldfield species recruiting naturally from wind 

dispersal or the seed bank (i.e., seeds deposited prior to island establishment). The matrix between the 

islands was mowed to ~10 cm height throughout the growing season to maintain isolation.  
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Starting in spring 2012, the islands were subjected to one of four perturbation treatments: 

addition of nitrogen, defoliation by mowing, nitrogen and defoliation combined, and control. The 

treatments were replicated three times per island size (4 treatments*3 sizes*3 replicates = 36 islands). 

Enriched islands were treated with 10 g N m-2 of urea pellets [46-0-0] once per year in early June. 

Patch perturbation was done annually at the end of the growing season (November), by mowing and 

raking off all aboveground biomass to ground level.  

2.3.2$Arthropod$and$plant$sampling$
Sampling of arthropods and plants was conducted at peak plant biomass at the end of July 2013. 

For insects, we sweep-netted 4 m2 quadrats randomly located on each island. There were two quadrats 

on the 25 m2 islands, three on the 100 m2 islands, and five on the 400 m2 islands, for a total of 120 

quadrats. All specimens were stored on ice before being frozen in the lab the same day. Each 

individual was identified to the family level, following Marshall ( 2007). We also sampled insects in 

nine randomly located 4 m2 quadrats in the mainland oldfield. Overall, the most abundant herbivores 

were Cercopoidea (spittlebugs), Chrysomelidae (leaf beetles), Cicadellidae (leafhoppers), Gryllidae 

(crickets) and Miridae (plant bugs); the most abundant predators were Dictynidae (sac spiders), 

Salticidae (jumping spiders) and Thomisidae (crab spiders). 

In all 4 m2 quadrats, we measured the composition, richness, and relative abundance (percent 

cover to 1%) of all plants. The final data set, including the mainland, contained 74 plant species, and 

4848 arthropod individuals from 24 primary consumer families and 23 predator families (see Table 

S1-S2 for a description of sampled plant and insect taxa in mainland and island areas). 

2.3.3$Statistical$Analyses$
The analytical approach occurred in three complementary steps. I first tested the individual and 

interactive effects of the treatments (island size, spatial constraints, fertilization, defoliation) on insect 

herbivore richness, abundance, evenness, and spatial turnover in composition. Then I used a model 
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comparison approach to evaluate whether the detected effects of the stressors on insect herbivores 

were mainly mediated by changes in plants, predators or both. Finally, I contrasted my findings with 

insect diversity and composition data from adjacent untreated mainland grassland.  

(i)Treatment effects. To determine the individual and interactive effects of the treatments on 

insect herbivores, I used three-way ANOVA testing the effects of island size, fertilization, and 

defoliation with spatial constraints as a co-variate. I tested for changes in herbivore taxa richness, 

abundance and evenness, given that not all community metrics will respond the same way to the 

treatments. To integrate spatial constraints related to distance between islands and isolation I 

performed a Principal Coordinates of Neighbourhood Matrix analysis (PCNM) on the geographical 

coordinates of each sampling quadrat (Borcard & Legendre 2002). For the SEM models (see below) 

and the ANOVA analyses, I selected the PCNM axis with the highest explanatory power (axis 3, 

R2=13%) based on a forward selection procedure (Legendre & Legendre 2012).  

To test for treatment effects on herbivore among-islands spatial turnover in composition I used 

PERMANOVA-PERMDISP analyses on square-root transformed Bray-Curtis abundance matrices 

(Anderson 2005). PERMANOVA analyses are more robust than other similar tests (e.g., Mantel) but 

still tend to confound differences in species composition across-treatments (location) versus within-

treatments (dispersion) differences in community dissimilarity (Warton et al. 2012). In order to 

separate these two effects, for each significant term from the PERMANOVA, I used a post-hoc 

multivariate homogeneity of group dispersions analysis (PERMDISP) to test for a change in within-

treatment variance (Anderson 2005; Anderson & Walsh 2013). To preserve between-object distance 

accurately (Legendre & Legendre 2012), I illustrated the results using non-metric multidimensional 

scaling (MDS). 

(ii)Mediated effects. To evaluate the relative importance of direct versus trophically mediated 
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effects of the experimental treatments on herbivores, I built four different candidate structural equation 

models (SEM or path model) that I compared using the Akaike’s Information Criterion corrected for 

sample size (AICc, Burnham & Anderson 2002). Each model described different possible outcomes 

covering current hypotheses from the literature on consumer diversity regulation (see Appendix S1 for 

more details on each candidate model). The first and second models represented the effects of the 

treatments on herbivores either by a direct effects on plants (bottom-up model) or predators (top-down 

model). The third model represented interactive top-down/bottom-up effects with the treatments 

affecting herbivores via effects on both plants and predators (mixed model). The fourth model 

represented the direct effects of the treatments on herbivores without mediated effects by plants or 

predators (set to zero, keystone model).  

For each candidate SEM I included the effect of richness, abundance, evenness and composition 

at each trophic level. To integrate changes in community composition at each trophic level I reduced 

the number of variables using principal component analyses (PCA). The first PCA axis was used in 

each model to represent changes in plant (PCA1 explained 56% of the variation for the island design 

and 52% in the mainland), herbivore (PCA1 explained 58% of the variation for the island design and 

42% in the mainland), and predator (PCA1 explained 21% of the variation for the island and 70% in 

the mainland) community composition. Community metrics that were strongly correlated (e.g., 

predator richness and abundance), and thus generated co-variance matrix issues, were removed to keep 

only one of the two, since they are considered redundant (Grace 2006). 

To facilitate comparison between selected models, I present standardized path coefficients 

where the effect of any endogenous (dependent) variable i on another potentially co-varying 

endogenous variable j is noted βj:I, and the effect of any exogenous (explanatory) variable k on an 

endogenous variable j is noted γj:k (following Grace 2006).  
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(iii)Mainland-Islands. To test how the among-island dynamics differed from an unperturbed, 

continuous adjacent habitat, I used the same model selection approach but with all the treatment 

effects set to a value of zero (i.e., because this area was not treated with N or perturbations). I also 

used one-way ANOVA to test the effect of fragmentation (i.e., transition from the mainland to the 

islands) on plant, herbivore and predator richness, abundance, and evenness. To test for the effects of 

fragmentation on changes in spatial turnover in composition I used PERMANOVA-PERMDISP 

analyses (see above). 

One issue that could potentially have affected the analysis is the sampling effort imbalances 

across different island sizes. The issue derived from the necessary sampling differences in plot number 

by island size, with smaller islands being relatively over-sampled and larger ones under-sampled (as 

described above). Both for plants and insects, the sampling covered 32%, 12%, 5% of total island area, 

from small to large islands respectively. This sampling protocol represented a trade-off between the 

need to increase the sampling coverage of the larger islands versus the difficulty in matching the 

sampling intensity of the smaller islands (only 5 m x 5 m) in the larger patches (20 m x 20 m). To 

account for this issue and evaluate my capacity to correctly assess the effects of island size, I used a 

re-sampling method akin to rarefaction curves (for details on the method and all linear modeling result 

tables see Appendix S2).  

All analyses were conducted with R 2.15 (R Development Core team), using the vegan package 

(Oksanen et al. 2013) for the PERMANOVA and PERMDISP, and the lavaan package (Rosseel 2012) 

for the structural equation analyses.   

2.4&Results&
(i)Treatment effects. Fertilization was the strongest driver of insect herbivores among the 

experimental treatments (see Appendix S2 for complete treatment effect tables). It increased herbivore 

abundance in fertilized compared to unfertilized islands (Fig. 1a, F1:23=40.4,p<0.001), reduced 
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evenness (Fig. 1b,F1:23=17.2,p<0.001) and reduced among-islands spatial turnover in composition 

(R2=0.22, Fig 1c). Most herbivore taxa present in fertilized islands were also present in the unfertilized 

ones (see nested pattern in Fig.1c). Therefore, the homogenization effect of fertilization on among-

islands insect herbivore composition unfolded because of a filtering effect where fewer and less 

spatially variable, but more abundant herbivorous taxa could persist and dominate fertilized islands. 

Defoliation by mowing did not have detectable individual or interactive effects on herbivore richness, 

evenness and abundance, however it significantly affected among-islands herbivore taxa composition 

by supporting taxa that were otherwise mostly absent, and excluding taxa that were otherwise present 

in unmowed islands (R2=0.07, Fig.1d). Interestingly, neither island size nor spatial constraints had any 

significant direct impacts on insect herbivores.  

(ii)Mediated effects. The path model comparison analysis showed that the observed effects of 

fertilization and defoliation on insect herbivores were mainly explained by plant composition changes 

(Bottom-up model AICc confidence weight = 1, see Table 1) and that predator-mediated effects were 

negligible (ΔAICc Bottom-up vs. Top-down = 106.13, Table 1). The selected bottom-up path model showed 

that the observed homogenization effect of fertilization on insect herbivores unfolded because nitrogen 

addition reduced plant richness (γRr:N= - 0.506, Fig.2, for detailed SEM model outputs see Appendix 

S3) and altered among-islands plant composition (γRc:N= 0.637, Fig.2) by supporting fewer specific 

forb species (mainly Chenopodium spp.). This, in turn, favored higher abundance and dominance of 

specific herbivore groups (mainly Miridae and Cicadellidae) within fertilized islands. The changes in 

insect herbivore composition associated with defoliation unfolded because it affected among-islands 

plant composition (γRc:D= 0.125, Fig.2), which in turn favored higher abundance of Aphidoidea and 

Scarabidae herbivores in mowed islands 

(iii)Mainland-Islands. By contrast to the islands, insect herbivores in the untreated and continuous 
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mainland were associated with a mixture of top-down effects from predators and bottom-up effects 

from the plants (Table 1). Similar to what was found in the islands, plant composition was the most 

important driver of herbivore composition (βHc:Rc=0.648), richness (βHr:Rc=0.455), and abundance 

(βHa:Rc=0.849). However I also found evidence for top-down effects from predators on herbivores with 

predator richness negatively affecting herbivore richness (βHr:Pr= -0.349) and abundance (βHa:Pr= -

0.846). This transition from mixed top-down/bottom-up in the mainland to a solely bottom-up 

regulation in the fragmented and perturbed islands was associated with a parallel homogenization of 

the plant community (Fig. 3d), a decline in herbivorous taxa richness, and top-predator abundance 

(Fig. 3a-b), and a change in herbivore composition (Fig. 3c).  

Overall, these results illustrate that despite the potential for interactive effects of multiple stressors 

on each trophic level, plant-mediated processes mostly predicted the responses of herbivore abundance 

(R2=0.42, Fig.1) and composition (R2=0.44, Fig.1) to fertilization and defoliation. The transition from 

the continuous unperturbed mainland to the fragmented islands was characterized by a parallel 

homogenization in plant composition and a shift toward species-poor herbivore communities, 

dominated by specific and more abundant herbivorous taxa.  

2.5&Discussion&
Despite the potential for interactive effects of multiple stressors at each trophic level, plant-

mediated processes mostly predicted herbivore abundance and composition responses to multiple 

anthropogenic perturbations in the fragmented islands. For instance, the strongest driver, fertilization, 

reduced plant richness and increased dominance by a specific set of species, which in turn increased 

abundance of a few dominant herbivore taxa thus reducing among-islands spatial turnover. These 

among-island perturbation effects generated an important spatial homogenization of the plant 

community compared to the continuous mainland, which explain the observed decline in herbivore 

richness along the transition from continuous mainland to the fragmented island habitat. Therefore this 
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study suggests that resource dependencies might play a fundamental role in the regulation of insect 

herbivore communities in response to the interactive effects of landscape fragmentation and 

perturbations (here fertilization and defoliation). 

Top-predators can be especially sensitive to perturbations, mainly because of their large habitat 

range requirement, high metabolic demand (McKinney 1997; Purvis et al. 2000), and stronger trophic 

dependencies (Gravel et al. 2011; Harvey & MacDougall 2014). This study did find evidence for a 

reduction in top-predator abundance from the continuous mainland to the fragmented islands habitat. 

However, this decline was not associated with any density or diversity-based response from the 

herbivore community that would be indicative of a disruptive effect on top-down control. Despite clear 

experimental evidence, in closed experimental systems, of the impact of top-predators on grassland 

insect herbivores (for a review see Schmitz 2010), empirical findings generally emphasize bottom-up 

control from plants (Haddad et al. 2009; Borer et al. 2012; Rzanny et al. 2013). My results confirm the 

well-documented sensitivity of top-predators to landscape alteration (Purvis et al. 2000; Martinson & 

Fagan 2014), but suggest that for this grassland insect community, the decline of top-predators does 

not lead to predator-mediated effects on herbivore communities. However, recent studies have shown 

that the regulatory effect of top-predators on insects can be context-dependent as a function of 

seasonality (Gratton & Denno 2003), wind speed (Barton 2014), and especially temperature (Hoekman 

2010; Shurin et al. 2012; Barton & Ives 2014). In the current context of global change, caution is 

therefore required when predicting the relative importance of predator versus plant mediated processes 

as it is likely to change as a function of the focus stressors.  

