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Use of stable isotopes for
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Continued urban development is inevitable with ongoing human population
growth. Urbanization has profound negative impacts on aquatic environments
and the organisms that occupy those environments. Urbanization results in
habitat stressors including sedimentation, alterations to flow, increases in water
temperature, changes in riparian habitat, and changes in the food supply of
freshwater systems. In the face of continuing urbanization there is an urgent
need to employ effective and practical tools to evaluate the impacts on
freshwater fish populations and to better understand the implications of
urban development for lotic aquatic ecosystems. Stable isotope analyses
(8™C, 8N, 80 §**S and &6°H) are useful and cost-effective tools that can
help highlight and evaluate urbanization impacts on fish populations. Here we
review recent developments in stable isotope-based methods for studying
urbanization impacts on freshwater fish populations. We identified and
review published studies that have implemented stable isotopes to evaluate
urban impacts, discuss promising stable isotope-based approaches that have
not been commonly applied to the assessment of urban impacts, and highlight
the advantages and limitations of the various approaches. In particular, we show
how stable isotope analyses can help address both the ecological and
physiological impacts of urban development on freshwater fishes in hopes
of inspiring more frequent use of the approaches in urbanization studies. We
elucidate how stable isotopes can be used to understand the impacts of
urbanization on the feeding ecology, habitat and thermal occupancy, and
field metabolic rates of freshwater fishes. It was found that stable isotope-
based approaches are underutilized to examine the impacts of urbanization on
freshwater fishes. We suggest such approaches can be applied more frequently
in freshwater environments globally to help assess and actively mitigate the
negative impacts of urbanization on freshwater fishes.
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Introduction

The rapid growth of human populations and the increasing
concentration of people in urban centres has had significant
consequences for the environmental integrity of surrounding
ecosystems (Cohen, 2003). Often occurring near water for

practical (i.e., food, travel and power) and leisure
(ie., recreational fishing, aquatic sports, beauty) reasons,
urbanization has had notable impacts on aquatic

environments, in particular for freshwaters, and has been
implicated as one of the major causes of biodiversity loss
worldwide (Tickner et al, 2020). Rivers are especially
threatened given projections that up to 60% of the world’s
population will eventually reside in cities located on rivers
(Young et al, 1994), which is expected to cause changes in
river ecosystems through habitat destruction, changes in water
chemistry, industrialization, land-use change and river channel
alterations (Malmgqvist and Rundle, 2002). Many of the impacts
will act synergistically to alter both physical habitats and the
biological processes occurring within affected rivers and streams,
thereby confounding the detection and determination of cause
and effect (Baer and Pringle, 2000). In the face of such changes, it
is critically important that additional analytical tools are
developed and used for characterizing and describing the
mechanisms and effects of urbanization impacts on freshwater
biota. Here we review recent developments in stable isotope
methods for studying urbanization impacts on freshwater fish
populations, which often integrate the direct and indirect
stressors acting on the ecosystems in which they are found
(e.g., Adams, 2002; Power, 2007).

Urban development is known to negatively impact
freshwater fishes through a wide variety of mechanisms,
including the release of contaminants (Collier et al., 1998), the
introduction of non-native invasive species (Santana Marques
et al,, 2020), channelization (Brookes and Gregory, 1983) and
hydrological disruptions (Booth and Jackson, 1997), increased
impervious surfaces (Wang et al., 2000), increased sedimentation
(Poff et al, 2006), changes in thermal regimes (Nelson and
Palmer, 2007), modifications to nutrient and energy flows
(Carpenter et al, 2011) and the degradation of riparian
habitat (Booth et al., 2016). Most, if not all, of the effects will
have direct and indirect implications for the feeding ecology,
habitat occupancy, growth, survival, reproduction, and migration
patterns of affected fishes (Figure 1), either as individuals,
populations, or communities. Adjustments to feeding and
habitat occupancy can happen quickly as realized niches are
constrained (Woodland et al., 2022), either by the physical
impacts of urbanization (i.e., imposed thermal constraints) or
changes in the competitive dynamics within or between species.

Understanding the impacts of urbanization on freshwater
fishes can help determine the overall influence of urbanization on
freshwater ecosystems given the strong top-down and bottom-up
effects of fishes on freshwater ecosystem processes (Gido et al.,
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2010).
urbanization threats to freshwater ecosystems (Carpenter

Given the continued and growing presence of

et al, 2011) there is an urgent need to develop and apply
effective and practical tools to understand the various impacts
of urban development on freshwater fishes. Many tools including
the quantification of life history traits (Winemiller, 2005) and
stable isotope analyses (Post, 2002; Boecklen et al., 2011) have
been widely used for characterizing the response of fish species to
other environmental stressors, and are likely to be equally
valuable for evaluating the negative impacts of urban
development on fish populations.

Changes in life history traits related to survival (e.g., age-
specific survival rates, year class strength, age structure), growth
(e.g., mean weight-at-age, growth curves, specific growth rates,
condition factor) and reproduction (e.g., age-at-maturity,
fecundity, egg size) have historically been used to examine
responses to stressor exposure (e.g, Adams, 2002) on
individual fish and fish populations. These life history based
assessments are often the default method for determining
stressor impacts on fish populations. Power (2002) provides
an in-depth review of assessment frameworks based on the
of life
characteristics that can be broadly grouped into those

use history traits and population biological
affecting the vitals rates of growth, survival or reproduction
known to influence fish populations (Table 1). Based on the
theory and techniques used for assessing harvesting impacts,
such frameworks can be valuable when applied to the impacts of
urbanization-induced stressors on fish vital rates given that
changes in vital rates will eventually impact fish population
status (Shelton and Mangel, 2011). A comprehensive review of
the methods listed in Table 1 can be found in Guy and Brown
(2007).

