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1 | INTRODUCTION

One in five vertebrate species is classified by the IUCN as vulnerable,
endangered, or critically endangered (Hoffmann et al., 2010). These de-
clines and losses are largely attributed to anthropocentric changes in
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Abstract

Linking environmental conditions to the modulators of individual fitness is necessary
to predict long-term population dynamics, viability, and resilience. Functional physi-
ological, behavioral, and reproductive markers can provide this mechanistic insight
into how individuals perceive physiological, psychological, chemical, and physical en-
vironmental challenges through physiological and behavioral responses that are fit-
ness proxies. We propose a Functional Marginality framework where relative changes
in allostatic load, reproductive health, and behavior can be scaled up to evidence and
establish causation of macroecological processes such as local extirpation, coloniza-
tion, population dynamics, and range dynamics. To fully exploit functional traits, we
need to move beyond single biomarker studies to develop an integrative approach
that models the interactions between extrinsic challenges, physiological, and behav-
ioral pathways and their modulators. In addition to providing mechanistic markers
of range dynamics, this approach can also serve as a valuable conservation tool for
evaluating individual- and population-level health, predicting responses to future en-
vironmental change and measuring the impact of interventions. We highlight spe-
cific studies that have used complementary biomarkers to link extrinsic challenges to
population performance. These frameworks of integrated biomarkers have untapped
potential to identify causes of decline, predict future changes, and mitigate against

future biodiversity loss.
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the environment such as land conversion, climate change, and unsus-
tainable natural resource harvesting and extraction (Brook et al., 2008).
Ultimately, range contraction and biodiversity loss are the end product
of extrinsic or intrinsic challenges leading to population decline, emigra-

tion, and local extirpation. Across a species’ range, populations occur
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along ecological gradients from optimal, or central, habitats, where
conditions and resources lead to high population density or maximal
reproduction and survival, to marginal habitats where population den-
sity, reproduction, and/or survival are much lower (Holt, 2009; Kawecki,
2008). Identifying and mitigating the causes of reduced reproduction,
compromised survivorship, and emigration are key for predicting and
arresting biodiversity loss (Chown & Gaston, 2008).

The simplest species models assume that fitness follows a uni-
modal distribution with high density and growth rates in the center
of a range and low density or poorly performing marginal populations
found at the range periphery (Guo et al., 2005). However, environmen-
tal characteristics and species’ responses are much patchier than this,
such that geographic and ecological marginality are not equivalent
(Pironon et al., 2017; Santini et al., 2019). Variation in carrying capac-
ity across environmental gradients can lead to high-density “source”
populations producing emigrants that disperse to low-density “sinks”
in marginal habitats (Pulliam & Danielson, 1991); however, if all pop-
ulations reach carrying capacity, dispersal is likely to be balanced
between high- and low-density populations (Fretwell, 1969, 1972).
In natural populations, however, environmental and demographic
stochasticity result in dynamic reproduction, survival, and dispersal
rates (Holt, 2003), which can cause low-density populations to be less
resilient, with higher rates of local extirpation and recolonization, than
high-density populations. Moreover, environmental change can either
increase carrying capacity, leading to population growth and coloni-
zation, or result in decreased carrying capacity, population decline,
local extirpation, and range contraction (Gaillard et al., 2000). Where
ecological conditions are extreme for a species, local extirpation oc-
curs faster than recolonization, limiting viable ranges. Range contrac-
tion occurs where previously resilient populations become unviable
as growth and immigration rates no longer sustain the population.
Identifying and predicting these dynamics in marginal populations
provides key insight into long-term dynamics.

Responses to environmental change can be predicted using
climate envelope, population viability, and mechanistic distribu-
tion models. Climate envelope, or habitat suitability, models relate
species occurrence to environmental variables to explain or predict
species distribution (Pearson & Dawson, 2003) and can predict oc-
cupancy changes under different environmental scenarios. While
they are widely applicable because they require limited information,
climate envelope models have limited capacity to predict local occu-
pancy change as they do not incorporate population specific dynam-
ics, carrying capacities, species interactions, or dispersal potential.
Climate envelope models based solely on occupancy are often poor
predictors of habitat suitability and patterns of population abun-
dance across ranges (Osorio-Olvera et al., 2019). Population viability
models, by contrast, can reliably predict future trends for specific
populations (Brook et al., 2000) but require accurate vital rates,
which are labor- and time-intensive to collect. Thus, their ability to
predict resilience and viability across taxa and at large scales is lim-
ited. A middle ground is combining range and population dynamics
for large-scale assessments of occupancy based on factors associ-

ated with local resilience or vulnerability. Mechanistic population

and distribution models can provide this link between local popula-
tion viability and range dynamics (Kearney & Porter, 2009) by using
key behavioral and ecophysiological factors as functional indicators
of resilience. Such models are more widely applicable than popula-
tion viability analyses, are more robust, can be extrapolated to other
populations, and have more predictive value than climate envelope
models. They can also provide rapid and large-scale population as-
sessments of marginal habitats to produce spatially explicit, predic-
tive distribution maps across ecological gradients.