In conclusion, this study illustrates that habitat fragmentation interacts with other important 

stressors associated with global change to strengthen plant-mediated control of insect primary 

consumers. Past work had already made the connection between habitat fragmentation and the 



38 

potential disruption of trophic control (Nelson et al. 2013; Martinson & Fagan 2014). However, 

mechanistic linkages with multiple stressors are needed to accurately describe potential effects of 

global change, which are intrinsically characterized by the simultaneous occurrence of multiple 

stressors. I showed that among island dynamics associated with nutrient enrichment, defoliation and 

habitat size interacted to generate lower among-island spatial variability in plant composition 

compared to continuous habitat. These plant-mediated effects re-enforced trophic dependencies, 

leading to dominance by fewer but more abundant and less spatially variable herbivorous taxa. Given 

that generalist feeders are generally favored by landscape simplification (Rand & Tscharntke 2007; 

Bommarco et al. 2010; Filippi-Codaccioni et al. 2010), my results suggest that regional outbreaks of 

generalist insect herbivores are likely to occur more often with increasing plant spatial homogenization 

associated with landscape alteration and nutrient pollution (Bobbink et al. 2010; Barbosa et al. 2012; 

Hautier et al. 2014), and that specialist consumers might be at risk of population collapse because of 

increased pressure to find suitable resource (Bommarco et al. 2010; Clavel et al. 2010; Filippi-

Codaccioni et al. 2010). However, hyper specialist insect consumers might also be favored with 

regional homogenization because they can potentially outcompete other consumers for a single 

resource across the whole landscape (Pillai et al. 2011). These predictions remain to be tested more 

thoroughly given their important implications for conservation, and pest management efforts. 
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2.7&Figures&

 
Figure 1. Main drivers of among-islands insect herbivore communities.  
(a) Effect of fertilization on herbivore abundance (per 4 m2). (b) Effect of fertilization on herbivore 
evenness (per 4 m2). (c) Non Metric Multidimensional Scaling (MDS) representation of herbivore 
community composition Bray-Curtis dissimilarity between fertilized (dotted line) and unfertilized (full 
line) islands. (d) MDS representation of herbivore community composition Bray-Curtis dissimilarity 
between defoliated (dotted line) and not defoliated (full line) islands. * indicate log-transformed axes. 
Error bars indicate ± SE. Averages are based on 18 independent observations per treatment. Only 
significant results at p<0.05 are shown (see Appendix S2 for full linear modeling tables). 
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Figure 2. Plant-mediated effects of the treatments. 
Bottom-up trophic path model in which perturbations affect insect herbivores via plant-mediated 
effects. Circles indicate endogenous variables (trophic level composition, richness, and abundance). 
Squares represent exogenous variables (spatial constraints, fertilization, and defoliation). Each arrow 
indicates a hypothesized cause-and-effect relationship, and each value represent the estimate path 
coefficient for each link. Bold values indicate significant path coefficient at p<0.05.  
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Figure 3. Differences in insect community between mainland and islands. 
Differences in insect community along the transition from continuous mainland to fragmented island 
habitats. (a) Difference in predator abundance (per 4 m2) between the mainland and the islands. (b) 
Difference in herbivore richness (per 4 m2) between the mainland and the islands. (c) Non Metric 
Multidimensional Scaling (MDS) representation of herbivore community composition Bray-Curtis 
dissimilarity between the islands (dotted line) and the mainland (full line) quadrats. (d) MDS 
representation of plant community composition Bray-Curtis dissimilarity between the islands (dotted 
line) and the mainland (full line) quadrats. * indicate log-transformed axes. Error bars indicate ± SE. 
Averaged are based on 9 independent observations per treatment. Only significant results at p<0.05 are 
shown (see Appendix S2 for full linear modeling tables). 
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Table 1.Summary of the AICc model selection procedure.  
Each candidate model represent different scenarios of plant versus predator mediated effects of 
the treatments (island size, spatial constraints, fertilization and defoliation) on insect herbivore 
local richness and abundance, and among-islands spatial turnover in composition (see Methods 
section for more details). K represents the number of parameters in each model, and w the AICc 
confidence weight for each model. Critical values for model difference support are: ΔAICc < 2; 
none, 4< ΔAICc <7;substantial, ΔAICc > 10; strong (after Burnham & Anderson 2002). 

Candidate 
models K AICc ΔAICc w Difference 

support 
 Islands  

Bottom-up 37 2456.78 0.00 1  
Mixed 41 2471.24 14.47 0 strong 
Keystone 36 2503.80 47.02 0 strong 
Top-down 35 2562.90 106.13 0 strong 

 Mainland 
Bottom-up 34 - 52.69 0.00 0.49  
Mixed 34 - 52.62 0.07 0.47 none 
Top-down 34 - 47.90 4.79 0 substantial 
Keystone 28 - 37.02 15.67 0 strong 
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Chapter&3.&Habitat&loss&and&herbivore&attack&in&recruiting&oaks1.&&
 

3.1&Abstract&
Habitat fragmentation can intensify consumer attack on plants if herbivores stay longer, eat more 

extensively or exhibit higher density at low resource availability; it may also reduce attack if 

consumers are dispersal limited and thus fail to forage on smaller or more distant patches. Here I 

test these alternatives with a large-scale grassland fragmentation experiment, comparing 

vertebrate and invertebrate herbivory on seedlings of an oak species of central North America 

(Quercus ellipsoidalis) experiencing recruitment difficulties across its range. All seedlings 

suffered significant herbivore-based defoliation regardless of experimental context, confirming 

the influence of consumer pressure on recruiting oaks on contemporary landscapes. However, 

vertebrates and insects responded differently to fragmentation. Vertebrate grazing was 

unaffected by patch size or isolation – remnants were either periodically visited by foraging deer 

or colonized by small mammals that occasionally attacked seedlings. In contrast, invertebrate 

consumers significantly reduced seedling growth via the effects of defoliation, but these effects 

decreased on smaller and more isolated patches. This was associated with a negative influence of 

patch size on the diversity of herbaceous vegetation, with reduced plant diversity correlated with 

the reduced abundance and diversity of several generalist insect herbivore groups. My results 

demonstrate that fragmentation has the potential to affect the identity and intensity of herbivore 

attack on oaks, although whether the reduced insect attack I observed in isolated remnants is 

sufficient to increase juvenile survivorship remains to be tested. 

 
_____________________ 

1Published in American Midland Naturalist (in press) and co-authored by A. S. MacDougall.  
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3.2&Introduction&
Oak species in North America are currently experiencing recruitment difficulties within their 

historical ranges (Abrams, 2003). Although a combination of factors contributes to this 

phenomenon (e.g., habitat loss, fire suppression, dispersal limitation), many studies suggest that 

consumer impacts are a primary agent of decline. Much of this work has focused on vertebrate 

consumers, especially deer (Rooney and Waller, 2003; Côté et al., 2004; Gonzales and Arcese, 

2008; MacDougall 2008) but substantial effects of insects on seedling size, leaf production and 

mortality have also been reported  (Baker, 1941; Ellison, 1960; McPherson, 1993; Marquis and 

Whelan, 1994; MacDougall et al., 2010; Morrison and Lindell, 2012). What remains unclear is 

how these impacts interact with other facets of environmental change, especially habitat loss and 

isolation given their potential influences on both consumer distribution and behavior (e.g., Faeth 

and Simberloff, 1981; Wilcove et al., 1998; Schweiger and Diffendorfer, 2000; Debinski and 

Holt, 2000; Tscharntke et al., 2012; Rösch et al., 2013). 

Research on how habitat loss and isolation may affect herbivore pressure on vegetation have 

described a gradient of possible outcomes (Diamond, 1975; Simberloff and Abele, 1982; Wilcox 

and Murphy, 1985; Atmar and Patterson, 1993). Smaller and more isolated habitat may 

experience reduced plant consumption if herbivores are dispersal limited (Janzen, 1970), or 

intensified herbivory because of higher per-capita herbivore loads when host plants are rarer 

(i.e., resource dilution - Otway et al., 2005). These issues may be relevant for oak recruitment in 

habitat fragments, especially if feedbacks among patch isolation, low seedling numbers, and 

higher consumer attack exacerbate recruitment difficulties (Stephens and Myers, 2012).   

The impacts of vertebrate and invertebrate consumers on oak recruitment have the potential to 

be affected differently by fragmentation (i.e. habitat loss and isolation), given how they vary in 

life history (e.g., generation time) and foraging behavior (e.g., spatial scale of dispersion, Hassell 
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and Southwood, 1978; Etzenhouser et al., 1998; Searle et al., 2007). Large vertebrate consumers 

in contemporary North American landscapes, especially deer, tend to readily cross areas lacking 

forest cover, with isolation potentially intensifying foraging in patches if surrounding areas lack 

sufficient forage (Shipley and Spalinger, 1995, Curran et al., 1999). Invertebrate herbivores can 

potentially forage over large distances by active (e.g., wings) or passive (e.g., wind) dispersal, 

but habitat fragmentation may reduce insect abundance and diversity for reasons including a 

decrease in plant (i.e., herbivorous insect main food source) diversity with increasing habitat loss 

and isolation (Kruess and Tscharntke, 1994; Debinski and Holt, 2000; Behmer et al., 2003; 

Tscharntke and Brandl, 2004; Valladares et al., 2006). Conversely, invertebrate populations with 

short generation times can build relatively quickly in isolated fragments due to enemy escape 

(e.g., Kruess and Tscharntke, 1994), which may elevate attack rates on plants compared to 

unfragmented habitats. In the end, therefore, reduced patch size and increased isolation have the 

potential to elevate or diminish herbivory on oak seedlings from one or both consumer groups. In 

the current context of increased consumer pressure on plants in many ecosystems (Silliman et al., 

2013), disentangling these uncertainties could help to improve the success of oak restoration in 

fragmented landscapes. 

Here, we examine these issues with a large-scale (24 ha) grassland fragmentation experiment, 

testing the effects of patch size and isolation distance on the intensity and type (vertebrate versus 

invertebrate) of leaf herbivory on 3-year old juvenile oak trees (Quercus ellipsoidalis) planted at 

low densities. We target foliage damage given its strong correlation with mortality risk in 

recruiting tree seedlings (Linit and Johnson, 1986; Wright, 1989; Lorimer et al., 1994; Wada et 

al., 2000).  
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3.3&Methods&

3.3.1$Experimental$design$
Our study area was located at the rare Scientific Research Reserve- Cambridge, Ontario, 

Canada (43°22’18”N – 80°21’44”W). The site had been intensively cultivated for 50+ years 

prior to our experiment, supporting rotations of corn, soybeans, and wheat. More recently, the 

area produced wheat in 2011 with an application of glyphosate in fall 2011. In spring 2012, the 

area was divided into two sections, a 13 ha area of habitat islands of various sizes and isolation 

distances and an 11 ha old-field (~15 y old) grassland to the north and west that was the main 

source of insect colonists (“mainland”, see Fig. 1). The vegetation on the islands was a mixture 

of herbaceous grasses and forbs typical of disturbed agricultural habitats (e.g., Chenopodium 

spp., Conyza Canadensis, Panicum spp., and Setaria spp.,) – the only woody plants were those 

added for this experiment. The boundary of the study area, to the east and south, supports 

agricultural fields (Fig.1B). Scattered trees form the margins between the islands and the crop 

fields (Fig. 1B). The closest forested area to the 13 ha of prairie fragments, which would likely 

serve as the source of foraging deer, is ~0.75 km to the north (Fig. 1B). The areas around the 

islands were mowed to ~10 cm throughout the summer to maintain their isolation from the 

mainland and from other islands. 

We built 36 islands of three size classes (25,100, and 400 m2), each replicated 12 times and 

randomly distributed over an isolation gradient from the mainland (range from 8 to 330 m., 

Fig.1A). In early May 2012, two 3-year old seedlings of Hill’s oak (Quercus ellipsoidalis) were 

planted on opposite corners of each island (72 seedlings total). One seedling per island was 

protected from deer herbivory by 2 m high chicken wire fence.  Quercus ellipsoidalis is native to 

prairie and oak savanna habitats of southern Ontario; these habitats were formerly wide-ranging 

in the region but less than ~1% remains (Riley 2013). This oak species is sparsely distributed 
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across parts of southwestern Ontario, with a distributional center in the central United States. 

Moreover, it is listed as an endangered species (S3) in Ontario (Oldham and Brinker, 2009). 

Several large mature Hill oak trees occur in the margins at the south edge of the study area, but 

they show no signs of successfully recruiting (e.g., there are no seedlings). 

From May-August 2012, we monitored browsing damage and changes in seedling height (i.e., 

positive with growth, negative with herbivory) once every two weeks. Variation in seedling 

height was measured as the height at time x subtracted from height at time x+1, divided by the 

number of days between each sampling period (cm/day). We differentiated vertebrate versus 

invertebrate browsing damage based on the size of the defoliated area on the leaf (e.g., large bite 

marks), location (e.g., leaf edges versus small holes within the leaf), and whether the damaged 

areas tended to have sharp edges (i.e., deer can create ragged tears on leaves because they lack 

upper incisors - Geist, 1998). We measured vertebrate damage generally, counting the total 

number of damaged areas per seedling including both the number of damaged leaves and 

branches damaged or removed, because vertebrate browsers sometimes removed entire branches 

from seedlings. Starting in June, we measured insect damage as number of damaged leaves per 

seedling. We used a ratio of insect damage (the number of damaged leaves by the total number 

of leaves on each seedling), to standardize damage among seedlings that differed in leaf 

number).  

We also tested for underlying edaphic gradients, given that soil resources in farmed fields can 

sometimes be heterogeneous despite appearing visually uniform in micro-topography and soil 

structure (Robertson et al., 1993; Boerner et al., 1998). We sampled % soil moisture and organic 

matter [% kg soil-1], particle size, pH, NH4
+, NO3

-
 [mg kg soil-1] and total carbon [% kg soil-1]) in 

June 2012, but detected no gradient of spatial variability in any measured variable, suggesting 
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that growing conditions among islands were similar (analyses performed by the Agriculture and 

Food Laboratory of the University of Guelph, Canada).  

3.3.2$Statistical$analyses$
We ran preliminary linear models and post-hoc Tukey analyses to test for trends by time and 

among experimental treatments (i.e., cage, habitat size and isolation) in the response variables 

(i.e., vertebrate and insect attacks). These trends were used subsequently to construct a structural 

equation model to summarize the effect of habitat fragmentation (i.e. habitat loss and distance 

from the mainland) on consumer attacks. 

Data were either log+1 (i.e., vertebrate damage) or logit (i.e., insect damage) transformed. 

The transformations improved normality but not significantly (Shapiro P<0.05). To solve this 

issue we ran an alternative permutation test free of normality assumptions (Manly 1997) for each 

linear model and showed that the results remain qualitatively the same as the standard linear 

models (Tables A1,A2 and A3). Therefore, we kept the standard linear models for further use 

within the SEM model.  

We found that increases in seedling height occurred mostly in May-June (Fig.2), with a 

significant change (TUKEYJune-July P<0.05) to height loss in July potentially due to herbviory 

(MEAN=- 0.15 cm/day, t=-2.0, P<0.05) (Fig.2), followed by no further change in height in August 

(MEAN=0, t=-1.3,P>0.05, Fig. 2). Predation on seedlings by vertebrates and invertebrates peaked 

in June and July respectively (Figs. 2). There were very few new attacks observed by either 

group in August (Fig. 2). By this time, insect damage on leaves was already extensive with all 

seedlings being affected (MEAN=99% +/- 0.04%, Figs. 2). We therefore excluded August data, 

and focused our analyses on June and July.  

All variables were included in the SEM model as latent variables (i.e., variables not measured 

directly but estimated from combinations of indicators measured in the field). This allowed us to 
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impose a realistic but conservative measurement error variance of 5% for each measured variable 

(Grace, 2006). We assessed the goodness of fit of our model to the observed data with a 

frequentist maximum likelihood test (Grace, 2006). We present results for standardized path 

coefficients. 

All analyses were conducted with R 3.0.1 (R Development Core team), using the lavaan 

package (Rosseel, 2012) to compute SEM and the lm function to compute preliminary linear 

models. 

