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Food-web structure governs community stability and ecosystem functioning, yet its
environmental controls remain poorly understood. We analyzed 1,046 food webs from
26 Neotropical sites spanning broad environmental gradients in energy, temperature,
hydrologic disturbance and ecosystem size to understand how these factors contribute
to determining food web structure. All food webs were from the same widespread
system and sampled using standardized methods. We found that food-web size
increased with locally available energy and ecosystem size, but decreased with regional
aridity and precipitation variability. In terms of shape, food webs became shorter and
wider in regions with low primary productivity, high temperatures and drought-prone
climates. Thus, food web size and shape were controlled by different environmental
drivers acting at different spatial scales, likely reflecting divergence in the underlying
mechanisms. Environmental effects on food web size were mediated by the abundance
and traits of species, but food web shape was not. These findings reveal how local
environmental conditions and regional climate structure ecological networks, providing
a basis for forecasting food-web restructuring under environmental change.

Food webs describe how species interact in ecological communities, summarizing species
diversity and the trophic pathways through which energy and matter flow. Among many
structural descriptors, two are especially informative: food web size, which reflects the total
number of species and interactions across trophic levels, and food web shape, which captures
the distribution of species between versus within trophic levels (i.e. food web height versus
width!). Food web size and shape are both linked to the ability of food webs to resist
environmental perturbations and efficiently convert basal energy and nutrients into
biomass®?. Given the central role of food web structure in ecosystem resilience and
functioning, it is surprising that we still struggle to understand how food web size and shape
are determined by current environmental conditions, and therefore predict how these
properties might respond to future environmental change*.

Environmental conditions could affect food web structure through a wide range of
mechanisms, including by determining energy input, modulating energy fluxes, filtering
community composition, affecting metabolic efficiencies, determining interaction strengths,
driving colonization-extinction dynamics, and influencing system stability>'°. Individually,
environmental drivers — especially temperature, disturbance, available energy and ecosystem
size - have been shown to affect food web structure' !>, However, because such drivers often
mediate or interact with each other®® >%16°18 the effect of any single driver can only be
properly tested through a causal framework that accounts for other plausible covariates.
Furthermore, descriptors of food web structure are often conflated in analyses — for example,
food web height could vary due to changes in either food web size or shape - complicating
tests of causal mechanisms between environmental drivers and food web structure!®. Finally,
the scale of environmental drivers may determine how they influence food web structure,
with small-scale heterogeneity shaping organism and population processes, and larger-scale
bioclimatic gradients additionally affecting metacommunity processes®’. Therefore, to fully
understand the environmental control of food web structure, we need extensive surveys of
food webs across multiple environmental gradients at both local and regional scales, coupled
with detailed causal analysis and careful partitioning of effects on food-web size from those



104
105
106
107
108
109

110

111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

133
134
135
136
137
138
139
140
141
142
143
144
145

on shape. Geographic replication of such surveys can establish robustness of patterns. To
unravel the interplay between food web structure and environmental variation, we analyze
here the structure of more than a thousand food webs spanning broad environmental and
geographic gradients. We ask which are the dominant environmental drivers of food web
structure, and whether food web size and shape are driven by the same types and scales of
environmental drivers.

A model system: aquatic food webs in bromeliads

To test these ideas, we conducted geographically-replicated surveys of the same system,
using the same methods (see Materials and Methods): 1046 aquatic food webs housed within
bromeliad plants in 26 Neotropical field sites. Sites differed substantially in food web
composition?! and spanned 47 degrees of latitude (Fig. 1, Supplementary Table 1). Water-
filled bromeliads have been used extensively as model systems in ecology because of their
contained dynamics and high natural replication’? 2. Although bromeliads are small habitats,
containing at most a few liters of water, the small size of most aquatic invertebrates mean that
individual bromeliads can contain thousands of individuals and more than a dozen species.
These aquatic food webs, dominated by invertebrates and micro-organisms**?*, have been
shown to have similar structure (e.g. number of trophic levels) to those of larger systemsS.
Although some terrestrial organisms interact with the system, consumptive interactions in
these food webs are almost entirely aquatic®®. Energy enters bromeliad food webs primarily
from tree canopy detritus, but also autochthonous algal growth?’, both influenced by regional
net primary productivity (NPP). Disturbance is predominantly hydrological and reflects
extremes of aridity and precipitation, reducing organism survival through desiccation stress®
or flushing of nutrients and organisms?!. Bromeliad water temperatures are determined by the
regional climate as modified by local canopy cover?’. We tested key environmental drivers of
food web structure at multiple scales: available energy (local: bromeliad detritus, regional:
NPP), ecosystem size (local: bromeliad capacity), hydrologic disturbance (regional: aridity,
monthly coefficient of variation in precipitation — hereafter “precipitation variability”) and
temperature (local: canopy openness, regional: mean annual temperature — hereafter
“temperature”).

We built unweighted food webs based on a hierarchy of information (in priority order:
physiological and morphological constraints, gut content analyses, feeding trials,
experiments, literature) expanded to close relatives (taxonomic scope for consumers based on
similar diet, for resources based on similar morphology). With this method (details in
Methods), we inferred the presence or absence of links for 86% of potential pairwise
interactions, and estimated the remaining 14% from probabilistic models (Extended Data Fig.
1). As we assumed the same trophic structure of basal resources, microfauna and meiofauna
for all food webs, inferences about food web structure apply primarily to the
macroinvertebrate trophic levels whose species were directly observed. The method by which
food webs are constructed and conceptualized determines their suitability for testing different
theories’; here, we chose to use unweighted webs that integrate potential links over the
aquatic lifespan of species, characterizing the trophic niche of species. This approach
facilitates our subsequent tests of niche-based mechanisms while still enabling detection of
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any other effects on food web structure that operate through shifts in species composition, for
example network stability or energy flux effects®'. We described food-web structure with 14
commonly used food-web metrics. As many of these metrics were correlated in our dataset,
we discovered that most of the variance in food web structure could be captured by the first
two components of a principal components analysis (PCA; Fig. 1, Extended Data Table 1).
The food-web size component (PCA 1, 58% of total variance in food web structure)
correlates with the number of species and links as well as their ratio, link density (Fig. 1). The
food-web shape component (PCA 2, 23% of variance) increases with maximum number of
trophic levels, proportion of species in the top trophic level and degree of omnivory (Fig. 1);
thus, food webs with high shape scores are tall and narrow, whereas low-score food webs are
short and wide.