The quantification of life history traits focuses on assessing
the individual or cumulative effects of stressors after the stressors
have begun to elicit population-level responses. Focusing on
changes in life history traits may fail to address the more
immediate ecological impacts of urban development on
freshwater fishes such as changes in feeding ecology or
variation in habitat occupancy and activity levels that may
eventually lead to shifts in vital rates. Here we examine how
the methods and techniques associated with stable isotope
analyses can be adapted to address important aspects of the
pathways of effects of urbanization on freshwater fish

populations and communities (see Figure 1).

Stable isotope analysis to address the
effects of urbanization

Stable isotope analyses have become a well-established,
efficient, and cost-effective tool in ecological studies for
estimating dietary composition (Boecklen et al., 2011), trophic
niche attributes (Newsome et al, 2007), thermal habitat
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TABLE 1 Traditional metrics used to assess fish population status based on Power (2002). Metrics can be derived from survey measurements of the
population from either point-in-time cross-sectional surveys or from repeated surveys through time. Metrics are grouped by the key vital rates
(survival, growth or reproduction) responsible for determining the intrinsic rate of population increase. The measures within each group are not
necessarily independent of each other either within or between categories. As an example, changes in maximum age (survival) will affect age-
structure similarly used to assess survival. This can hold direct implications for life-time fecundity (reproduction) and may affect age-specific
survival rates (survival) in subsequent generations. Stable isotope-based approaches can be used to understand changes in feeding ecology,
habitat use, and temperature use that might lead to changes in vital rates.

Survival metrics

® Age-specific survival
® Year-class strength
® Age structure

® Relative abundance
Growth/Condition Metrics

® Mean weight-age
® Size (length) structure
® Proximate body composition

® Allometric relationships (weight vs. length)

Reproductive Metrics

Density, absolute abundance

Mean age

Maximum age

Mean size-at-age (length, weight)

Specific growth rate

Condition indices

® Age-at-first-maturity
® Mean-age-at-maturity
® Reproductive life span

® Gonad somatic index

Fecundity

Sex ratio

Egg size

Reproductive frequency/periodicity

Habitat Stressors

Ecological Impacts:
Can be evaluated with SIA

Vital Rate Impacts

Physiological Impacts:
Can be evaluated with SIA

FIGURE 1

Increase in
Impervious
Surfaces

Urbanization

Contaminants

Channelization

Increase in
Temperature

Changes in
Riparian Habitat

Changes in Nutrients
and Food Supply

Changes in
Flow/Hydrology

Sedimentation

=

L]

N

Changes in Changes in Changesin Changes in
Migration Growth Survival Reproduction
N\ i i

X

|

Multifactorial conceptual pathways for urbanization effects on freshwater fish. Aspects that can be directly evaluated using stable isotope
analysis are shown in blue. Aspects more generally assessed using methods aimed at quantification of vital rates are shown in white. Links and
feedbacks between stressors were not represented to enhance readability.
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occupancy (Hoie et al., 2004) and the field metabolic rate (Chung
M.-T. et al., 2019b) of fishes. While the use of stable isotopes to
describe wastewater impacts on the chemistry of flowing waters
(e.g., Kaushal et al, 2011) and macroinvertebrate assemblages
(e.g., Singer and Battin, 2007; Calizza et al., 2012; Smucker et al.,
2018) is common, there have been relatively few applications of
stable isotope analyses to evaluate the impacts of urbanization on
freshwater fishes (but see Mackintosh et al., 2017; Kupilas et al.,
2021; Burbank et al,, 2022). Urban-driven alterations to the
thermal regime, riparian habitat, nutrients, hydrology and
channel structure will all have implications for the availability
and consumption of dietary items by freshwater fishes as well as
for the habitat occupancy and the stoichiometry (Montana and
Schalk, 2018) of the affected ecosystems (Figure 1). Such stressors
will alter feeding ecology and habitat occupancy of individual
species and can result in changes in fish populations and their
vital rates, community interactions, and physiology (e.g.,
O’Gorman et al., 2016; Korman et al,, 2021). In this review
paper we evaluate studies that have implemented stable isotope
approaches to examine urban impacts, discuss promising stable
isotope-based approaches that have not been commonly applied
to the assessment of urban impacts, and highlight the advantages
and limitations of the various approaches. In particular we
discuss how stable isotope analyses can be used to understand
and assess changes in the feeding ecology, habitat and thermal
occupancy, and field metabolic rates of fishes as they respond to
urban development impacts on lotic freshwater systems.