3.4&Results&
Most seedlings suffered substantial leaf damage from one or both consumer groups. The 

percentage of damaged leaves per seedling by invertebrates averaged 65% (+/- 2.1), while the 

number of areas per seedling damaged in some way by vertebrates averaged five per individual 

(+/- 0.2) including clipped branches, damaged leaves, or the removal of bark by gnawing. Few 

seedlings escaped invertebrate damage completely, while all unprotected individuals showed 

signs of vertebrate browsing.  

The cages reduced leaf damage levels by vertebrates by 39% (+/- 0.5, Table 3), with damage 

commonly occurring by small mammals reaching oaks by digging under or climbing through the 

top of the cage to browse the seedlings. There was no difference in invertebrate damage between 

caged versus uncaged seedlings as would be expected (Table A2); damage by insects affected 

49% (+/- 3.0) versus 44% (+/- 2.9) of leaves per seedling respectively. Net changes in seedling 

height were negative in July (MEAN= - 0.15 +/- 0.07 cm/day), corresponding to the peak in 

vertebrate and invertebrate attack (Fig. 2). When correlating changes in seedling height with the 

type of consumer attack (vertebrate versus invertebrate), we found a stronger effect of 

invertebrate attack (SEM std. coeff.invert. = -0.558, P<0.05, vs. std. coeff.vert.= -0.017, P>0.05, see 

Fig. 3). 
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Habitat fragmentation had distinctive effects on invertebrate and vertebrate attacks - 

invertebrate attacks decreased significantly as patches became smaller (SEM std. coeff. = - 

0.306, P<0.05, Fig. 3 and Table A2) and more isolated from the mainland (SEM std. coeff. = - 

0.357, P<0.05, Fig. 3 and Table A2). Conversely, there was no effect of the biogeographic 

factors on vertebrate consumers: their effects were consistent on all islands regardless of size or 

proximity to the mainland (P>0.05, Fig.3 and Table A3). The summarization of all preliminary 

results into one SEM model, to explain the effect of habitat loss and isolation on consumer attack 

and variations in seedling height, suggests that the model captured most of the important 

information within the data (MLdf;4=1.249;P=0.87, Fig. 3).  

3.5&Discussion&
We tested the effect of habitat fragmentation (i.e., habitat loss and isolation) on foliar 

herbivory by invertebrate and vertebrate grazers. We predicted that the amount of damage by 

both consumer groups could respond in different ways, owing to differences in their natural 

history including foraging strategies (Hassell and Southwood, 1978) and sensitivities to crossing 

open areas (Shipley and Spalinger, 1995; Tscharntke and Brandl, 2004). We observed that 

invertebrate attacks on oaks were reduced in smaller and more isolated habitats, while levels of 

vertebrate browsing were unaffected. These results confirm the intense consumer pressure 

affecting recruiting oak seedlings in central North America (Rooney and Waller, 2003), and 

occurred even though our planted seedling densities were low (only two individuals per island). 

Whether the reduction of invertebrate herbivory with fragmentation would influence recruitment 

success remains to be determined, but less defoliation does have the potential to increase survival 

in juvenile oaks (Linit and Johnson, 1986; Wright, 1989; Wada et al., 2000).  

Previous research at our site suggests that reductions in insect attack on the smaller and more 

isolated islands derive from patch size regulating the diversity of other plant species and from 
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insect dispersal limitation (Harvey and MacDougall, 2014). Specifically, these biogeographic-

based factors reduced plant species richness including the occurrence of Chenopodium album, a 

plant preferred by mirids (i.e., Lygus, order Heteroptera), which are a large group of sucking 

herbivores also known to browse on oaks (Southwood, 1961; Connor, 1988; Müller and Gobner, 

2007), and by leafhoppers (Cicaddelidae) and seedbugs (Lygaeidae), which are two widespread 

hemipteran herbivorous grassland groups that may also browse on oak. This study also reported 

a sharp decline in generalist orthopteran herbivores (i.e., grasshoppers and tree crickets) 

abundance with increasing distance from the mainland (Harvey and MacDougall, 2014). There 

has been some evidence that vertebrate browsing can affect the occurrence and intensity of insect 

browsing, including decreased insect attack through induced defenses (Shimazaki and Miyashita, 

2002) or increased insect attack on rapidly reproduced foliage following vertebrate browsing 

(MacDougall et al., 2010). Although we detected a non-significant positive co-variance between 

both consumer groups, neither appeared likely here given that browsing by deer did not differ 

among islands, and the fact that there were no detectable differences in insect damage on 

protected versus unprotected seedlings.  

Density-dependent processes influence the recruitment of many tree species, including oaks, 

with more distant recruits having greater recruitment success because of reduced enemy attack 

and intraspecific competition (Harms et al., 2000; Packer and Clay, 2000; Wills et al., 2006; 

Comita et al., 2010; Mangan et al., 2010). Because of this, we had predicted that isolation could 

potentially alter the intensity of consumer pressure on recruiting oaks. This was not the case, at 

least for vertebrates. In fragmented systems, the positive effects of isolation may be negated if 

herbivores numbers become elevated in remnant patches, due to factors such as trophic collapse 

or if predators are simply more restricted to larger or continuous habitat (e.g., Terborgh et al., 
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2001). It is also less likely that acorns will reach small and isolated patches surrounded by 

unsuitable habitat, especially if adult oaks are already rare and acorn output reduced. Compared 

with adjacent unfragmented sites of the same age, we observed almost no natural recruitment by 

any woody plant species on these islands, even for species relatively abundant regionally (e.g., 

Acer negundo), suggesting that trees in general may have trouble hitting small patch ‘targets’. 

Our study indicates that habitat fragmentation might offer shelter from invertebrate 

herbivores, which does suggest an obvious possibility for management: planting isolated 

individuals protected from invertebrates in distant areas to increase odds for recruitment success. 

Our planted seedlings were not only at low planting densities but in areas lacking adults, the 

latter of which can increase insect consumer attack on juveniles when close by (Sheffer et al., 

2013). Freedom from intense herbivory early on may allow recruits to grow large enough to 

withstand subsequent attack (Fricke et al., 2014). However, they may also eventually suffer from 

unusually high herbivore loads due to a dilution effect: high consumer populations within a low 

resource density isolated habitat (Faeth and Simberloff, 1981). Therefore, over time, the short-

term benefits of isolation may be overwhelmed by elevated levels of herbivory, a hypothesis that 

remains to be tested. 
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3.7&Figures&

 
Figure 1. Experimental design. 
Site map showing the experimental design a) a close view on the islands (blue squares) and the 
mainland on the North and North-West boundaries b) regional view showing the islands, the 
mainland (yellow line) and the surrounding agricultural sites and woodlands.  
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Figure 2. Preliminary analyses. 
Analyses showing trends by time for the amount of vertebrate and invertebrate damage per 
seedling, and variations in seedling height. Vertebrate damage was measured as the total number 
of damage areas per seedling, invertebrate damage as the ratio of damaged leaves to total leaves 
per seedling and variations in seedling height as the difference in height between sampling 
periods. The error bars represent MEAN ± SE.  
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&
Figure 3. SEM results. 
Structural equation model summarizing the preliminary analyses into a single mechanistic 
model. Values represent standardized path coefficients. Bold values indicate significant path 
coefficients at P<0.05.  
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Epilogue&

i)&Conclusion&

The metacommunity framework has been designated as a unifying concept in community 

ecology to predict biodiversity distribution and community structure (Logue et al. 2011, Pillai et 

al. 2011). Simply defined as a set of local communities linked by species dispersal (Wilson 1992, 

Leibold et al. 2004), the strength of this framework resides in its simplicity where the multiple 

cause of diversity variations among local patches are reduced to two main group of processes; 

local and regional. Different mixtures of local (i.e., competition, abiotic conditions) versus 

regional (i.e., dispersal) processes lead to different co-existence dynamics (Leibold et al. 2004, 

Winegardner et al. 2012), which in turn can lead to different predictions about local diversity, 

community composition, and stability (e.g., Mouquet and Loreau 2002, Gravel et al. 2011a). 

Empirical investigations of metacommunity dynamics, however, remain scarce and biased 

toward simplified competition laboratory experiments (for a review see Logue et al. 2011). To 

improve our understanding of metacommunity dynamics, including applicability to complex 

natural systems, there is a need to integrate different types of biotic interactions more thoroughly 

within the metacommunity framework (Logue et al. 2011, Pillai et al. 2011). Especially, food 

web interactions can have important impacts on local and regional diversity patterns (McCann et 

al. 2005, Gravel et al. 2011a, Pillai et al. 2011). In this thesis, I proposed to investigate some 

empirical implications of food web constraints for insect community assembly in space. 

 The trophic theory of island biogeography (TIB - Gravel et al. 2011b) extends classic island 

biogeographic theory (CIB, MacArthur 1967) for food web assembly by combining 

biogeographic factors relating to isolation and patch size with bottom-up trophic dependencies 

(Holt 1997). Therefore, the TIB constitutes a promising and parsimonious theoretical approach to 
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integrate elements from food web theories into a metacommunity perspective. In the first chapter 

of this thesis I explored the empirical implications of the TIB theory for the establishment of 

arthropod feeding guilds. I demonstrated that bottom-up trophic dependencies tightly controlled 

the establishment of specialist trophic guilds, resulting in different communities among islands 

because producer communities were mainly determined by patch size contingencies relating to 

stochastic dispersal. Spatial isolation controlled the establishment of generalist trophic guilds, 

resulting in different insect communities among islands based on distance from mainland. These 

results demonstrate that neither diet-based constraints nor the spatial characteristics of islands 

can predict the early structure of locally assembling food webs, with their establishment deriving 

instead from interactions between both processes. 

Amid ongoing habitat fragmentation, metacommunity research can be especially useful to 

inform conservation practices. Past work had already made the connection between habitat 

fragmentation and the potential disruption of trophic control (Nelson and Forbes 2014, 

Martinson and Fagan 2014). However, mechanistic linkages with multiple stressors are needed to 

accurately describe potential effects of global change, which is intrinsically characterized by the 

simultaneous occurrence of multiple stressors. The second chapter of this chapter tested how 

multiple stressors (habitat loss, fertilization, and stand perturbation) spread through the food 

chain to affect insect primary consumer local diversity and among-islands spatial turnover. I 

showed that despite the potential for interactive effects of multiple stressors on each trophic 

level, plant-mediated processes mostly predicted insect herbivore abundance and composition in 

response to multiple stressors. Despite a decline in predator richness associated with landscape 

fragmentation, no evidences of predator-mediated effect on primary consumers were found. 

Instead, habitat fragmentation and fertilization interacted to generate an overall homogenization 
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of the plant community leading to a decline in herbivore richness, evenness and spatial turnover.  

These results suggest a fundamental role of resource-mediated effects in the regulation of insect 

herbivore communities following landscape alteration and perturbations. 

Contemporary human ecosystem alterations strongly affect consumers (Chapter 2 of this 

thesis, Silliman et al. 2013), which can sometime feedback to higher prey consumption rates, and 

eventually lead to resource depletion and ecosystem meltdown (Terborgh et al. 2001, Silliman et 

al. 2013). In this context, difference in life history and foraging behavior can potentially lead to 

important differences in spatial dynamics that are seldom considered within the current 

metacommunity theory (but see Stevens and Tello 2012).  For instance, large vertebrate 

consumers in contemporary North American landscapes, especially deer, tend to readily cross 

areas lacking forest cover, with isolation potentially intensifying foraging in patches if 

surrounding areas lack sufficient forage (Shipley and Spalinger 1995). By contrast, invertebrate 

herbivores can potentially forage over large distances by active (e.g., wings) or passive (e.g., 

wind) dispersal, but habitat fragmentation may reduce insect abundance and diversity for reasons 

including a decrease in plant diversity with increasing habitat loss and isolation (Kruess and 

Tscharntke 1994, Debinski and Holt 2000, Behmer et al. 2003, Tscharntke and Brandl 2004, 

Valladares et al. 2006). Given that consumers can sometime limit the distribution or the local re-

establishment of certain endangered prey species, it is important to better understand how habitat 

fragmentation will affect consumer attack as a function of different life strategies. In the third 

chapter of this thesis, I compared the effect of habitat fragmentation on plant damage by two 

groups of consumer with contrasting life history and foraging behaviors – invertebrate (insects) 

and vertebrates (small-mammals and deer). I showed that insect damage on native oak leaves 

decreased in smaller and isolated habitats, while vertebrate damages were constant across the 
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landscape. These results suggest that the trophic dependency and dispersal-related drivers of 

consumer assembly illustrated in this thesis potentially loop-back to trigger higher top-down 

damage on plants in larger and less isolated patches. It also illustrates the importance of 

considering life history and foraging behavior differences when generalizing the effects of 

habitat fragmentation. These effects are likely scale-dependent (Chase and Knight 2013), and a 

function of how consumers ‘perceive’ the landscape ('Foodscape' hypothesis - Searle et al. 2007).  

In conclusion, this thesis certainly does not close the gap between food webs and the 

metacommunity framework. I think it does, however, provide key guiding information toward 

this goal by emphasizing the importance of trophic dependencies for local community 

establishment and predicting the effect of perturbations, especially landscape fragmentation and 

fertilization, on consumer community structure. Despite no clear evidence for top-down 

influence on grassland insect assembly, the potential for predator-mediated effects on 

metacommunity assembly should not be overlooked. Recent studies have shown that the 

regulatory effect of top-predators on insects can be context-dependent as a function of 

seasonality (Gratton and Denno 2003), wind speed (Barton 2014), and especially change in 

temperature (Hoekman 2010, Shurin et al. 2012, Barton and Ives 2014). In the current context of 

global change, caution is therefore required when predicting the relative importance of predator 

versus plant mediated processes in response to perturbations, as it is likely to change as a 

function of the focus stressors and their interactions.  

This thesis focused on feeding interaction constraints, however there is increasing evidence 

about the important role of mutualistic, and parasite-host interactions in shaping local and 

regional diversity patterns (Kiers et al. 2010, Sullivan et al. 2011, Fenoglio et al. 2012, Marquis 

et al. 2013). Recent work suggests that these biotic interactions play a fundamental role in 
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mediating community and ecosystem response to global change (Tylianakis et al. 2008). 