\,\eg'\onal SCalg

Figure 1. In 26 field sites in Central America, South America and the Caribbean (orange
dots on map, numbers indicate the number of sites hidden by overlapping dots), we
surveyed the aquatic fauna within each of many bromeliad plants (round inset). For each
bromeliad, we constructed aquatic food webs based on invertebrate composition and
trophic relationships. These food webs were described by 14 metrics, which were
summarized by a principal components analysis (PCA, biplot of first two axes shown). The
first PCA axis (PCA 1) primarily represents food-web size, from small to large, and the second
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PCA axis (PCA 2) represents food web shape, from short and wide to tall and narrow.
Illustrative food webs from the extremes of these axes are shown. The contribution of food-
web metrics to the first two PCA axes is shown by labeled vectors: proportion basal species
(PB), web omnivory (WO), maximum trophic level (MTL), proportion top species (PT),
average trophic level (ATL), generality standard deviation (GSD), link density (LD), generality
(GE), vulnerability (VU), number of links (LI), species richness (RIl), connectance (CO),
vulnerability standard deviation (VSD) and proportion intermediate species (Pl).

Results and Discussion

The environmental drivers of energy input, ecosystem size, temperature and disturbance
collectively explained a substantial amount of variation in both food-web size (34% by fixed
effects, 59% by both fixed and random effects) and food-web shape (36% and 67%,
respectively) in piecewise structural equation models. Structural equation models test
hypothesized causal relationships between variables, isolating the unique effect of each
variable in relation to other variables. Our results suggest that food-web structure is
determined by combinations of drivers operating at different scales. Of the seven proximate
measures analyzed, all except canopy openness had direct effects on either food-web size or
shape (Fig. 2, Extended Data Tables 2,3). Furthermore, strong causal paths among drivers
meant that variables lacking a direct effect on a particular food-web metric often had indirect
(mediated) effects via other drivers (Fig 3a).

Local energy affects food web size, regional energy affects food web shape

In general, we found that food-web size and shape differed in the types and scales of
dominant environmental drivers. For example, while measures related to energy availability
affected both food-web size and shape, size was largely affected by local proxies (detritus
resources within bromeliads: Fig. 3a) whereas shape was more affected by regional measures
(NPP between sites: Fig. 3a). Specifically, food webs were larger in bromeliads with more
detritus, but were similarly-sized between sites differing in NPP. By contrast, food-web shape
was more affected by regional NPP than local energy, with bromeliads in more productive
sites having tall, narrow food webs (Fig. 3¢). Such effects of NPP on food web shape are
predicted to originate from combinations of bottom-up and top-down control. Classic models
predict that increased bottom-up flow of energy through food webs overcomes inefficient
energy transfer between trophic levels to enable the occupancy of higher trophic levels'>=2.
Increased occurrence of predators, especially large generalist species, can then exert strong
top-down effects on prey species, reducing their standing stock abundance and diversity,
resulting in tall but narrow food webs!®. For example, the tallest and narrowest food webs are
in Costa Rica, whereas the shortest and widest are in two French Guiana sites. Costa Rican
rainforests have twice the productivity of those in French Guiana®?, and their bromeliads
contain more large-bodied and long-lived top predators®*. The strong consumptive effects of
such predators result in food webs with more standing biomass in predator than prey trophic
levels®.
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2. Solid black lines represent significant positive effects, dashed black lines represent
significant negative effects, and line thickness is proportional to effect size (see legend).
Environmental drivers are coloured to indicate driver type. The spatial scale of drivers and
responses is shown on the right margin. In the insets, causal models are repeated with the
response and explanatory variables separated into within-site effects (i.e. after subtracting
the site means, and so excluding regional drivers) and between-site effects (i.e. site means
only for all drivers). We removed collinearity between regional bioclimatic variables with
principal components analysis (PCA), representing drivers in models with appropriate PCA
axes (Supplementary Table 6). All models were fit as piecewise structural equation models,
and met global tests of directed separation (Fisher’s C: p > 0.05).

Ecosystem size affects food-web size more than shape

Bromeliad capacity had strong, positive effects on food-web size but only minor effects on
food-web shape. The relationship between food-web size and bromeliad capacity was
partially mediated by detritus (Fig. 2a): larger plants capture more falling detritus, which
support larger food webs as shown above. However, most of the effect of capacity on food-
web size was independent of detritus (Fig. 3a) and may reflect not energetic limitation but
effects of disturbance: smaller capacity bromeliads dry out more frequently®¢, and desiccation
is a major source of invertebrate mortality?®. Studies in other systems have shown that effects
of habitat size on food web structure can be mediated by multiple mechanisms apart from
simple energetic limitation, such as disturbance'®, patch dynamics®, network stability®’, body-

size distributions®, cross-ecosystem coupling'* and altered interaction types and strengths’.

Regional temperature flattens food-web shape, indirectly increases food-web size

Temperature was a key driver of food web shape. In warmer sites, food webs were shorter
and wider (Fig. 3e). A similar flattening of food web shape at higher temperatures has been
observed in a range of other freshwater systems'*-*%3°, Metabolic theory predicts such a
response, for two reasons. First, temperature often increases metabolic rates more than can be
sustained by feeding rates, decreasing energetic efficiencies and starving higher trophic
levels”*. Second, the effects of higher temperatures on such metabolic asymmetries are
exacerbated for larger organisms, so when predators are larger than their prey they will be
particularly impacted *!. While the first reason is consistent with our results, the second is
unlikely: bromeliad food webs have few gape-limited predators and so are generally not size-
structured. Thus, mean body mass was uncorrelated with food web shape, and so could not
mediate effects of temperature on this metric (Extended Data Table 4, Supplementary Table
2).

Food web size is also predicted to be directly affected by temperature through effects on
interaction stability®>°*?. However, in our study, effects of temperature on food-web size
were indirect rather than direct, driven by bromeliad plants being larger and containing more
detritus in warmer sites. Bromeliad morphology, like that of many plants, shows both inter-
and intraspecific responses to climate®’. This result illustrates the important ways that non-
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trophic interactions, here the ability of bromeliads to create habitat, can mediate the effects of
temperature on trophic networks****. Although there are iconic marine examples of how
changes in the extent or complexity of habitat-forming species (e.g. sea grass, corals) can
mediate the effects of warming on food webs, such non-trophic mediation has rarely been

considered in freshwater systems*.
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drivers on food web structure from SEMs in Fig. 2. Total effects, represented by circles, are
the sum of direct and indirect effects (stacked bars). Significance of total effects was
determined through bootstrapping. Drivers are distinguished in terms of their spatial scale
(local vs. regional) and type (following colours and icons in Fig. 2), only significant
interactions shown. The strongest direct effects are illustrated for food-web size (B, D, F)
and food-web shape (C, E, G). In all cases, partial residuals of the specific driver are used in
combination with median values of other variables to visualize the direct effect. We used a
principal component analysis (PCA) to remove correlations between the four climate
variables, and so net primary productivity, temperature, aridity and precipitation variability
are all plotted as their respective PCA axes (Supplementary Table 6). In order to show the
interaction in panel D, the PCA values for precipitation variability were divided into two
categories, low monthly coefficient of variation (cv), based on PCA score <0, and high
monthly cv (PCA score >0).