Trophic level and diet reconstructions

Urbanization can impact the availability of prey and result
in diet shifts of freshwater fishes (FHall-Scharf et al., 2016;
Kupilas et al., 2021). For instance, changes in riparian habitat
associated with urbanization can reduce the proportion of high
quality terrestrial prey consumed by freshwater fishes and
impact prey production sources, with potential implications
for growth, survival, and overall ecosystem function (Francis
and Schindler, 2009; Burbank et al, 2022). Additionally,
channelization and addition of contaminants can impact the
prey species available to fishes resulting in altered diets
(Northington and Hershey, 2006; de Carvalho et al., 2019).
Stable isotope analyses provide insights into the trophic level,
food chain length, the type of habitat prey are sourced from,
the relative contribution of prey to the diet of fishes (i.e., diet
reconstruction), and the resulting dietary niche breadth of
freshwater fishes, all of which help understand shifts in the
feeding ecology associated with urbanization. In general,
nitrogen stable isotopes (8'°N) is indicative of trophic level
and approaches have been developed to quantify trophic
position based on the 8N of fish muscle tissue (e.g., see
Post (2002)). Shifts in the trophic position of urban-affected
freshwater fishes have been estimated and quantified in several
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freshwater ecosystems such as the urbanized streams of
Piedmont, United States (Helms et al., 2018), the Hawaiian
islands (Lisi et al.,, 2018), the Kansas River (Eitzmann and
Paukert, 2010) and constructed wetlands in Melbourne,
Australia (Mackintosh et al.,, 2017). Additionally, there have
been several studies that have examined trophic shifts
experienced by freshwater fishes and invertebrates in
response to wastewater impacts (Di Lascio et al, 2013;
Loomer et al., 2014; de Carvalho et al., 2019). Such studies
typically quantify the trophic shifts associated with the
stressor. Estimates of mean trophic position and trophic
shifts can be extended and applied to evaluate important
ecological impacts such as to infer and examine changes in
food chain length in response to urban activity (Singer and
Battin, 2007; El-Sabaawi, 2018). Reported estimates of trophic
position in urbanization impact studies have often failed to
account for uncertainty arising from assumptions concerning
trophic discrimination factors (e.g., McCutchan et al., 2003;
Hussey et al., 2014) and isotopic baselines (Post, 2002). Instead
of simply using point estimates, considerations of parameter
variation (i.e., variance about the mean parameter estimate) for
trophic discrimination factors and isotopic baselines can now
be included in the estimation of trophic position using an R
package called tROPHICPOSITION (Quezada-Romegialli
et al, 2018). The package allows researchers to estimate
trophic position from stable isotope data within a Bayesian
framework using Markov Chain Monte Carlo (MCMC)
2018). As
example, the package was used to estimate and evaluate

simulations (Quezada-Romegialli et al, an
trophic position of urban affected freshwater fish species
occupying streams in South Africa to show decreases in
food chain length with increasing temperature (Jackson
et al., 2020).

Carbon stable isotopes (8"°C) of muscle tissue can also be
used for understanding the habitat a fish is feeding in or
sourcing its dietary items from (Phillips and Gregg, 2001).
This is because 8"°C values at the base of different food webs
such as pelagic versus littoral (France, 1995) and terrestrial
versus aquatic (France, 1997; Burbank et al., 2022) can be
sufficiently distinct to allow for differentiation of the source of
individuals diets (Figure 2). Depending on the type of food or
environment food is sourced from, other stable isotopes such
as hydrogen (8°H) and sulfur (8°*S) can be valuable. §°H can
be particularly helpful when attempting to distinguish
between autochthonous and allochthonous sources
(Figure 2) because they have distinct 8°H values (e.g.,
allochthonous 8°H = ~ -100 to -75 and autochthonous
§°H = ~ —225 to —150; Burress et al., 2016; Hayden et al,,
2021). In contrast 8**S can help identify estuarine or marine
contributions to diet as §**S values are typically elevated in
marine food sources, thus §°*S can be valuable for examining
2).
sediments (i.e., benthic habitats) versus plankton found in

anadromy (Figure Biogeochemical differences in
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Marine

Aquatic

38

FIGURE 2

Schematic drawing illustrating the various stable isotopes that can be used to differentiate between use of different coupled environments (i.e.
benthic-pelagic, littoral-pelagic, aquatic-terrestrial and freshwater-marine). The figure was created with BioRender.com.

the water column can further facilitate use of &S for
broadscale differentiation within and among complex
freshwater habitats (e.g., Carr et al., 2017). For example,
8*S have been successfully used to help identify the
contribution of sewage particles to the diet of mussels
(Tucker et al., 1999) but not the diet of invertebrates in
urban rivers (Morrissey et al., 2013). Nevertheless, one-
isotope, two-source linear mixing models (Phillips and
Gregg, 2001) can be used with any of the aforementioned
isotopes to estimate the relative proportion of diet sourced
from two different habitats using the equations (Phillips and
Gregg, 2001):

YE
ay = 5“:755 and
ap=1—0y

Where a, and ap are the proportion of the diet sourced from
habitat A and B respectively, 8y is the isotopic value of the
consumer (i.e., fish), §, is the mean end-member isotope value
for habitat A and 8 is the mean end-member isotope value for
habitat B.

Generally, mixing model frameworks using stable isotopes
have been developed to better understand and reconstruct the
diet of fishes. Some of the most basic mixing model approaches
are linear mixing models that incorporate one stable isotope and
two sources or two isotopes and three sources (Phillips and
Gregg, 2001). Linear mixing models have been expanded to
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include multiple isotopes with the ability to determine source
contributions from a range of dietary sources using tools such as
IsoSource (Phillips and Gregg, 2003). The isotopes commonly
included in multi-isotope mixing models can include
combinations of 8"N, §”C, H and §*S depending on the
objective of the study, the environment fish occupy and where the
food resources are sourced from (e.g., aquatic vs. terrestrial). To
further expand the capacity of multi-isotope mixing models, and
better
formulated approaches to develop the mixing models in a

incorporate source uncertainty, researchers have
Bayesian framework using MCMC simulations (Moore and
Semmens, 2008). The expanded modelling approach, referred
to as Bayesian stable isotope mixing models, is a powerful tool
that allows for the reconstruction of fish diets as long as isotope
values are available for both the fish (consumers) and their
potential food resources (sources) (Parnell et al, 2013).
Having suitable values available for the latter is important
insofar as mixing modelling frameworks are constrained by
their input data (Robinson et al, 2018). Bayesian stable
isotope mixing models can be run using packages developed
in R (Table 2) such as MixSIR (Moore and Semmens, 2008),
IsotopeR (Hopkins and Zimmerman, 2014), SIAR (Parnell et al.,
2010), simmr, and MixSIAR (Stock et al., 2018). The package
creators have typically developed relatively straightforward and
in-depth vignettes or manuals (e.g., Stock and Semmens, 2016)

that help potential users learn to implement the package with
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TABLE 2 Stable isotope-based approaches proposed for evaluating urbanization impacts on freshwater fishes, the isotopes commonly used for each
approach, and useful R packages that can be used to implement each approach.