Therefore, future research on metacommunity should focus on consolidating knowledge on the 

occurrence probabilities of different types of interactions as a function of local environmental 

changes (e.g., Poisot et al. 2012). Finally, predicting the effects of metacommunity dynamics on 

ecosystem processes (metaecosystem - Loreau et al. 2003) should be the next important step in 

positioning ecological theory and empirical research to face current and future challenges 

associated with global change. 

ii)&Future&research&and&perspectives&

The divide between the metacommunity and food web literature highlighted in this thesis 

leaves the question open as whether the metacommunity framework in its current format can 

accurately predict differences in food web structure (Baiser et al. 2013). Spatial patterns can 

influence local diversity in food webs by increasing bottom-up pressure because of trophic 

dependencies forcing consumers to establish only where they have at least one prey present in 

sufficient quantity (Holt 1997, Gravel et al. 2011b). Top-down regulation of local diversity can 

also be affected by spatial patterns, especially if specialist predators tend be spatially clustered, 

and if generalists tend to disperse more readily thus coupling local communities (McCann et al. 

2005, Pillai et al. 2011).  

Boundaries between the four metacommunity paradigms (see ‘Prologue’ for details) are well 

defined in competitive systems within a space-environment axis (Logue et al. 2011, Winegardner 

et al. 2012). However, if food web interactions come to dominate species dynamics, the 

conditions defining these boundaries could be exceeded, making it impossible to distinguish 

between co-existing mechanisms with space-environment information alone. This is likely to 

happen because food web interactions can constraint regional species distribution (e.g., a 
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consumer following behind its prey), but also local species biomass (e.g., local prey biomass). 

For instance, strong local with weak spatial signals would generally be interpreted as species 

sorting dynamics (Cottenie 2005), however it is unclear what part of this signal corresponds to 

species sorting by environmental versus trophic-mediated constraints, hindering our 

understanding of key underlying mechanisms. Moreover, parts of the variance explained by 

trophic constraints would likely go in the spatial or even into the unexplained variance, thus 

making interpretations challenging.  

Here, to complete this thesis, I propose an explanatory and preliminary modeling exercise to 

illustrate how elements of food web theory can be integrated within the original metacommunity 

framework and how they would affect standard predictions based solely on space-environment 

information. To determine how trophic-based constraints influence metacommunity dynamics 

with and without competition, I will contrast their effects within two fundamental community 

motifs - resource competition (competition: no predation) and linear chain modules (no 

competition: predation) – within a three species (two consumers, one producer) community 

across a gradient of three levels of spatial connectivity. The main goal of this study is to test 

metacommunity dynamics within the standard two axes graph of local environmental conditions 

(here local productivity) and dispersal constraints (here spatial connectivity) while accounting 

for the independent effects of trophic constraints. For this reason, all parameters except for 

among-patches productivity (i.e., environmental heterogeneity) and spatial connectivity will be 

maintained constant (see below).  

Local dynamics 

A simple generalized Lotka-Volterra equation (Levin 1974, Massol et al. 2011, Baiser et al. 

2013) was used to simulate local dynamics of each species. The general equations have the 
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following forms: 

!!!
!" = !! ! !! + !!!!!!!! + ! !!!!!!!  

!!!
!" = !!!! 1− !!! + ! !!!!! ∗ !! 

Where !!!!"  and !!!!"  are respectively the rate of change in consumer and basal resource biomass 

for species i and x, !! is the intrinsic growth rate of species i, !!!!! is the per capita effect of 

consumer j on the per capita growth rate of consumer i, !!!!!!! is consumer i per capita biomass 

gained from its prey, E is the energy transfer efficiency from the prey to its consumer (set at 0.1), 

and K represents patch productivity (see “Landscape dynamics” below). Empirically convincing 

assumptions about the distribution of specific interaction strengths, growth rates and dispersal 

capacities can be found elsewhere (e.g., Amarasekare and Hoopes 2004, Baiser et al. 2013). 

Here, for the sake of simplicity and to track only the effect of spatial connectivity; specific 

growth rates, interaction strengths and dispersal capacities (see “landscape dynamics” below) 

were maintained constant. Specific growth rates were set at -0.03 (or 0.03 for the producer 

species) so that consumers cannot establish in the absence of a sufficient prey population (i.e., 

trophic dependencies). The resource competition module was composed of a strong competitor 

(!!!! ! = 0.1) and a weak competitor (!!!! ! = 0.01) for the biomass of the producer species. 

Interaction strengths can have important impacts on linear chain stability (McCann 2011), but 

exploring their specific impacts is beyond the scope of this preliminary exercise. Therefore, for 

the linear chain module, interaction strengths between the herbivore and producer species, and 

between the top-predator and herbivore species were set at 0.055, which represents the averaged 

interaction strength experienced by the producer species from the two consumers in the resource 

competition module.  



69 

Interspecific competition is paramount to metacommunity dynamics (Amarasekare and 

Hoopes 2004, Leibold et al. 2004). The few theoretical attempts to integrate food webs and 

metacommunities have either considered competitive and feeding interactions as two 

ecologically independent processes (i.e., sampled from two independent distributions - Baiser et 

al. 2013) or ignored competition all together (Calcagno et al. 2011, Pillai et al. 2011). These 

approaches offer useful approximations, but an integrative approach needs to acknowledge the 

intrinsic ecological link between interspecific competition and feeding interactions. Here I 

propose interspecific competition as an emergent property of predator-prey interaction strengths 

with the form: 

 

!!!!! = !"!!!! − !!!! ∗ ! 

!!!!! = !"!!!! − !!!! ∗ ! 

where !!!!! and !!!!!are the per-capita effects of consumer j on the per-capita growth rate of 

consumer i and vice versa, through competition for the biomass of a shared resource (here R). 

!"!!!! is a basal competitive interaction coefficient sampled randomly from a gamma 

distribution (k=1, θ=0.1) and multiplied by -1 (after Baiser et al. 2013). The basal competition 

coefficient is the same for all competing species so that !"!!!! = !!"!!!!. From the basal 

coefficient, the competitive strength of consumer j over consumer i will change on each patch as 

a multiplicative function of its capacity to monopolize the biomass of the resource (i.e., !!!!) 

and the available biomass of this resource (R). Finally, intraspecific competition (!!!) was set to 

a value of -1 for all species.  

Landscape dynamics 
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The landscape was composed of 36 patches with locations corresponding to the longitude-

latitude coordinates of the experimental islands used throughout this thesis (see Fig.S1 in 

prologue Supplementary Information). Changing the threshold distance for dispersal was the 

method used to represent changes to spatial connectivity. For instance, a threshold of 40 meters 

meant that all patches equal or less than 40 meters apart were linked by dispersal. I used three 

level of spatial connectivity; 40, 50 and 200 meters (see Fig.S1). Any specific dispersal event to 

a given patch was a function of both specific dispersal capacity and the number of local 

populations of the dispersing species connected to the focal patch: 

! = 1− (1− !)!" 

where C is the realized dispersal event probability, c is the specific dispersal capacity and cp 

is the number of connected populations to a given patch. To track the effect of spatial 

connectivity, specific colonization probabilities were set to a constant of 0.4. In this model, K 

was a patch-specific attribute and represented the local productivity potential (see ‘Local 

dynamics’ above).  To avoid spatial auto-correlation between patch locations (space axis; island 

coordinates) and environmental conditions (local environment axis; K), all K values were 

randomly re-shuffled among patches from the same sequence of 36 normally distributed values 

(0.01>K<10) between each simulation.  Also, to control for potential effects of initial species 

distributions in the landscape, it was randomly re-sampled for each species between each 

simulation. Species were always seeded at 0.1 unit of biomass following initial colonization or 

dispersal. Overall, each simulation consisted of 500 local dynamic iterations that were replicated 

100 times for each spatial connectivity level.  

Statistical analyses 

After each simulation, the final biomass community matrix was extracted for further analyses. 
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I performed partial regression analyses to extract the total (noted [X]) and individual (noted [X|]) 

fractions of the explained variation by spatial constraints (island coordinates) and local 

environmental condition (K) on each species occurrence and biomass. To explain variations 

related to food web constraints, the explained variance by prey(s), consumer(s) and top predator 

(linear chain only) occurrence and biomass were included in the variance-partitioning model in 

addition to space and environment. The total fraction [X] represents the explained variance by 

variable X including interactions with all other explanatory variables. The individual fraction 

[X|] represents the explained variance by variable X after removing the effects of all other 

variables. Using both total and individual fractions allows tracking whether the effect of a factor 

X ([X]) mainly influences species dynamics directly (equal [X] and [X|]) or through an 

interaction with another factor. For instance, if the total explained variance by local environment 

[E] is very high, but it’s individual fraction [E|] very low, it would suggest that most of the local 

environment effects on species occurrences and biomass occurred through an interaction with 

another factor. 

Here, I present the averaged R2 (adjusted for sample size) for each partitioned fraction over 

100 replicated simulations per spatial connectivity level. Measuring biomass production at each 

trophic level is important to avoid misleading interpretations of the modeled R2. For instance, a 

low explanatory power of producer occurrence and biomass on herbivores could be a false 

negative if in fact the producer biomass is systematically very low or high and does not vary 

among-patches because of a third factor (e.g., very high or low spatial connectivity). For this 

reason, I also investigated the biomass structure of each trophic level by the spatial connectivity 

treatment. Producer biomass was systematically at least an order of magnitude higher than 

consumer biomass. Therefore, for comparison purposes, a Wisconsin double standardization 
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procedure was used to scale each species biomass by its own maximum biomass and the 

maximum biomass at each connectivity level.  

All analyses and modeling were carried out using the R statistical software. The library 

‘vegan’ (Oksanen et al. 2013) was used to perform the variance partitioning analyses and the 

Wisconsin transformation. All result figures and the complete annotated R code for the model 

can be found in the Epilogue supplementary information.  

Exploratory results 

Resource competition module dynamics 

A mixture of environmental sorting and trophic constraints dominated the resource 

competition module. At low spatial connectivity, the average local biomass of both consumers 

was relatively low (Fig.S5) because of stronger spatial constraints (Fig.S3 and S4). In these 

conditions, local productivity was the main driver of producer (‘R’) occurrence and biomass 

([E]=0.35 and [E|]=0.25, Fig.S2). As spatial connectivity increased, it reduced spatial constraints 

and increased the average local biomass of both the strongest competitor (‘SC’, Fig.S3 and S5), 

and the weakest competitor (‘WC’, Fig. S4 and S5). In turn, this resulted in stronger top-down 

control of the producer species, mainly from SC ([SC]=0.68 and [SC|]=0.41, Fig.S2), leading to 

a decline in average local producer biomass (Fig.S5).  

In contrast with SC, which was mainly driven by its prey and local productivity (Fig.S3), WC 

variations in occurrence and biomass were mainly affected by spatial dynamics ([S]=0.14, 

[S|]=0.14, Fig.S4). This effect disappeared as spatial constraints went down (i.e., at high level of 

spatial connectivity, Fig.S4) at which point producer occurrence and biomass became the 

dominant driver ([R]=0.13, [R|]=0.14,Fig.S4). 

Overall, the biomass structure in the resource competition module across the spatial 
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connectivity gradient followed a ‘barren’ world pattern (Fig.S5) with a relatively high average 

local biomass of the producer at low connectivity, which quickly declined with increasing 

connectivity because of higher consumer pressure (Fig.S2). As expected, producer biomass 

significantly increased with increasing productivity (P<0.001;Fig.S6). However, only the 

biomass of the dominant competitor increased with productivity (P<0.001;Fig.S6), indicating 

that it was difficult for the weak competitor to access and assimilate any of the available energy 

into its own biomass (P>0.05;Fig.S6).  

Linear chain module dynamics 

In the linear chain, by contrast with the resource competition module, local productivity was 

the main driver of the producer species dynamics, even at high spatial connectivity where it 

explained almost all variations in occurrence and biomass ([E]=0.99 and [E|]=0.82; Fig.S7).  

Top-down effects from the top predator dominated herbivore dynamics at low ([TP]=0.33, 

[TP|] = 0.22 Fig.S8) and intermediate ([TP]=0.28, [TP|] = 0.06 Fig.S8) spatial connectivity, 

however resource-based constraints ([E]=0.17, [R] = 0.17, Fig.S8) became dominant at high 

spatial connectivity. The top predator species was driven by a mixture of spatial constraints 

([S]=0.19 and [S|]=0.12; Fig.S9) and resource dependencies ([H]=0.33 and [H|]=0.22; Fig.S9), 

which remained constant at low and intermediate spatial connectivity level, and then declined at 

high spatial connectivity ([S]=0.001 and [H]=0.04; Fig.S9). 

This sharp decline in explained top-predator occurrence and biomass variations at high spatial 

connectivity, and its associated declining top-down effect on the herbivore species, were caused 

by a parallel decreasing of among-islands predator biomass variation with increasing spatial 

connectivity (see Fig. S10 and S11). Community establishment over the spatial connectivity 

gradient followed a trophic sequential assembly where local biomass of each trophic level 
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increased with connectivity until a point, at high connectivity level, where the whole community 

had reached a regional equilibrium in relative biomass distribution akin to a strong mass effect 

(Fig.S10).  

Finally, producer biomass increased with local productivity (P<0.001;Fig.S11), but not the 

herbivore and predator (P>0.05;Fig.S11) indicating energetic transfer constraints. 

Discussion and conclusion 

Discussion of preliminary results 

These results indicate that adding trophic information to metacommunity analyses would 

improve our understanding of species dynamics regardless of interaction types. The individual 

trophic interaction terms after removing the explained variance by local environment and space 

often explained important parts of the variation in species occurrence and biomass, suggesting 

that a significant amount of information would be lost to the unexplained residual variation if 

trophic information was not considered. In terms of species dynamics, including the trophic 

information helped to distinguish the relative importance of species sorting by environmental 

filtering (K) versus biotic interactions (predation and resource dependency). Resource 

dependency was the dominant driver of the strongest resource competitor (e.g., specialist 

consumers), while the weak competitor mainly responded to spatial patterns (e.g., generalist 

consumers, see Pandit et al. 2009). Because of its intermediate position in the food web, the 

primary consumer in the linear chain was caught between a mixture of predation pressure and 

resource dependency varying in relative importance with spatial connectivity (Duffy 2002). The 

top-predator species was mainly sensitive to resource-dependency and spatial constraints 

(Dobson et al. 2006, Gravel et al. 2011b). Therefore, not explicitly including trophic interactions 

in metacommunity analyses could lead to a misunderstanding of key processes driving species 
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distribution patterns. 

The topological differences between the resource competition and the linear chain community 

modules lead to differences in the importance of top-down effects on the producer species. In the 

linear chain, producer occurrence and biomass was unaffected by herbivores regardless of the 

level of spatial connectivity, while strong top-down effects on the producer species were detected 

in the resource competition module, especially by the dominant competitor. A trophic cascade by 

the top-predator species in the linear chain fails short in explaining this difference, because the 

effect of the top-predator on the producer species remained marginal across the connectivity 

gradient. In this context, energetic impediments across the food chain seem to be a promising 

explanation, given that none of the consumers’ biomass increased with productivity in the linear 

chain.  