Interpreting the relevance of functional indicators across ecolog-
ical gradients requires understanding their relationship with popula-
tion responses (Bonier et al., 2009). Here, we advocate a Functional
Marginality framework using physiological and behavioral indicators
to assess population resilience. First, we describe functional phys-
iological and behavioral indicators in the context of key stressors
and explain methods to incorporate multiple indicators in predictive
models. Second, we describe how functional marginality can be used
to identify predictive hypotheses for occupancy changes, range dy-
namics, responses to environmental change, and evaluate the effi-
cacy of management interventions. Although we primarily focus on

mammals, this approach could be applied to many other taxa.

1.1 | Functional indicators

Functional traits are morphological, physiological, or behavioral
traits that are fitness proxies via their effects on growth, reproduc-
tion, and survival (Violle et al., 2007), and indicate how a species
perceives and responds to its environment (McGill et al., 2006).
Positive functional indicators include relaxed time budgets, positive
energy balance, and surplus energy stores manifesting in good body
condition, good reproductive performance, and sound immune func-
tion or low disease burden. Negative indicators are those associated
with a decline in condition in response to four types of challenges
or stressors: physiological, psychological, chemical, and physical
(Pottinger, 2003). Physiological stressors include resource, nutri-
ent, or water restriction and disease. Psychological stressors include
conflict, predation risk, and disturbance or persecution. Chemical
stressors include altered pH, low dissolved oxygen, and exposure
to pollutants, contaminants, or toxins. Finally, physical stressors en-
compass climate extremes and substrate as well as damage incurred
by predation, conflict, or injury. Each class of stressor is associated
with characteristic physiological and behavioral responses tied to
pathways that maintain homeostasis (Madliger et al., 2018). Here,
we discuss how physiological, psychological, chemical, and physical

stressors can be manifest in physiological and behavioral indicators.

1.1.1 | Physiological stressors

Energetic and metabolic stress
Fitness is inextricably tied to maintaining sufficient energy re-

serves to support metabolism, invest in reproduction, and allow
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individuals a buffer during periods of scarcity or in response to
challenges or disease (Burger et al., 2019). Responses to stressors
often incur an energetic cost, which can compromise reproduction
or growth (Christiansen et al., 2013). In response to a decline in re-
source availability an organism can change its behavior to increase
energy availability by increasing foraging rate, feeding time, or travel
distances, before mobilizing energy reserves or down regulating me-
tabolism (Reneerkens et al., 2002). Thus, environmental change due
either to climate or land use can have direct impacts on resource
availability and seasonality. Behavioral changes can indicate energy
budget challenges. For example, animals can adjust time budgets to
spend more time traveling and feeding, and less time resting, to meet
energy needs (Dunbar et al., 2009). Changes in habitat use or diet
can also indicate energetic stress. For example, browsers becoming
more dependent on grazing (Landman et al., 2013), or conversely
grazers becoming more reliant on browse (Faith, 2012) suggesting a
forced shift from preferred foods. The extent of temporary seasonal
switching versus prolonged dependence on less preferred “fallback
foods” can indicate significant resource stress in marginal habitats
(Grueter et al., 2009). This is especially true when animals are pushed
from an optimal diet to consume items that they are not physiologi-
cally adapted to handle (Ingala et al., 2019; Kitaysky et al., 2006).
Thus, changes in the dynamics of seasonal and prolonged dietary
shifts within and between populations could be used as a proxy for
energetic stress. For terrestrial vertebrates, in addition to food limi-
tations, water stress caused by abstraction or seasonality can lead to
changes in space use, increased aggregations, and distance traveled.

