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Abstract
Despite freshwater ecosystems being critically important, they have been severely degraded such that freshwater biodiver-

sity losses have been widely documented. To mitigate this loss, many attempts to improve freshwater habitats have been
undertaken using various techniques such as those related to restoration and rehabilitation. Assessing whether these efforts
are effective is necessary to not only support habitat and species recovery but also to inform future initiatives. However, such
initiatives are challenged by funding constraints, timeline limitations, and lack of standardized evaluation methods, result-
ing in a need to define relevant monitoring strategies. High-quality habitat is essential for population persistence making
habitat quality a relevant indicator of the success of freshwater habitat improvement efforts. Additionally, habitat quality
indicators are more relatable to the habitat itself and thus more indicative of long-term success than metrics currently being
used. Herein, we describe key indicators of habitat quality and illustrate why such measures are useful assessment tools for
evaluating the success of freshwater habitat improvements. Based on our synthesis, we outline methods that can be used to
describe habitat quality for animals, such as metrics of behaviour, bioenergetics, “omics”, food webs, and biotic indices. We
also outline challenges associated with assessing habitat quality and make suggestions to help overcome them. We then share
considerations for evaluating the success of habitat improvement initiatives using habitat quality indicators, including how
to define success, select appropriate spatial and temporal scales, and consider the tiers of evidence provided by the different
indicators. To conclude, we present two case studies to further illustrate the practical application (and challenges) of using
habitat quality indicators to assess the effectiveness of freshwater habitat improvement initiatives.
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1. Introduction
Freshwater ecosystems are critically important for a

healthy planet, yet they continue to be subject to degradation
and habitat loss. While freshwater constitutes just a small
portion of the globe’s area and water content, it holds a dis-
proportionate amount of the world’s biodiversity (Dudgeon
et al. 2006; Reid et al. 2019). Freshwater ecosystems also pro-
vide numerous ecosystem services that have both indirect
and direct benefits to humankind (Holmlund and Hammer
1999; de Groot et al. 2012). For example, freshwater systems
act as carbon sinks helping to limit carbon in the atmo-
sphere and regulate climate (Lynch et al. 2023; Seena et al.
2023; Thomaz 2023) and provide nutrition, medicine, liveli-
hood support, and cultural benefits to people all over the
world (Lynch et al. 2023). Despite their significance, freshwa-
ter ecosystems continue to be more heavily degraded than
others, resulting in a decline of approximately 85% of the rel-

ative abundance of wild freshwater vertebrate populations
since 1970 (Harrison et al. 2018; WWF 2024). Furthermore, of
the freshwater species that have been assessed by the Interna-
tional Union for the Conservation of Nature (IUCN), 24% are at
high risk of extinction, a proportion that excludes molluscs
and many other freshwater species, as they have not yet been
assessed (IUCN 2024; Sayer et al. 2025). Key threats associated
with these declines include habitat degradation and/or loss,
pollution, overexploitation, invasive species, disease, and cli-
mate change (Dudgeon et al. 2006; Reid et al. 2019; WWF
2024).

Conservationists seeking to address the degradation of
freshwater ecosystems frequently implement habitat im-
provement projects. With the United Nations (UN) declar-
ing 2021–2030 the UN Decade of Restoration (United Na-
tions 2019), many efforts are currently focused on restora-
tion, which aims to help a destroyed or degraded ecosystem
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recover to its original state (Gann et al. 2019). However, given
anthropogenic activities have heavily degraded many fresh-
water systems, full restoration is no longer possible in many
areas (Hobbs et al. 2011; Ravit et al. 2017). As such, other
habitat improvement methods are used instead. Rehabilita-
tion, for example, is very similar to restoration, but instead
of aiming to restore the community composition and struc-
ture to what was present prior to degradation, rehabilitation
strives to restore a functioning ecosystem (SER 2004). Exam-
ples of rehabilitation activities include habitat construction
(Nunn et al. 2007; Paterson et al. 2013), rewilding (Thompson
et al. 2018), and habitat enhancement (Leblanc et al. 2017),
each of which vary in their approach to improving the habi-
tat. However, the evaluation of these improvement efforts is
challenging because methods to determine their successful-
ness are not standardized (Evju et al. 2020). Most studies are
also not conducted long enough to actually observe the full
outcome of the improvement effort (Verdonschot et al. 2013;
Alamenciak et al. 2023) given there is usually a delay between
the effort taking place and the ecosystem becoming ecolog-
ically functional (DFO 2012; Scrimgeour et al. 2014). There-
fore, whether improvement efforts were successful is often
unknown.

Not knowing which habitat improvement efforts are suc-
cessful is especially problematic for freshwater ecosystems
considering the freshwater biodiversity crisis (Harrison et al.
2018; Piczak et al. 2024). Given the decline of freshwater ver-
tebrate populations, freshwater habitat improvement initia-
tives often focus on improving habitat for freshwater animals
(Rogosch et al. 2024), the goal of which is to allow for ecosys-
tem functioning and/or population persistence (Gann et al.
2019). Measuring variables that relate to fitness is regarded
as an ideal method for evaluating the success of habitat im-
provement activities for animals given their strong link to
the persistence of populations, but most methods currently
employed often only use simplistic measures of the relative
abundance of animals (e.g., community composition, species
richness, abundance; Hale et al. 2019). Also, most methods
used focus on just one species (Hale et al. 2019), one response
variable (Alamenciak et al. 2023), or are evaluated at too small
of a spatial scale (Roni et al. 2008) to provide meaningful in-
formation at the ecosystem level (Kollmann et al. 2016). To
help alleviate these issues, building on the recommendation
made by Hale et al. (2019), herein we propose a practical base-
line for using habitat quality indicators (metrics related to fit-
ness as defined below) as an alternate approach for evaluating
the success of freshwater habitat improvements for animals.
The suggestions outlined could also be used for evaluating
the level of degradation a habitat has endured; however, for
the purpose of this perspective, we will be focusing on habitat
improvement efforts. We discuss what habitat quality is, chal-
lenges associated with measuring habitat quality (including
suggestions for overcoming them), what habitat quality indi-
cators would provide a good indication of the success of fresh-
water habitat improvement efforts, provide overall consider-
ations for the use of habitat quality indicators in freshwater
habitat improvement monitoring, and present case studies
to illustrate the practical application (and challenges) of us-
ing habitat quality indicators to assess the effectiveness of

freshwater habitat improvements. This paper is not a com-
prehensive systematic review but rather a perspective article
that brings together the collective expertise of co-authors and
relevant literature to generate a novel and practical synthesis
on the topic of evaluating freshwater habitat improvements
through a habitat quality lens.