Disturbance shrinks food-web size, and flattens food-web shape

Food webs were also strongly affected by conditions linked to hydrologic disturbance. Food-
web size decreased in sites with high aridity or a strong coefficient of variation in
precipitation, where bromeliads are likely to dry (Fig. 3d,f). The decline in food-web size
with variable precipitation was particularly acute in small bromeliads (Fig. 3d), whose
shallow tanks can dry out quickly. Although bromeliad capacity, monthly variation in
precipitation, and annual estimates of aridity affect hydrological disturbance at different time
scales, there is remarkable consistency in their effects.

Food-web shape was also affected by hydrologic disturbance, becoming shorter and wider in
sites with variable precipitation (Fig. 3g). Dynamic models of food-web assembly predict
frequent disturbance to result in attenuated trophic structure, in part because predators can
only colonize habitats where sufficient prey are already established*®*’. Although drought is
particularly prevalent in small aquatic systems such as bromeliads, hydrologic variability has
been shown to be the dominant determinant of food web structure even in much larger
aquatic systems, such as rivers or ponds'!®*. Our insights on the mechanisms underlying
food-web structure in bromeliads may thus inform a wide range of freshwater systems.

Food-web size and shape: different drivers, different mechanisms

So far, we have demonstrated that food-web size and shape differed in the scale of dominant
environmental drivers, and this disparity was particularly evident for drivers related to energy
and temperature. Food-web size was affected by both local- and regional-scale drivers,
whereas food-web shape was primarily affected by regional bioclimatic drivers. We now
examine some potential mechanisms underlying this pattern.

We first exclude two potential artefacts. The first possibility is that environmental conditions
measured at the local (bromeliad) scale may still act as regional-scale drivers if the mean
attributes of bromeliads differed between sites. However, even when we subtract site means
from local environmental variables, our SEMs of food-web size and shape still show the

10
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same patterns (Supplementary Tables 3,4). The second possibility is that regional climate
shapes the size and trophic structure of the regional species pool (often called the “meta-
web”), and these effects are then passively transmitted to local food webs*’. However, there
is no effect of climate, or any other environmental variables, on the structure of meta-webs
(Supplementary Table 5).

We suggest, instead, that food-web size and shape may often differ in the scale of their
environmental determinants because of fundamental differences in the underlying
mechanisms. We posit that food web size is often influenced by community assembly
mechanisms, which include both numerical and trait-based mechanisms, with the former
particularly important in neutral theory and the latter in niche theory. By numerical effects we
refer to environmental conditions that restrict the total number of individuals in a community,
but are neutral with regard to their traits. For example, reductions in total community
abundance can affect food web structure through stochastic loss of rare species, which are
often at high trophic levels®. By trait-based mechanisms we refer to the differential effects of
environmental conditions on the performance and persistence of species based on their
attributes. For example, environmental filtering of the dominant traits can affect food web
structure when these traits are rare, influence trophic efficiency, or are associated with
specific trophic roles®!. In general, we found that numerical and trait-based mechanisms
explained a substantial part of the effect of environmental conditions (local and regional) on
food web size. However, these mechanisms accounted for very little of the effect of regional
bioclimatic drivers on food web shape (Fig. 4).

Specifically, we used structural equation models to ask if the effect of each environmental
driver on food web structure could be mediated by the total abundance of macroinvertebrates
in the community (numerical effects) or by community-weighted trait axes (Extended Data
Table 5) representing four major facets of macroinvertebrate life history>>. A significant
mediating path between two variables in a structural equation model suggests a causal role
for the mediator. We found strong numerical limitation and weaker trait-mediated effects on
food web size under conditions where invertebrate survival or colonization is limited by
frequent desiccation: small-capacity plants, especially under variable precipitation, and more
arid climates (Fig. 4b). For example, the invertebrates in small-capacity plants were few in
number and dominated by either pelagic or defended benthic taxa, attributes associated with
small food webs (Extended Data Table 4,5). Low detrital quantity also limited food web size
through strong numerical effects, offset slightly by trait-mediated effects (Figure 4b).
Numerical effects are expected from energetic limitation, but may also reflect the physical
role of detritus in providing refuges from predators. Indeed, low detritus conditions favoured
species with morphological defenses and dormant stages (Extended Data Table 4,5). It is
plausible that such trait combinations reduced consumptive effects, thereby bolstering food-
web size.

By contrast, numerical and trait-based mechanisms explained very little of the effect of
regional bioclimatic drivers on food web shape. Even though bioclimatic drivers favoured
certain trait axes’!, these were not trait axes that strongly affected food web shape. For
example, traits correlated with drought resistance occur at all trophic levels in the food web?®.
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Instead, the patterns we found in food web shape were often consistent with predictions from
metabolic theory, energetic constraints, or disturbance-induced dynamics, as detailed earlier.
While definitive attribution of these mechanisms will require careful experimentation and
field parameterization of models, our results point to a disjunct between the mechanisms
underlying food-web size and those underlying food-web shape. This disjunct in mechanisms
means that food-web size and food-web shape can be controlled by different types of scales
and environmental drivers. Such decoupling is unlikely to be unique to bromeliads and may
occur in many other systems.
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Figure 4. Potential mediation of environmental effects on food web structure by either
total invertebrate abundance or invertebrate trait axes. (a) We partitioned the direct,
partial effect of each environmental driver on either food web size or shape into effects
mediated by total abundance of the macroinvertebrate community (“abundance-
mediated”) or by the net sum of four community-weighted trait axes (“trait-mediated”), or
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not mediated by these variables (“remaining direct”). These four trait axes for bromeliad
macroinvertebrates were previously established®?, and are described in Extended Table 5.
(b, c) We calculated the standardized effect size for each of the abundance-mediated, trait-
mediated and remaining direct paths (Extended Data Table 4 ). Mediated paths were
considered significant (*) when both the path from the environmental variable to the
mediator and from the mediator to the food web metric were significant (p<0.05). We
examined significance separately for each trait axis, and next to each trait-mediated symbol
we indicate, with a numeral (1-4), any trait axis that was significant. To ensure that the
effects of environmental drivers on food web structure were independent of other
environmental drivers, we conducted this analysis within an SEM. Specifically we restricted
the SEMs in Figure 2 to those drivers with significant direct effects on food web structure (to
prevent model overfitting), and then added total abundance and weighted trait axes as
mediators (Supplementary Table 2).