Energy stress is also manifest in physiological responses. The
hypothalamus-pituitary-thyroid axis (HPT) regulates metabolic
rate by changing the amount of circulating thyroid hormone in re-
sponse to metabolic requirements and responds to both thermal
stress and food availability (Costa-e-Sousa & Hollenberg, 2012).
Thyroid hormones and metabolic rate measures can identify how
quickly animals are mobilizing and using energy; however, opposing
responses to thermal and nutritional challenges can lead to a difficult
to interpret metabolic trade-off between energy use and acquisition
(Cristobal-Azkarate et al., 2016). Large, longer-term differences in
energy balance can be evaluated through changes in body condition,
as the loss of muscle and fat reserves suggests a negative energy
budget. Body condition scoring is routinely used in the management
of wild mammals and standardized schemes have been developed
for several species including black rhinos (Diceros bicornis) (Reuter
& Adcock, 1998) and African buffalo (Syncerus caffer) (Ezenwa et al.,
2009). Despite thyroid hormones offering a window into an individ-
ual's energy balance (Behringer et al., 2018), fewer studies utilize
thyroid hormones as biomarkers to assess the impact of environ-
mental factors on fitness than those that use glucocorticoids, which
indicate acute fluctuations in energy mobilization.

The impact of resource driven dietary shifts and external stress-
ors can also be manifest within the gut, where microbial communities
perform key functional roles in the host and contribute significantly
to host health (Gilbert et al., 2018; Sommer & Bickhed, 2013). Diet

changes can lead to changes of key microbiota, which impact on gut
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function (Borbon-Garcia et al., 2017). Beyond diet, microbiome com-
munities are influenced by a range of factors including habitat, social
network properties, and climatic conditions (Trevelline et al., 2019).
Furthermore, primary and secondary acute stress responses such as
glucocorticoids modulate the microbiome (Noguera et al., 2018). An
imbalance of the microbial community, known as dysbiosis, can re-
duce digestive efficiency, increase inflammation, and susceptibility
to infection (Amato et al., 2013; Dethlefsen et al., 2007; Gilbert et al.,
2016). Signatures of dysbiosis will vary across hosts, as microbiome
composition is sensitive to both diet and vertical transmission;
however, dysbiosis or atypical microbiomes can be characterized
by the degree of a displacement from a core microbiome composi-
tion (Zaneveld et al., 2017). Although the fitness consequences of
changes in microbial community are poorly understood, microbiome
composition has been linked to reproductive performance (Antwis
et al., 2019) and cellular inflammation (Walshe et al., 2019).

Acute challenges: predation, disturbance, and social instability

A primary response to acute stressors such as predation, per-
secution, or disturbance is the activation of the hypothalamic-
pituitary-adrenal (HPA) axis in birds and mammals or the
hypothalamic-pituitary-interrenal (HPI) axis in fish, amphibians, and
reptiles, which leads to the release of glucocorticoids (GCs) and cat-
echolamines (Beehner & Bergman, 2017; Sopinka et al., 2016). Thus,
the HPA/HPI axes and epinephrine stress responses are coupled with
metabolism and metabolic rates, as both increase the body's ability
to mobilize energy for acute challenges. GCs have been used as an
indicator of stress, commonly under the assumption that chronic
elevation compromises health and ultimately fitness (Millspaugh
& Washburn, 2004). However, short-term activation of the HPA is
an adaptive response to allow individuals to effectively respond to
acute challenges such that relationships between GCs and fitness
are not straightforward (Moberg, 2000). The relationship between
GC levels, GC reaction potential, and individual fitness (Bonier et al.,
2009; Breuner et al., 2008) is context-dependent, such that during
good conditions a high GC responsiveness is associated with poor
survivorship and recruitment, whereas during poor conditions the
relationship may be reversed when individuals in poor condition be-
come unable to mount significant GC responses (Blas et al., 2007).
There is so much variation in how individuals and species respond to
chronic stress that there is no consistent profile to identify chronic
stress across species (Dickens & Romero, 2013). What GCs do pro-
vide is evidence for a perceived challenge or stressor.

Combining physiological responses with other functional traits
can help identify where these responses may lead to reduced fit-
ness. For example, behavioral and endocrine profiles can be supple-
mented with direct physiological measures such as blood pressure,
heart, and respiratory rate, if these are feasible for the study species,
or proxies for these metrics if they are not (Madliger et al., 2018;
Sopinka et al., 2016). Social instability also interacts with physiology
(Gersick & Rubenstein, 2017; Seebacher & Krause, 2017) and is as-
sociated with elevated GCs in spotted hyenas (Crocuta crocuta) (Van

Meter et al., 2009), Barbary macaques (Macaca Sylvanus) (Edwards
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et al.,, 2013), olive baboons (Papio anubis) (Sapolsky, 1992), and
horses (Nunez et al., 2014). Human disturbance can also disrupt the
normal behavior of animals such as flight responses or changes in
space use and time budgets (Wong & Candolin, 2015). The key to
understanding the impact of all these markers is how they impact on
fitness proxies such as energy reserves, reproductive, and survival

rates.