To explore this hypothesis, I ran the same linear chain model with interaction strengths at 0.1 

(equal to the dominant competitor in the resource competition module), and indeed the top-down 

effect from the herbivore to the producer species followed the same pattern as in the resource 

competition module with a significant increase across the connectivity gradient relative to local 

environment effect. This indicates, not surprisingly, that reducing vertical deficiency in energy 

transfer increases the relative importance of top-down control.  

Linking modeling results with empirical thesis chapters 

Interestingly, the main findings from this thesis seem to fit nicely with the case of low energy 

transfer, where producers are mainly driven by habitat characteristics (i.e., habitat size, Chapter 

1), and consumers mainly by a mixture of spatial and trophic constraints (Chapter 1, and 2). 

Indeed, most terrestrial systems are expected to have a lower vertical energy transfer than other 

ecosystems such as pelagic aquatic systems because of lower plant palatability than other 
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systems (Polis 1999). The biomass of any individual plant consumed by arthropods is also 

minimal compared to phytoplantkton, for example, that are completely consumed by their 

predators (Shurin and Seabloom 2005). For this reason, top-down effects by invertebrates on 

terrestrial plants are usually limited to tissue damage rather than mortality (Schmitz et al. 2000, 

and see Chapter 3), while stronger biomass or compositional effects are more readily detected in 

aquatic systems or for large terrestrial grazers where consumer-resource biomass ratio are higher 

(Shurin et al. 2002, Côté et al. 2004). Insect outbreaks can be seen as an exception to this rule 

where population overabundance trumps individual consumer-resource biomass ratio (Shurin 

and Seabloom 2005). It follows that most arthropod consumers in grasslands are expected to 

have low top-down effects on producers, but instead to be spatially and locally driven by them. 

Concluding remarks 

Compared to other more parsimonious theoretical approaches (e.g., Gravel et al. 2011a-b), it 

is unclear how explicitly including competitive interactions improved our understanding of the 

metacommunity dynamics. The results presented here are qualitatively supporting the existing 

theoretical literature on trophic community assembly (Holt 1997, Gravel et al. 2011b, Pillai et al. 

2011), suggesting that adding explicit competition is unnecessary to accurately predict 

metacommunity dynamics. Given that competitive interactions for resource consumption are 

already implicit to food web models, it also suggests that the perceived gap between community 

and food web ecology is semantic more than phenomenological, with food web ecology already 

integrating elements of community ecology.  

Finally, although preliminary, the novelty of this approach is to explicitly illustrate that the 

information gained from adding trophic interactions in metacommunity analyses is not redundant 

with the standard space-environment framework, thus improving our understanding of the 
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relative importance of biotic interactions, environmental factors and spatial constraints in 

generating metacommunity dynamics.   
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Supplementary&Information&(Chapter&1)&

APPENDIX&A.&Experimental&design&and&sampling&location.&
 

 
Figure A1. Chronological evolution of the experimental design over the first year. 
a) before the establishment of the islands, in Spring 2012, showing barren soil and wheat remnant stems, 
in b) each island have been raked and tilled c) In July 2012, showing the islands and the matrix that was 
mowed to maintain isolation between islands and with the mainland, in d) Sweep netting practice in the 
mainland, in September 2012, showing an homogeneous old-field mainland. Photo credits: Andrew 
MacDougall (a) and Eric Harvey (b:d). 
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Figure A2. Site map showing the experimental design. 
a) a close view on the islands (blue squares) and the mainland on the North and North-West boundaries 
b) regional view showing the islands, the mainland (yellow line) and the surrounding agricultural sites 
and woodlands.  
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APPENDIX B. Unbalanced&sampling&design&assessment.&
 

 

Figure B1. Sampled within-island variation. 
Sampling multiple locations in the smallest islands quantified plant variability but also resulted in 
unbalanced sampling (covering 12%, 3%, 1.25% of total island area, from small to large islands 
respectively). The figure shows that the amount of within-island variation in plant richness captured by 
the 1 m2 quadrats is even across patch size (p>0.05). Within-island variation is calculated as the ratio of 
plant richness sampled in the 1 m2 quadrats on total plant richness surveyed in the entire island.  

 

Figure B2. Rarefaction curves. 
Rarefaction curves showing that for the same number of individuals collected (gray vertical line) a) 
plant species richness increases with island size and b) arthropod taxa richness increases slightly in the 
bigger relative to the smallest islands. 25 m2, green line; 100 m2, blue line; 400 m2, orange line. The bars 
represent 95% confidence intervals.  



83 

APPENDIX C.&Soil&analyses.&
 
Table C1. Results from the soil analyses that were performed on 9 samples randomly distributed across 
the site. 
Patch 
size 

Nitrate 
(mg/kg) 

Ammonium 
(mg/kg) 

Moisture 
(%) 

Organic 
matter 

(%) 

Total 
carbon 

(%) 

pH Particle size 

25 7.76 1.25 13.34 2.3 3.51 7.8 Fine!Sandy!loam 
25 8.05 1.47 17.77 3.5 2.38 7.3 Loam 
400 16.7 1.24 17.39 3.6 2.07 7.2 Loam 
25 10.2 1.39 17.05 3.1 2.18 7.4 Loam 
400 3.8 1.74 17.67 3.4 1.87 7 Fine!Sandy!loam 
25 12.2 1.03 11.81 2.3 1.79 7.6 Fine!Sandy!loam 

100 12.7 3.51 10.03 2 4.92 7.7 
Coarse!sandy!
loam 

100 13.9 1.57 16.73 3 2.06 6.5 Loam 
400 10.8 1.84 14.5 2.7 1.65 6.2 Loam 
Average 10.68 1.67 15.14 2.88 2.49 7.19  
SD 3.81 0.73 2.86 0.58 1.06 0.54  
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APPENDIX D.&List&of&sampled&taxa&and&trophic&guilds. 
 
Table D1. List of all plant taxa surveyed during the experiment and their associated taxon guild. 
The “Mainland” column indicates “y” when the taxon was present in both the mainland and the 
islands. Most taxa present in the islands were not present in the mainland (40% of taxa overlap, 
significantly smaller than a 50% proportion, binomial p > 0.05). 
Trophic(
guild( Latin name Common name Mainland 
Forb! Abutilon theophrasti Indian Mallow n!
Forb! Amaranthus retroflexus Pigweed n!
Forb! Ambrosia artemisiifolia Common ragweed n!
Forb! Arctium sp. Burdock y!
Forb! Arenaria serpyllifolia Thyme-leaved sandwort n!
Forb! Aster novae-angliae New England aster n!
Forb! Capsella bursa-pastoris Shepherd's purse y!
Forb! Chenopodium album Lamb's quarter n!
Forb! Cirsium vulgare Bull thistle y!
Forb! Coniza canadensis Horseweed y!
Forb! Crepis capillaris Smooth hawksbeard n!
Forb! Datura stramonium Jimsonweek n!
Forb! Daucus carota Queen Anne's lace y!
Forb! Dysphania pumilio Clammy goosefoot n!
Forb! Echinacea purpurea Purple coneflower n!
Forb! Elymus canadensis Canadian wildrye n!
Forb! Erigeron sp. Fleabane y!
Forb! Erysimum cheiranthoides Wormseed mustard y!
Forb! Hieracium paniculatum Panicled hawkweed y!
Forb! Lactuca serriola Prickly lettuce y!
Forb! Lapsana communis Nipplewort y!

Forb! Lespedeza capitata 
Roundheaded 

bushclover n!
Forb! Medicago lupulina Black medic y!
Forb! Monarda fistulosa Wild bargamot n!
Forb! Oxalis sp. Wood sorrel n!
Forb! Persicaria maculosa Lady's thumb n!
Forb! Polygonum convolvulus Wild buckwheat n!
Forb! Portulaca oleracea Common purslane n!
Forb! Sisymbrium altissimum Tumble mustard n!
Forb! Solanaceae sp. Nightshade n!
Forb! Solanum carolinense Horse nettle n!
Forb! Solidago sp. Goldenrod y!
Forb! Sonchus arvensis Field sow thistle y!
Forb! Taraxacum officinale Common dandelion y!
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Forb! Tragopogon dubius Yellow goat's beard y!
Forb! Trifolium pratense Red clover y!
Forb! Trifolium repens White clover y!
Forb! Urtica dioica Stinging nettle n!
Forb! Verbascum thapsus Common mullein y!
Forb! Verbena hastata Blue vervain n!
Forb! Vicia cracca Cow vetch n!
Forb! Zea mays Sweet corn n!
Grass! Andropogon sp. Bluestem n!
Grass! Cyperus esculentus Yellow nutsedge n!
Grass! Eragrostis sp. Love grass n!
Grass! Panicum sp. Switch grass n!
Grass! Setaria viridis Green foxtail y!
Grass! Tricitum aestivum Winter wheat n!

 

Table D2. List of all arthropod taxa surveyed during the experiment and their associated taxon 
guild. The “Mainland” column indicates “y” when the taxon was present in both the mainland 
and the islands. Most taxa present in the islands were present in the mainland (95% of taxa 
overlap, significantly higher than a 50% proportion, binomial p < 0.05) 

Trophic guild Order Family Mainland 
Carnivore chewing hunter Coleoptera Cantharidae y 
Carnivore chewing hunter Coleoptera Carabidae y 
Carnivore chewing hunter Coleoptera Coccinellidae n 

Carnivore parasitoid Hymenoptera Braconidae y 
Carnivore parasitoid Hymenoptera Ichneumonoidae y 

Carnivore sucking hunter Hemiptera Anthocoridae y 
Carnivore sucking hunter Hemiptera Nabidae y 
Carnivore sucking hunter Hemiptera Reduviidae y 
Carnivore sucking hunter Hemiptera Phymatidae y 

Carnivore spider Araneae Anyphaenidae y 
Carnivore spider Araneae Clubionidae y 
Carnivore spider Araneae Gnaphosidae y 
Carnivore spider Araneae Lycosidae y 
Carnivore spider Araneae Philodromidae y 
Carnivore spider Araneae Salticidae y 
Carnivore spider Araneae Thomisidae y 
Carnivore spider Araneae Araneidae y 
Carnivore spider Araneae Dictynidae y 
Carnivore spider Araneae Linyphiidae y 
Carnivore spider Araneae Tegragnathidae y 
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Decomposer Coleoptera Hydrophilidae y 
Decomposer Coleoptera Lathridiidae y 
Decomposer Coleoptera Helodidae y 

Herbivore lifetime chewer Orthoptera   y 
Herbivore stage-specific 

chewer Coleoptera Anthicidae y 
Herbivore stage-specific 

chewer Coleoptera Chrysomelidae y 
Herbivore stage-specific 

chewer Coleoptera Curculionidae y 
Herbivore stage-specific 

chewer Coleoptera Mordellidae y 
Herbivore tissue sucker Hemiptera Coreidae y 
Herbivore tissue sucker Hemiptera Delphacidae y 
Herbivore tissue sucker Hemiptera Flatidae n 
Herbivore tissue sucker Hemiptera Issidae y 
Herbivore tissue sucker Hemiptera Lygaeidae y 
Herbivore tissue sucker Hemiptera Miridae y 
Herbivore tissue sucker Hemiptera Membracidae y 
Herbivore tissue sucker Hemiptera Pentatomidae y 
Herbivore tissue sucker Hemiptera Piesmatidae y 
Herbivore tissue sucker Hemiptera Berytidae y 
Herbivore tissue sucker Hemiptera Tingidae y 

Herbivore vascular sucker Hemiptera Aphidoidae y 
Herbivore vascular sucker Hemiptera Cicadellidae y 
Herbivore vascular sucker Hemiptera Cercopoidea y 

Not included Hymenoptera Formicidae  y 
Not included Hymenoptera Apoidea y 
Not included Lepidoptera   y 
Not included Mantodea   n 
Not included Neuroptera   y 
Not included Odonata   y 
Not included Plecoptera   y 
Not included Psocoptera   y 
Not included Thysanoptera   y 
Not included Trichoptera   y 
Not included Dermaptera   y 
Not included Diptera   y 
Not included Ephemeroptera   y 
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APPENDIX(E.(Partial(Mantel(test(table.(
 
Table E1. Partial Mantel test correlation table. Bold represents statistical significance at p<0.05. For the meaning of each functional group abbreviations see the “Methods” 
section. 
( Plant(

diversity( Grass( Forb( HCW( HLC( HTS( HVS$ CSH$ CS( CPA( DCW( Area(
Distance(
NAS(

Distance(
EAW(

Distance(
islands(

Plant(
diversity( 1" " " "

"
" " " " " " " "

" "

Grass( #0.15" 1" " " " " " " " " " " " " "
Forb( 0.28( #0.03" 1" " " " " " " " " " " " "
HCW( 0.05" #0.04" 0.03" 1" " " " " " " " " " " "
HLC( #0.04" #0.20" 0.09" #0.02" 1" " " " " " " " " " "
HTS$ 0.22( 0.17" 0.34( 0.04" 0.02" 1" " " " " " " " " "
HVS$ #0.02" #0.05" 0.28( 0.02" 0.04" 0.38( 1" " " " " " " " "
CSH$ 0.05" #0.10" 0.09" 0.01" 0.03" 0.12" 0.20( 1" " " " " " " "
CS( #0.06" 0.01" 0.00" 0.03" 0.01" 0.06" 0.04" 0.02" 1" " " " " " "
CPA( 0.01" 0.02" 0.13( 0.07" 0.07" 0.12" 0.12" 0.04" 0.07" 1" " " " " "
DCW( #0.23" 0.20( 0.00" #0.06" 0.01" 0.14" 0.07" 0.02" 0.00" 0.09" 1" " " " "
Area( 0.39( #0.05" 0.04" 0.04" #0.02" 0.00" 0.09" #0.01" 0.00" #0.05" #0.01" 1" " " "
Distance((
NAS( 0.08" 0.05" #0.04" 0.14( 0.64( 0.04" 0.15( #0.11" 0.02" #0.01" #0.04" 0.06" 1"

" "

Distance((
EAW( 0.11" 0.00" #0.03" 0.08" 0.09" 0.03" 0.04" 0.05" 0.05" 0.01" #0.05" 0.01" 0.09" 1"

"

Distance(
islands( 0.04" 0.03" #0.01" 0.04" 0.00" 0.00" 0.02" 0.00" 0.06" 0.00" #0.04" 0.04" 0.62( 0.75( 1"
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SUPPLEMENTARY INFORMATION (Chapter)2))
 

Appendices)

APPENDIX)S1:)Candidate)models)description)
 

Part of the literature on herbivore regulation emphasizes the importance of resource control on 

consumers either via its change in edibility or trophic dependencies related to degree of diet 

specialization and dispersal limitations (Holt 1997; Gravel et al. 2011; Harvey & MacDougall 

2014). The first model was the ‘bottom-up’ scenario (see panel below) where the treatments had 

a direct effect on plant richness and composition only, which in turn affected herbivores and 

predators. Top-predators, however, can be especially sensitive to perturbations because of higher 

metabolic demands or high degree of specialization (Purvis et al. 2000). This could either lead to 

an increase in predator-mediated effects from fertilization (Oksanen et al. 1981) or a reduction 

with habitat loss (Dobson et al. 2006). The second model was the ‘top-down’ scenario where the 

treatments directly affected predator richness, abundance and composition, thus feeding a 

downward cascade to the herbivores and then to the producers (see panel below). Indeed, both 

plant and predator mediated effects can occur simultaneously to shape herbivore communities. 