Approach Common isotopes
used
Quantify Trophic Position §°N

§"°C OR &°H OR &S
§¥N, §"°C, &°H and &S

Identify Habitat Food is Sourced From

Diet Reconstruction (Bayesian Stable Isotope
Mixing Models)

Estimate Niche Width 8PN, 8°C and &*S

Quantify Niche Overlap §"N, 8§”°C and &S

Useful R packages

tRophicPosition

MixSIR, SIAR, IsotopeR, simmr, and
MixSIAR

SIBER, NicheRover
SIBER, NicheRover

Important publications

(Post, 2002; Quezada-Romegialli et al., 2018)
Phillips and Gregg, (2001)

(Parnell et al., 2013; Phillips et al., 2014; Stock
et al., 2018)

(Jackson et al., 2011; Swanson et al., 2015)

(Jackson et al., 2011; Swanson et al., 2015)

Estimate Layman’s Metrics 8PN, §*C SIBER (Layman et al., 2007a; Jackson et al., 2011)
Temperature Use §'0 of otoliths (Storm-Suke et al., 2007; Godiksen et al., 2010)
Field Metabolic Rate §'3C of otoliths MixSIAR (Chung M.-T. et al.,, 2019b; 2019a)

their own data. To date the most flexible and advanced package
for developing and implementing stable isotope mixing models is
the MixSIAR package, which allows for the incorporation of
prior information on diet with the use of informative prior
distributions in a Bayesian modelling framework. The package
further allows for consideration of both fixed and random effects
and has the ability to use information criterion to estimate the
relative support for different models developed with input data
(Stock and Semmens, 2016; Stock et al., 2018). Bayesian stable
isotope mixing model packages have been employed extensively
by freshwater fish ecologists to reconstruct the diet of numerous
fishes including Lake Trout (Salvelinus namaycush) in Lake
Ontario (Colborne et al, 2016), Lake Sturgeon (Acipenser
fulvescens) in Rainy River, Ontario Canada (Smith et al,
2016), and Eastern Sand Darter (Ammocrypta pellucida) in
the Thames River, Ontario, Canada (Burbank et al., 2019),
and would be equally useful to reconstruct diet of fishes
occupying urbanized environments. In this respect, there have
been few applications MixSIAR models to reconstruct the diet of
urban affected freshwater fishes (but see Alonso et al., 2019; de
Carvalho et al,, 2019; Woodland et al., 2022). de Carvalho et al.
(2019) found exotic species of guppies were consuming and
assimilating notable amounts of sewage in wastewater impacted

systems. Alonso et al. (2019) determined algae and periphyton
were the most assimilated resource in polluted sites of the Rio de
Velhas basin, Brazil. Furthermore, Woodland et al. (2022)
identified that White Perch (Morone americana) decoupled
from the benthic trophic pathway in the urban impacted
creeks, indicating a shift in prey resource use in response to
urbanization. Table 3 and Figure 3 illustrate tabular and
graphical examples of the output provided by the MixSIAR
package that consists of the posterior estimates of the relative
contribution of each diet item to the diet of the consumer, in this
case Eastern Sand Darter (Burbank et al., 2019). Given that the
results are derived from a Bayesian model, users can obtain the
median (50%) and 95% credible interval (lower:2.5% and upper:
97.5%) for reporting results.

It is important to note that stable isotope approaches for
quantifying trophic position and diet reconstructions require
caution with regard to the data to be collected. Appropriate
baseline samples should be collected from sample sites and
relevant trophic discrimination factors must be used (Post,
2002; Kristensen et al, 2016). When comparing among
locations baseline isotope values must be accounted for and,
when appropriate, baseline corrections should be implemented
to ensure comparisons are valid (Cabana and Rasmussen, 1996;

TABLE 3 An example of the output provided by the MixSIAR package, which shows the posterior estimates of the percent of each prey item consumed
by Eastern Sand Darter in the Thames River, Ontario, Canada estimated in Burbank et al. (2019). The median (50%) and 95% credible interval
(lower:2.5%, upper:97.5%) for each diet item are bolded and can be read directly from the output.

Diet Mean SD 2.5% 5%
item

Chironomidae 0.187 0.054 0.088 0.1
Cladocerans 0.032 0.044 0 0
Ephemeroptera 0.325 0.102 0.138 0.168
Oligochaeta 0.283 0.099 0.040 0.090
Ostrocod 0.173 0.084 0.037 0.050

25% 50% 75% 95% 97.5%
0.148 0.193 0.224 0.281 0.309
0.002 0.014 0.018 0.021 0.024
0.253 0.328 0.394 0.508 0.578
0.224 0.287 0.354 0.424 0.443
0.11 0.174 0.229 0.326 0.354

The median (50%) and 95% credible interval (lower: 2.5%, upper: 97.5%) for each diet item are shown in bold and can be read directly from the output.
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FIGURE 3
An example of the graphical output provided by the MixSIAR package, which shows the posterior density distributions of each prey item
consumed by Eastern Sand Darter in the Thames River, Ontario, Canada estimated in Burbank et al. (2019).