Disease burdens

Heavy disease or parasite burden have fitness consequences
(Pedersen & Fenton, 2007) including survival and fecundity that di-
rectly impact on population dynamics (Hillegass et al., 2010; Hudson,
1986; Hudson et al., 1998). Gastrointestinal nematode communities,
or the nemabiome, can directly affect host fitness but also have the
potential to influence resistance and susceptibility to other infect-
ing species (Supali et al., 2010). However, parasite infections are not
universally harmful, removing helminths induces a strong inflamma-
tory response (Walshe et al., 2019) and can potentially trigger auto-
immune diseases (McKay, 2009). In addition to direct transmission
risk, widespread anthropogenic disturbance can exacerbate disease
risk through stress-induced immunosuppression. Although there is
limited causal evidence between human impacts, stress, and disease
occurrence, it is widely assumed that stress may be a major cause of
increased susceptibility to wildlife disease (Hing et al., 2016). This
may be due to the suppression of reproduction and immune func-
tion by the HPA axis as evidence for direct relationships between
elevated GCs and parasite burden is well established (O'Dwyer et al.,
2020).

Immune responses are also molecular indicators of physiological
challenge or stress (Celi et al., 2019; Madliger et al., 2018; Sopinka
et al., 2016). Immunoglobulins, or “antibodies” (e.g., IgA, IgG, IgM),
form a critical part of the immune response by recognizing, binding
to and neutralizing antigens, such as bacteria or viruses (Schroeder
& Cavacini, 2010). Fecal antibody assays have been used to mea-
sure the immune response to parasites (Watt et al., 2016), which in
turn correlate with survival (Sparks et al., 2018). Additional biomark-
ers that are associated with short-term and long-term responses
to external challenges and stressors are blood parameters such
as hematocrit levels and white blood cell counts (Madliger et al.,
2018; Sopinka et al., 2016). Reduced hematocrit levels in birds are
associated with a range of challenges including disease burden and
nutritional status (Fair et al., 2007). Heterophil or neutrophil to lym-
phocyte ratios can indicate chronic stress, whereas eosinophil lev-
els can indicate infectious disease (Davis et al., 2008). Inflammation
markers can provide evidence of infectious and noninfectious pro-
cesses. Calprotectin, lipocalin, and lactoferrin are inflammation
markers that limit bacterial growth (Mao et al., 2012) and are used
to diagnose inflammatory bowel disease in humans (Van Rheenen
et al., 2010). Such biomarkers, which are gaining traction in human
clinical practice, have untapped potential for use in wildlife moni-
toring. Increased metabolism results in the production of chemically
reactive metabolic by-products known as reactive oxygen species
(ROS) (Sies, 1991). Typically, ROS are removed from the body by

antioxidants, but if they are generated in excess, oxygen radicals
build up and bind to a range of biological molecules. This oxidative
stress results in cellular and DNA damage, reduced defense mecha-
nism, and accelerated aging (Finkel & Holbrook, 2000). Chronically
elevated GC production is associated with oxidative stress across

species (Costantini et al., 2011).

1.1.2 | Chemical and physical stressors

In addition to natural stressors, organic compounds, trace elements,
and pharmaceuticals have all been responsible for catastrophic spe-
cies declines (Rowe, 2008). Chemicals that are persistent and can
bioaccumulate in food webs are particularly dangerous as they can
have destabilizing effects on ecosystems. Major environmental
contaminants are pesticides, perfluorinated compounds, and phar-
maceuticals. Bioaccumulation of persistent organochlorines, such
as DDT and associated compounds, has been implicated as major
environmental contaminants, which cause catastrophic bird declines
and are implicated in endocrine disruption in humans (Blus, 2011).
Tributyltin (TBT) is an antifoulant that is well known for its endocrine
disruptive effects. Although DDT and TBT are now banned globally,
their persistence means that they still occur at appreciable levels
in the environment. Perfluoroalkylated compounds are commonly
used in various forms of manufacturing. They are persistent in the
environment and are linked to endocrine disruption, fertility, and
metabolism (Jensen & Leffers, 2008). These compounds also affect
human health, for example, increasing cancer risk, and declines in
reproductive health, and longevity. The widespread use of antibiot-
ics for human and veterinary health is linked to environmental bioac-
cumulation that, in turn, is implicated in the spread of antimicrobial
resistance (Singer et al., 2016). Anti-inflammatory drugs also bioac-
cumulate with detrimental effects. The unregulated veterinary use
of the anti-inflammatory drug diclofenac resulted in catastrophic de-
clines of Asian vulture populations (Green et al., 2004; Shultz et al.,
2004). Marine predators are especially vulnerable due to biomagni-
fication and coastal habitats are particularly vulnerable to bioaccu-
mulation due to sewage, run-off, and sedimentation. For this reason,
seabirds have been touted as sentinels for estuarine and continental
shelf habitats (Burger & Gochfeld, 2004). Thus, the potential role
and impact of chemical contaminants on fitness should be evaluated
in unexplained population collapse and range contraction, especially
where changes in resource availability, disease, or acute stressors do
not appear sufficient to explain declines.