The third model was an interactive TD/BU scenario where herbivores are caught between plant-

mediated effects from the plants and predator-mediated control from the predators following a 

direct effect of the treatments on both plants and predators (see ‘mixed model’ in the Panel 

below). Because of their intermediate position in the food web, primary consumers can 

potentially act as the main driver of change (Duffy 2002), especially if perturbation effects flow 

from them through the food chain instead of flowing to them. The fourth model represented a 

‘keystone’ scenario where the treatments directly affected only the herbivores, which in turn 
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simultaneously triggered top-down effects on plants and bottom-up effects on predators (see 

panel below).  

References 

 
1. 
Dobson, A., Lodge, D., Alder, J., Cumming, G.S., Keymer, J., McGlade, J., et al. (2006). 
Habitat loss, trophic collapse, and the decline of ecosystem services. Ecology, 87, 1915–
24. 
 
2. 
Duffy, J.E. (2002). Biodiversity and ecosystem function: the consumer connection. 
Oikos, 99, 201–219. 
 
3. 
Gravel, D., Massol, F., Canard, E., Mouillot, D. & Mouquet, N. (2011). Trophic theory of 
island biogeography. Ecol. Lett., 14, 1010–6. 
 
4. 
Harvey, E. & MacDougall, A.S. (2014). Trophic island biogeography drives spatial 
divergence of community establishment. Ecology, 95(10), 2870-78. 
5. 
Holt, R. (1997). From metapopulation dynamics to community structure: some 
consequence of spatial heterogeneity. In: Metapopulation Biol. Ecol. Genet. Evol. 
Academic press, San Diago, pp. 149–164. 
 
6. 
Oksanen, L., Fretwell, S., Arruda, J. & Niemela, P. (1981). Exploitation ecosystems in 
gradients of primary productivity. Am. Nat., 118, 240-261. 
 
7. 
Purvis, A., Agapow, P.-M., Gittleman, J.L. & Mace, G.M. (2000). Nonrandom Extinction 
and the Loss of Evolutionary History. Science, 288, 328–330. 
 

  



90 

 

 

Panel that illustrates the basic structure of each candidate model. Each gray line represents an 

interaction set to zero, black lines represent interaction that are tested within the model. Each 

circle represents community structure at each trophic level. After removing community metrics 

that were too strongly correlated (see Methods section of the main text), tested metrics for plants 

were richness and composition, for herbivores - richness, abundance, and composition, for 

predators - richness and composition for the islands, and richness, abundance and composition 

for the mainland. 
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APPENDIX)S2.)Linear)modeling)of)treatment)effects)at)each)trophic)level))
 

A) Among islands. To test the bias from the unbalanced sampling effort across habitat sizes 

(see main text), I used a re-sampling technique akin to a rarefaction curve. I first randomly 

sampled 2 subplots (i.e., sampling quadrats) within each island to generate a balanced dataset. 

Then, I ran the linear models (ANOVAS, PERMANOVA, PERMDISP) on the balanced data 

and registered the probability statistic of interest (here p-value). I repeated this procedure 999 

times. From this distribution of p-values, I generated a 95% confidence interval and tested 

whether or not it included the critical value 0.05 (one-tailed t-test, H0: p-value<0.05). In the 

table, p represents significant levels from the unbalanced test and P significant levels from the t-

test. I highlighted in gray the rows where the interpretation differed between the unbalanced and 

the balanced models. The unbalanced models systematically overestimated the effect of patch 

size. Therefore the effect of patch size was not considered further within the structural equation 

model procedures (see Appendix S3 below).  

i) Alpha diversity 
 
Plant 

Sources of variation 
 Taxa richness Pielou evenness 

df F p P F p P 
Mowing 1 0.6 ns ns 0.5 ns ns 
Nitrogen 1 11.0 ** *** 0.7 ns ns 
Patch size 2 13.6 *** ns 1.1 ns ns 
Space 1 8.7 ** *** 0.5 ns ns 
Mowing*Nitrogen 1 0.0 ns ns 3.4 ns ns 
Mowing*Patch size 2 1.7 ns ns 0.1 ns ns 
Nitrogen*Patch size 2 0.6 ns ns 1.6 ns ns 
Mowing*Nitrogen*Pat
ch size 

2 0.0 ns ns 0.1 ns ns 

Residuals 23       
*** < 0.001; ** < 0.01; * < 0.05; ns > 0.05 
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Herbivore 

Sources of variation 
 Taxa richness Pielou evenness Abundance 

df F p P F p P F P P 
Mowing 1 0.4 ns ns 0.4 ns ns 1.0 ns ns 
Nitrogen 1 0.7 ns ns 17.2 *** *** 40.4 *** *** 
Patch size 2 11.0 *** ns 0.5 ns ns 2.8 ns ns 
Space 1 0.3 ns ns 0.2 ns ns 0.3 ns ns 
Mowing*Nitrogen 1 0.7 ns ns 0.3 ns ns 0.0 ns ns 
Mowing*Patch size 2 0.3 ns ns 0.6 ns ns 1.7 ns ns 
Nitrogen*Patch size 2 1.0 ns ns 0.6 ns ns 0.5 ns ns 
Mowing*Nitrogen*Pat
ch size 

2 3.8 * ns 0.1 ns ns 5.3 * * 

Residuals 23          
*** < 0.001; ** < 0.01; * < 0.05; ns > 0.05 
 
Predator 

Sources of variation 
 Taxa richness Pielou evenness Abundance 

df F p P F p P F P P 
Mowing 1 0.3 ns ns 0.6 ns ns 1.7 ns ns 
Nitrogen 1 1.8 ns ns 0.7 ns ns 3.3 ns ns 
Patch size 2 4.1 * ns 4.6 * ns 0.5 ns ns 
Space  0.1 ns ns 0.0 ns ns 0.4 ns ns 
Mowing*Nitrogen 1 0.3 ns ns 0.1 ns ns 0.1 ns ns 
Mowing*Patch size 2 2.0 ns ns 6.6 ** *** 2.5 ns ns 
Nitrogen*Patch size 2 1.0 ns ns 0.5 ns ns 1.2 ns ns 
Mowing*Nitrogen*Pat
ch size 

2 1.4 ns ns 0.4 ns ns 2.2 ns ns 

Residuals 23          
*** < 0.001; ** < 0.01; * < 0.05; ns > 0.05 
 

ii) Beta-diversity 

PERMANOVA 

Sources of variation 
Plant Herbivore 

df F R2 p P F R2 p P 
Island size 2 1.8 0.07 * *** 1.1 0.05 ns ns 
Mowing 1 3.0 0.06 ** *** 3.2 0.07 ** *** 
Nitrogen 1 11.4 0.23 *** *** 10.0 0.21 *** *** 
Space 1 2.3 0.05 * *** 0.3 0.01 ns ns 
Island size*Mowing 2 0.7 0.03 ns ns 1.1 0.05 ns ns 
Island size*Nitrogen 2 0.6 0.02 ns ns 1.2 0.05 ns ns 
Mowing*Nitrogen 1 1.4 0.03 ns ns 0.3 0.01 ns ns 
Size*Mowing*Nitrogen 2 1.0 0.04 ns ns 1.9 0.08 * * 
Residuals 23  0.47    0.49   
Total 35  1.00    1.00   
*** < 0.001; ** < 0.01; * < 0.05; ns > 0.05 
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PERMANOVA (SUITE) 
 Predator 

Sources of variation df F R2 p P 
Island size 2 1.0 0.05 ns ns 
Mowing 1 1.1 0.03 ns ns 
Nitrogen 1 1.4 0.04 ns ns 
Space 1 0.7 0.02 ns ns 
Island size*Mowing 2 1.2 0.07 ns ns 
Island size*Nitrogen 2 0.9 0.05 ns ns 
Mowing*Nitrogen 1 1.0 0.03 ns ns 
Size*Nitrogen*Mowing 2 1.2 0.07 ns ns 
Residuals 23  0.65 ns ns 
Total 35  1.00 ns ns 
 
PERMDISP. Each line is a different test 

Sources of variation 
Plant Herbivore 

F p P F p P 
Island size 0.6 ns ns    
Mowing 3.4 0.07 ns 0.2 ns ns 
Nitrogen 0.1 ns ns 5.3 * * 
*** < 0.001; ** < 0.01; * < 0.05; ns > 0.05 
 
B) Mainland versus Islands. Mainland data was sampled within 9 randomly distributed 4 m2 

quadrats. Therefore, to compare the mainland with the islands, I used the same technique 

described below, but instead I randomly sampled 9 sampling quadrats within the island design 

for each of 999 repetitions.  

i) Alpha-diversity 

Plant 

Sources of variation 
 Taxa richness Pielou evenness 

df F p P F p P 
Mainland vs. Island 1 0.3 ns ns 0.05 ns ns 
Residuals 127       
Herbivore 

Sources of variation 
 Taxa richness Pielou evenness Abundance 

df F p P F p P F P P 
Mainland vs. Island 1 25.5 *** *** 4.3 * ns 5.8 * ns 
Residuals 127          
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Predator 

Sources of variation 
 Taxa richness Pielou evenness Abundance 

df F p P F p P F P P 
Mainland vs. Island 1 5.2 * ns 2.0 ns ns 19.3 *** *** 
Residuals 127          
 

ii) Beta-diversity 

PERMANOVA 

Sources of variation 
Plant Herbivore Predator 

df F R2 p df F R2 p df F R2 p 
Mainland vs. Island 1 6.7 0.29 *** 1 7.6 0.32 *** 1 1.0 0.06 ns 
Residuals 16    16    16    
Total 17    17    17    
 
PERMDISP 

Sources of variation 
Plant Herbivore 

df F p df F p 
Mainland vs. Island 1 7.1 *** 1 3.0 ns 
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APPENDIX(S3.(Standardized(path(coefficients(for(each(candidate(model(
 
Standardized path coefficients for each candidate model for A) Island design and B) the mainland data. In each table the standardized estimate 

represents the patch coefficients from the partial regression analysis, SE is the standard error on the standardized estimate and Z corresponds 

to the test statistic. Significant values at p<0.05 are bolded.   

 
 
A) Island design 
 
Bottom-up model. Maximum Likelihood = 15.648; df = 14; p=0.335 

      
Standardized 

estimate SE Z p 

Plant richness ~ Nitrogen -0.506 0.07 -7.23 0.00 

  ~ Mowing 0.013 0.06 0.20 0.84 

  ~ Space -0.318 0.07 -4.55 0.00 
Plant 

composition ~ Nitrogen 0.637 0.07 9.10 0.00 

  ~ Mowing -0.125 0.06 -2.19 0.03 

  ~ Space -0.053 0.07 -0.81 0.42 
Herbivore 

richness ~ Plant richness 0.092 0.10 0.95 0.34 

  ~ Plant composition 0.225 0.10 2.33 0.02 
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Herbivore 
composition ~ Plant richness -0.062 0.07 -0.85 0.39 

  ~ Plant composition -0.893 0.09 -10.15 0.00 
Herbivore 
abundane ~ Plant richness -0.095 0.09 -1.05 0.29 

  ~ Plant composition 0.618 0.08 8.02 0.00 

Predator richness ~ Herbivore richness 0.138 0.11 1.26 0.21 

  ~ Herbivore composition -0.625 0.30 -2.08 0.04 

  ~ Herbivore abundance -0.065 0.31 -0.21 0.84 

  ~ Plant richness 0.100 0.07 1.43 0.15 

  ~ Plant composition -0.046 0.11 -0.40 0.69 
Predator 

composition ~ Herbivore richness 0.232 0.12 1.93 0.05 

  ~ Herbivore composition -0.390 0.33 -1.20 0.23 

  ~ Herbivore abundance -0.227 0.34 -0.66 0.51 

  ~ Plant composition 0.222 0.12 1.83 0.07 
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Top-down. model Maximum Likelihood = 125.318; df = 14; p=0.000 

   
Standardized 

estimate SE Z p 

Plant richness ~ Herbivore richness 0.183 0.12 1.52 0.13 

 
~ Herbivore abundance 0.271 0.38 0.71 0.48 

 
~ Herbivore composition 0.692 0.36 1.92 0.06 

 
~ Predator richness 0.211 0.12 1.77 0.08 

 
~ Predator composition -0.134 0.11 -1.24 0.22 

Plant composition ~ Herbivore richness -0.351 0.08 -4.24 0.00 

 
~ Herbivore abundance 0.193 0.26 0.74 0.46 

 
~ Herbivore composition -0.720 0.25 -2.89 0.00 

 
~ Predator richness -0.144 0.08 -1.75 0.08 

 
~ Predator composition 0.184 0.07 2.47 0.01 

Herbivore 
richness ~ Predator richness 0.375 0.10 3.68 0.00 

 
~ Predator composition 0.124 0.10 1.22 0.22 

Herbivore 
composition ~ Predator richness -0.482 0.09 -5.28 0.00 

 
~ Predator composition -0.173 0.09 -1.89 0.06 

Herbivore 
abundance ~ Predator richness 0.830 0.24 3.40 0.00 

 
~ Predator composition -0.433 0.38 -1.14 0.25 
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Predator richness ~ Nitrogen 0.254 0.09 2.86 0.00 

