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Abstract

Food web analyses offer useful insights into understanding how species interac-

tions, trophic relationships, and energy flow underpin important demographic

parameters of fish populations such as survival, growth, and reproduction. How-

ever, the vast amount of food web literature and the diversity of approaches can

be a deterrent to fisheries practitioners engaged in on-the-ground research, mon-

itoring, or restoration. Incorporation of food web perspectives into contemporary

fisheries management and conservation is especially rare in riverine systems,

where approaches often focus more on the influence of physical habitat and

water temperature on fish populations. In this review, we first discuss the impor-

tance of food webs in the context of several common fisheries management

issues, including assessing carrying capacity, evaluating the effects of habitat

change, examining species introductions or extinctions, considering bio-

accumulation of toxins, and predicting the effects of climate change and other

anthropogenic stressors on riverine fishes. We then examine several relevant

perspectives: basic food web description, metabolic models, trophic basis of pro-

duction, mass-abundance network approaches, ecological stoichiometry, and

mathematical modeling. Finally, we highlight several existing and emerging

methodologies including diet and prey surveys, eDNA, stable isotopes, fatty

acids, and community and network analysis. Although our emphasis and most

examples are focused on salmonids in riverine environments, the concepts are

easily generalizable to other freshwater fish taxa and ecosystems.
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1 | INTRODUCTION

“To understand the success or failure of populations of particular species, we must, among other things, know
their energy and material relationships within the ecosystem within which they live.” (C. E. Warren, 1971).

Food webs describe the complex architecture of species interactions and the flows of energy and nutrients within
ecological communities (Elton, 1927; Lindeman, 1942). The abundance, demography, productivity, and persistence of
any one species is strongly linked to the broader food web in which it participates, and species-specific responses to per-
turbations are often filtered through food web interactions (Wootton, 1994). Understanding food web dynamics is an
integral component of the successful conservation and management of imperiled species and ecosystems (Vander
Zanden et al., 2006). Shifts toward ecosystem-based management approaches incorporating food webs have occurred in
marine and lentic ecosystems (e.g., Levin & Lubchenco, 2008), but progress is less apparent in riverine ecosystems
despite calls to better integrate food webs to improve fisheries management (Naiman et al., 2012; Wipfli & Baxter, 2010;
Woodward et al., 2021).

There is abundant evidence demonstrating the profound influence of food web interactions on riverine fish
populations. For instance, fish abundance and productivity have strong links to spatial and temporal variability in prey
availability (Chapman, 1966; McCarthy et al., 2009), competition (Bellmore et al., 2013; Sabo & Pauley, 1997), and pre-
dation (Frechette et al., 2013). Yet, these processes are frequently overlooked in management approaches, which typi-
cally focus on single species and on the direct influence of abiotic habitat factors such as water temperature (Naiman
et al., 2012; Piccolo et al., 2014).

Ignoring food web processes can impact the outcomes of management actions. For instance, the concept of carrying
capacity (the abundance or biomass of fish a given habitat can support) figures centrally in common approaches to
restore depleted fish populations, such as structural habitat restoration and hatchery production. Habitat restoration
often implicitly assumes that carrying capacity can be increased through improvements to physical habitat
(e.g., increasing pool frequency, constructing off-channel habitat); meanwhile, hatchery production may assume habi-
tats have sufficient carrying capacity to support large numbers of artificially raised fish. Consideration of food webs in
these applications is rare, yet the availability of food is a fundamental constraint on fish productivity, and a key deter-
minant of carrying capacity (Chapman, 1966). Food web processes may therefore have a strong bearing on the success
or failure of these actions, which involve significant economic investment (Bernhardt et al., 2005; Roni et al., 2008). For
example, restoration activities focused on augmenting habitat quantity may have diminishing returns if productivity of
a target population is also limited by food availability (Cross et al., 2011; Naman et al., 2018).

Given the large investment in managing riverine fishes (e.g., Pacific salmon) and the proliferation of aquatic food
web research, why have food web principles and methods struggled to gain traction in riverine fisheries management?
In addition to the perceived simplicity of physical habitat and single-species approaches, we believe that a key barrier is
the lack of a clear entry point into the vast food web literature and the rapidly expanding diversity of analytic methods,
some of which may appear esoteric or daunting to many practitioners. This review addresses that barrier by providing
fisheries professionals with an introduction to perspectives and methods for investigating lotic food webs. First, we out-
line critical management questions where incorporating food webs can provide key insights to guide management
actions; second, we describe alternative perspectives through which food webs are commonly conceptualized; and third,
we highlight existing and emerging methods to collect and analyze information about lotic food webs. We focus many
of our examples on salmonid fishes and their food web relationships, given the expertise of the authors, the amount of
food web related research on these species, and their cultural, economic, and ecological importance. Our intent is not
to provide a comprehensive review of food web literature, but instead to highlight the key relevant concepts as an entry
point for practitioners.

2 | CRITICAL MANAGEMENT QUESTIONS

Understanding food webs can be highly informative in guiding management and monitoring activities in river ecosys-
tems. Below we highlight several critical management questions and show how a food web approach could provide key
insights. These questions are not exhaustive but are commonly asked by fisheries professionals. By applying a food web
perspective to these and other common management questions, it is likely that new and unexpected questions and per-
spectives may emerge that reshape management paradigms.
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2.1 | How many fish can a habitat support?

The realization that populations have a “carrying capacity” is a seminal ecological concept that has strongly influenced
fisheries research and management (Barber, 1988; Odum, 1953). Numerous approaches have been developed to esti-
mate the limits of fish abundance in rivers, such as fitting statistical models to population data (Barrowman et al., 2003)
and quantifying in-stream physical habitat conditions (Beechie et al., 1994; Cramer & Ackerman, 2009). However,
regardless of physical habitat, the production of a population cannot exceed the availability of that population's prey
and the efficiency at which consumed prey is converted into biomass (Lindeman, 1942). Therefore, food web
approaches can be used to estimate the capacity of streams and rivers by quantifying the production and availability of
prey that support fish production (Bellmore et al., 2013; Cross et al., 2013; Hayes et al., 2007). These approaches can also
be extended to estimate how carrying capacity has changed (or might change) over time due to anthropogenic alter-
ation (e.g., Bellmore et al., 2019).

2.2 | How does habitat alteration influence fish populations?

Habitat alteration (restoration or degradation) directly influences species by changing the quantity and quality of physi-
cal habitat attributes such as water depth, velocity, or structural cover (Roni & Quinn, 2001). However, habitat alter-
ation also influences focal fish species indirectly by altering food webs (Vander Zanden et al., 2006; Wipfli &
Baxter, 2010). Restoration actions may therefore have unexpected and undesirable outcomes if food web interactions
are not considered (Bellmore et al., 2017; Naiman et al., 2012). For example, common restoration actions (e.g., side
channel reconnection, wood additions) that increase suitable habitat for a desired fish species will be less successful,
and possibly detrimental, if they also reduce suitability for that species' prey or increase suitability for predators and/or
competitors.

2.3 | How do species introductions or extirpations affect ecosystems?

Invasive species can significantly alter riverine food webs by rerouting basal resources that support consumers (Moore
et al., 2012), altering nutrient cycling (Atkinson et al., 2010; Capps & Flecker, 2013; Heinrich et al., 2021), and compet-
ing with and preying upon native organisms (Baxter et al., 2004; Koel et al., 2019). Understanding the impacts of inva-
sive species—and if/how they can be controlled—often necessitates a food web approach. Conversely, the loss of
members of a food web (i.e., extinctions or extirpations) can have cascading effects on focal populations (Koel
et al., 2019) and key ecosystem processes (Taylor et al., 2006; Tronstad et al., 2015; Whiles et al., 2013).

2.4 | How do environmental contaminants spread and bioaccumulate, and what are the
consequences?

The number of known contaminants in freshwaters has dramatically increased over the last century; even environ-
ments that are considered pristine frequently have high contaminant levels due to atmospheric deposition (Landers
et al., 2010). The growing number of known contaminants has been fuelled, in part, by the increased awareness of the
impact of pharmaceutical and personal care products on freshwater organisms. In many cases, contaminants propagate
through ecosystems via food web linkages (Macneale et al., 2010; Richmond et al., 2018; Walters et al., 2020). Under-
standing food web dynamics can help elucidate pathways of contaminant flow, as well as the source(s) of contaminant
entry and consequences of contaminants on structure and dynamics of the food web itself.

2.5 | How will climate change affect focal species?

Climate change may significantly alter stream temperatures and flow regimes, as well as the adjacent terrestrial ecosys-
tems through which water, nutrients and organic matter are delivered to rivers (Palmer et al., 2009). Changes in such
inputs to streams may also manifest through climate-mediated shifts in terrestrial disturbance regimes, such as wildfire
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and associated debris flows (Davis et al., 2013), with attendant positive or negative consequences for fish populations
(Harris et al., 2015; Spencer et al., 2003). The realized impacts of these changes on a focal species are often strongly
mediated by food webs. For example, responses by fishes to warmer temperatures driven by climate change depend on
whether increasing metabolic demands can be met by the productivity of lower trophic levels (Beakes et al., 2014; Brett
et al., 1969; Crozier et al., 2010; Railsback, 2021). Climate change also directly affects the phenology and community
structure of prey resources, competitors, and predators (Burgmer et al., 2007; Morin & Dumont, 1994). Food webs are
therefore a key consideration when projecting how populations of fishes and other freshwater organisms will respond
to climate change.

2.6 | How resilient will freshwater communities be to future conditions?

The stability and resilience of biological communities is, in part, determined by the structure and dynamics of food
webs. Empirical studies and theory have elucidated various ways that attributes of food webs may promote resilience,
biodiversity, and adaptive capacity (Bellmore et al., 2015; Rooney & McCann, 2012). For example, complex food webs
with many weak interactions are thought to be more resilient to disturbances than simple food webs with few strong
interactions (McCann et al., 1998). Although the underlying mechanisms are not fully resolved, these insights suggest
that measures of food web complexity and interaction strength (e.g., Bellmore et al., 2015; Ledger et al., 2012) could
help project the resilience and adaptability of entire biological communities in the face of environmental change. This
is especially relevant given the continued shift from “single-species” to “ecosystem-based” fisheries management.

3 | FOOD WEB PERSPECTIVES

Since Charles Elton first described food chains and food webs (Elton, 1927) the most basic approach has been to simply
observe “who eats whom.” More recently, additional approaches have been pioneered to describe food webs in more
detail and from different perspectives. Below, we describe these different food web perspectives with examples of their
application to riverine fisheries management. Specifically, we discuss: (1) basic food web description of feeding relation-
ships; (2) metabolic (bioenergetics) models describing an organism's energetic or food requirements; (3) trophic basis of
production approaches for quantifying the strength of food web linkages and potential for food resource limitation;
(4) community-based approaches that infer food web structure by evaluating community network structure and com-
paring the relative body sizes and abundances of different organisms; (5) ecological stoichiometry for examining food
webs in terms of prey quality—or the ratio of essential nutrients food resources contain relative to the nutrient require-
ments of consumers; and (6) mathematical models that simulate the dynamics of food webs through time.

3.1 | Basic food web description

Feeding links between pairs or groups of species can be defined through a range of methods, including lethal or non-
lethal gut content sampling, observing behavior, or indirect approaches that trace energy flow. These initial descriptions
vary considerably in the level of resolution, comprehensiveness, and spatiotemporal extent. For instance, food web links
can be defined qualitatively based on the presence/absence of feeding relationships (Pimm, 1982), or quantitatively
based on the relative strengths of predators' interactions with prey (Paine, 1980; Wootton & Emmerson, 2005). Qualita-
tive presence/absence food webs have a long history, with well-established tools and metrics to define structural food
web properties (Bersier et al., 2002). Weighing all feeding linkages equally offers limited insights into underlying ener-
getic or demographic processes (Woodward & Hildrew, 2002). However, qualitative food webs can be highly valuable
for management; for instance, by indexing common prey species or identifying carbon sources that fuel production,
which can inform about key habitats and processes in need of protection or restoration.

By contrast, quantitative food web description additionally focuses on relative interaction strengths, providing
deeper insights into what species and energy pathways are most important. Interaction strengths can be defined in
numerous ways, including the demographic impact of consumers on resources (Paine, 1980; Power et al., 2008) or the
magnitude of consumption by a predator relative to production of prey populations (Benke, 2018). A compelling case
has also been made for including interactions beyond predator–prey connections in stream food webs. In particular,
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non-predatory trophic interactions (e.g., parasitism) as well as non-consumptive and positive interactions
(e.g., bioturbation, refuge creation, behaviorally mediated interactions) can dramatically influence the structure and
function of ecological communities in streams (Albertson et al., 2021; McIntosh & Townsend, 1996). Detecting these
important non-predatory interactions requires a robust understanding of a system's natural history and ecology and
may require experiments to supplement observational studies (e.g., Sato et al., 2012).