Implications

In this study, we demonstrate strong effects of local and regional environments on food webs.
As climate variables such as temperature, aridity and precipitation variability affected food
web shape and size, these results point to potential flattening and shrinking of food webs in a
future with warmer, drier conditions. In the case of temperature, no local conditions — not
even shade from trees — was able to mitigate the effects on food-web shape. There was also
no interaction between local energy availability and temperature, contrary to previous
results!”!¥, Instead, regional energy (NPP) was more effective in countering the flattening of
food-web shape in warm climates. Our results do suggest that an increase in ecosystem size
might mitigate the effects of aridity and variable precipitation on food-web size — in part
because these determinants of drought disturbance all reduced food-web size via the same
mechanism: fewer total individuals. In general, many invertebrate populations show evidence
of widespread declines in abundance, and our study points to the consequences of such
declines for food web structure. Finally, this study shows the power of coupling causal
modelling with comprehensive assessment of environmental drivers and food-web responses
across continental-scale gradients. In a rapidly changing world, such integrative approaches
are critical for predicting and mitigating effects of environmental change on food webs.
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Methods

Compiling the database

The Bromeliad Working Group (BWG) database®* consists of data on field sites, habitats,
sample dates, bromeliad characteristics, macroinvertebrates in each bromeliad, and
taxonomic information and traits for each macroinvertebrate morphospecies. From this
database, we selected sites and bromeliads with adequate plant-level environmental data and
detailed taxonomic information for aquatic macroinvertebrates within bromeliads. In total, we
included for analysis 1046 bromeliads sampled for aquatic macroinvertebrates between 26
different field sites (Supplementary Table 1). Field sites varied in latitude from 29.4° S
(Argentina) to 18.3° N (Puerto Rico), in longitude from 73.9° W (Colombia) to 41.5° W
(Brazil) and in elevation from sea level (Brazil, French Guiana) to 3050 m (Colombia). This
area covers much of the distributional extent of tank-forming Bromeliaceae. In a few cases,
bromeliads were sampled across a large spatial gradient within a single study. To delimit
ecologically-distinct sites within such gradients, we used a threshold of > 50% Jaccard
dissimilarity in macroinvertebrate composition®*. Field sites varied in the number and

attributes of bromeliads sampled, and the habitats and years sampled (Supplementary Table
1).

All aquatic macroinvertebrates were censused in each bromeliad. These invertebrates were
extracted from each bromeliad by dissection, by washing, or by pipetting the water from each
leaf as suitable to each site. Apart from this variation, sampling of invertebrates in all sites
followed the same protocol. For each bromeliad plant, all invertebrates seen by a naked eye
were carefully removed, counted, and identified. Across all sampled bromeliads reported in
this study, 435 invertebrate morphospecies (88% insects, 12% annelids and other
invertebrates) were recorded. Although abundance data was recorded at the level of
morphospecies (i.e. morphologically uniform biological units), the realized level of
taxonomic identification ranged from species (13%) to genus (37%), subfamily (11%), family

(32%), order (0.4%), and higher levels from subclass to phylum (6%).
Basal resources and zooplankton groups

Although we had information on the composition of bacteria, fungi or zooplankton for a
limited number of bromeliads in some sites, this was not comprehensive enough to construct

species-level food webs across the majority of the database. Instead, we follow the approach
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of many studies in collapsing the lower levels of the food web into broad categories of

°& 35 we assumed all bromeliads contained two sizes of

organisms. Based on previous studies
zooplankton: “microzooplankton” include microscopic pelagic fauna (< 0.2 mm) such as
amoebae, rotifers, and ciliates, whereas “mesozooplankton” are larger meiofauna (0.2 - 1
mm) such as copepods and mites. We further assumed that all bromeliads have five broad
types of basal resources: algae (phytoplankton and periphyton), bromeliad tissue (leaves and
stem), coarse particulate organic matter (“CPOM?”), fine particulate organic matter
(“FPOM”), microorganisms (i.e. bacteria and fungi in water column and on organic matter).
Here, CPOM refers to all submerged dead plant matter, largely tree leaves, that is > 0.1 mm

in diameter, whereas FPOM is < 0.1 mm in diameter and is a combination of detrital

fragments and invertebrate feces.
Defining the food web

We combine multiple sources of information to reconstruct the trophic fundamental niche of
all nodes (i.e. macroinvertebrate morphospecies and basal resources) in the meta-web of each
site. We focus on the fundamental rather than realized trophic niche, reasoning that in the
bromeliad system it is impossible to know what each individual actually consumed during
their lifetime in any particular bromeliad. For example, remnants of resources may not be
visible in guts if the resource was ingested in liquid form (e.g. piercing predators) or has been
excreted after consumption. We ask of each invertebrate species: what feeding relationships
are possible over its aquatic lifespan given the other species in the species pool of the site? As
the majority of consumption in the aquatic food web is by aquatic organisms, we do not

consider terrestrial species in our analysis (details: Supplementary Note 1).
Step 1: Combining multiple sources of information into food web matrices

Creating site-level food webs is a multi-step process (Extended Data Fig. 1). In Step 1, we
use five empirical sources of information and inference between related species to fill in an
interaction matrix with the value 1 (trophic link within the fundamental niche) and 0 (trophic
link not within the fundamental niche), leaving some missing values (coded “NA™). In brief
(details: Supplementary Note 2), we compiled information on: forbidden links (0 = known
morphological and physiological constraints of species, otherwise NA; 15 rules); gut contents
(1 = potential prey recorded from gut of consumer, otherwise NA; based on 3443 gut

dissections); feeding trials (1 = potential prey consumed by consumer with 95% power, 0 =
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potential prey not consumed, NA = insufficient evidence; based on 848 feeding trials); field
experiments with bromeliad invertebrates (1 = significant decrease in potential prey
abundance when consumer added, 0 = no significant decrease, NA = insufficient evidence;
based on 167 experimental treatments); and published pairwise interactions for invertebrates
from other freshwater systems (1 = consumption reported, 0 = lack of consumption reported,
NA = insufficient evidence; based on 767 studies compiled by us, a published database of
20,823 freshwater invertebrate interactions® and a database of food types and feeding groups

for 850 taxa®?).
Step 2: Expanding information through taxonomic inference

When direct information about a pairwise interaction was not available in Step 1, we were
often able to infer this information from closely-related species (Extended Data Fig. 1). Such
inference assumes conservation through evolutionary time of the traits that enable consumers
to feed on certain resources, or that allow prey to escape predation by certain consumers. We
determined the taxonomic scope of such inference independently for the roles of consumer

and resource as follows.