 
~ Mowing -0.002 0.09 -0.02 0.98 

 
~ Space -0.157 0.09 -1.72 0.08 

Predator 
composition ~ Nitrogen 0.230 0.07 3.17 0.00 

 
~ Mowing -0.080 0.07 -1.11 0.27 

 
~ Space -0.153 0.07 -2.25 0.02 

 
Mixed TD/BU model. Maximum Likelihood = 11.505; df = 8; p=0.175 

   
Standardized 

estimate SE Z p 

Plant richness ~ Nitrogen -0.488 0.07 -6.87 0.00 

 
~ Mowing 0.006 0.07 0.10 0.92 

 
~ Space -0.340 0.07 -4.73 0.00 

Plant composition ~ Nitrogen 0.641 0.07 9.12 0.00 

 
~ Mowing -0.109 0.06 -1.94 0.05 

 
~ Space -0.077 0.06 -1.21 0.23 

Herbivore richness ~ Plant richness 0.053 0.09 0.60 0.55 

 
~ Plant composition 0.037 0.10 0.38 0.70 

 
~ Predator richness 0.365 0.10 3.55 0.00 
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~ Predator composition 0.123 0.10 1.18 0.24 

Herbivore 
composition ~ Plant richness -0.062 0.07 -0.84 0.40 

 
~ Plant composition -0.871 0.12 -7.03 0.00 

 
~ Predator richness -0.337 0.08 -4.30 0.00 

 
~ Predator composition 0.072 0.08 0.88 0.38 

Herbivore 
abundance ~ Plant composition 0.591 0.12 4.79 0.00 

 
~ Plant richness -0.073 0.09 -0.80 0.42 

 
~ Predator richness 0.382 0.08 4.94 0.00 

 
~ Predator composition -0.013 0.08 -0.16 0.87 

Predator richness ~ Nitrogen 0.254 0.09 2.86 0.00 

 
~ Mowing -0.002 0.09 -0.02 0.98 

 
~ Space -0.157 0.09 -1.72 0.08 

Predator 
composition ~ Nitrogen 0.256 0.09 2.88 0.00 

 
~ Mowing -0.096 0.09 -1.07 0.28 

 
~ Space -0.101 0.09 -1.11 0.27 
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Keystone model. Maximum Likelihood = 74.108; df = 15; p=0.000 

   
Standardized 

estimate SE Z p 

Plant richness ~ Herbivore richness 0.198 0.12 1.63 0.10 

 
~ Herbivore composition 0.654 0.35 1.88 0.06 

 ~ Herbivore abundance 0.281 0.08 0.74 0.45 

Plant composition ~ Herbivore richness -0.349 0.15 -4.09 0.00 

 
~ Herbivore composition -0.749 0.53 -3.07 0.00 

 
~ Herbivore abundance 0.160 0.71 0.60 0.54 

Herbivore 
richness ~ Nitrogen 0.154 0.09 1.70 0.09 

 
~ Mowing -0.137 0.09 -1.51 0.13 

 
~ Space -0.072 0.09 -0.78 0.44 

Herbivore 
composition ~ Nitrogen -0.620 0.07 -8.51 0.00 

 
~ Mowing 0.053 0.07 0.96 0.34 

 
~ Space 0.160 0.11 2.15 0.03 

Herbivore 
abundance ~ Nitrogen 0.542 0.08 6.93 0.00 

 
~ Mowing -0.030 0.08 -0.38 0.70 

 
~ Space -0.099 0.08 -1.25 0.21 

Predator richness ~ Herbivore richness 0.173 0.10 1.68 0.09 
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~ Herbivore composition -0.530 0.29 -1.80 0.07 

 
~ Herbivore abundance -0.045 0.32 -0.14 0.89 

Predator 
composition ~ Herbivore richness 0.154 0.11 1.36 0.18 

 
~ Herbivore composition -0.561 0.32 -1.73 0.08 

 
~ Herbivore abundance -0.192 0.35 -0.54 0.59 

 
B) Mainland 
 
Bottom-up model. Maximum Likelihood = 4.684; df = 2; p=0.096 

   
Standardized 

estimate SE Z p 

Herbivore 
richness ~ Plant richness 0.274 0.34 0.82 0.41 

 
~ Plant composition -0.490 0.34 -1.46 0.15 

Herbivore 
composition ~ Plant richness -0.356 0.31 -1.14 0.25 

 
~ Plant composition 0.461 0.31 1.48 0.14 

Herbivore 
abundance ~ Plant richness -0.556 0.44 -1.26 0.21 

 
~ Plant composition -0.477 0.44 -1.08 0.28 

Predator richness ~ Herbivore richness 0.070 0.40 0.18 0.86 

 
~ Herbivore composition -0.148 0.41 -0.36 0.72 

 
~ Herbivore abundance -0.520 0.23 -2.26 0.02 
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~ Plant richness 0.046 0.33 0.14 0.89 

 
~ Plant composition -0.530 0.29 -1.84 0.07 

Predator 
abundance ~ Herbivore abundnace -0.120 0.14 -0.84 0.40 

 
~ Herbivore richness 0.852 0.25 3.43 0.00 

 
~ Herbivore composition 0.181 0.26 0.71 0.48 

 
~ Plant richness 0.282 0.20 1.39 0.17 

 
~ Plant composition -0.088 0.18 -0.49 0.62 

Predator 
composition ~ Herbivore richness -0.385 0.29 -1.31 0.19 

 
~ Herbivore composition 0.855 0.30 2.82 0.00 

 
~ Herbivore abundance -0.115 0.17 -0.68 0.50 

 
~ Plant richness -0.156 0.24 -0.65 0.52 

 
~ Plant composition -0.855 0.21 -4.02 0.00 

 
Top- Down model. Maximum Likelihood = 9.474; df = 2; p=0.009 

   
Standardized 

estimate SE Z p 

Plant richness ~ Herbivore richness -0.538 0.74 -0.73 0.46 

 
~ Herbivore composition -0.602 0.39 -1.55 0.12 

 
~ Herbivore abundance -0.339 0.32 -1.07 0.28 
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~ Predator richness -0.108 0.33 -0.33 0.74 

 
~ Predator abundance 0.938 0.57 1.63 0.10 

 
~ Predator composition 0.173 0.25 0.70 0.48 

Plant composition ~ Herbivore richness -0.410 0.35 -1.18 0.24 

 
~ Herbivore composition 0.540 0.18 2.94 0.00 

 
~ Herbivore abundance -0.308 0.15 -2.06 0.04 

 
~ Predator richness -0.488 0.15 -3.17 0.00 

 
~ Predator abundance 0.084 0.27 0.31 0.76 

 
~ Predator composition -0.715 0.12 -6.15 0.00 

Herbivore 
richness ~ Predator richness -0.254 0.11 -2.33 0.02 

 
~ Predator composition -0.194 0.11 -1.78 0.07 

 
~ Predator abundance 0.902 0.11 8.41 0.00 

Herbivore 
composition ~ Predator richness -0.065 0.20 -0.32 0.75 

 
~ Predator composition 0.486 0.20 2.41 0.02 

 
~ Predator abundance -0.628 0.20 -3.17 0.00 

Herbivore 
abundance ~ Predator richness -0.677 0.21 -3.19 0.00 

 
~ Predator composition -0.200 0.21 -0.94 0.35 

 
~ Predator abundance 0.403 0.21 1.94 0.05 
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Mixed BU/TD model. Maximum Likelihood = 4.756; df = 2; p=0.093 

   
Standardized 

estimate SE Z p 

Herbivore 
richness ~ Plant richness -0.140 0.16 -0.86 0.39 

 
~ Plant composition -0.455 0.15 -3.12 0.00 

 
~ Predator richness -0.349 0.13 -2.74 0.01 

 
~ Predator composition -0.359 0.09 -3.84 0.00 

 
~ Predator abundance 0.761 0.15 5.05 0.00 

Herbivore 
composition ~ Plant richness -0.105 0.19 -0.55 0.58 

 
~ Plant composition 0.648 0.17 3.77 0.00 

 
~ Predator richness 0.113 0.15 0.75 0.45 

 
~ Predator composition 0.621 0.11 5.64 0.00 

 
~ Predator abundance 0.033 0.18 0.18 0.85 

Herbivore 
abundance ~ Plant richness -0.555 0.34 -1.64 0.10 

 
~ Plant composition -0.849 0.30 -2.79 0.01 

 
~ Predator richness -0.846 0.27 -3.19 0.00 

 
~ Predator composition -0.484 0.19 -2.48 0.01 

 
~ Predator abundance 0.180 0.31 0.57 0.57 

Predator richness ~ Plant richness 0.408 0.33 1.25 0.21 
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~ Plant composition -0.384 0.33 -1.18 0.24 

Predator 
abundance ~ Plant richness 0.517 0.27 1.88 0.06 

 
~ Plant composition -0.365 0.27 -1.33 0.18 

Predator 
composition ~ Plant richness -0.502 0.44 -1.13 0.26 

 
~ Plant composition -0.217 0.44 -0.49 0.63 

 
Keystone model. Maximum Likelihood = 24.353; df = 8; p=0.002 

   
Standardized 

estimate SE Z p 

Plant richness ~ Herbivore richness 0.312 0.43 0.72 0.47 

 
~ Herbivore composition -0.520 0.42 -1.24 0.22 

 
~ Herbivore abundance -0.440 0.21 -2.09 0.04 

Plant 
composition ~ Herbivore richness -0.315 0.49 -0.64 0.52 

 
~ Herbivore composition 0.474 0.48 0.99 0.32 

 
~ Herbivore abundance 0.139 0.24 0.58 0.56 

Predator 
richness ~ Herbivore richness 0.251 0.47 0.54 0.59 

 
~ Herbivore composition -0.424 0.46 -0.93 0.35 

 
~ Herbivore abundance -0.614 0.23 -2.68 0.01 

Predator 
abundance ~ Herbivore abundance -0.256 0.14 -1.88 0.06 
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~ Herbivore richness 0.967 0.28 3.46 0.00 

 
~ Herbivore composition -0.008 0.27 -0.03 0.98 

Predator 
composition ~ Herbivore richness -0.164 0.49 -0.34 0.74 

 
~ Herbivore composition 0.531 0.47 1.12 0.26 

 
~ Herbivore abundance -0.165 0.24 -0.70 0.49 
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Supplementary,figure,and,tables,

SUPPLEMENTARY,FIGURE,1:,Experimental,design,and,sampling,location,
 
Site map showing the experimental design a) a close view on the islands (blue squares) and the 

mainland on the North and North-West boundaries b) regional view showing the islands, the mainland 

(yellow line) and the surrounding agricultural sites and woodlands.  
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SUPPLEMENTARY,TABLE,1:,List,of,sampled,plant,taxa,
 
List of all plant taxa surveyed during the experiment. The “Mainland” and ‘Island” columns 
indicate the presence or absence of the taxa in each respective habitat.  
 

Latin name Common name Mainland Island 
Alliaria petiolata  Garlic mustard  n y 

Abutilon theophrasti Indian mallow n y 
Acer sp. Maple sp. y y 

Ambrosia artemisiifolia Ragweed  n y 
Amaranthus retroflexus Pigweed n y 

Andropogon geardii Big bluestem  n y 
Asclepias sp. Milkweed n y 

Asclepias tuberosa Butterfly milkweed y y 
Aster novae-angliae New England aster y y 

Chenopodium sp. Lambs Quarters n y 
Chenopodium pumilio Clammy goosefoot y n 

Cirsium altissimum Tall thistle y y 
Cirsium arvense Creeping thistle n y 
Cirsium discolor Field thistle n y 
Cirsium vulgare  Bull thistle y y 

Conyza canadensis Horseweed y y 
Cyperus esculentus Yellow nutsedge n y 

Daucus carota Queen Anne's lace y y 
Desmodium canadense Showy tick-tefoil n y 

Dipsacus fullonum Wild teasel y n 
Eleagnus angustifolia Russian olive y n 

Elymus canadensis Canada wild rye n y 
Erigeron sp. Fleabane y y 

Erysimum cheiranthoides Wormseed mustard  n y 
 Geum sp.  n y 

Hieracium sp. Hawkweed y y 
Hypericum perforatum St john's wort n y 

Lactuca canadensis Wild lettuce n y 
Lactuca serriola Prickly lettuce y y 

Lespedeza capitata Roundheaded 
bushclover n y 

Leonurus cardiaca Motherwort y n 
Lotus corniculatus Bird's foot trefoil y n 
Medicago lupulina Black medic y y 

Melilotus alba sweet clover y y 
Monarda fistulosa Wild bergamot n y 

Nepeta cataria Catnip y n 
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Oenothera biennis Evening primrose n y 
Oxalis sp.  Oxalis  y y 

Panicum virigatum Switch grass n y 
Poa pratensis Kentucky blue grass y n 

Polygonum lapathifolium  Pale smartweed n y 
Potentilla recta Sulphur cinquefoil y n 

Ratibida pinnata Grey coneflower n y 
Rudbeckia hirta Black eyed susan n y 
Rumex cripus Yellow dock y y 

Schizachyrium scoparium Little blue stem n y 
Setaria sp.  Foxtail y y 

Sisymbrium altissinum Tumble mustard  n y 
Solanaceae Nightshade  n y 

Solidago Canadensis Canada goldenrod n y 
Solidago rigida Stiff goldenrod n y 

Solidago sp. Goldenrod y y 
Sonchus arvenis Field sow thistle n y 
Sonchus asper Wild lettuce n y 

Sorghastrum nutans Indian grass n y 
Stellaria sp. Chickweed y y 

Taraxacum officinale Common dandelion y y 
Tragopogon dubius Yellow goat's beard y y 
Triticum aestivum Winter wheat n y 
Trifolium pratense Red clover y y 

Trifolium sp.  n y 
Verbascum thapsus Mullein y y 

Vitis riparia Frost grape y y 
  Unknown basal 1 y y 
  Unknown basal 2 y n 
  Grass sp. 1 n y 
  Grass sp. 2 n y 
  Grass sp. 3 n y 
  Polygonum vine n y 
  Unknown Aster 1 y y 

  Unknown Aster 2 
n y 

  Unknown Aster 3 n y 

  
Unknown buckthorn 

n y 
  Unknown alternate shrub y n 
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SUPPLEMENTARY,TABLE,2:,List,of,sampled,arthropod,taxa,
 
List of all arthropod taxa surveyed during the experiment. The “Mainland” and ‘Island” columns 
indicate the presence or absence of the taxa in each respective habitat. For this study I only used 
herbivores and predators.  
 