Regardless of how feeding links are defined, basic food web description provides important information about the
trophic roles of focal species and the architecture of feeding relationships. It is the basis for many other food web per-
spectives (see below) and is also useful in itself as a diagnostic tool if food webs are described repeatedly over environ-
mental gradients or dynamics (e.g., Cross et al., 2011; Morley et al., 2020).

3.2 | Metabolic (bioenergetics) models

Bioenergetics models describe how individual organisms budget the energy they consume into growth, reproduction,
and metabolic demands. These models are based on physiological relationships between body size, temperature, and
maximum consumption rate that have been developed for a wide range of fish species through laboratory studies
(e.g., Beauchamp et al., 1989; Stewart et al., 1983). Bioenergetics models have a long history of use in fisheries biology,
largely through the Wisconsin Bioenergetics Software platform (Deslauriers et al., 2017; Hanson, 1997). While they do
not describe food webs per se, bioenergetics models can be used to estimate energy flows from prey resources to con-
sumers. Thus, when combined with additional information, bioenergetics models can help address management ques-
tions through a food web perspective. For example, bioenergetics models are often combined with descriptive food web
information (e.g., diet composition) to quantify fluxes of energy, organic matter, and nutrients through food webs, or
reciprocally, to calculate how much fish production could be supported given available food resources (McCarthy
et al., 2009) or how fish may respond to shifts in environmental conditions (Falke et al., 2019). Bioenergetics models
have also been linked with foraging theory to describe the energetic profitability of habitat conditions for drift-feeding
fishes (Hughes & Dill, 1990). These drift-foraging bioenergetics models are increasingly being applied to inform metrics
of stream habitat quality (Jenkins & Keeley, 2010; Rosenfeld et al., 2014; Urabe et al., 2010), carrying capacity (Wall
et al., 2016), and ecological responses to flow alteration (Caldwell et al., 2018; Rosenfeld & Ptolemy, 2012).

3.3 | Trophic basis of production

The trophic basis of production approach is a technique for quantifying flows of resources along food web pathways,
the strength of food web interactions, and trophic efficiency of consumer–resource relationships in rivers (Benke, 2018;
Benke & Wallace, 1980). This approach combines estimates of consumer diets, energy assimilation efficiencies, and
population-level production to construct “quantitative flow food webs,” whereby food web linkages are scaled to the
magnitude of organic matter flowing along a given pathway (Benke, 2018). These quantitative flow food webs can be
used to determine which linkages are most important for fueling consumer production over a given time interval (typi-
cally seasonally or annually) and can be linked across trophic levels to quantify energy flows from basal resources
(periphyton and terrestrial litter) up to fish (Cross et al., 2011). This approach has been used to examine the energy flow
pathways that support both aquatic invertebrate (Benke & Wallace, 1980; Hall et al., 2001; Nelson et al., 2020), and fish
production (Bellmore et al., 2013; Marcarelli et al., 2020) in rivers, and to derive numerous management-relevant met-
rics such as food limitation of fishes, top-down control on invertebrate prey populations, interspecific competition for
food, and carrying capacity (Box 1; Cross et al., 2011; Bellmore et al., 2013). In addition, the trophic basis of production
approach can be used to map pathways of nutrient (Cross et al., 2007) or contaminant (Runck, 2007; Walters
et al., 2020) flow through food webs if the stoichiometry or contaminant concentration of predators and prey are
known.

3.4 | Ecological community description

Ecological community description represents a suite of approaches that elucidate food web structure using commonly
collected population data, such as the size, abundance, and assumed trophic relationships of organisms (Cohen
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et al., 2003; Jonsson et al., 2005). From this information, various emergent properties of food webs can be calculated
such as trophic generality and vulnerability, predator–prey body size allometry, and abundance-body size allometry.
These approaches are conceptually simple to characterize yet offer insight into higher-level ecosystem properties
(i.e., structure and function; Trebilco et al., 2013; Sprules & Barth, 2016). They also provide a synthetic metric for envi-
ronmental monitoring that may be more sensitive than traditional fish community or population metrics
(de Kerckhove, 2014; Woodward et al., 2021) and can be used to compare food webs across sites (Thompson
et al., 2018) or through time (Yurista et al., 2014). The theory underlying this approach is simple: constraints on an eco-
system's energy supply (i.e., basal resource pools) combined with the laws of thermodynamics translates into progres-
sively less energy available to support organisms living at higher trophic levels. Since body size tends to correlate with
trophic position, an orderly progression from small-many to large-few is expected moving up the “food chain.” Ecologi-
cal community description has been used to assess several important fisheries management issues, including acidifica-
tion in streams (Gray et al., 2014; Box 2), habitat restoration with large wood additions (Thompson et al., 2018), and
climate change impacts to marine and freshwater fish assemblages (Dantas et al., 2019).

BOX 1 Food web studies and adaptive management of the Colorado River, Grand Canyon, USA

Food web investigations have informed adaptive management of Glen Canyon Dam and the Colorado River in
Grand Canyon. First, quantification of the trophic basis of production of both invertebrates and fishes
(Figure A) showed that food resources (especially insect prey), were likely limiting fish populations, including
imperiled native fishes like the U.S. Endangered Species Act-listed humpback chub and a prized non-native
rainbow trout fishery in the dam's tailwater (Cross et al., 2011, 2013)—the latter of which had also been impli-
cated in declines of native fishes downstream and were a focus of removal efforts (Yard et al., 2011). Second,
these studies bracketed an experimental high flow release, and when an unanticipated burst of rainbow trout
production occurred following the high flow, results showed that this was attributable to increases in the avail-
ability of insect prey that fuelled juvenile trout in the tailwater. The food web of the tailwater segment was sim-
plified relative to the segments downstream of tributary inputs, dominated by flows from algae, and
characterized by strong trophic interactions—all of which made animal populations more likely to exhibit dra-
matic fluctuations. These and other subsequent food web studies (e.g., Behn & Baxter, 2019; Kennedy
et al., 2016) have informed flow management in the Colorado River system.

FIGURE A Food webs for four segments of the Colorado River downstream of Glen Canyon Dam. Widths of connecting lines

reflect the magnitude of organic matter flows along different food web pathways (algae vs. detritus) from organic matter (green points

in bottom row of diagrams) to invertebrates (blue points middle row) and to fishes (red points top row). Reprinted with permission

from Cross et al. (2013). Courtesy of the U.S. Geological Survey
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3.5 | Stoichiometric approaches

Although food webs are generally viewed through an energetic lens, that is, how much energy or carbon is transferred
from prey to predators, they also represent flows of nutrients and chemical compounds essential to sustain life. Ecologi-
cal stoichiometry focuses on factors shaping the balance of nutrients within different ecosystem compartments; for
instance, between consumers and food resources, or primary producers and nutrients (Sterner & Elser, 2002). Stoichio-
metric approaches are widely used to investigate lentic food webs, and they offer similar promise for understanding riv-
erine organisms and ecosystem processes (Atkinson et al., 2017; Woodward & Hildrew, 2002). While stoichiometric
approaches have traditionally focused on the “Redfield elements” (i.e., C, N, and P) due to their nutritional and func-
tional significance to individuals and ecosystems, the discipline has broadened considerably in recent years to include
micronutrients, stable isotopes, and more complex molecules such as fatty acids (Torres-Ruiz & Wehr, 2020; Twining
et al., 2017). These developments have enhanced the ability of stoichiometry to improve upon traditional food web met-
rics, such as trophic connections and linkages (van Oevelen et al., 2010). A particularly promising application of stoi-
chiometric approaches is assessing how fish populations could be limited by stochiometric imbalances with their prey
(McIntyre & Flecker, 2010; Z�avorka et al., 2021).

BOX 2 Food web networks as an indicator of recovery and invasion: The case of Broadstone
Stream, UK

Broadstone Stream is an intensively studied, headwater tributary of southeast England that has slowly recov-
ered from anthropogenic acidification over several decades. Along with the stream's recovery, researchers col-
lected long-term data on aquatic macroinvertebrate and fish composition using the “ecological community
description” approach described in this review. Since the 1970s, invertebrate taxa that were tolerant to extreme
acidity gradually decreased as expected, with variations in pH forming the sideboards for which taxa colonized
or became established (Woodward et al., 2002). However, signs of biological recovery—as measured by inverte-
brate abundance—did not appear to be as prevalent as expected with increasing pH. The ecological community
description approach makes use of the numerical abundance, body mass, and known or assumed feeding rela-
tionships among members of a biological community. Researchers concluded that increased pH allowed a non-
native top predator (brown trout, Salmo trutta L.) to invade this stream. Coupled with other evidence, brown
trout were implicated in suppressing the abundance of aquatic invertebrates even after recovery of pH in Broad-
stone Stream (Layer et al., 2011; Figure B).

FIGURE B Broadstone stream food webs plotted as species log abundance versus log body mass data, with links between nodes

representing feeding interactions. The abundance of invertebrates declines despite improving environmental conditions, as top-down

effects intensify. Reprinted with permission from Layer et al. (2011)
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3.6 | Mathematical food web simulation models

Food web simulation models are mathematical representations of food webs, where the structure and parameterization of
the models may be informed by empirical studies, but the food web relationships themselves are described by equations
(e.g., Lotka-Volterra predator–prey equations) or qualitative interaction matrices (e.g., Montaño-Moctezuma et al., 2007).
They range from highly complex, such as Ecopath–Ecosim models (Christensen & Walters, 2004) that frequently include
numerous predator and prey populations (Harvey & Kareiva, 2005; Warren et al., 2014), to relatively simple food chain
models (Atlas & Palen, 2014; Doyle, 2006; Power et al., 1995). Food web simulation models can be used to explore how river
ecosystems might respond to a variety of management actions, from direct manipulations of the food web (e.g., salmon car-
cass addition), to alterations of the physical template upon which food webs emerge (Box 3). For example, Bellmore

BOX 3 Modeling food web responses to the removal of dams on the Elwha River, USA

Between 2011 and 2014, two dams were removed from the Elwha River in northwest Washington State. A food web
simulation model was used (Aquatic Trophic Productivity model; (Bellmore et al., 2017; Whitney et al., 2019) to
explore responses directly downstream of the removed dams for fish, aquatic invertebrates, periphyton, and in-
stream detritus. The model was parameterized with observed changes in channel morphology, water turbidity, and
nutrient concentrations, which influenced the dynamics of the modeled food web via several pathways. Shortly fol-
lowing the initiation of dam removal in 2011, the model showed a dramatic decrease in fish, aquatic invertebrate,
and periphyton biomass (Figure C). Simulated declines were largely due to the combined effects of high turbidity
that limited light availability and periphyton growth, and deposition of finer and more mobile sediments unsuitable
for benthic organisms. Biomass values remained low until mid-2014, at which point turbidity decreased to levels
that allowed periphyton growth to rebound. Modeled detrital biomass was high during dam removal, reflecting the
pulse of detritus from within stored sediments and restored connectivity to the upstream river network. These simu-
lations illustrate the value of food web models for generating hypotheses about river ecosystem responses to dam
removal (see Bellmore et al., 2019 for further details).
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FIGURE C Outputs of the food web simulation model show fish (a), aquatic invertebrate (b), periphyton (c), and detritus

(d) biomass responses to dam removal on the Elwha River (Washington State, USA). Reprinted with permission from Bellmore
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et al. (2017) and Whitney et al. (2020), used a food web model to illustrate how the structure of river food webs, specifically
the presence of invasive species, can mediate responses to restoration across a river network. A strength of these models is
their ability to generate testable hypotheses, which in turn can support decision making and management experiments
within an adaptive management context. Although model results may be imprecise, subsequent monitoring can help refine
model parameters, the structure of the model, and even the underlying knowledge and assumptions on which the model is
based (Power, 2001). Despite these benefits, food web simulation model applications in riverine ecosystems are rare relative
to marine systems where they are widely used (e.g., Christensen & Pauly, 1992).

4 | FOOD WEB METHODS

There are a range of methods used to inform the different food web perspectives. Some are well established among fisheries
professionals (e.g., gut content sampling) while others are rapidly emerging (e.g., community size-abundance analysis). Each
method has advantages and drawbacks in terms of inferences provided about food web structure and dynamics, as well as
their complexity and labor and financial requirements. We outline several key existing and emerging methods to empirically
describe food webs (Figure 1). While we cannot do justice to the many procedures, technical considerations, and assump-
tions associated with each approach, we refer readers to key literature containing more detailed information.

