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Embedded in ecosystems are non-random stabilizing structures that allow
ecosystems to persist in the face of environmental variability. Food web structure is a
vital part of this architecture because it determines the flow of energy and nutrients
through ecosystems. Food web structure is flexible because it reliably changes with
environmental conditions in time and space, thus promoting ecosystems’ capacity to
adapt. Flexible food web structure arises when species exhibit rapid, predictable
responses to environmental change through shifts in foraging behaviour based on their
traits. Ecologists have examined the foraging responses of only single species, but
understanding the flexibility of whole food webs requires examining the foraging
responses of the many species that comprise ecosystems; however, studying whole food
web flexibility requires detailed, large-scale food web data on short timescales. In this
thesis, I study the Canadian boreal shield lakes to expand our understanding of flexibility
in the whole food webs structure in three important ways. In Chapter 2, I show that key
food web members display paired foraging and behavioural responses to increased
temperature, generating flexible food web structure along multiple axes. In Chapter 3, I
use behaviour as a proxy for feeding data to show that species within thermal guilds
display aggregate behavioural responses that imply whole food webs flex with warming.
In Chapter 4, I determine that DNA-based stomach content analysis increases prey
detection and food web resolution relative to traditional morphological approaches,
implying this technique could reveal subtle foraging shifts and flexes in food web
structure on short timescales. Taken together, my thesis (a) establishes that numerous
species consistently respond to environmental variability based on their traits and drive
predictable flexes in whole food web structure that will determine the impacts of climate
change on entire ecosystems, and (b) demonstrates that ecologists possess the
complementary toolset necessary to study rapid flexes in food web structure. I conclude
that species responses represent a potentially powerful, repeated mechanism to stabilize
food webs and that flexibility of whole food webs supports the notion that ecosystems are
indeed complex adaptive systems. Importantly, human activities erode this flexibility, but
by embracing variability, we can seek ways to conserve the fundamental stabilizing
structures ingrained throughout ecosystems.
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Chapter 1: Prologue

1.1 Ecosystems are Variable and Persistent
Ecological systems possess two seemingly incongruous characteristics: they are variable and
persistent. If you observe nature, even briefly, you will notice this apparent variabilitypersistence paradox playing out moment by moment and inch by inch. The temperature of the air
changes hour by hour, day by day, and season by season, and animals flutter or meander through
ecosystems as they seek food among the clusters of trees that are scattered about the landscape.
If you continue to observe nature, you will likely notice that this variability produces bewildering
complexity. The morning sun warms open fields warm more quickly than the forest floor or the
nearby pond, and birds in search of food fly in coordinated flocks that exhibit captivatingly
complex and animated patterns. You may also notice that ecosystems are comprised of an
astounding variety of living things that all seem to handle this variability, or even seem to thrive
because of it. Streams that freeze solid every winter are teeming with fish and insects in the
summer, songbirds quickly crowd your birdfeeder after you fill it, and if you fill your birdfeeder
often enough, hawks start to drop by. The observation that ecosystems and their species endure
despite variability is one of the earliest and most important in ecology and underlies much of the
ecological research of the past century.
In this prologue, I briefly summarize how research on the relationship between diversity and
stability precipitated the development of modern food web ecology, and how recent food web
ecology shows that food webs reliably change with changing environmental conditions. I argue
that these changes food web structure are consistent with an important but under-evaluated
prediction: species ought to respond to changes in their environment in ways that promote the
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persistence of entire ecosystems. I discuss the need to expand food web research towards
understanding changes in whole food webs and call for innovative approaches to studying whole
food webs. I explain how my study system—the lakes of the Canadian boreal shield—are well
suited to explore fundamental questions about how changes in food webs ultimately enable
ecosystems to endure in the face of inevitable environmental variability.

1.2 Biostructure, Not Diversity, Promotes Stability
To explain the persistence of ecosystems despite their variability, ecologists have
explored the relationship between diversity and stability. Several pioneering ecologists, including
MacArthur (1955) and Elton (1958), observed that naturally diverse ecosystems are more stable
than naturally simple ecosystems (e.g., islands) or simple man-made ecosystems (e.g.,
agricultural monocultures, microcosms, and mathematical models). These observations led to the
hypothesis that the diversity of species within ecosystems stabilizes them and allows their
persistence. When Robert May tested this long-standing hypothesis using randomly-generated
mathematical model communities, he found the opposite; increasing diversity decreased stability
(May 1972, 1973). May’s refutation of the stabilizing effects of diversity perturbed ecologists,
sparking an intense diversity-stability debate and an ongoing search for what May termed the
“devious strategies” (May 1973) that allow diverse ecosystems to persist and precipitating a
concerted effort to uncover the stabilizing mechanisms that allow diverse ecosystems to persist.
Ecologists quickly and eagerly met May’s challenge by showing that his mathematical
model communities lacked the non-random structure of real ecosystems (i.e., biostructure sensu
McCann 2007) and that this biostructure is the true driver of stability (Yodzis 1981; Cohen et al.
1990; Polis & Strong 1996). Much like Poincare’s remark that “a house is built of bricks” but “a
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pile of bricks is [not] a house” (Poincaré 1913), ecosystems are not simply random collections of
species; rather, the components of ecosystems relate to each other in ways that generate
structure, which in turn governs function. Consequently, cataloguing and counting species in
ecosystems is only the first step to understanding how ecosystems endure. The next steps are to
capture other relevant aspects of biodiversity by exposing the biostructure that stabilizes
ecosystems.
Decades of ecological investigations that followed May’s challenge to the diversitystability hypothesis started to uncover nature’s architecture, which is teeming with structures that
enhance stability (McCann 2000). Among the best known examples is the work of Tilman et al.
(1998), who showed that increased diversity can drive increased stability in experimental plant
communities. Tilman et al. (1998) provided an important empirical counter to May’s
mathematical result but studied only small plots and a single trophic level. Ecologists broadened
their investigations to more complex experimental and model communities and found that
interactions between species, including interactions across trophic levels, could impact stability
(Ives & Carpenter 2007). A common and indispensable result of these studies was that variability
at one scale (e.g., populations of plants) can produce stability at another (e.g., the whole plant
community), with population-level variability being muted out by community-level interactions
(McCann 2000). It turned out that scale was important part of understanding the relationship
between diversity and stability and remains an important motivation for understanding what
causes stability in whole ecosystems (Levin 1992).

3

1.3 The Structure of Food Webs
1.3.1 A Signal in the Noise: The Search for Food Web Structure
Of the various ways that ecologists have discerned nature’s architecture, perhaps the most
influential has been the study of food webs. Organisms are continuously acquiring energy to
power the metabolic functions that sustain them. The combined feeding activities of all
organisms therefore embodies the flow of energy through food webs—the lifeblood of entire
ecosystems. Food web structure is the set of non-random patterns in a food web in terms of who
eats whom (topology) and how much (the strengths of interactions). Food web structure is thus a
road map for the dynamic and complex flow of energy and nutrients through ecosystems
(Lindeman 1942). Because of the intimate relationship between food web structure and
ecosystem function, food webs are a cornerstone of ecological research, and food web research
has led to numerous key insights in ecology (Dunne 2006).
The diversity-stability debate dramatically changed food web research from a way to
describe the natural history of an ecosystem to a tool that identifies the patterns in nature that
foster stability. Ecologists turned to food webs as one way to show that May’s (1973) random
mathematical models lacked the structures that promote stability. One notable example is the
work of Yodzis (1981), who showed that real food webs were more stable than random food
webs, implicated interaction strength as fundamental to stability, and gave an early clue that real
food webs were indeed structured. Early on, the search for structures in food webs focused on the
global patterns in food webs that summarized all feeding interactions in an ecosystem over space
and time (Dunne 2006). Many of these global patterns were indeed linked to stability (Dunne
2006); however, the legitimacy of these patterns was called into question. These early food webs
were constructed using a variety of methodologies and differing levels of detail (i.e., resolution),
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which impacted various food web patterns and provoked calls for better data (Martinez 1993;
Berlow et al. 2004). The reason for the inconsistent construction of food webs has largely been
the methodological constraints of identifying both the vast number of species, the many feeding
interactions of a food web, and the strength of those interactions. New tools and techniques were
necessary to examine whole food web structure, especially at small temporal and spatial scales.
One important way that ecologists started making sense of complex food webs was by
looking for repeated building blocks (i.e., modules or motifs) and understanding how those
building blocks contribute to the overall function and stability of the food web. Several modules
have been identified both as important and repeated aspects of food webs and important drivers
of stability (Bascompte & Melián 2005; Allesina & Pascual 2008; Grilli et al. 2016).
Importantly, many of these stabilizing modules contain weak interactions that can mute the
intense dynamics of strong interactions (the weak interaction effect, McCann 2000). For
example, Gellner & McCann (2012) showed that weak omnivorous interactions (feeding on
multiple trophic levels, often by feeding on a prey’s prey) can be stabilizing. Similarly, a
consumer with a preference for one of two has been shown to be stabilizing in both theoretical
models and empirical microcosms by driving asynchrony in the resource population dynamics
(McCann et al. 2005; Rip et al. 2010). This asymmetrical coupling module has proven
particularly interesting because it scales up from multiple prey species to multiple energy
pathways, is extremely widespread in ecosystems, and occurs across scales from a handful of soil
to whole landscapes (Rooney et al. 2008; McCann & Rooney 2009). Research on food web
modules has highlighted the importance of fluctuations in interaction strength for stability,
demonstrating that the static view of food webs conceals essential elements of food web
structure.
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1.3.2 A New Paradigm: Flexible Food Web Structure
A new paradigm has emerged in food web ecology over the past couple of decades, with
a shift in focus from a search for static structural properties to a search for dynamic structural
properties within ecosystems that allow food webs to change with changing conditions. This shift
in focus came about after ecologists noticed that food web structure within ecosystems varies
(Winemiller 1990; Polis 1991). Variable food web structure arises when consumers alter their
feeding patterns, changing the topology and interaction strengths in food webs. Ecologists started
looking for empirical evidence of systematic changes in food web structure within ecosystems
through time and space by examining range of food web structure and dynamics exhibited by an
ecosystem across natural gradients in key environmental conditions. They found that as
environmental conditions change, food web structure changes with it, both in terms of interaction
strength and topology. In this way, food web structure is flexible.
Flexible food web structure is driven by consumers that can shift their foraging in
response to their environment. Generalist consumers alter food web structure by fluctuating their
interactions with their various resources through changes in interaction strength or by adding or
removing whole trophic links. As a result, these generalist consumers are responsible for the
expansion and contraction of food webs (Tunney et al. 2012). The ways in which consumers
shift their foraging are often non-random and have strong implications for the stability of food
webs (Kondoh 2010). When generalist consumers rapidly respond by shifting their foraging
away from low-density resources and towards high density resources, they stabilize the dynamics
of the module by muting out variation at lower trophic levels (Rooney & McCann 2012). These
foraging shifts thus allow consumers to detach themselves from potential population crashes and
weaken the propagation of perturbations through food webs (this diffusive effect was at the heart

6

of MacArthur's (1955) hypothesis for how diversity increases stability). Generalist consumers
can exhibit foraging shifts in their relative consumption of multiple energy pathways (Rooney et
al. 2008) and or their relative consumption of species across trophic levels (i.e., changes in
omnivory, Tunney et al. 2012). Taken together, a consumer that can shift in these two distinct
ways produces the generalist module (sensu McMeans et al. 2016), which has been documented
empirically in higher-order consumers across various habitats and ecological scales (Polis et al.
1997; Nakano & Murakami 2001; Rooney et al. 2008; Eloranta et al. 2015) and appears to be an
important stabilizing structure within food webs. Consumer responses that generate flexible food
webs are thus important mechanism for the persistence of ecosystems despite variability.
Food web structure also flexes with changing abiotic conditions. Generalist consumer
responses to changes in several abiotic conditions have been documented empirically in various
ecosystems. For example, food web structure has been shown to flex in response to an ecosystem
morphology (e.g., ecosystem size (Post et al. 2000b; Tunney et al. 2012) and shape (Dolson et
al. 2009)), in response to climate (e.g., temperature (Tunney et al. 2014; Romero et al. 2016)),
and in response to biological factors (e.g., species diversity (Eloranta et al. 2015), and the
presence of invasive species (Vander Zanden et al. 1999)). In many of these cases, the flexibility
in food webs arises from changes to the accessibility of the availability of resources. For
example, Tunney et al. (2014) show that the common top predator of Canadian boreal shield
lakes, the cold-adapted lake trout (Salvelinus namaycush), exhibits reductions in nearshore
feeding with warming likely because of decreased accessibility of the nearshore macrohabitat
(Plumb & Blanchfield 2009). Importantly, this suggests that the ways in which food webs flex
are predictable because species’ traits determine how changing environmental conditions
influence the accessibility of resources. Changes to accessibility result in changes to foraging
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habits that drive changes to food web structure. The connections between species traits and
flexes in food web structure may form a basis for understanding how food webs will flex with
changing environmental conditions and reinforces the importance of how nested mechanisms
play out across organizational scales in ecosystems.

1.3.3 Reorganization Rather Than Ruin: Adaptive Capacity and Complex Adaptive
Systems
Flexible food web structure is a central aspect of ecosystems’ adaptive capacity, an
ecosystems’ ability to respond to changing environments, making flexible food web structure
vital for the persistence of ecosystems. One way that adaptive capacity is thus generated is
through the foraging shifts of responsive generalist consumers that ultimately reorganize species
interactions, rewiring whole ecosystems and potentially fundamentally altering the major
pathways of carbon and nutrient flow (McMeans et al. 2016). Despite recent advances in
studying food web flexibility, the prevalence of responsive generalist consumers in food webs
and the degree to which these generalist consumers respond has not been explored in empirical
ecosystems, so the full extent of adaptive capacity of ecosystems is largely unknown.
Remarkably, theory predicts that responsive consumers throughout ecosystems support stability;
responsive foraging of generalist consumers in mathematical models flips May’s negative
diversity-stability relationship to a positive diversity-stability relationship (Kondoh 2010;
Valdovinos et al. 2010). The ability to continuously restructure is one of the factors that confers
adaptive capacity to ecosystems and ultimately governs an ecosystem’s resilience, so
understanding the extend of adaptive capacity is critical to understanding how entire ecosystems
will fare through environmental change.
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The generation of adaptive capacity from food web flexibility is based on an important
but underappreciated idea in ecology: that ecosystems are complex adaptive systems. Complex
adaptive systems contain ‘agents’ (in ecosystems, these agents are often but not always species)
that undergo selection and interact with each other and the environment to generate macroscopic
properties, which can feed back to influence the agents (Levin 1998). But while ecosystems are
often touted as complex adaptive systems, few ecologists have explicitly tested or argued for the
specific ways that whole complex adaptive systems should respond to large-scale changes in the
environment. A notable exception is Levin (1998), who distilled many somewhat nebulous ideas
about complex adaptive systems into a handful of key features. One such key feature of complex
adaptive systems is that patterns at lower levels of organization (e.g., the actions of species) drive
patterns at higher levels of organization (e.g., macroscopic properties of whole ecosystems).
Complex adaptive theory is powerful because it explains and integrates many of the phenomena
that arise from the complex interplay between components and across temporal, spatial, and
organizational scales (e.g., feedbacks, nonlinearity, path dependence, and hysteresis). This
feature makes complex adaptive systems theory is a promising theory to unify typically disparate
disciplines within ecology by integrating ecological processes and phenomena across scales.
Another key feature of complex adaptive systems theory is that the constituent parts of a
complex adaptive system self-organize and can reorganize with change. This feature suggests
that an understanding of the macroscopic properties of an ecosystem requires an understanding
of the self-organization of the constituent organisms that comprise them. In complex adaptive
systems, reconfiguration results from the systems’ agents’ responses to environmental
conditions. Thus, complex adaptive systems theory makes an important and testable prediction:
the species that comprise ecosystems ought to rapidly respond to environmental change in ways
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that allow their persistence, thus promoting the persistence of whole ecosystems. These
responses to environmental change may manifest in many ways, such as through changes in
species physiology, behaviour, and foraging. The ability of species to respond was notably
absent from May’s mathematical models, critically preventing his models’ species’ ability to
shift their foraging. Yet, species responses are central to the ability of an ecosystem to reshape
to its environment and maintain key functions, such as energy flow between trophic levels.
Species’ responses to changing conditions are therefore central in determining how whole
ecosystems respond to changing conditions, and one way to predict whole ecosystem responses
is to look at the responses of the various agents present in an ecosystem.

1.4 Toward Whole Food Web Structure and Dynamics
Despite the various advances that have come with research on dynamic food webs,
ecologists have only scratched the surface of understanding the food web flexibility. An
important next step is to evaluate the prediction that the many species ought to be rapidly
respond to environmental change in ecosystems. To this end, I address two key knowledge gaps
to advance our understanding of flexible food web structure. Firstly, ecologists need to move
from modules to whole food webs. This will require both (a) an examination of how many
species from multiple trophic levels and macrohabitats respond to changing environmental
conditions and drive flexibility in food web structure at multiple points, and (b) an examination
of how the traits of species in whole communities drive species’ responses. Secondly, ecologists
need large-scale and detailed food web data to expose species responses and illustrate the full
range of flexibility exhibited by food webs.
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1.4.1 Toward Many Species from Multiple Trophic Levels and Macrohabitats
An important recent approach to understanding food web structure and dynamics has
been to understand =the generalist module in food webs and its dynamical properties. As a result,
much of the focus of food web ecology has been on single species of top predators. These
species are undoubtedly key players in their respective ecosystems (Estes et al. 2011); however,
by looking at only single species such as top predators, we may be underestimating the adaptive
capacity of food webs. Shifting from studying modules and single species to key players and
whole systems is a crucial step towards addressing the structure whole food webs and whole
ecosystem alterations with environmental change. The presence of many generalist modules in
ecosystems may provide critical redundancy of an important stabilizing structure. Thus,
understanding the full range of patterns and dynamics that emerge from whole communities
requires an investigation of many species, including consumers at all trophic levels.
To broaden our understanding of flexible food web structure, empirical investigations
should target many species. A first step is to examine the responses of species in distinct key
trophic roles, including species at multiple trophic levels and in multiple macrohabitats, to see if
rapid responses to changes in resources generates flexibility at many points in food webs and
across many axes. These investigations should examine whether the generalist module is present
in different trophic roles by looking at how habitat coupling and trophic position change in
several species. The second step is to understand what drives species responses and whether the
responses of whole communities are predictable based on the traits of the species that comprise
them. The goal of moving from modules to whole food web structure is not simply to detail
every aspect of nature’s complexity; the goal is to determine how much detail is necessary to
understand and predict the range of dynamics exhibited by ecosystems. Understanding whole
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community responses will allow for predictions about how major energy flows will be affected
by flexes in food web structure.

1.4.2 Toward Large-scale and Detailed Food Web Structure Data
A longstanding issue in food web research is the need for large-scale observational
datasets to study the full range of food web structure and dynamics (Dunne 2006). It is simply
not feasible to conduct well-designed experiments on whole empirical food webs. Experimental
microcosms and mathematical models are useful for examining the dynamics of a small set of
species in isolation (Post et al. 2000a; Rip et al. 2010), but they lack many of the realities of
natural ecosystems and parameterizing and analyzing complex mathematical models can be
difficult. Observational studies have dominated in empirical food web research. However, in
many cases, direct observation of feeding by predators is impractical, so morphological
identification of prey from the stomach contents or feces of consumers has traditionally been
used to describe detailed food-web structure. This morphological diet analysis requires
considerable time and expertise, and as a result, morphology-based food-web datasets often
include numerous aggregations of taxonomic or trophic groups, which are known to impact the
estimation of food web properties (e.g., Martinez et al. 1999), hiding the different potential roles
of species in the same taxonomic of trophic group (e.g., Tilman et al. 1998). Constructing food
web structure at small timescales using traditional techniques requires intensive sampling to
identify the vast number of species and feeding interactions that are playing out at any given time
and on large scales. Many ecologists have turned to time integrated bio-tracers such as stable
isotope based estimates of trophic position and carbon sources or fatty acids, which can be
tracked through food webs and reveal major energy and nutrient flows. However, the large-scale
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observational food web data necessary to tease apart the numerous entangled abiotic and biotic
effects in real ecosystems are very difficult to acquire because of the requisite time and expense
to obtain them. Studying the rapid responses of many species therefore poses a problem for food
web ecologists. Clearly, new methods that can be used to construct food webs on short
timescales (i.e., snapshot food webs) or reliably infer the simultaneous responses of whole
communities of organisms to environmental changes are necessary for understanding rapid
foraging responses of consumers and the accompanying rapid flexes in food web structure.

1.5 Boreal Shield Lakes as a System to Study Flexible Food Web Structure
Lakes possess two important characteristics that make them ideal study systems for
examining the range of food web structure and dynamics that play out in an ecosystem. Firstly,
lakes have long been viewed as natural microcosms (Forbes 1887). Lakes are relatively selfcontained compared to other ecosystems, with relatively low dispersal between lakes (Woodward
et al. 2010). Because lakes are natural systems, they contain the natural biotic and abiotic
complexity that is often lacking in true microcosm studies but still allow for replication
(Srivastava et al. 2004). Secondly, lakes are often described as sentinels of change because they
are sensitive to direct changes in environmental conditions and indirect changes through changes
in the watershed (Adrian et al. 2009; Woodward et al. 2010). As a result, lakes exhibit numerous
abiotic and biotic responses of lakes to environmental conditions, making them well suited to
studying the effects of environmental change (Carpenter et al. 1992; Schindler 2009; Woodward
et al. 2010).
The abiotic characteristics lakes of the Canadian boreal shield make them a particularly
useful system to study a wide assortment of food web structure and dynamics. The boreal shield
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contains hundreds of thousands of lakes across a landscape of millions of square kilometers
(Gunn et al. 2004; Keller 2007). These lakes span a large landscape of various natural
environmental gradients, including gradients in morphology, climate, water chemistry, and
productivity (Gunn et al. 2004; Keller 2007). The unique local combinations of these conditions
across the landscape creates a dynamic abiotic complexion that forms a complex landscape of
lake food webs that conform to local environmental conditions and concomitantly display
different dynamics. This landscape allows ecologists to examine a large range of food web
structures and disentangle the influences of various abiotic and biotic factors (Jackson et al.
2001). Canadian boreal shield lakes stratify in the summer, creating distinct nearshore and
offshore macrohabitats, which are differently affected by abiotic factors such as climate (Keller
2007). Understanding how temperature impacts the food webs of boreal shield lakes is
particularly important because the habitats in lakes warm unevenly due to this stratification,
meaning lakes are will be disproportionately impacted by climate change (Magnuson et al. 1997;
Adrian et al. 2009; Woodward et al. 2010).
Because lakes in general and Canadian boreal shield lakes in particular have the abiotic
characteristics that are well-suited for examining flexible food web structure, previous
researchers have exploited the natural gradients to reveal how lake trout responds to several
environmental conditions. Lake trout are known to respond to ecosystem size (Tunney et al.
2012), shape (Dolson et al. 2009), temperature (Tunney et al. 2014), and the presence of an
invasive predator, smallmouth bass (Vander Zanden et al. 1999). Each of these factors limits the
ability of lake trout to use nearshore habits, indicating that the foraging behavior of lake trout
across macrohabitats is mediated by accessibility of the nearshore macrohabitat. This research
also shows that lake trout exhibit strongly correlated behavioural and feeding responses that
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produce flexible food web structure in these ecosystems (Dolson et al. 2009; Tunney et al. 2012,
2014). This previous research used tools such as stable isotope analysis that takes advantage of
the distinct nearshore and offshore macrohabitats, creating a foundation from which to expand
food web research and develop new food web tools.
More than 100 fish species found in boreal shield lakes are mobile consumers that fill a
large range of trophic levels (from herbivores to top predators), and are commonly divided into
three thermal guilds (warmwater species, coolwater species, and coldwater species based on their
various thermal tolerances, and are associated with nearshore or offshore macrohabitats (Vander
Zanden & Vadeboncoeur 2002; Hasnain et al. 2013). As a result, the behaviour of boreal shield
lake fish species can be studied by examining their relative use of nearshore and offshore
habitats through determining their mean depth and their extent of habitat use across depths.
Although the species composition of each lake differs, many boreal shield lakes are comprised of
similar trophic groups of fish that both couple nearshore and offshore habitats and consume some
combination of invertebrates and other fishes (Vander Zanden & Vadeboncoeur 2002; Edmunds
et al. 2016). Yet, flexibility in food web structure has not been studied in whole Canadian boreal
shield lakes. Thus, the characteristics of boreal shield lakes and previous research on their food
webs have poised ecologists to use these ecosystems to examine how the structure of whole food
webs flexes in ways that would reveal the complex adaptive nature of ecosystems.

1.6 Three Distinct Approaches
This thesis uniquely extends recent ideas about the flexibility of food webs to examine
the responses of many species and understand the flexibility of whole food webs. To this end, I
use three different tools to address the two key knowledge gaps in our understanding of flexible
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food web structure and the species’ responses to environmental variability generate food web
flexibility. Firstly, I use stable isotope based food web data to examine whether species in key
functional roles have the potential to responsively forage with warming, creating flexibility at
many points throughout food webs. Secondly, I evaluate the use of behavioural responses that
are strongly linked to feeding responses and can be used in the absence of large-scale food web
data sets to predict how food web structure flexes with climate change. Thirdly, I investigate
how a new tool from molecular biology (DNA barcoding) compares to traditional morphological
diet analysis in capturing food web structure on very short timescales. Here, I will explain how
each of these three chapters broadens our understanding of how food webs flex with
environmental change and how ecologists can document this flexibility.

1.6.1 Whole Canadian boreal shield lake food webs flex in response to warming
In Chapter 2, I show that the responsive foraging of key species within distinct trophic
roles generates flexible food web structure in Canadian boreal shield lakes. I expand on previous
research on the impacts of increasing temperature on a single top predator’s ability to
responsively forage across macrohabitats to include other species in various key trophic roles—
namely, intermediate consumers and top predators from nearshore and offshore food-web
compartments in Canadian boreal shield lakes. I use stable isotope based food web metrics and
catch-per-unit-effort data to investigate the feeding and behavioral responses of four common
species of boreal shield fish across a climate gradient. I show that species from different
macrohabitats and multiple trophic levels exhibit reduced nearshore feeding and nearshore
habitat use with warming. Consistent with theory, I find evidence that the decrease in nearshore
accessibility with warming is associated with a decrease in offshore predator biomass and an
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increase in offshore intermediate consumer biomass, resulting in altered predator-to-prey
biomass ratios. My results show that species in key positions in food webs are capable of
responsively foraging with warming, revealing a potentially powerful, repeated stabilizing
mechanism embedded throughout food webs that generates adaptive capacity, allowing
ecosystems to respond to human-induced environmental change.

1.6.2 Whole lake communities show behavioural responses to climate change
In Chapter 3, I circumvent the lack the largescale food web data by using behavioural
data as a proxy for foraging data to examine how whole food webs respond to climate change.
Chapter 3 builds on the results from Chapter 2, which shows that consumers exhibit paired
behavioural and feeding responses to changing temperatures that generate flexible food web
structure in Canadian boreal shield lakes that alters major energy and nutrient flows. Thus, the
behavioural responses of entire suites of consumers could be a powerful tool to infer whole food
web responses with warming. Behavioral responses in a whole community are likely a result of
changes in the accessibility of thermally distinct habitats, which is determined by the thermal
preferences of species. I use novel spatial catch-per-unit-effort behavioural metrics of fishes in
Canadian boreal shield lakes to show many species throughout food webs exhibit behavioural
responses to warming. I also show that the responsiveness of these species is consistent within
thermal guilds, producing aggregate thermal-guild-level behavioural responses. My results
suggest that warming changes the thermal accessibility of nearshore or offshore habitats for
whole thermal guilds and give vital insight into how climate change will impact the structure and
stability of whole lake food webs. By showing that behavioural responses play a vital role in
driving whole ecosystem responses to climate change, we argue that Canadian boreal shield lake
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ecosystems are complex adaptive systems with adaptive capacity built in throughout their food
webs.