Order Family 
Trophic 
group Mainland Island 

Coleoptera Chrysomelidae Herbivore y y 

Coleoptera Curculionidae Herbivore y y 

Coleoptera Mordellidae Herbivore y y 

Hemiptera Aphidoidea Herbivore n y 

Hemiptera Berytidae Herbivore y y 

Hemiptera Cercopoidea Herbivore y y 

Hemiptera Cicadellidae Herbivore y y 

Hemiptera Dictyopharidae Herbivore y y 

Hemiptera Flatidae Herbivore n y 

Hemiptera Issidae Herbivore y y 

Hemiptera Lygaeidae Herbivore y y 

Hemiptera Membracidae Herbivore n y 

Hemiptera Miridae Herbivore y y 

Hemiptera Pentatomidae Herbivore y y 

Hemiptera Rhopalidae Herbivore n y 

Hemiptera Tingidae Herbivore y y 

Hymenoptera Cynipoidae Herbivore n y 

Orthoptera Acrididae Herbivore y y 

Orthoptera Copiphorinae Herbivore n y 

Orthoptera Gryllidae Herbivore y y 

Orthoptera Oecanthinae Herbivore y y 

Orthoptera Tetrigidae Herbivore n y 

Orthoptera Tettidoniidae Herbivore y y 



111 

Coleoptera Scarabidae Herbivore* n y 

Araneae Amaurobiidae Predator n y 

Araneae Araneidae Predator y y 

Araneae Clubionidae Predator n y 

Araneae Dictynidae Predator y y 

Araneae Philodromidae Predator y y 

Araneae Pisauridae Predator n y 

Araneae Salticidae Predator y y 

Araneae Tetragnathidae Predator n y 

Araneae Thomisidae Predator y y 

Araneae Unknown Predator n y 

Coleoptera Anthicidae Predator n y 

Coleoptera Cantharidae Predator n y 

Coleoptera Coccinellidae Predator n y 

Hemiptera Anthocoridae Predator y y 

Hemiptera Nabidae Predator y y 

Hemiptera Reduviidae Predator y n 

Hymenoptera Braconidae Predator n y 

Hymenoptera Chalcidoidea Predator y y 

Hymenoptera Crabonidae Predator n y 

Hymenoptera Diapriidae Predator n y 

Hymenoptera Ichneumonidae Predator n y 

Hymenoptera Pompilidae Predator n y 

Hymenoptera Sierolomorphidae Predator n y 

Coleoptera Hydrophilidae Decomposer y y 

Coleoptera Lathridiidae Decomposer n y 

Hymenoptera Andreneidae Pollinator y n 

Hymenoptera Apidae Pollinator n y 
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Hymenoptera Halictidae Pollinator y y 

Coleoptera Unknown   y y 

Dermaptera     y y 

Diplopoda     n y 

Diptera     y y 

Hymenoptera Formicidae   y y 

Hymenoptera Unknown   n y 

Lepidoptera     y y 

Mecoptera     n y 

Neuroptera     n y 

Odonata     y y 

Plecoptera     n y 

Thysanoptera     y y 

Trichoptera     n y 
* More than 98% of the scarabids are Popillia japonica  
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SUPPLEMENTARY INFORMATION (Chapter,3),
 
TABLE A1. _____ Preliminary analysis showing the effect of each treatment and their interactions 
on the variation in oak seedling height. I present both the results for the parametric test and the 
permutation procedure. Bold values indicate significance at P<0.05 

Source of variation   
Parametric 

test 
Manly 

permutation 
 df Fobs P-value P-value 
Habitat size 2 0.004 0.99 0.99 
Time 6 3.318 < 0.01 < 0.01 
Exclosure 1 0.415 0.52 0.52 
Isolation 1 0.002 0.96 0.96 
Habitat size*Time 12 0.543 0.89 0.89 
Exclosure*Time 6 0.656 0.69 0.70 
Isolation*Time 6 0.744 0.61 0.57 
Habitat Size*Exclosure 2 0.019 0.98 0.99 
Residual 398    
 
TABLE A2. _____ Preliminary analysis showing the effect of each treatment and their interactions 
on the variation in insect attack rate. I present both the results for the parametric test and the 
permutation procedure. Bold values indicate significance at P<0.05 and * at P=0.05 (rounded 
value) 

Source of variation   
Parametric 

test 
Manly 

permutation 
 df Fobs P-value P-value 
Habitat size 2 2.968 0.05* 0.05* 
Time 5 136.022 < 0.01 < 0.01 
Exclosure 1 2.188 0.14 0.14 
Isolation 1 5.319 0.02 0.02 
Habitat size*Time 10 0.318 0.98 0.97 
Exclosure*Time 5 0.502 0.76 0.76 
Isolation*Time 5 1.421 0.22 0.22 
Habitat size*Exclosure 2 0.499 0.61 0.61 
Residual 318    
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TABLE A3. _____ Preliminary analysis showing the effect of each treatment and their interactions 
on the variation in vertebrate damage count. I present both the results for the parametric test and 
the permutation procedure. Bold values indicate significance at P<0.05 

Source of variation   
Parametric 

test 
Manly 

permutation 
 df Fobs P-value P-value 
Habitat size 2 1.8173 0.16 0.16 
Time 6 13.9772 < 0.01 < 0.01 
Exclosure 1 43.8146 < 0.01 < 0.01 
Isolation 1 0.1709 0.68 0.68 
Habitat size*Time 12 0.2050 0.99 0.99 
Exclosure*Time 6 1.8988 0.08 0.08 
Isolation*Time 6 0.3955 0.88 0.89 
Habitat size*Exclosure 2 2.0567 0.13 0.12 
Residual 398    
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SUPPLEMENTARY INFORMATION (Epilogue),
 

Modeling,results 

 
Figure S1. From left to right, illustration of the 36 islands longitude (X) and latitude (Y) 

coordinates for the three levels of spatial connectivity threshold; 40, 50 and 200 meters. Black 
lines indicate islands that are linked by dispersal.  
 

 
Figure S2. Variation in species occurrence and biomass explained by environmental, spatial 

and trophic variables for the producer species in the resource competition module. The 
components are environment [E], space [S], weak competitor [WC], and strong competitor [SC], 
then the independent effects of the environment [E|], space [S|], weak competitor [WC|], and 
strong competitor [SC|]. The error bars represent + and – standard error.   
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Figure S3. Variation in species occurrence and biomass explained by environmental, spatial 

and trophic variables for the strong competitor species in the resource competition module. The 
components are environment [E], space [S], and resource [R], then the independent effects of the 
environment [E|], space [S|], and resource [R|]. The error bars represent + and – standard error.   

 

 
Figure S4. Variation in species occurrence and biomass explained by environmental, spatial 

and trophic variables for the weak competitor species in the resource competition module. The 
components are environment [E], space [S], and resource [R], then the independent effects of the 
environment [E|], space [S|], and resource [R|]. The error bars represent + and – standard error.   
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Figure S5. Change in biomass across spatial connectivity for each species within the resource 

competition module. Blue (left side); dominant competitor, cyan (middle); weak competitor, and 
dark green (right side); producer. Each species biomass was transformed following a Wisconsin 
standard double standardization procedure (see main text for details). 

 

 
Figure S6. Treatment effects on producer, weak and strong competitors biomass in the 

resource competition module.  
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Figure S7. Variation in species occurrence and biomass explained by environmental, spatial 

and trophic variables for the producer species in the linear chain module. The components are 
environment [E], space [S], herbivore [H], and top predator [TP], then the independent effects of 
the environment [E|], space [S|], herbivore [H|], and top predator [TP|]. The error bars represent 
+ and – standard error.   
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Figure S8. Variation in species occurrence and biomass explained by environmental, spatial 
and trophic variables for the herbivore species in the linear chain module. The components are 
environment [E], space [S], resource [R], and top predator [TP], then the independent effects of 
the environment [E|], space [S|], resource [R|], and top predator [TP|]. The error bars represent + 
and – standard error.    

 

 
Figure S9. Variation in species occurrence and biomass explained by environmental, spatial 

and trophic variables for the top predator species in the linear chain module. The components are 
environment [E], space [S], resource [R], and herbivore [H], then the independent effects of the 
environment [E|], space [S|], resource [R|], and top predator [H|]. The error bars represent + and 
– standard error.   

 

 
Figure S10. Change in biomass across spatial connectivity for each species within the linear 

chain module. Red (left side); top-predator, blue (middle); herbivore, and dark green (right side); 
producer. Each species biomass was transformed following a Wisconsin standard double 
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standardization procedure (see main text for details).   
 

 
Figure S11. Treatment effects on producer, herbivore and predator biomass in the linear chain 

module. 
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Model,code 
 
##################### 
# Generalized lotka-volterra model for metacommunity 
# Explicit food web interactions 
# Explicit competitive interactions  
# Possibility for species specific growth rate, interaction strength and dispersal capacity 
# 2014 
# Eric Harvey (modified after Dominique Gravel's Levins metapopulation model for food webs) 
##################### 
 
##################### 
## PARAMETERS 
#Competition: (TRUE or FALSE) 
#S: number of species 
#N: number of patches in the metacommunity 
#K: patch productivity 
#E: vertical energy transfer efficiency  
# b: intrinsic growth rate  
#Dt: Number of locay dynamic iteration between a dispersal events  
# Lpred: interaction matrix (0:no link; 1: predator-prey link, SxS dimension) 
#Alphapred: interaction strenght matrix 
#ConMat: Connectivity matrix between patches (determined by a Threshold parameter) 
#R0: Initial distribution of the species in the metacommunity 
#nsteps: number of time steps to run the model 
########################## 
 
TrophMetacom = function(Competition,AlphaPred,R0,S,N,b,Dt,c,K,Lpred,E,ConMat,nsteps) { 
   
 ############## 
 ##Load parameters 
 #Local dynamics 
  S=S  
  b = b 
  E = E  
  K = K 
  AlphaPred=AlphaPred 
 #Landscape dynamics 
  AlphaPred = AlphaPred 
  c = c  
  N=N  
  ConMat = ConMat 
  Dt = Dt  
 #Identify primary producers 
   NPrey = apply(Lpred,2,sum) 
   Prod=numeric(S) 
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   Prod[NPrey==0]=1 
   Nprod = sum(Prod>0) 
   Productivity = matrix(K,nrow=N,ncol=Nprod) #Potential productivity per patch for each 
producer species 

 
 ############## 
 #Growth rates are negative by default (i.e., a consumer cannot establish in the absence of 
enough preys)  

   b = matrix(b,nr=N,nc=S,byrow=TRUE) 
   b[,Prod==1] = 0.03 #Except for producers 
   
 ############## 
 #Competition 
  #Determine species that share at least one prey 
  SharedPrey = t(Lpred)%*%Lpred 
  SharedPrey[SharedPrey>0] =1 
  SharedPrey[Prod==1,Prod==1] = 0 #turn to 1 for plant competition 
   
  #Calculate base-line competition coefficients 
  BaseComp = rgamma(1,shape=1,scale=0.1)*-1 
  Alphacomp = SharedPrey*BaseComp 
  diag(Alphacomp)= 0 #intraspecific competition (set to zero for now - see simulation below) 
     
   
 ############## 
 #Initial occurrence and biomass 
  Abundance = R0 
  Presence = Abundance 
  Presence[Presence>0]=1 
   
 #Matrix to record total regional biomass for each species at the end of the simulation 
  Series = matrix(nr=nsteps,nc=S+1) 
  
 ############## 
 #Simulation  
 #Loop over all time steps 
 for(time in 1:nsteps){ 
   
  ############## 
  ##Colonization 
   
  # Calculate if at least one prey is present in each patch 
   LocalPrey = Presence%*%Lpred 
   LocalPrey[LocalPrey>0] = 1 
   LocalPrey[,Prod==1] = 1 # For primary producers 
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  #Create colonization matrices 
      randCol = matrix(runif(N*S,0,1),nr=N,nc=S) 
      ColMat = matrix(0,nr=N,nc=S) 
      
     # Calculate how many populations are connected to the focal patch (parameter 'cp' in main 
text) 

   ConPop = ConMat%*%Presence 
      
     #Colonization probability depends on intrinsic dispersal capacity and distance between 
patches 

   LocalCol = 1-(1-c)^ConPop 
    
  #Perform the test 
  #Colonization in a patch can only occur if 1. at least one prey is present; 2. The species is not 
already present 

   if(any(time == seq(1,nsteps,by=Dt))){ 
    ColMat[LocalPrey == 1 & Presence==0 & randCol < LocalCol] = 0.02  
   } 
   
  ############## 
  ##Biotic interactions 
   
  # Total per-capita biomass gain from food per patch  
   Totpred = Abundance%*%(AlphaPred*E) 
   
  #Total per-capita biomass loss from predation per patch 
   Totprey = Abundance%*%t(AlphaPred)*-1 
    
  #per-capita effect of competition on each patch 

 #competition is different on each patch as a function of the competitor identity and prey 
biomass availlbility   (see main text for details) 

  #as soon as two species don't share a prey on a patch, competition is no more 
   LocalAlpha = rep(list(Alphacomp),N) 
  for(j in 1:ncol(Alphacomp)){ 
   for(i in 1:nrow(Alphacomp)){ 
    for(k in 1:N) { 
     if(LocalAlpha[[k]][i,j] !=0 && sum(AlphaPred[,j]*Abundance[k,]) 
!=0){LocalAlpha[[k]][i,j] =   

     LocalAlpha[[k]][i,j] - (sum(AlphaPred[,j]*Abundance[k,]))      
     diag(LocalAlpha[[k]]) = -1}  
     else{LocalAlpha[[k]][i,j] = LocalAlpha[[k]][i,j]*0  
      diag(LocalAlpha[[k]]) = -1} 
    } 
   } 
  } 
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  #Total per-capita effect of competition on each patch 
  Totcomp = matrix(0,nr=N,nc=S) 
   for(k in 1:N){ 
    if(Competition ==TRUE) Totcomp[k,] = (Abundance%*%t(LocalAlpha[[k]]))[k,] 
   } 
    
       
 ############## 
 ##Calculate rate of change 
    
   #Create output matrix 
   dX = matrix(0,nr=N,ncol=S) 
   #Consumer local dynamics 
   dX[,Prod!=1] = Abundance[,Prod!=1]*(b[,Prod!=1] + Totpred[,Prod!=1] + 
Totprey[,Prod!=1] + Totcomp[,Prod!=1]) 

   #Producer local dynamics   
  dX[,Prod==1] = b[,Prod==1]*Abundance[,Prod==1]*(1-
(Abundance[,Prod==1])/Productivity) + Totprey[,Prod == 1] 

 
  #Apply dX and colonization to current biomass 
   Abundance = Abundance + dX + ColMat 
   Abundance[Abundance<0.01]=0 #goes extinct below 0.01 
   Presence = Abundance 
   Presence[Presence>0]= 1 
    
  # Record regional abundance 
   Series[time,]=c(time,apply(Abundance,2,sum)) 
   
 } 
  
 
return(list(Abundance,Series,AlphaPred)) 
  
} 
 
 
 
 
 
 