4.1 | Direct diet and prey sampling/surveys and eDNA

Direct sampling of consumer diets is the most straightforward approach to measure feeding relationships and often the
first step taken in describing food webs. Gut content sampling is well established and offers practical appeal as it can be

FIGURE 1 Simplified representation of how alternative methodologies can inform different food web perspectives. (a) Direct

sampling of stomach contents can illuminate basic feeding links and can be used to construct qualitative connectance food webs; (b) if

diet sampling is combined with measures of prey production and estimates of prey consumption, a production-based interaction

strength can be estimated (represented by arrow thickness) and more quantitative food webs can be constructed (e.g., trophic basis of

production); (c) inferences regarding energy sources and flows can be drawn from more indirect methodologies using chemical tracers

- for instance, stable isotopes could be used to trace the flows of terrestrial vs. aquatic derived carbon (variation along element 1) and

infer trophic position of fish consumers (variation along element 2); (d) food web structure can also be inferred from information on

the abundance and body sizes of individuals in communities
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done non-lethally for many fish species and does not require expensive analytical procedures (Chipps & Garvey, 2006).
Diet analysis is the basis for qualitative food webs based on presence/absence of prey in the diet, as well as more quanti-
tative perspectives (bioenergetics or trophic basis of production analyses) based on the abundance and/or biomass of
prey in the diet and the growth of fish or other consumers (Box 1).

For food webs expressed in terms of interaction strengths, either a small subset of focal interactions may be quanti-
fied via experimental manipulations (Paine, 1980; Power et al., 2008), or sampling the abundance of prey
communities—often aquatic and terrestrial invertebrates—is required to estimate production-based interaction
strengths (i.e. the proportion of a prey population's production consumed by various predators for entire communities
of organisms; e.g., Cross et al., 2011). The former approach is aligned with the idea that although there may be many
interactions in food webs only a few of these are strong and these are the ones that need to be understood (Power
et al., 1996). By contrast, the latter approach allows for a more explicit focus on the potential importance of weak tro-
phic interactions and various metrics of food web complexity to the stability of particular populations and/or biodiver-
sity as a whole (Bellmore et al., 2015; McCann et al., 1998).

Though direct diet and prey sampling is straightforward, there are challenges that warrant consideration (reviewed
in Chipps & Garvey, 2006). First, there can be significant labor involved in collecting, sorting, and identifying diet and
prey availability samples in the field and laboratory, especially if large portions of diet and prey are composed of inver-
tebrates or a wide array of animal and other organic matter sources. Each sample may contain hundreds, or thousands
of individuals of many different prey taxa and large sample sizes are often required to detect patterns (Weber
et al., 2017). Second, estimating the identity and mass of partially digested prey individuals in the gut can be difficult
and may lead to biases despite a wide range of methods available (Benke et al., 1999; Hyslop, 1980). For example, more
sclerotized prey will typically be over-represented relative to soft-bodied prey that are easily digested. Third, gut con-
tents reflect only a snapshot of a consumer's diet (hours to days). Consequently, the importance of a given prey can be
overestimated or important feeding relationships can be missed; for example, if short pulses of prey like salmon eggs
are critical to a species' production (e.g., Armstrong et al., 2010) but fall outside of the sampling window(s). This issue
can be addressed with repeated sampling or complementing gut contents with longer term, integrative indicators of diet
composition like stable isotope composition (discussed below). Indeed, repeated sampling (using gut contents and/or
stable isotopes) may be necessary not only to provide a “representative sample” of the overall diets of fishes, but because
the variability in time of these diets is itself a phenomenon of interest (Behn & Baxter, 2019; McMeans et al., 2016;
Winemiller, 1990).

Environmental DNA metabarcoding (eDNA) is an emerging tool for diet and prey availability sampling that may
address issues with high labor requirements and identification challenges associated with traditional sampling tech-
niques. eDNA sampling extracts genetic material from water or digested stomach contents and references that mixture
to a database to identify what species are present (Rees et al., 2014; Yoccoz, 2012). eDNA sampling can be completed
faster and at less cost than traditional diet and prey availability sampling and laboratory processing (McInerney &
Rees, 2018). Yet, it is not without limitations. Most notably, eDNA has primarily been used to provide information on
presence/absence rather than biomass and abundance. As a result, eDNA sampling alone currently has limited utility
for more quantitative food web perspectives. However, eDNA methodology is rapidly advancing toward more quantita-
tive estimation of population abundance and biomass (Doi et al., 2016; Traugott et al., 2021).

4.2 | Stable isotopes

The use of stable isotopes to infer freshwater food web attributes and energy sources supporting consumers has been
steadily increasing due to reduced costs over time and advancements in analytical approaches (Layman et al., 2012).
Stable isotopes in an organism's tissues generally reflect the isotopic composition of their diet, after accounting for isoto-
pic fractionation and trophic discrimination (Nielsen et al., 2018; Peterson & Fry, 1987). A key advantage of stable iso-
topes is that they integrate the portion of the diet that has been assimilated over time (rather than what has been
ingested), and tissues with different turnover times can be selected to reflect diet over weeks (e.g., mucus), months
(e.g., muscle tissue), or even years (e.g., otoliths) depending on the question and time period of interest (e.g., Heady &
Moore, 2013). They also have a well-established array of associated analytical tools (see Phillips et al., 2014).

The most common stable isotopes used to investigate freshwater food webs are those of nitrogen (15N) and carbon
(13C), although deuterium (2H), sulfur (34S), and others are also used (Jeffres et al., 2020; Layman et al., 2012; Nielsen
et al., 2018). Nitrogen is particularly useful to determine trophic position and ontogenetic diet shifts (Anderson &
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Cabana, 2007; Post, 2002). For example, by examining relationships between bull trout (Salvelinus confluentus) length
and δ15N, Lowery and Beauchamp (2015) identified what size a shift to piscivory occurred. Nitrogen is also useful in
quantifying the flow of marine-derived nutrients through freshwater food webs, as anadromous species typically have
enriched 15N signatures that can be used as a tracer (Bilby et al., 1996; Box 4). Carbon and deuterium are commonly
used to trace the flow of energy from basal food resources, such as distinguishing relative contributions of allo-
chthonous (terrestrial-derived) and autochthonous (aquatic-derived) carbon fueling stream food webs following land-
scape change (Spencer et al., 2003; Thorp & Delong, 2002; Wootton, 2012). Combining multiple isotopes and advanced
mixing models (e.g., Moore & Semmens, 2008; Stock et al., 2018) may allow for more detailed evaluation of diet contri-
butions to consumers as well as isotope-based metrics of emergent food web properties (e.g., dietary overlap, dietary
niche breadth, trophic diversity; Jackson et al., 2011). For example, using multiple isotopes, Rubenson et al. (2020)
found little overlap in the dietary niches of northern pikeminnow (Ptychocheilus oregonensis), smallmouth bass (Micro-
pterus dolomieu), and juvenile Chinook salmon (Oncorhynchus tshawytscha), suggesting that predation and competition
among these species was likely low.

However, stable isotope analyses have important limitations. First, they provide coarse detail and usually do not
allow for delineation of actual feeding pathways (i.e., who eats whom). To draw reliable inferences, it is important that
there is clear discrimination in the isotopic composition of diet sources to avoid misleading estimates of contributions
to consumers, and this often restricts analysis to a few classes of resources (e.g., aquatic vs. terrestrially derived C,
marine vs. freshwater derived N). Second, high temporal or spatial variation in food resources may require more inten-
sive sampling (Brett et al., 2017; Finlay et al., 2002). Third, results can be highly sensitive to variable isotope fraction-
ation rates across trophic levels, which are difficult to assess in field settings (Vander Zanden & Rasmussen, 2001).
Emerging stable isotope methods such as compound-specific stable isotope analysis (e.g., amino acids; Thorp &
Bowes, 2017) can bypass some of these issues and allow more detailed inference into different prey sources. However,
these techniques are in earlier stages of development (Liew et al., 2019; Nielsen et al., 2018).

4.3 | Fatty acids

Like stable isotopes, fatty acids (FA) are biomarkers that can be used to infer feeding relationships and the flows within
food webs of both energy and these critical compounds themselves. FA has been used less in riverine systems but may
be preferable to stable isotopes in some situations. For instance, because FA analysis uses more markers than stable iso-
topes, it provides more dimensional space to discriminate diet composition among consumers (i.e., more diet sources
can be evaluated). Additionally, certain FAs are indicative of specific taxa at the base of the food web, providing more
detail about the flow of energy from basal organisms (e.g., bacteria, fungi, aquatic algae, terrestrial plants, etc.). Fatty
acids can also be used as a measure of food quality, as a number of essential fatty acids are important for fish growth,
health, and survival (Rinchard et al., 2007).

However, the use of FA in riverine ecosystems has largely been restricted to lower trophic levels (e.g., invertebrates
and their food resources; Twining et al., 2017), with few studies focused on wild populations of vertebrate predators
(but see Fujibayashi et al., 2019; Heintz et al., 2010). Further, the use of FA has been relatively qualitative, whereas
mixing models used in stable isotope analysis provide quantitative estimates and error of proportional contributions of
diet items to a consumer. However, quantitative FA approaches are advancing. Quantitative FA signature analysis
(QFASA) infers diet composition using a weighted mixture of FA stores in putative prey sources that most closely
match the FA signature of a consumer (Iverson et al., 2004). FA profiles can be modified from prey to consumer, and it
is important to account for these changes prior to analysis (Happel, Stratton, Kolb, et al., 2016). Currently, this restricts
the application of this method to consumers with a simple prey composition (Happel, Stratton, Pattridge, et al., 2016).
Because FA are currently largely qualitative, coupling FA with other approaches such as stable isotopes and direct diet
analysis can be more informative (e.g., Fujibayashi et al., 2019; Rubenson et al., 2020).

4.4 | Ecological community description and analysis

Ecological community description involves collecting data on taxa present in the food web (“nodes”), inferring the tro-
phic relationships between them (“links”), developing a table of who eats whom (“predation matrix”), and optionally
coupling this information with estimates of individual body mass and abundance (Box 3). Mass–abundance (M–N)
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relationships or size spectra methods may be particularly useful to fisheries biologists given that body size and abun-
dance (absolute or relative) data are typically collected during routine field sampling (White et al., 2007). The insight
gained from M–N relationships depends on the nature of field data, as well as the statistical methods used to fit models.
Unbiased estimates of abundance (or abundance indices like catch per unit effort) are needed for all taxa and size
classes of interest, which may necessitate multiple sampling methods or data corrections to account for taxa- and

BOX 4 Food web responses to carcass additions in the Northeast Oregon

In regions with suppressed anadromous fish runs, managers commonly add inorganic nutrients, salmon car-
casses, or salmon carcass analogs to streams to compensate for losses of marine-derived nutrient subsidies and
stimulate food web productivity. Understanding how food webs respond to these actions is critical to evaluating
their effectiveness and impact on target species (Collins et al., 2015). Researchers added carcasses to sections of
the upper Grande Ronde River in northeastern Oregon and utilized stable isotopes and diet sampling to evalu-
ate how these subsidies were incorporated into the food web (Kaylor et al., 2021). Stable isotopes revealed that
carcass nitrogen was broadly incorporated into food webs, including biofilm, numerous macroinvertebrate
groups, and a diverse assemblage of native fish species (Figure D). However, juvenile salmonids showed much
greater assimilation of carcass nitrogen than other taxa, suggesting that they could not have obtained this
enriched nitrogen directly from lower trophic level prey. Diet analysis confirmed that juvenile salmonids were
consuming large amounts of carcass tissue and eggs, whereas other taxa were not. Thus, combining stable iso-
tope analysis and diets revealed the mechanism driving higher carcass nutrient assimilation by juvenile salmo-
nids, suggesting that retaining eggs within carcasses is critical to maximize the impact of this management
action

FIGURE D The estimated proportion of nitrogen that was assimilated by taxa from carcasses (MDN) before (first box) and

3 and 8 weeks after carcass additions (second and third boxes). BIOF, biofilm; CH, juvenile Chinook salmon; CPOM, leaf litter

(alder); CR, crayfish; PR, invertebrate predators; SC, sculpin; SCR, invertebrate scrapers; SHR, invertebrate shredders; SPD,

speckled dace; STL, juvenile steelhead. Reprinted with permission from Kaylor et al. (2021)
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size-selectivity. Whether M–N relationships will encompass one (e.g., piscivores) or multiple trophic levels
(e.g., primary consumers, secondary consumers, etc.) should be considered before sampling commences, so that mass
and abundance is accurately characterized for all relevant members of the biological community. There are also a range
of statistical methods for characterizing mass-abundance relationships that are still very much a subject of active
research and discussion (see Edwards et al., 2017; Sprules & Barth, 2016).

5 | FURTHER CONSIDERATIONS AND CONCLUSIONS

We intended this review to provide a starting point and initial guidance to fisheries researchers and practitioners
addressing critical management questions, or who are considering integrating food webs for guiding management
actions and restoration activities. This broad scope meant that we could not cover all the nuances of each approach; in
particular, we did not discuss many computational and statistical considerations. Interested readers should therefore
consult the references highlighted in each section for further details. In addition to these key articles, user friendly soft-
ware for tackling these analyses is increasingly available; for instance, there are free open-source programs and pack-
ages to implement bioenergetics analysis (Deslauriers et al., 2017; Naman et al., 2020), ecological community
description (Hudson et al., 2013; Permado, 2015), diet composition using stable isotopes (Stock et al., 2018), and whole
food web simulations (Whitney et al., 2020). We encourage interested readers to investigate these tools and their docu-
mentation, which are rapidly increasing the accessibility of food web approaches.