2. What is habitat quality?
There is a general lack of understanding regarding what

habitat quality is, including the incorrect use of termi-
nology, creating inconsistency in habitat quality literature
(Krausman and Morrison 2016). Therefore, prior to discussing
how to use habitat quality as a success indicator for freshwa-
ter habitat improvements, we will outline the detailed def-
inition of this dubious term. A habitat includes all the abi-
otic and biotic factors (i.e., resources) that allow an organism
to survive and/or reproduce in an area at some point in its
life (Hall et al. 1997; Krausman and Morrison 2016). Habitat
quality refers to how well these factors (i.e., a habitat) allows
an individual or population to survive, reproduce, and per-
sist; in other words, how well a habitat contributes to fitness
(see Fig. 1; Huey 1991; Garshelis 2000; Kirk et al. 2018). Habi-
tat quality also takes into account anything that might im-
pact that habitat’s use (e.g., competition, predation, connec-
tivity, niche; Johnson 2007; Mathewson and Morrison 2015).
What can be considered habitat and habitat quality can there-
fore differ not only among taxa, but also for a single species
during different life stages, for different behaviours, among
populations (as a result of local adaptation), and even among
individuals (e.g., sex-specific variation). Consequently, how
well a habitat contributes to a species’ fitness (i.e., the qual-
ity of the habitat) is a conglomeration of how much each of
the interacting variables within a habitat (e.g., dissolved oxy-
gen, vegetation, competition) satisfies a species’ needs to the
point of the habitat allowing or not allowing the species to
survive, reproduce, or persist. Therefore, habitat quality ex-
ists along a gradient ranging from low (allows survival) to
medium (allows for survival and reproduction) to high (al-
lows for survival, reproduction, and population persistence;
Hall et al. 1997; Krausman and Morrison 2016). However, eval-
uating habitat quality directly based on this definition proves
difficult as we will illustrate in the following section.

3. What are key challenges with
evaluating habitat quality in
freshwater ecosystems?

There are challenges that must be overcome for the effec-
tive use of habitat quality as a monitoring tool. Similar to all
freshwater studies, there is often a lack of funding, time, and
support to conduct habitat quality research, as well as low
accessibility to difficult-to-study freshwater systems (Birnie-
Gauvin et al. 2023). Further, challenges exist with measuring
habitat quality. Ultimately, whether a habitat does or does
not promote fitness indicates habitat quality, so directly mea-
suring fitness and how it is impacted by differing habitat
variables would be a great measure of habitat quality. Fit-
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Fig. 1. A flowchart illustrating the different components of habitat quality. The abiotic section includes the basic abiotic at-
tributes that are contained within a habitat. The biotic section includes the biotic elements of a habitat that are both influenced
by the abiotic attributes of the habitat and also interact with the abiotic attributes to influence the fitness-related outcomes
or quality of the habitat. The outcomes section includes the fitness-related final components of the habitat quality definition,
i.e., the resulting ability of the species to survive, reproduce, or persist based on the interactions between the abiotic attributes
and biotic elements. The lists in this figure are not exhaustive; however, they provide an indication of the many important
factors involved in the definition of habitat quality.

ness, however, is very difficult to measure and often takes
a very long time to determine, so it is rarely measured di-
rectly (Garshelis 2000; Stephens et al. 2015). Given the dif-
ficulties with measuring fitness, proxies of fitness, such as
reproductive success (Marjadi et al. 2019) and levels of stress
hormones (Sadoul and Geffroy 2019) have been used instead.
Likewise, indicators are used when measuring habitat qual-
ity (Stephens et al. 2015) given the difficulties associated with
measuring the direct link between habitat variables and sur-
vival, reproduction, and persistence (Ahmadi-Nedushan et al.
2006; Homyack 2010; Cooke et al. 2023). Simply put, habi-
tat quality indicators and fitness proxies are the same, with
the distinction that habitat quality indicators compare fitness
proxies to habitat variables, whereas fitness proxies make no
such comparison and measure proxies of fitness alone. These
habitat quality indicators are what we believe should be used
to measure the success of freshwater habitat improvement
efforts, and in the following sections we describe which indi-
vidual and population/community-level habitat quality indi-
cators could be used along with considerations for their use.

It is important to note, however, that challenges also arise
with the use of habitat quality indicators, as the direct link be-
tween habitat and fitness is ideally established prior to their
use (Homyack 2010; Madliger et al. 2018), but studies con-
firming these links are sparse (Niemi and McDonald 2004). In

fact, for a lot of species we do not currently know what qual-
ifies as high-quality habitat. Therefore, this perspective can
be considered a practical suggestion for how the success of
freshwater habitat improvement efforts should be measured
to be able to obtain the most evidence regarding their suc-
cess. In other words, we believe the habitat quality indicator
groups described in this paper can be used without the di-
rect link between fitness and habitat being established and
still provide useful information until such time that they can
be verified because they provide information that is more di-
rectly related to the habitat itself and more indicative of long-
term success than the metrics currently being used to assess
the successfulness of habitat improvement efforts (e.g., com-
munity composition, species richness, abundance; Hale et al.
2019).

4. How can habitat quality for animals
be evaluated in freshwater
ecosystems?

In this section, we outline indicators that can be used to
evaluate habitat quality in freshwater habitats. These indi-
cators are split into groups based on general themes (see
Table 1) that relate to their ecological hierarchy (i.e., individ-
ual, population, community, ecosystem) along with consider-
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Table 1. A conceptual summary of the habitat quality indicator groups outlined in this perspective along with example indi-
cators that would fall into each group and a reference that describes the indicator.