We defined consumer taxonomic scope as the highest taxonomic level of the consumer that
maintains the same consumer degree (either primary, meaning that they only consume basal
resources, or secondary, meaning that they can consume other macroinvertebrates). For
example, a species of Culex has a consumer taxonomic scope of tribe, as all species within
the Culicini tribe are primary consumers, but the same is not true at the next highest
taxonomic level, the Culicinae subfamily, which includes the predatory genus
Toxorhynchites. A similar definition of consumer scope has informed other food web
algorithms®. We used a previously compiled database of feeding groups for bromeliad
invertebrates > to determine, for each consumer taxa in our database, which higher taxonomic
levels were homogeneous with respect to consumer degree (details: Supplementary Note 3).
If taxa at a specific taxonomic level were neither entirely primary consumers nor secondary
consumers, then the consumer’s taxonomic scope has been exceeded and inference is not

possible.

We defined resource taxonomic scope as the highest taxonomic level that maintains similar
vulnerability to a predator>®. Vulnerability is strongly influenced by morphology, although

behavioural traits can also be important. As morphological traits are generally conserved
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among arthropods generally up to the family level®’, we chose this as the taxonomic scope for
arthropods. For the few non-arthropod prey in our database, we allowed the resource
taxonomic scope to be as high as phylum as, specifically within bromeliad non-arthropods,

prey morphology is well conserved.

For each information source, original information about pairwise trophic interactions was

expanded to other pairwise interactions within the overlap of resource and consumer scopes.
Ranking information types in Step 1 and 2

We compiled all information in Steps 1 and 2 into a single value for each pairwise interaction
(possible values: 1, 0, NA), prioritizing information where present in the order: forbidden
links > gut contents > feeding trials > experiments in bromeliads > literature from other
systems. We considered forbidden links first, in order to impose these fundamental
constraints of morphology and physiology>®. We considered gut contents, based on the actual
diet of consumers in bromeliads, to be more reliable source of information on realized trophic
interactions than feeding trials, where conditions (artificial containers, no choice
experiments) were abstracted from that of natural bromeliads. Information from our
experiments in bromeliads was considered even less reliable as consumption is generally
inferred (addition of one species leads to decreased survival in another) rather than observed.
The least reliable source of information was judged to be that from literature sources, as these

sources inevitably were based on freshwater systems other than bromeliads.

By ranking these sources of information, we could use the first one or zero recorded for a
pairwise interaction as the final interaction value. As a check, we examined the concordance
in pairwise interactions between information sources. In many cases, all information sources
with definitive interaction values (i.e. 1 or 0) agreed unanimously on a particular pairwise
interaction value. Species pairs without unanimous agreement typically involved gut contents
and forbidden links (2% of all inferred links showed such a conflict), potentially reflecting

the passive ingestion of detrital particles or microorganisms during invertebrate prey capture.
Step 3: Estimating missing interactions with a probabilistic model

After Step 1 and 2, we were able to infer presence of absences of links for 86% of potential
pairwise interactions in all sites, leaving 14% of pairwise combinations with no data. In Step

3 (Extended Data Fig. 1), we use the filled cells in the matrix to estimate, for each missing
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value, the probability that the unknown link exists (i.e. takes the value 1). These probabilistic
models (see Supplementary Note 4) use no secondary source of information to inform this
process, but instead borrow information from across the matrix to parametrize a niche of
resources for each consumer™. As the probabilistic niche model uses existing information
rather than adding new information, it is judged the weakest of the methods for inferring
links, and so is placed last in the rank order of information sources. Therefore, the resulting
networks have 1s and Os for interactions inferred from Step 1 and 2 and the remaining

interactions are assigned probabilities using the niche model in Step 3.

Step 4: Validation with stable isotopes

We validated the models in three field sites with small, intermediate and large species pools
(Extended Data Fig. 1). We found a general correspondence between the mean trophic level
of species estimated by our algorithm with that estimated from field data on relative §'°N
values of the same invertebrate species in bromeliads (see Supplementary Note 5,
Supplementary Fig. 1). As the first estimate of trophic level is unweighted by energy flux and

the second metric weighted, the correspondence is not expected to be perfect.
Bromeliad-level food web metrics

To create food web matrices at the bromeliad scale, we filtered the site-level food web

matrices to include only those species found within the specific bromeliad.

In order to describe food web structure at either scale, links need to either exist (take the
value 1) or not (take the value 0). However, following Step 3 at least some links are
represented by probabilities. We therefore generated 100 possible versions of the food web in
each bromeliad using independent Bernoulli random draws from the estimated pairwise

interaction probabilities.

For each of the 100 Bernoulli-based food webs, we estimated structural metrics at both the
species-level and the food web level (see Supplementary Note 6) and then averaged these
food web metrics over all 100 versions of the food web. We used principal components
analysis (PCA) to efficiently summarize the 14 food web structural metrics into a limited
number of structural dimensions (Extended Data Table 1). We included both bromeliad-level
and site-level food webs in this PCA so that we could directly compare PCA scores between

levels. We scaled all metrics before conducting the PCA.
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Bromeliad environmental variables

Within each field site, bromeliads were characterized with three environmental variables:
total detritus, water-holding capacity, and canopy openness®®® #° 34, The total detritus in a
bromeliad was defined as the dry mass of all detritus, ranging in size from intact leaves down
to fine particles greater than 100 um (the 0 - 100 um particle range, excluded simply to
expedite filtering, is highly correlated with the > 100 um mass). Water-holding capacity was
estimated by filling the emptied bromeliad with water until it overflowed. Canopy openness
was determined immediately over the center of the bromeliad, and ranged from 1 (open) to 0
(closed), with values homogeneous amongst bromeliads within a field site for 22 of the 26
sites. In a few cases, measurements of detritus were for a narrower size range of particles than
required or actual rather than maximum water was measured. Here, predictive models were

used to estimate the missing data based on other measured variables.
Regional environmental variables

We downloaded, from online databases and for each of our site locations, data on net primary
productivity (NPP), annual mean temperature, annual precipitation, and precipitation
seasonality (renamed “precipitation variability” throughout this study to prevent readers from
misinterpreting this variable, calculated as the monthly coefficient of variation in
precipitation, as a measure of seasonality). We calculated aridity and potential
evapotranspiration by combining solar radiation measures with downloaded monthly
precipitation, minimum temperature and maximum temperatures values. All data was
compiled and averaged for the period 2000-2013, covering the temporal extent of our
bromeliad data, and at a spatial resolution of 1km (10km for NPP). We downscaled regional
environmental variables for a few sites that were closer than one raster and averaged data for
sites that spanned multiple rasters. Full details of data sources and procedures are given in

Supplementary Note 7.