Ultimately, there is no “one size fits all” approach to assessing food webs, nor is there a cookbook method for choos-
ing which approach is most appropriate for a given problem. Each has advantages and limitations that are best applied
to particular management questions (Figure 2). Approaches can also be complementary when used simultaneously
(Rine et al., 2016), providing a more accurate picture of food webs and their dynamics. Important considerations
include what metrics to use (e.g., single species vs. emergent whole food web properties), the level of detail desired
(e.g., qualitative vs. quantitative food web links), how much field and laboratory effort is feasible, and the required ana-
lytical expertise.

The value of any food web investigation will also depend on the rigor of the study design. In particular, inferences
into cause and effect will be strengthened when food web properties are integrated into experiments. While manipula-
tive food web experiments (e.g., Morley et al., 2020; Nakano & Murakami, 2001; Power, 2001; Suttle et al., 2004) may
not always be tractable, mensurative experiments taking advantage of natural contrasts in environmental conditions

FIGURE 2 Critical management questions are commonly linked to certain food web perspectives, which in turn are informed by

distinct methodologies. Dark lines represent “common” linkages, that is, where there are abundant examples in the literature. Gray lines

represent “emerging” links, where there may be strong conceptual association between compartments but few example applications to date.

Note, these links are based on the collective experience of the authors, not a formal bibliometric analysis
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can be a powerful tool in many management situations. Further, management actions themselves, such as physical
habitat manipulation or invasive species removal, can act as quasi-experimental treatments (Konrad et al., 2011). Care-
ful measurement of food web parameters around these actions can provide deeper insights into the processes underly-
ing ecological responses and be highly informative for adaptive management decisions (Cross et al., 2011).

Scale is also a critical consideration and challenge for any food web investigation. While food web studies are often
applied at relatively small spatial scales (e.g., stream reaches) and over short timeframes, many fishes complete their life
histories at larger spatial and temporal scales throughout riverscapes, and these are the scales at which fisheries managers
may have the most need for understanding (Fausch et al., 2002; Torgersen et al., 2021). Thus, efforts to quantify food webs
at larger scales throughout river networks (Power & Dietrich, 2002) and/or river-floodplain mosaics are needed, but are
still relatively nascent (but see: Bellmore et al., 2015; Jeffres et al., 2020; Laske et al., 2019; Uno & Power, 2015).

Riverine fisheries management and conservation can benefit from the incorporation of food web perspectives, and
food web investigations are increasingly identified as a critical priority for restoring depleted populations, for example,
Pacific salmon in the Columbia River (Naiman et al., 2012; White et al., 2021) and Atlantic Salmon in Europe
(Woodward et al., 2021). In stark contrast to approaches focused only on physical habitat, these insights suggest inte-
grating food web perspectives is paramount to the success or failure of critical and costly management actions such as
habitat restoration, invasive species removal, or climate mitigation strategies. This incorporation of food webs is inher-
ently challenging and will face continued barriers; however, the wide ranging and evolving array of conceptual and
methodological approaches we described offer an important and exciting opportunity to better address these existing
and emerging management issues through a food web lens.

ACKNOWLEDGMENTS
This article emerged from the Symposia: “Moving beyond water quality indices: how can macroinvertebrate data from fish
habitat monitoring programs inform food web analyses?”, presented at the 145th Annual Meeting of the American Fish-
eries Society. Gabriel Rossi, George Pess, and an anonymous reviewer provided comments that greatly improved the
manuscript. Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement
by the U.S. Government.

CONFLICT OF INTEREST
The authors have declared no conflicts of interest for this article.

AUTHOR CONTRIBUTIONS
Sean M. Naman: Conceptualization (lead); writing – original draft (lead); writing – review and editing (lead). Seth
M. White: Conceptualization (equal); writing – original draft (equal); writing – review and editing (equal). J. Ryan
Bellmore: Conceptualization (equal); writing – original draft (equal); writing – review and editing (equal). Peter
A. McHugh: Conceptualization (equal); writing – original draft (equal); writing – review and editing (equal). Mat-
thew J. Kaylor: Conceptualization (supporting); writing – original draft (equal); writing – review and editing (equal).
Colden V. Baxter: Conceptualization (equal); writing – original draft (supporting); writing – review and editing
(equal). Robert J. Danehy: Conceptualization (equal); writing – review and editing (equal). Robert J. Naiman: Con-
ceptualization (equal); writing – review and editing (equal). Amy L. Puls: Conceptualization (equal); writing – review
and editing (equal).

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were created or analyzed in this study.

ORCID
Sean M. Naman https://orcid.org/0000-0002-2113-8311

RELATED WIREs ARTICLES
Conservation of aquatic landscapes: ponds, lakes, and rivers as integrated systems
Goals and principles for programmatic river restoration monitoring and evaluation: collaborative learning across
multiple projects
Aquatic ecosystem metabolism as a tool in environmental management
Impacts and indicators of change in lotic ecosystems

14 of 21 NAMAN ET AL.

 20491948, 2022, 4, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1590 by O

regon State U
niversity, W

iley O
nline Library on [13/10/2022]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://orcid.org/0000-0002-2113-8311
https://orcid.org/0000-0002-2113-8311
https://doi.org/10.1002/WAT2.1045
https://doi.org/10.1002/WAT2.1257
https://doi.org/10.1002/WAT2.1257
https://doi.org/10.1002/WAT2.1521
https://doi.org/10.1002/wat2.1040


REFERENCES
Albertson, L. K., MacDonald, M. J., Tumolo, B. B., Briggs, M. A., Maguire, Z., Quinn, S., Sanchez-Ruiz, J. A., Veneros, J., & Burkle, L. A.

(2021). Uncovering patterns of freshwater positive interactions using meta-analysis: Identifying the roles of common participants, inva-
sive species and environmental context. Ecology Letters, 24(3), 594–607. https://doi.org/10.1111/ele.13664

Anderson, C., & Cabana, G. (2007). Estimating the trophic position of aquatic consumers in river food webs using stable nitrogen isotopes.
Journal of the North American Benthological Society, 26(2), 273–285. https://doi.org/10.1899/0887-3593(2007)26[273:ETTPOA]2.0.CO;2

Armstrong, J. B., Schindler, D. E., Omori, K. L., Ruff, C. P., & Quinn, T. P. (2010). Thermal heterogeneity mediates the effects of pulsed subsi-
dies across a landscape. Ecology, 91(5), 1445–1454. https://doi.org/10.1890/09-0790.1

Atkinson, C. L., Capps, K. A., Rugenski, A. T., & Vanni, M. J. (2017). Consumer-driven nutrient dynamics in freshwater ecosystems: From
individuals to ecosystems. Biological Reviews, 92(4), 2003–2023. https://doi.org/10.1111/brv.12318

Atkinson, C. L., Opsahl, S. P., Covich, A. P., Golladay, S. W., & Conner, L. M. (2010). Stable isotopic signatures, tissue stoichiometry, and
nutrient cycling (C and N) of native and invasive freshwater bivalves. Journal of the North American Benthological Society, 29(2), 496–
505. https://doi.org/10.1899/09-083.1

Atlas, W. I., & Palen, W. J. (2014). Prey vulnerability limits top-down control and alters reciprocal feedbacks in a subsidized model food web.
PLoS One, 9(1), 1–10. https://doi.org/10.1371/journal.pone.0085830

Barber, W. E. (1988). Maximum sustainable yield lives on. North American Journal of Fisheries Management, 18(2), 153–157.
Barrowman, N. J., Myers, R. A., Hilborn, R., Kehler, D. G., & Field, C. A. (2003). The variability among populations of coho salmon in the

maximum reproductive rate and depensation. Ecological Applications, 13(3), 784–793.
Baxter, C. V., Fausch, K. D., Murakami, M., & Chapman, P. L. (2004). Fish invasion restructures stream and forest food webs by interrupting

reciprocal prey subsidies. Ecology, 85(10), 2656–2663. https://doi.org/10.1890/04-138
Beakes, M. P., Moore, J. W., Hayes, S. A., & Sogard, S. M. (2014). Wildfire and the effects of shifting stream temperature on salmonids. Eco-

sphere, 5(5), 1–14. https://doi.org/10.1890/ES13-00325.1
Beauchamp, D. A., Stewart, D. J., & Thomas, G. L. (1989). Corroboration of a bioenergetics model for sockeye salmon. Transactions of the

American Fisheries Society, 2012, 37–41. https://doi.org/10.1577/1548-8659(1989)118<0597
Beechie, T., Beamer, E., & Wasserman, L. (1994). Estimating Coho Salmon rearing habitat and smolt production losses in a large river basin,

and implications for habitat restoration. North American Journal of Fisheries Management, 14(4), 797–811. https://doi.org/10.1577/1548-
8675(1994)014<0797:ecsrha>2.3.co;2

Behn, K. E., & Baxter, C. V. (2019). The trophic ecology of a desert river fish assemblage: Influence of season and hydrologic variability. Eco-
sphere, 10(1), e02583. https://doi.org/10.1002/ecs2.2583

Bellmore, J. R., Baxter, C. V., & Connolly, P. J. (2015). Spatial complexity reduces interaction strengths in the meta-food web of a river flood-
plain mosaic. Ecology, 96(1), 274–283. https://doi.org/10.1890/14-0733.1

Bellmore, J. R., Baxter, C. V., Martens, K., & Connolly, P. J. (2013). The floodplain food web mosaic: A study of its importance to salmon and
steelhead with implications for their recovery. Ecological Applications, 23(1), 189–207. https://doi.org/10.1890/12-0806.1

Bellmore, J. R., Benjamin, J. R., Newsom, M., Bountry, J. A., & Dombroski, D. (2017). Incorporating food web dynamics into ecological resto-
ration: A modeling approach for river ecosystems. Ecological Applications, 27(2), 814–832. https://doi.org/10.1002/eap.1486

Bellmore, J. R., Pess, G. R., Duda, J. J., O'Connor, J. E., East, A. E., Foley, M. M., Wilcox, A. C., Major, J. J., Shafroth, P. B., Morley, S. A.,
Magirl, C. S., Anderson, C. W., Evans, J. E., Torgersen, C. E., & Craig, L. S. (2019). Conceptualizing ecological responses to dam removal:
If you remove it, what's to come? Bioscience, 69(1), 12–14. https://doi.org/10.1093/biosci/biy152

Benke, A. C. (2018). River food webs: An integrative approach to bottom-up flow webs, top-down impact webs, and trophic position. Ecology,
99(6), 1370–1381. https://doi.org/10.1002/ecy.2228

Benke, A. C., Huryn, A. D., Smock, L. A., & Wallace, J. B. (1999). Length-mass relationships for freshwater macroinvertebrates in North
America with particular reference to the southeastern United States. Journal of the North American Benthological Society, 18(3), 308–343.

Benke, A. C., & Wallace, J. B. (1980). Trophic basis of production among net-spinning caddisflies in a southern Appalachian stream. Ecology,
61(1), 108–118.

Bernhardt, E. S., Palmer, M. A., Allan, J. D., Alexander, G., Barnas, K., Brooks, S., Carr, J., Clayton, S., Dahm, C., Galat, D., Gloss, S.,
Goodwin, P., Hart, D., Hassett, B., Jenkinson, R., Katz, S., Kondolf, G. M., Lake, P. S., Lave, R., … Sudduth, E. (2005). Synthesizing U.S
river restoration efforts. Science, 308, 636–638.

Bersier, L.-F., Carolin, B.-R., & Cattin, M. F. (2002). Quantitative descriptors of food web matrices. Ecology, 83(9), 2101–2117.
Bilby, R. E., Fransen, B. R., & Bisson, P. A. (1996). Incorporation of nitrogen and carbon from spawning coho salmon into the trophic system

of small streams: Evidence from stable isotopes. Canadian Journal of Fisheries and Aquatic Sciences, 53(1), 164–173. https://doi.org/10.
1139/f95-159

Brett, J. R., Shelbourn, J. E., & Shoop, C. T. (1969). Growth rate and body composition of fingerling sockeye salmon in relation to tempera-
ture and ration size. Journal of the Fisheries Research Board of Canada, 26, 2363–2394.