1.6.3 DNA barcoding increases resolution and changes structure in Canadian boreal shield
lake food webs
In Chapter 4, I tackle the need for new tools to overcome the methodological limitations
to studying detailed snapshots of food webs (i.e., food webs on very short timescales) that could
reveal rapid changes to food web structure. To this end, I employ DNA barcoding—the use of
short, standardized DNA sequence and a molecular reference library to identify species—to
identify the stomach contents of boreal shield lake fish species and produce highly resolved
snapshot food webs. I show that, when compared to morphological approaches, DNA barcoding
increases food web resolution by increasing the number and frequency of prey species identified
in the stomach contents of eight species of Canadian boreal shield predatory fishes. This
increased resolution impacts food web properties and can help further our understanding of how
food webs are structured by identifying feeding interactions in an unprecedented and highly
detailed manner. In addition, I observed differences in food web structure, such as increased
generalism, habitat coupling, and omnivory, that have strong implications for food web stability
and dynamics. This chapter shows that molecular biology techniques such as DNA barcoding are
powerful tools for producing snapshots of the food web structure and have the potential to allow
ecologists to study flexes in food web structure that correspond to the timescales of behavioural
responses.
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2.1 Abstract
Responsive foraging is a fundamental part of the flexible structure of food webs.
Researchers have begun to empirically and theoretically explore foraging responses to climate
change but have primarily focused on single key top predators. Because responsive foraging can
be potently stabilizing, it is critical to determine whether it also operates at other trophic levels,
and if so, to what degree. Here, we investigate how temperature impacts the food web structure of
boreal shield lakes by examining feeding and behavioral responses of four common species of
boreal shield fish (lake trout, cisco, walleye, and yellow perch) across a climate gradient.
Importantly, these four species span trophic levels and macrohabitats (i.e., nearshore or offshore)
in the Canadian boreal shield food webs. We assess feeding responses using stable isotope based
food-web indices and assess behavioural responses using catch-per-unit-effort data to show that
species from different macrohabitats and species from multiple trophic levels responsively forage,
indicating reduced nearshore feeding and nearshore habitat use with warming. Consistent with
theory, we find evidence that the decrease in nearshore accessibility with warming is associated
with a decrease in offshore predator biomass and an increase in offshore intermediate consumer
biomass, resulting in altered predator-to-prey biomass ratios. Our results show that species in key
positions in food webs are capable of responsively foraging with warming, revealing a potentially
powerful, repeated stabilizing mechanism embedded throughout food webs that generates adaptive
capacity, allowing ecosystems respond to human-induced environmental change.
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2.2 Introduction
While ecologists have developed an impressive understanding of static properties of food
webs (see Dunne 2006), recent food web research has switched focus to the prevalence and
importance of flexible food web structures that change in response to changing conditions (de
Ruiter et al. 2005). Flexible food web structures occur when consumers can shift their foraging
in response to their environment. When generalist consumers respond rapidly to changing
resource conditions by shifting away from low-density resources and towards high density
resources (these responses are sometimes called smart or adaptive, Kondoh 2003; Valdovinos et
al. 2010), they mute out variation at lower trophic levels and are thus stabilizing (Rooney &
McCann 2012). The foraging shifts of these responsive consumers ultimately reorganize species
interactions, rewiring whole ecosystems and potentially fundamentally altering the major
pathways of carbon and nutrient flow (McMeans et al. 2016). With the threat of imminent
climate change, ecologists have become interested in both the responses of organisms and, more
recently, the responses of whole food webs to changes in temperature and other important
climatic factors (Petchey et al. 1999; Sentis et al. 2014; Binzer et al. 2016). Revealing
consumers’ responses to changing environmental conditions thus exposes the flexible food web
structures that allow us to predict how ecosystems will change with various natural and
anthropogenic variability.
Ecologists are now documenting many consumers’ responses to changing conditions
through shifts in their foraging. One seemingly ubiquitous way that generalist consumers
respond to their environment is through changes in their relative consumption of multiple
resource pathways (Rooney & McCann 2012). This foraging behaviour is termed temporal
coupling when the resource pathways are distinct in time (e.g., the resources are present in
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different seasons, McMeans et al. 2015) and habitat coupling when the resource pathways are
distinct in space (e.g., if the resources are in different macrohabitats, Schindler & Scheuerell
2002). Habitat coupling links energy and nutrient flow between macrohabitats (Schindler &
Scheuerell 2002; Vander Zanden & Vadeboncoeur 2002; Rooney et al. 2008), allowing for shifts
between resource pathways that can be thought of as ‘horizontal’ or ‘lateral’ responses in food
webs. Changes in habitat coupling are sometimes also associated with changes in omnivory
(Tunney et al. 2012), another flexible food web structure that has been linked to stability
(Gellner & McCann 2012). Flexible omnivory arises from a consumers’ relative consumption of
multiple trophic levels (e.g., its prey and its prey’s prey, Thompson et al. 2007) and can be
thought of as ‘vertical’ responsiveness. Taken together, horizontal and vertical responses of a
generalist consumer (the generalist module sensu McMeans et al. 2016) are responsible for the
expansion and contraction of food webs (Tunney et al. 2012). The generalist module, which has
been documented empirically in various habitats and across ecological scales (Polis et al. 1997;
Nakano & Murakami 2001; Rooney et al. 2008; Eloranta et al. 2015), generates adaptive
capacity, the ability of a food web to change in response to changing conditions, and thus plays
an important role in governing ecosystem resilience. Understanding both how common
responsive generalist consumers are in food webs and how much these generalist consumers
respond is therefore critical to understanding how ecosystems will fare through environmental
change.
To date, most research on the responsive consumers that drive flexible food web structure
has focused on top predators, with little empirical attention given to whether such responses
happen at lower trophic levels or within different food web compartments. Many herbivores and
intermediate consumers in many ecosystems, including insects (Beckerman et al. 1997; Pfisterer
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et al. 2003), benthic invertebrates (Taghon 2009), zooplanknton (Demott 1989; Graham &
Kroutil 2001; Taipale et al. 2008; Gonçalves et al. 2012), birds (Shochat et al. 2004), and
mammals (Giraldeau & Kramer 1982; Held et al. 2002), are known to exhibit dietary shifts
indicative of responsiveness (Valdovinos et al. 2010). Notably, recent empirical research on food
web structure signals the potential for at least modest coupling by intermediate consumers
(Vander Zanden & Vadeboncoeur 2002; Rooney et al. 2008). Consistent with this, Edmunds et
al. (2016) found that fish at various trophic levels may have the cognitive capacity to
responsively forage across lake macrohabitats (i.e., nearshore and offshore) since the relative
brain size of both top predators and intermediate consumer fish species tend to increase with
increased habitat coupling and trophic position (Edmunds et al. 2016). This result is intriguing
because it suggests that a broad suite of organisms across trophic levels and food web
compartments may be able to make rapid, smart responses to changes in resources. The
collective ability of responsive foraging of many species within the ecosystem could act as a
major stabilizing structure in food webs and greatly increase the adaptive capacity of ecosystems.
Importantly, the dietary shifts of responsive foragers throughout food webs have the potential
to flex food webs enough in ways that re-route entire energy pathways and alter the biomass
structure of whole ecosystems. Consumers’ responses could have important consequences for the
distinctiveness of macrohabitats because habitat couplers link the energy and nutrient flow
between them. In cases where mobile top predators garner energy from multiple spatially distinct
macrohabitats, theory predicts that food webs ought to have elevated predator biomass (top
heavy-webs, sometimes referred to as non-Eltonian) as a result of a higher overall resource
availability (McCann et al. 2005). If climate change decouples top predators from some of these
macrohabitats, ecosystems may become less top heavy (i.e., more Eltonian) because of a

31

reduction in predator biomass, reducing top-down control of species at lower trophic levels and
possibly impacting stability (McCann et al. 2005; Debruyn et al. 2007). Consistent with this
prediction, changes in predator:prey biomass ratios have been documented in the in various food
webs (Borer et al. 2005; Estes et al. 2011), including along gradients of ecosystem size and
shape, with smaller lakes that have higher interaction strengths in all foraging compartments
possessing higher predator:prey biomass ratios (Tunney et al. 2012). This early evidence, while
enticing, warrants further analysis because although changes in biomass ratios are believed to
impact stability, these changes have not been clearly tied to flexible food web structure.
The lakes of the Canadian boreal shield represent an excellent system to study flexible
foraging responses and shifts in biomass structure in response to climate change. The lakes in the
Canadian boreal shield span a large landscape of various natural environmental gradients,
including a significant climate gradient (Keller 2007). In these systems, fishes are mobile
consumers and fill a large range of trophic levels (from herbivores to top predators) and are
associated with different macrohabitats within lakes based on their thermal adaptations (Hasnain
et al. 2013). The common top predator of Canadian boreal shield lakes is the cold-adapted lake
trout (Salvelinus namaycush), which reliably responds to several environmental conditions,
including ecosystem size (Tunney et al. 2012), shape (Dolson et al. 2009), temperature (Tunney
et al. 2014), and the presence of an invasive predator, smallmouth bass (Vander Zanden et al.
1999a). The responsive foraging behavior of lake trout across macrohabitats is mediated by
thermal accessibility. The amount of coupling by lake trout into littoral zones depends on the
temperature of the littoral zone, with higher littoral coupling in relatively cold littoral zones
(Tunney et al. 2014). Interestingly, many other species in these lakes are cold-adapted (Hasnain
et al. 2013), so similar thermal accessibility limitations may also play into the behavior of
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intermediate species. In addition, the species of the three thermal guilds in Canadian boreal lakes
that are largely associated with different macrohabitats (Hasnain et al. 2013) may display
different responses to climate change because they are not equally limited by their thermal
tolerances. However, flexible foraging responses by intermediate consumers or top predators of
various thermal guilds in Canadian boreal shield lakes have largely been unexplored, and no
study has examined concomitant changes in both the feeding responses and biomass structure of
boreal shield fish communities. By uncovering the foraging responses of species throughout food
webs in Canadian boreal lakes, ecologists can start predicting climate change impacts on energy
and nutrient dynamics in these lakes.
Here, we investigate how temperature impacts several key points in Canadian boreal lake
food webs. We use a natural climate gradient in the province of Ontario to examine the foraging
and behavioural responses of four widespread and abundant species of boreal shield fishes (lake
trout, cisco, walleye, and yellow perch) that represent different key roles and trophic levels of the
food web. We also examine how changes in the biomass of these species shift the predator:prey
biomass ratios in these lakes. We use stable isotope based food-web indices of nearshore feeding
and trophic position along with catch-per-unit-effort data (mean depth of capture, catch
probability in non-preferred habitat, and total catch-per-unit-effort in kg) to show that: (i) many
species across trophic levels and from multiple thermal guilds respond predictably to changes in
temperature, and; (ii) these temperature-mediated changes are accompanied by predictable
changes in biomass ratios between predators and prey. We end by arguing that by studying how
the feeding and behavioral habits of a set of key players change across climate and other
important environmental gradients, we can predict the rewiring of food web structure that likely
fundamentally alters the adaptive capacity that contributes to the resilience of whole ecosystems.
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2.3 Methods
2.3.1 Lake Selection
The Canadian boreal shield includes hundreds of thousands of lakes across various
natural environmental gradients, including climate (Gunn et al. 2004; Keller 2007). These lakes
are generally divided into two primary macrohabitats: the nearshore (littoral) habitat, and the
offshore (pelagic) habitat (Vander Zanden & Vadeboncoeur 2002). Each lake is comprised of
similar trophic groups of fish that both couple nearshore and offshore habitats and consume
invertebrates and other fishes to differing degrees (Vander Zanden & Vadeboncoeur 2002;
Edmunds et al. 2016). By only using lakes that have both nearshore and offshore intermediate
consumers, we ensure that changes in food web structure or predator behaviour are not driven by
differences in the presence or absence of whole trophic groups. We used data for 66 lakes in the
province of Ontario, all of which have been used previously to study food web structure through
stable isotope analysis (Dolson et al. 2009; Tunney et al. 2014; Tunney et al. in review). The
majority of lakes used in our analysis (59 of 66) were sampled by the Ontario Ministry of
Natural Resources and Forestry (OMNRF) through their Broad-scale Fisheries Monitoring
(BSM) Program (protocol can be found in Sandstrom et al. 2013) , producing catch data from
standardized netting protocols, and physical and chemical lake attribute data. To increase the
number of lakes in our analysis, we supplemented those lakes with independently collected
stable isotope data from lakes in Algonquin Park, Ontario (7 of 66, from Dolson et al. 2009), but
catch data were not available for these lakes.
2.3.2 Lake Attributes
We used six measures of temperature for our analysis: average recent air temperature in
°C, historical air temperature in °C, average summer air temperature in °C, historical summer air
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temperature in °C, growing degree days > 5 °C from 1981 to 2010, and water surface
temperature in °C (Table 2.1). Our primary temperature variable was average recent air
temperature, which was calculated as the average hourly air temperature in °C for the 30 days
prior to field sampling in the sampling year, because it corresponds to the time period reflected
by the isotopic signature of fish muscle tissue (Peterson & Fry 1987). This temperature variable
was derived from Microsoft’s FetchClimate, www.fetchclimate.org, using the latitude and
longitude of each lake. We corroborated our results by running our statistical analyses with 5
additional temperature variables that integrate temperature across different timescales (see
Supplementary Information). We also account for several physical and chemical factors that
have been previously identified as important drivers of habitat coupling or trophic position in
boreal shield lakes (Dolson et al. 2009; Tunney et al. 2014; Tunney et al. in review): lake surface
area in hectares, mean lake depth in metres, Secchi depth in metres, and total phosphorus in
μg•L-1 (Table 2.1, all provided by the Ontario Ministry of Natural Resources), as well as lake
shape. For lake shape, we used the OMNRF’s data for shoreline distance to calculated the
shoreline development index (SDI, also known as shoreline development factor) following
Dolson et al. (2009):

𝑆𝐷𝐼 =

𝑆ℎ𝑜𝑟𝑒𝑙𝑖𝑛𝑒 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
2√𝜋 × 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎

2.3.3 Species Selection
We used four species that are typical of their respective trophic groups (Figure 2.1) and
have stable isotope data from 40 or more lakes and the trophic level, thermal classifications, and
habitat preferences for these species from (Coker et al. 2001; Hasnain et al. 2013). Lake trout
(Salvelinus namaycush) is the most common top predator of offshore habitats in boreal shield
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lakes, and much research on boreal shield lake food webs has focused on this cold-water-adapted
species (Dolson et al. 2009; Plumb & Blanchfield 2009; Tunney et al. 2014). Cisco (or lake
herring, Coregonus artedi) is one of the most common offshore intermediate consumers that
prefers cold water and is a common prey item for lake trout and walleye. Walleye (Sander
vitreus) is a common nearshore top predator and popular sport fish that prefers cool water and is
present in lakes across the Canadian boreal shield. Yellow perch (Perca flavescens) is a
widespread and abundant nearshore intermediate consumer that prefers cool water and is
consumed by a wide variety of predatory fishes throughout its range. These four species
comprise a large portion of the average catch in the 59 lakes that we use here from the OMNRF’s
BsM surveys (see Table 2.2). The number of individual for each species sampled for stable
isotope analysis in each lake varied from 2 to 21 (mean 13.52) for lake trout, 3 to 32 (mean
16.97) for walleye, 1 to 20 (mean 10.77) for cisco, and 1 to 18 (mean 9.08) for yellow perch. For
both lake trout and walleye, only individuals greater than 250 mm were used for stable isotope
analysis because these species are known to show ontogenic diet shifts (Mittelbach & Persson
1998).

2.3.4 Food Web Metric Calculations using Stable Isotopic Signatures
As in many previous studies, we used stable isotopic signatures from our four fish species
and baseline invertebrates to calculate both the nearshore carbon index (based on the proportion
nearshore carbon, e.g., Tunney et al. 2014) and trophic position (Vander Zanden et al. 1999a, b;
Post 2002). Collection and processing methods for stable isotope data can be found in Dolson et
al. 2009, Tunney et al. 2014). We used baseline invertebrates from the nearshore and offshore
zones to account for variability in isotopic signatures across lakes. We incorporated data for
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multiple trophic groups into both our nearshore and offshore baseline isotopic signatures to
reduce the number of estimated baseline values required for our analysis and to increase the
sample size for our baseline isotopic signatures. For lakes that were missing either nearshore or
offshore baseline isotopic signatures, we estimated the isotope signature of the missing baseline
using the available baseline and simple linear regression between the baselines across lakes (see
Supplementary Information). We corrected all δ13C signatures using C:N ratios as
δ13 Ccorr = δ13 Craw + (−3.32 + 0.99 ∗ CN)
where δ13 Ccorr is the corrected δ13C signature, δ13 Craw is the raw δ13C signature, and CN is the
C:N ratio of that tissue sample (Post et al. 2007).
We used two source mixing models to estimate the nearshore carbon index and the
trophic position of each species in each lake based on their relative isotopic signatures (Post
2002). We calculated the nearshore carbon index for each fish species as

NCIfish =

δ13 Cfish – δ13 Cosb
δ13 Cnsb – δ13 Cosb

where NCIfish is the nearshore carbon index in the diet of a fish species, δ13 Cfish is the
average δ13C signature for that fish species, δ13 Cosb is the average or estimated δ13C signature
for all offshore baselines (i.e., mussels and zooplankton), and δ13 Cnsb is the average or
estimated δ13C signature for all nearshore baselines (i.e., snails and aquatic insect larvae). The
nearshore carbon index is similar to the proportion nearshore carbon used by others (e.g., Tunney
et al. 2014) because it compares the difference in average isotopic signatures between a fish
species and offshore baselines relative to the differences in the nearshore and offshore baselines;
however, unlike a proportion, our calculation for the nearshore carbon index is not constrained
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by 0 and 1. The nearshore carbon index can therefore include fish δ13C signatures that are more
negative than the pelagic baseline, which are common in the very pelagic species (cisco) and
occur in all four species and is likely a result of variability in the stable isotope signature of
offshore baselines. This allows us to compare the nearshore carbon in the diet of all four species
with minimal transformation of the stable isotopic signatures and increases the number of lakes
in our analyses. Because we are using fish δ13C signatures to qualitatively understand changes in
the relative contribution of nearshore resources to fish diets across lakes rather than quantifying
the amount of nearshore carbon in the diet of fish in any particular lake, nearshore carbon index
values greater than 1 or less than 0 are still useful for our analyses.
Based on the nearshore feeding index, we estimated the trophic position of each species
as

TPfish = 2 +

(δ15 Nfish − (δ15 Nnsb × NCIfish + δ15 Nosb × (1 − NCIfish )))
3.4

where TPfish is the trophic position of a fish species, NFIfish is the nearshore carbon index for that
fish species, δ15 Nfish is the average δ15N signature for that fish species, δ15 Nnsb is the average or
estimated δ15N signature for all nearshore baselines (i.e., snails and aquatic insect larvae),
δ15 Nosb is the average or estimated δ15N signature for all offshore baselines (i.e., mussels and
zooplankton), 3.4 is the assumed increase in δ15N due to fractionation (Post 2002), for each
trophic level, and 2 is the assumed trophic position of the baseline invertebrates.
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2.3.5 Behaviour Metrics, Biomass Index, and Biomass Index Ratios Using Catch-per-uniteffort
We used catch-per-unit-effort (hereafter, CUE) data obtained from lakes through
standardized netting (Sandstrom et al. 2013, which uses North American standard multipaneled
gill nets, see Bonar et al. 2009) to examine the behaviour of each species and calculate the CUE
biomass index of each species to use in CUE biomass index ratio calculations. Because OMNRF
calculated CUE for each lake by depth stratum (see Sandstrom et al. 2013 for depth-specific
netting protocols), we used it to examine the habitat use of our four model species. Using a
weighted average based on CUE, we calculated each species’ mean depth of capture as

SMD =

∑4𝑖=1 𝑑𝑖 ×𝐶𝑈𝐸𝑖 ×𝑝𝑖
∑4𝑖=1 𝐶𝑈𝐸𝑖

where SMD is the mean depth of capture of a fish species, CUE𝑖 is the CUE of that species
for depth stratum 𝑖, 𝑝𝑖 is the proportion of the lake in depth stratum 𝑖, and 𝑑𝑖 is the depth of at the
center of the depth range for stratum 𝑖 (2m for stratum 1, 4.5m for stratum 2, 9m for stratum 3,
and 16m for stratum 4). We only used depth strata 1 through 4 to calculate mean depth of capture
because the Sandstrom et al. (2013) netting protocol only set both small-mesh and large-mesh
gear in these four strata. Because small-mesh nets were not set in deeper depth strata, catch data
from deeper strata (5 and greater) may be biased towards larger species. The CUE data that we
use here is the number of fish per gang (24.8 metres, which is the length of the North American
standard gillnet, Bonar et al. 2009).
We supplemented our analyses of mean depth of capture using the probability of
nearshore or offshore capture each species because the coarse stratified sampling used by
Sandstrom et al. (2013) may not adequately capture changes in habitat use by these species. We

39

considered each species to be present in the nearshore (6m of water or shallower) or offshore
(greater than 6m of water) if the CUE of that species in that habitat was > 0. We calculated the
proportion nearshore CUE for each species in each lake as the sum of the CUE for that species in
depth strata < 6 m in that lake divided by the total CUE of that species for that lake. Similarly,
we calculated the proportion offshore CUE for each species in each lake as the sum of the CUE
for that species in depth strata in water > 6 m in that lake divided by the total CUE of that species
for that lake. Because offshore and nearshore species were always caught in their associated
habitats but not always caught in their non-preferred habitat, we constructed logistic regression
models of the nearshore catch probability to examine offshore species’ behaviour and the
offshore catch probability to examine nearshore species’ behaviour.
For CUE biomass index, we used the kg of fish per gang (24.8 metres, which is the length
of the North American standard gillnet, Bonar et al. 2009), termed WPUE. WPUE is calculated
by multiplying the number of fish per net-night by the mean weight of that fish species in that
lake. We calculated the CUE ratio between each pair of our four model species as
WPUE𝑎
RCUE𝑎,𝑏 = 𝑙𝑜𝑔10 (
)
WPUE𝑏
where RCUE𝑎,𝑏 is the CUE biomass index ratio between species 𝑎 and species 𝑏, WPUE𝑎
is the WPUE of species 𝑎, and WPUE𝑎 is the WPUE of species 𝑏.

2.3.6 Statistical Analyses
To test for the effect of temperature on each response variable (i.e., each food web metric
(trophic position and nearshore coupling), each behavioural metric (nearshore or offshore
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presence and mean depth of capture), the log-transformed CUE biomass index of each species,
and the log-transformed CUE biomass index ratio for each species pair, we used a two-step
approach to building a simple or multiple regression model for each behavioural metrics for each
species. We first accounted for non-temperature variables by constructing logistic multiple
regressions (for nearshore or offshore presence) or linear multiple regressions (for all other
response variables) with each response variable and lake size in hectares, lake shape (SDI),
Secchi depth in m, mean lake depth in m, and total phosphorous in μg•L-1. Logistic regression
models were weighted with the proportion of each species’ catch in their non-preferred habitat +
1. We then compared all subsets of each full multivariate regression model (including the null
model with no variables). We used AIC to identify the best fit model and any other models with
a difference in AIC less than 2, and then selected the model with the smallest number of
explanatory variables. We use the AIC because we are looking for the most parsimonious
regression model to account for the influence of a set of non-temperature variables that have
been shown to be important drivers of behaviour or feeding in our model species (Aho et al.
2014). By calculating the best fit model for each species, we can test the effects of temperature
of each species while accounting for species-level differences in the influence of these five
physical and chemical factors. Best model fits for each species’ models can be found in Table
S2.1.
Secondly, to test the effect of each temperature variable, we took the best model for each
response variable and ran a multiple regression that included the temperature variable (Figures
2.2, 2.3, and 2.4, Tables 2.3 and 2.4). To meet statistical requirements, we used log10 transformed
lake surface area and natural log transformed mean lake depth and total phosphorous. As in the
previous step, logistic regression models were weighted with the proportion of each species’
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catch in their non-preferred habitat + 1. We removed all data points with a Cook’s distance
greater than 1 from their respective regression models (number of points), and we used variance
inflation factor to check for inflated coefficient estimates in multiple linear regressions (no
models had a variance inflation factor greater than 10). All regression analyses were performed
in the R statistical language (v3.2.3).

2.4 Results
Three of the four species showed evidence of changes in nearshore feeding with
increased temperature. Both lake trout and walleye showed a significant decrease in the
nearshore carbon index with increasing average recent air temperature, and cisco showed a
similar, marginally significant decrease (Figure 2.2a, c, and e, Table 2.3). Yellow perch showed
no significant relationship between average recent air temperature and the nearshore carbon
index (Figure 2.2g, Table 2.3). Both offshore species also showed evidence of changes in trophic
position with increasing temperature. Lake trout also showed a significant increase in trophic
position with increased average recent air temperature (Figure 2.2b, Table 2.3). Cisco showed no
significant relationship between trophic position with increasing average recent air temperature
(Figure 2.2d, Table 2.3), but did show significant relationships with several of the other 5
variables (see Supplementary Information and Table S2.3). Neither of the nearshore species
(walleye and yellow perch) showed any significant relationship between average recent air
temperature and trophic position (Figure 2.2f and h, Table 2.3). The best multiple regression
model fits for the 5 response variables for each species and the non-temperature variables can be
found in the Supplementary Information (Table S2.1). The results for the 5 response variables for
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each species and the additional 5 temperature variables can be found in the Supplementary
Information (Table S2.3).
In strong agreement with changes in nearshore carbon index, three of the four species
showed significant evidence of behavioural responses in terms of reduced nearshore habitat use.
Lake Trout, walleye, and cisco showed a significant increase in mean depth of capture with
increasing average recent air temperature (Figure 2.3a, c, and e, Table 2.3). Consistent with these
results, Lake Trout and Cisco showed a significant decrease in probability of nearshore presence
and walleye showed a marginally significant increase in probability of offshore presence with
increasing average recent air temperature (insets in Figure 2.3a, c, and e, Table 2.3). In contrast,
yellow perch showed no relationship between either mean depth of capture or probability of
offshore presence and average recent air temperature (Figure 2.3g and inset, Table 2.3). The best
multiple regression model fits for the 5 response variables for each species and the nontemperature variables can be found in the Supplementary Information (Table S2.1). The results
for the 5 response variables for each species and the additional 5 temperature variables can be
found in the Supplementary Information (Table S2.3).
The two offshore species showed significant but opposite changes in CUE biomass index.
Lake trout showed a significant decrease in CUE biomass index with increasing average recent
air temperature (Figure 2.3b, Table 2.3), and Cisco showed a significant increase in CUE
biomass index with increasing average recent air temperature (Figure 2.3d, Table 2.3). Walleye
and yellow perch showed no significant relationship between average recent air temperature
CUE biomass index (Figure 2.3f and h, Table 2.3). The best multiple regression model fits for
the 5 response variables for each species and the non-temperature variables can be found in the
Supplementary Information (Table S2.1). The results for the 5 response variables for each
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species and the additional 5 temperature variables can be found in the Supplementary
Information (Table S2.3).
Several CUE biomass index ratios show significant relationships with increasing average
recent air temperature. CUE biomass index ratios between lake trout and cisco, lake trout and
yellow perch, lake trout and walleye, and walleye and cisco all decreased significantly with
increasing average recent air temperature, but the CUE biomass index ratios between walleye
and yellow perch and between cisco and yellow perch did not show a relationship with average
recent air temperature (Figure 2.4, Table 2.4). The best multiple regression model fits for the
CUE biomass index ratios for each species pair and the non-temperature variables can be found
in the Supplementary Information (Table S2.2). The results for the CUE biomass index ratios for
each species pair and the additional 5 temperature variables can be found in the Supplementary
Information (Table S2.4).

2.5 Discussion
Here, we extend previous research on the impacts of increasing temperature on a single top
predator’s ability to responsively forage across macrohabitats (Dolson et al. 2009; Tunney et al.
2012, 2014) to include other species in various key trophic roles—namely, intermediate
consumers and top predators from nearshore and offshore food-web compartments in Canadian
boreal shield lakes. Using stable isotope based food-web metrics and catch-per-unit-effort (CUE)
data from several species of fish in Canadian boreal shield lakes, we have shown that higher
temperature tends to both reduce nearshore habitat coupling in species across trophic levels and
reduce the biomass ratios of these pivotal predator-prey pairings. Although non-temperature
abiotic factors were significant drivers of the feeding, behaviour, and biomass responses of some
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of these key species (see Tables S2.1 and S2.2), temperature was the most significant abiotic
variable in determining food web structure. Thus, by harnessing the variation in food web
structure across natural environmental gradients in temperature, we have detected consistent food
web responses to warming in boreal shield lake ecosystems, revealing the adaptive capacity
throughout these ecosystems and allowing us to start forecasting how these iconic ecosystems
may respond to climate change.
We found strong evidence of responsive foraging in several of the key trophic roles in
Canadian boreal shield lake food webs. Both lake trout and cisco, our model representatives of
offshore top predators and intermediate consumer species respectively, showed significant
horizontal responses to higher temperature via decreased nearshore feeding and decreased nearshore habitat use. Lake trout, and to some degree cisco, also showed vertical responsiveness
through trophic position that reflects changes in omnivory. Our results are consistent with the
thermally driven reduction in accessibility to the nearshore habitat that has been previously
shown in lake trout (Tunney et al. 2014). Because offshore fish communities are largely
comprised of species that prefer cold water (Coker et al. 2001; Hasnain et al. 2010), our results
suggest that these thermal constraints operate on whole offshore fish communities, causing them
to respond uniformly to warming. In contrast to the offshore species, we found that the nearshore
species (walleye and yellow perch) did not show uniform feeding and behavioural responses to
higher temperature even though they have similar thermal preferences (Coker et al. 2001;
Hasnain et al. 2010). Walleye, the nearshore top predator, displayed evidence of decreased
coupling with higher temperature, but despite a large amount of variance in yellow perch
nearshore feeding and trophic position across lakes, perch showed no significant changes in their
diet or behaviour with higher temperature. While our results generally showed a consistent
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response of species across multiple trophic levels to warming and corroborate the recent results
of Edmunds et al. (2016) that species throughout trophic levels have the capacity to responsively
forage, the prevalence and importance of weak behavioral responses to warming (e.g., those of
yellow perch) remain unclear. Since the food web outcomes that we document here are
conceivably the result of corresponding behavioural responses, future research may harness
spatial catch-per-unit effort data to more broadly assess patterns in behavior across gradients and
investigate the responsiveness of whole communities.
We also found strong evidence for a reduction in the top-heaviness of the food webs with
warming in Canadian boreal shield lakes that is consistent with our general result that habitat
coupling decreased with warming. The decrease in the biomass of lake trout and the increase in
the biomass of cisco with increased temperature resulted in an overall reduction in biomass ratios
between most pairs of top predator and intermediate consumer (Figure 2.3). Because both lake
trout and cisco are cold-adapted (Hasnain et al. 2013), the changes in the biomass of these
species was not likely due to the direct metabolic consequences of higher temperatures. The
reduced biomass of predators is therefore likely a consequence of a reduction in overall resource
availability to lake trout because of a reduction in thermal accessibility. Such changes in biomass
ratios have been noted with decreased nearshore accessibility with increases in lake size (Tunney
et al. 2012). Theory predicts that such reductions in resource availability in multiple
macrohabitats ought to reduce the top-heaviness of consumer-resource biomass relationships
(McCann et al. 2005; McCann 2011). This reduced top-heaviness changes trophic dynamics
because it tends to weaken predator-prey interactions, reducing top-down effects of predators
and potentially altering stability (Debruyn et al. 2007). Further research may reveal that these
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changes in top heaviness have important consequences for the population dynamics of the
species in boreal shield lakes.
Taken together, the foraging responses of several boreal fish species from different key
trophic roles and the associated reduced top heaviness of the food web demonstrate that whole
boreal shield lake food webs flex in response to temperature. Considering these flexible
responses together has the potential to reveal compelling and major consequences for these lakes.
Like previous studies (Tunney et al 2012, 2014), our results that increasing temperature reduces
nearshore foraging, increases trophic position, and reduces nearshore habitat use of several
species, and decreases in the top heaviness of these food webs all hint that offshore and
nearshore zones in these lakes could become more distinct (i.e., more compartmentalized,
Naughton 1978; Pimm & Lawton 1980) with warming. Because various warmwater species are
showing range expansions in Ontario (Alofs et al. 2014), these species may in the future play a
role in coupling nearshore and offshore habitats, and their northerly expansion may be facilitated
by the food web changes we show here (Alofs & Jackson 2015).
Climate change is expected to continue warming nearshore and surface waters more than
offshore waters (Keller 2007), suggesting increasing compartmentation of the offshore and
nearshore zones. Because habitat coupling by fishes in lakes contributes greatly to the transfer of
nutrients from nearshore to offshore habitats, decoupling could have long-term consequences for
nutrient flow in these lakes (Schindler & Scheuerell 2002). In addition, decoupling of
macrohabitats may destabilize the population dynamics of responsive consumers by limiting
their ability to respond through foraging shifts away from low-density resources toward higher
density resources (Teng & Mccann 2004; Stouffer & Bascompte 2011). Importantly, many
ecosystems possess macrohabitats that are coupled by consumers and are asymmetrically
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impacted by climate change (Woodward et al. 2010; Eloranta et al. 2016), and a few studies
have started to expose how food web responses to climate change unfold in some of these
systems (e.g., Barton et al. 2009). Thus, the decoupling of habitats with warming may be
widespread across ecosystems, forcing the food webs of many ecosystems to flex with climate
change in ways that change ecosystems worldwide.
Our results show that many species in key trophic roles in an ecosystem are capable of
responsively foraging both horizontally (i.e., coupling major energy pathways) and vertically
(i.e., varying degrees of omnivory), revealing a potential powerful stabilizing mechanism
throughout food webs. Various theoretical studies e.g., (Rooney et al. 2006) show that
responsive foraging by generalists coupling into multiple resource pathways (i.e., the generalist
module, McMeans et al. 2016) is stabilizing in food web modules. Effectively, this theory argues
that generalists responding to variable resource availability in space and time average this
variation (similarly to the portfolio effect of Tilman et al. (1998)), preventing that variability
from emanating throughout food webs and thus stabilizing ecosystems. Theoretical food webs
with responsive consumers show increased stability with increased complexity, in contrast to the
negative complexity-stability relationship in theoretical webs without responsive consumers
(Kondoh 2003; Valdovinos et al. 2010). Given this, many consumers across trophic levels and
throughout compartments likely responsively forage, accentuating the stabilizing effect of a
single generalist module and creating redundancy in responsiveness. Those theoretical results
and our empirical results are both corroborated by other studies that show habitat coupling across
a comprehensive set of fish species is significantly linked to their relative brain size, a proxy for
behavioral ability (Edmunds et al. 2016). Thus, the evidence points to the presence of responsive
foraging throughout food webs rather than just at the top of food chains, making the generalist
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module a remarkably scale-invariant feature of food web architecture. Such a feature is the type
of ecosystem structure that Levin (1998) argues is fundamental to the emergence of important
macroscopic properties, including both vital functions like nutrient cycling and the overall
persistence of ecosystems.
Here, we have shown that species positioned throughout food webs are capable of
responsively foraging in changing conditions, revealing a potentially powerful, repeated
stabilizing mechanism embedded throughout food webs that likely influence how ecosystems
respond to human-induced environmental change. Determining both the prevalence and positions
of these responsive consumers and the factors that constrain these species responses are critical
to both predicting the various ways that food webs will flex with a changing environment and
revealing the extent of adaptive capacity in food webs. Although we have showed that food webs
flex at many axes, it is unclear how much they can flex before their adaptive capacity is
exceeded and entire ecosystems collapse, highlighting the clear need to forecast major changes in
food web structure. Monitoring the behaviour and foraging of responsive consumers could be
used to track changes in food web structure and give prescient warnings of future drastic changes
in ecosystem dynamics, making responsive consumers even more critical to our understanding of
how ecosystems will fare through environmental change.
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2.7 Figures and Tables