There were varying degrees of collinearity between the site-level bioclimatic variables (NPP,
aridity, annual mean temperature, annual precipitation, precipitation variability). As it is
difficult to include such collinearity at the group-level in piecewise structural equation
models, we removed this collinearity using a PCA. The first four axes of this PCA axis
(Supplementary Table 6) accounted for 96% of the total variation. Axis 1 (43.7%) correlated
best with aridity, Axis 2 (27.9%) was dominated by precipitation variability, Axis 3 (14.3%)
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correlated with annual mean temperature, and Axis 4 (9.7%) correlated with NPP. The fifth
bioclimatic variable, annual precipitation, was not clearly aligned with any one axis, and so

could not be isolated by the PCA. We therefore did not consider this variable further.
Modelling environmental control of food web metrics

We developed piecewise structural equation models (pSEMs) to individually explain food
web size and shape as represented by the first two axes of the PCA of food web structural
metrics. These pSEMs included both bromeliad-level and regional environmental variables,
as well as causal pathways within and between these two levels of environmental variables.
All environmental variables were centered and scaled prior to analysis to ensure that they
were comparable. We accounted for non-independence of bromeliads within sites through a
random effect for site in the underlying linear mixed effect models. We did not include
temporal random effects within sites after initial analyses revealed temporal effects to be

minor.

We first used an AIC-based model selection process to determine the following aspects of
PSEM structure: (1) whether bromeliad capacity and detrital content are better modeled on
linear or logarithmic scales; (2) whether linear or quadratic functions better represented the
effects of each of three variables related to hydrological disturbance — precipitation
variability, aridity and bromeliad water — as disturbance can have unimodal effects; (3)
whether the best models had no interactions between environmental variables in their effects
on food web structure, or only interactions within a class of driver (where class is one of
energy, disturbance, temperature, ecosystem size), or both within-class and cross-class
interactions. The within-class interactions for energy were bromeliad detritus x NPP, for
temperature were canopy openness X annual mean temperature, and for disturbance were
bromeliad capacity x aridity or precipitation variability. We considered only cross-class
interactions that were predicted from theory, specifically the interaction between energy and
temperature (i.e. bromeliad detritus x annual mean temperature) and between ecosystem size

and energy (i.e. bromeliad capacity x NPP).

In sum, we evaluated pSEMs (Extended Data Table 6) that represented all six possible
combinations of (1) and (2) and all eight possible combinations of (1) and (3). We did not
consider models that combined (2) and (3) as such models would have fit so many paths that

they would be difficult to interpret. We used AIC from the piecewiseSEM R package® to
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compare pSEMs, choosing the best model as that with the lowest AIC. If two models were <

2 AIC units apart, we chose the model with fewer terms (Extended Data Table 7).

Once the best pSEM model structure was determined, we examined residual plots of each
generalized linear models within the pSEM with the DHARMa R package®' and log-
transformed response variables when needed. After variable transformation, we reran the
pSEM model selection procedure. We also tested for spatial autocorrelation with the
DHARMa R package, confirming that Moran’s I was neither strong nor significant (absolute

Moran’s 1 < 0.4, p > 0.05).

We evaluated the robustness of each final pPSEM with Fisher’s C, which measures the
deviation of the model from the observed variance-covariance matrix, and ensured that there
were no missing paths through tests of directed separation (must have p > 0.05). The direct
path coefficients and their error was extracted and used to evaluate which paths were

significant.

For each of the environmental drivers in our pSEM, we estimated their direct, indirect and
total effects on the food web structure response. A direct effect occurs when there a potential
driver and a response variable are connected by a causal path, and this causal path is not
interrupted by a mediating variable. An indirect path occurs when another variable acts as a
mediator between the driver variable and the response variable. There may be multiple
indirect paths between any particular driver and response variable, and we sum all such paths
to generate the overall estimate of the indirect effect. Finally, total effects refer to the sum of
direct and indirect effects. To calculate these effect sizes, we used the semEff function from

the semEff R package®, with 1000 permutations and the ‘optimx’ optimizer.

For each pSEM, we also isolated effects of within-site variation from between-site variation
in bromeliad capacity, detritus and openness on food web structure. Specifically, to isolate
within-site variation in these environmental variables, we subtracted site means from values
and reran the pSEMs. As regional climate variables have by definition no within-site
variation, such variables are not included in within-site pSEMs. To isolate between-site
variation in these environmental variables, we replaced bromeliad-level values with their site

means and reran the pSEMs.

We ran similar pSEMs for species pool-level food webs (Supplementary Note 8,
Supplementary Fig. 2).
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Mediation of environment-food web relationships by abundance and traits

Finally, we examined potential mediation of paths from environmental drivers to food web
structure by either total invertebrate abundance or community-weighted trait axes. For the
latter, we used four trait axes (Extended Data Table 5) previously identified as capturing the
major independent gradients in invertebrate traits®>>4. In total, each path between an
environmental driver and a food web metric in the original pPSEM was replaced by five
potential mediators (total abundance, four trait axes) so to make the new pSEM efficient we
only considered significant paths from the original pPSEM. We calculated the indirect effect
via each potential mediator, summing this over the four trait axes to calculate the net trait
effect (Supplementary Table 2). In addition, for the response of food web shape (PCA2), we
replaced the four trait axes with abundance-weighted mean body mass in the above analysis
to evaluate the theoretical prediction that high temperature and low energy favoured lower
body masses, which in turn led to changes in food-web shape. In this pSEM, there was a
significant positive correlation between total abundance and mean body mass. Such
correlations can complicate the partitioning of mediating paths. This correlation could be
represented in the pSEM as either abundance determines body mass or body mass causes
abundance, but in neither case did body mass significantly mediate the effect of any
environmental driver on PCA2. Thus, we can conclude that body mass is not a meaningful

mediator of environmental effects on food-web shape.

Software
Unless otherwise stated, all analysis were completed using R 4.4.2.
Data availability

All data are available on the Open Science Framework®*:

https://doi.org/10.17605/OSF.10/S5BQU
Code availability

All R scripts are available on the Open Science Framework®’:

https://doi.org/10.17605/OSF.10/S5BQU
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STEP 1: EMPIRICAL EVIDENCE FOR
TROPHIC INTERACTIONS

1. Physiological and morphological
constraints (what resources CANNOT
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2. Gut contents (what resources

ARE consumed)

3. Feeding trials (what resources
CAN be consumed)

4. Experimental data (what
resources CAN LIKELY be consumed)

5. Literature (what CAN be

STEP 2: TAXONOMIC
EXPANSION

Taxonomic scope of
inference:

For consumers =
taxonomic level at which
diet type is conserved

For resources = taxonomic
level at which morphology
is conserved

STEP 3: PROBABILISTIC
NICHE MODEL

Probabilities estimated
for missing interactions
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905

906 Extended Data Figure 1. The reproducible workflow used in this study for inferring food
907  webs from species composition data based on empirical evidence, taxonomic expansion,
908 and probabilistic modeling. We show here an idealized site-level food web matrix that is
909 intentionally smaller than the ones generated in this study so that the matrix cells can be
910 easily visualized. The matrix cells are filled with numbers between 0 and 1 indicating the
911 likelihood that a trophic interaction is with the fundamental niches of the interacting

912  organisms. We use a question mark in this figure to indicate when the matrix cell value is
913  unknown, although in the code this is technically a “NA” value. Once the food webs were
914  created, we summarized their structure using a principal components analysis of 14 food
915  web metrics.