Kristensen et al., 2016). Understanding baselines in urbanized freshwater fishes in response to urban development (Steffy and
streams and rivers is particularly important given possible point Kilham, 2004; Eitzmann and Paukert, 2010). For example, Helms
source inputs (i.e., sewage plants) that can significantly alter et al. (2018) used 8"N to determine that redbreast sunfish
downstream isotope values (e.g., Ulseth and Hershey, 2005). (Lepomis auritus) occupied a lower trophic position in urban
Lipid corrections should also be considered and employed streams compared to non-urban streams, highlighting altered
when the C:N ratio is > 3.5 (Skinner et al., 2016). Substantial functional roles in response to urbanization. Lisi et al. (2018)
literature exists to guide researchers on the need and use of lipid used 8N to demonstrate that an omnivorous goby species
corrections (Post et al., 2007; De Lecea and De Charmoy, 2015). (Awaous stamineus) occupied a higher trophic position in
Additionally, when employing Bayesian stable isotope mixing urban  catchments compared to forested catchments,
models to reconstruct diets, all relevant potential diet sources highlighting that the species exhibits a variable diet that can
should be included to ensure models converge and appropriately help buffer it against the environmental degradation associated
represent a species diet (Stock et al., 2018). It is essential that the with urbanization. In contrast, Kupilas et al. (2021) evaluated §°C
assumptions and data requirements of each R package are in Brown Trout (Salmo trutta) occupying urban sites with and
thoroughly followed to ensure the proper use of each tool. without riparian buffers in the Oslo Fjord Basin, Norway, to show

Despite several important technical considerations, the that reaches with a riparian buffer facilitated a greater reliance on
quantification of trophic position, identification of the habitat terrestrially-sourced carbon and suggested that riparian buffers
where dietary items are sourced from, and diet reconstruction may be important for the persistence of Brown Trout in urban
can be valuable for understanding shifts in the feeding ecology of streams. These examples show that stable isotopes are useful for
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TABLE 4 Selected publications that use various stable isotope-based approaches to evaluate the impacts of urbanization on freshwater fishes. The
general findings were organized based on the approaches outlined in Table 2.

Approach General finding

Quantify Trophic Position Increased Trophic Position

Decreased Trophic Position

Decreased Food Chain Length

Identifying Habitat Food is Sourced From Altered Basal Resource Use

Diet Reconstruction (Bayesian Stable Isotope
Mixing Models)

Quantify Niche Width

Sewage/Pollutants

Change of diet and/or Assimilation of

Compressed Isotopic Niche Width

Expanded Isotopic Niche Width

Quantify Niche Overlap

Decreased Isotopic Niche Overlap

Increased Isotopic Niche Overlap

Temperature Use

understanding the impacts of urbanization on the feeding ecology
of affected fishes and demonstrating how freshwater fishes respond
to urban development (Table 4). Our literature review suggests
that urbanization typically impacts the feeding ecology of
freshwater fishes, but the impacts are regionally specific and are
not consistent across fishes. It is also evident from reviewing the
literature that stable isotope-based approaches are underutilized
for understanding urban impacts. For example, searches on the
Web of Science using urbanization and fishes and stable isotopes
yield only 3.3% of the results compared to searches using
urbanization and fishes. After an extensive search of the
literature, we identified only 68 papers that examined stable
isotope values of freshwater fish in urban impacted systems.
Stable isotope-based diet reconstructions in urban streams are
particularly lacking. However, the implementation of this tool can
help to better understand how urbanization impacts the feeding
ecology of a range of freshwater fishes given that changes in feeding
are often precursors to changes in vital rates such as growth. More
recently researchers have used stable isotopes from specimens at
museum collections to evaluate alterations in basal resource use
(e.g, Turner et al, 2015) and feeding ecology of freshwater fish
populations and communities (e.g., Kishe-Machumu et al., 2017)
in response to colonization and historical urban development over
longer temporal scales. To date, studies that exist have largely
focused on single species assessments and most often highlight
general shifts in food sources (i.e, allochthonous versus
autochthonous) and trophic position (e.g., Helms et al., 2018;
Lisi et al., 2018; Kupilas et al., 2021). While useful, stable isotope
analyses can be used to assess more subtle shifts, such as changes in
prey consumption, and can be applied to understand the
implications of the simplification of invertebrate communities
for freshwater fishes in response to urbanization. For instance,
the availability and consumption of high quality benthic and
terrestrially derived prey that would be expected to be
negatively affected by habitat loss and degradation associated
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Selected publications

Lisi et al. (2018)

(Eitzmann and Paukert, 2010; Di Lascio et al., 2013; Loomer et al., 2014;
Mackintosh et al., 2017; Helms et al., 2018)

(Singer and Battin, 2007; El-Sabaawi, 2018; Jackson et al., 2020)
(Kupilas et al., 2021; Burbank et al., 2022)
(Alonso et al., 2019; de Carvalho et al., 2019; Woodland et al., 2022)

(Turner et al., 2015; Woodland et al., 2022)
(de Carvalho et al., 2019, 2021)

de Carvalho et al. (2019)

Alonso et al. (2019)

Kelly et al. (2017)

with urban development can be evaluated with the methods
described above. Future research in urban environments should
employ the stable isotope-based approaches described in this
section to highlight current, future or past changes in feeding
ecology that can arise in response to urban development.