Ecological hierarchy Indicator group Example indicators Reference

Individual

Behaviour

Habitat selection Edge et al. (2010)

Home range Markle and Chow-Fraser (2018)

Hotspot analysis Acre et al. (2021)

Nesting site selection Thompson et al. (2017)

Turnover rates Bélanger and Rodríguez (2002)

Bioenergetics

Growth Hallbert and Keeley (2023)

Growth rate potential Almeida et al. (2022)

Stress hormones Carbajal et al. (2019)

Body condition Brown et al. (2024)

Omics

Metabolomics Lv et al. (2022)

Transcriptional profiling using high-throughput
qPCR

> Fit-chips Akbarzadeh et al. (2024)

> EcoToxChips Basu et al. (2019)

> Stress Transcriptional Profiling Chips Semeniuk et al. (2022)

Population Populations

Recruitment Stoeckl et al. (2020)

Survival rate Conan et al. (2023)

Production Aparicio et al. (2025)

Biomass Houghton (2021)

Age and/or size structure Minns et al. (1996)

Population or Community Indices

Habitat suitability index (HSI) Harris et al. (2024)

Index of biotic integrity (IBI)/multimetric index
(MMI)

Grabas et al. (2012)

Habitat productivity index (HPI) Randall and Minns (2002)

Community or Ecosystem Food webs

Food web stability Zhang et al. (2021)

Niche width, overlap, diversity Dawson et al. (2024)

Food web structure Crane et al. (2011)

ations for their use. The lists of example indicators provided
within each group are not exhaustive; rather, they are pro-
vided to give examples of the types of indicators that could fit
within each group. Further, not all methods listed are associ-
ated with studies that had the explicit aim of measuring habi-
tat quality (e.g., Wootton 2012), and some studies listed were
not used to assess habitat at all (e.g., Lv et al. 2022). However,
we have included studies such as these because we believe
the methods they used could be useful indicators of habitat
quality when used appropriately (see Section 5 for more de-
tails on using appropriately).

4.1. Behaviour
Behaviour and fitness are intricately linked making be-

haviour a good indicator of habitat quality. Animals must per-
form different behaviours to ensure their survival, reproduc-
tive success, and therefore fitness (Tinbergen 2009; Bateson
and Laland 2013; Cooke et al. 2022). These behaviours have
the potential to increase an animal’s fitness, such as a turtle
basking to increase its metabolism (Bulté and Blouin-Demers
2010) or a fish modifying its behaviour to maximize foraging
success (Dill 1983). However, behaviours can also decrease an
animal’s fitness if conditions change from what an animal
has adapted to, such as displaying reproductive site fidelity

to a location that is no longer capable of supporting offspring
(Liermann et al. 2012; Merkle et al. 2022) or the provision
of parental care making a fish more vulnerable to angling
(Sutter et al. 2012). Due to these links to fitness, behaviour
has been used as an indicator of habitat quality by way of
evaluating habitat use. Habitat use has been described in
many forms, such as habitat selection and home ranges (Edge
et al. 2010; Markle and Chow-Fraser 2018), hotspots (Acre
et al. 2021), nesting site selection (Thompson et al. 2017),
and movement turnover rates (Bélanger and Rodríguez 2002).
There are several considerations that must be made when
choosing to use any of these as indicators to assess habitat
quality. Likely most important to keep in mind is that the
quality determined is specific to the behaviour being evalu-
ated (Johnson 2007). For example, high-quality foraging habi-
tat may not be high-quality habitat for reproduction. It is
also important to consider variables that can make animals
choose a habitat with poor quality, as is the case with eco-
logical traps (i.e., a low-quality habitat that animals select
over high-quality habitat because the low-quality habitat is
more attractive in some way; Battin 2004). Additionally, just
because an animal was not found to use a habitat does not
mean it was not used; it may just not have been observed
(Garshelis 2000). Overall, it is therefore important to consider
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behaviours important to a species’ life history as well as po-
tential limitations to habitat use by animals when using be-
havioural indicators in a habitat quality study.

4.2. Bioenergetics
Energy is fundamental for organisms and its components

can be used as indicators of habitat quality. Animals must
acquire energy from the environment at a faster rate than
they expend it to allocate excess energy to growth and re-
production. Therefore, to assess habitat quality, some stud-
ies evaluate how different habitats and/or habitat attributes
influence a species’ growth assuming more growth relates to
better quality habitat (Brown et al. 1994; Polivka et al. 2020;
Hallbert and Keeley 2023). Other studies look at growth less
directly by estimating growth rate potential (GRP) as a result
of prey availability and levels of abiotic variables such as oxy-
gen (Mason et al. 1995; Brandt et al. 2011; Almeida et al. 2022)
with the premise that a higher GRP is indicative of higher
quality habitat. Organismal stress hormones have also been
used when evaluating habitat quality given habitat has been
linked to stress levels (Carbajal et al. 2019) and higher levels
of stress often result in lower reproductive success (Schoenle
et al. 2021), likely as a result of the impacts of stress on en-
ergy availability. Body condition is also used (Maceda-Veiga
et al. 2014; Brown et al. 2024) with the premise that the rela-
tionship between the length and mass of an animal is indica-
tive of energy availability (Stevenson and Woods Jr. 2006). It
is important to consider that results from using bioenergetic
indicators such as body condition could be due to using the
habitat, but the animal could also choose to use the habitat
because of its body condition (Johnson 2007; Homyack 2010),
and determining which is the case could require conducting
the study over multiple years or using an experimental re-
search design. It can also be challenging to measure an or-
ganism’s growth in direct relation to specific environmental
conditions (Cooke et al. 2016), especially in mobile organisms
as bioenergetic measures are point measures of their condi-
tion. As such, integrated studies that estimate space use (e.g.,
via telemetry) with physiology (e.g., growth, stress) may be
best for determining links between habitat quality and ener-
getics in mobile animals (Brownscombe et al. 2022).

4.3. Omics
Many omics tools could be used as excellent indicators of

habitat quality for freshwater animals. For example, Lv et
al. (2022) found that contaminants such as lead in water im-
pair tadpole growth and alter their metabolome. When used
in the field, this method could be used as an indicator of
habitat quality by comparing a species’ metabolome across
habitats with the altered metabolome sequence being able
to identify habitats that reduce growth. Nonlethal sampling
can also be coupled with transcriptional profiling using high-
throughput qPCR approaches (Jeffries et al. 2021) to assess
habitat quality. Fit-Chips are an example of this approach
(Miller et al. 2014). These chips are composed of assays of
several genes that can identify biomarkers of stressors an ani-
mal is being exposed to (e.g., high temperatures, hypoxia, dis-
ease) that influence fitness traits such as survival (Houde et al.