916



917 Extended Data Table 1. Contributions (%) of each of 14 food web structural metrics to the
918 first three principal component axes (% variance explained by each in parentheses) of a
919  principal component analysis. The first two axes were selected to be analyzed in this study.

PCA axis 1 PCA axis 2 PCA axis 3
(57.7%) (22.5%) (10.6%)
Richness 10.8 0.7 4.6
Links 11 0.7 0.5
Links density 11.7 0.7 21
Connectance 1.6 0.3 449
Average trophic level 8.1 8.1 3.3
Maximum trophic level 3.7 14.5 51
Web omnivory 0.3 22.4 0.7
Vulnerability 11.7 0.7 21
Generality 11.7 0.7 2.1
Vulnerability SD 3.9 13 7.8
Generality SD 9 0 9.9
Proportion basal 9.5 0.7 9.2
Proportion intermediate 0.2 25.5 7.3
Proportion top 6.8 12.1 0.5
920
921

922
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924
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930
931

Extended Data Table 2. Standardized estimates for effects of predictors on responses

within a piecewise structural equation model (SEM_1_1_0, defined in Extended Data Table

6), ultimately explaining variation in log PCA 1 (a proxy of food web size). “Aridity”, “NPP”,
“Temperature” and “Precipitation variability” refer to PCA axes that load predominantly on

each of these variables respectively. Significant p-values are indicated in boldface. Overall
the pSEM did not deviate from the observed variance-covariance matrix (x4 = 3.79, p = 0.44
and Fisher's Cgr=8) = 7.07, p = 0.53).

Response Predictor Estimate | SE DF P
PCA 1 (log) NPP 0.087 0.121 30.2 0.476
PCA 1 (log) Bromeliad detritus (log) 0.275 0.043 7711 0.000
PCA 1 (log) | Canopy openness -0.010 0.076 52.2 0.899
PCA 1 (log) | Temperature 0.004 0.113 27.0 0.970
PCA 1 (log) Bromeliad capacity (log) 0.378 0.039 1045.6 | 0.000
PCA 1 (log) | Aridity -0.442 0.113 28.2 0.001
PCA 1 (log) Precipitation variability -0.037 0.115 26.2 0.748
PCA 1 (log) NPP x Bromeliad detritus (log) -0.020 0.040 698.6 0.624
PCA 1 (log) Temperature x Canopy openness 0.004 0.076 47 1 0.955
PCA 1 (log) Aridity x Bromeliad capacity (log) 0.025 0.039 1010.2 [ 0.518
PCA 1 (log) Variability x Bromeliad capacity (log) | 0.128 0.029 1045.2 | 0.000
Bromeliad Aridity 0.125 0.093 24.0 0.190
capacity (log)

Bromeliad Canopy openness 0.127 0.038 649.9 0.001
capacity (log)

Bromeliad Temperature 0.294 0.094 25.2 0.005
capacity (log)

Bromeliad Bromeliad capacity (log) 0.324 0.027 1041.4 | 0.000
detritus (log)

Bromeliad Canopy openness -0.333 0.035 958.3 0.000
detritus (log)

Bromeliad NPP 0.109 0.105 27.6 0.308
detritus (log)

Bromeliad Temperature 0.251 0.104 27.1 0.023
detritus (log)

Bromeliad Aridity 0.274 0.103 26.0 0.013
detritus (log)

Canopy Temperature 0.357 0.143 25.9 0.019
openness

Canopy Precipitation variability 0.380 0.142 25.6 0.013
openness

Canopy NPP -0.467 0.143 25.9 0.003
openness
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Extended Data Table 3. Standardized estimates for effects of predictors on responses
within a piecewise structural equation model (SEM_1_0_0, defined in Extended Data Table
6), ultimately explaining variation in log PCA 2 (a proxy of food web shape). “Aridity”, “NPP”,
“Temperature” and “Precipitation variability” refer to PCA axes that load predominantly on
each of these variables respectively. Significant p-values are indicated in boldface. Overall
the pSEM did not deviate from the observed variance-covariance matrix (x4 = 3.79, p = 0.44
and Fisher's Cgr=8) = 7.07, p = 0.53).

Response Predictor Estimate | SE DF
Bromeliad detritus
PCA 2 (log) (log) 0.079 0.032 | 1045.0 0.015
PCA 2 (log) Canopy openness 0.016 0.038 | 1019.0 0.683
Bromeliad capacity
PCA 2 (log) (log) -0.066 0.030 | 1034.2 0.028
PCA 2 (log) Aridity -0.090 0.118 25.7 0.452
Precipitation
PCA 2 (log) variability -0.386 0.118 25.9 0.003
PCA 2 (log) Temperature -0.448 0.119 26.7 0.001
PCA 2 (log) NPP 0.337 0.119 26.9 0.009
Bromeliad capacity
(log) Aridity 0.125 0.093 24.0 0.190
Bromeliad capacity
(log) Canopy openness 0.127 0.038 | 649.9 0.001
Bromeliad capacity
(log) Temperature 0.294 0.094 25.2 0.005
Bromeliad detritus Bromeliad capacity
(log) (log) 0.324 0.027 | 1041.4 0.000
Bromeliad detritus
(log) Canopy openness -0.333 0.035| 958.3 0.000
Bromeliad detritus
(log) NPP 0.109 0.105 27.6 0.308
Bromeliad detritus
(log) Temperature 0.251 0.104 271 0.023
Bromeliad detritus
(log) Aridity 0.274 0.103 26.0 0.013
Canopy openness Temperature 0.357 0.143 25.9 0.019
Precipitation
Canopy openness variability 0.380 0.142 25.6 0.013
Canopy openness NPP -0.467 0.143 25.9 0.003
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Extended Data Table 4. Partitioning the direct effects of environmental variables (columns
in tables) on (a) food web size (log PCA1) and (b, c) food web shape (log PCA2). “Aridity”,
“‘NPP”, “Temperature” and “Precipitation variability” refer to PCA axes that load
predominantly on each of these variables respectively. For each environmental variable in
(a,b), the direct effect is partitioned between pathways mediated by total abundance,
community-weighted means (“CWM?”) of four trait axes and the residual (i.e. unexplained)
direct effect. The net trait effect is calculated as the sum of the four trait-mediated paths, and
is shown in Fig. 4. In (c), the community-weighted means of trait axes are replaced by the
community-weighted mean body mass. In all tables (a-c), boldfaced values indicate
significant direct effects or mediating paths (for a mediating path to be significant, both
component paths must also be significant). For example, the mediating path of bromeliad
capacity - total abundance - log PCA1 (estimate = 0.182, this table) is the product of a
significant direct effect of bromeliad capacity on total abundance (estimate = 0.444 in
Supplementary Table 2), and a significant direct effect of total abundance on log PCA1
(estimate = 0.409 in Supplementary Table 2). Bold italicized values for net traits indicate that
at least one trait axis was a significant mediator.