Isotopic niche width and overlap

Urban development can have substantial impacts on the
realized niche of fishes (Woodland et al., 2022) via alterations
to the competitive interactions among species. Understanding
shifts in realized niche and competitive interactions is
foundational for evaluating the impacts of urbanization. The
isotopic niche concept, first formalized in 2007 (Newsome et al.,
2007), is representative of the Hutchinson’s niche concept
(Hutchinson, 1957) within isotopic (typically 8"°C and §"°N)
space as it encompasses both bionomic (i.e, diet) and
scenopoetic (i.e., habitat) axes. Thus, the isotopic niche width
of a species is a useful metric for understanding the breadth of
dietary resources used and/or the habitat exploited. As niche
constriction is often associated with increased risks of local
extirpation (e.g., Scheele et al., 2017; Le Feuvre et al, 2021),
changes in the isotopic niche breadth can be used as a measure of
the potential resilience of species to changes in resource and
habitat availability (Layman et al., 2007b) arising from urban
development (Figure 1). A narrow niche implies that a species is a
specialist (Vander Zanden et al, 2010) and may indicate
increased vulnerability to changes in resource availability due
to urbanization and other threats (e.g, invasive species)
compared to generalist species with wider niches (McKinney,
1997; Burbank et al., 2019).

Isotopic niche overlap is another valuable tool for assessing
the extent to which species within a community, or individuals
within populations, exploit similar space and dietary resources
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(Layman et al., 2007a; Newsome et al., 2007). Understanding
isotopic niche overlap may help inform the potential for
competitive interactions and resource partitioning that might
occur following urban development. For instance, if species
exhibit high overlap within isotopic space, it indicates they
exploit similar resources, which is a precursor to competition.
Alternatively, low isotopic niche overlap among species is
indicative of differential resource use and niche segregation,
which could help buffer against the negative impacts of urban
development (Lisi et al., 2018). In response to urbanization, a
changing prey base may influence the dietary niche of fishes
(whether overlapping or segregated), so the examination of
isotopic niche overlap can be a valuable tool for
understanding shifts in species trophic interactions. Layman
et al. (2007a) proposed a set of metrics associated with
isotopic niche among community members deemed
“Layman’s metrics” that include §"°N range, §"°C range, total
area of the convex hull, mean distance to centroid, mean nearest
neighbour distance and standard deviation of the nearest
neighbor distance. 8"°N range helps provide information on
the trophic length of a community and 8“C range can
provide insight into the diversity of basal resources (see
Trophic Level and Diet Reconstruction section). Total area of
the convex hull represents the total amount of isotopic niche
space occupied by a fish community. Mean distance to centroid
quantifies the average extent of trophic diversity in a community,
mean nearest neighbor distance represents how densely species
cluster in isotopic space, and standard deviation of nearest
the of species
these metrics helpful

understanding how community members interact in isotopic

neighbor distance represents evenness

clustering. Together can be for
space but also for understanding changes in community structure
associated with urbanization (Layman et al., 2007a; Layman,
2007; Jackson et al., 2011).

Several useful methods and R packages have been developed
to estimate isotopic niche width, evaluate isotopic niche overlap,
and compute Layman metrics (Table 2). Initially, isotopic niche
was estimated as the convex hull area occupied by a species in bi-
variate isotope space (Newsome et al., 2007). Jackson et al. (2011)
then developed the Stable Isotope Bayesian Ellipses in R (SIBER)
package, which placed isotopic niche width estimates and
Layman’s metrics into a Bayesian framework. The Bayesian
approach reduced result sensitivity to sample size and allowed
uncertainty to be incorporated into the estimates of niche width.
The SIBER package estimates niche width as a standard ellipse
area corrected for small sample sizes (SEA(), with the standard
ellipse in bivariate space being conceptually equivalent to the
standard deviation in univariate space. SEA¢ is the area of an
ellipse that contains 40% of the data in bivariate space with the
incorporation of a correction for small sample sizes and is
representative of the niche width of a species in isotopic space
(Jackson et al., 2011; Mumby et al., 2018), but may be scaled to
include more or less of the data as required. The SIBER package
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also facilitates estimates of SEA in a Bayesian framework (SEAg)
with a user specified number of iterations. Additionally, the
package allows for the geometric estimation of the area of
overlap among two standard ellipse areas that is representative
of niche overlap (Jackson et al., 2012; Guzzo et al., 2013). More
recently, Swanson et al. (2015) developed NicheRover to
incorporate n > 2 information vectors allowing for the use of
more than two isotopes or the combination of isotopes with other
information (e.g., temperature) to estimate niches more
compatible with  Hutchinson’s  original n-dimensional
hypervolume definition (Hutchinson, 1957). NicheRover also
computes bi-directional overlap by estimating the extent of
niche overlap from the perspective of either species
(i.e., species A overlap on species B niche and vice versa).
With this approach, the asymmetry of niche overlap can be
assessed and interpreted (see NicheRover vignette). For instance,
if species A has a large niche and species B has a small niche, with
the niche of B almost entirely contained within the niche of A, the
probability of B overlapping with A would be very high, but the
probability of A overlapping with B would be low (e.g., Swanson
et al., 2015; Burbank et al., 2019). One interpretation of such
asymmetries is that one species (B) is more exposed to resource
competition with the other species (A). Such advancements
significantly improve the capacity to define niche space and
overlap in isotopic space and can help elucidate both potential
competitive interactions and resource portioning among
freshwater fishes. Thus, we suggest using the NicheRover
package when estimating niche width and overlap in
urbanized ecosystems. As with the isotope mixing models,
authors of the SIBER and NicheRover packages provide in-
depth and easy to follow vignettes to teach practitioners how
to use the packages with their data. It is essential that these
vignettes are examined thoroughly and that all relevant
assumptions and cautions are taken when using the above
packages for estimating isotopic niche width and overlap. For
instance, the SIBER package is relatively insensitive to sample
size but recommends that a minimum of n = 10 samples are used
per group (Jackson et al., 2011).