2019; Akbarzadeh et al. 2021, 2024; Jeffries et al. 2021). High-
throughput transcriptional profiling has also been developed
to assess the effects of contaminants on aquatic animals (i.e.,
the EcoToxChip; Basu et al. 2019) and to evaluate the health
of freshwater fishes in Canada (i.e., the Stress Transcriptional
Profiling Chip; Semeniuk et al. 2022), both of which would
indicate habitat quality when compared to habitat compo-
nents. The development and use of high-throughput qPCR
approaches for animals (e.g., other species of fish, turtles, in-
vertebrates, amphibians, etc.) would be excellent indicators
to incorporate into habitat quality studies when developed
with biomarkers that influence survival and/or reproduction.
A potential drawback to using omics tools is that there may
be stakeholder skepticism for using the approach as there
are relatively few examples of them being successfully incor-
porated into conservation frameworks (Bernos et al. 2020).
Also, omic technology often requires validation in the lab and
field as part of the habitat quality study (Jeffries et al. 2021).
However, once validated, the biomarkers would be an effi-
cient tool especially considering some of these tools such as
the Stress Transcriptional Profiling Chip can evaluate multi-
ple species at once (Semeniuk et al. 2022).

4.4. Populations
What benefits an individual does not always benefit the

population (Johnson 2005) so when conducting a habitat
quality assessment, it would be beneficial to also take pop-
ulation measures when possible. However, this group of in-
dicators should include metrics that go beyond measuring
the simplistic measures of abundance we mentioned pre-
viously. Recruitment (Stoeckl et al. 2020) and survival rate
(Rittenhouse 2011; Reeves et al. 2016; Conan et al. 2023), for
example, require abundance measures to evaluate but they
are both indicators of habitat quality that provide evidence
for population persistence in a habitat. Similarly, production
(i.e., change in biomass in a given area over time; Randall
2003; Aparicio et al. 2025) is also a population-level measure
of habitat quality that provides evidence for persistence but
it is difficult to measure so biomass is often used as a proxy
instead (Foote et al. 2020; Houghton 2021). Biomass is the spe-
cific mass of a species, taxa, etc. in a given area at a specific
moment in time (de Kerckhove et al. 2008). Age and/or size
structures of populations can also be used to illustrate how
fitness at different levels is limiting the persistence of a pop-
ulation (e.g., population size being limited by poor habitat
quality at the fry stage for fish; Minns et al. 1996). Aside from
recruitment and survival, the assumption of most of these
metrics is that when an animal is present within a habitat, it
is because the habitat benefits their fitness in some way; how-
ever, an animal being present within a habitat could be a re-
sult of variables other than habitat quality, such as more com-
petitive individuals dominating higher quality habitat (Van
Horne 1983; Ayllón et al. 2013). Additionally, presence within
a habitat can be naturally highly variable over time as is the
case with migratory animals that use different habitats at dif-
ferent times based on their requirements (Dingle and Drake
2007; Midwood et al. 2016). Therefore, if abundance-based
population indicators are used to determine habitat quality,
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they should be measured across the appropriate time scale
and ideally be paired with other indicators like behaviour or
growth to help validate their relationship to quality.

4.5. Indices
Many indices have been developed and used in freshwa-

ter systems that can be used as indicators of habitat qual-
ity. A habitat suitability index (HSI) estimates a species’ re-
quirements at a specific life stage based on their relative
abundances or presence throughout a range of environmen-
tal variables in a specific area (de Kerckhove et al. 2008;
Rudolfsen et al. 2021; Harris et al. 2024). Given the range
for each environmental variable gathered, an HSI provides
an indication of current habitat quality but also has predic-
tive power for what could happen to individuals and popula-
tions if environmental variables change (de Kerckhove et al.
2008). Another index type used is an index of biotic integrity
(IBI; also referred to as a multimetric index, MMI). Indices of
biotic integrity use biotic variables such as species composi-
tion (e.g., richness, tolerances) or traits (e.g., feeding habits,
life history) within a specific taxon to indicate the health of
a specific habitat type in a geographic area (Karr 1981; Vadas
et al. 2022). An IBI is a useful habitat quality indicator when
developed using sampling locations subjected to differing lev-
els of disturbance, such as changes in land cover and differing
indicators of water quality like nutrient levels (Lougheed and
Chow-Fraser 2002; Uzarski et al. 2005; Seilheimer and Chow-
Fraser 2006; Grabas et al. 2012). An IBI is therefore scaled
based on the sampling sites chosen, so a high-quality habitat
must be included in the development of the index for it to be
used as a habitat quality indicator (Vadas et al. 2022). If creat-
ing or using indices to assess habitat quality, it is important
to consider seasons and sampling techniques as both can bias
index accuracy (Karr 1981; de Kerckhove et al. 2008; Esmaeili
Ofogh et al. 2023). Further, neither an IBI nor an HSI should be
generalized to any habitat or any location, as they are specific
to the location and habitat type where they are developed
(de Kerckhove et al. 2008; Linner and Chen 2024). Finally, nu-
merous sampling locations and many years are required to
develop an IBI, though future work with eDNA could help
to reduce some of the time and costs associated with their
creation (Pawlowski et al. 2018). However, once created, in-
dices can be used to quickly obtain insight into the quality of
the habitat type they were designed for by re-measuring the
components of the index (e.g., species richness, community
composition, temperature, etc.).

4.6. Food webs
Habitat quality is species-specific and local; however, when

evaluating habitat quality, it would be prudent to take a com-
munity approach that includes more than the focal species
given factors at the community level impact habitat qual-
ity for individual species. As mentioned previously, habitat
quality includes everything within a habitat that impacts
an animal’s survival, reproduction, and persistence, includ-
ing factors like competition, predation, and food availabil-
ity (Johnson 2007; Mathewson and Morrison 2015). A good
way to gain insight into these relationships is to study food