(a)

Mediator Bromeliad Aridity Bromeliad Precipitation | Precipitation
capacity detritus (log) | variability variability x
(log) bromeliad
capacity (log)
Remaining 0.099 -0.227 0.185 -0.028 0.02
direct
Total 0.182 -0.202 0.065 -0.039 0.075
abundance
CWM ftrait axis 1 0.0012 -0.0039 -0.0080 -0.0023 -0.0069
CWM ftrait axis 2 -0.0066 -0.0241 0.0122 -0.0031 0.0014
CWM trait axis 3 0.0084 0.105 -0.0230 0.0322 -0.0040
CWM trait axis 4 0.0018 -0.0040 0.0024 0.0086 0.0024
Net traits 0.0047 0.0731 -0.0164 0.0141 -0.0071
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(b)

Mediator Bromeliad Precipitation | Temperature [ NPP Bromeliad
capacity variability detritus (log)
(log)

Remaining

direct -0.002 -0.447 -0.461 0.355 0.064

Total

abundance -0.044 0.0068 0.0057 -0.0168 -0.0109

CWM trait axis 1 -0.0002 0.0017 -0.0002 -0.0060 0.0034

CWM trait axis 2 -0.0079 -0.0034 0.0021 0.0017 0.0132

CWM trait axis 3 0.0015 0.0058 0.0015 0.00056 -0.0038

CWM trait axis 4 0.0020 0.0086 0.0062 -0.0022 0.0018

Net traits -0.0047 0.0127 0.0097 -0.0059 0.0146

(c)
Mediator Bromeliad | Precipitation | Temperature | NPP Bromeliad
capacity variability detritus

Remaining direct -0.006 -0.434 -0.451 0.344 0.081

Total abundance 0.044 0.007 0.005 -0.018 -0.011

CWM body mass 0.000 0.000 0.000 0.000 0.000

Net traits 0.000 0.000 0.000 0.000 0.000
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Extended Data Table 5. Four invertebrate trait axes were based on a PCA analysis of 64
traits by previous studies as described in Methods. Each trait axis can be interpreted based
on its correlation with these traits, and we provide here the top trait correlations (r = Pearson
correlation coefficient), positive and negative, for each axis.

0.73); Diapause
or dormancy (r
=0.70)

=0.72)

Trait Axis 1 Trait Axis 2 Trait Axis 3 Trait Axis 4
Top traits No resting Siphon/spiracle | Sclerotized Full water
negatively stage (r = - respiration (r = - | spines (r = - swimmer (r = -
correlated with | 0.67); Flat ovoid | 0.69); Active 0.75); Surface | 0.60); Adults
axis (r = -0.5) body (r = -0.57); | dispersal (r=- | swimmer (r=- | aquatic (r = -
Sclerotized 0.65) 0.63); Dorsal 0.59); Flat
exoskeleton (r = plates (r = - elongate (r = -
-0.54) 0.59); 0.58)
Top traits Consumes Tube builder (r | No correlations | Consumes
positively living = 0.81); case or | greater than dead plant litter
correlated with | microphytes (r = | tube defence (r | 0.42 (r=0.67);
axis (r 2 0.5) 0.75); Nymphs | = 0.81); Asexual Shredder (r =
aquatic (r = reproduction (r 0.51)




978 Extended Data Table 6. Formulation of 14 piecewise structural equation models. Within
979  driver interactions = Detritus x NPP, Canopy openness x Temperature, Bromeliad capacity x
980  Aridity, Bromeliad capacity x Precipitation variability. Cross-driver interactions = Bromeliad
981 capacity x NPP, Detritus x Temperature.

982
983
Model name Bromeliad detritus | Interactions Hydrology
and capacity: scale | between local and variables: linear or
regional drivers non-linear
SEM 00O linear none all linear
SEM_1 00 logarithmic none all linear
SEM 010 linear within-driver all linear
interactions
SEM_1 10 logarithmic within-driver all linear
interactions
SEM 020 linear cross-driver all linear
interactions
SEM_ 1.2 0 logarithmic cross-driver all linear
interactions
SEM 030 linear within- and cross- all linear
driver interactions
SEM 130 logarithmic within- and cross- all linear
driver interactions
SEM_0 0 _1 linear none quadratic: Bromeliad
capacity
SEM_1 0 1 logarithmic none quadratic:
log(Bromeliad
capacity)
SEM 0 0 2 linear none quadratic: Aridity
SEM_1 .0 2 logarithmic none quadratic: Aridity
SEM 0 0 3 linear none quadratic:
Precipitation
variability
SEM 1 0 3 logarithmic none quadratic:
Precipitation
variability

984
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Extended Data Table 7. Comparison of AIC values for 14 potential forms of SEM models,
for each of two response variables. Model formulations, named here by a code, are
described in detail in Extended Data Table 6. Responses are the first two axes of a PCA
summarizing food web structural metrics, with PCA 1 representing food web size and PCA 2
food web shape; these two axes were log transformed to normalize residual plots. For each
response variable the model with the lowest AIC value (boldface) was selected (asterisk).
Models within two AIC values of each other were considered equally informative, and in this
case the simplest model was selected.

Model name Log PCA 1 Log PCA 2
SEM_0_0 0 8745.1 8330.1
SEM_1_0_0 8055.6 7824.3 *
SEM_0_1_0 8741.4 8334.6
SEM_1_1_0 8042.6* 7825.3
SEM_0_2 0 8744.0 8332.8
SEM_1.2 0 8045.4 7827.3
SEM_0_3_0 8744.7 8337.7
SEM_1_3 0 8042.6 7827.2
SEM_0_0_1 13780.4 13401.0
SEM_1_0_1 11744.0 11530.2
SEM_0 0 2 11820.2 11408.9
SEM_1_0 2 11129.2 10900.7
SEM_0_0_3 12056.0 11643.3
SEM_1_0_3 11362.8 11135.1
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