Brett, M. T., Bunn, S. E., Chandra, S., Galloway, A. W. E., Guo, F., Kainz, M. J., Kankaala, P., Lau, D. C. P., Moulton, T. P., Power, M. E.,
Rasmussen, J. B., Taipale, S. J., Thorp, J. H., & Wehr, J. D. (2017). How important are terrestrial organic carbon inputs for secondary pro-
duction in freshwater ecosystems? Freshwater Biology, 62(5), 833–853. https://doi.org/10.1111/fwb.12909

Burgmer, T., Hillebrand, H., & Pfenninger, M. (2007). Effects of climate-driven temperature changes on the diversity of freshwater
macroinvertebrates. Oecologia, 151(1), 93–103. https://doi.org/10.1007/s00442-006-0542-9

NAMAN ET AL. 15 of 21

 20491948, 2022, 4, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1590 by O

regon State U
niversity, W

iley O
nline Library on [13/10/2022]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1111/ele.13664
https://doi.org/10.1899/0887-3593(2007)26%5B273:ETTPOA%5D2.0.CO;2
https://doi.org/10.1890/09-0790.1
https://doi.org/10.1111/brv.12318
https://doi.org/10.1899/09-083.1
https://doi.org/10.1371/journal.pone.0085830
https://doi.org/10.1890/04-138
https://doi.org/10.1890/ES13-00325.1
https://doi.org/10.1577/1548-8659(1989)118%3C0597
https://doi.org/10.1577/1548-8675(1994)014%3C0797:ecsrha%3E2.3.co;2
https://doi.org/10.1577/1548-8675(1994)014%3C0797:ecsrha%3E2.3.co;2
https://doi.org/10.1002/ecs2.2583
https://doi.org/10.1890/14-0733.1
https://doi.org/10.1890/12-0806.1
https://doi.org/10.1002/eap.1486
https://doi.org/10.1093/biosci/biy152
https://doi.org/10.1002/ecy.2228
https://doi.org/10.1139/f95-159
https://doi.org/10.1139/f95-159
https://doi.org/10.1111/fwb.12909
https://doi.org/10.1007/s00442-006-0542-9


Caldwell, T. J., Rossi, G. J., Henery, R. E., & Chandra, S. (2018). Decreased streamflow impacts fish movement and energetics through reduc-
tions to invertebrate drift body size and abundance. River Research and Applications, 1-12, 965–976. https://doi.org/10.1002/rra.3340

Capps, K. A., & Flecker, A. S. (2013). Invasive aquarium fish transform ecosystem nutrient dynamics. Proceedings of the Royal Society B: Bio-
logical Sciences, 280(1769), 20131520. https://doi.org/10.1098/rspb.2013.1520

Chapman, D. W. (1966). Food and space as regulators of salmonid populations in streams. The American Naturalist, 100(913), 345–357.
Chipps, S. R., & Garvey, J. E. (2006). Assessment of food habits and feeding patterns. In Daniel C. Dauwalter Analysis and interpretation of

freshwater fisheries data. American Fisheries Society.
Christensen, V., & Pauly, D. (1992). ECOPATH II: A software for balancing steady-state ecosystem models and calculating network charac-

teristics. Ecological Modelling, 61(3-4), 169–185. https://doi.org/10.1016/0304-3800(92)90016-8
Christensen, V., & Walters, C. J. (2004). Ecopath with Ecosim: Methods, capabilities and limitations. Ecological Modelling, 172(2–4), 109–139.

https://doi.org/10.1016/j.ecolmodel.2003.09.003
Cohen, J. E., Jonsson, T., & Carpenter, S. R. (2003). Ecological community description using the food web, species abundance, and body size.

Proceedings of the National Academy of Sciences, 100(4), 1781–1786. https://doi.org/10.1016/S0065-2504(05)36001-6
Collins, S. F., Marcarelli, A. M., Baxter, C. V., & Wipfli, M. S. (2015). A critical assessment of the ecological assumptions underpinning compensa-

tory mitigation of Salmon-derived nutrients. Environmental Management, 56(3), 571–586. https://doi.org/10.1007/s00267-015-0538-5
Cramer, S. P., & Ackerman, N. K. (2009). Linking stream carrying capacity for salmonids to habitat features. American Fisheries Society Sym-

posium, 71, 225–254.
Cross, W. F., Baxter, C. V., Donner, K. C., Rosi-Marshall, E. J., Kennedy, T. A., Hall, R. O., Kelly, H., & Rogers, R. S. (2011). Ecosystem ecol-

ogy meets adaptive management: Food web response to a controlled flood on the Colorado River, Glen canyon. Ecological Applications,
21(6), 2016–2033.

Cross, W. F., Baxter, C. V., Rosi-Marshall, E. J., Hall, R. O., Kennedy, T. A., Donner, K. C., Kelly, H. W., Segert, C., Behn, K. E., &
Yard, M. D. (2013). Food-web dynamics in a large river discontinuum. Ecological Monographs, 83(3), 311–337.

Cross, W. F., Wallace, J. B., & Rosemond, A. D. (2007). Nutrient enrichment reduces constraints on material flows in a detritus-based food
web. Ecology, 88(10), 2563–2575. https://doi.org/10.1890/06-1348.1

Crozier, L. G., Zabel, R. W., Hockersmith, E. E., & Achord, S. (2010). Interacting effects of density and temperature on body size in multiple
populations of Chinook salmon. Journal of Animal Ecology, 79(2), 342–349. https://doi.org/10.1111/j.1365-2656.2009.01641.x

Dantas, D. D. F., Caliman, A., Guariento, R. D., Angelini, R., Carneiro, L. S., Lima, S. M. Q., Martinez, P. A., & Attayde, J. L. (2019). Climate
effects on fish body size–trophic position relationship depend on ecosystem type. Ecography, 42(9), 1579–1586. https://doi.org/10.1111/
ecog.04307

Davis, J. M., Baxter, C. V., Rosi-Marshall, E. J., Pierce, J. L., & Crosby, B. T. (2013). Anticipating stream ecosystem responses to climate
change: Toward predictions that incorporate effects via land-water linkages. Ecosystems, 16(5), 909–922. https://doi.org/10.1007/s10021-
013-9653-4

de Kerckhove, D. (2014). Promising indicators of fisheries productivity for the fisheries protection program assessment framework. Canadian
Science Advisory Secretariat - Research Document, 108, 69.

Deslauriers, D., Chipps, S. R., Breck, J. E., Rice, J. A., & Madenjian, C. P. (2017). Fish bioenergetics 4.0: An R-based modeling application.
Fisheries, 42(11), 586–596. https://doi.org/10.1080/03632415.2017.1377558

Doi, H., Inui, R., Akamatsu, Y., Kanno, K., Yamanaka, H., Takahara, T., & Minamoto, T. (2016). Environmental DNA analysis for estimating
the abundance and biomass of stream fish. Freshwater Biology, 62, 30–39. https://doi.org/10.1111/FWB.12846

Doyle, M. W. (2006). A heuristic model for potential geomorphic influences on trophic interactions in streams. Geomorphology, 77(3–4), 235–
248. https://doi.org/10.1016/j.geomorph.2006.01.007

Edwards, A. M., Robinson, J. P. W., Plank, M. J., Baum, J. K., & Blanchard, J. L. (2017). Testing and recommending methods for fitting size
spectra to data. Methods in Ecology and Evolution, 8(1), 57–67. https://doi.org/10.1111/2041-210X.12641

Elton, C. S. (1927). Animal ecology. Sidgewick and Jackson.
Falke, J. A., Huntsman, B. M., & Schoen, E. R. (2019). Climatic variation drives growth potential of juvenile Chinook Salmon along a subarc-

tic boreal riverscape. American Fisheries Society Symposium, 90, 57–82.
Fausch, K. D., Torgersen, C. E., Baxter, C. V., & Li, H. W. (2002). Landscapes to riverscapes: Bridging the gap between research and conserva-

tion of stream fishes. Bioscience, 52(6), 483–498. https://doi.org/10.1641/0006-3568(2002)052[0483:LTRBTG]2.0.CO;2
Finlay, J. C., Khandwala, S., & Power, M. E. (2002). Spatial scales of carbon flow in a river food web. Ecology, 83(7), 1845–1859. https://doi.

org/10.1890/0012-9658(2002)083[1845:SSOCFI]2.0.CO;2
Frechette, D., Collins, A. L., Harvey, J. T., Hayes, S. A., Huff, D. D., Jones, A. W., Retford, N. A., Langford, A. E., Moore, J. W.,

Osterback, A. M. K., Satterthwaite, W. H., & Shaffer, S. A. (2013). A bioenergetics approach to assessing potential impacts of avian preda-
tion on juvenile steelhead during freshwater rearing. North American Journal of Fisheries Management, 33(5), 1024–1038. https://doi.
org/10.1080/02755947.2013.816395

Fujibayashi, M., Miura, Y., Suganuma, R., Takahashi, S., Sakamaki, T., Miyata, N., & Kazama, S. (2019). Origin of carbon and essential fatty
acids in higher trophic level fish in headwater stream food webs. Biomolecules, 9(9), 1–13. https://doi.org/10.3390/biom9090487

Gray, C., Baird, D. J., Baumgartner, S., Jacob, U., Jenkins, G. B., O'Gorman, E. J., Lu, X., Ma, A., Pocock, M. J. O., Schuwirth, N.,
Thompson, M., & Woodward, G. (2014). Ecological networks: The missing links in biomonitoring science. Journal of Applied Ecology,
51(5), 1444–1449. https://doi.org/10.1111/1365-2664.12300

16 of 21 NAMAN ET AL.

 20491948, 2022, 4, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1590 by O

regon State U
niversity, W

iley O
nline Library on [13/10/2022]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1002/rra.3340
https://doi.org/10.1098/rspb.2013.1520
https://doi.org/10.1016/0304-3800(92)90016-8
https://doi.org/10.1016/j.ecolmodel.2003.09.003
https://doi.org/10.1016/S0065-2504(05)36001-6
https://doi.org/10.1007/s00267-015-0538-5
https://doi.org/10.1890/06-1348.1
https://doi.org/10.1111/j.1365-2656.2009.01641.x
https://doi.org/10.1111/ecog.04307
https://doi.org/10.1111/ecog.04307
https://doi.org/10.1007/s10021-013-9653-4
https://doi.org/10.1007/s10021-013-9653-4
https://doi.org/10.1080/03632415.2017.1377558
https://doi.org/10.1111/FWB.12846
https://doi.org/10.1016/j.geomorph.2006.01.007
https://doi.org/10.1111/2041-210X.12641
https://doi.org/10.1641/0006-3568(2002)052%5B0483:LTRBTG%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B1845:SSOCFI%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B1845:SSOCFI%5D2.0.CO;2
https://doi.org/10.1080/02755947.2013.816395
https://doi.org/10.1080/02755947.2013.816395
https://doi.org/10.3390/biom9090487
https://doi.org/10.1111/1365-2664.12300


Hall, J., Likens, G. E., & Malcom, H. M. (2001). Trophic basis of invertebrate production in 2 streams at the Hubbard brook experimental
forest. Journal of the North American Benthological Society, 20(3), 432–447. https://doi.org/10.2307/1468040

Hanson, P. C. (1997). Fish bioenergetics 3.0 for windows. University of Wisconsin–Madison.
Happel, A., Stratton, L., Kolb, C., Hays, C., Rinchard, J., & Czesny, S. (2016). Evaluating quantitative fatty acid signature analysis (QFASA)

in fish using controlled feeding experiments. Canadian Journal of Fisheries and Aquatic Sciences, 73(8), 1222–1229. https://doi.org/10.
1139/cjfas-2015-0328

Happel, A., Stratton, L., Pattridge, R., Rinchard, J., & Czesny, S. (2016). Fatty-acid profiles of juvenile lake trout reflect experimental diets
consisting of natural prey. Freshwater Biology, 61(9), 1466–1476. https://doi.org/10.1111/fwb.12786

Harris, H. E., Baxter, C. V., & Davis, J. M. (2015). Debris flows amplify effects of wildfire on magnitude and composition of tributary subsi-
dies to mainstem habitats. Freshwater Science, 34(4), 1457–1467. https://doi.org/10.1086/684015

Harvey, C. J., & Kareiva, P. M. (2005). Community context and the influence of non-indigenous species on juvenile salmon survival in a
Columbia River reservoir. Biological Invasions, 7(4), 651–663. https://doi.org/10.1007/s10530-004-5854-2

Hayes, J. W., Hughes, N. F., & Kelly, L. H. (2007). Process-based modelling of invertebrate drift transport, net energy intake and reach carry-
ing capacity for drift-feeding salmonids. Ecological Modelling, 207(2–4), 171–188. https://doi.org/10.1016/j.ecolmodel.2007.04.032

Heady, W. N., & Moore, J. W. (2013). Tissue turnover and stable isotope clocks to quantify resource shifts in anadromous rainbow trout.
Oecologia, 172(1), 21–34. https://doi.org/10.1007/s00442-012-2483-9

Heinrich, K. K., Baxter, C. V., Bell, A. T. C., & Hood, J. M. (2021). Of olives and carp: Interactive effects of an aquatic and a terrestrial invader
on a stream-riparian ecosystem. Ecosphere, 12, e03789.