webs, as they can identify food sources, including how they
are obtained (e.g., predation, omnivory, herbivory) and com-
petition (e.g., multiple animals occupying the same trophic
level or niche; Zanden et al. 2016). These relationships are
assessed by evaluating food web stability as well as niche
width, overlap, and diversity. For example, stomach content
analysis paired with biomass measures of different species
has been used to make food web models (Crane et al. 2011)
that can identify niche width, overlap, and diversity. Simi-
larly, stable isotope analysis of carbon (13C/12C) and nitrogen
(15N/14N) is frequently used to identify niche characteristics,
as carbon isotope ratios indicate what an organism eats and
nitrogen isotope ratios identify the trophic level(s) at which
an organism resides (Vander Zanden and Rasmussen 2001;
Naman et al. 2022). Stable isotopes can therefore illustrate
energy flowing through a food web and can identify the in-
direct impacts of habitat on an animal (de Kerckhove et al.
2008) by assessing, for example, how a habitat impacts the
focal species’ food source (Wootton 2012), which provides in-
sights into food web stability. Stable isotope analysis has also
been paired with growth (a bioenergetic indicator of habitat
quality) to evaluate how habitat quality impacts both (Negishi
et al. 2014), a combination that can be used in conjunction
with other parameters such as carrying capacity to model
food web stability (Zhang et al. 2021). Entire food web struc-
tures can also be compared across locations to assess habi-
tat quality. For example, Dawson et al. (2024) used stable iso-
tope analysis to determine food web structure across lakes
in recovery after acidification as compared to reference lakes
and found that fish in recovery lakes had lower trophic po-
sitions, smaller niche widths, and more niche overlap (i.e.,
more competition). Key to using food web components as an
indicator of habitat quality would be making sure species are
placed in all positions they occupy (as they often occupy more
than one) and that sufficient sampling of all species is per-
formed to ensure sources of isotope ratios are accurate (de
Kerckhove et al. 2008; Naman et al. 2022). When using stable
isotope analysis, it is also important to consider that there
may be variation in results impacting conclusions on trophic
structure due to other variables such as differing absorption
rates of the isotopes, but pairing isotope ratios with another
diet indicator such as stomach contents would help validate
results (Vander Zanden and Rasmussen 2001; Nielsen et al.
2018).

5. What are some important
considerations for using habitat
quality to evaluate the success of
freshwater habitat improvements?

Building on the considerations mentioned in the previous
sections for each habitat quality indicator group, in this sec-
tion we discuss considerations for the use of habitat quality
indicators for evaluating the success of freshwater habitat im-
provements specifically. These topics must be considered re-
gardless of the habitat quality indicator chosen to conduct a
study.
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5.1. Define success
The first step in designing a habitat quality study (or any

study) that evaluates success is to define what success means
in relation to the habitat improvement effort (SER 2004).
Once the definition of success is determined, the indicators
and scales chosen (see following sections for more details
on both) must be relevant to that definition. This definition
would consist of two parts: the goal of the habitat improve-
ment effort and the indicator chosen to evaluate whether
that goal has been met (Block et al. 2001). For example, if the
goal of a habitat improvement effort was to enhance habitat
for amphibian breeding, the first part of the success defini-
tion would be that amphibians are able to breed within the
habitat, and the second part of the definition could include
an indicator such as tadpole growth (a bioenergetic indicator)
within the habitat to provide an indication as to whether that
goal has been met (e.g., tadpoles exhibit more growth in the
enhanced habitat than in nonenhanced habitat). An impor-
tant consideration for this definition is that while it is possi-
ble to set thresholds for the chosen indicator (e.g., tadpoles
grow 10% more in enhanced habitats than in nonenhanced
habitats), if these thresholds are not met, that does not mean
the initiative was not successful, as any positive value in the
chosen indicator could be an improvement (e.g., if the tad-
poles are able to grow at all). Consequently, whenever possi-
ble before-after-control-impact (BACI) or control-impact stud-
ies should be used to assess success so it can be more defini-
tively attributed to the habitat improvement effort (Green
1979). Overall, what is studied to determine success must be
chosen with extreme care and needs to be a method that is
most likely to be truly reflective of the long-term outcome.
This is where habitat quality indicators come in, as we be-
lieve their use would provide more evidence for long-term
success.

Habitat quality would be an excellent indicator of long-
term success of freshwater habitat improvements for animals
for many reasons. First, as mentioned, the goal of improving
habitat for animals is to allow for population persistence,
and ideally it is measured using measures of fitness. Since
habitat quality and fitness are interconnected, and high habi-
tat quality is linked to population persistence, it is an ideal
tool for measuring the success of freshwater habitat improve-
ments. The definition of what high-quality habitat is (i.e.,
habitat with the resources required for the species to per-
sist) can then be used to help define the improvement goal
for a population/habitat. Second, it is possible to evaluate in-
dicators of habitat quality within a shorter timeframe than
direct measures of fitness or persistence. Third, funding and
time constraints can prevent studies from taking place be-
fore habitat improvements occur, limiting the use of BACI
research designs, which would have the strongest statistical
power to attribute any detected changes in habitat quality
to the improvement action that was used (Green 1979). How-
ever, a post-hoc evaluation of habitat quality would still be
useful to evaluate success even without a BACI design. In this
situation, if the quality of the habitat is found to be high, it
could not be concluded that the high quality was a result of
the improvement action. However, if the quality is found to
be low, it can be concluded that more work is needed to im-

prove the site. We are not advocating for non-BACI studies,
rather pointing out that if it is not possible to conduct them,
assessing habitat quality would still be useful.

5.2. Choose appropriate scales
It is imperative that spatial and temporal scales are con-

sidered when designing any habitat quality study (Hall et al.
1997; Mathewson and Morrison 2015; Krausman and Morri-
son 2016) as well as any study focusing on determining the
successfulness of habitat improvements (Minns et al. 1996;
Stoffers et al. 2022; Kaushal et al. 2023). The habitat re-
quirements of freshwater animals as well as the habitat that
is available to them can change throughout the year, over
space, and across their lifetime. For example, most fresh-
water turtles need completely different habitats throughout
the year to overwinter, forage, and reproduce (Ultsch 2006;
Markle and Chow-Fraser 2014), and the same can be said
for many species of freshwater fish (Jude and Pappas 1992;
Sierszen et al. 2019; O’Reilly et al. 2023). Further, to meet
these needs, the timing of when a life stage requires a spe-
cific habitat can also change throughout the day, as is the case
with animals who exhibit diel shifts in their foraging activ-
ity (Beiswenger 1977; Tewson et al. 2016) or movement (Hjort
Toms et al. 2022). Looking at life stages, younger animals of-
ten need different resources than adults. Tadpoles, larval fish,
and turtle hatchlings, for example, all require abundant food
while needing more protection than their adult counterparts
to ensure survival and growth, and as such, habitat needs can
differ between these life stages (Ernst and Lovich 2009; Vitt
and Caldwell 2014; Holm et al. 2021). Abiotic variables within
a habitat also frequently fluctuate. Dissolved oxygen, tem-
perature, hydrology, runoff, turbidity, and amount of vegeta-
tion, for example, all vary in freshwater habitats throughout
the day, year, and spatially within a habitat (Jones and Smol
2024). Similarly, how these abiotic variables are impacted by
anthropogenic activities such as recreational use and inputs
from sources such as road salt and agricultural waste is also
inconsistent throughout the year. Further, because of these
varying levels of resources during different seasons, there
can be carry over effects between seasons that impact fitness
(Harrison et al. 2011; Rodewald 2015). Stress hormones, for
example, naturally vary by season due to changing resources
and thus carry over to the following seasons (Belanger et al.
2016).