Figure 2.1. Schematic of a Canadian boreal shield lake food web that includes the principal
model top predator and intermediate consumer species in both offshore and nearshore habitats:
lake trout, cisco, walleye, and yellow perch. The axes indicate the application of stable isotopes
to determine two important aspects of food web structure: trophic position (the vertical position
of a species in a food web, determined using relative δ15N) and habitat coupling (the horizontal
position of a species in a food web, determined using δ13C to calculate nearshore carbon index).
Each species is part of a generalist module (a generalist consumer capable of responding to their
environment by shifting their foraging vertically and horizontally in food webs). The offshore
and nearshore baselines (mussels/zooplankton and snails/insect larvae, respectively) are used to
account for natural variation in stable isotopic signatures between lakes.
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Figure 2.2. Trophic position and nearshore carbon index in the diet of lake trout (a and b), cisco
(c and d), walleye (e and f), and yellow perch (g and h) in lakes across a gradient of average
recent air temperature. A solid line indicates a p-value less than 0.05, and a dashed line indicates
a p-value less than 0.1. Plots are either partial regression plots for cases when the best nontemperature variable model was not the null model or simple regression plots for cases when the
best non-temperature variable model was the null model. Best models can be found in Table
S2.1.
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Figure 2.3. The mean depth of capture, nearshore presence (for offshore species) or offshore
presence (for nearshore species), and the log-transformed CUE biomass index (WPUE) for lake
trout (a, b), cisco (c, d), walleye (e, d), and yellow perch (g, h) in lakes across a gradient of
average recent air temperature. A solid line indicates a p-value less than 0.05, and a dashed line
indicates a p-value less than 0.1. Plots are either partial regression plots for cases when the best
non-temperature variable model was not the null model or simple regression plots for cases when
the best non-temperature variable model was the null model. Inset plots show raw proportion
catch in the nearshore (a, c) or offshore (e, g) zone and the line representing the modelled
probability of capture from multiple logistic regression. Best models can be found in Table S2.1.
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Figure 2.4. CUE biomass index ratios for each species pair: lake trout and yellow perch (a), lake
trout and cisco (b), walleye and yellow perch (c), and walleye and cisco (d), lake trout and
walleye (e), and cisco and yellow perch (f) in lakes across a gradient of average recent air
temperature. A solid line indicates a p-value less than 0.05. Plots are either partial regression
plots for cases when the best non-temperature variable model was not the null model or simple
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regression plots for cases when the best non-temperature variable model was the null model.
Best models can be found in Table S2.2.
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Figure 2.5. Schematic of the effects of warming on Canadian boreal shield lake food web that includes the principal model top
predator and intermediate consumer species in both offshore and nearshore habitats: lake trout, cisco, walleye, and yellow perch. The
axes indicate two important aspects of food web structure: trophic position (determined using relative δ15N) and habitat coupling
(determined using δ13C to calculate nearshore carbon index), and changes in the number of images of each species corresponds to
changes in that species’ biomass.
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66
66
66
66
56

Average Recent Air Temperature in °C

Historical Air Temperature in °C

Average Summer Air Temperature in °C

Historical Summer Air Temperature in °C

Growing Degree Days > 5 °C from 1981 to 2010

66
59
66
63
59

Surface Area in ha

Shoreline Development Index

Mean Lake Depth in m

Secchi in Summer in m

Total Phosphorous in μg•L-1

Physical or Chemical Variable

Water Surface Temperature in °C

number of lakes

Temperature Variable

3.2

0.8

3.8

1.700

47.997

1436

15.590

13.135

10.423

6.184

min

20.8

8.6

39

14.948

11623.4

1840

18.547

20.362

19.911

23.463

max

8.366

4.0786

12.862

6.102

2678.8

1618.2

16.973

16.066

15.728

14.913

mean

3.936

1.688

6.889

3.469

2737.3

89.373

0.622

1.868

2.5712

3.492

sd

0.471

0.414

0.536

0.568

1.02

0.0552

0.0367

0.116

0.163

0.234

cv

Table 2.1. Summary of the 8 temperature variables and the 5 physical and chemical lake attributes for lakes used in our study. Three
values with unusually high growing degree day were excluded from analyses that included that variable, and are thus not included in
this summary.
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Salvelinus namaycush

Coregonus artedi

Sander vitreus

Perca flavescens

lake trout

cisco

walleye

yellow perch

all other species

scientific name

common name

various

cool/warm

cool/warm

cold

cold

thermal guild
9.62

average CUE

25.55

various

217.12

intermediate consumer 92.31

predator

intermediate consumer 32.30

predator

trophic level

59

57

41

58

47

number of lakes

Table 2.2. The thermal guild, trophic level, average CUE in lakes where present, and the number of lakes in which each species in
present for the four Canadian boreal shield fish species used in this study and for all other species combined. Data are for 59 lakes
sampled by the Ontario Ministry of Natural Resources and Forestry’s Broad-scale Fisheries Monitoring (BSM) Program (Sandstrom et
al. 2013). Thermal guild and trophic level are taken from Coker et al. 2001 and Hasnain et al. 2013.
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cisco

lake trout

Species

log10(lake surface
area in ha) (LSA)

mean depth of
capture

nearshore carbon
index

log10(lake surface
area in ha) (LSA)

log10(CUE
biomass index)

none

log(Secchi depth
in m) (LSD)

log10(lake surface
area in ha) (LSA)

nearshore
presence

log10(mean lake
depth in m)
(LMD)

y = 3.898934 + 0.021658(T) +
0.103122(LMD)

log10(mean lake
depth in m)
(LMD)

trophic position

y = 0.125846 – 0.010469(T)

y = 0.50713 – 0.04495(T) – 0.24262(LSA)
+ 0.56192(LSD)

2.2319(LSA)

𝑦

log(1−𝑦) = 10.1488 – 0.2524(T) +

y = 3.48763 + 0.24655(T) + 1.70181(LSA)
+ 0.79042(LMD)

y = 0.416021 – 0.013817(T)

Model

none

Non-Temperature
Variable

nearshore carbon
index

Dependent
Variable
df

3, 37

2, 43

3, 38

2, 50

0.03375 1, 54

0.2931

NA

0.573

0.1516

0.08346 1, 49

adj. R2

0.09317

0.00262

0.01892

<0.0001

0.00764

0.0225

temperature
coefficient
p-value

Table 2.3. Regression model (linear or logistic) summaries for nearshore carbon index, trophic position, catch probability in the nonpreferred habitat, mean depth of capture, and the CUE biomass index (catch-per-unit-effort in kg) of lake trout, cisco, walleye, and
yellow perch with average recent air temperature in °C (T). Best regression models can be found in Table S2.1.

NA

0.001178

0.007497

<0.0001

0.006161

NA

overall pvalue
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walleye

log10(mean lake
depth in m)
(LMD)
none

trophic position

log(total
phosphorous in
μ·L−1) (LTP)

log(shoreline
development
index) (LSDI)

log10(mean lake
depth in m)
(LMD)

log(shoreline
development
index) (LSDI)

log10(lake surface
area in ha) (LSA)

nearshore carbon
index

log10(CUE
biomass index)

nearshore
presence

log(Secchi depth
in m) (LSD)

mean depth of
capture
log(total
phosphorous in
μ·L−1) (LTP)

log10(mean lake
depth in m)
(LMD)

trophic position

y = 4.27798 + 0.02102(T)

y = 0.91052 – 0.02655(T) – 0.09965
(LMD)

y = –5.28429 + 0.09084(T) –
0.12788(LSDI) + 1.12668(LTP)

1.5685(LSA) – 0.6899(LSDI) –
3.2943(LMD)

𝑦

log(1−𝑦) = 11.3375 – 0.6778(T) –

y = -8.6812 + 0.5749(T) + 5.2551(LMD) +
3.9327(LTP)

y = 2.64522 + 0.01299(T) + 0.24621
(LMD)

2, 33

3, 48

4, 56

3, 51

0.04287 1, 34

0.1938

0.3680

NA

0.3351

0.09171 2, 56

0.118

0.0201

0.00123

0.00222

0.003810

0.3599

NA

0.01083

<0.0001

<0.0001

<0.0001

0.02533

68

yellow
perch

log10(mean lake
depth in m)
(LMD)

log10(CUE
biomass index)

log10(lake surface
area in ha) (LSA)

offshore presence

log10(CUE
biomass index)

log(Secchi depth
in m) (SD)

mean depth of
capture

log10(mean lake
depth in m)
(LMD)

log(Secchi depth
in m) (LSD)

none

log(total
phosphorous in
μg·L−1) (LTP)

log10(lake surface
area in ha) (LSA)

trophic position

nearshore carbon
index

none

offshore presence

log(total
phosphorous in
μg·L−1) (LTP)

log10(lake surface
area in ha) (LSA)

mean depth of
capture

y = –0.58650 + 0.02635(T) –
1.47475(LMD)

𝑦

log(1−𝑦) = 1.58785 + 0.03013(T)

y = 1.96064 + 0.07213(T) + 0.96622(SD)

y = 3.441276 – 0.004554(T)

y = 0.3653330 + 0.0110075(T) +
0.0767033(LSA) + 0.0866055(LTP)

y = 0.54946 – 0.01150(T) – 1.07921(LMD)
+ 0.37502(LTP)

2.4169(LSA)

𝑦

log(1−𝑦) = –10.5347 + 0.4487(T) +

y = – 1.55047 + 0.20567(T) +
1.18090(LSA)

3, 35

2, 38

2, 36

0.1348

NA

0.1272

-0.0134

2, 43

1, 55

2, 51

1, 59

0.08208 3, 50

0.4039

NA

0.2943

0.39362

0.7740

0.2535

0.65

0.9891

0.5966

0.07190

0.0023

0.01674

NA

0.01168

0.6502

0.06387

<0.0001

0.06644

0.0007119
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Walleye:
Yellow Perch

Lake Trout:
Walleye

Lake Trout:
Cisco

y = 6.42372 – 0.13330(T) –
0.35336(LSDI) – 1.25525(LTP)

none

log(total phosphorous
in μ·L−1) (LTP)
y = 2.06841– 0.02205(T)

y = –1.62786 – 0.06653(T) +
1.25042(LSD) + 1.96689(LMD) –
log10(mean lake depth 0.75220(LTP)
in m) (LMD)

log(Secchi depth in
m) (LSD)

log(total phosphorous
in μ·L−1) (LTP)

log(shoreline
development index)
(LSDI)

log10(mean lake depth
in m) (LMD)

log10(lake surface
area in ha) (LSA)

Lake Trout:
Yellow Perch

y = 2.13656 – 0.09885(T) –
0.51119 (LSA) + 2.45422(LMD)

Temperature Variable Model

Species

-0.02999

0.6542

0.4122

0.3351

adjusted R2

1, 28

4, 22

3, 37

3, 32

df

0.6963

0.02810

0.000383

0.005249

NA

1.181e-05

4.373e-05

0.001049

Temperature
coefficient
Overall pp-value
value

Table 2.4. Linear regression model summaries for log-transformed CUE biomass index ratios for each species pair (lake trout and
yellow perch, lake trout and cisco, walleye and yellow perch, and walleye and cisco, lake trout and walleye, and cisco and yellow
perch) with the average hourly air temperature for the 30 days prior to field sampling in °C. Best regression models can be found in
Table S2.2.
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log10(lake surface
area in ha) (LSA)

Cisco: Yellow none
Perch

Walleye:
Cisco
y = –0.32206 + 0.04655(T)

y = 3.915234 – 0.024181(T) –
0.52080(LSA)
0.009997

0.2662
1, 40

2, 34
0.2414

0.00342
NA

0.001961

2.8 Supplementary Information
2.8.1 Supplementary Methods
Additional Temperature Variables
In addition to the average hourly air temperature for the 30 days prior to field sampling,
we corroborated our results with three other temperature variables that were similarly derived
from Microsoft’s FetchClimate (www.fetchclimate.org): the historical average hourly air
temperature for the 30 days prior to field sampling from 1980 to 2007; the average hourly air
temperature for June, July, and August of the sampling year; and the average hourly air
temperature for June, July, and August from 1980 to 2007. We also corroborated our results with
two temperature variables provided by the Ontario Ministry of Natural Resources and Forestry:
the temperature of the water at 0.5 meters at the time of netting (which we refer to as water
surface temperature); and growing degree days above 5°C from 1981 to 2010, which measures
the accumulation of heat over time.

Estimates of Baseline Stable Isotopic Signatures
For the two lakes that were missing nearshore baseline isotopic signatures and for the five
lakes that were missing offshore baseline isotopic signatures, we estimated the missing isotopic
signatures of using the available baseline and simple linear regression between the average
baseline signatures across lakes. The equations for the linear regression models used to estimate
missing nearshore baselines (i.e., snails and aquatic insect larvae) and offshore baselines (i.e.,
mussels and zooplankton) were
δ13 Cnsb est = −6.91152 + 0.503579 × δ13 Cosb meas
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δ13 Cosb est = −25.0199 + 0.181308 × δ13 Cnsb meas
δ15 Nnsb est = 0.089087 + 0.785173 × δ15 Nosb meas
δ15 Nosb est = 1.234742 + 0.722821×δ15 Nnsb meas
where δ13 Cnsb est is the estimated nearshore δ13C signature, δ13 Cosb meas is the measured
average δ13C signature, δ13 Cosb est is the estimated offshore δ13C signature, δ13 Cnsb meas is the
measured average nearshore δ13C signature, δ15 Nnsb est is the estimated nearshore δ15N
signature, δ15 Nosb meas is the measured average δ15N signature, δ15 Nosb est is the estimated
offshore δ15N signature, δ15 Nnsb meas is the measured average nearshore δ15N signature. The R2
for the δ13C regression models was 0.09254, and the R2 for the δ15N regression models was
0.5675.

2.8.2 Supplementary Results
Lake Trout
Lake trout showed a significant decrease in proportion of nearshore carbon with
increasing growing degree days all four of the additional temperature variables (Table S2.3).
Lake trout showed a marginally significant increase in trophic position with increasing growing
degree days and a statically significant or marginally significant increase in trophic position with
three of the four of the other temperature variables (Table S2.3). Lake trout showed a significant
decrease in nearshore catch probability with three of the additional four temperature variables
but not with growing degree days (Table S2.3). Lake trout showed no significant change in mean
depth of capture with growing degree days or any of the four additional temperature variables
(Table S2.3). Lake trout CUE biomass index decreased significantly not with growing degree
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days but was significant with one of the 4 additional temperature variables (Table S2.3). Best
model fits for lake trout can be found in Table S2.1.

Cisco
Cisco showed a significant decrease in proportion littoral carbon with increasing growing
degree days with two of the four other temperature variables (Table S2.3). Cisco showed a
significant increase in trophic position with increasing growing degree days and one of the four
additional temperature variables, and a marginally significant increase with another of the four
additional temperature variables (Table S2.3). Cisco did not show significant relationships
between nearshore catch probability and growing degree days but did show a significant
decrease in nearshore catch probability with three of the additional four temperature variables
(Table S2.3). Cisco did not show a significant relationship between mean depth of capture and
growing degree days but did show a significant increase in mean depth of capture with one of the
additional temperature variables (Table S2.3). Cisco CUE biomass index showed no relationship
with growing degree days but did show a significant increase in CUE biomass index with one of
the additional temperature variables and a marginally significant increase in CUE biomass index
with one of the additional temperature variables (Table S2.3). Best model fits for cisco can be
found in Table S2.1.

Walleye
Walleye showed a marginally significant decrease in proportion littoral carbon with
increasing growing degree days and three of the four other temperature variables (Table S2.3).
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Walleye showed no significant relationship between trophic position and growing degree days or
any of the four additional temperature variables (Table S2.3). Walleye showed no relationship
between mean depth of capture and growing degree days but did show a significant increase in
mean depth of capture with one of the additional of the four other temperature variables (Table
S2.3). Walleye showed no significant relationship between offshore catch probability and
growing degree days but did show a marginally significant decrease in offshore catch probability
with one of the additional four temperature variables (Table S2.3). Walleye CUE biomass index
decreased significantly with growing degree days and three of the additional 4 temperature
variables (Table S2.3). Best model fits for walleye can be found in Table S2.1.

Yellow Perch
Yellow perch did not have a significant relationship between proportion littoral carbon
and increasing growing degree days but did show a statically significant decrease in proportion
littoral carbon with two of the four other temperature variables (Table S2.3). Yellow perch
showed no significant relationship between trophic position with growing degree days or any of
the four additional temperature variables (Table S2.3). Yellow perch showed a significant
increase in mean depth of capture with growing degree days but not with any of the four
additional temperature variables (Table S2.3). Yellow perch showed no relationship between
offshore catch probability and growing degree days or any of the four additional temperature
variables (Table S2.3). Yellow perch CUE biomass index increased marginally with increasing
growing degree days but did not show significant change with any of the additional four
temperature metrics (Table S2.3). Best model fits for yellow can be found in Table S2.1.
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CUE Biomass Index Ratios
The lake trout: yellow perch CUE biomass index ratio decreased marginally significantly
with increasing growing degree days and a significant decrease with three of the four of the
additional temperature variables (Table S2.4).The lake trout: cisco CUE biomass index ratio
showed no significant relationship with growing degree days but showed a significant decrease
with two of the four of the additional temperature variables (Table S2.4).The walleye: yellow
perch CUE biomass index ratio decreased significantly with growing degree days and with two
of the four of the additional temperature variables (Table S2.4). The walleye: cisco CUE biomass
index ratio decreased significantly with increasing growing degree days and with three of the
four of the additional temperature variables (Table S2.4). The lake trout: walleye CUE biomass
index ratio decreased significantly one of the other four temperature variable but not with
increasing growing degree days (Table S2.4). The cisco: yellow perch CUE biomass index ratio
did not show a significant change with any of the temperature (Table S2.4). The best multiple
regression model fits for each species pair’s CUE biomass index ratio and the non-temperature
variables can be found in Table S2.2.
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Dependent
Variable

nearshore carbon
index

nearshore
presence

mean depth of
capture

trophic position

CUE biomass
index

Species

Lake
Trout

Lake
Trout

Lake
Trout

Lake
Trout

Lake
Trout

log10(lake
surface area in
ha), log(Secchi
depth in m)

log10(mean lake
depth in m)

log10(lake
surface area in
ha), log10(mean
lake depth in m)

log10(lake
surface area in
ha)

none

Independent
Variable(s) in
Best Model

linear

linear

linear

logistic

none

Model
Type

𝑦

y = 0.1317 – 0.2376(LSA) +
0.3455(LSD)

y = 4.0855 + 0.1576(LMD)

y = 4.4379 + 1.5503(LSA) +
3.5614(LMD)

log(1−𝑦) = 5.694 - 1.966(LSA)

NA

Best Model

0.1149

0.06755

0.3636

NA

adj. R

2

2, 37

1, 51

2, 35

1, 38

NA

df

0.03952

0.03363

0.0001391

0.0181

NA

overall pvalue

Table S2.1. Best regression models (linear or logistic) for nearshore carbon index, trophic position, catch probability in the nonpreferred habitat, mean depth of capture, and the CUE biomass index (catch-per-unit-effort in kg) for the 4 species used in this study:
lake trout, cisco, walleye, and yellow perch. The best model fitting process included 5 physical and chemical lake attributes (log10(lake
surface area in ha), log(shoreline development index), log10(mean lake depth in m), Secchi depth in m, log(total phosphorous in
μ·L−1)), and the best model was determined from comparison of all model subsets using AIC.

2.8.3 Supplementary Tables and Figures
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mean depth of
capture

Cisco

CUE biomass
index

nearshore carbon
index

weighted
none
offshore
presence/absence

Cisco

Walleye

Walleye

log10(mean lake
depth in m)

log(shoreline
development
index), log(total
phosphorous in
μ·L−1)

trophic position

Cisco

log10(mean lake
depth in m)

log(Secchi depth
in m),
log10(mean lake
depth in m)

weighted
log10(lake
nearshore
surface area in
presence/absence ha),
log(shoreline
development
index),
log10(mean lake
depth in m)

Cisco

none

nearshore carbon
index

Cisco

none

linear

linear

linear

linear

logistic

none
𝑦

NA

y = 0.62784 – 0.13981(LMD)

y = -3.7354 + 0.2709(LSDI) +
0.9085(LTP)

y = 2.7766 + 0.2715(LMD)

y = 4.853 + 1.829(LSD) + 4.085
(LMD)

2.638(LSDI) - 6.704(LMD)

log(1−𝑦) = 2.512 + 3.168(LSA) -

NA

NA

0.07658

0.2177

0.09407

0.275

NA

NA

1, 33

2, 46

1, 57

2, 50

3, 50

NA

NA

0.05917

0.001326

0.0104

0.000121

0.00216

0.02657,

0.02257,

NA
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trophic position

CUE biomass
index

Yellow
Perch

log10(mean lake
depth in m)

none

log(Secchi depth
in m)

Yellow
Perch

log10(lake
surface area in
ha), log(total
phosphorous in
μ·L−1)

mean depth of
capture

nearshore carbon
index

Yellow
Perch

log10(mean lake
depth in m),
log(total
phosphorous in
μ·L−1)

Yellow
Perch

CUE biomass
index

Walleye

none

weighted
log10(lake
offshore
surface area in
presence/absence ha), log(Secchi
depth in m)

trophic position

Walleye

log10(lake
surface area in
ha)

Yellow
Perch

mean depth of
capture

Walleye

linear

none

linear

logistic

linear

linear

none

linear

y = -0.2974 - 1.4128(LMD)

NA

y = 2.7781 + 1.1436(LSD)

- 2.3175(LSD)

𝑦

log(1−𝑦) = -5.4190 + 1.5487(LSA)

y = 0.20571 + 0.14095(LSA) –
0.13543(LTP)

y = 0.3088 - 1.0887(LMD) +
0.4190(LTP)

NA

y = 0.7694 + 1.3561(LSA)

0.1678

NA

0.1208

0.06699

0.4209

NA

0.1205

1, 41

NA

1, 51

2, 50

2, 48

2, 35

NA

1, 36

0.003718

NA

0.006228

0.1262,
0.0101

0.07109

2.668e-05

NA

0.01867

79

log(Secchi depth in m),
y = –1.7617 + 1.0478(LSD) + 1.5809(LMD) –
log10(mean lake depth in m), 0.8281(LTP)
log(total phosphorous in
μ·L−1)

none

log10(lake surface area in
ha),

none

Lake Trout:
Walleye

Walleye:
Yellow Perch

Walleye: Cisco

Cisco: Yellow
Perch
NA

y = 3.3943 – 0.6389(LSA)

NA

y = 3.9846 – 0.5766(LSDI) – 0.8262(LTP)

log(shoreline development
index), log(total
phosphorous in μ·L−1)

Lake Trout:
Cisco

y = 1.5996 – 0.5537(LSA) + 1.7386(LSD)

log10(lake surface area in
ha), log10(mean lake depth
in m)

Best Model

Lake Trout:
Yellow Perch

Species Ratio

Independent Variable(s) in
Best Model

NA

0.07999

NA

0.5862

0.1591

0.1744

adj. R

2

NA

1, 34

NA

3, 23

2, 35

2, 33

df

NA

0.05234

NA

3.079e-05

0.01824

0.01602

overall pvalue

Table S2.2. Best regression models (linear or logistic) for the CUE biomass index (catch-per-unit-effort in kg) between the 4 species
used in this study: lake trout, cisco, walleye, and yellow perch.. The best model fitting process included 5 physical and chemical lake
attributes (log10(lake surface area in ha), log(shoreline development index), log10(mean depth in m), Secchi depth in m, log(total
phosphorous in μ·L−1)), and the best model was determined from comparison of all model subsets using AIC.