Stable isotope techniques can be applied to understand how
fish populations and communities are impacted by the range of
stressors associated with urbanization that affects both feeding
ecology and habitat occupancy of freshwater fishes (Figure 1;
Table 4). For example, de Carvalho et al. (2019) quantified
niche width and overlap of native (Phalloceros uai) and exotic
(Poecilia reticulata) guppies in polluted Brazilian waters and found
the species exhibited wider isotopic niches but less isotopic niche
overlap in polluted compared to unpolluted sites, indicating
increased niche segregation in polluted waters. de Carvalho
et al. (2021) found increases in the isotopic niche width of fish
communities in polluted compared to non-polluted sites of the Rio
das Velhas basin, Brazil. Whereas, Alonso et al. (2019) observed
increased overlap of the isotopic niche of Astyanax taeniatus and

Astyanax lacustris in polluted waters in Brazil, suggesting niche
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compression in response to reduced prey diversity. Woodland et al.
(2022) found the isotopic niche width of white perch (Morone
americana) contracted in response to increases in impervious
surfaces, likely as a result of homogenization of diet and a less
diverse forage base, in urbanized sub-estuaries of the Patapsco
River, Maryland. Furthermore, Turner et al. (2015) used museum
collections gathered for over 70 years to identify reductions in
isotopic niche width of freshwater fishes and increased §"°N of the
entire fish community inhabiting urban affected reaches in
response to sedimentation and channelization in the highly
urbanized and regulated Rio Grande system, United States.

It is evident that measures of isotopic niche width and
overlap provide valuable insight into how different species
respond to increased urban pressure and how interspecific
interactions may be impacted by continued urban
development. Quantification of isotopic niche width and
overlap can be particularly valuable for predicting the
sensitivity of species to urban impacts and quantifying
changes in diet, habitat use, competitive interactions and

niche segregation in response to urbanization.

Temperature use

Urban-driven changes in stream and river temperatures (e.g.,
Kinouchi et al., 2007; Nelson and Palmer, 2007; Kaushal et al.,
2010) will have consequences for resident fish species, which may
include acute and chronic thermal stress for fish unable to
disperse to suitable thermal refugia (Timm and Ouellet, 2021)
and changes in seasonal phenology such as emergence date and
growth-related effects (Spanjer et al, 2018). Given the
importance of temperature for fish (e.g, Magnuson et al,
1979) it is important to understand whether individual fish
can exploit habitat heterogeneity (i.e., find thermal refugia) to
offset the effects of warming waters. One method of doing so is
through the use of otolith thermometry which allows the oxygen
isotope measures (8'°0) of otolith calcium carbonate to be
translated to temperature (°C) via experimentally validated
empirical relationships (e.g., Godiksen et al., 2010—Arctic
Charr (Salvelinus alpinus); Willmes et al.,, 2019—Delta Smelt
(Hypomesus transpacificus); Burbank et al., 2020—Silver Shiner).
The approach has proven useful for separating fish species by
thermal habitat use (Power et al., 2012; Kelly et al., 2015) and
could be effectively applied to understand the thermal habitats
occupied by freshwater fishes in anthropogenic affected
environments. For instance, otolith 80 has been used to
evaluate the temperature use of Brook Charr (Salvelinus
fontinalis) and Slimy Sculpin (Cottus cognatus) in response to
dam operation by comparing temperature use in both regulated
and unregulated rivers in Ontario, Canada (Kelly et al., 2017).
The study found Slimy Sculpin, but not Brook Charr, used
cooler  water below  dams.

significantly temperatures

Additionally, otolith 80 can be useful for understanding
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thermal niche segregation that may help facilitate coexistence
(Power etal.,, 2012) under changing environmental conditions, or
in response to new biotic interactions that can arise from species
invasion (Kelly et al., 2015), or changes in fish community
interactions. Changes in riparian habitat and channelization
associated with urban development typically lead to changes
in the thermal regime (Nelson and Palmer, 2007) and otolith
thermometry can be applied to quantify how relative temperature
use changes through time or across migration routes. The
exploitation of thermal refugia within urban streams such as
localized regions of groundwater upwelling (Power et al., 1999)
can be examined and identified by comparing occupied
the Otolith
thermometry is a relatively cost-effective approach that can

temperature to dominant thermal regime.
provide insight into how species cope with increasing
temperatures in the face of urbanization and may help refine
estimates of habitat use.

There are several important considerations when applying
80 in otoliths to understand temperature use. For example,
when attempting to reconstruct realized temperature use with
otolith

quantification of §'°0 in the water where fish were captured

previously  developed thermometry  equations,
is required to calculate otolith isotope fractionation (Godiksen
et al,, 2010). Additionally, the method is confined to situations
where archived otoliths are available or lethal sampling is
(Burbank et 2020). otolith

thermometry can be applied to a wide range of fishes to

permitted al., Nevertheless,
understand realized or relative temperature use within and
among species in the face of continuing urbanization. The
approach is well suited to small bodied fishes when alternative
technologies such as telemetry are not practical because of tag
size. Additionally, otoliths of specimens archived in museum
collections can be examined to retrospectively quantify historical
impacts of urbanization on thermal occupancy of fishes that
experienced shifts in the thermal regime long before the
widespread availability of thermal tagging technology (Surge
and Walker, 2005). Otolith thermometry may be particularly
useful in understanding shifts in temperature use in response to
urban development because micro-milling or secondary ion mass
spectrometry (SIMS) techniques allow for thermal occupancy to
be estimated over the course of an individual’s life (Helser et al.,
2018).