Spatial scales may also need to extend beyond the im-
proved area. Despite habitat degradation typically being
driven by landscape-level changes, habitat improvements
tend to occur at smaller and more focused spatial scales (Lake
et al. 2007; Rodewald 2015). Stressors from outside of the im-
provement area (e.g., pollution, nutrient enrichment, sedi-
mentation) can therefore influence habitat quality and the
success of the habitat improvement efforts so need to be con-
sidered (Allan 2004; Lake et al. 2007; Auge et al. 2023). Extend-
ing scales beyond the improved area may also be necessary
to evaluate connectivity. Connectivity between the improved
habitat and other habitats is crucial if an animal requires dif-
ferent habitats to meet their requirements or if a habitat ob-
tains resources or colonizers from other connected habitats
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(Taylor et al. 1993; Lake et al. 2007; Sundermann et al. 2011;
Polvi et al. 2020). Overall, the resources a habitat has avail-
able to meet an animal’s changing habitat requirements and
subsequently the quality of the habitat is inconstant and at
times possibly cannot act as a habitat for the animal at all.
If these changing resources and requirements and the appro-
priate scales to capture them are not considered in study de-
sign, the results will be skewed. Therefore, we recommend
that whenever possible, studies be conducted throughout all
four seasons, include multiple life stages, and be at a spa-
tiotemporal scale that is appropriate for the species’ move-
ment patterns. However, whenever this is not possible, the
limitations of the study must be provided.

5.3. Use multiple indicators
Multiple indicators should be used in habitat quality re-

search wherever possible to provide more insightful infor-
mation. It is possible for results from different indicators to
conflict due to the variability of habitat resources and animal
requirements mentioned previously and using more than
one indicator can help alleviate these discrepancies (Johnson
2007; Vadas et al. 2022). Using multiple indicators also pro-
vides more evidence as to the habitat quality in general. For
example, Randall and Minns (2002) advocate for using two
indices to evaluate the condition of nearshore fish habitats,
an IBI that is correlated with fish diversity and the habitat
productivity index (HPI), which is a surrogate measure of pro-
ductivity. The combination of these indices provides consid-
erably more insight into habitat quality than when used in
isolation, since, for example, a low IBI score and high HPI
would indicate a degraded/low-quality habitat with eutrophi-
cation the likely driver, while solely low IBI scores could occur
naturally depending on the sampled ecosystem (e.g., exposed
shorelines; Midwood et al. 2025).

It is not necessary to combine indicators from the same
indicator group (e.g., two indices) as combining those from
different groups, such as behavioural indicators and bioener-
getic indicators, can also be informative. Such a combination
is increasingly common in the field of biotelemetry, where,
for example, acoustic telemetry is used to analyze habitat se-
lection with biologging used to monitor temperature, depth,
and acceleration, providing insight into the importance of
habitat for metabolism, thermoregulation, growth, and dif-
ferent behaviours, all factors important to an animal’s fit-
ness (Westhoff et al. 2016; Hlina et al. 2024). Also, as men-
tioned in the bioenergetics section, using multiple indicator
groups is especially useful for mobile animals given their
movement among habitats makes it difficult to determine
the quality of specific habitats for these animals (Gerber et
al. 2019; Brownscombe et al. 2022). Pairing behaviour with
bioenergetics could also illustrate why a mobile animal is in
a seemingly low-quality habitat and help to identify ecolog-
ical traps if, for example, a behaviour like habitat selection
is studied along with another indicator such as survival or
growth (Kennett and Georges 1990; Sortland et al. 2025). A
topic especially important in the realm of habitat improve-
ment efforts as we do not want to be creating poor habitat
(Hale and Swearer 2017).

5.4. Consider the tiers of evidence provided by
habitat quality indicators

We did not describe how each indicator can say whether
the quality of the habitat is low, medium, or high because
only measuring survival, reproduction, or persistence di-
rectly as a result of using habitat can definitively determine
the quality of the habitat on such a defined continuum. While
we suggest these outcomes be measured directly whenever
possible, as we outlined, that is extremely difficult to do, thus
our suggestion for using habitat quality indicators. Indicators
however can only provide insight as to whether the outcomes
required at each level of the habitat quality definition (i.e.,
survival, reproduction, and persistence) could be achievable.
In other words, habitat quality indicators provide evidence
as to whether a habitat might be of good or poor quality.
Therefore, the amount of evidence provided by the indica-
tor(s) used is what must be considered when making conclu-
sions regarding the quality of a habitat and the successfulness
of habitat improvement initiatives.

Each habitat quality indicator provides a different amount
of evidence as to the quality of the habitat and as such these
indicators can be split into tiers (see Fig. 2). The bottom
of these tiers includes indicators that evaluate whether the
habitat could be used as habitat at all (i.e., whether an animal
could survive in the habitat) and includes abiotic indicators
and simplistic measures of relative abundance, such as abun-
dance or density when measured alone. These indicators are
what are currently most often used to evaluate the success
of habitat improvement initiatives (Hale et al. 2019). Given it
can take years after a habitat improvement effort for any ani-
mal species’ population to respond to the change (Scrimgeour
et al. 2014), habitat quality indicators in these lower tiers can
be useful for initial monitoring in the event animals have
not yet responded to the improvement (i.e., abiotic variables
only) or for determining if they have started using, or if more
individuals have started using, the habitat (i.e., abundance or
density). However, abiotic variables on their own should only
be used as habitat quality indicators if they have already been
validated, i.e., an explicit link has been established between
the variable and habitat quality (DFO 2019). For example, dis-
solved oxygen (DO) is a limiting resource in aquatic ecosys-
tems, and its impact on the fitness of multiple freshwater an-
imals is well known (Davis 1975; Markle et al. 2020; Lee et al.
2023). Therefore, if during initial monitoring it is found that
DO levels are not adequate for the survival of freshwater ani-
mals, we know the quality of the habitat is extremely low (if
it can even act as habitat at all) and it would likely not be use-
ful to look at biotic indicators before making more improve-
ments or until more time has passed for the improvement to
take effect.