80

nearshore
carbon index

nearshore
carbon index

nearshore
carbon index

Lake
Trout

Lake
Trout

nearshore
carbon index

Lake
Trout

Lake
Trout

Dependent
Variable

Species

water surface temperature
at the time of sampling in
°C

historical average hourly
air temperature for June,
July, and August from
1980 to 2007 in °C

average hourly air
temperature for June,
July, and August in
sampling year in °C

historical average hourly
air temperature for the 30
days prior to field
sampling from 1980 to
2007 in °C

Temperature Variable

y = 0.06149 – 0.03018(T)

y = 2.80770 – 0.19894(T)

y = 1.01633 – 0.09794(T)

y = –0.009691 – 0.036878(T)

Model

0.111

0.06727

0.1859

0.057

adjusted
R2

1, 22

1, 46

1, 46

1, 46

df

0.06185

0.04168

0.001304

0.05609

NA

NA

NA

NA

Temperature
variable poverall pvalue
value

Table S2.3. Regression model (linear or logistic) summaries for nearshore carbon index, trophic position, catch probability in the nonpreferred habitat, mean depth of capture, and the CUE biomass index (catch-per-unit-effort in kg) of lake trout, cisco, walleye, and
yellow perch with 5 additional temperature variables: the historical average hourly air temperature for the 30 days prior to field
sampling from 1980 to 2007; the average hourly air temperature for June, July, and August of the sampling year; and the average
hourly air temperature for June, July, and August from 1980 to 2007; the temperature of the water at 0.5 meters at the time of netting;
and growing degree days above 5°C from 1981 to 2010. Best regression models can be found in Table S2.1.
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nearshore
carbon index

nearshore
carbon index

nearshore
carbon index

nearshore
carbon index

nearshore
carbon index

nearshore
carbon index

nearshore
carbon index

Lake
Trout

Cisco

Cisco

Cisco

Cisco

Cisco

Walleye

historical average hourly
air temperature for the 30
days prior to field
sampling from 1980 to
2007 in °C

growing degree days
above 5°C from 1981 to
2010

water surface temperature
at the time of sampling in
°C

historical average hourly
air temperature for June,
July, and August from
1980 to 2007 in °C

average hourly air
temperature for June,
July, and August in
sampling year in °C

historical average hourly
air temperature for the 30
days prior to field
sampling from 1980 to
2007 in °C

growing degree days
above 5°C from 1981 to
2010

y = 0.89478 – 0.05767(T) –
0.09396(SD)

y = 1.0485773 – 0.0006612(T)

y = 0.16420B + -0.00787(T)

y = 2.7886 – 0.1695 (T)

y = 0.9182 – 0.0626(T)

y = 0.07691 – 0.01059(T)

y = 1.8618434B – 0.0014734
(T)

0.2027

0.06477

-0.001975

0.1064

0.1292

-0.009379

0.09064

2, 30

1, 47

1, 25

1, 57

1, 57

1, 57

1, 40

0.0475

0.04306

0.3394

0.006751

0.003009

0.4999

0.02965

0.01271

NA

NA

NA

NA

NA

NA
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nearshore
carbon index

nearshore
carbon index

Yellow
Perch

nearshore
carbon index

Walleye

Yellow
Perch

nearshore
carbon index

Walleye

nearshore
carbon index

nearshore
carbon index

Walleye

Yellow
Perch

nearshore
carbon index

Walleye

historical average hourly
air temperature for June,
July, and August from
1980 to 2007 in °C

average hourly air
temperature for June,
July, and August in
sampling year in °C

historical average hourly
air temperature for the 30
days prior to field
sampling from 1980 to
2007 in °C

growing degree days
above 5°C from 1981 to
2010

water surface temperature
at the time of sampling in
°C

historical average hourly
air temperature for June,
July, and August from
1980 to 2007 in °C

average hourly air
temperature for June,
July, and August in
sampling year in °C

y = 4.87266 – 0.33657(T) +
0.15138(SD)

y = 1.42767 – 0.14810(T) +
0.17718(SD)

y = –0.74425 + 0.01284(T) +
0.08493(SD)

y = 3.045926 – 0.002015(T) –
0.052173(SD)

y = 1.27212 – 0.07789(T) –
0.05646(SD)

y = 5.95250 – 0.36717(T) –
0.04826(SD)

y = 1.46902 – 0.10933(T) –
0.04082(SD)

0.1133

0.1642

0.0371

0.1751

0.0118

0.243

0.2168

2, 48

2, 48

2, 48

2, 29

2, 13

2, 30

2, 30

0.04443

0.00887

0.7258

0.1022

0.224

0.0195

0.0348

0.02094

0.005071

0.1515

0.02333

0.3652

0.005832

0.009713
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trophic position historical average hourly
air temperature for the 30
days prior to field
sampling from 1980 to
2007 in °C

trophic position average hourly air
temperature for June,
July, and August in
sampling year in °C

trophic position historical average hourly
air temperature for June,
July, and August from
1980 to 2007 in °C

trophic position water surface temperature
at the time of sampling in
°C

trophic position growing degree days
above 5°C from 1981 to
2010

Lake
Trout

Lake
Trout

Lake
Trout

Lake
Trout

Lake
Trout

growing degree days
above 5°C from 1981 to
2010

nearshore
carbon index

Yellow
Perch

water surface temperature
at the time of sampling in
°C

nearshore
carbon index

Yellow
Perch

y = 2.669720 + 0.000840(T) +
0.158821(LMD)

y = 3.66398 + 0.02579(T) +
0.14177(LMD)

y = 0.88036 + 0.20238(T) +
0.06047(LMD)

y = 3.41681 + 0.05044(T) +
0.09645(LMD)

y = 3.86274 + 0.02294(T) +
0.10762(LMD)

y = 0.8183027 – 0.0008851(T) +
0.1138096(SD)

y = – 0.291547 – 0.003741(T) +
0.069556(SD)

0.1688

0.178

0.2313

0.161

0.1029

0.03915

-0.06097

2, 41

2, 21

2, 50

2, 50

2, 50

2, 41

2, 19

0.088899

0.160

0.000834

0.00894

0.0608

0.4584

0.946

0.008511

0.04915

0.0005229

0.004652

0.02486

0.1661

0.678
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trophic position historical average hourly
air temperature for the 30
days prior to field
sampling from 1980 to
2007 in °C

trophic position average hourly air
temperature for June,
July, and August in
sampling year in °C

trophic position historical average hourly
air temperature for June,
July, and August from
1980 to 2007 in °C

trophic position water surface temperature
at the time of sampling in
°C

trophic position growing degree days
above 5°C from 1981 to
2010

trophic position historical average hourly
air temperature for the 30
days prior to field
sampling from 1980 to
2007 in °C

trophic position average hourly air
temperature for June,

Cisco

Cisco

Cisco

Cisco

Cisco

Walleye

Walleye

0.1036

0.2147

0.1519

0.06023

y = 4.19447 – 0.01398(T)

y = 4.14013 – 0.05767(T)

-0.0212

-0.02005

y = 0.2940286 + 0.0018365(T) + 0.1893
0.0526258(LMD)

y = 2.40751 + 0.02360(T) +
0.25409(LMD)

y = –1.52227 + 0.28821(T) +
0.03468(LMD)

y = 2.02847 + 0.07419(T) +
0.09663(LMD)

y = 2.71031 + 0.01077(T) +
0.24105(LMD)

1, 34

1, 34

2, 46

2, 24

2, 56

2, 56

2, 56

0.6044

0.5801

0.0101

0.348

0.00134

0.0142

0.5765

NA

NA

0.003007

0.103

0.0004306

0.003716

0.06574
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trophic position historical average hourly
air temperature for June,
July, and August from
1980 to 2007 in °C

trophic position water surface temperature
at the time of sampling in
°C

trophic position growing degree days
above 5°C from 1981 to
2010

trophic position historical average hourly
air temperature for the 30
days prior to field
sampling from 1980 to
2007 in °C

trophic position average hourly air
temperature for June,
July, and August in
sampling year in °C

trophic position historical average hourly
air temperature for June,
July, and August from
1980 to 2007 in °C

Walleye

Walleye

Walleye

Yellow
Perch

Yellow
Perch

Yellow
Perch

July, and August in
sampling year in °C

y = 2.21137 + 0.06902(T)

y = 3.249319 + 0.008227(T)

y = 3.316066 + 0.004079(T)

y = 39.28 + 3.162e-05(T)

y = 4.35686 – 0.01700(T)

y = 3.56112 + 0.02534(T)

0.008159

-0.01378

-0.01545

-0.03022

-0.03905

-0.02678

1, 59

1, 59

1, 59

1, 33

1, 16

1, 34

0.2265

0.6691

0.7689

0.96

0.5563

0.7698

NA

NA

NA

NA

NA

NA
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trophic position water surface temperature
at the time of sampling in
°C

trophic position growing degree days
above 5°C from 1981 to
2010

Yellow
Perch

Yellow
Perch

y = 2.6814066 + 0.0004269(T)

y = 3.14138 + 0.01367(T)

1, 26

0.0009672 1, 50

-0.009917

0.3106

0.3991

NA

NA
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Species
Lake
Trout:
Yellow
Perch
Lake
Trout:
Yellow
Perch
Lake
Trout:
Yellow
Perch
Lake
Trout:
Yellow
Perch
Lake
Trout:
Yellow
Perch
Lake
Trout:
y = 2.68386 – 0.13329(T) – 0.46502
(LSA) + 2.39102(LMD)

historical average hourly air
temperature for the 30 days prior to
field sampling from 1980 to 2007
in °C
anomaly of average hourly air
temperature for the 30 days prior to
field sampling in °C
y = 3.1357 – 0.1118(T) – 0.6196(LSA)
+ 2.1806(LMD)
y = 10.9559 – 0.5920(T) – 0.6118
(LSA) + 2.5636(LMD)
y = 1.4803 – 0.0577(T) – 0.5821(LSA)
+ 1.8862(LMD)

average hourly air temperature for
June, July, and August in sampling
year in °C

historical average hourly air
temperature for June, July, and
August from 1980 to 2007 in °C

anomaly of average hourly air
temperature for June, July, and
August in sampling year in °C

y = 1.28894 – 0.11497(T) –
0.58078(LSA) + 2.00822(LMD)

Model
y = 2.13656 – 0.09885(T) – 0.51119
(LSA) + 2.45422(LMD)

Temperature Variable
average hourly air temperature for
the 30 days prior to field sampling
in °C

0.1538

0.265

0.1807

0.2063

0.3332

adjusted R
0.3351

2

3,
32

3,
32

3,
32

3,
32

3,
32

df
3,
32

0.6612

0.03138

0.2718

0.27120

0.00551

Temperature
coefficient pvalue
0.005249

0.03955

0.004834

0.02461

0.01534

0.001096

Overall pvalue
0.001049

Table S2.4. Linear regression model summaries for CUE biomass index ratios for each species pair (lake trout and yellow perch, lake
trout and cisco, walleye and yellow perch, and walleye and cisco, lake trout and walleye, and cisco and yellow perch) with 5
additional temperature variables: the historical average hourly air temperature for the 30 days prior to field sampling from 1980 to
2007; the average hourly air temperature for June, July, and August of the sampling year; and the average hourly air temperature for
June, July, and August from 1980 to 2007; the temperature of the water at 0.5 meters at the time of netting; and growing degree days
above 5°C from 1981 to 2010. Best regression models can be found in Table S2.2.
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Lake
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Lake
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Cisco
Lake
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Cisco
Lake
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Lake
Trout:
Walleye

Yellow
Perch
Lake
Trout:
Yellow
Perch
Lake
Trout:
Yellow
Perch
Lake
Trout:
Cisco
Lake
Trout:
Cisco
0.4122
0.3832

y = 6.42372 – 0.13330(T) –
0.35336(LSDI) – 1.25525(LTP)
y = 7.36563 – 0.17469(T) –
0.46921(LSDI) – 1.23562(LTP)

0.2078
0.1317

y = 10.3313 – 0.3555(T) –
0.5471(LSDI) – 1.0083(LTP)
y = 4.1054522 – 0.0001313(T) –
0.5388462(LSDI) – 0.7921927(LTP)
y = 6.62652 – 0.13677(T) –
0.53540(LSDI) – 0.93674(LTP)
y = –1.62786 – 0.06653(T) +
1.25042(LSD) + 1.96689(LMD) –
0.75220(LTP)

water surface temperature at the
time of sampling in °C

average hourly air temperature for
the 30 days prior to field sampling
in °C

0.6542

0.3586

0.1845

y = 5.36717 – 0.07549(T) –
0.54889(LSDI) – 0.93447(LTP)

average hourly air temperature for
the 30 days prior to field sampling
in °C
historical average hourly air
temperature for the 30 days prior to
field sampling from 1980 to 2007
in °C
average hourly air temperature for
June, July, and August in sampling
year in °C
historical average hourly air
temperature for June, July, and
August from 1980 to 2007 in °C
growing degree days above 5°C
from 1981 to 2010

0.4819

y = 1.54765 – 0.17371(T) –
0.26733(LSA) + 3.69962(LMD)

water surface temperature at the
time of sampling in °C

0.2035

y = 6.164629 – 0.003011(T) –
0.516308(LSA) + 2.076688(LMD)

growing degree days above 5°C
from 1981 to 2010

4,
22

3,
17

3,
35

3,
37

3,
37

3,
37

3,
37

3,
13

3,
29

0.02810

0.038254

0.9533

0.1909

0.41820

0.000988

0.000383

0.00493

0.09683

1.181e-05

0.01414

0.04751

0.008674

0.0143

0.000104

4.373e-05

0.008737

0.0222
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Lake
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Yellow
Perch
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Yellow
Perch

Lake
Trout:
Walleye

average hourly air temperature for
the 30 days prior to field sampling
in °C
historical average hourly air
temperature for the 30 days prior to
field sampling from 1980 to 2007
in °C
average hourly air temperature for
June, July, and August in sampling
year in °C
historical average hourly air
temperature for June, July, and
August from 1980 to 2007 in °C
growing degree days above 5°C
from 1981 to 2010

water surface temperature at the
time of sampling in °C

historical average hourly air
temperature for the 30 days prior to
field sampling from 1980 to 2007
in °C
average hourly air temperature for
June, July, and August in sampling
year in °C
historical average hourly air
temperature for June, July, and
August from 1980 to 2007 in °C
growing degree days above 5°C
from 1981 to 2010

-0.02999
-0.0346

y = 1.97433 – 0.01420(T)

4,
20

0.591

0.001853
0.148
0.1317

y = 3.5982 – 0.1208(T)
y = 14.9444 – 0.7852(T)
y = 8.465579 – 0.004087(T)

1,
26

1,
28

1,
28

1,
28

1,
28

4,
7

4,
22

0.599

0.6292

4,
22

4,
22

0.5674

0.676

y = –1.790932 – 0.002897(T) +
1.043730(LSD) + 1.570307(LMD) –
0.827903(LTP)
y = –6.1190 + 0.3064(T) +
0.8816(LSD) + 1.1540(LMD) –
0.8980(LTP)
y = –5.317250 – 0.003105(T) +
0.837976(LSD) + 0.904852(LMD) –
1.048283(LTP)
y = –1.99279 – 0.03520(T) +
0.91093(LSD) + 1.67443(LMD) –
0.89054(LTP)
y = 2.06841– 0.02205(T)

y = –0.9121 – 0.1004(T) +
1.2589(LSD) + 1.7993(LMD) –
0.7314(LTP)

0.03262

0.02046

0.3134

0.8634

0.6963

0.613

0.1635

0.2012

0.9704

0.012639

NA

NA

NA

NA

NA

0.02344

0.0001606

5.673e-05

0.0001261

5.916e-06
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y = 3.915234 – 0.024181(T) –
0.52080(LSA)

average hourly air temperature for
the 30 days prior to field sampling
in °C
historical average hourly air
temperature for the 30 days prior to
field sampling from 1980 to 2007
in °C
average hourly air temperature for
June, July, and August in sampling
year in °C
historical average hourly air
temperature for June, July, and
August from 1980 to 2007 in °C
growing degree days above 5°C
from 1981 to 2010
water surface temperature at the
time of sampling in °C
average hourly air temperature for
the 30 days prior to field sampling
in °C
historical average hourly air
temperature for the 30 days prior to
field sampling from 1980 to 2007
in °C
average hourly air temperature for
June, July, and August in sampling
year in °C
historical average hourly air
temperature for June, July, and
August from 1980 to 2007 in °C
0.009997
-0.01043

y = –0.29392 + 0.04167(T)

-0.02299
-0.02462

y = –0.01431 + 0.02442(T)
y = 0.90148 – 0.03129(T)

0.5204

0.2059

0.2952

0.2918

0.1235

0.2662

0.1487

y = 9.289809 – 0.003986(T) –
0.487798(LSA)
y = 8.83768 – 0.24034(T) –
0.98070(LSA)
y = –0.32206 + 0.04655(T)

y = 13.6011 – 0.6578(T) –
0.3957(LSA)

y = 5.94173 – 0.22663(T) –
0.36540(LSA)

y = 4.93093 – 0.09254(T) –
0.65713(LSA)

y = 6.1994 – 0.2517(T)

water surface temperature at the
time of sampling in °C

1,
40

1,
40

1,
40

2,
32
2,
17
1,
40

2,
34

2,
34

2,
34

2,
34

1,
14

0.9039

0.7806

0.452

0.2414

0.00116

0.012935

0.001636

0.00179

0.10616

0.00342

0.07784

NA

NA

NA

NA

0.000753

0.009476

0.0009886

0.001074

0.04026

0.001961

NA
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3.1 Abstract
Ecologists lack the data necessary to reveal how climate change will impact the structure
of whole food webs that govern major energy and nutrient flows. This chapter builds on the
results from the previous chapter, which shows that consumers exhibit paired behavioural and
feeding responses to changing temperatures that generate flexible food web structure in Canadian
boreal shield lakes that alters major energy and nutrient flows. Thus, the behavioural responses
of entire suites of consumers could be a powerful tool to infer whole food web responses with
warming. Behavioral responses in a whole community are likely a result of changes in the
accessibility of thermally distinct habitats, which is determined by thermal preferences of
species. Here, we use novel spatial catch-per-unit-effort behavioural metrics of fishes in
Canadian boreal shield lakes to show that many species throughout food webs exhibit
behavioural responses to warming. We also show that the responsiveness of these species is
consistent within thermal guilds, producing aggregate thermal-guild-level behavioural responses.
Our results suggest that warming changes the thermal accessibility of nearshore or offshore
habitats for whole thermal guilds and will cause whole lake food webs to flex towards offshore
habitats. Our results imply that behavioural responses that arise from changes in habitat
accessibility play a vital role in driving whole ecosystem responses to climate change, supporting
the prediction that many species in ecosystems ought to rapidly respond to environmental
change. Thus, behavioural responses may give vital early warnings about the trajectory of whole
food web and ecosystem responses to climate change.
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3.2 Introduction
There is a pressing need to understand how whole ecological systems respond to changing
conditions because of the imminent, global effects of climate change and the myriad other ways
that humans are altering the biosphere. Anthropogenic forces have clearly impacted the structure
and function of ecosystems to date (1), but predicting future impacts in the face of natural and
human-induced environmental variation is difficult because ecosystems exhibit complex,
nonlinear responses (2). Nonetheless, food webs provide one of the most promising ways that
ecologists can study ecosystem responses to change because they represent the dynamic and
complex flow of energy and nutrients through ecosystems. Indeed, there is already mounting
evidence that food webs change along natural gradients in temperature, giving some inkling that
food webs will flex in response to climate change (3, 4). Ecologists theorize that this food web
flexibility is a crucial aspect of ecosystems’ ability to respond to variable environments (i.e.,
their adaptive capacity) and therefore vital for the persistence of ecosystems (5–7).
Empirical research on food web flexibility has focused on a one or a few key species, (e.g.,
top predators), ecologists’ may be missing the contributions that species throughout food webs
make to food web flexibility and thus may be underestimating adaptive capacity. Although
higher-trophic-level species tend to be larger and move over greater distances (8), new research
suggests that consumer species across a range of body sizes and trophic levels are also
responsive (7). Consistent with this result, researchers have recently found that relative brain
size—a surrogate for cognitive capacity—is correlated with coupling strength across a whole fish
food web in Lake Huron (9), further suggesting that species throughout food webs have the
capacity for behavioural responses to changes in their environment. Thus, determining whether
species across body sizes and trophic levels are responsive will be crucial to predicting how
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whole food webs respond to warming. Unfortunately, the large, multispecies data sets necessary
to study changes in whole food web structure are lacking, and alternate methods are required to
answer questions about how whole communities of organisms in food webs respond to
environmental change.
Evidence for flexible food web structure is strongly tied to species’ behaviour, implying a
strong role of behaviour in shaping energy flow through ecosystems. Ecologists have long
recognized that many facets of species’ behaviour, such as movement and habitat use, are
strongly tied to their foraging (10). As a result, behaviour underlies food web structure and
reflects fundamental ecological processes like energy flow through ecosystems. Historically,
both empirical and theoretical food web research often implicitly included foraging behavior (5,
11), but food web ecologists have only recently explicitly adopted habitat use and movement as
an integral property of food web structure (8, 12). This new landscape theory of food webs
suggests that organisms are capable of both behavioural responses and foraging responses—
rapid, parallel shifts in their behaviour and foraging in reaction to varying resource availability
and abiotic conditions in space and time (5, 8). By moving from low-density resources to highdensity resources, responsive consumers are potently stabilizing and should therefore be
widespread in ecosystems (5, 7). Likewise, factors that limit consumers’ responsiveness through
reducing their ability to move or access habitats may be strongly destabilizing (13). Empirical
research has verified that key responsive consumers in food webs display parallel behavioural
responses to increased temperature that indicate reduced access to some habitats (see Figure 3.1;
Chapter 2 of this thesis; 3, 13). Importantly, this strong association of behaviour and foraging
means that behavioural data can be a surrogate for foraging data, and thus changes in species’
behaviour can be used to infer changes in food web structure.
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Many species’ behavioural responses to climate change are at least partly driven by their
thermal tolerances, providing a basis for predicting the behavioural responses of species to
climate change. Organisms’ can tolerate a range of thermal conditions surrounding some
preferred temperature (16). Outside of these tolerances, organisms experience either the direct or
indirect physiological effects of temperature, making many organisms sensitive to both
temperature averages and variation (17, 18). In response to poor thermal conditions, organisms
can move. In ecosystems with multiple thermally distinct habitats, organisms’ habitat use will
likely be determined by the accessibility of different habitats, with habitats that exceed the
thermal preferences of an organism being inaccessible. Behavioural shifts of organisms between
habitats may maximize their access to resources and minimize their loss of resources due to poor
thermal conditions, and have been documented in many species (19–21). Species’ thermal
tolerances are therefore a sound basis for predicting their behavioural responses to climate
change, and have successfully predicted the responses of both a few key top predators (3, 21,
22), and more recently, many species in key roles throughout food webs (see Figure 3.1 and
Chapter 2 of this thesis). However, to our knowledge no study has examined how thermal
preferences drive the behavioural responses of whole communities. Yet, such an examination
would be critical for understanding what drives flexibility in whole food webs.
A novel approach to predicting whole food web responses to climate change would be to
investigate the entire suite of behavioural responses exhibited by a community. The presence of
many species throughout food webs with shared traits (e.g., thermal tolerances) suggests the
potential for the simultaneous behavioural response of many species (hereafter, aggregate
behavioural response). Such aggregate behavioural responses in communities could be a strong
indicator of changes in whole ecosystem processes with strong implications for the ways that
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changing environmental conditions impact food web dynamics and stability. For example,
differential behavioural responses between species within thermal guilds or throughout
ecosystems would produce very different changes to energy flow than a uniform response by all
species in a thermal guild or ecosystem (23). Aggregate behavioral responses would likely arise
from the behavioural responses of many species that share key traits, such as their thermal
tolerances, body sizes, or trophic levels. Considering aggregate behavioural responses could
therefore be a powerful way to estimate changes in food web structure because they would imply
unified responses that could impact interaction strengths (and thus stability), but no studies to
date have examined aggregate behavioural responses to climate change to predict whole food
web responses.
Here, we investigate whole fish community behaviour (in terms of habitat use) across a
natural temperature gradient to both infer behavioural responses to increasing temperature
throughout Canadian boreal shield lake food webs and predict how these behavioural responses
might drive whole food webs flexes with climate. We use an unprecedented fish community
database of Canadian boreal shield lakes distributed across the natural temperature gradient in
the province of Ontario to derive unique spatial catch-per-unit-effort data to infer dozens of
species-level behavioural responses in terms of changes in their mean depth the extent of their
habitat use. We use these behavioural responses to evaluate whether many species exhibit
behavioural responses as a result of changes in thermal accessibility with the differential
warming of habitats. We first show that many species exhibit behavioural responses to increased
temperature in accordance with their thermal preferences, suggesting that the physiological traits
of species compel their behavioural responses. We also use novel metrics of responsiveness to
show that the average responsiveness of species differs between thermal guilds but not across a
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range of body sizes or trophic levels. We then show that these species-level behavioural
responses produce aggregate guild-level behavioural responses to temperature that, collectively,
can reshape food web structure, altering energy and nutrient dynamics in whole ecosystems. We
argue that these species-level and guild-level behavioural responses indicate changes to the
accessibility of nearshore and offshore habitats that allow us to predict that boreal shield lake
food webs flex toward the offshore with climate change. Importantly, we argue that our study
shows that food web flexibility can be studied through the lens of their constituent species’
behaviours and that our findings are novel evidence that ecosystems act as complex adaptive
systems.

3.3 Boreal Shield Lake Food Webs
Canadian boreal shield lakes are an ideal system to evaluate species’ behavioural responses
to increasing temperature in a whole community to infer flexes in food web structure. Firstly, the
boreal shield contains hundreds of thousands of lakes across a landscape of millions of square
kilometers (24, 25), spanning large natural gradients in climate (Figure 3.2) that allow ecologists
to disentangle climate responses from various other abiotic and biotic factors (26). Secondly,
boreal shield lakes contain more than 100 species of fish that range in both body size and trophic
level (from herbivores to top predators) and are commonly divided into three thermal guilds
(warmwater species, coolwater species, and coldwater species) based on their various thermal
tolerances (27, 28). Thirdly, boreal shield lakes contain thermally distinct nearshore and offshore
habitats that are formed when the lakes stratify in the summer and which act as thermal refugia
for various fishes (24). Climate change is expected to warm surface and nearshore waters more
than deep water, increasing the thermal distinctiveness of nearshore and offshore habitats and
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lengthening the period of stratification with climate change (24, 29). As a result, the behavioural
responses of boreal shield lake fish species can be studied by examining their relative use of
nearshore and offshore habitats through determining their mean depth and their extent of habitat
use across depths.
Previous research has shown that the commonest boreal shield lake fish species (see Figure
3.1; Chapter 2 of this thesis; 3, 13, 24) exhibit strongly correlated behavioural and feeding
responses that produce flexible food web structure in these lakes (see Figure 3.1; Chapter 2 of
this thesis; 3). These studies suggest that the accessibility of the nearshore habitat is an important
factor in determining how these food webs flex with various abiotic conditions (14, 30). Because
of the thermal stratification of these lakes and the differential warming of the nearshore and
offshore habitats, coldwater-adapted species in these lakes may experience reduced nearshore
accessibility increased nearshore temperature (Figure 1; Chapter 2 of this thesis; 3), sometimes
referred to as the thermal accessibility hypothesis. This hypothesis has not been well evaluated
for the two other thermal guilds in boreal shield lakes. There is some evidence that certain
coolwater species experience reduced nearshore accessibility with warming, (Figure 1; Chapter 2
of this thesis), but the responses of warmwater species to temperature is largely unexplored.
Thus, the full extent of behavioural responses in the fish communities of these lakes remain
unknown. Yet, it seems likely that the thermal tolerances of many fish spceies could impact their
ability to access thermally distinct habitats. Predicting whole community responses in these lakes
is a critical endeavor because the numerous abiotic and biotic responses of lakes to warming
make them sensitive to climate change (31, 32). Here, we evaluate whether the thermal
accessibility hypothesis applies to all three thermal guilds in boreal shield lake food webs.
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3.4 Behavioural Responses to Warming
3.4.1 Species-Level Behavioural Responses
Overall, we found that many species of Canadian boreal shield lake fishes showed
behavioural responses to increased temperature (Table 3.1). Of the 37 species that we examined,
26 showed an increase in log-transformed mean depth of capture with increasing temperature,
indicating that many species move into deeper, colder water with warming (Table 3.1). Species
also showed a mixture of increases and decreases in the number of strata of capture with
increasing temperature, indicating that many species exhibit change the extent of their habitat use
with warming (Table 3.1). Our study provides novel support for the presence of responsiveness
to warming in many species and reveals the widespread responsiveness of consumers in food
webs that has been predicted by various theoretical studies (5, 7) and empirical research on
cognitive capacity (9). To our knowledge, ours is the first study to simultaneously examine the
behavioural responses of a whole community of consumers to increased temperature, filling an
important gap in ecologists’ knowledge of climate change responses.
The prevalence of responsive species differed between the coldwater, coolwater and
warmwater guilds (Table 3.1). The coldwater guild had the most species with significant
increases in mean depth of capture and decreases in the number of strata of capture, indicating a
unified response of coldwater species to both move into deeper, colder water and reduce
nearshore habitat use. Several species in the warmwater guild showed a significant increase in
their mean depth of capture and a significant increase in the number of strata of capture,
suggesting that many warmwater species move into deeper water with warming and increase
their offshore habitat use. Species in the coolwater guild showed a mixture of behavioural
responses to increased temperature, including increases and decreases in both the log-
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transformed mean depth of capture and the number of depth strata of capture, indicating no
consistent response to warming among these species. The lack of a consistent response in the
coolwater guild may indicate a limitation of coarsely categorizing these species into three
thermal guilds, and more detailed information on thermal preferences may better explain the
responsiveness of these species. Overall, our results highlight the importance of these species’
thermal traits in driving their behavioural responses to warming.
The variable prevalence of responsive species between the three thermal guilds produced
strong differences in the average species’ behavioural responsiveness between these thermal
guilds. Our two novel measures of responsiveness (depth-change responsiveness and habitat-use
responsiveness) differed significantly between thermal guilds (Figure 3.3, Table S3.5). In several
cases, the mean responsiveness of a guild fell outside the 95% confidence interval (Figure 3.3,
Table S3.6), indicating that the species in that guild were, on average, responsive. These
measures of each species’ responsiveness that were based on the slope coefficients for
behavioural metrics and average recent air temperature from a multiple regression model: the
depth-change responsiveness, which is the change in log-transformed mean depth of capture with
changes in temperature, and the habitat-use responsiveness, which is the change in the number of
depth strata of capture with changes in temperature (see Methods). Our approach to quantifying
species responsiveness could be a powerful tool for comparing responsiveness among the many
species that comprise whole communities.
We found no evidence that body size or trophic level impact the responsiveness of fishes
in boreal shield lakes. Responsive fish species were present across trophic levels in all thermal
guilds and species’ behavioural responsiveness showed no relationship with average length
(Figure 3.3, Table S3.6), suggesting that neither body size nor trophic level (which correlates
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strongly with body size, Figure S3.1) is an important driver of behavioural responses to
temperature in these species. Thus, in agreement with previous research on boreal shield lake
fish species’ behaviour and feeding (Chapter 2 of this thesis) and cognitive capacity (9), our
results support the notion that fishes across trophic levels in boreal shield food webs are
responsive to warming. Our results may appear contrary to theoretical predictions that higher
trophic level organisms are the most responsive because they have the greatest scale of
movement (13); however, our lack of significant changes in responsiveness with body size may
be explained by the relatively small range in body sizes of fishes in boreal shield lakes (one order
of magnitude versus the several orders of magnitude in marine species in McCann et al. (13), the
relatively high mobility of fishes relative to other taxonomic groups (27), and the relatively small
size of the lakes used here compared to marine ecosystems or the Great Lakes (30). Our work
here supports the notion that many species play an important role in coupling habitats and
integrating nutrient and energy flow between major pathways in lakes.
Although many species showed signs of behavioural responses to warming, some species
showed no evidence of such responses. There are several potential explanations for why many of
the most responsive boreal shield lake fish species were found at intermediate depths. Firstly, the
crude depth-stratum-based methodology that we used to infer behavioural responses may not be
sufficient to reveal responses in the shallowest species. Secondly, the deepest species may not
have shown responses because they primarily inhabit the coldwater refuge and are not affected
by the limited range of temperatures that we use here. Thirdly, this suite of species may possess
multiple strategies for coping with temperature changes. The responsive species revealed here
may be sensitive to temperature changes, making them ‘thermal specialists’ that show rapid
responsiveness, whereas those that exhibited no response may be ‘thermal generalists’ that are
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not thermally motivated to change their habitat use with climate change. Thermal generalists and
specialists have been documented in various taxa (33), and the relative abundances of thermal
generalists and thermal specialists may play an important role in determining how food webs
respond to warming.