Field metabolic rates

Field metabolic rate is a critical measure for evaluating how
species are impacted by environmental stressors (Chung M.-T.
et al,, 2019a). Urban development is expected to have significant
impacts on fish metabolic rates through a range of pathways
(Figure 1) i.e., via diet quality (Francis and Schindler, 2009) or
changes to the thermal envelop in which fish reside (Nelson and
Palmer, 2007). Quantifying the impacts of urbanization on the
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field metabolic rate of freshwater fishes is difficult as a result of
the significant lack of metabolic information for fish derived
under field conditions (Treberg et al., 2016). However, the
analysis of 8“C in fish otoliths has been shown to be
representative of fish field metabolic rates (Chung M.-T. et al,,
2019a; Martino et al, 2020) and is a promising tool for
quantifying changes in metabolic rate in response to
urbanization and environmental stressors. For example,
Sinnatamby et al. (2015) observed increases in otolith §"C
estimated field metabolic rates in young-of-year Arctic Charr
as a function of increasing latitude, suggesting increased food
consumption in high-latitude populations during the summer
feeding period. Wurster et al. (2005) used otolith §"*C values of
Chinook Salmon (Oncorhynchus tshawytscha) in Lake Ontario to
track shifts in field metabolic rate that were associated with
alterations in habitat use. It should be noted, however, that
otolith §"”C based estimates of field metabolic rate are
influenced by many processes such as feeding, movement,
thermoregulation, reproduction, growth and aggression, and
as a consequence may be difficult to interpret (Sinnatamby
et al, 2015 Chung M.-T. et al, 2019b). Nevertheless,
metabolic rates inferred from field-based otolith 8"°C are
advantageous when compared to laboratory-based measures
because they relate directly to cumulative fish behaviours in
the wild (Chung M.-T. et al., 2019b).

Otolith §"°C field metabolic rate can be estimated using a two
component mixing model that includes consideration of dietary
8"C (i.e., muscle tissue §'°C), otolith §"°C and the §“C of
dissolved organic carbon (DIC) in occupied waters (Schwarcz
et al,, 1998; Solomon et al., 2006; Chung M.-T. et al., 2019a,
Chung M.-T. et al., 2019 M. T.b). The MixSIAR package in R
(Stock and Semmens, 20165 Stock et al., 2018) can be used to
perform the two component mixing model within a Bayesian
framework (Chung M.-T. et al., 2019b). While there are several
measurements required to estimate otolith 8"°C metabolic rate
(diet 8"C, otolith §"*C and 8"°C of DIC in water), if researchers
stable
investigations and/or otolith §'®O thermal reconstructions,

are conducting isotope-based  feeding ecology
otolith-based field metabolic rate estimates are a relatively
straightforward add-on to such studies and may be a valuable

tool for tracking the influence of urbanization stresses on fish
physiology.

Synthesis and recommendations

The most drastic human interventions on aquatic ecosystems
tends to be realized within urban environments, thus freshwater fish
populations and communities are subjected to a wide variety of
stressors in the face of continued urbanization (Cohen, 2003; Tickner
et al,, 2020). Therefore, ecologists must take an active approach when
evaluating and quantifying the impacts of urbanization on freshwater
ecosystems by using the wide variety of tools available. Doing so can
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help understand and mitigate the effects of urbanization on
freshwater fishes and ecosystems. We have highlighted stable
isotope analyses as useful tools for improving our understanding
of the impacts of urbanization on freshwater fishes (Table 4). Stable
isotope analyses can be used in conjunction with other approaches
such as life-history based, contaminant-based and habitat-based
approaches to gain a broader and more comprehensive
understanding of how fish populations and communities are
responding to the myriad of habitat stressors associated with
urbanization. Stable isotope-based approaches are particularly
useful for understanding urban impacts as they can equally point
to urban-driven habitat degradation and the response of populations
and communities to habitat change. Based on surveys of the literature
to date, it is evident that stable isotope approaches are underutilized
by researchers in assessing urbanization impacts on freshwater fish
populations and communities. To further their use in that regard, we
have provided an overview of how stable isotope analyses can be
effectively and easily applied to investigate, quantify, and understand
the impacts of urban development on freshwater fish populations
and communities. In particular, we show how stable isotope analyses
can help address both the ecological and physiological impacts of
urban development on freshwater fishes in hopes of inspiring more
frequent use of the approaches in urbanization studies. In addition to
assessing impacts of urbanization, stable isotope analyses can be
useful for assessing the ecological response of fishes in urban systems
that have undergone habitat restoration.

Stable isotope-based examination of fish feeding ecology in
response to urban development is a promising approach for
quantifying how changes in riparian habitat, instream
temperature, nutrients, contaminants, food supply, hydrology,
and sedimentation can impact prey consumption by freshwater
fishes. Stable isotope-based methods can be easily implemented
to investigate potential shifts in the trophic level, which habitats
food is sourced from, and the overall diet of freshwater fishes to
better understand impacts on the feeding ecology of fish
populations and communities. As such shifts are typically
important predecessors of wider population effects, stable
isotopes have the potential to be used as important indicator
metrics. Additionally, isotopic niche width and overlap measures
provide valuable tools for understanding how fish cope with
urban stressors, for evaluating potential competitive interactions
and niche segregation among species, and for assessing changes
in habitat use in the face of urbanization. Otolith-based work
such a 8'0 analysis can help researchers uncover and track
changes in temperature and habitat use in response to shifts in
thermal regimes associated with urbanization and should be
considered for use with archived otolith collections or future
sampling programs. Otolith §"°C data also has promise for
understanding changes in field metabolic rate in response to
the wide range of urban related stressors and providing insights
into urban impacts on freshwater fish physiology. Critically,
advancements in mass spectrometry have made stable isotope
analyses both a widely available and cost-effective tool for use in
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urban impact studies. As we continue to face increasing urban
development globally, researchers should make more frequent
use of stable isotope analyses to gain a more comprehensive
understanding of the impacts of urbanization on freshwater fish
populations and communities and to advance our knowledge of
urban impacts on freshwater ecosystems as a whole.
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