However, since the ultimate goal of habitat improvement
efforts is to have high-quality habitat, which typically cannot
be confirmed using indicators at the base of these tiers (i.e.,
abiotic or simplistic relative abundance measures), we be-
lieve habitat improvement monitoring should be conducted
using indicators from higher tiers. Indicators in these higher
tiers are more relatable to the habitat itself and as such will
provide more evidence as to the quality of the habitat and
therefore would provide a better indication of the long-term
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Fig. 2. Examples of the tiers of some potential habitat quality indicators based on how much evidence they provide as to the
quality of the habitat. The examples provided are not exhaustive but provide an illustration of the concept.

success of the improvement effort. These higher indicators
are those that fall within the habitat quality indicator groups
we described in section four. Dividing these higher level in-
dicators into tiers is less clear-cut than those at the base of
the tiers, as the amount of evidence they provide depends on
the situation and the definition of success chosen. For that
reason, as a real-world example of these tiers, consider the
creation of spawning habitat for Northern Pike (Esox lucius).
A habitat quality indicator that could provide minimal ev-
idence as to the quality of the habitat would be DO levels
falling within adequate limits for the species within the habi-
tat; the next tier up could be individuals selecting the habi-
tat during their spawning season as validated using acoustic
telemetry (a behavioural indicator), and a higher tier could be
successful recruitment from the larval to young-of-year stage
within the habitat (a population indicator).

6. Case studies
In this section, we present two case studies to further

demonstrate how to use habitat quality indicators to evalu-
ate the success of habitat improvement efforts. To our knowl-
edge, no study exists that includes all the components we
have outlined above. Consequently, case studies chosen were

those that (1) used some of the indicator groups we recom-
mend to evaluate the success of a habitat improvement ef-
fort, (2) aligned with our recommendations as closely as pos-
sible, and (3) obtained varied quantities of evidence as to the
quality of the habitat to help illustrate tiers. In each discus-
sion, we outline how the aspects of each study relate to the
concepts outlined herein and provide examples of how the
studies could have been modified to obtain more evidence as
to the quality of the habitat. Note that while these methods
can be applied to multiple species/taxa, the case studies de-
scribed are specific to fish to illustrate different methods that
could be used on the same taxa. Table 2 summarizes these
case studies in relation to our perspective.

6.1. Behaviour and bioenergetics in the
Shibetsu River, Japan

Makiguchi et al. (2008) studied the effectiveness of remean-
dering (reconnecting an oxbow lake) and adding large woody
debris to a section of the Shibetsu River in Japan. The goal
of the initiative was to rehabilitate the ecosystem to a state
that closely represented its condition prior to channelization.
Without a species-specific goal for the effort, the group chose
to study adult chum salmon (Oncorhynchus keta) because it was
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Table 2. A summary of two case studies that used habitat quality indicators to evaluate the success of habitat improvement
efforts with reference to how each of their components relate to the components of our perspective.

Case study

Perspective component Makiguchi et al. (2008) Vehanen et al. (2010)

Part 1 of success definition (goal of
habitat improvement initiative)

Good quality holding habitat for chum
salmon migration

Good quality shelter habitat for brown trout

Part 2 of success definition
(indicator(s) chosen to assess
whether Goal met)

Chum salmon spend more of their holding
time (behavioural indicator) and expend
less energy (bioenergetic indicator) in the
improved habitat than in the control
habitat

Brown trout increase in density (population
indicator) and exhibit a higher growth rate
(bioenergetic indicator) in the improved
habitats than in the control habitats

∗Animal sampling methods Sampling method: radio telemetry and
biologgers

Sampling method: electrofishing

Sampling frequency: once per year during
species’ migration for 3 years

Sampling frequency: three times a year
(June, August, October) for 6 years

Study design Control-impact Before-after-control-impact

All four seasons No; single season No; excluded winter

Multiple life stages No; one, adult Yes; age 0, 1, and 2+
Appropriate spatial scale for
species’ movement patterns

No; did not include entire area for
behaviour being studied

Yes; confirmed as part of study

Appropriate temporal scale Yes No; excluded diel variations

Community approach No No

Multiple indicators Yes; behaviour and bioenergetics Yes; population and bioenergetics

Population indicator paired with
another indicator if used

N/A Yes

Amount of evidence Medium Medium to high

Limitations identified No; no mention of small spatial scale
relative to behaviour studied

Yes

Appropriate conclusions made
(based on amount of evidence and
limitations)

Yes Yes

Example study to obtain more
evidence

Comparison of reproductive success
between fish with higher versus lower
holding times in the area where habitat
improvement efforts took place

Additional study using stable isotope
analysis to evaluate food
availability/foraging between the different
habitats

∗Not part of perspective recommendations but including for reference purposes.

one of the main species present in the habitat. Three separate
groups of salmon captured in three consecutive years (2004–
2006) were tracked during part of their upstream migration
in the Shibetsu. Fish were tracked using radio transmitters
equipped with electromyogram (EMG) sensors as well as bi-
ologgers with temperature and depth sensors to determine
the impacts of the habitat improvements on the species’
migratory behaviour and bioenergetics. Specifically, the re-
searchers compared the swimming efficiency index (SEI; an
estimate of energy expenditure and a bioenergetic indicator),
swimming speed (a behavioural indicator), ground speed (dis-
tance traveled/migration time; a behavioural indicator), and
holding time (how long/often they stopped swimming; a be-
havioural indicator) of tagged fish between the area where
the habitat improvement effort took place and an unmodi-
fied section of the river. Habitat variables measured included
water velocity and habitat cover type during holding. They
found no difference in estimated energy expenditure (i.e.,
SEI) in 2004 and 2005, but were unable to calculate energy
expenditure for 2006. They did find fish were spending more
of their holding time in the improved habitat in each con-
secutive year with 2006 showing a significant difference be-

tween the two habitats. They also found the fish were tak-
ing more time to travel through the improved habitat than
unimproved habitat in each consecutive year with there be-
ing a significant difference in 2006. Fish were found to exhibit
holding behaviour after they reached their critical swimming
speed (i.e., point at which fish reached their maximum aer-
obic capacity). Based on these results, the authors concluded
that the improved habitat was developing adequate migra-
tion holding sites over time.