Heintz, R. A., Wipfli, M. S., & Hudson, J. P. (2010). Identification of marine-derived lipids in juvenile coho salmon and aquatic insects
through fatty acid analysis. Transactions of the American Fisheries Society, 139(3), 840–854. https://doi.org/10.1577/t09-115.1

Hudson, L. N., Emerson, R., Jenkins, G. B., Layer, K., Ledger, M. E., Pichler, D. E., Thompson, M. S. A., O'Gorman, E. J., Woodward, G., &
Reuman, D. C. (2013). Cheddar: Analysis and visualisation of ecological communities in R. Methods in Ecology and Evolution, 4(1), 99–
104. https://doi.org/10.1111/2041-210X.12005

Hughes, N. F., & Dill, L. M. (1990). Position choice by drift feeding salmonids: A model and test for arctic grayling (Thymallus arcticus) in
subarctic mountain streams, interior Alaska. Canadian Journal of Fisheries and Aquatic Sciences, 47(1984), 2039–2048.

Hyslop, E. J. (1980). Stomach contents analysis: A review of methods and their application. Journal of Fish Biology, 17, 411–429. https://doi.
org/10.1111/j.1095-8649.1980.tb02775.x

Iverson, S. J., Field, C., Bowen, W. D., & Blanchard, W. (2004). Quantitative fatty acid signature analysis: A new method of estimating preda-
tor diets. Ecological Monographs, 74(2), 211–235. https://doi.org/10.1890/02-4105

Jackson, A. L., Inger, R., Parnell, A. C., & Bearhop, S. (2011). Comparing isotopic niche widths among and within communities: SIBER – Sta-
ble Isotope Bayesian Ellipses in R. Journal of Animal Ecology, 80, 595–602. https://doi.org/10.1111/j.1365-2656.2011.01806.x

Jeffres, C. A., Holmes, E. J., Sommer, T. R., & Katz, J. V. E. (2020). Detrital food web contributes to aquatic ecosystem productivity and rapid
salmon growth in a managed floodplain. PLoS One, 15, 1–20. https://doi.org/10.1371/journal.pone.0216019

Jenkins, A. R., & Keeley, E. R. (2010). Bioenergetic assessment of habitat quality for stream-dwelling cutthroat trout (Oncorhynchus clarkii
bouvieri) with implications for climate change and nutrient supplementation. Canadian Journal of Fisheries and Aquatic Sciences, 67(2),
371–385. https://doi.org/10.1139/F09-193

Jonsson, T., Cohen, J. E., & Carpenter, S. R. (2005). Food webs, body size, and species abundance in ecological community description.
Advances in Ecological Research, 36, 1–84.

Kaylor, M. J., White, S. M., Sedell, E. R., Sanders, A. M., & Warren, D. R. (2021). Carcass additions influence food webs through bottom-up
and direct consumption pathways along a fish species assemblage gradient. Ecosystems, 24(1), 168–184. https://doi.org/10.1007/s10021-
020-00510-x

Kennedy, T. A., Muehlbauer, J. D., Yackulic, C. B., Lytle, D. A., Miller, S. W., Dibble, K. L., Kortenhoeven, E. W., Metcalfe, A. N., &
Baxter, C. V. (2016). Flow management for hydropower extirpates aquatic insects, undermining river food webs. Bioscience, 66(7), 561–
575. https://doi.org/10.1093/biosci/biw059

Koel, T. M., Tronstad, L. M., Arnold, J. L., Gunther, K. A., Smith, D. W., Syslo, J. M., & White, P. J. (2019). Predatory fish invasion induces
within and across ecosystem effects in Yellowstone National Park. Science Advances, 5(3), 1–12. https://doi.org/10.1126/sciadv.aav1139

Konrad, C. P., Olden, J. D., Lytle, D. A., Melis, T. S., Schmidt, J. C., Bray, E. N., Freeman, M. C., Gido, K. B., Hemphill, N. P., Kennard, M. J.,
McMullen, L. E., Mims, M. C., Pyron, M., Robinson, C. T., & Williams, J. G. (2011). Large-scale flow experiments for managing river sys-
tems. Bioscience, 61(12), 948–959. https://doi.org/10.1525/bio.2011.61.12.5

Landers, D., Simonich, S. M., Jaffe, D., Geiser, L., Campbell, D. H., Schwindt, A., Schreck, C., Kent, M., Hafner, W., Taylor, H. E.,
Hageman, K., Usenko, S., Ackerman, L., Schrlau, J., Rose, N., Blett, T., & Erway, M. M. (2010). The Western airborne contaminant
assessment project (WACAP): An interdisciplinary evaluation of the impacts of airborne contaminants in Western U.S. national parks.
Environmental Science and Technology, 44(3), 855–859. https://doi.org/10.1021/es901866e

Laske, S. M., Rosenberger, A. E., Wipfli, M. S., & Zimmerman, C. E. (2019). Surface water connectivity controls fish food web structure and
complexity across local- and meta-food webs in Arctic coastal plain lakes. Food Webs, 21, e00123. https://doi.org/10.1016/j.fooweb.2019.
e00123

Layer, K., Hildrew, A. G., Jenkins, G. B., Riede, J. O., Rossiter, S. J., Townsend, C. R., & Woodward, G. (2011). Long-term dynamics of a
well-characterised food web: Four decades of acidification and recovery in the Broadstone stream model system. Advances in Ecological
Research, 44, 69–117. https://doi.org/10.1016/B978-0-12-374794-5.00002-X

NAMAN ET AL. 17 of 21

 20491948, 2022, 4, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1590 by O

regon State U
niversity, W

iley O
nline Library on [13/10/2022]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.2307/1468040
https://doi.org/10.1139/cjfas-2015-0328
https://doi.org/10.1139/cjfas-2015-0328
https://doi.org/10.1111/fwb.12786
https://doi.org/10.1086/684015
https://doi.org/10.1007/s10530-004-5854-2
https://doi.org/10.1016/j.ecolmodel.2007.04.032
https://doi.org/10.1007/s00442-012-2483-9
https://doi.org/10.1577/t09-115.1
https://doi.org/10.1111/2041-210X.12005
https://doi.org/10.1111/j.1095-8649.1980.tb02775.x
https://doi.org/10.1111/j.1095-8649.1980.tb02775.x
https://doi.org/10.1890/02-4105
https://doi.org/10.1111/j.1365-2656.2011.01806.x
https://doi.org/10.1371/journal.pone.0216019
https://doi.org/10.1139/F09-193
https://doi.org/10.1007/s10021-020-00510-x
https://doi.org/10.1007/s10021-020-00510-x
https://doi.org/10.1093/biosci/biw059
https://doi.org/10.1126/sciadv.aav1139
https://doi.org/10.1525/bio.2011.61.12.5
https://doi.org/10.1021/es901866e
https://doi.org/10.1016/j.fooweb.2019.e00123
https://doi.org/10.1016/j.fooweb.2019.e00123
https://doi.org/10.1016/B978-0-12-374794-5.00002-X


Layman, C. A., Araujo, M. S., Boucek, R., Hammerschlag-Peyer, C. M., Harrison, E., Jud, Z. R., Matich, P., Rosenblatt, A. E., Vaudo, J. J.,
Yeager, L. A., Post, D. M., & Bearhop, S. (2012). Applying stable isotopes to examine food-web structure: An overview of analytical tools.
Biological Reviews of the Cambridge Philosophical Society, 87(3), 545–562. https://doi.org/10.1111/j.1469-185X.2011.00208.x

Ledger, M. E., Brown, L. E., Edwards, F. K., Milner, A. M., & Woodward, G. (2012). Drought alters the structure and functioning of complex
food webs. Nature Climate Change, 3(3), 223–227. https://doi.org/10.1038/nclimate1684

Levin, S. A., & Lubchenco, J. (2008). Resilience, robustness, and marine ecosystem-based management. Bioscience, 58(1), 27–32.
Liew, J. H., Chua, K. W. J., Arsenault, E. R., Thorp, J. H., Suvarnaraksha, A., Amirrudin, A., & Yeo, D. C. J. (2019). Quantifying terrestrial

carbon in freshwater food webs using amino acid isotope analysis: Case study with an endemic cavefish. Methods in Ecology and Evolu-
tion, 2019, 1594–1605. https://doi.org/10.1111/2041-210X.13230

Lindeman, R. (1942). The trophic-dynamic aspect of ecology. Ecology, 23(4), 399–417.
Lowery, E. D., & Beauchamp, D. A. (2015). Trophic ontogeny of fluvial bull trout and seasonal predation on Pacific Salmon in a riverine food

web. Transactions of the American Fisheries Society, 144(4), 724–741. https://doi.org/10.1080/00028487.2015.1035452
Macneale, K. H., Kiffney, P. M., & Scholz, N. L. (2010). Pesticides, aquatic food webs, and the conservation of Pacific salmon. Frontiers in

Ecology and the Environment, 8(9), 475–482. https://doi.org/10.1890/090142
Marcarelli, A. M., Baxter, C. V., Benjamin, J. R., Miyake, Y., Murakami, M., Fausch, K. D., & Nakano, S. (2020). Magnitude and direction of

stream-forest community interactions change with time scale. Ecology, 2020, 2. https://doi.org/10.1002/ecy.3064
McCann, K., Hastings, A., & Huxel, G. R. (1998). Weak trophic interactions and the balance of nature. Nature, 395, 794–798.
McCarthy, S. G., Duda, J. J., Emlen, J. M., Hodgson, G. R., & Beauchamp, D. A. (2009). Linking habitat quality with trophic performance of

steelhead along forest gradients in the south fork Trinity River watershed, California. Transactions of the American Fisheries Society,
138(3), 506–521. https://doi.org/10.1577/T08-053.1

McInerney, P. J., & Rees, G. N. (2018). More (or less?) bounce for the ounce: A comparison of environmental DNA and classical approaches
for bioassessment. Marine and Freshwater Research, 69(6), 992–996. https://doi.org/10.1071/MF17250

McIntosh, A. R., & Townsend, C. R. (1996). Interactions between fish, grazing invertebrates and algae in a New Zealand stream: A trophic
cascade mediated by fish-induced changes to grazer behaviour? Oecologia, 108(1), 174–181. https://doi.org/10.1007/BF00333229

McIntyre, P. B., & Flecker, A. S. (2010). Ecological stoichiometry as an integrative framework in stream fish ecology. American Fisheries Soci-
ety Symposium, 73, 539–558.

McMeans, B. C., McCann, K. S., Tunney, T. D., Fisk, A. T., Muir, A. M., Lester, N. P., Shuter, B. J., & Rooney, N. (2016). The adaptive capac-
ity of lake food webs: From individuals to ecosystems. Ecological Monographs, 95(4), 833–844.

Montaño-Moctezuma, G., Li, H. W., & Rossignol, P. A. (2007). Alternative community structures in a kelp-urchin community: A qualitative
modeling approach. Ecological Modelling, 205(354), 343–354. https://doi.org/10.1016/j.ecolmodel.2007.02.031

Moore, J. W., Herbst, D. B., Heady, W. N., & Carlson, S. M. (2012). Stream community and ecosystem responses to the boom and bust of an
invading snail. Biological Invasions, 14(11), 2435–2446. https://doi.org/10.1007/s10530-012-0240-y

Moore, J. W., & Semmens, B. X. (2008). Incorporating uncertainty and prior information into stable isotope mixing models. Ecology Letters,
11(5), 470–480. https://doi.org/10.1111/j.1461-0248.2008.01163.x

Morin, A., & Dumont, P. (1994). A simple model to estimate growth-rate of lotic insect larvae and its value for estimating population and
community production. Journal of the North American Benthological Society, 13(3), 357–367.

Morley, S. A., Foley, M. M., Duda, J. J., Beirne, M. M., Paradis, L., Johnson, R. C., Mchenry, M. L., Elofson, M., Sampson, M., Mccoy, R. E.,
Stapleton, J., & Pess, G. R. (2020). Shifting food web structure during dam removal: Disturbance and recovery during a major restoration
action. PLoS One, 1, 34. https://doi.org/10.1371/journal.pone.0239198

Naiman, R. J., Alldredge, J. R., Beauchamp, D. A., Bisson, P. A., Congleton, J., Henny, C. J., Huntly, N., Lamberson, R., Levings, C.,
Merrill, E. N., Pearcy, W. G., Rieman, B. E., Ruggerone, G. T., Scarnecchia, D., Smouse, P. E., & Wood, C. C. (2012). Developing a
broader scientific foundation for river restoration: Columbia River food webs. Proceedings of the National Academy of Sciences, 109(52),
21201–21207. https://doi.org/10.1073/pnas.1213408109

Nakano, S., & Murakami, M. (2001). Reciprocal subsidies: Dynamic interdependence between terrestrial and aquatic food webs. Proceedings
of the National Academy of Sciences, 98(1), 166–170.