3.4.2 Aggregate Guild-Level Behavioural Responses
We found strong evidence for aggregate thermal guild responses in boreal shield lake
fishes. The consistent species-level behavioural responses of these fishes within coldwater and
warmwater thermal guilds produced aggregate thermal-guild-level responses to warming;
however, the differing species-level responses between thermal guilds produced different
aggregate responses in the coldwater, coolwater, and warmwater guilds. The coldwater guild
showed a significant increase in log-transformed mean depth of capture and a decrease in the
number of strata of capture with increasing temperature (Figure 3.3, Table S3.4), suggesting the
aggregate behavioural response of the coldwater guild is to move out of the nearshore habitat and
into deeper water with warming. The combined warmwater guild also showed a significant
increase in log-transformed mean depth of capture with increasing temperature but showed a
significance increase the number of strata of capture with increasing temperature (Figure 3.3,
Table S3.4), revealing an aggregate behavioural response of these species to expand their habitat
use into deeper water. Conversely, there was no aggregate behavioural response of the combined
coolwater guild (Figure 3.3, Table S3.4). To our knowledge, ours is the first study to examine
these aggregate behavioural responses to climate change and illustrates that the power of
examining the behavioural responses of entire suites of species to climate change.
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3.5 Altered Habitat Accessibility with Warming
Our results suggest significant changes to the thermal accessibility of nearshore or
offshore habitats for many species and whole thermal guilds in boreal shield lakes. The
movement of coldwater species out of nearshore habitats and into deeper, colder offshore
habitats suggests that warming will reduce the accessibility of nearshore habitats for this guild.
This reduced nearshore accessibility extends the thermal accessibility hypothesis of Tunney et al.
(3) to the entire coldwater thermal guild in Canadian boreal shield lakes, consistent with previous
research that shows two key offshore species (lake trout and cisco) have reduced nearshore
habitat accessibility with warming (Chapter 2 of this thesis). The responses of the coldwater
species thus aggregate in important ways that can form the basis for predicting food web
responses. Reductions in habitat accessibility may be widespread in ecosystems that experience
asymmetrical warming and contain many cold-adapted species, including other ecosystems in
boreal or arctic zones.
In contrast to the habitat reduction of coldwater species, the movement and expansion of
habitat of warmwater species to deeper, colder waters suggests that they are less thermally
restricted with warming. This movement offshore is consistent with the life history of many
warmwater species, which spawn in the spring and move offshore later in summer (28). The
aggregate behavioural response of warmwater species is noteworthy because many of these
species have increasing northern ranges in Ontario and some are considered invasive (34–36).
The increased accessibility of offshore habitats to these species could be an important aspect of
their ability to colonize many of the northern lakes where they are currently absent, with
increasing temperatures in turn increasing resource availability through access to multiple
resource pathways. In addition, the lengthening of the period of stratification could mean that
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warmwater species have access to offshore resources longer with warming, which may increase
their top-down trophic effects and alter the nature of competition between these species. The
aggregate warmwater guild response parallels the coldwater guild response, showing that
understanding the overall changes in community behaviour requires the simultaneous
investigation of many species.

3.6 Inferring Food Web Responses to Warming
The aggregate behavioural responses and changes in thermal accessibility of entire
thermal guilds of boreal shield fish species suggest that warming will cause whole lake food
webs to flex towards the offshore habitats. The behavioural responses of several key boreal
shield lake species have been strongly linked to changes in their feeding habits, generating
flexible food web structure at multiple axes (Chapter 2 of this thesis). Specifically, reduced
nearshore habitat use is strongly tied to reduced nearshore feeding in lake trout, cisco, and
walleye. The retreat of many coldwater species to the offshore with warming strongly implies
that coldwater species will couple nearshore resources less, with the coldwater subweb showing
an overall contraction (sensu 24). In contrast, the advance of the warmwater guild into the
offshore suggests increased habitat accessibility and indicates that warmwater species will
couple offshore resources more. Thus, the warmwater subweb appears to expand towards the
offshore with warming (30). The collective responses of these two guilds produces horizontal
shift in food web structure towards the offshore zones of these lakes. These guild level
behavioural shifts both provide further evidence of the key role of fishes as integrators of
nearshore and offshore energy pathways in lakes (22). Because species across ecosystems are
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also known to couple multiple energy pathways (10), research into the extent of behavioural
responses in other ecosystems is also warranted.
Flexes in lake food web structure towards the offshore could have important impacts for
the trophic dynamics of these lakes. A reduction in nearshore resource use has been tied to
changes in the biomass of some boreal shield lake species, with lake trout showing decreases and
cisco showing increases in biomass with increasing temperature (Chapter 2 of this thesis). These
biomass changes are consistent with theory that predicts reductions in accessibility to multiple
resource pathways reduces overall resource availability and will reduce the biomass of top
predators and increase the biomass of intermediate consumers (13, 37). Conversely, the increase
in coupling implied by the warmwater species’ shifts towards the offshore may indicate an
increase in overall resource availability. Such increases may alter the biomass of warmwater
species with warming, with predators showing increased biomass and intermediate consumers
showing reduced biomass as offshore habitats are more accessible. These potential biomass
changes in coldwater species and warmwater species have implications for trophic dyanmics
because such changes in biomass may modify the strengths of predator-prey interactions and
alter top down control exerted by predators in coldwater and warmwater subwebs (37). Thus, the
changes in habitat coupling suggested here could result in redistribution of biomass in these
ecosystems, driving subsequent changes to the relative top-down influence of predators that may
be a major factor in determining how food web dynamics are impacted by warming.
The horizontal food web flexibility suggested here through decreased nearshore and
increased offshore habitat accessibility may be accompanied by other flexes in food web
structure, such as changes in omnivory. Offshore shifts of two important coldwater species (lake
trout and cisco) are linked with increases in their trophic position (i.e., vertical shifts, Chapter 2
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of this thesis, 3), which are together referred to as the generalist module (6). Thus, our results
suggest shifts between major energy pathways in food webs (i.e., horizontal shifts) that are
associated with changes in omnivory (i.e., vertical shifts). Although these vertical shifts were not
previously shown in coolwater species (Chapter 2 of this thesis), the presence of these vertical
shifts in warmwater species has not been explored. If species exhibited such vertical shifts in
food web structure, this would suggest that whole food webs contain many generalist modules
(6). Further investigation into both the vertical and horizontal flexes in boreal shield lake food
webs is thus warranted.
Overall, our results show that whole boreal shield lake food webs will flex horizontally at
many axes above the level of primary producers with climate change. The changes in food web
structure that are implied by these behavioural responses would produce very important changes
to the energy and nutrient dynamics of these lakes. As with previous research on coupling in
boreal shield lakes, our results suggest that changes in the coupling of nearshore and offshore
habitats could lead to changes in the compartmentation of these distinct zones in lakes (Chapter 2
of this thesis, 3); however, our results show that reduced coupling of nearshore and offshore
habitats by coldwater species maybe accompanied by a reciprocal increase in offshore coupling
by warmwater species. Changes to the degree of compartmentation of these lakes will be
important for determining how nutrients move between habitats and the trophic dynamics in
these systems (38).
The changes in behaviour that we show here may co-occur with other changes to species’
behaviours and abundances that impact food web dynamics and shape how ecosystems change
with climate change. For example, reduced nearshore habitat availability for coldwater species
may reduce their overall accessibility to resources, which in turn may alter their biomass.
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Decreases in lake trout biomass and increases in cisco biomass (both key species in Canadian
boreal shield lake food webs, Chapter 2) are associated with a reduction in nearshore foraging for
these species. These biomass changes are strongly linked to the degree of top-down control that
predators exhibit over their prey, with reduced predator biomass reducing their suppression of
prey biomass. For warmwater species, increased accessibility to offshore resources with
warming may increase their biomass and thus increase their top-down effects. Changes in habitat
availability may also have other trophic effects through factors, such as changes to species’
ability to avoid predation and influencing the attack rates of consumers, further, changing
predation rates and altering trophic dynamics. Changes to predator-prey dynamics in these lakes
would be consistent with previous research which shows that species’ behaviour can drive
trophic cascades in ecosystems (39). Clearly, behavioural responses to warming have
implications for energy dynamics throughout lake food webs.

3.7 Conclusions
The behavioural responses of whole fish communities in Canadian boreal shield lakes
reveal the adaptive capacity and complex adaptive nature of these ecosystems. Complex adaptive
systems are predicted to possess many such responsive species that can reorganize whole food
webs (40). Here, we have shown that the responsiveness of many species in boreal shield lake
ecosystems reveals that they have adaptive capacity across trophic levels and throughout thermal
guilds that will allow them to reorganize and persist with environmental change. We have also
shown that the physiological traits of species compel behavioural responses of species, driving
changes in their feeding that reshape food web structure and alter energy and nutrient dynamics
at macroscopic scales. This framework of interplay between the components of an ecosystem and
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its macroscopic properties of an ecosystem is a key property of complex adaptive systems (41).
The complex adaptive systems framework is a promising theory to link together responses at
various levels of organization, from the traits of species to whole ecosystems, and understand the
basis for these responses. Understanding these complex responses is increasingly important as
human impacts on ecosystems accumulate and produce complex changes to ecosystems at
various scales. We have shown that understanding the behaviour of whole communities gives
vital insight into the complex adaptations in food web structure and thus the stability and
functioning of whole lake ecosystems, establishing a key role for behavioural responses in
rewiring ecosystems with environmental change.
Our results reveal the power of examining the behavioural responses of entire suites of
species to climate change, revealing aggregate behavioural responses of species grouped by
relevant ecological characteristics, which could be employed in studying predicting the future of
ecosystems. The presence of numerous behavioural responses and the implied numerous feeding
responses by fish species in lakes may be another reason to use lakes as sentinels of ecosystems
alterations (31, 42). Importantly, human-induced extinctions may reduce food web flexibility
and weaken adaptive capacity, and ecologists need to seek innovative ways to identify these
changes in ecosystems. Large-scale rudimentary behavioural datasets constructed from the
spatial and temporal data that are typically associated with most ecological field collections
could be used to monitor drastic ecosystem changes. These datasets would be invaluable because
the behaviour of species both occur at much shorter timescales than whole ecosystem changes
and drive these changes. Changes in foraging have already been shown to predict major changes
in ecosystems (43). Thus, behavioural responses may indicate subsequent changes foraging that
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drive macroscopic properties of ecosystems, serving as early warning signals of major shifts in
ecosystems.
The type of behavioural data that we use in this study would be greatly complimented by
other tools that examine several aspects of behaviour or feeding on short timescales. For
example, DNA metabarcoding applied to diet analysis has received considerable attention in
revealing snapshots in food web structure and could be used to construct webs (44), and
telemetry has become an important tool in movement ecology and has revealed important aspects
of species interactions and foraging (45). Taken together, tools that capture responses on short
timescales may reveal very rapid responses better than traditional methods for studying food
webs (e.g., stable isotopes), giving vital early warnings about the trajectory of food web and
whole ecosystem responses to climate change. Ecologists could therefore apply these tools to
study roles of both natural and human-induced variability in ecosystems and to explain the
complex changes taking place in many of the world ecosystems.

110

3.8 Methods
3.8.1 Data Collection
We used catch-per-unit-effort (CUE) data from the Ontario Ministry of Natural Resources
and Forestry (OMNRF) Broad-scale Fisheries Monitoring (BSM) Program (complete details can
be found in Sandstrom et al. (2013)). In summary, for each lake, netting surveys occurred one
time between May and September from 2008 to 2012 and used overnight sets of a multipaneled
mesh gillnets to randomly sample the fish community in each depth stratum of the lake (46).
This netting protocol uses a combination of North American standard multipaneled gill nets
(with 8 mesh sizes varying from 38 to 127 mm, see Bonar et al. 2009 and Sandstrom et al. 2013)
and small mesh gillnets (with 5 mesh sizes from 13 to 38 mm, see Sandstrom et al. 2013).
Depending on the maximum depth of each lake, netting occurred in up to eight depth strata: 13m, 3-6m, 6-12m, 12-20m, 20-35m, 35-50m, 50-75m, and >75m. This use of standardized
netting protocols generates catch data that is comparable within and across lakes.

3.8.2 Lake Attribute Selection
We used six measures of temperature for our analysis following Chapter 2 of this thesis.
Our primary temperature variable was average recent air temperature, which is calculated as the
average hourly air temperature in °C for the 30 days prior to field sampling based on data
available from Microsoft’s FetchClimate, www.fetchclimate.org, for the latitude and longitude of
each lake. We corroborated our results with five other temperature variables. Three of these
variables were also derived from Microsoft’s FetchClimate (www.fetchclimate.org). The average
historical air temperature was calculated as the average hourly air temperature for the 30 days
prior to field sampling from 1980 to 2007; the average summer air temperature was calculated as
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the average hourly air temperature for each day in June, July, and August of the sampling year;
and the historical summer air temperature was calculated as the hourly air temperature for each
day in June, July, and August from 1980 to 2007. The other two temperature variables were
provided by the Ontario Ministry of Natural Resources and Forestry. We used the water surface
temperature, which is the temperature of the water at 0.5 meters at the time of netting, and
growing degree days, which is the number of average cumulative number of degrees above 5°C
during each year from 1981 to 2010. By using multiple temperature variables, we could both
capture the temperatures that are likely most relevant to the behaviour of the various species and
while accounting for seasonal and year-to-year variation in temperature. In addition to
temperature, we have selected 5 additional lake attributes (surface area, mean depth, Secchi
depth, total phosphorus, and lake shape) because these attributes have been previously identified
as drivers of feeding and/or behavioural responses in boreal shield lake ecosystems (Chapter 2 of
this thesis, 3, 13). We used the OMNRF’s data for shoreline distance to calculate a metric of lake
shape (the shoreline development index or SDI) following Dolson et al. (14).

3.8.3 Species Selection and Characteristics
For our analysis, we examined all fish species that had at least 5 individuals caught in at
least 10 lakes (after removing values with Cook’s distance >1, see below) with a maximum depth
more than 6m. We only included lakes with a maximum depth greater than 6m to ensure that
both nearshore and offshore habitats were present. For each species, we only included lakes with
at least 5 individuals caught to ensure that our behavioural metrics were representative of the
species depth distribution in the lake, to normalize the distribution of behavioral metrics that
were strongly skewed by lakes with a small number of individuals in the shallowest depth
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stratum, and to reduce error from misidentifications of uncommon species. These criteria left us
with 37 species of fish for our behavioral analyses.
Fishes of the boreal shield lakes of Canada are commonly divided into three thermal
guilds: coldwater species, which prefer waters colder than 19°C; coolwater species, which prefer
waters between 19°C and 25°C; and warmwater species, which prefer water warmer than 25°C
(28).We used the thermal guild classifications from Hasnain et al. (28), which are listed in Table
S3.1 and based on thermal performance and thermal preference data from a variety of sources.
Each thermal guild contains species that have a wide variety of feeding habits and so span a
range of both body sizes (from ~ 5cm to more than a metre, see Table 3.1) and tropic levels
(from herbivores to top predators, see Table 3.1) and couple nearshore and offshore habitats (27,
9). We coarsely estimated the trophic level of each species based on the data available in Coker
et al. (48), and we calculated the average length of all individuals of each species in all lakes in
the BSM to determine the body size of each species. Species’ characteristics and a summary of
each species catch in lakes across Ontario can be found in Table S3.1.

3.8.4 Catch-per-unit-effort and Behavioural Metrics
Because the BSM catch data for each lake are broken down by depth stratum (46), we
can use them to examine behaviour in the form of habitat use and the average mean depth of
capture for each species. For each species, we used the sum of the CUE from both large mesh
and small mesh nets in each depth stratum to calculate two spatially-based behavioural metrics
that capture distinct aspects of the average behaviour of each species in lakes across a natural
temperature gradient. Based on shifts in the averages of these two behavioural metrics across
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lakes, we infer the each species behavioural response to changing temperate. This comparative
approach to examining behavioural responses is akin to recent studies that use stable isotope
analysis to examine the foraging responses of species in lakes across natural environmental
gradients (e.g., 3, 13).
Our first behavioural metric is the mean depth of capture for each species in each lake,
which we use to examine whether each species is on average moving on or offshore with
increasing temperature. We calculated each species’ mean depth of capture and each guild’s
mean depth of capture using a weighted average based on CUE as

MD =

∑4𝑖=1 𝑑𝑖 ×𝐶𝑈𝐸𝑖 ×𝑝𝑖
∑4𝑖=1 𝐶𝑈𝐸𝑖

where MD is the mean depth of capture of a fish species or guild, CUE𝑖 is the CUE of that
species or guild for depth stratum 𝑖, 𝑝𝑖 is the proportion of the lake in depth stratum 𝑖, and 𝑑𝑖 is
the middle depth of the depth range for stratum 𝑖: 2m for stratum 1(1m - 3 m), 4.5m for stratum 2
(3 - 6 m), 9m for stratum 3 (6 – 12 m), and 16m for stratum 4 (12 – 20 m). We only use data
from depth strata 1 through 4 to calculate mean depth of capture because these are the only depth
strata that were sampled using both small-mesh and large-mesh gear. The CUE data that we use
here is the number of fish per 24.8 m of North American standard gillnet (47).
Our second behavioural metrics is the number of depth strata of capture for each species
and each guild in each lake, which we use to examine the extent of the habitat use of each
species or guild, with a smaller number of depth strata indicating a reduction in overall habitat
use of each lake. We calculated the number of depth strata of capture as the number of strata
with a CUE > 0. Once again, we only use data from depth strata 1 through 4 to calculate the
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number of strata of capture because these are the only four depth strata that are sampled using
both gear types.

3.8.5 Statistical Analyses
Multiple Regression Models
To test for the effect of temperature on the behaviour of each species, we used a multiple
linear regression models for mean depth of capture and the number of strata of capture for each
species. We accounted for five non-temperature variables (lake size in hectares, lake shape
(SDI), Secchi depth in m, mean lake depth in m, and total phosphorous in μg per L) which have
previously been tied to the foraging and behaviour of boreal shield lake fish species (Chapter 2
of this thesis, 3, 13, 24). For lake shape, we used the shoreline development factor:
𝑠ℎ𝑜𝑟𝑒𝑙𝑖𝑛𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 × 2√𝜋 × 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎. To meet statistical requirements, we used log10
transformed lake surface area and natural log transformed shoreline development factor, mean
lake depth, total phosphorous. We removed all data points with a Cook’s distance greater than 1
from their respective regression models (number of points), and we used variance inflation factor
to check for inflated coefficient estimates in multiple linear regressions. All regression analyses
were performed in the R statistical language (v3.2.3).

Meta-Analytic Comparison of Responsiveness
We quantified the responsiveness of each species using the slope coefficient estimate for
temperature from the multiple regression model of each variable (mean depth of capture, the
number of depth strata of capture). We term these measures of the change in log-transformed
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mean depth of capture with changes in temperature responsiveness the depth-change
responsiveness and the change in the number of depth strata of capture with changes in
temperature as the habitat-use responsiveness. These slope coefficients represent responsiveness
because as values further from 0 indicate a greater the change in the mean depth of capture or the
number of depth strata of capture with change in temperature. In this sense, species with larger
changes in these metrics are more responsive. This measure of responsiveness is highly
comparable between species because every species was sampled using a standardized netting
protocol that includes a range of mesh sizes to examine whole fish communities (46).
To test whether the responsiveness of each species was related to body size or thermal
guild, we used two ANCOVAs (one for depth-change responsiveness and one for habitat-use
responsiveness) between each responsiveness metric, average length in mm, and thermal guild.
Because these ANCOVAs showed no significant effect of average length in mm, we used two
ANOVAs (as before, one for depth-change responsiveness and one for habitat-use
responsiveness) with Tukey’s post-hoc tests to compare the mean responsiveness of species
between the three thermal guilds. We also used the 95% confidence intervals for the mean
responsiveness of each thermal guild to determine whether the depth-change responsiveness or
habitat-use responsiveness of each guild differed significantly from 0. All responsiveness
comparisons were performed in the R statistical language v3.2.3.
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Figure 3.1. Series of schematics showing the impacts of climate warming on temperature lake thermal conditions, behaviour of fishes,
food web structure, and biomass composition of fishes. The typical cold lake (a) has thermally distinct offshore and nearshore/surface
waters (a, i) that are accessible for coldwater-adapted and coolwater-adapted top predators and intermediate consumers (a, ii),
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resulting in foraging in foraging in both habitats by many species (a, iii) and providing overall more top heaviness of the food web
(i.e., relatively more predator biomass, a, iv). In a warmed lake after climate change, the thermal distinctiveness of the nearshore and
offshore habitats is increased (b, i), resulting in reduced accessibility of these habitats to the coldwater-adapted top predator and
intermediate consumer (b, ii) that reduces nearshore coupling of those species (b, iii) and reduces the top heaviness of the food web (b,
iv).

Figure 3.2. Map of Ontario showing the natural climate gradient as the average yearly growing
degree days greater than 5°C from 1981 to 2010 and the distribution of the 721 lakes with fish
community sampling data from the Ontario Ministry of Natural Resources and Forestry’s Broadscale Fisheries Monitoring Program that we use in this study.
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Figure 3.3. The effects of thermal guild (coldwater, coolwater, and warmwater) on the responsiveness of each of 37 Canadian boreal
shield lake fish species. The responsiveness of each specise is the slope of a multiple regression between their mean depth of capture
and the average recent air temperature (along with 5 physical and chemical lake attributes). We found significant differences between
guilds for both depth-change responsiveness (Table S3.5, subplot a) and habitat-se responsiveness (Table S3.5, subplot b); however,
we found no influence of body size (average length in mm) on either depth-change responsiveness (Table S3.5, inset i) or habitat-use
responsiveness (Table S3.5, inset ii). Guilds with different letters were found to be significantly different using Tukey’s post-hoc tests,
and guilds with mean responsiveness outside the 95% confidence interval are indicated with an * (see Table S3.6).
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Figure 3.4. The effects of temperature on mean depth of capture and number of strata of capture of three thermal guilds of Canadian
boreal shield lake fish species. The partial regression relationship between either log-transformed mean depth of capture (a, b, and c)
or the number of depth strata of capture (d, e, and f) and average recent air temperature for 37 species of Canadian boreal shield lake
fishes from three distinct thermal guilds: coldwater (a, d), coolwater (b, e), and warmwater (c, f). Each point represents the mean depth
of capture or the number of strata for the combination of all species in each guild for one lake. Characteristics for each species can be
found in Table S3.1, and the full regression models can be found in Table S3.4.

126

number of
depth strata of
capture

mean depth of
capture

Behavioural
metric

13
11

Coolwater

Warmwater

11

Warmwater

13

13

Coolwater

Coldwater

13

Coldwater

Guild

Number of
species

10

5

3

8

6

13

Number of
species with
increase

4

2

0

5

2

7

Number of
species with
significant
increases

1

8

10

3

7

0

Number of
species with
decrease

0

6

6

0

3

0

Number of
species with
significant
decreases

Table 3.1. A summary of the changes in mean depth of capture of 37 species of Canadian boreal shield lake fishes with increased
temperature. The species belong to three thermal guilds (coldwater, coolwater, and warmwater, see Hasnain et al. (28).
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Figure S3.1. Relationship between body size, trophic level, and thermal preference of fish
species in Canadian boreal shield lakes. Relative trophic level significantly increased with body
size (ANCOVA, F1,35 = 19.394, p = 0.000106), but this relationship was not different between
thermal guilds (ANCOVA, F1,35 = 0.141, p = 0.869328).
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Figure S3.2. The partial regression relationship between log-transformed mean depth of capture
and average recent air temperature for 37 species of Canadian boreal shield lake fishes from
three distinct thermal guilds: coldwater (a), coolwater (b), and warmwater (c). A thick solid
black line indicates a slope coefficient with a p-value less than 0.05, a thin black line indicates a
slope coefficient with a p-value less than 0.1, and a dashed black line indicates a slope
coefficient with a p value equal to or greater than 0.1. Characteristics for each species can be
found in Table S3.1, and the full regression models can be found in Table S3.2.
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Figure S3.3. The partial regression relationship between the number of depth strata of capture
and average recent air temperature for 37 species of Canadian boreal shield lake fishes from
three distinct thermal guilds: coldwater (a), coolwater (b), and warmwater (c). A thick solid
black line indicates a slope coefficient with a p-value less than 0.05, a thin black line indicates a
slope coefficient with a p-value less than 0.1, and a dashed black line indicates a slope
coefficient with a p value equal to or greater than 0.1. Characteristics for each species can be
found in Table S3.1, and the full regression models can be found in Table S3.3.
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Cyprinidae
Percopsidae
Cyprinidae
Cyprinidae

Culaea
inconstans
Pungitius
pungitius
Notropis
hudsonius
Percopsis
omiscomaycus
Margariscus
margarita
Couesius
plumbeus
Osmerus
mordax

Brook
stickleback

Ninespine
stickleback

Spottail
shiner

Trout-perch

Pearl dace

Lake Chub

Rainbow
smelt

Cold

Cold

Cold

Cold

Cold

Cold

Cold

Osmeridae

60

81

37

236

273

Gasterosteidae 37

Gasterosteidae 25

Scientific Name

Scientific
Family Name

Common
Name

Thermal
Guild

133

91

55

31

86

24

20

109

84

78

70

68

59

48

2.30

2.00

1.75

2.25

1.82

2.25

1.67

11.95

4.30

3.55

6.52

3.47

12.13

4.36

Average
Depth
Average
of
Number Number of Average Relative Capture
of
Individuals Length Trophic Across
Lakes
Caught
in mm
Level
Lakes

Table S3.1. Characteristics of the 37 species of Canadian boreal shield lake fishes examined in this study. Species in these lakes have
commonly been categorized into three thermal guilds (coldwater, coolwater, and warmwater, see Hasnain et al. (28). The average
body size of each species comes from the OMNRF’s BSM surveys (46). The trophic level was estimated using diet preference
rankings found in Coker et al. (48).
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Salmonidae
Salmonidae

Cyprinidae
Cyprinidae
Cyprinidae
Percidae

Coregonus
clupeaformis
Salvelinus
namaycush

Notropis
heterolepis
Percina
caprodes

Lake
Whitefish

Lake Trout

Burbot

Northern
redbelly dace Phoxinus eos
Notropis
heterodon

Brook trout

Blackchin
shiner

Blacknose
shiner

Logperch

Cold

Cold

Cold

Cold

Cool

Cool

Cool

Cool

Gadidae

Salmonidae

Salvelinus
fontinalis
fontinalis

Lota lota

Catostomidae

Catostomus
catostomus

Longnose
sucker

Cold

Salmonidae

Coregonus
artedi

Cisco

Cold

116

81

30

32

225

280

327

69

70

380

14

40

12

38

16

26

62

36

58

101

67

58

56

53

455

437

349

278

228

174

2.00

2.00

2.00

1.40

2.40

2.57

2.29

2.40

1.75

2.25

3.29

3.40

2.51

2.88

25.99

20.06

15.49

5.06

8.12

12.96
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Cyprinidae
Cyprinidae
Percidae
Percidae

Notemigonus
crysoleucas
Semotilus
atromaculatus
Perca
flavescens
Sander
canadensis

Esox lucius

Pimephales
promelas

Creek chub

Yellow
perch

Sauger

Catostomus
White sucker commersonii
Sander vitreus

Golden
shiner

Walleye

Northern
pike

Fathead
minnow

Cool

Cool

Cool

Cool

Cool

Cool

Cool

Warm

Cyprinidae

Esocidae

Percidae

Catostomidae

Cyprinidae

Luxilus
cornutus

Common
shiner

Cool

Cyprinidae

Notropis
atherinoides

Emerald
shiner

Cool

31

425

403

562

38

508

30

109

131

125

48

32

147

72

106

345

47

50

142

61

51

516

332

300

236

98

97

90

86

69

1.45

2.71

2.57

1.60

2.60

2.56

2.00

1.60

1.54

1.56

4.71

3.95

4.78

4.44

7.77

4.17

3.00

2.15

2.72

2.42
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Cyprinidae
Centrarchidae

Pimephales
notatus
Lepomis
macrochirus

Bluntnose
minnow

Bluegill

Lepomis
Pumpkinseed gibbosus

Warm

Warm

Warm

Micropterus
salmoides
Ameiurus
natalis
Micropterus
dolomieu
Ameiurus
nebulosus

Moxostoma
macrolepidotum Catostomidae

Largemouth
bass

Yellow
bullhead

Smallmouth
bass

Brown
bullhead

Shorthead
redhorse

Warm

Warm

Warm

Warm

Warm

Warm

Ictaluridae

Centrarchidae

Ictaluridae

Centrarchidae

Centrarchidae

Pomoxis
nigromaculatus

Black
crappie

Centrarchidae

Ambloplites
rupestris

Rock bass

Warm

Centrarchidae

Cyprinidae

Notropis
Mimic shiner volucellus

Warm

61

94

295

17

74

46

256

154

47

72

32

11

24

37

10

29

38

86

45

89

50

26

391

250

238

212

146

135

125

111

103

60

52

1.73

1.83

2.55

2.00

2.55

2.40

2.40

2.00

2.00

1.44

1.56

3.13

3.02

4.16

2.36

2.96

2.83

3.74

3.06

2.80

3.27

2.79
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1.07999

0.83191

3.04133

y = -0.41703 + 0.03705 (T) 0.12077 (LSA) + 0.12316
(LSDF) + 0.08877 (LSD) +
0.47858 (LMD) + 0.17772
(LTP)
y = -0.37566 + 0.03049 (T) 0.17078 (LSA) + 0.30268
(LSDF) + 0.1781 (LSD) +
0.24203 (LMD) + 0.06733
(LTP)
y = 0.30122 + 0.01801 (T) 0.0846 (LSA) + 0.05035 (LSDF)
+ 0.13403 (LSD) - 0.08525
(LMD) - 0.07335 (LTP)
y = 0.55044 + 0.01652 (T) +
0.03349 (LSA) + 0.00335
(LSDF) + 0.01037 (LSD) +

Ninespine
Stickleback

Brook
Stickleback

Pearl Dace

Rainbow
Smelt

Cold

Cold

Cold

Cold

2.6996

Model

Fstatistic

Species

Thermal
Guild

7, 49

7, 16

7, 5

7, 10

degrees
of
freedom

0.01312

0.56254

0.47636

0.07962

overall
p-value

1.33837

2.3661

0.18213

3.61447

-0.04804 0.98946

0.04181

0.38926

adjusted
R2

Temperature
slope
coefficient tstatistic

0.00071

0.33717

0.23841

0.03954

Temperature
slope
coefficient pvalue

Table S3.2. Summaries for multiple regression models to test the effects average recent air temperature (T) on log-transformed mean
depth of capture (y) for 37 species of Canadian boreal shield lake fishes from three distinct thermal guilds: coldwater, coolwater, and
warmwater. Each model also included 5 additional variables: log-transformed lake surface area in ha (LSA), natural-log-transformed
shoreline development factor (LSDF, a measure of lake shape), natural-log-transformed Secchi depth in m (LSD, a measure of water
clarity), natural-log-transformed mean lake depth in m (LMD), natural-log-transformed total phosphorous in μg•L-1 (LTP, a measure
of productivity).
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4.12644

7.55966

44.203

42.6679
1

5.68338

28.7317

y = 0.09171 + 0.01608 (T) 0.02832 (LSA) - 0.00255
(LSDF) + 0.17306 (LSD) +
0.05368 (LMD) + 0.07696
(LTP)
y = 0.08853 + 0.00964 (T) +
0.08799 (LSA) + 0.01005
(LSDF) + 0.0966 (LSD) +
0.17619 (LMD) + 0.06046
(LTP)
y = 0.5079 + 0.0094 (T) - 0.0163
(LSA) + 0.02176 (LSDF) +
0.06024 (LSD) + 0.28587
(LMD) + 0.01831 (LTP)
y = 0.32607 + 0.00912 (T) 0.07043 (LSA) + 0.05592
(LSDF) + 0.0462 (LSD) +
0.49052 (LMD) + 0.0549 (LTP)
y = 0.26223 + 0.00782 (T) +
0.00866 (LSA) + 0.03246
(LSDF) + 0.03016 (LSD) +
0.20243 (LMD) + 0.06285
(LTP)
y = 0.67084 + 0.00623 (T) +
0.07041 (LSA) - 0.0149 (LSDF)

Brook Trout

Longnose
Sucker

Cisco

Lake
Whitefish

Trout Perch

Lake Trout

Cold

Cold

Cold

Cold

Cold

Cold

0.07365 (LMD) + 0.01085
(LTP)

7, 220

7, 181

7, 280

7, 328

7, 46

7, 44

<0.0001

<0.0001

<0.0001

<0.0001

1.00E05

0.00227

0.42404

0.13064

0.46643

0.43697

0.43081

0.27282

4.26876

2.3578

3.23962

4.35321

1.45095

2.94213

<0.0001

0.01945

0.00134

<0.0001

0.15358

0.00518
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Spottail
Shiner

Lake Chub

Burbot

Logperch

Creek Chub

Cold

Cold

Cold

Cool

Cool

4.37976

1.79519

3.5524

1.36069

2.17552

y = 0.27701 + 0.00484 (T) +
0.03324 (LSA) - 0.05972
(LSDF) + 0.08065 (LSD) +
0.02603 (LMD) + 0.03029
(LTP)
y = 0.49978 + 0.00052 (T) 0.02344 (LSA) + 0.06989
(LSDF) + 0.11879 (LSD) 0.05007 (LMD) - 0.03801 (LTP)
y = 0.68137 + 0.00022 (T) +
0.03633 (LSA) + 0.0208 (LSDF)
+ 0.0419 (LSD) + 0.12038
(LMD) + 0.03709 (LTP)

y = 0.13222 + 0.01402 (T) 0.01539 (LSA) + 0.02001
(LSDF) + 0.06336 (LSD) +
0.04398 (LMD) + 0.01684
(LTP)
y = -0.24207 + 0.00743 (T) +
0.06024 (LSA) - 0.07329
(LSDF) - 0.02991 (LSD) +
0.29087 (LMD) + 0.16822
(LTP)

- 0.01378 (LSD) + 0.11332
(LMD) + 0.02887 (LTP)

7, 14

7, 58

7, 137

7, 59

7, 227

0.1083

0.24583

0.00266

0.11568

0.00033

0.26071

0.03271

0.09673

0.06838

0.08006

1.07133

2.29934

0.0606

0.06658

1.33006

0.30214

0.02511

0.95176

0.94714

0.18483
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Emerald
Shiner

Cool

0.93067

9.45333

y = 0.46612 - 0.00328 (T) 0.0274 (LSA) + 0.00077 (LSDF)
+ 0.01335 (LSD) - 0.04302
(LMD) + 0.00722 (LTP)
y = 0.37911 - 0.00458 (T) +
0.00465 (LSA) + 0.02513
(LSDF) + 0.00527 (LSD) +
0.20733 (LMD) + 0.0307 (LTP)

Golden
Shiner

Northern
Pike

Cool

Cool

13.0925
7

0.4453

y = 0.31119 + 0.00363 (T) +
0.01136 (LSA) - 0.02962
(LSDF) - 0.01764 (LSD) +
0.0485 (LMD) + 0.01597 (LTP)

Walleye

Cool

Cool

11.3621
5

y = 0.3031 + 0.00374 (T) +
0.06821 (LSA) - 0.00364
(LSDF) - 0.01443 (LSD) +
0.14286 (LMD) + 0.00053
(LTP)

Cool

y = 0.23353 + 0.00331 (T) +
0.02713 (LSA) - 0.01078
Yellow Perch (LSDF) + 0.05104 (LSD) +
0.15659 (LMD) + 0.01253
(LTP)

24.6987
2

y = 0.08964 + 0.00598 (T) +
0.05714 (LSA) - 0.00815
White Sucker (LSDF) + 0.06062 (LSD) +
0.17322 (LMD) + 0.05799
(LTP)

7, 341

7, 73

7, 450

7, 91

7, 351

7, 485

<0.0001

0.47833

<0.0001

0.84655

<0.0001

<0.0001

1.58601

2.95148

1.40028

0.12753

-1.9143

-0.00529 -0.9296

0.13727

-0.03553 0.71305

0.14832

0.22456

0.05642

0.35564

0.16212

0.47764

0.11364

0.00332
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2.67326

0.4922

0.92156

3.39877

y = 1.00358 - 0.00484 (T) 0.04338 (LSA) + 0.02756
(LSDF) + 0.04032 (LSD) +
0.20285 (LMD) - 0.05619 (LTP)
y = 0.52842 - 0.00664 (T) 0.03741 (LSA) + 0.0209 (LSDF)
- 0.08902 (LSD) + 0.1282
(LMD) + 0.0394 (LTP)
y = 0.49578 - 0.0086 (T) 0.04786 (LSA) + 0.04053
(LSDF) + 0.02388 (LSD) +
0.08451 (LMD) + 0.00517
(LTP)
y = 0.38275 - 0.07709 (T) 0.17165 (LSA) + 0.38108
(LSDF) - 0.03237 (LSD) +
0.64218 (LMD) + 0.31469
(LTP)

y = 0.44727 + 0.02589 (T) +
0.16635 (LSA) - 0.20065

Sauger

Blacknose
Shiner

Common
Shiner

Blackchin
Shiner

Fathead
Minnow

Cool

Cool

Cool

Cool

Warm

0.57072

0.55747

Cool

y = 0.77673 - 0.00483 (T) +
0.00706 (LSA) - 0.05878
(LSDF) - 0.05369 (LSD) 0.03481 (LMD) - 0.08472 (LTP)

Northern
Redbelly
Dace

7, 19

7, 8

7, 89

7, 44

7, 27

7, 17

0.74865

0.05692

0.48346

0.81064

0.03622

0.75793

-0.65201

-3.64804

-0.11486 1.62307

0.50691

-0.00498 -1.91277

-0.06489 -0.85694

0.23326

-0.13051 -0.51101

0.12105

0.00651

0.05899

0.39612

0.5199

0.61592
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y = 0.35512 + 0.0078 (T) +
0.29428 (LSA) - 0.19778

Yellow
Bullhead

Warm

Warm

Rock Bass

y = -0.00269 + 0.00905 (T) +
0.03438 (LSA) + 0.00635
Pumpkinseed (LSDF) + 0.07955 (LSD) +
0.00044 (LMD) + 0.03106
(LTP)

Warm

Smallmouth
Bass

Warm

y = 0.14481 + 0.00844 (T) +
0.0016 (LSA) + 0.0345 (LSDF)
+ 0.00148 (LSD) + 0.17227
(LMD) + 0.01163 (LTP)

7, 243

y = 0.01415 + 0.01327 (T) +
0.02519 (LSA) + 0.00406
(LSDF) + 0.07206 (LSD) +
0.11718 (LMD) + 0.02473
(LTP)

Brown
Bullhead

Warm

1.36039

6.55221

2.66103

7, 6

7, 199

7, 105

7, 57

y = 0.00539 + 0.01373 (T) +
0.00605 (LSA) - 0.02494
2.28404
(LSDF) - 0.016 (LSD) + 0.14626
(LMD) + 0.05646 (LTP)

Bluegill

Warm

9.15459

7, 35

1.88796

y = 0.2527 + 0.02109 (T) 0.01857 (LSA) - 0.04782
(LSDF) - 0.10943 (LSD) +
0.1988 (LMD) - 0.02201 (LTP)

(LSDF) - 0.04513 (LSD) 0.21542 (LMD) - 0.1195 (LTP)

0.35907

<0.0001

0.01919

<0.0001

0.04807

0.11061

0.15268

0.13979

0.08239

0.16423

0.10896

0.115

0.60694

2.58242

2.28636

4.32569

2.18799

2.57783

0.56614

0.01053

0.02424

<0.0001

0.03278

0.01431
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0.69609

0.61609

1.00182

1.80013

y = 0.07998 + 0.00642 (T) 0.02658 (LSA) + 0.01015
(LSDF) + 0.08571 (LSD) +
0.07523 (LMD) + 0.04617
(LTP)
y = 0.35344 - 0.00242 (T) +
0.06133 (LSA) - 0.08112
(LSDF) + 0.02474 (LSD) +
0.04494 (LMD) - 0.00123 (LTP)
y = 6e-05 - 0.00264 (T) +
0.03741 (LSA) - 0.04673
(LSDF) + 0.06554 (LSD) +
0.16223 (LMD) + 0.10654
(LTP)
y = 0.88829 - 0.00339 (T) +
0.14337 (LSA) - 0.17168
(LSDF) - 0.02153 (LSD) 0.14443 (LMD) - 0.20494 (LTP)

Largemouth
Bass

Bluntnose
Minnow

Black
Crappie

Mimic
Shiner

Warm

Warm

Warm

Warm

(LSDF) - 0.11248 (LSD) 0.06435 (LMD) - 0.13655 (LTP)

7, 15

7, 27

7, 46

7, 49

0.16648

0.44445

0.71626

0.6539

0.18607

0.00033

-0.16936

-0.24005

-0.04635 -0.27391

-0.03429 0.71137

0.86778

0.8121

0.78538

0.48023
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2.79728

4.71854

y = 5.40379 - 0.08116 (T) 0.021 (LSA) - 0.06616 (LSDF) 0.97119 (LSD) + 0.55815
(LMD) - 0.11919 (LTP)
y = 4.12612 - 0.07892 (T) +
0.22384 (LSA) - 0.12616
(LSDF) + 0.01465 (LSD) 0.28925 (LMD) - 0.11436 (LTP)

Rainbow
Smelt

Lake
Whitefish

Cold

Cold

4.16305

9.06219

Longnose
Sucker

Lake Trout

y = 6.8072 - 0.12315 (T) 0.42507 (LSA) + 0.01454
(LSDF) - 0.27898 (LSD) +
0.32193 (LMD) - 0.29681 (LTP)

Cold

Model

Species

Fstatistic

y = 4.98251 - 0.09078 (T) 0.36219 (LSA) - 0.03362
(LSDF) + 0.29081 (LSD) 0.24072 (LMD) - 0.18786 (LTP)

Cold

Thermal
Guild

7, 282

7, 49

7, 223

7, 46

degrees
of
freedom

0.00013

0.02026

<0.0001

0.00201

overall
p-value

0.0719

0.16393

0.1744

0.26738

adjusted
R2

-4.53608

-1.91638

-5.21326

-3.24948

Temperature
slope
coefficient tstatistic

<0.0001

0.06116

<0.0001

0.00216

Temperature
slope
coefficient pvalue

Table S3.3. Summaries for multiple regression models to test the effects average recent air temperature (T) on the number of depth
strata of capture (y) for 37 species of Canadian boreal shield lake fishes from three distinct thermal guilds: coldwater, coolwater, and
warmwater. Each model also included 5 additional variables: log-transformed lake surface area in ha (LSA), natural-log-transformed
shoreline development factor (LSDF, a measure of lake shape), natural-log-transformed Secchi depth in m (LSD, a measure of water
clarity), natural-log-transformed mean lake depth in m (LMD), natural-log-transformed total phosphorous in μg•L-1 (LTP, a measure
of productivity).

142
0.3653

Burbot

y = 1.90666 - 0.00544 (T) +
0.06373 (LSA) - 0.17922
(LSDF) - 0.05454 (LSD) +
0.2186 (LMD) - 0.02211 (LTP)

Cold

1.30034

y = 1.84804 - 0.01776 (T) +
0.43657 (LSA) - 0.41409
(LSDF) + 0.19556 (LSD) +
0.40966 (LMD) + 0.17272
(LTP)

Cold

Brook Trout

10.3573
9

y = 1.32481 - 0.03006 (T) +
0.76479 (LSA) - 0.51859
(LSDF) + 0.01136 (LSD) +
0.44326 (LMD) + 0.02429
(LTP)

Ninespine
Stickleback

Cold

Cold

0.48453

y = 2.87242 - 0.03424 (T) +
0.61199 (LSA) - 0.26549
(LSDF) - 0.37577 (LSD) 0.65248 (LMD) - 0.14412 (LTP)

Brook
Stickleback

Trout Perch

0.52233

y = 0.57938 - 0.05947 (T) 0.6084 (LSA) - 0.58774 (LSDF)
+ 1.29436 (LSD) + 1.1131
(LMD) + 1.03513 (LTP)

Cisco

Cold

Cold

9.5005

y = 2.77678 - 0.0736 (T) +
0.30224 (LSA) + 0.08018
(LSDF) + 0.05215 (LSD) 0.1455 (LMD) + 0.10153 (LTP)

7, 145

7, 44

7, 181

7, 10

7, 5

7, 328

0.89989

0.27708

<0.0001

0.80596

0.77404

<0.0001

-4.85767

-0.56718

-1.89444

-0.02587 -0.2132

0.03479

0.23091

-0.23962 -0.47709

-0.35236 -0.4501

0.13247

0.83147

0.57348

0.05976

0.64356

0.67148

<0.0001
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1.97148

y = 1.01709 + 0.02555 (T) +
0.2948 (LSA) - 0.27284 (LSDF)
- 0.12266 (LSD) - 0.11143
(LMD) + 0.13077 (LTP)

Emerald
Shiner

y = 0.80859 + 0.02196 (T) +
Yellow Perch 0.29537 (LSA) + 0.05629
(LSDF) + 0.24923 (LSD) +

Cool

Cool

13.5664
9

1.20603

0.86853

y = 0.69171 + 0.10598 (T) 0.05759 (LSA) + 0.2592 (LSDF)
+ 0.22832 (LSD) - 0.58648
(LMD) - 0.11386 (LTP)

Logperch

Pearl Dace

Cold

1.64241

y = 2.27621 + 0.0186 (T) +
0.46159 (LSA) - 0.16281
(LSDF) + 0.52718 (LSD) 1.28503 (LMD) - 0.26909 (LTP)

Cool

Lake Chub

Cold

3.76225

y = 1.62889 + 0.05343 (T) +
0.12452 (LSA) - 0.02065
(LSDF) - 0.28952 (LSD) +
0.09934 (LMD) - 0.23737 (LTP)

Spottail
Shiner

Cold

y = 0.64634 + 0.00627 (T) +
0.41193 (LSA) - 0.20328
(LSDF) + 0.3041 (LSD) +
0.00477 (LMD) + 0.20303
(LTP)

7, 450

7, 91

7, 58

7, 16

7, 59

7, 227

<0.0001

0.07784

0.31631

0.5386

0.15157

0.00137

0.50938

0.363

0.14189

0.05669

0.01895

2.18111

1.00286

2.13133

-0.03719 1.61746

0.05598

0.06641

0.02969

0.31859

0.03731

0.12532

0.61239

0.71694
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3.26636

1.22596

0.65519

6.90792

14.4419
1

8.20726

y = -0.89654 + 0.00659 (T) +
0.26786 (LSA) + 0.17468
(LSDF) - 0.75787 (LSD) +
1.69215 (LMD) + 1.12105
(LTP)
y = 3.82886 + 0.00404 (T) 0.19608 (LSA) - 0.0068 (LSDF)
- 0.54952 (LSD) - 0.3488
(LMD) - 0.38775 (LTP)
y = 1.61975 - 0.0069 (T) 0.08421 (LSA) + 0.01923
(LSDF) + 0.27068 (LSD) 0.46064 (LMD) + 0.06567
(LTP)

y = 1.91463 - 0.02359 (T) +
0.19205 (LSA) + 0.23011
(LSDF) + 0.06817 (LSD) +

Northern
Redbelly
Dace

Golden
Shiner

y = 2.74109 - 0.01924 (T) +
0.19988 (LSA) + 0.01132
White Sucker
(LSDF) + 0.01949 (LSD) +
0.30207 (LMD) - 0.04871 (LTP)
y = 2.32067 - 0.02267 (T) +
0.35675 (LSA) + 0.07094
(LSDF) - 0.19163 (LSD) +
0.47421 (LMD) - 0.02566 (LTP)

Creek Chub

Walleye

Northern
Pike

Cool

Cool

Cool

Cool

Cool

Cool

0.31218 (LMD) + 0.13662
(LTP)

7, 341

7, 351

7, 485

7, 73

7, 17

7, 14

<0.0001

<0.0001

<0.0001

0.68581

0.34121

0.03187

0.09678

0.17613

0.11081

0.18428

0.06733

-2.04535

-2.00896

-1.96781

-0.02689 -0.26702

0.05566

0.40473

0.04159

0.04531

0.04966

0.79021

0.92404

0.86272
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1.42671

1.05884

2.56127

1.18466

12.7630
7

y = 3.27613 - 0.04243 (T) 0.3734 (LSA) + 0.20489 (LSDF)
+ 0.03411 (LSD) + 0.10496
(LMD) - 0.03325 (LTP)
y = 2.48142 - 0.05406 (T) +
0.06868 (LSA) - 0.42946
(LSDF) + 0.12235 (LSD) +
0.17607 (LMD) + 0.0345 (LTP)
y = 2.31939 - 0.0711 (T) 0.01411 (LSA) + 0.61185
(LSDF) - 0.20203 (LSD) +
1.06252 (LMD) + 0.10948
(LTP)
y = -0.07292 - 0.18524 (T) 0.50223 (LSA) + 0.93091
(LSDF) - 0.20092 (LSD) +
2.89062 (LMD) + 1.12926
(LTP)

y = 0.3819 + 0.09522 (T) +
0.16171 (LSA) + 0.02294
(LSDF) + 0.18503 (LSD) +
0.30739 (LMD) - 0.12544 (LTP)

Common
Shiner

Blacknose
Shiner

Sauger

Blackchin
Shiner

Smallmouth
Bass

Cool

Cool

Cool

Cool

Warm

0.25764 (LMD) + 0.17992
(LTP)

7, 243

7, 8

7, 27

7, 44

7, 89

<0.0001

0.4006

0.04285

0.40148

0.21329

0.22085

0.07334

0.2211

0.00701

0.02624

6.5475

-1.52605

-1.80186

-1.70956

-1.68011

<0.0001

0.16551

0.08274

0.09439

0.09644

146
7.88988

1.86975

0.31011

y = 0.79214 + 0.0533 (T) +
1.03133 (LSA) - 1.23981
(LSDF) + 0.34806 (LSD) 1.47791 (LMD) - 0.054 (LTP)
y = 1.23917 + 0.05159 (T) +
0.05417 (LSA) - 0.06055
(LSDF) - 0.12095 (LSD) 0.03726 (LMD) + 0.12063
(LTP)

Rock Bass

Mimic
Shiner

Bluegill

Warm

Warm

Brown
Bullhead

Warm

Warm

y = 0.10336 + 0.05593 (T) +
0.18103 (LSA) + 0.18514
(LSDF) + 0.21187 (LSD) +
0.40537 (LMD) + 0.03508
(LTP)

5.98641

2.8447

Warm

1.48003

y = -0.28156 + 0.0592 (T) +
0.43713 (LSA) - 0.2324 (LSDF)
- 0.02904 (LSD) - 0.33295
(LMD) + 0.3441 (LTP)

y = -0.11333 + 0.06429 (T) +
0.33092 (LSA) + 0.04434
Pumpkinseed (LSDF) + 0.4539 (LSD) 0.74814 (LMD) + 0.07475
(LTP)

Warm

y = -1.47603 + 0.06663 (T) +
0.0271 (LSA) + 0.03878 (LSDF)
+ 0.51954 (LSD) + 0.76015
(LMD) + 0.37722 (LTP)

Largemouth
Bass

7, 35

7, 15

7, 199

7, 57

7, 105

7, 49

0.92742

0.15243

<0.0001

0.01712

<0.0001

0.20466

-0.1123

0.19904

0.16781

0.14943

0.21231

0.04976

1.02709

0.52622

3.53239

1.73263

3.17201

1.55286

0.31142

0.60643

0.00051

0.08857

0.00199

0.12689
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0.58335

0.95273

3.83159

y = 1.93228 + 0.02828 (T) +
0.32049 (LSA) - 0.20336
(LSDF) + 0.35329 (LSD) 1.0422 (LMD) - 0.33265 (LTP)
y = 0.24662 + 0.00503 (T) +
0.21696 (LSA) + 4e-05 (LSDF)
+ 0.14443 (LSD) + 0.13976
(LMD) + 0.36047 (LTP)
y = -0.16961 - 0.00626 (T) +
1.9456 (LSA) - 1.16204 (LSDF)
- 0.08644 (LSD) - 0.6741
(LMD) - 0.22464 (LTP)

Bluntnose
Minnow

Black
Crappie

Yellow
Bullhead

Warm

Warm

Warm

Warm

0.65321

y = 4.27708 + 0.03925 (T) 0.18592 (LSA) + 0.72027
(LSDF) - 0.31206 (LSD) 1.39115 (LMD) - 0.98786 (LTP)

Fathead
Minnow

7, 6

7, 27

7, 46

7, 19

0.06341

0.47494

0.7417

0.68743

0.68378

0.58606

-0.12511

-0.00867 0.12708

-0.0505

-0.09079 0.59493

0.90452

0.89982

0.49754

0.55891

148

Mean depth
of capture

Behavioural
Metric

25.9592
8

14.8375
2

y = 0.27541 + 0.00143 (T) +
0.07087 (LSA) - 0.02274
(LSDF) + 0.00396 (LSD) +
0.16414 (LMD) + 0.00068
(LTP)
y = 0.02552 + 0.01225 (T) +
0.03784 (LSA) - 0.00935
(LSDF) + 0.02629 (LSD) +
0.14904 (LMD) + 0.01371
(LTP)

Cool

Warm

75.7205
3

Fstatistic

Cold

Model
y = 0.15769 + 0.00783 (T) 0.01647 (LSA) + 0.06409
(LSDF) + 0.05218 (LSD) +
0.47071 (LMD) + 0.03792
(LTP)

Guild

7, 347

7, 552

7, 509

degrees
of
freedom

<0.0001

<0.0001

<0.0001

overall
p-value

0.19041

0.21159

0.46539

adjusted
R2

5.21887

0.80082

3.58468

Temperature
slope
coefficient tstatistic

<0.0001

0.42358

0.00037

Temperature
slope
coefficient pvalue

Table S3.4. Summaries for multiple regression models to test the effects average recent air temperature (T) on the number of depth
strata of capture (y) for coldwater, coolwater, and warmwater thermal guilds species of Canadian boreal shield lake fishes. Each model
also included 5 additional variables: log-transformed lake surface area in ha (LSA), natural-log-transformed shoreline development
factor (LSDF, a measure of lake shape), natural-log-transformed Secchi depth in m (LSD, a measure of water clarity), natural-logtransformed mean lake depth in m (LMD), natural-log-transformed total phosphorous in μg•L-1 (LTP, a measure of productivity).

149

Number of
depth strata
of capture
149.035
9

31.3131
6

22.2040
4

y = 0.89633 - 0.03205 (T) +
0.52751 (LSA) + 0.30351
(LSDF) - 0.21472 (LSD) +
3.56629 (LMD) - 0.43754 (LTP)
y = 1.56419 - 0.00475 (T) +
0.29117 (LSA) + 0.22443
(LSDF) + 0.00385 (LSD) +
0.88172 (LMD) + 0.11407
(LTP)
y = -1.25492 + 0.10047 (T) +
0.44537 (LSA) - 0.03841
(LSDF) + 0.37429 (LSD) +
0.25543 (LMD) + 0.21064
(LTP)

Cold

Cool

Warm

7, 347

7, 552

7, 509

<0.0001

<0.0001

<0.0001

0.26493

0.24582

0.63299

7.72089

-0.48983

-2.44218

<0.0001

0.62445

0.01494
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Model
Type
ANOVA
ANOVA
ANCOVA
ANCOVA

Behavioural Metric

Mean depth of capture

Number of depth strata of capture

Mean depth of capture

Number of depth strata of capture

3.602

1.1422

12.78

4.825

F- statistic

3, 32

3, 32

2, 34

2, 34

degrees of
freedom

0.000128

0.00614

<0.0001

0.0143

thermal
guild pvalue

0.06678

0.2932

NA

NA

body size
p-value

Table S3.5 Summary of two ANOVA models and two ANCOVA models testing the effects of both thermal guild and body size
(average length in mm) on the depth-change responsiveness or habitat-use responsiveness of 37 Canadian boreal shield lake fish
species. The responsiveness of each species is the slope of a multiple regression between their mean depth of capture and the average
recent air temperature (along with 5 physical and chemical lake attributes). Tukey’s post-hoc tests were used to compare the means
between groups in the ANOVA models, and 95% confidence intervals for the mean responsiveness of each thermal guild were used to
determine whether responsiveness metrics of each guild differed significantly from 0.
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-0.04810 to
-0.00463

Number of depth strata of
capture

-0.01067 to
0.05208

-0.03037 to
0.006203

0.004222 to
0.02131

Mean depth of capture

Behavioural Metric

Coolwater
species 95%
CI

Coldwater
species 95%
CI

0.04072 to
0.10493

-0.01654 to
0.008694

Warmwater
species 95%
CI

0.40886

0.01477

Tukey’s
ColdwaterCoolwater
Comparison
p-value

0.000270

0.81588

Tukey’s
ColdwaterWarmwater
Comparison
p-value

0.01012

0.08035

Tukey’s
CoolwaterWarmwater
Comparison
p-value

Table S3.6 Summary of Tukey’s post-hoc tests comparing the means between means of depth-change responsiveness or habitat-use
responsiveness of 37 Canadian boreal shield lake fish species based on two ANOVA models testing the testing the effects of thermal
guild (coldwater, coolwater, and warmwater), and 95% confidence intervals (CI) for the mean responsiveness of each thermal guild
were used to determine whether responsiveness metrics of each guild differed significantly from 0.
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4.1 Abstract
Food webs are important in understanding the structure, function, and behaviour of
ecosystems, but due to methodological limitations are often poorly resolved in ways that impact
food web properties. Although DNA barcoding has proven useful in determining the diet of
consumers, few studies have used DNA barcoding to determine food web structure. These
studies report mixed impacts on various food web properties, but are limited by their taxonomic
focus and their failure to evaluate DNA barcoding for both diet analysis and food web structure.
In this study, we show that, when compared to morphological approaches, DNA barcoding
increases food web resolution by increasing the number and frequency of prey species identified
in the stomach contents of eight species of Canadian boreal shield predatory fishes. In addition,
we observed differences in food web structure, such as increased generalism, habitat coupling,
and omnivory, that have strong implications for food web stability and dynamics. We conclude
that DNA barcoding is a powerful tool to evaluate how resolution impacts food web properties
and can help further our understanding of how food webs are structured by identifying feeding
interactions in an unprecedented and highly detailed manner.

keywords: COI, diet analysis, feeding links, morphology, omnivory, predatory fish, prey species,
resolution, stomach contents, trophic interactions
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4.2 Introduction
The dynamics and functioning of whole ecosystems depend intimately on the transfer of
energy and nutrients. Feeding interactions are the primary vector for the transfer of energy and
nutrients in ecosystems, and consequently play a major role in both dictating the structure and
dynamics of communities as well as determining whole-ecosystem responses to natural and
human-induced perturbations [1]. Despite the fundamental need to identify feeding interactions,
empirical food webs—descriptions of feeding interactions in an ecosystem (Table 4.1)—have
historically been poorly resolved and constructed using a variety of methodologies [2].
Nonetheless, empirical food webs have been exhaustively analyzed in an effort to identify
universal structural patterns [3]. The poor quality of food web data has raised questions about
how both the resolution and methods used to construct food webs influence perception of food
web structure (non-random patterns in food webs, Table 4.1) within and across ecosystems [3, 4,
5].
Not surprisingly, food web resolution can affect inferences about various food web
properties [5, 6, 7], threatening the meaningful documentation of empirical food webs. For
example, food web resolution impacts numerous patterns in the topology of food webs thought to
relate to their stability, including food chain length [6], the number of links per species [6]
(linkage density), the degree of feeding at multiple trophic levels [6] (omnivory), the ratio of the
number of realized links to the number of possible links [8] (connectance, although see [6]), and
the presence of distinct subwebs [9] (compartmentation). Many observed patterns in food webs
may be caused by poor resolution, implying a need for improved data and the development of
new methods for evaluating food webs [2, 10].
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Food web resolution has largely been limited by methodological constraints. Accurately
identifying the many feeding interactions that comprise food webs is difficult, especially in
systems where direct observation of feeding by predators is impractical or nearly impossible.
Morphological identification of prey from the stomach contents or feces of consumers has
traditionally been used to describe detailed food web structure. The constituent species in these
morphology-based food web datasets are often aggregated into taxonomic or trophic groups
because of the considerable time, expense, and difficulty associated with identifying the vast
number of species and feeding interactions present in ecosystems (e.g., [11]). This has led to
alternative methods for establishing food web structure. For example, stable isotopes of carbon
and nitrogen have been widely used because they can infer the trophic position and determine the
carbon sources of consumers [12]. As a result, stable isotope analysis provides a useful broad
metric of food web structure because it can identify the presence of major energy pathways [13]
and shifts in the feeding habits of key species [14]; however, stable-isotope analysis does not
provide the highly refined picture of feeding interactions required to address issues surrounding
food web resolution.
DNA barcoding is increasingly recognized as an effective means for identifying trophic
interactions [15, 16, 17], making it a potentially powerful tool to parse out food web structure
[18, 19]. Barcoding uses a short, standardized DNA sequence, and a molecular reference library
(i.e., the Barcode of Life Data Systems, BOLD [20]) to identify species [21]. The efficacy of
barcoding to establish feeding interactions comes in large part from its proven utility in
identifying animal tissues when little or no morphological information is available [22, 23].
Many studies have now confirmed the value of barcoding in identifying prey in the stomach
contents or feces of certain predators, such as bats [24], beetles [25], marine invertebrates [26,
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27], seabirds [28], sharks [29], and other marine fishes [28, 30]. Additionally, some researchers
have used taxon-specific approaches that rely on the DNA barcode region to identify feeding
interactions of interest in bats [31] and insects [32], but very few studies have used barcoding at
the scale of whole food webs.
A small number of studies have used barcoding to establish feeding links in a whole food
web, rather than the identification of prey species for a single consumer or prey taxon of interest
[33, 34, 35]. These studies have consistently demonstrated that barcoding increases species
diversity [33, 34], reveals more feeding links (about three times as many in Wirta et al. [35]),
changes identifications (31% of individuals in Kaartinen et al. [33]), and identifies cryptic taxa
[33, 34] in their respective food webs; however, these studies do not show consistent changes to
a number of other food web properties. For example, Kaartinen et al. [33] and Smith et al. [34]
found increased specialization and connectance using barcoding, but Wirta et al. [35] found
increased generalism and decreased connectance. Similarly, Kaartinen et al. found small
decreases in linkage density, the average number of prey species per predator, and the average
number of predator species per prey when barcoding data was incorporated in their food web,
although Wirta et al. [35] found increases in all of these properties.
To date, the studies that evaluate barcoding for establishing food web structure have two
important limitations. Firstly, none of these studies has explicitly compared the resolution
provided by barcoding and morphology when characterizing stomach content items, individuals,
predator species, and food webs. This is required to understand how an increase in the resolution
of stomach content identifications translates into an increase in food web resolution; more
resolved identifications of stomach content items increases the resolution of prey identification
for both individuals and species, altering the pattern of feeding interactions that we term food
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web structure. Secondly, studies to date that evaluate how barcoding influences our
understanding of food web structure afford limited generality because they focus on only
terrestrial food webs dominated by insects, parasitoids, and dietary specialists [33, 34, 35] rather
than aquatic systems or systems comprised of generalist or vertebrate predators. Researchers
observed that barcoding frequently identified the presence of cryptic diversity and host
specificity among insects (e.g., Hebert et al. [36] and Smith et al. [37]). Thus, they expected and
later confirmed that examining insect food webs dominated by parasitoids and dietary specialists
with barcoding would result in higher parasitoid diversity and increased dietary specialization
[33, 34, 35]. However, using barcoding for the dietary analysis of vertebrate predators with wellstudied taxonomies and generalist predators is likely to increase prey diversity without revealing
cryptic predator diversity, resulting in different predicted impacts on food web structure. These
impacts are of wide concern because such generalist, vertebrate predators that variably feed on a
heterogeneous landscape are theorized to be common and important stabilizing factors in
ecosystems [1].
The food webs of boreal shield lakes in Canada offer a good system to evaluate the
relative utility of barcoding for dietary analysis of generalist, vertebrate predators and the
construction of aquatic food webs. These lakes contain several native, predatory fish species,
including lake trout (Salvelinus namaycush), walleye (Sander vitreus), and northern pike (Esox
lucius), as well as invasive smallmouth bass (Micropterus dolomieu). In these systems, there is
evidence of food web variability across lakes [38], omnivory by top predators [13, 38], and the
coupling of spatially distinct near-shore and off-shore habitats that are believed to represent food
web compartments [39]. Stable isotopes of carbon and nitrogen have been widely used as timeintegrated metrics to infer the general feeding habits of predatory boreal shield fishes (e.g [12,
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13, 14, 38, 39, 40]). Although the diet of fish predator species in boreal shield lakes has been
extensively studied using morphology [41], molecular analyses have not been previously applied
to this system.
In this study, we use predatory fish from Canadian boreal shield lakes to evaluate
barcoding as a tool to increase food web resolution by identifying stomach contents, establishing
feeding interactions, and determining food web structure. We evaluate five predictions about
how barcoding and morphology compare for diet analysis. We predict that barcoding will: (i)
identify stomach content items to a lower taxonomic level than morphology; (ii) increase the
diversity and frequency of prey recovery; (iii) increase the average number of prey identified per
stomach sampled; (iv) increase the average number of prey identified for boreal shield predatory
fish species; and (v) increase the number of predator species identified per prey species. We
evaluate seven additional predictions about how barcoding impacts the resolution and structure
of boreal shield food webs. We predict that, when compared to food webs constructed using
morphology, those constructed using barcoding will have: (i) more feeding links; (ii) higher
linkage density; (iii) higher connectance; (iv) a higher percentage of possible feeding links; (v)
higher rates of omnivory; (vi) increased maximum food chain length, and (vii) more food web
links that couple habitats.

4.3 Materials and Methods
4.3.1 Specimen Collection
The Ontario Ministry of Natural Resources collected fish from two lakes for standardized
fish surveys using a combination of gill netting (following Sandstrom et al. [42]) and angling in
Ontario, Canada in July of 2009. Richardson Lake (50°10’01”N, 92°03’54”W) and Delaney
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Lake (50°05’26”N, 94°03’00”W) have similar physical characteristics and predator species
compositions, including lake whitefish (Coregonus clupeaformis), northern pike (Esox lucius),
burbot (Lota lota), smallmouth bass (Micropterus dolomieu), lake trout (Salvelinus namaycush),
and walleye (Sander vitreus). In addition, Delaney Lake contained muskellunge (Esox
masquinongy) and Richardson Lake contained rock bass (Ambloplites rupestris). The number of
fish collected in each lake can be found in Supplemental Table 4.1. We removed the
gastrointestinal tracts (esophagus to anus) from each of 81 individuals and preserved each in
95% ethanol. The species identity of each predator fish was confirmed through barcoding based
on a sample (at least 10mm3 ) of epaxial muscle tissue taken from each individual. We placed all
samples on ice for up to 24 hours and stored them at -20°C until analysis.

4.3.2 Stomach-content Subsampling
We rinsed prey remains from each stomach using 95% ethanol and isolated all discrete
stomach content items (between one and 23 per stomach) for morphological identification and
tissue subsampling for barcoding. TJB (who has fish identification training from the Ontario
Ministry of Natural Resources and invertebrate identification training from the University of
Guelph) morphologically identified each stomach content item to the lowest possible taxonomic
level using various keys and identification guides [41 and 43 for fishes, 44 for mammals, 45-47
for insects and other invertebrates]. The shape of exposed bony structures, such as vertebrae and
otoliths, was not used to identify stomach content items because we could not be certain whether
or not shape was unaltered by digestion. We considered samples that could not be assigned to
any taxonomic group to have no morphological identification.

159

4.3.3 DNA barcoding
We collected tissue subsamples of approximately 5 mm3 from each stomach content item
that was isolated for morphological analysis, rinsed them thoroughly in 95% ethanol, and stored
them individually in 95% ethanol in a 96-well plate at -20°C until analysis. We placed tissue
subsamples into 45µl of lysis buffer and 5µl of proteinase K, incubated at 56˚C for 18 hours, and
then extracted DNA using the Qiagen DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA)
following the manufacturer’s instructions. We amplified the DNA barcode region, approximately
650 base pairs at the 5′ end of the mitochondrial cytochrome c oxidase subunit 1 (CO1) gene
[21] using three primer sets: LCO1490/ HCO2198 [48], C_VF1LFt1/C_VR1LRt1 [49] with M13
tails [50], and C_FishF1t1/C_FishR1t1 [49] with M13 tails [50]. Our thermocycler conditions
followed Braid et al. [27]. We sequenced PCR products in the forward direction using BigDye
v3.1 and LCO1490 or M13F primers and manually edited sequences using Sequencher 4.0.5. We
uploaded sequences to the Barcode of Life Data System (BOLD, www.boldsystems.org [20]) as
a dataset: [DS-FWRES] Lake food web resolution and DNA barcoding.

4.3.4 Sequence Identification
We attempted to identify each sequence using reference barcodes in the BOLD species
ID engine [20] in February of 2014. We categorized a sequence as having a species-level match
if it met one of the following criteria: a) it was at least 99% similar to a single, known species
[24]; b) it was at least 99% similar to multiple, known species and all but one of those species
could be excluded based on known geographic distributions; or c) it was assigned to a BIN
(Barcode Index Number [51]) that was comprised of a single species. We categorized a sequence
as having a species-complex match when it was either: a) 99% similar to two or more species
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with overlapping geographic distributions; or b) was assigned to a BIN that contained two or
more species. We categorized sequences assigned to BINs with no species-level identifications
as belonging to the lowest level taxonomic group given to the associated BIN. We considered
sequences that were both not assigned to a BIN and that were less than 99% similar to any taxon
to have no DNA barcode identification. We grouped all species-complex-level identifications as
species-level identification for all analyses. We considered cases in which the DNA sequence
matched the identity of the predator separately from other species-level identifications because
we were not able to distinguish between self-contamination by the predator and cannibalism.

4.3.5 Analyses
We compared the ability of morphology and barcoding to identify stomach contents by
counting the number and taxonomic level of stomach content items that were identified to a
lower taxonomic level (i.e., closer to species and thus higher resolution) using each technique.
For example, a stomach content item that was identified to family using morphology and to
species using DNA barcoding was identified to a lower taxonomic level using DNA barcoding,
and was thus counted for that technique. We compared the average number of prey taxa (all
taxonomic levels) and prey species per predator species in each lake using analysis of variance
(ANOVA) and Tukey honest significant differences (Tukey’s HSD) tests. We compared the
average number of prey taxa (including species and all other taxa) per stomach, the average
number of prey species (excluding taxa other than species) identified per stomach, the frequency
each prey species was detected, and the number of predator species per prey species using nonparametric methods (Kruskal-Wallis and Pairwise Wilcoxon rank sum tests) because the data did
not meet the assumptions of normality required for ANOVA, even after transformation. We
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performed all statistical tests in R v 3.1.0. , and information for each statistical test can be found
in Supplemental Table 4.2. Each statistical test compared data for morphology, barcoding, and
the two techniques combined to determine whether the techniques provided supplementary
information, even though the data for the techniques combined may not be considered
independent of the morphology and DNA barcoding groups (post-hoc comparisons of
morphology and barcoding can be found in Supplemental Table 4.2). We performed tests for
taxa of all levels and for only species-level matches to determine the impact of excluding higherlevel taxonomic groups. We constructed rarefaction curves with 95% confidence intervals for
both the number of prey species and food web links (unique combinations of predator species
and prey species, e.g., smallmouth bass and yellow perch (Perca flavescens)) using EstimateS
9.1.0 [51]. Statistical analysis and rarefaction did not include stomachs that did not contain
identifications for either morphology or barcoding (i.e., had no dietary information).
We calculated linkage density as L/N, where L is the number of observed food web links,
and N is the number of taxa (including prey and predator species). We calculated connectance as
L/(N(N-1)) to exclude cannibalistic feeding links as they were not distinguishable from selfcontamination using barcoding and no such links were identified using morphology. We
calculated the percentage of possible links as L/((N-1)*P), where P is the number of predators
from which stomach contents were taken. A species was considered an omnivore if it consumed
at least one of the other predator fish species. We calculated the maximum food chain length as
the maximum number of trophic steps from a prey to a predator species in each lake. We
evaluated the coupling of near-shore and offshore habitats by assigning every prey taxon as nearshore or offshore. We did not consider higher-level prey taxa with members that could exist in
both habitats (e.g., Diptera) for the evaluation of habitat coupling.
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4.4 Results
4.4.1 Stomach Contents
We evaluated a total of 537 stomach content items using morphology and barcoding.
Using morphology, we were able to identify 27 stomach content items to species and 300 to a
taxonomic level higher than species. We could not identify 210 stomach content items to any
taxonomic level using morphology. Using barcoding, we produced at least one sequence from
492 of the 537 stomach content items. From those sequences, we identified 394 samples to
species, 121 of which we matched to the identity of the predator. Based on their barcodes, we
identified ten stomach content items to a species complex, and 61 to higher taxonomic levels.
We found no barcode identification for the remaining 72 stomach content items. We could not
identify 42 stomach content items using either technique. Of the 81 fish stomachs sampled, we
found no identifiable stomach content items in 21 stomachs using morphology and 17 stomachs
using DNA barcoding. We did not identify any stomach content items to species from 71
stomachs using morphology and 23 stomachs using DNA barcoding. We could not identify any
stomach content items from 10 stomachs using either technique, and did not include these
stomachs in any further analyses.
We identified more than 80% of stomach content items to a lower taxonomic level with
barcoding than with morphology (Figure 4.1). Of these, we identified almost 88% to the species
level, and we matched approximately 25% of the sequences to the predator fish species from
which they came. Using morphology, we identified only ~5% of stomach content items to a
lower taxonomic level than barcoding, and we found that all but one of these identifications were
at the family level or higher. We identified less than 15% of stomach content items to the same
taxonomic level using both morphology and barcoding (i.e., the techniques tied). Overall, we
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identified four prey species and eight taxa of family level or higher using morphology, whereas
we identified 25 prey species or species complexes (including all species identified by
morphology), one prey genus, and two prey families using barcoding (Figure 4.2a). We also
identified one parasite species (Leptorhynchoides thecatus) in the stomach contents of five
smallmouth bass using barcoding.
We found a significant difference in the frequency of prey recovery between the
techniques (Kruskal-Wallis rank sum test, H (2) = 40.90, p < 0.001), with prey species
significantly less often with morphology than with either barcoding or a combination of
barcoding and morphology but no difference in the frequency of prey-species recovery using
barcoding alone and that of the techniques combined (Supplemental Table 4.2). Similarly, we
found that the average number of predator species per prey species different significantly with
technique (Kruskal-Wallis rank sum test, H (2) = 42.43, p < 0.001), with significantly lower with
morphology than with barcoding or the techniques but no difference in the average number of
predator species per prey species between barcoding and the techniques combined (Supplemental
Table 24.). Stomach content identification data for the various predator species and lakes can be
found in Supplemental Table 4.1.

4.4.2 Individual Predators
We found that the number of prey taxa and species identified per stomach differed
significantly between techniques (Kruskal-Wallis ran sum tests, for all taxa, H (2) = 92.74, p <
0.001, and for species, H (2) = 20.93, p < 0.001). We identified significantly fewer prey taxa and
prey species per stomach using morphology than with either barcoding or the techniques
combined, but we found no such difference in the number of prey taxa and prey species
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recovered using barcoding alone and that of morphology in combination with barcoding
(Supplemental Table 4.2). When including all prey taxa or only species, respectively, we found
an average of 1.09 ± 0.080 and 0.154 ± 0.048 prey per stomach using morphology, 1.68 ± 0.150
and 1.42 ± 0.134 prey per stomach using DNA barcoding, and 1.92 ± 0.140 and 1.62 ± 0.140
prey per stomach using the techniques combined. Using morphology, we did not identify any
stomach content items to the species level for the majority of predator stomachs. In contrast, we
identified at least one species in the majority of stomachs using barcoding. In addition,
rarefaction curves indicated that barcoding alone and in combination with morphology identified
significantly more species than morphology alone, but barcoding alone and in combination with
morphology did not differ significantly (Figure 4.3). Rarefaction data for the number of prey
species identified can be found in Supplemental Table 4.3.

4.4.3 Predator Species
We found a marginally significant difference between techniques in the number of prey
taxa identified per predator species (ANOVA, F (2,21) = 2.76, p = 0.0862). We found an average
of 2.88 ± 0.611 prey taxa per predator species using morphology, 5.75 ± 1.01 prey taxa per
predator species using DNA barcoding, and 6.25 ± 1.10 prey taxa per predator species using the
techniques combined. We identified significant differences in the number of prey species per
predator species between techniques (ANOVA, F (2,21) = 6.01, p = 0.00863), with a
significantly larger number of prey species per predator species using both barcoding and the
techniques combined when compared to morphology, but no such difference between barcoding
and the techniques combined (Supplemental Table 4.2). We found an average of 0.750 ± 0.250
prey species per predator species using morphology, 5.00 ± 0.824 prey species per predator
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species using both DNA barcoding and the techniques combined.
For all species of predatory fish, we identified a higher proportion of prey species using
barcoding than morphology (Supplemental Table 4.1). We found only four cases where the
techniques combined found more prey taxa for a given species of predator than barcoding alone.
In all of these cases, the prey found using morphology was an invertebrate identified to the
family level or higher, where no corresponding taxon was found using barcoding. In addition, we
found a single case where a species was identified for a predator species using morphology that
was not found using barcoding. However, we identified no prey species or other taxon using
morphology that was not also identified using barcoding across all predator species in each lake.

4.4.4 Food Web Properties
We identified more feeding links using barcoding alone or the techniques combined than
using morphology alone in both Delaney and Richardson Lakes (Table 4.2). Using rarefaction
curves, we found significantly more food web interactions using barcoding alone and the
techniques combined than morphology alone, but barcoding alone and the techniques combined
found a similar number of food web interactions (Figure 4.3) Rarefaction data for the number of
food web interactions can be found in Supplemental Table 4.4. When considering all taxonomic
levels, we found similar linkage density and the percentage of possible links between techniques
in Delaney Lake, but we found these values differed between techniques in Richardson Lake
(Table 4.2). When considering only species-level identifications in both lakes, we found that
linkage density and the percentage of possible links were higher in food webs constructed using
barcoding alone and the techniques combined than they were when using morphology alone.
However, we found no consistent difference in the connectance between food webs constructed
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with barcoding and those constructed with morphology. Using barcoding, we identified feeding
interactions between predator fish species (i.e., omnivory), but no such interactions were
identified using morphology. As a result, we identified an increased maximum food chain length
using barcoding than morphology (Table 4.2). In addition, we found that walleye in Delaney
Lake (node 3, Figure 4.4a,b) and lake trout in Richardson Lake (node 2, Figure 4.4c,d) were
isolated from the majority of the food web constructed using only morphology. However, we
established additional links using barcoding that were incorporated into a single food web
(Figure 4.4).
Overall, we identified more feeding links that indicate the coupling of near-shore and
offshore habitats using barcoding than when using morphology (Table 4.2). In Delaney Lake, we
identified an additional feeding habitat for both lake trout (e.g., node 2 and node 12, Figure
4.4a,b) and northern pike (e.g., node 5 and node 1 in Figure 4.4a,b) using barcoding. Likewise, in
Richardson lake, we established that lake whitefish (e.g., node 1 and node 20, Figure 4.4c,d),
lake trout (e.g., node 2 and node 13, Figure 4.4c,d), and smallmouth bass (e.g., node 6 and node
9, Figure 4.4c,d) were feeding in both near-shore and offshore habitats when using barcoding,
but morphology only found that they were feeding in one of those habitats. In addition, we found
that walleye (node 3, Figure 4.4c,d) in Richardson Lake had feeding links in both near-shore
(e.g., node 20) and offshore (e.g., node 11) habitats using barcoding, but morphology did not
identify any taxon that could be assigned to either habitat.

4.5 Discussion
In this study, we used predatory fish from Canadian boreal shield lakes to evaluate
whether DNA barcoding increases food web resolution by increasing the number or frequency of
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recovery for prey species found in stomachs, and if such differences affect food web structure.
Although a handful of previous studies used barcoding to elucidate food web structure [33, 34,
35], our study is unique in two important ways. Ours is the first study to demonstrate explicitly
increasing dietary resolution maps to meaningful changes to our understanding of food web
structure. In addition, we are the first study to focus on an aquatic food web and a food web of
generalist, vertebrate predators. Our expectations for boreal shield lake food webs differed from
previous studies because barcoding has already been used to examine diversity and look for
cryptic species for the predator species that are the focus of this study [52], and because dietary
analysis using barcoding is likely to increase the diversity of prey, therefore indicating more
generalised feeding habits and making it relevant to a wide variety of ecosystems.
We found that barcoding offered more resolved identifications for a large majority of
stomach content items in predatory boreal shield fish, and, unlike morphology, it often provided
species-level identifications. The strong performance of barcoding resulted from its ability to
identify degraded tissue remains with few or no discernable morphological characteristics [22,
23]; the physical characteristics required for morphological identifications were degraded or
absent from many stomach content items. Our results support the conclusions of many studies
indicating that barcoding is highly effective for determining predator diet from stomach contents
or feces [24-30]. For a small number of stomach content items, we found that barcoding could
only identify prey to a taxon above the species level but still outperformed morphology. In all of
these cases, the DNA barcode sequences from these stomach content items were long and of
good quality, and matched to a BIN (Barcode Index Number [51]), but the species-level
coverage of the reference database was incomplete, suggesting that additional barcode
identifications are possible with future database development through projects similar to FISH-
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BOL [53]. It is possible that the performance of morphology relative to DNA barcoding is
dependent on the level of training and expertise for any individual making morphological
identifications as well as the keys and characteristics they employ; however, if the consistency
and accuracy of morphological identifications depend heavily on the individual performing them,
DNA barcoding may provide a more reliable method for identifying stomach contents for most
individuals because of limited access to taxonomic experts and training and the standardized
nature of DNA barcoding [21]. Future studies that do not rely on comparing identifications of
individual stomach content items could benefit greatly from combining next generation
sequencing approaches and barcoding because such approaches may not require detailed
dissections and may be able to detect prey in mixed remains that we could not identify using
Sanger sequencing, further improving the performance of a DNA barcoding approach [54].
DNA barcoding increased the number and frequency of prey species recovery, which has
implications for our understanding of interaction strengths in food webs. Although the frequency
of prey-species recovery from stomach contents is not equivalent to interaction strength per se,
such an increase suggests that morphology-based estimates of interaction strength may be
misleading in two important ways. Firstly, using barcoding, we identified more than half of
species from one stomach, but we did not identify any of these species using morphology. This
implies that morphology underestimates both the number of interactions and the prevalence of
weak interactions, and that barcoding has the potential to reveal these weak interactions.
Rarefaction curves suggest that increased sampling effort using barcoding will yield further
increases in the number of prey species and food web links, but such efforts with morphology are
less likely to produce such increases. Secondly, we identified all the prey species found by
morphology more frequently with barcoding. This suggests that interaction strength is
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underestimated when based on morphology. These underestimations are concerning because
accurate estimations of interaction strength and the identification of weak interactions are
essential to accurately evaluate food web stability; unstable dynamics are typical of systems
dominated by strong interactions [55], and weak interactions are thus expected to be common in
food webs [56]. It seems that barcodes, in combination with highly quantitative molecular tools
such as qPCR [54,57], could be particularly useful in furthering our understanding of patterns of
interaction strength in food webs if current issues with these methods can be resolved [57].
We identified a more generalised diet using barcoding, as well as prey species that
demonstrate the coupling of near-shore and off-shore habitats, indicating that morphology fails
to capture both key food web links and the dietary breadth of predatory boreal shield fish and so
underestimates the degree to which they act as dietary generalists. Similar to other studies (e.g.,
Clare et al. [24]), our result that barcoding increases the number of prey species detected
suggests that it is a useful technique for determining dietary generalism in both individuals and
species of vertebrate predators. We found that increased prey diversity through barcoding
revealed a number of feeding links that indicate the coupling of near-shore and off-shore
habitats. For example, smallmouth bass (Micropterus dolomieu) and lake whitefish (Coregonus
clupeaformis), which have traditionally been considered to feed primarily in one habitat [41],
may have more general diets that couple near-shore and off-shore habitats. An increase in
generalism and the coupling of spatially distinct habitats both have strong implications for food
web dynamics because such flexibility in feeding habits is strongly linked to food web stability
[58, 59]. In addition, increased generalism and habitat coupling have important implications
when considering the impacts of invasive smallmouth bass on native lake trout (Salvelinus
namaycush) [14] and could impact the ways that multispecies fisheries are managed. We also

170

found that barcoding identified feeding links that incorporated unconnected species, such as
walleye in Delaney Lake and lake trout in Richardson Lake, into the food web. An increase in
the number of predator species that couple habitats, combined with the highly resolved nature of
dietary data through barcoding, suggests that barcoding is a potent tool to tease out
compartments in food webs and the linking of these compartments by mobile generalist
predators.
We found that using barcoding to construct food webs changed various food web metrics
that have been previously examined for sensitivity to food web resolution. In barcode-based food
webs, we found a higher number of feeding links, resulting in a higher linkage density, and a
higher percentage of possible feeding links than in morphology-based webs. However, we found
that connectance varied inconsistently between food webs constructed using morphology and
barcoding. Previous studies have reported similarly conflicting impacts of barcoding on
connectance [34, 35]. Changes to our values of connectance were likely attributable to the
methodological constraints of having dietary data for only a small, fixed subset of all species in
the system. Because of this, the proportion of possible links, which showed a consistent increase
with the incorporation of barcode-based dietary information, is likely more meaningful for our
dataset. Our connectance values were similar to those of previous studies using barcoding to
determine food web structure [34, 35], which are considerably lower than the connectance of
traditional food webs [60, 61]. This disparity is likely in part a result of an increase in prey
species diversity with the use of barcoding.
The differences in connectance between barcode-based food webs, such as ours, and
traditional food webs are likely attributable in part to differences in the methodologies for how
the feeding links were established. Traditional food webs are often constructed cumulatively,
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including all feeding interactions believed to be occurring across space and time (e.g. Martinez
[5]), whereas molecular food webs to date represent more of a ‘snapshot’ based on a discrete
series of observations [33, 34, 35]. Here, we have demonstrated that the ‘snapshot’ DNA
approach results in differences in food web structure. Even though we have not presented an
exhaustive representation of all feeding interactions that may occur in our study lakes,
rarefaction data (Figure 4.3) indicate that larger sampling efforts are likely to increase the
disparity between morphology and barcoding food webs. This indicates that barcoding can
indeed uncover how food webs vary in space and time, which is particularly important because
of growing evidence that variation in food webs is fundamental to their stability and function [1].
The results of our study, taken together with those of previous barcode-based and traditional
food webs, suggest that barcoding should be considered by future researchers as a tool to
increase the detail included in food webs now that it has revealed significant changes in common
food web metrics [34, 35, 60, 61].
DNA barcoding revealed several features in food web topology not found through
morphology, but which are strongly believed to influence the stability and dynamics of food
webs. Morphology did not identify any omnivorous feeding interactions, but, as predicted,
barcoding identified the presence of omnivory for multiple species in each lake (for one
example, see Figure 4.4(d), nodes 3,5 and 20), increasing maximum food chain length.
Omnivory in these cases is likely ontogenetically driven; juveniles of one species are being
consumed by adults from another, and more information is required to fully characterize the
feeding relationships between these species. The identification of omnivorous links changes the
bipartite food web structure established by morphology and produces a significantly more
complex topology that has implications for the dynamics of the predator species because
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omnivory can be stabilizing or de-stabilizing [62]. In addition, the more complex food web
topologies more accurately reflects the diversity of feeding habits exhibited by generalist
predators, which have been observed using stable isotopes [12, 13, 14, 38, 39, 40]. In any
molecular dietary analysis, there is the potential risk of cross-contamination between predators
even if every conceivable precaution is employed [15], and although unlikely, it is possible that
some of these results represent contamination because we identified no omnivory using
morphology.
The use of barcoding could be particularly useful in identifying other food web motifs, in
addition to omnivory, that are expected to be common in food webs, but for which there has been
poor or conflicting evidence [63, 64, 65]. For example, barcoding indicated the presence of a
‘diamond’ motif (Figure 4.4(d), nodes 2, 4, 6 and 13), which has been empirically shown to
impart stability when interaction strengths are asymmetrical [66]. There is also an example of
mutual predation (Figure 4.4(d), nodes 4 and 6). However, it is important to note that we were
unable to unambiguously detect some potentially important food web properties, such as
cannabilism, using barcoding. We attribute two factors to our relatively high rate of matches to
the DNA of the corresponding predator species (approximately 22% of our stomach content
items, compared to only 3% in [24]). Firstly, self-contamination of stomach contents with the
DNA of the predatory fish species is very likely because the primers selected have a universal
design to target as many prey species as possible. Secondly, cannibalism likely occurs in these
lakes because it has been well documented in several predatory boreal shield fishes, such as lake
trout (Salvelinus namaycush) and northern pike (Esox lucius) [41]. Although CO1 was selected
as the DNA barcoding region due to its ability to differentiate species rather than individuals, it
would be possible to detect cannibalism through small differences between CO1 sequences.
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However, this would heavily on high quality sequence data that would be difficult to produce
through unidirectional sequencing of degraded tissue remains, and thus we did not consider
barcodes that matched the predator species’ DNA in our analyses.
Combining barcoding and morphology did not appreciably change food web resolution
when compared with barcoding alone, but did change compared to morphology alone, suggesting
that the techniques do not supplement one another or provide different types of dietary
information. Although, for a few stomach content items, morphology provided more resolved
identifications than barcoding due to presence of persistent hard parts and a failure to recover
DNA, all except one of these identifications were to the family level or higher. Thus,
morphology was still able to provide some additional dietary information even though barcoding
was usually more effective for identifying specific stomach-content items. However, we found
that barcoding alone had comparable results to the techniques combined for identifying the
number of prey per stomach and per species, while morphology alone found less prey diversity
than the combination of these techniques. This suggests that the majority of prey diversity was
identified using barcoding, and that including morphological results overall provides little
supplementary information to barcoding when examining food web structure. Thus, morphology
is of little additional value in producing highly resolved whole food webs when barcoding is
employed. Our finding differs considerably from the complementarity between molecular and
morphological techniques reported by Wirta et al. [35], likely due to differences in methodology,
as Wirta et al. [35] used rearing and other methods not relevant to a boreal shield lake system.
The non-complementary performance of morphology and the effectiveness of barcoding indicate
that a barcoding approach to collecting dietary information would reduce catch requirements,
which is consistent with animal use policies and conservation practices.
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DNA barcoding had some unanticipated but interesting results which suggest that the
application of barcoding to diet analysis may provide data useful for ecological questions in
addition to establishing food web structure. For example, the parasite Leptorhynchoides thecatus
was identified from the stomachs of smallmouth bass (Micropterus dolomieu). Wood [67]
suggested that barcoding could be useful in the identification of parasites in food webs, and our
results support this notion. Barcoding could be a valuable and simple way to address the concern
that food webs that lack parasites are incomplete [68]. In addition, we detected predation of
Cottus sp. and Myoxocephalus sp. by burbot, and Culaea inconstans by lake trout in Delaney
lake using barcoding, but these prey species were not reported in the netting surveys for the lakes
from which we collected samples. This suggests that diet data from barcoding might be an
effective alternative way to examine species diversity in a food web or find prey species of
interest in ecosystems.
DNA barcoding is a powerful technique that can increase food web resolution and allow
ecologists to examine and understand species interactions in an unprecedented and highly
detailed manner. Highly resolved food webs are required to settle long-standing questions about
how the quality of food web data impacts our understanding of food webs. More importantly,
increased food web resolution through barcoding helps ecologists meet their fundamental need to
identify feeding interactions, giving them the potential to address many fundamental questions in
ecology, such as how food webs are structured in nature, how structure influences the dynamics
and behaviour of communities, and the how diversity influences ecosystems.
Further studies seeking to observe real-world food webs would benefit from employing DNA
barcoding to observe food webs in a comprehensive and highly resolved manner.
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4.8 Figures and Tables

Figure 4.1. The number of stomach content items recovered from boreal shield lake predatory
fishes for which the highest resolution identification was made using morphology or DNA
barcoding, and where the techniques had equally resolved identifications (the techniques tied).
For each technique, the number of identifications to the level of species, genus, and family or
higher is indicated. Stomach content items that were identified with DNA barcoding to the same
species as the predator from which they were sampled are not included (see Supplemental Table
4.1).
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Figure 4.2. Frequency of prey species identification from eight boreal shield fish predators using morphology and DNA barcoding: (a)
the number of individual predators that were found to be feeding on each prey species (Kruskal-Wallis rank sum test, H (2) = 40.90, p
< 0.001); (b) the number of predator species that were found to be feeding on each prey species identified (Kruskal-Wallis rank sum
test, H (2) = 42.43, p < 0.001).
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Figure 4.3. The rarefaction curves and 95% confidence intervals for stomach contents of eight boreal shield lake fish predators
identified using morphology and DNA barcoding: (a) the number of prey species; or (b) feeding links (unique prey and predator
species combinations). Data (including those for the techniques combined) can be found in Supplemental Tables 4.3 and 4.4.
Rarefaction curves and 95% confidence intervals were calculated using EstimateS 9.1.0 [52].
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Figure 4.4. Food web diagrams for Delaney Lake ((a) and (b)) and Richardson Lake ((c) and (d)) constructed using morphology ((a)
and (c)) and DNA barcoding ((b) and (d)) based on the stomach contents of eight boreal shield lake fish predators. White nodes
indicate species-level identifications, grey nodes indication genus-level identifications, and black nodes indicate family-level and
higher-level identifications. Node 24 in (d) indicates a parasite (Leptorhynchoides thecatus) that was identified in the stomachs of
smallmouth bass (Micropterus dolomieu, node 6).

Table 4.1. Definitions of key terms.
Term
Food chain length

Definition
The number of sequential links that connect a basal resource to a top
predator [69]. Because food webs often have multiple pathways
between resource and a top predator, several metrics are used,
including maximum, minimum, and mean food chain length [70].

Food web

A description of feeding interactions between species in an ecosystem
[71]. Also, a type of ecological network that emphasizes consumptive
connections.

Food web resolution

The amount of detail included in a food web, usually referring to the
degree of aggregation of organisms. Traditional food webs are highly
aggregated (e.g., [72]) and thus poorly resolved [2,6]. Recently,
researchers have been pushing to increase food web resolution by
including more species rather than higher level taxa (less aggregation)
in food webs [9].

Food web structure

The non-random patterns in a food web [73]. A food web has two
major structural components: (1) the topology (who eats whom, [2]
and (2) the strength of each interaction (which can be defined in
various ways, see [74,75].

Generalism

The dietary breadth of a consumer, often measured as dietary species
richness [11, 76].

Habitat coupling

A process in which discrete habitats are connected through the
movement of energy and nutrients [39]. In the context of food webs, it
often occurs via foraging by a mobile consumer and connects spatially
distinct habitats [77].

Omnivory

Feeding on species from more than one level in a food chain by a
consumer [69,78]; that is, when a predator eats the prey of its prey.
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Delaney
Richardson

Delaney
Richardson

Delaney
Richardson

Delaney
Richardson

Delaney
Richardson

Delaney
Richardson

Delaney
Richardson

Delaney
Richardson

Linkage density

Connectance

Percentage of
possible links

Omnivorous
predators

Number of
omnivores

Maximum food
chain length

Number of links
that couple
habitats

Lake Name
Delaney
Richardson

Number of links

Food Web
Parameter
Number of taxa

1
0

1
1

0
0

0
0

16.7
16.7

0.0667
0.0625

0.933
0.938

14
15

Morphology
15
16

2
4

3
4

2
5

2
5

18.3
26.1

0.0498
0.0652

1.05
1.50

23
36

All Taxa
DNA
Barcoding
22
24

2
4

3
4

2
5

2
5

18.8
25.3

0.0471
0.0585

1.08
1.46

26
38

Combined
24
26

1
0

1
1

0
0

0
0

12.5
4.76

0.0833
0.0357

0.667
0.250

6
2

Morphology
9
8

2
4

3
4

2
5

2
5

18.4
26.3

0.0553
0.0790

1.05
1.50

21
30

Species Only
DNA
Barcoding
20
20

2
4

3
4

2
5

2
5

19.3
26.3

0.0579
0.0790

1.10
1.50

22
30

Combined
20
20

Table 4.2. Food web parameters calculated for Delaney Lake and Richardson Lake based on 8 predatory fish species’ stomach
contents identified using morphology, DNA barcoding, and both techniques combined from eight boreal shield lake fish predators.
Metrics were calculated for all prey taxa and for only species-level prey.
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Predator
species
Lake trout
(Salvelinus
namaycush)
Smallmouth
bass
(Micropterus
dolomieu)
Northern
pike
(Esox lucius)
Walleye
(Sander
vitreus)
Burbot
(Lota lota)
Lake
whitefish
(Coregonus
clupeaformis
)
Muskellunge
(Esox
masquin
ngy)
Rock bass
(Ambloplites
rupestris)
4

3

Delaney

Richardso
n

0

2

0

4

2

0
1

1
8

6

0
1

10
11

6
16

11
7

Number
of
stomach
s
11
3

Richardso
n

Delaney
Richardso
n
Delaney
Richardso
n
Delaney

Lake
Delaney
Richardso
n
Delaney
Richardso
n

Number of
stomach
content item
identification
s
2
0

0

1

0

0

0
0

0
0

0
0

Number of
species-level
identification
s
0
0

Morphology

0

0

0

0

0
0

0
0

0
0

Number of
identification
s that
matched the
predator
0
0

9

12

49

8

6
56

13
76

46
68

Number of
stomach
content item
identification
s
76
13

9

12

49

8

6
55

13
76

25
38

Number of
species-level
identification
s
76
13

DNA barcoding

2

10

2

0

1
28

4
38

1
4

Number of
identification
s that
matched the
predator
27
0

2

1

8

0

0
3

6
6

22
16

Number of
stomach
content item
identification
s
4
9

0

1

0

0

0
0

6
6

2
0

Number of
species-level
identification
s
3
8

Techniques tied

0

0

0

0

0
0

0
4

0
0

Number of
identification
s that
matched the
predator
0
0

Table S4.1. For all stomach content samples taken from eight boreal shield predator fish species from Delaney Lake and Richardson
Lake, the number of stomachs collected, the number of stomach content items, stomach content items that were identified to a lower
taxonomic level (i.e., closer to species and thus higher resolution), the number of species-level identifications, and the number of
identifications that matched the predator species from which the stomach content items were taken using morphology, DNA barcoding,
and when the two techniques tied.
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Tukey’s HSD
Tukey’s HSD

morphology/
techniques combined
DNA barcoding/
techniques combined

Tukey’s HSD

DNA barcoding/
techniques combined

Tukey’s HSD

Tukey’s HSD

morphology/
techniques combined

morphology/
DNA barcoding

Tukey’s HSD

Post-hoc test

morphology/
DNA barcoding

ANOVA

ANOVA

Number of prey species
per predator species

Number of prey taxa
per predator species

Kruskal-Wallis
rank sum test

Number of predator species per
prey species

Statistical test
Kruskal-Wallis
rank sum test

Post-hoc Comparison

Frequency of prey species
recovery

Comparison

8

8

26

26

Sample size
per group

2, 21

2, 21

2

2

Degrees of
Freedom

2.76

6.01

42.43

40.90

F-Statistic
(ANOVA) or
H-Statistic
(KruskalWallis)

0.938

0.180

0.0973

0.0862

0.997

0.0194

0.0164

0.00863

<0.001

<0.001

p-value

Table S4.2. Sample sizes per group, degrees of freedom, F- or H- Statistic and associated p-value for ANOVA and Tukey’s HSD or
Kruskal-Wallis and Pairwise Wilcox rank sum tests comparing the frequency of prey species recovery, number of predator species per
prey species, number of prey species per predator species, number of prey taxa per predator species, number of prey species per
stomach, and number of prey taxa per stomach based on the stomach contents of 81 individuals of eight Canadian boreal shield lake
fish predators. P-values that are significant at the α = 0.05 level are indicated in bold.
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Number of prey taxa
per stomach

Number of prey species
per stomach

Pairwise Wilcoxon rank
sum test
Pairwise Wilcoxon rank
sum test
Pairwise Wilcoxon rank
sum test

morphology/
techniques combined
DNA barcoding/
techniques combined

Pairwise Wilcoxon rank
sum test

DNA barcoding/
techniques combined

morphology/
DNA barcoding

Pairwise Wilcoxon rank
sum test

morphology/
techniques combined

Kruskal-Wallis
rank sum test

Pairwise Wilcoxon rank
sum test

morphology/
DNA barcoding

Kruskal-Wallis
rank sum test

71

71

2

2

20.93

92.74

0.9

<0.001

<0.001

<0.001

0.386

<0.001

0.016

<0.001
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Samples
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

95%
confidence
interval lower
bound
0
0
0
0
0.01
0.03
0.05
0.07
0.09
0.12
0.15
0.18
0.21
0.25
0.28
0.32
0.35
0.39
0.43
0.47
0.5
0.54
0.58
0.61
0.65
0.69
0.72
0.76
0.79
0.83
0.86
0.89
0.93
0.96
0.99
Estimated
species
richness
0.15
0.3
0.44
0.57
0.69
0.81
0.92
1.02
1.12
1.22
1.31
1.39
1.47
1.55
1.63
1.7
1.77
1.84
1.9
1.96
2.02
2.08
2.14
2.19
2.25
2.3
2.35
2.4
2.45
2.5
2.55
2.59
2.64
2.68
2.73

Morphology
95%
confidence
interval upper
bound
0.32
0.61
0.88
1.14
1.37
1.59
1.79
1.98
2.15
2.31
2.46
2.6
2.74
2.86
2.97
3.08
3.19
3.28
3.37
3.46
3.54
3.62
3.7
3.77
3.84
3.91
3.98
4.04
4.11
4.17
4.23
4.29
4.35
4.41
4.46

95%
confidence
interval lower
bound
0.76
1.49
2.18
2.84
3.46
4.06
4.62
5.15
5.66
6.15
6.61
7.06
7.49
7.9
8.29
8.67
9.03
9.39
9.73
10.06
10.38
10.69
10.99
11.29
11.57
11.85
12.12
12.39
12.65
12.9
13.14
13.39
13.62
13.85
14.08
Estimated
species
richness
1.44
2.72
3.88
4.93
5.88
6.75
7.56
8.3
8.98
9.62
10.22
10.79
11.32
11.82
12.3
12.76
13.19
13.61
14.01
14.4
14.77
15.13
15.48
15.82
16.14
16.46
16.77
17.07
17.37
17.66
17.94
18.21
18.48
18.74
19

DNA barcoding
95%
confidence
interval upper
bound
2.11
3.95
5.58
7.02
8.3
9.45
10.49
11.44
12.3
13.1
13.83
14.51
15.15
15.75
16.31
16.85
17.35
17.84
18.3
18.74
19.16
19.57
19.97
20.35
20.72
21.07
21.42
21.76
22.09
22.41
22.73
23.03
23.33
23.63
23.92

Techniques combined
95%
95%
confidence
Estimated
confidence
interval lower
species
interval upper
bound
richness
bound
0.76
1.48
2.19
1.49
2.79
4.09
2.19
3.96
5.73
2.85
5.01
7.17
3.47
5.96
8.45
4.07
6.83
9.59
4.63
7.62
10.61
5.16
8.35
11.54
5.67
9.03
12.39
6.16
9.66
13.17
6.62
10.26
13.89
7.07
10.82
14.56
7.49
11.34
15.19
7.9
11.84
15.78
8.29
12.32
16.34
8.67
12.77
16.87
9.04
13.2
17.37
9.39
13.62
17.85
9.73
14.02
18.31
10.06
14.4
18.75
10.38
14.77
19.17
10.69
15.13
19.58
10.99
15.48
19.97
11.29
15.82
20.35
11.57
16.15
20.72
11.85
16.46
21.08
12.12
16.77
21.42
12.39
17.07
21.76
12.65
17.37
22.09
12.9
17.66
22.41
13.14
17.94
22.73
13.39
18.21
23.03
13.62
18.48
23.33
13.85
18.74
23.63
14.08
19
23.92

Table S4.3. The rarefaction data with upper and lower limits for 95% confidence intervals (calculated using EstimateS 9.1.0 [52]) for
the estimated species richness of stomach contents of eight boreal shield lake fish predators identified using morphology, DNA
barcoding, and the techniques combined.
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36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

1.02
1.05
1.08
1.11
1.13
1.16
1.19
1.21
1.24
1.27
1.29
1.31
1.34
1.36
1.38
1.41
1.43
1.45
1.47
1.49
1.51
1.53
1.55
1.57
1.58
1.6
1.62
1.63
1.65
1.67
1.68
1.69
1.71
1.72
1.74
1.75

2.77
2.81
2.85
2.9
2.94
2.98
3.02
3.06
3.1
3.14
3.17
3.21
3.25
3.29
3.32
3.36
3.4
3.43
3.47
3.5
3.54
3.57
3.6
3.64
3.67
3.7
3.73
3.76
3.79
3.82
3.86
3.88
3.91
3.94
3.97
4

4.52
4.58
4.63
4.69
4.74
4.79
4.85
4.9
4.95
5.01
5.06
5.11
5.16
5.21
5.26
5.31
5.36
5.41
5.46
5.51
5.56
5.61
5.66
5.71
5.75
5.8
5.85
5.89
5.94
5.98
6.03
6.08
6.12
6.16
6.21
6.25

14.3
14.52
14.73
14.94
15.14
15.34
15.54
15.73
15.92
16.11
16.29
16.47
16.64
16.82
16.99
17.15
17.32
17.48
17.64
17.79
17.95
18.1
18.26
18.39
18.54
18.68
18.82
18.95
19.09
19.22
19.35
19.48
19.6
19.73
19.85
19.97

19.25
19.5
19.74
19.98
20.21
20.44
20.67
20.89
21.11
21.32
21.53
21.74
21.95
22.15
22.35
22.54
22.74
22.93
23.12
23.3
23.49
23.67
23.86
24.03
24.2
24.37
24.54
24.71
24.88
25.05
25.21
25.37
25.53
25.69
25.85
26

24.2
24.48
24.75
25.02
25.28
25.54
25.79
26.04
26.29
26.54
26.78
27.01
27.25
27.48
27.71
27.93
28.16
28.38
28.6
28.81
29.03
29.24
29.47
29.66
29.87
30.07
30.27
30.47
30.67
30.87
31.07
31.26
31.46
31.65
31.84
32.03

14.3
14.52
14.73
14.94
15.14
15.34
15.54
15.73
15.92
16.11
16.29
16.47
16.64
16.82
16.99
17.15
17.32
17.48
17.64
17.79
17.95
18.1
18.26
18.39
18.54
18.68
18.82
18.95
19.09
19.22
19.35
19.48
19.6
19.73
19.85
19.97

19.25
19.5
19.74
19.98
20.21
20.44
20.67
20.89
21.11
21.32
21.53
21.74
21.95
22.15
22.35
22.54
22.74
22.93
23.12
23.3
23.49
23.67
23.86
24.03
24.2
24.37
24.54
24.71
24.88
25.05
25.21
25.37
25.53
25.69
25.85
26

24.2
24.48
24.75
25.02
25.28
25.54
25.79
26.04
26.29
26.54
26.78
27.01
27.25
27.48
27.71
27.93
28.16
28.38
28.6
28.81
29.03
29.24
29.47
29.66
29.87
30.07
30.27
30.47
30.67
30.87
31.07
31.26
31.46
31.65
31.84
32.03
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Samples
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

95%
confidence
interval lower
bound
0.02
0.03
0.06
0.08
0.11
0.14
0.17
0.2
0.23
0.27
0.31
0.35
0.39
0.43
0.47
0.51
0.56
0.6
0.65
0.69
0.74
0.79
0.83
0.88
0.92
0.97
1.02
1.06
1.11
1.15
1.2
1.25
1.29
1.33
1.38
Estimated
species
richness
0.15
0.31
0.45
0.6
0.74
0.87
1.01
1.14
1.26
1.39
1.51
1.63
1.75
1.86
1.97
2.08
2.19
2.3
2.41
2.51
2.61
2.71
2.81
2.91
3.01
3.1
3.2
3.29
3.39
3.48
3.57
3.66
3.75
3.84
3.93

Morphology
95%
confidence
interval upper
bound
0.29
0.58
0.85
1.11
1.37
1.61
1.85
2.07
2.29
2.51
2.71
2.91
3.11
3.29
3.48
3.66
3.83
4
4.16
4.33
4.48
4.64
4.79
4.94
5.09
5.24
5.38
5.52
5.66
5.8
5.94
6.07
6.21
6.34
6.48

95%
confidence
interval lower
bound
1.01
2
2.97
3.91
4.83
5.73
6.6
7.45
8.28
9.1
9.89
10.66
11.41
12.15
12.87
13.57
14.25
14.92
15.58
16.22
16.84
17.45
18.05
18.63
19.2
19.76
20.31
20.85
21.37
21.89
22.39
22.89
23.37
23.85
24.31
Estimated
species
richness
1.44
2.82
4.16
5.45
6.7
7.9
9.07
10.2
11.29
12.34
13.37
14.36
15.32
16.25
17.15
18.03
18.88
19.71
20.52
21.3
22.07
22.81
23.53
24.24
24.93
25.6
26.25
26.89
27.52
28.13
28.73
29.31
29.88
30.44
30.99

DNA barcoding
95%
confidence
interval upper
bound
1.86
3.64
5.35
6.99
8.57
10.08
11.54
12.94
14.29
15.59
16.84
18.05
19.22
20.35
21.44
22.49
23.52
24.5
25.46
26.39
27.29
28.17
29.02
29.84
30.65
31.43
32.19
32.94
33.66
34.37
35.06
35.73
36.39
37.04
37.67

Techniques combined
95%
95%
confidence
Estimated
confidence
interval lower
species
interval upper
bound
richness
bound
1.03
1.48
1.93
2.03
2.9
3.77
3.01
4.27
5.53
3.96
5.58
7.21
4.89
6.85
8.81
5.8
8.08
10.35
6.69
9.26
11.82
7.55
10.4
13.24
8.4
11.5
14.6
9.22
12.57
15.91
10.02
13.6
17.17
10.8
14.6
18.39
11.57
15.57
19.57
12.31
16.51
20.7
13.04
17.42
21.8
13.75
18.31
22.86
14.45
19.17
23.89
15.13
20.01
24.89
15.79
20.82
25.86
16.44
21.62
26.8
17.07
22.39
27.71
17.69
23.14
28.6
18.3
23.88
29.46
18.89
24.59
30.3
19.47
25.29
31.12
20.04
25.98
31.91
20.6
26.64
32.69
21.14
27.3
33.45
21.68
27.93
34.19
22.2
28.56
34.91
22.72
29.17
35.62
23.22
29.76
36.31
23.72
30.35
36.98
24.2
30.92
37.65
24.68
31.49
38.3

Table S4.4. The rarefaction data with upper and lower limits for 95% confidence intervals (calculated using EstimateS 9.1.0 [52]) for
the estimated number of food web interactions (i.e., unique predator-prey species pairs) based on the stomach contents of eight boreal
shield lake fish predators identified using morphology, DNA barcoding, and the techniques combined.
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36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

1.42
1.47
1.51
1.55
1.59
1.63
1.68
1.72
1.76
1.8
1.84
1.88
1.91
1.95
1.99
2.03
2.07
2.1
2.14
2.18
2.21
2.25
2.29
2.32
2.35
2.39
2.42
2.46
2.49
2.53
2.56
2.59
2.63
2.66
2.69
2.73

4.02
4.11
4.19
4.28
4.37
4.45
4.54
4.63
4.71
4.8
4.88
4.97
5.05
5.14
5.22
5.31
5.39
5.48
5.56
5.65
5.73
5.82
5.91
5.99
6.07
6.15
6.24
6.32
6.41
6.49
6.58
6.66
6.75
6.83
6.92
7

6.61
6.74
6.88
7.01
7.14
7.27
7.4
7.54
7.67
7.8
7.93
8.06
8.19
8.32
8.46
8.59
8.72
8.85
8.98
9.12
9.25
9.38
9.53
9.65
9.79
9.92
10.05
10.19
10.32
10.46
10.59
10.73
10.86
11
11.14
11.27

24.77
25.22
25.66
26.09
26.52
26.93
27.34
27.75
28.14
28.53
28.92
29.3
29.67
30.03
30.39
30.75
31.1
31.44
31.78
32.12
32.45
32.77
33.12
33.41
33.72
34.03
34.33
34.63
34.93
35.22
35.51
35.79
36.08
36.35
36.63
36.9

31.53
32.06
32.58
33.08
33.58
34.07
34.56
35.03
35.49
35.95
36.4
36.85
37.29
37.72
38.14
38.56
38.98
39.38
39.79
40.19
40.58
40.97
41.38
41.73
42.11
42.48
42.85
43.21
43.57
43.93
44.28
44.63
44.98
45.32
45.66
46

38.29
38.9
39.49
40.08
40.65
41.21
41.77
42.31
42.85
43.37
43.89
44.4
44.91
45.4
45.89
46.38
46.86
47.33
47.79
48.26
48.71
49.17
49.65
50.06
50.5
50.93
51.36
51.79
52.21
52.63
53.05
53.47
53.88
54.29
54.7
55.1

25.15
25.61
26.06
26.5
26.94
27.36
27.79
28.2
28.61
29.01
29.4
29.79
30.17
30.55
30.92
31.29
31.65
32
32.35
32.7
33.04
33.37
33.73
34.03
34.36
34.68
34.99
35.3
35.61
35.91
36.21
36.51
36.8
37.09
37.37
37.66

32.04
32.58
33.11
33.63
34.15
34.65
35.15
35.63
36.11
36.59
37.05
37.51
37.96
38.41
38.85
39.28
39.71
40.13
40.55
40.96
41.37
41.77
42.2
42.56
42.95
43.34
43.72
44.1
44.47
44.84
45.21
45.57
45.94
46.29
46.65
47

38.93
39.55
40.17
40.77
41.36
41.94
42.51
43.07
43.62
44.17
44.7
45.23
45.75
46.27
46.77
47.28
47.77
48.26
48.74
49.22
49.7
50.17
50.67
51.09
51.55
52
52.45
52.9
53.34
53.78
54.21
54.64
55.07
55.5
55.92
56.34

Chapter 5: Epilogue
5.1 Embracing Variability and Conserving Biostructure
In this thesis, I have uniquely expanded our understanding of flexible food web structure
in two important ways. Firstly, I have extended the idea of predictable flexible structure to whole
food webs by showing that many consumers throughout food webs consistently respond to their
environment based on their traits. In Chapter 2, I used stable isotope based food-web indices and
catch-per-unit-effort data to show that several common species of boreal shield fish spanning
trophic levels and macrohabitats exhibit reduced nearshore feeding and nearshore habitat use
with warming. In Chapter 3, I showed that many species within thermal guilds exhibit consistent
behavioural responses to warming, producing aggregate thermal-guild-level behavioural
responses. Chapter 3 also shows that responsiveness can be quantified and compared between
species. These chapters together show that consumers from different macrohabitats and species
from multiple trophic levels display feeding and behavioral responses with increasing
temperature, revealing that species in multiple key trophic roles and multiple thermal guilds
contribute to flexibility in whole food web structure. The presence of many responsive generalist
consumers may contribute to overall food web stability in two ways. Firstly, many responsive
consumers may produce redundancy in food webs, maintaining continued energy flow despite
species loss. Secondly, many responsive consumers could ensure that some species can capitalize
on whatever environmental changes transpire (in a manner akin to Tilman et al.'s (1998)
portfolio effect).
Secondly, I have shown that ecologists possess the complementary toolset necessary to
study rapid flexes in food web structure. In Chapter 3, I exploited the paired behavioural and
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feeding responses exhibited by responsive consumers, using novel spatial catch-per-unit-effort
behavioural metrics for dozens of species of fishes as a behavioural assay for feeding responses
to infer whole food web flexibility. In Chapter 4, I showed that compared to morphology-based
food webs, DNA-based food webs have higher resolution and structural differences, a result that
has strong implications for food web stability and dynamics. Both DNA-based food webs and
behavioural inferences of food web structure are powerful tools, allowing ecologists to develop a
broad and detailed understanding of food web flexibility. Studying food webs on short timescales
with these new tools will be an important way to investigate how species response inspire rapid
changes to ecosystems. These new tools, used in conjunction with bio-tracers and other methods
for studying food webs, will allow ecologists to uncover the flexible structure of food webs
across spatial and temporal scales and move towards understanding food webs as whole systems.
As a whole, my thesis provides novel evidence that species possess strategies to manage
environmental variability, an important prediction of complex adaptive systems and ecological
theory that links the actions of species to the persistence of entire ecosystems (Levin 1998;
Kondoh 2003; McCann 2011). This prediction suggests that ecosystems are—in a sense—
complex responsive systems, “deviously” (sensu May 1973) replete with responsive species.
This responsiveness likely extends beyond behaviour and foraging; the diverse assortment of
species in ecosystems likely also possess physiological and life history strategies that permit
their persistence through environmental variability. Responsiveness is likely present in species at
all trophic levels, although the strategies that species use to respond likely greatly differ with
taxonomic associations, with various relevant ecological characteristics of species, and with the
types of ecosystems that these species inhabit. Although my thesis focused largely on responses
to temperature to predict how food webs will flex with climate change, ecosystems have an
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exhaustive number of biotic and abiotic dimensions. Species should possess strategies to respond
to many types of variability, making ecosystems resilient to many kinds of variability.
Interestingly, most species examined in this thesis showed responses to a small set of abiotic
conditions (e.g., see Table 2.1 in Chapter 2). This suggests that the heterogenous landscape will
contain ecosystems with variously structured food webs, each shaped to correspond to a key set
of local abiotic and biotic conditions but all predictably governed by the responses of the species
that comprise them. In addition, the variable nature of many of these abiotic factors over time
would cause food web structure to be labile because of continuous restructuring. Understanding
the various ways that food webs are structured across the landscape will require both identifying
the primary environmental drivers of species responses and discovering the various naturalhistory strategies that species use to withstand poor conditions and exploit favorable conditions.
Ecologists must embrace variability as both cause and consequence in ecosystems
because nature is not simply forced by variability but rather is adapted capitalize on it. This
makes variability an important stabilizing force in ecosystems, central in maintaining the
adaptive capacity of ecosystems that allows them to endure. Understanding the role of variability
in ecosystems is more critical than ever considering that humans are altering the face of the
biosphere in extreme and unprecedented ways. Human impact is notably different than the
natural perturbations and variability experienced by ecosystems. The scale of human impacts is
immense; impacts occur from local to global scales, occur across levels of organization, in
include physical, chemical, and biological, and ecological alterations, evoking fundamental
changes in ecosystems at rates not typically experienced in nature. Many human activities strip
away aspects of variability, complexity, and diversity (e.g., reductions in seasonality, changes in
land use, and the extinctions of species). Removing natural variability transforms the landscape
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from an intricate mosaic to a largely homogenous system and risks eroding the structural
properties of ecosystems that maintain the robustness of their macroscopic properties. Human
activities may therefore very well exceed the adaptive capacity of ecosystems, pushing
ecosystems beyond their limits.
In light of the immense impacts of humans on the biosphere, ecologists and
conservationists should focus on maintaining the biostructure that promotes persistence in
ecosystems (McCann 2007). For a long time, conservation strategies focused on species, in part
because diversity was believed to increase stability. The logic was that maintaining the set of
species in an ecosystem would preserve that ecosystem’s function; however, focusing on
preventing species’ extinction ignores the environmental context that influences the behaviour
and foraging of species that sustains them. If ecosystems are indeed complex adaptive systems,
with environmental conditions driving many species responses that in turn maintain an
ecosystems’ macroscopic properties, then conservation should focus on preserving those
macroscopic properties by preserving the adaptive capacity of ecosystems, maintaining
fundamental structure elements embedded across temporal, spatial, and organizational scales that
uphold higher-order properties. Many notable ecologists have argued for maintaining important
aspects of structure, calling for the prevention of “a much more insidious kind of extinction: the
extinction of ecological interactions” (Janzen 1974) and for conservation efforts that preserve the
structure of whole ecosystems (Tylianakis et al. 2010). Importantly, humans and ecosystems are
inextricably linked, with human well-being ultimately depending on ecosystem services.
Understanding the complex adaptive nature of ecosystems will allow us to remedy human needs
with ecological realities and allow us to make use of ecosystems innate capacity to reshape and
endure.
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A critical objective moving forward with conserving whole complex adaptive systems
will be to find early warning signals that can predict future ecosystem dynamics. Ecologists need
tools to foretell critical shifts in food web structure that effect the macroscopic properties of
ecosystems before they “sputter and destabilize” (Wilson 1992). Triaging an ecosystem in the
throes of collapse may preclude action to avert that ecosystems’ collapse. Currently, early
warning signals can anticipate the onset of critical tipping in ecosystems but require time series
data that are often lacking (Gsell et al. 2016; Jarvis et al. 2016). Instead, monitoring for rapid
shifts in species’ behaviour and foraging could give prescient signals of upcoming radial changes
in ecosystems. If species do in fact respond to environmental changes in ways that promote
stability, then ecosystems may show structural signs of impending collapse when the
components of ecosystems are pushed beyond their capacities to respond and reorganize. A small
number of studies have already hinted at the ability of consumer foraging habits to monitor
ecosystem changes (Velarde et al. 2013). By identifying structural early warning signals,
ecologists can expose looming catastrophic shifts in ecosystems. Making predictions about the
future of ecosystems will therefore depend in large part on the monitoring of various dynamic
stabilizing structures ingrained in ecosystems.
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