While the aim of this study was not specified to be evalu-
ating the quality of the improved habitat, the methods used
do fall within the parameters of our perspective. Makiguchi
et al. (2008) did not provide a definition of success; however,
based on their methods and study goals, the first part of their
success definition could have been that the improved habitat
provides good quality stopover habitat for salmon migration.
In this situation, the goal of the study could define part one
of the success definition rather than the goal of the improve-
ment effort since the improvement effort’s goal was broad,
but the authors also could have taken a broader ecosystem ap-
proach for their evaluation. The second part of their success
definition could have been that the salmon spend more of
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their holding time and expend less energy (i.e., have a lower
SEI) in the improved habitat than in the unimproved habitat.
They evaluated these indicators using a control impact study
design. Regarding considerations of scale and life stage, for
spatiotemporal scales, they chose to study a single habitat at
the local scale during one season each year for 3 years, and
they studied a single life stage. Regarding the use of multiple
indicators, they used two. As for the amount of evidence as to
the quality of this habitat, this study would fall somewhere
in the middle of the tiers of evidence we proposed. This des-
ignation is the result of the researchers evaluating not only
habitat use but also energy expenditure within the habitat
but doing so on a small scale compared to the scale of the
behaviour being studied (i.e., migration). To acquire more ev-
idence, it would have been beneficial for the authors to study
the entire migration path to confirm fish were not simply us-
ing the habitat based on their location when they reached
their critical swimming speed when traveling upstream. Fur-
ther, to obtain even more evidence, a follow-up study could be
conducted that compares the reproductive success between
fish with higher versus lower holding times in the area where
the habitat improvement effort took place given reproduc-
tive success is more strongly linked to fitness than migration.

6.2. Density and growth in the Oulujoki
Watershed, Finland

Vehanen et al. (2010) studied six rivers in the Oulujoki wa-
tershed in Finland that were partially channelized for logging
activities. Each river was randomly selected, and within each
river three sites were further chosen at random to act as a
control site, a treatment site with additions of large woody de-
bris, boulders, and gravel, and a second treatment site with
only additions of boulders and gravel. The goal of these ef-
forts was to increase habitat heterogeneity to create more
shelter for fish. Further, they surmised the improvements
would likely provide better habitat for juvenile salmonids
and stated that the goal of most river improvements in Fin-
land is to enhance sport fisheries. With this aim, they chose
to study brown trout (Salmo trutta), which they stocked in
each study section with the same density of age-0 brown trout
once per year from 1998 to 2004 in September. Stocked fish
were marked so they were distinguishable from unstocked
fish. Fish were sampled using electrofishing three times per
year (June, August, and October) from 1999 to 2004——before
and after the improvement efforts. Age-0 fish could only be
sampled in October. Fish densities (a population indicator)
were calculated by age group and combined both stocked
and unstocked fish. Growth rate (a bioenergetic indicator)
was calculated for all unstocked fish. Habitat variables mea-
sured included aquatic vegetation cover, substrate class, and
water depth, velocity, temperature, pH, conductivity, alkalin-
ity, and phosphorus levels. They confirmed that the improve-
ment efforts increased habitat heterogeneity and that the wa-
ter quality and temperature levels were within the species’
survival limits. The only significant relationship they found
was for age-2+ brown trout densities, with their densities de-
creasing in all locations due to a drought in 2003, but de-
creasing less in the improved areas. Based on their results,

they concluded that the improvement efforts had minimal
impacts on brown trout, but that the results may have been
due to the drought.

Similar to the previous case study, Vehanen et al. (2010)
did not specify they were studying habitat quality, but their
work does indeed do so. Based on the goals of their habi-
tat improvement efforts, the first part of their success defi-
nition could have been that the habitat improvement effort
creates good quality shelter habitat for fishes. The indicators
they chose to study were density and growth rate; therefore,
the second part of their success definition could have been
that brown trout increased in density and exhibited a higher
growth rate in the improved habitats. Spatially, they con-
firmed fish did not migrate out of their study areas, ensuring
the study was conducted at an appropriate spatial scale for
the species. Several rivers in the watershed were also stud-
ied to help account for any site variability. Temporally, they
conducted the study for 6 years and sampled in all seasons
except winter. However, sampling was only conducted one
time per month for the 3 months studied per year, and time
of day was not taken into account, which could play a fac-
tor as brown trout can exhibit diel changes in activity (Young
1999). They did use multiple indicators and life stages (ages
0, 1, and 2+) and a BACI design. Regarding the amount of ev-
idence obtained, this study would fall more towards the high
range of the tiers given its use of a BACI design, adequate
spatial scales, multiple life stages, and multiple indicators.
To obtain more evidence an additional study using stable iso-
tope analysis could be performed to evaluate food availabil-
ity/foraging between the different habitats, as this could have
influenced fish growth.

7. Conclusion
This paper outlined the usefulness and importance of us-

ing habitat quality indicators for measuring the success of
habitat improvement efforts in freshwater systems. Key to
this perspective is that while the simplistic metrics of rela-
tive abundance commonly being used to assess the success of
habitat improvement efforts can provide some evidence for
success, measuring habitat quality indicators from within the
higher tiers we presented here will provide more evidence as
to the quality of the habitat and the long-term success of the
habitat improvement effort. Moreover, use of more diverse
habitat quality indicators can provide a mechanistic under-
standing of why habitat improvement efforts are effective or
ineffective (Cooke and Suski 2008). To support this perspec-
tive, we introduced six groups of habitat quality indicators
that we recommend be chosen from when monitoring habi-
tat improvement efforts, including behaviour, bioenergetics,
omics, populations, indices, and food webs as well as consid-
erations for the use of each group. We also outlined many
additional considerations that must be made when design-
ing a study that uses habitat quality to evaluate the success
of habitat improvement efforts, including defining success,
choosing the appropriate scales, using multiple indicators
where possible, and considering the level of evidence pro-
vided by the habitat quality indicators chosen. Given the dif-
ficulties associated with monitoring habitat improvement ef-
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forts in freshwater ecosystems, we hope that the ideas pre-
sented here will enable freshwater practitioners to obtain the
most useful data possible to inform their collective efforts to
reverse the freshwater biodiversity crisis.
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