Naman, S. M., Rosenfeld, J. S., Kiffney, P. M., & Richardson, J. S. (2018). The energetic consequences of habitat structure for forest stream
salmonids. Journal of Animal Ecology, 87(5), 1383–1394. https://doi.org/10.1111/1365-2656.12845

Naman, S. M., Rosenfeld, J. S., Neuswanger, J. R., Enders, E. C., Hayes, J. W., Goodwin, E. O., Jowett, I. G., & Eaton, B. C. (2020). Bioener-
getic habitat suitability curves for instream flow modeling: Introducing user-friendly software and its potential applications. Fisheries,
45(11), 605–613. https://doi.org/10.1002/fsh.10489

Nelson, D., Benstead, J. P., Huryn, A. D., Cross, W. F., Hood, J. M., Johnson, P. W., Junker, J. R., Gíslason, G. M., & Ólafsson, J. S. (2020).
Thermal niche diversity and trophic redundancy drive neutral effects of warming on energy flux through a stream food web. Ecology,
101(4), 1–14. https://doi.org/10.1002/ecy.2952

Nielsen, J. M., Clare, E. L., Hayden, B., Brett, M. T., & Kratina, P. (2018). Diet tracing in ecology: Method comparison and selection. Methods
in Ecology and Evolution, 9(2), 278–291. https://doi.org/10.1111/2041-210X.12869

Odum, E. P. (1953). Fundamentals of ecology. Saunders.
Paine, R. T. (1980). Food webs: Linkage, interaction strength and community infrastructure. Journal of Animal Ecology, 49(3), 666–685.
Palmer, M. A., Lettenmaier, D. P., Poff, N. L., Postel, S. L., Richter, B., & Warner, R. (2009). Climate change and river ecosystems: Protection

and adaptation options. Environmental Management, 44(6), 1053–1068. https://doi.org/10.1007/s00267-009-9329-1

18 of 21 NAMAN ET AL.

 20491948, 2022, 4, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1590 by O

regon State U
niversity, W

iley O
nline Library on [13/10/2022]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1111/j.1469-185X.2011.00208.x
https://doi.org/10.1038/nclimate1684
https://doi.org/10.1111/2041-210X.13230
https://doi.org/10.1080/00028487.2015.1035452
https://doi.org/10.1890/090142
https://doi.org/10.1002/ecy.3064
https://doi.org/10.1577/T08-053.1
https://doi.org/10.1071/MF17250
https://doi.org/10.1007/BF00333229
https://doi.org/10.1016/j.ecolmodel.2007.02.031
https://doi.org/10.1007/s10530-012-0240-y
https://doi.org/10.1111/j.1461-0248.2008.01163.x
https://doi.org/10.1371/journal.pone.0239198
https://doi.org/10.1073/pnas.1213408109
https://doi.org/10.1111/1365-2656.12845
https://doi.org/10.1002/fsh.10489
https://doi.org/10.1002/ecy.2952
https://doi.org/10.1111/2041-210X.12869
https://doi.org/10.1007/s00267-009-9329-1


Permado. (2015). Package: “food web”.
Peterson, B. J., & Fry, B. (1987). Stable isotopes in ecosystem studies. Annual Review of Ecology and Systematics, 18(1987), 293–320.
Phillips, D. L., Inger, R., Bearhop, S., Jackson, A. L., Moore, J. W., Parnell, A. C., Semmens, B. X., & Ward, E. J. (2014). Best practices for use

of stable isotope mixing models in food-web studies. Canadian Journal of Zoology, 835, 823–835.
Piccolo, J. J., Frank, B. M., & Hayes, J. W. (2014). Food and space revisited: The role of drift-feeding theory in predicting the distribution,

growth, and abundance of stream salmonids. Environmental Biology of Fishes., 97, 475–488. https://doi.org/10.1007/s10641-014-0222-2
Pimm, S. L. (1982). Food webs. Springer.
Post, D. M. (2002). Using stable isotopes to estimate trophic position: Models, methods, and assumptions. Ecology, 83(3), 703–718.
Power, M. E. (2001). Field biology, food web models, and management: Challenges of context and scale. Oikos, 94(1), 118–129.
Power, M. E., & Dietrich, W. E. (2002). Food webs in river networks. Ecological Research, 17(4), 451–471. https://doi.org/10.1046/j.1440-1703.

2002.00503.x
Power, M. E., Parker, G., Dietrich, W. E., & Sun, A. (1995). How does floodplain width affect floodplain river ecology? A preliminary explora-

tion using simulations. Geomorphology, 13(1–4), 301–317. https://doi.org/10.1016/0169-555X(95)00039-8
Power, M. E., Parker, M. S., & Dietrich, W. E. (2008). Seasonal reassembly of a river food web: Floods, droughts, and impacts of fish. Ecologi-

cal Monographs, 78(2), 263–282. https://doi.org/10.1890/06-0902.1
Power, M. E., Tilman, D., Estes, J. A., Menge, B. A., Bond, W. J., Mills, L. S., Daily, G., Castilla, J. C., Lubchenco, J., & Paine, R. T. (1996).

Challenges in the quest for keystones. Bioscience, 46(8), 609–620. https://doi.org/10.2307/1312990
Railsback, S. F. (2021). What we don't know about the effects of temperature on salmonid growth. Transactions of the American Fisheries

Society, 1, 3–12. https://doi.org/10.1002/tafs.10338
Rees, H. C., Maddison, B. C., Middleditch, D. J., Patmore, J. R. M., & Gough, K. C. (2014). The detection of aquatic animal species using envi-

ronmental DNA: A review of eDNA as a survey tool in ecology. Journal of Applied Ecology, 51(5), 1450–1459. https://doi.org/10.1111/
1365-2664.12306

Richmond, E. K., Rosi, E. J., Walters, D. M., Fick, J., Hamilton, S. K., Brodin, T., Sundelin, A., & Grace, M. R. (2018). A diverse suite of phar-
maceuticals contaminates stream and riparian food webs. Nature Communications, 9(1), 4491. https://doi.org/10.1038/s41467-018-
06822-w

Rinchard, J., Czesny, S., & Dabrowski, K. (2007). Influence of lipid class and fatty acid deficiency on survival, growth, and fatty acid composi-
tion in rainbow trout juveniles. Aquaculture, 264(1–4), 363–371. https://doi.org/10.1016/j.aquaculture.2006.11.024

Rine, K. M., Wipfli, M. S., Schoen, E. R., Nightengale, T. L., & Stricker, C. A. (2016). Trophic pathways supporting juvenile Chinook and coho
salmon in the glacial Susitna River, Alaska: Patterns of freshwater, marine, and terrestrial food resource use across a seasonally dynamic
habitat mosaic. Canadian Journal of Fisheries and Aquatic Sciences, 73(11), 1626–1641. https://doi.org/10.1139/cjfas-2015-0555

Roni, P., Hanson, K., & Beechie, T. (2008). Global review of the physical and biological effectiveness of stream habitat rehabilitation tech-
niques. North American Journal of Fisheries Management, 28(3), 856–890. https://doi.org/10.1577/M06-169.1

Roni, P., & Quinn, T. P. (2001). Density and size of juvenile salmonids in response to placement of large woody debris in western Oregon
and Washington streams. Canadian Journal of Fisheries and Aquatic Sciences, 58, 282–292.

Rooney, N., & McCann, K. S. (2012). Integrating food web diversity, structure and stability. Trends in Ecology & Evolution, 27(1), 40–46.
https://doi.org/10.1016/j.tree.2011.09.001

Rosenfeld, J. S., Bouwes, N., Wall, C. E., & Naman, S. M. (2014). Successes, failures, and opportunities in the practical application of drift-
foraging models. Environmental Biology of Fishes, 97(5), 551–574. https://doi.org/10.1007/s10641-013-0195-6

Rosenfeld, J. S., & Ptolemy, R. (2012). Modelling available habitat versus available energy flux: Do PHABSIM applications that neglect prey
abundance underestimate optimal flows for juvenile salmonids? Canadian Journal of Fisheries and Aquatic Sciences, 1934, 1920–1934.
https://doi.org/10.1139/f2012-115

Rubenson, E. S., Lawrence, D. J., & Olden, J. D. (2020). Threats to rearing juvenile Chinook Salmon from nonnative smallmouth bass
inferred from stable isotope and fatty acid biomarkers. Transactions of the American Fisheries Society, 1, 350–363. https://doi.org/10.
1002/tafs.10237

Runck, C. (2007). Macroinvertebrate production and food web energetics in an industrially contaminated stream. Ecological Applications,
17(3), 740–753. https://doi.org/10.1890/05-1026

Sabo, J. L., & Pauley, G. B. (1997). Competition between stream-dwelling cutthroat trout (Oncorhynchus clarki) and coho salmon
(Oncorhynchus kisutch): Effects of relative size and population origin. Canadian Journal of Fisheries and Aquatic Sciences, 54(11), 2609–
2617. https://doi.org/10.1139/f97-155

Sato, T., Egusa, T., Fukushima, K., Oda, T., Ohte, N., Tokuchi, N., Watanabe, K., Kanaiwa, M., Murakami, I., & Lafferty, K. D. (2012).
Nematomorph parasites indirectly alter the food web and ecosystem function of streams through behavioural manipulation of their
cricket hosts. Ecology Letters, 15(8), 786–793. https://doi.org/10.1111/j.1461-0248.2012.01798.x

Spencer, C. N., Gabel, K. O., & Hauer, F. R. (2003). Wildfire effects on stream food webs and nutrient dynamics in Glacier National Park,
USA. Forest Ecology and Management, 178, 141–153. https://doi.org/10.1016/S0378-1127(03)00058-6

Sprules, W. G., & Barth, L. E. (2016). Surfing the biomass size spectrum: Some remarks on history, theory, and application. Canadian Journal
of Fisheries and Aquatic Sciences, 73(4), 477–495. https://doi.org/10.1139/cjfas-2015-0115

Sterner, R. W., & Elser, J. J. (2002). Ecological stoichiometry: The biology of elements from molecules to the biosphere. Princton University
Press.

NAMAN ET AL. 19 of 21

 20491948, 2022, 4, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1590 by O

regon State U
niversity, W

iley O
nline Library on [13/10/2022]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1007/s10641-014-0222-2
https://doi.org/10.1046/j.1440-1703.2002.00503.x
https://doi.org/10.1046/j.1440-1703.2002.00503.x
https://doi.org/10.1016/0169-555X(95)00039-8
https://doi.org/10.1890/06-0902.1
https://doi.org/10.2307/1312990
https://doi.org/10.1002/tafs.10338
https://doi.org/10.1111/1365-2664.12306
https://doi.org/10.1111/1365-2664.12306
https://doi.org/10.1038/s41467-018-06822-w
https://doi.org/10.1038/s41467-018-06822-w
https://doi.org/10.1016/j.aquaculture.2006.11.024
https://doi.org/10.1139/cjfas-2015-0555
https://doi.org/10.1577/M06-169.1
https://doi.org/10.1016/j.tree.2011.09.001
https://doi.org/10.1007/s10641-013-0195-6
https://doi.org/10.1139/f2012-115
https://doi.org/10.1002/tafs.10237
https://doi.org/10.1002/tafs.10237
https://doi.org/10.1890/05-1026
https://doi.org/10.1139/f97-155
https://doi.org/10.1111/j.1461-0248.2012.01798.x
https://doi.org/10.1016/S0378-1127(03)00058-6
https://doi.org/10.1139/cjfas-2015-0115


Stewart, D. J., Weininger, D., Rottiers, D. V., & Edsall, T. A. (1983). An energetics model for lake trout, Salvelinus namaycush: Application to
the Lake Michigan population. Canadian Journal of Fisheries and Aquatic Sciences, 40(55995), 681–698. https://doi.org/10.1139/f83-091

Stock, B. C., Jackson, A. L., Ward, E. J., Parnell, A. C., Phillips, D. L., & Semmens, B. X. (2018). Analyzing mixing systems using a new gener-
ation of Bayesian tracer mixing models. PeerJ, 2018(6), e5096. https://doi.org/10.7717/peerj.5096

Suttle, K. B., Power, M. E., Levine, J. M., & McNeely, C. (2004). How fine sediment in riverbeds impairs growth and survival of juvenile sal-
monids. Ecological Applications, 14(4), 969–974.