Physical stressors such as injury, particularly when associated
with pain, are associated with increased glucocorticoid levels in free
ranging mammals (Ganswindt et al., 2010; Rolland et al., 2017; Tripp
etal., 2011; Wolf et al., 2018) and birds (Scheun et al., 2021). In some
species, physical injury is a major cause of morbidity and mortality.
For example, marine mammals including whales, seals, and manatees
are particularly vulnerable to anthropogenic injury. In fact, >95% of
Florida manatee adults show evidence of boat strike injury (Bassett

et al., 2020). Seabirds are also subject to high rates of anthropogenic
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injury (Dias et al., 2019). Critically, in addition to direct mortality, in-
jury is associated with reproductive suppression and delayed mor-
tality in birds (Fajardo et al., 2000; Parsons et al., 2018), fish (Mueller
et al., 2020), and reptiles (Sack et al., 2017) and can lead to pop-
ulation decline associated with high levels of physical injury. Thus,
although physical injury is not necessarily a widespread problem, in
some species both the acute and chronic impacts of injury are signif-
icant conservation challenges.

1.2 | Interpreting and integrating indicators

Using functional markers at large scales to identify vulnerable or
declining populations requires reference or benchmark values from
well performing populations. Where this is not possible, for example,
in a species undergoing widespread declines and range collapse, it
may be possible to use benchmarks from historical records or use
congeners as a reference population (Britnell et al., 2021; Bocherens
et al., 2015; Kerley et al., 2012). The expectation is that individuals
from populations in marginal habitats or under challenges will have
either single or multiple functional indicators that diverge from an
optimal benchmark. Negative indicators will increase and positive
indicators will decrease with the distance from central or optimal
habitats (either geographically or in terms of niche hypervolume).
Single marker studies can give an incomplete or even mislead-
ing picture of individual condition and population health as multi-
ple stressors can act independently or in tandem causing additive,

synergistic, or antagonistic effects (Beldomenico & Begon, 2010;

EXTRINSIC
ENVIRONMENTAL
CONDITIONS

Allostatic load

Disturbance,
social instability,

Glucocorticoids
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Todgham & Stillman, 2013). Few studies employ multitool ap-
proaches to evaluate the impact of stress on multiple physiologi-
cal pathways (Madliger et al., 2018) and studies, which investigate
stressors, physiology, and demography together are even more
scarce (Beehner & Bergman, 2017). Functional responses to multi-
ple environmental challenges can be measured using the concept of
allostatic load, which is the cumulative physiological impact of chal-
lenges, when the body can no longer buffer challenges this becomes
allostatic overload (McEwen & Wingfield, 2003). Allostatic overload
leads to loss of condition, immune, and reproductive suppression
and disease.

Concurrently evaluating a suite of biomarkers can provide infor-
mation about how the different pathways interconnect and impact
fitness in relation to environmental stressors or challenges (Figure 1,
Table 1). The relationship between multiple biomarkers and popu-
lation performance can be evaluated with a multivariate model se-
lection approach (Johnson & Omland, 2004), a growth curve model
or similar structural equation modeling approaches (Schlotz et al.,
2011), or multidimensional data analysis. Thus, a set of indicators
can be used to set up alternative hypotheses to determine primary
challenges causing poor performance (Figure 2). For example, acute
stressors such as disturbance, predation, or persecution may be as-
sociated with space use or time budget changes (use of refuges or
cover, increased vigilance, movement, and decreased feeding and/
or resting) and increased HPA activation. Resource limitation should
be associated with increased foraging effort, diet changes, and de-
creased metabolic rate. Diet changes can be manifest by either in-

creased switching to low-quality “fall back” foods during times of

. proxies
predation and
ersecution .
P Thyroid hormone, Condition, diet, Population trends
heart rate, microbiome
Resource respiration Extirpation/
i Vital Rates xtirpation
availabillty ReprOduc“ve I
Inflammation, state/hormones Age at 1
oxidative stress reproduction
hematocrit, CBC Behaviour L Occupancy
Pollution and Inter-birth interval changes
Contaminants . .
DNA damage, blood Litter Size ;
pressure, Survivorship Populat.lon
Cholesterol dynamics
Infectious and
non-infectious
. Range change
disease Short-term Long-term
Responses

FIGURE 1 A conceptual diagram showing the different biomarkers available that can be integrated into studies using the footprints and

pathway approach
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Acute Resource
challenges limitation | Disease i Chemical { Physical
Vigilance ++ - N.C. N.C. N.C./-
5 Time Budget Feeding - ++ + N.C. N.C./-
[e] B
-g Resting - - + + ++
'ac.; Space Use Refuges/Risk Avoidance
[} ++ - + + +
Social network Cohesion + -- N.C. N.C N.C./-
Glucorticoids ++ N.C. + + +
Endocrine Thyroid/Metabolism + - - - -
Reproductive hormones N.C./- - - - -
ROS (Oxidative Stress) N.C./+ N.C./+ + + +
> Immune markers: e.g.
g immunoglobulin,
'i Inflammatory and Immune leukocytes N.C/- N.C/- ki N.C/+ *
= Inflammatory markers:
e cytokines, calprotectin,
lactoferrin N.C./- N.C./+ ++ N.C./+ +
Haematocrit N.C./- N.C./- - - -
. X . Heart and respiratory
Direct physiological measures
rate, blood pressure ++ N.C. + Vv ++
- Diet shift N.C./+ ++/-- N.C. N.C. N.C.
-g Metabarcoding/pellt analysis  Diet quality N.C./- -- N.C. N.C. N.C.
Microbiome stability N.C./- -- N.C. N.C. N.C.
Condition Body scoring N.C. - - - -

FIGURE 2 Conceptual framework for testing alternative hypotheses for different stressors. +/- indicates potential direction of change.
++/--indicators are expected to show large magnitude responses. N.C. indicates no consistent/predictable response

scarcity, or in extreme cases, the diet being completely comprised
of low-quality items. Loss of condition and fitness costs, such as de-
creases in survival and fecundity, that are not associated with diet
or behavioral change will likely be caused by disease when there
are clear inflammatory responses, and by contaminants or chemical
stressors when there are not. As each vulnerable population may
face a unique set of challenges, a predefined set of testable hypoth-
eses can be used to identify most likely candidates. A contingency
table of expected responses can act as a starting point for formu-
lating testable hypotheses based on the Functional Marginality
Framework (Figure 2).

Multivariate modeling approaches can tease apart the relative
importance of extrinsic factors. The role of environmental traits and
functional indicators of health outcomes (i.e., reproductive failure,
elevated mortality) can be evaluated using a model selection ap-
proach (Deelen et al., 2019). Multiple markers can also effectively
evaluate the extent of “dysfunction” as a measure of deviation,
such as Mahalanobis distance, from a multivariate central tendency
(Milot et al., 2014). Evaluating the model weight for different factors
(Johnson & Omland, 2004) can identify functional indicators that
best predict fitness variance or population resilience, which can be
used as key population health markers and focused on in future re-
search. Clearly, a challenge with this macrophysiological approach is
identifying markers that can be rapidly and noninvasively collected

such as demography, behavior (association patterns, space use, and

time budgets), and noninvasive biological samples (e.g., fecal and
urine). Using model species, where noninvasive samples can be
easily collected from a large number of individuals and tied to re-
productive, survivorship, or population growth rate outcomes (Lea
et al.,, 2018), is a key priority for developing a macrophysiological

approach.

1.3 | Theoretical frameworks

Mechanistic distribution models use functional traits to link environ-
mental variation with individual- and population-level performance
(Buckley et al., 2010) as variation in physiological biomarkers of
stress, health, and reproduction can act as these heuristic indica-
tors of population viability (Chown & Gaston, 2008; Ellis et al., 2012;
Gaston et al., 2009). Thus, they can predict likely population perfor-
mance and range dynamics including the probability of colonization
and extirpation under changing conditions (Figure 3a). For example,
range-wide land transformation and climate changes can lead to an
increased allostatic load (e.g., oxidative stress, inflammation, and
disease) and a decline in positive biomarkers (reproductive function,
metabolism, hematocrit levels) in adversely affected populations,
with a net reduction in functional condition (Figure 3b). Functional
traits can also evaluate patterns of range contraction, where the ex-

panding edge will be associated with improved functional traits and
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a
Negative Biomarkers

¢ Glucocorticoids

* Parasite burden

*  Microbiome dysbiosis
* Oxidative stress

* Vigilance behavior

¢ Chemical burden

Shading

Relative Biomarker Score

Occupied Ecological Gradient

Degradation

Retreating edge Expanding edge

()

Perturbation
& Intervention™N |
Restoration

Source: population growth rate > 1
Sink: population growth rate<1  (b)

Baseline Recovery

Occupied Ecological Gradient (d)

FIGURE 3 Conceptual diagram of the Functional Marginality Framework. (a) Viable populations are determined by good functional
condition leading to sustainable growth rates, range limits are determined by an increased burden of negative functional traits relative to
positive ones. (b) Range shifts will be associated with improving functional condition on the expanding edge and declining condition on the
retreating edge. (c) Habitat degradation leads to a net decline in functional condition (balance of positive indicators and negative allostatic
load) across occupied habitat resulting in more sink populations and fewer source populations. (d) Functional condition can be tracked over
time by repeatedly measuring positive and negative functional traits, and will exhibit characteristic profiles during periods of threat and

recovery

the retreating edge associated with declines in positive indicators
and increasing burden of negative indicators (Figure 3c). Moreover, if
range contraction is characterized by retreat into suboptimal refuges
away from encroaching threats (Scheele et al., 2017), then in addi-
tional to poor functional condition in the contracting edge, remain-
ing populations should have poor functional condition as compared
to populations in optimal habitats, or where baselines are not avail-
able, relative to closely related species (Figure 3c). If environmen-
tal change causes species to retreat into optimal habitats (Channell
& Lomolino, 2000), then functional traits in the remaining habitats
should be consistent with those in optimal habitats or source popu-
lations. We would also expect a truncated distribution of markers
toward less optimal states across the remaining range (Figure 3c).
Although variation in resource availability across landscapes is
widely appreciated, metabolic costs also vary in terms of slopes,
substrates, and thermal stresses (Shepard et al., 2013). Incorporating
spatial patterns of energy availability and costs in “energetic land-
scapes” can provide a step change in our understanding of how
environmental conditions impact on fitness at the individual and pop-
ulation level. Spatial variation in threats from predation, disturbance,
and disease risk can be used to create predictive models of “land-
scapes of fear” and “landscapes of disgust” (Gallagher et al., 2017;
Laundré et al., 2001; Weinstein et al., 2018). In particular, spatial
variation in predation risk has consequences on physiology, repro-
duction, immune function, and behavior (Clinchy et al., 2011, 2013).
These spatial models can be integrated to create “landscapes of

stress,” where physiological or behavioral trade-offs can be directly

incorporated into population or habitat use models (Koprivnikar &
Penalva, 2015). For example, brown bears (Ursus arctos) near human
settlements have lower heart rate variability, a cardiovascular indi-
cator of stress, and they move further during increased human activ-
ity, which is expected to have an energetic cost (Stgen et al., 2015).
Similarly, landscape features, movement, and disturbance together
predict physiological state in grizzly bears (Wilson et al., 2021).

We can also use indicators to test intervention success or the
functional recovery of individuals or a population, which can pro-
vide insights into efficacy of restoration, colonization, and rein-
troduction. As humans have extensively changed and degraded
habitats, conservation efforts often try to restore habitats or pop-
ulations to reflect a historical state or ecological baseline (Britnell
et al., 2021). A mechanistic approach can provide the evidence
about how best to restore or manipulate degraded systems and
how to establish whether an intervention has had the desired re-
sponse (Hobbs et al., 2014). Successful interventions should in-
crease population growth rates and nudge a population from being
a sink to being self-sustaining or a source. Following an interven-
tion, negative biomarkers should decrease, and positive biomark-
ers increase, relative to pre-intervention levels (Figure 3d; Cooke
& Suski, 2008). The relationship between functional indicators and
fitness can be assessed through changes in vital rates, for example,
by monitoring changes in pregnancy rates of vertebrates before
and after restoration or policy implementation (Pallin et al., 2018).

Planning for, and the short- and long-term effects of, active man-

agement such as handling, translocation, and reintroduction can
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also be evaluated with functional indicators. Factors such as climate
suitability are predictors of translocation failure (Bellis et al., 2020),
and mechanistic distribution models can increase the robustness of
habitat suitability predictions. Translocation success is also linked to
stress responses and resilience, which occur during the transloca-
tion event and the establishment phase immediately after release
(Dickens et al., 2010). Following an intervention, positive and nega-
tive biomarkers should return to pretranslocation levels after inter-
vention and recovery. Conducting physiological monitoring before,
during, and after release can improve our understanding of translo-
cations, and the factors required for them to be a success. For exam-
ple, a study using the Florida manatee (Trichechus manatus latirostris)
in a simulated release process found that decreased food intake
and changes in water salinity led to serum creatinine elevations and
impaired immune function, indicated by lymphocyte proliferation
assays (Manire et al., 2003). This is beneficial from a conservation
perspective, as it increases the probability of future reintroduction
success, and from a welfare perspective, as it allows methods to be
refined to avoid stress and reduces the number of animals required
(Tarszisz et al., 2014).

1.4 | Examples

There is now a small but growing number of studies that have used
functional traits to understand range dynamics and differences
between central and peripheral populations. For examples, GCs,
blood parameters, and body condition vary between central and
marginal populations of Western fence lizards (Sceloporus occiden-
talis) (Dunlap, 1995; Dunlap & Wingfield, 1995). Combining variation
in time budgets with species distribution models in primates is an
excellent example of using behavior patterns to understand drivers
of population and range dynamics (Bettridge et al., 2010; Dunbar
et al., 2009; Korstjens & Dunbar, 2007; Korstjens et al., 2010). There
is also extensive evidence for how pollution and contaminants af-
fect fitness proxies and functional indicators in birds (Rattner et al.,
1984), although this approach has not been widely used to evalu-
ate spatial range dynamics in a macroecology context. Despite this,
there are limited examples of studies that evidence links between
environmental stressors, physiology, behavior, and fitness measures
to predict both individual- and population-level responses to chal-
lenges (Beehner & Bergman, 2017; Cooke et al., 2013). We have
summarized a range of studies that have used functional markers
to assess the impact of challenges and population or fitness con-
sequences (Table 1). There are, however, a few key studies that
have evaluated links between environmental challenges, functional
markers, and population-level variation in resilience and viability.
Physiological and behavioral biomarkers have been used to identify
marginal or “refugee” populations in Cape mountain zebra (Equus
zebra zebra) (Lea et al., 2018) where poor reproduction performance
is associated with elevated androgens and glucocorticoids as a con-
sequence of resource limitation and skewed population sex ratios.

Functional markers including elevated creatinine, C-peptide, and

glucocorticoids were used to evidence thermal stress in chimpan-
zees (Pan troglodytes) inhabiting a savannah-mosaic habitat at the
margins of their range (Wessling et al., 2018). Hawaiian monk seals
(Neomonachus schauinslandi) have experienced declines since the
1950s that have been variously attributed to poor juvenile survival
due to resource limitations, injury, and disease (Harting et al., 2021).
Declining subpopulations were associated with chronic elevation of
fGCMs and low fT3, especially in immature individuals and had, on
average, poorer survival rates and lower intrinsic population growth
rates (Gobush et al., 2014). In better performing populations, multi-
ple markers still highlighted how anthropogenic injury and disease
relative to malnutrition affected intrinsic growth rates (Harting et al.,
2021). This modeling approach that identifies how local stressors af-
fect growth rates could be applied to most conservation scenarios.

2 | CONCLUSION

In recent decades, much research has been carried out to develop
biomarkers, which provide an indication of how the environment
affects the physiological and behavioral state of an organism and
ultimately on fitness. This is a difficult task as physiology is ex-
tremely complex. Physiological responses are the result of mul-
tiple interconnecting pathways, which can respond to the same
stressors and interact with each other, making the change in a
single biomarker difficult to relate to fitness. We propose that
the establishment of complementary and integrated biomarkers
to indicate population health, properly validated and applied to
testable hypotheses, would be a major advance for large-scale
ecology and conservation. Validation, the discovery of relevant
biomarkers or combination thereof, is a key part of this approach.
The approaches we describe can be used to show which biomark-
ers are useful at predicting future changes in fitness measures
associated with population changes. Once established, these bio-
markers can be the basis for investigating the causes of poor indi-
vidual health and changes in survival and reproduction and testing
ecological and conservation hypotheses. This information can help
to uncover the causes of distributional limits and predict future
changes, estimate resilience of populations to novel threats, as-
sess the efficacy of conservation efforts, and reveal macroeco-
logical trends and processes. This approach provides conservation
biologists and practitioners the ability to produce evidence for the
causal mechanisms underlying conservation problems and macro-
or evolutionary ecologists the ability to investigate the physiologi-
cal mechanisms underlying long-term and large-scale processes.
Advances in these fields can contribute toward the calls for
evidence-based conservation and help to alleviate the threat of

species extinctions and ecological collapse.
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