Taylor, B. W., Flecker, A. S., & Hall, R. O., Jr. (2006). Loss of a harvested fish species disrupts carbon flow in a diverse tropical river. Science,
313(2006), 333–336. https://doi.org/10.1126/science.1128223

Thompson, M. S. A., Brooks, S. J., Sayer, C. D., Woodward, G., Axmacher, J. C., Perkins, D. M., & Gray, C. (2018). Large woody debris
“rewilding” rapidly restores biodiversity in riverine food webs. Journal of Applied Ecology, 55(2), 895–904. https://doi.org/10.1111/1365-
2664.13013

Thorp, J. H., & Bowes, R. E. (2017). Carbon sources in riverine food webs: New evidence from amino acid isotope techniques. Ecosystems,
20(5), 1029–1041. https://doi.org/10.1007/s10021-016-0091-y

Thorp, J. H., & Delong, M. D. (2002). Dominance of autochthonous autotrophic carbon in food webs of heterotrophic rivers. Oikos, 96(3),
543–550. https://doi.org/10.1034/j.1600-0706.2002.960315.x

Torgersen, C. E., Le Pichon, C., Fullerton, A. H., Dugdale, S. J., Duda, J. J., Giovannini, F., Tales, �E., Belliard, J., Branco, P., Bergeron, N. E.,
Roy, M. L., Tonolla, D., Lamouroux, N., Capra, H., & Baxter, C. V. (2021). Riverscape approaches in practice: Perspectives and applica-
tions. Biological Reviews, 97, 481–504. https://doi.org/10.1111/brv.12810

Torres-Ruiz, M., & Wehr, J. D. (2020). Complementary information from fatty acid and nutrient stoichiometry data improve stream food
web analyses. Hydrobiologia, 847(2), 629–645. https://doi.org/10.1007/s10750-019-04126-8

Traugott, M., Thalinger, B., Wallinger, C., & Sint, D. (2021). Fish as predators and prey: DNA-based assessment of their role in food webs.
Journal of Fish Biology, 98(2), 367–382. https://doi.org/10.1111/jfb.14400

Trebilco, R., Baum, J. K., Salomon, A. K., & Dulvy, N. K. (2013). Ecosystem ecology: Size-based constraints on the pyramids of life. Trends in
Ecology & Evolution, 28(7), 423–431. https://doi.org/10.1016/j.tree.2013.03.008

Tronstad, L. M., Hall, R. O., & Koel, T. M. (2015). Introduced Lake trout alter nitrogen cycling beyond Yellowstone Lake. Ecosphere, 6(11),
1–24. https://doi.org/10.1890/ES14-00544.1

Twining, C. W., Josephson, D. C., Kraft, C. E., Brenna, J. T., Lawrence, P., & Flecker, A. S. (2017). Limited seasonal variation in food quality
and foodweb structure in an Adirondack stream: Insights from fatty acids. Freshwater Science, 36(4), 877–892. https://doi.org/10.1086/
694335

Uno, H., & Power, M. E. (2015). Mainstem-tributary linkages by mayfly migration help sustain salmonids in a warming river network. Ecol-
ogy Letters, 18(10), 1012–1020. https://doi.org/10.1111/ele.12483

Urabe, H., Nakajima, M., Torao, M., & Aoyama, T. (2010). Evaluation of habitat quality for stream salmonids based on a bioenergetics model.
Transactions of the American Fisheries Society, 139(6), 1665–1676. https://doi.org/10.1577/T09-210.1

van Oevelen, D., van den Meersche, K., Meysman, F. J. R., Soetaert, K., Middelburg, J. J., & Vézina, A. F. (2010). Quantifying food web flows
using linear inverse models. Ecosystems, 13(1), 32–45. https://doi.org/10.1007/s10021-009-9297-6

Vander Zanden, M. J., Olden, J. D., & Gratton, C. (2006). Food-web approaches in restoration ecology. In D. A. Falk, M. A. Palmer, & J. B.
Zedler (Eds.), Foundations of restoration ecology (pp. 165–189). Island Press.

Vander Zanden, M. J., & Rasmussen, J. B. (2001). Variation in ␦ 15 N and ␦ 13 C trophic fractionation: Implications for aquatic food web
studies. Limnology and Oceanography, 46(8), 2061–2066.

Wall, C. E., Bouwes, N., Wheaton, J. M., Saunders, W. C., & Bennett, S. N. (2016). Net rate of energy intake predicts reach-level steelhead
(Oncorhynchus mykiss) densities in diverse basins from a large monitoring program. Canadian Journal of Fisheries and Aquatic Sciences,
73, 1081–1091. https://doi.org/10.1139/cjfas-2015-0290

Walters, D. M., Cross, W. F., Kennedy, T. A., Baxter, C. V., Jr., & Rosi, E. J. (2020). Food web controls on mercury fluxes and fate in the Colo-
rado River, grand canyon. Science Advances, 6(20), eaaz4880.

Warren, C. E. (1971). Biology and water pollution control. Saunders Company.
Warren, D. R., Harvey, C. J., McClure, M. M., & Sanderson, B. L. (2014). Use of an ecosystem-based model to evaluate alternative conserva-

tion strategies for juvenile Chinook Salmon in a headwater stream. North American Journal of Fisheries Management, 34(4), 839–852.
https://doi.org/10.1080/02755947.2014.910574

Weber, N., Bouwes, N., & Jordan, C. (2017). Accounting for spatial and temporal variation in macroinvertebrate community abundances
when measuring the food supply of stream salmonids. Freshwater Science, 36(2), 364–376. https://doi.org/10.1086/692012

Whiles, M. R., Hall, R. O., Dodds, W. K., Verburg, P., Huryn, A. D., Pringle, C. M., Lips, K. R., Kilham, S. S., Col�on-Gaud, C.,
Rugenski, A. T., Peterson, S., & Connelly, S. (2013). Disease-driven amphibian declines alter ecosystem processes in a tropical stream.
Ecosystems, 16(1), 146–157. https://doi.org/10.1007/s10021-012-9602-7

White, E. P., Ernest, S. K. M., Kerkhoff, A. J., & Enquist, B. J. (2007). Relationships between body size and abundance in ecology. Trends in
Ecology and Evolution, 22(6), 323–330. https://doi.org/10.1016/j.tree.2007.03.007

White, S. M., Brandy, S., Justice, C., Morinaga, K. A., Naylor, L., Ruzycki, J., Sedell, E. R., Steele, J., Towne, A., Webster, J. G., & Wilson, I.
(2021). Progress towards a comprehensive approach for habitat restoration in the Columbia Basin: Case study in the Grande Ronde
River. Fisheries, 46(5), 229–243. https://doi.org/10.1002/fsh.10562

20 of 21 NAMAN ET AL.

 20491948, 2022, 4, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1590 by O

regon State U
niversity, W

iley O
nline Library on [13/10/2022]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1139/f83-091
https://doi.org/10.7717/peerj.5096
https://doi.org/10.1126/science.1128223
https://doi.org/10.1111/1365-2664.13013
https://doi.org/10.1111/1365-2664.13013
https://doi.org/10.1007/s10021-016-0091-y
https://doi.org/10.1034/j.1600-0706.2002.960315.x
https://doi.org/10.1111/brv.12810
https://doi.org/10.1007/s10750-019-04126-8
https://doi.org/10.1111/jfb.14400
https://doi.org/10.1016/j.tree.2013.03.008
https://doi.org/10.1890/ES14-00544.1
https://doi.org/10.1086/694335
https://doi.org/10.1086/694335
https://doi.org/10.1111/ele.12483
https://doi.org/10.1577/T09-210.1
https://doi.org/10.1007/s10021-009-9297-6
https://doi.org/10.1139/cjfas-2015-0290
https://doi.org/10.1080/02755947.2014.910574
https://doi.org/10.1086/692012
https://doi.org/10.1007/s10021-012-9602-7
https://doi.org/10.1016/j.tree.2007.03.007
https://doi.org/10.1002/fsh.10562


Whitney, E. J., Bellmore, J. R., & Benjamin, J. R. (2019). User manual for the aquatic trophic productivity model: A river food web simulation
model for management and research.

Whitney, E. J., Bellmore, J. R., Benjamin, J. R., Jordan, C. E., Dunham, J. B., Newsom, M., & Nahorniak, M. (2020). Beyond sticks and stones:
Integrating physical and ecological conditions into watershed restoration assessments using a food web modeling approach. Food Webs,
25, e00160. https://doi.org/10.1016/j.fooweb.2020.e00160

Winemiller, K. O. (1990). Spatial and temporal variation in tropical fish trophic networks. Ecological Monographs, 60(3), 331–367.
Wipfli, M. S., & Baxter, C. V. (2010). Linking ecosystems, food webs, and fish production: Subsidies in salmonid watersheds. Fisheries, 35(8),

373–387.
Woodward, G., & Hildrew, A. G. (2002). Food web structure in riverine landscapes. Freshwater Biology, 47, 777–798.
Woodward, G., Jones, J. I., & Hildrew, A. G. (2002). Community persistence in Broadstone stream (U.K.) over three decades. Freshwater Biol-

ogy, 47(8), 1419–1435. https://doi.org/10.1046/j.1365-2427.2002.00872.x
Woodward, G., Morris, O., Barquín, J., Belgrano, A., Bull, C., de Eyto, E., Friberg, N., Guðbergsson, G., Layer-Dobra, K., Lauridsen, R. B.,

Lewis, H. M., McGinnity, P., Pawar, S., Rosindell, J., & O'Gorman, E. J. (2021). Using food webs and metabolic theory to monitor, model,
and manage Atlantic Salmon—A keystone species under threat. Frontiers in Ecology and Evolution, 9, 1–10. https://doi.org/10.3389/fevo.
2021.675261

Wootton, J. T. (1994). The nature and consequences of indirect effects in ecological communities. Annual Review of Ecology and Systematics,
25, 443–466.

Wootton, J. T. (2012). River food web response to large-scale riparian zone manipulations. PLoS One, 7(12), e51839. https://doi.org/10.1371/
journal.pone.0051839

Wootton, J. T., & Emmerson, M. (2005). Measurement of interaction strength in nature. Annual Review of Ecology, Evolution, and Systemat-
ics, 36(1), 419–444. https://doi.org/10.1146/annurev.ecolsys.36.091704.175535

Yard, M. D., Coggins, L. G., Baxter, C. V., Bennett, G. E., & Korman, J. (2011). Trout piscivory in the Colorado River, Grand Canyon: Effects
of turbidity, temperature, and fish prey availability. Transactions of the American Fisheries Society, 140(2), 471–486. https://doi.org/10.
1080/00028487.2011.572011

Yoccoz, N. G. (2012). The future of environmental DNA in ecology. Molecular Ecology, 21(8), 2031–2038. https://doi.org/10.1111/j.1365-294X.
2012.05505.x

Yurista, P. M., Yule, D. L., Balge, M., VanAlstine, J. D., Thompson, J. A., Gamble, A. E., Hrabik, T. R., Kelly, J. R., Stockwell, J. D., &
Vinson, M. R. (2014). A new look at the Lake Superior biomass size spectrum. Canadian Journal of Fisheries and Aquatic Sciences, 71(9),
1324–1333. https://doi.org/10.1139/cjfas-2013-0596

Z�avorka, L., Crespel, A., Dawson, N. J., Papatheodoulou, M., Killen, S. S., & Kainz, M. J. (2021). Climate change-induced deprivation of die-
tary essential fatty acids can reduce growth and mitochondrial efficiency of wild juvenile salmon. Functional Ecology, 35(9), 1960–1971.
https://doi.org/10.1111/1365-2435.13860

How to cite this article: Naman, S. M., White, S. M., Bellmore, J. R., McHugh, P. A., Kaylor, M. J., Baxter, C.
V., Danehy, R. J., Naiman, R. J., & Puls, A. L. (2022). Food web perspectives and methods for riverine fish
conservation. WIREs Water, 9(4), e1590. https://doi.org/10.1002/wat2.1590

NAMAN ET AL. 21 of 21

 20491948, 2022, 4, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
at2.1590 by O

regon State U
niversity, W

iley O
nline Library on [13/10/2022]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1016/j.fooweb.2020.e00160
https://doi.org/10.1046/j.1365-2427.2002.00872.x
https://doi.org/10.3389/fevo.2021.675261
https://doi.org/10.3389/fevo.2021.675261
https://doi.org/10.1371/journal.pone.0051839
https://doi.org/10.1371/journal.pone.0051839
https://doi.org/10.1146/annurev.ecolsys.36.091704.175535
https://doi.org/10.1080/00028487.2011.572011
https://doi.org/10.1080/00028487.2011.572011
https://doi.org/10.1111/j.1365-294X.2012.05505.x
https://doi.org/10.1111/j.1365-294X.2012.05505.x
https://doi.org/10.1139/cjfas-2013-0596
https://doi.org/10.1111/1365-2435.13860
https://doi.org/10.1002/wat2.1590

	Food web perspectives and methods for riverine fish conservation
	1  INTRODUCTION
	2  CRITICAL MANAGEMENT QUESTIONS
	2.1  How many fish can a habitat support?
	2.2  How does habitat alteration influence fish populations?
	2.3  How do species introductions or extirpations affect ecosystems?
	2.4  How do environmental contaminants spread and bioaccumulate, and what are the consequences?
	2.5  How will climate change affect focal species?
	2.6  How resilient will freshwater communities be to future conditions?

	3  FOOD WEB PERSPECTIVES
	3.1  Basic food web description
	3.2  Metabolic (bioenergetics) models
	3.3  Trophic basis of production
	3.4  Ecological community description
	3.5  Stoichiometric approaches
	3.6  Mathematical food web simulation models

	4  FOOD WEB METHODS
	4.1  Direct diet and prey sampling/surveys and eDNA
	4.2  Stable isotopes
	4.3  Fatty acids
	4.4  Ecological community description and analysis

	5  FURTHER CONSIDERATIONS AND CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES


