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SUMMARY

Given limited resources for wildlife conservation paired with an urgency to halt
declines and rebuild populations, it is imperative that management actions are
tactical and effective. Mechanisms are about how a system works and can inform
threat identification and mitigation such that conservation actions that work can
be identified. Here, we call for a more mechanistic approach to wildlife conserva-
tion and management where behavioral and physiological tools and knowledge
are used to characterize drivers of decline, identify environmental thresholds,
reveal strategies that would restore populations, and prioritize conservation ac-
tions. With a growing toolbox for doing mechanistic conservation research as
well as a suite of decision-support tools (e.g., mechanistic models), the time is
now to fully embrace the concept that mechanisms matter in conservation
ensuring that management actions are tactical and focus on actions that have
the potential to directly benefit and restore wildlife populations.

INTRODUCTION

Conservation managers and practitioners use diverse forms of evidence, including empirical studies, evi-

dence syntheses, experiential understanding, and indigenous and stakeholder knowledge1,2 to make de-

cisions intended to protect or restore biodiversity.3 Although biodiversity inherently encompasses all levels

of biological organization—from the molecule to the biome4—the vast majority of conservation decisions

and actions are informed from evidence collected at the population level.5,6 Superficially, this conservation

paradigm is appropriate in that populations represent somewhat discrete (often spatially and genetically7)

and logical units for both assessing trends in abundance and guiding management in a strategic manner.8

From a practical perspective, many wildlife populations can be assessed such that trend-through-time data

yield useful information on population trajectories,9 which serve as the basis for threat assessments (e.g.,

the International Union for Conservation of Nature [IUCN] Red Listing and associated regional ana-

logues;10). Yet, data on population status may bemeaningless without a robust understanding of themech-

anisms driving demography (i.e., vital rates;11). In the absence of a mechanistic dimension (i.e., establishing

causation), it is difficult to apply targeted conservation actions that are effective and focus on the appro-

priate mechanistic levers (i.e., cause-effect relationships) that are regulating population growth or

persistence.12

In this paper, we argue that mechanisms matter to conservation. We posit that if conservation scientists,

managers, and practitioners were to seek and incorporate more mechanistic understanding of biological

organization, conservation decisions would be more effective in protecting and restoring populations and

indeed all forms of biodiversity. We first define what we mean by ‘‘mechanisms’’. Next, we discuss why

mechanisms matter in the context of connecting wildlife to their environment, identifying conservation

problems, and generating conservation solutions. We then discuss mechanistic approaches to wildlife

research (spanning experimental studies to modeling) relevant to conservation. Using diverse case studies,

we highlight where mechanistic approaches to understand species declines have been applied and

conclude with a candid assessment of what is needed to make conservation more mechanistic and, ulti-

mately, more successful. We recognize that mechanisms are as relevant to plants and other taxa as they

are to animals, yet for the purpose of this paper we restrict our discussions to animals (herein wildlife).

The concept that mechanisms matter in conservation is not entirely new,13–17 but despite previous efforts

to mainstream this idea, the approach has yet to be fully embraced. Moreover, most of the previous treat-

ments did not consider mechanisms the same way as we do here. Our treatment is more rooted in
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organismal physiology and animal-environment interactions (see next section), which we argue is particu-

larly salient and timely given the current biodiversity and climate crises. Here we center the concept of

mechanisms being important for conservation and provide a clear and direct narrative regarding the value

in doing so while providing explicit examples of how that can be achieved.
WHAT DO WE MEAN BY MECHANISMS?

There are many formal definitions of mechanisms (see reviews18,19), and one that works well with biological

systems and conservation is from Bechtel and Abrahamsen20: ‘‘A mechanism is a structure performing a

function in virtue of its component (causally interacting) parts, component operations, and their organiza-

tion. The orchestrated functioning of the mechanism is responsible for one or more phenomena.’’ Ma-

chamer et al.21 defines mechanisms as ‘‘entities and activities organized such that they are productive of

regular changes from start or set-up to finish or termination conditions.’’ In ecology, we use mechanisms

to help explain how a phenomenon occurred/occurs as a result of the causal chain(s) of its integrated parts

(see Connolly et al.22 for a detailed discussion of mechanisms and processes in ecology). For example, the

past experiences of the organisms (across various temporal scales) and ecological interactions may be ex-

plained through the dissection of a series of events, the interplay of processes and causal chains. In short,

mechanisms are about how a system works19 with the assumption that they are relevant to understanding

and establishing causal relationships that may transcend scales (e.g., levels of biological organization23).

Individual animals are themselves complex systems as are the populations they are part of, the assem-

blages they belong to, and the ecosystems in which they are embedded. At the level of the individual, bio-

logical mechanisms that span physiology and behavior (and are underpinned by genetics, evolutionary his-

tory, and selection24,25) are the first point of contact between organism and environment, and the

mechanism-environment interaction influences organismal performance and fitness (including survival26).

Animals are thereby linked to their environment so that, when environmental conditions are suboptimal,

there can be consequences that, in extreme cases, may be lethal (as elegantly outlined in the Fry Paradigm;

see Kerr27). Behavior and physiology are inherently connected in that physiology constrains and

enables behavior, whereas behaviors (e.g., feeding, habitat selection, movement) have physiological

consequences.15,28

Mechanistic relationships and interdependencies evolve to provide animals the means with which to cope

with change and restore homeostasis when encountering challenges.29 Given the interplay between envi-

ronmental conditions and fitness, this mechanistic dimension scales up to the population and influences

demography.26,29 Mechanisms can also extend across domains. For example, conservation issues almost

always have a human dimension, and failure to consider such drivers or impacts would be problematic.30

Given the manifold benefits that humans derive from biodiversity, loss of biodiversity can have conse-

quences that extend beyond reductions in, say, wildlife fitness. Understanding mechanisms and mecha-

nistic pathways reveals causal relationships that can be pursued in conservation.12 For the purpose of

this paper, we focus on the mechanistic intersection of physiology, behavior, and environment with consid-

erations of consequences that extend from the individual to higher levels of biological organization (Fig-

ure 1). We take a pragmatic approach to applying mechanisms to conservation challenges, acknowledging

that some scenarios will benefit from considering the interconnectedness of multiple aspects of physiology

and behavior, while others may only require measurement of one mechanistic component.
WHY DO MECHANISMS MATTER?

Mechanisms connect animals to their environment

Animal performance is intricately linked to the surrounding environment—for ectotherms31 and endo-

therms.32 Individual physiological responses and capacities to respond to environmental drivers determine

performance, ecological relationships, and the persistence of populations and species across space and

time.26,33 It is physiology that acts as a filter between the environment and fitness-related functions and

provides the mechanism that supports and underpins our understanding of the ecology of a species

and connects animals to their environment.26,34 Changes in environmental drivers and mechanisms are in-

tertwined; identifying how causal factors lead to species decline must be elucidated for the purposes of

conservation.26,35 We acknowledge that there are other types of mechanisms relevant to conservation,

but these are at a higher organizational level than the physiological mechanisms which are the focus of

this paper. For example, understanding species interactions (e.g., predator-prey,36 plant-herbivore,37
2 iScience 26, 106192, March 17, 2023



Figure 1. A mechanistic approach to conservation

Simple conceptual diagram visualizing ways in which environmental stressors (natural and anthropogenic) act on

individuals (mediated by genes that underpin the connections between organism and environment) via behavioral and

physiological pathways (often at their intersection) that have the potential to influence fitness at the level of the individual

and contribute to population vital rates. Conservation actions represent levers that can be applied in various ways (e.g., to

remove a stressor or to otherwise compensate for it by directly mediating behavior, physiology, and fitness) with a goal of

altering population vital rates. Conservation actions are based on mechanistic knowledge related to thresholds, cause-

effect relationships, and the assessment of conservation success.
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and host-pathogen interactions38) has the potential to reveal mechanisms that are relevant to conservation.

However, these interactions are one step removed in complexity from the direct interaction between envi-

ronment and physiology, although not independent from environmental impacts on physiology (e.g., phys-

iology underpins locomotion, which underpins predator-prey interactions).

Environmental change and conservation interventions both act on animal biology. Abiotic environmental

changes, such as changes in temperature, typically elicit behavioral and physiological responses.39

Changes in the biotic environment, such as interactions between individuals or their society, can affect

physiology via endocrine-mediated processes. For example, social interactions can induce changes in

metabolic function.40,41 Conservation measures target biological processes by preserving or restoring

particular habitats or aspects of the physical environment to improve individual fitness (reproductive out-

comes and survival), assure population persistence, andmaintain biodiversity.42 For example, reforestation

or pollution remediation alters the physical and chemical environments with beneficial outcomes for resi-

dent species.43,44 However, unlike Newton’s Third Law of action and reaction, the environmental or conser-

vation inputs (action) do not necessarily produce a proportional biological output (reaction). Even simple

thermodynamic effects of changes in acute temperature produce a non-linear output in physiological re-

action rates. These relationships are complicated by evolutionary processes of adaptation and plasticity.

Adaptation, genetic drift, or gene flow can alter genotypes and phenotypes across multiple generations.45

Genetic differences may thereby match species and populations to their environment and increase perfor-

mance and fitness. For example, genetic divergence was the likely mechanism that conferred increased

heat tolerance on urban ants (Temnothorax curvispinosus) compared to rural populations.46 Insights into

genetic divergence between populations and the link between genotype and physiological phenotype

provide essential information for conservation decisions. In the case of ants above, the urban heat effect47

would be offset by the greater heat tolerance of urban populations therefore lessening the urgency to

implement conservation actions. Genetic diversity among populations can be important if it determined

the sensitivity of individuals to environmental variability and their capacity to respond to change, and pop-

ulation genetics thereby play a major role in conservation.48,49 However, particular genotypes are by no

means fixed to perform well only within a narrow range of environments within which they have evolved.

An environmental change may present a novel selective environment eliciting further genetic changes.50

At a more rapid timescale and superimposed on these genetic changes are epigenetic modification of
iScience 26, 106192, March 17, 2023 3
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gametes in parents that transmit environmentally induced modifications of gene expression pattern to the

next generation.51 In addition, environmental signals experienced within individuals early in development

(developmental plasticity) or in adult organisms (reversible acclimation) can alter phenotypes in response

to short-term environmental fluctuations.52,53 Epigenetic effects in response to environmental signals are

transmitted viamolecular changes to DNA and proteins by DNA and histonemethylation and acetylation of

proteins.54–57 Like a Fourier series in physics where oscillations with different periodicity are superimposed

onto each other to produce complex responses, combinations of genetic and epigenetic change result in

complex phenotypes that can respond to environmental change at different timescales. Understanding

these dynamics is important for conservation because they define how quickly and at what magnitude in-

dividuals, populations, and species can respond to environmental change and potentially compensate for

its effects. For example, an effective epigenetic response can induce plasticity that buffers physiological

processes from an external change in temperature,58 which would render the organism a low conservation

priority in this particular case. On the other hand, in cases where plasticity is absent or ineffective a temper-

ature increase may have strong detrimental effects so that immediate conservation action is necessary.59

However, this complexity of mechanisms and temporal resolution also means that phenotypic responses

are not easily predictable, thus pointing to the need for experimental physiological data to resolve these

transient responses.

Intuitively, plastic responses are beneficial because they can offset potentially negative impacts of environ-

mental change on physiological processes.60 However, disadvantages may arise when there is a mismatch

between the environmentally induced phenotype and the actual environment experienced.61 In addition,

beneficial plastic responses, such as compensation of swimming performance in fish for changing temper-

atures, may trade off against concurrent costs such as energetic cost of locomotion.62 Greater energetic

costs may cause an allocation trade-off within individuals so that energy is preferentially allocated to, for

example, growth at the expense of reproduction.62 It is crucial that evaluations and predictions of environ-

mental impacts on natural systems, and conservation measures following these assessments, explicitly ac-

count for the temporal and mechanistic dimensions outlined above.34,63,64

Species distribution models (SDMs) are a useful tool to assess biodiversity in different geographic regions.

Often, thesemodels incorporate climatedata topredict thepotential distributionof species under current con-

ditions anddifferent scenariosof climate change.65,66 At theirmostbasic, SDMs (e.g., climateenvelopemodels)

use information about environmental conditions prevalent in current geographical ranges of species to model

suitable geographical areas following an environmental change such as climate change.67 Predictions by SDMs

could be improved by incorporating key physiological processes,68 demographic processes,69 and the genet-

ically and epigenetically modified response dynamics of these processes.34 Accordingly, biophysical models

add independently sourced data on environmental sensitivities of physiological processes to model potential

species distributions in changing environments.70 Themost recent models explicitly include estimates of plas-

ticity and adaptation to estimate species distributions and their vulnerability to environmental (climate)

change.71,72 Ultimately, themore information amodel contains, the better its capacity to predict changing spe-

cies distribution. The latter class ofmodels that includeplasticity and adaptation are still quite rarebut are likely

to provide the best estimates71 particularly for physiological responses that are well known to be regulated

epigenetically. Also noteworthy are recent developments in genomic offset estimates (prediction of maladap-

tation to future climate) that can be used alongside SDMs.73

Key physiological processes may vary between species, although there is some agreement of processes

that are important in a conservation context.63 Disruption of physiological processes that are essential

for whole organism function (e.g., energy metabolism) is likely to compromise fitness, and these processes

therefore represent a focus for conservation. Therefore, rather than focusing on downstream conse-

quences of environmental change, it may be fruitful to consider the underlying regulatory pathways. For

example, endocrine pathways are at the interface between the environment and organism behavior and

function, and anthropogenically induced endocrine disruption can have a broad range of downstream ef-

fects.74,75 A focus on the hormone rather than on its effect on individuals may therefore be an effective

approach to identify and target specific remediation strategies.
Mechanisms can be used to elucidate problems

Environmental change introduces a myriad of challenges to animals in the wild, and a major tenet of con-

servation biology is to identify and resolve multiple stressors that are limiting the productivity of animal
4 iScience 26, 106192, March 17, 2023
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populations.64,76 Major stressors that interact mechanistically with individuals and cause a physiological

and behavioral response can be isolated by experimentation. Mitigating the stressor or employing other

conservation approaches that minimize the behavioral and physiological consequences on the animal

can form the basis of effective management. Such interventions are contingent on an understanding of

the mechanistic responses of animals to environmental change and on access to a conservation toolbox

that assists scientists and practitioners in untangling the often-complex effects of multiple stressors. Where

multiple stressors are operating on individuals, identifying problems and revealing mechanistic relation-

ships between a single stressor and a response at the individual or sub-individual scale are more chal-

lenging, particularly where there are synergistic or antagonistic relationships between/among stressors.77

Isolating stressors may include consideration of why and how animals die based on additive vs compensa-

tory mortality frameworks or component-cause models. Failure to isolate mechanisms causing individual

disturbance and impacting population demographics has been a major challenge for biodiversity conser-

vation in a multi-stressor world, and conservation can benefit from experiments and null model testing.78

Working on realistic conservation timescales to identify stressors andmechanisms in the field when conser-

vation action is needed may not always be possible and may not align with the timelines available for fund-

ing to address conservation issues, which are chronically resource limited (especially time). Laboratory ma-

nipulations or mesocosm experiments can identify mechanisms more rapidly and scale solutions to the

field. In the future, simulations may be helpful to isolate mechanisms using probabilistic algorithms based

on a comprehensive understanding of the action-reaction relationships that exist between animals and

their environment. Operationalizing mechanisms as conservation tools requires frameworks for rapid

assessment and off-ramps for general action to be taken when mechanisms are difficult to disentangle

due to multiple stressors. Rapid assessment frameworks are necessary given that it is possible to get

lost in the mechanisms. We are advocates of fundamental research, so engaging in detailed work is always

intellectually useful; but for mission-oriented conservation research, it is important to focus onmechanisms

and pathways relevant to a given threat, issue, or problem. For example, in the salmon case study below,

simple reflex impairment assessments have been useful for assessing fish condition in the field after fish-

eries interactions and providing fishers and managers with tools to quantify and reduce bycatch mortality.
Mechanisms can be used to identify solutions

Physiological and behavioral mechanisms have become increasingly valued for detecting causes of distur-

bances to wildlife79–81; however, their combined use in delineating conservation solutions is still gaining

momentum.35 By identifying or confirming the environmental stressor responsible for disturbance and

how it influences organismal function, integrated mechanistic approaches can formulate conservation so-

lutions to address the underlying problem.82,83 For example, recognizing that there is a mismatch in the

thermal tolerance of some amphibian hosts and Batrachochytrium dendrobatidis (Bd; the fungal pathogen

that causes chytridiomycosis), the creation of elevated temperature microhabitats where behavioral ther-

moregulation may assist in the management of pathogen infection intensity could be an effective conser-

vation undertaking for some species.84 An integrative behavioral and physiological approach can also facil-

itate improved monitoring of disturbances, thereby enabling faster detections of problems and providing

more time to take conservation action. For instance, thermal physiology and behavioral measurements

together lead to more informed ways to monitor Pseudogymnoascus destructans infection (i.e., white

nose syndrome) in wild bat colonies.85 Further, morphology, physiology, and behavior interact to permit

or constrain performance within environmental contexts;86 thus, considering this interconnectedness can

provide information on critical habitat requirements and future vulnerability (e.g., to climate change87–89).

Studying these form-function relationships can therefore determine areas for protection based on species’

tolerances83,90 or identify potential stocking or translocation locations incorporated, for example, into pro-

grams for imperiled fishes.91,92 Considering the connections between behavior and physiology can also

improve post-release survival following reintroductions, for example by informing predator-training pro-

grams and soft-release protocols.93

Simultaneously monitoring behavioral and physiological traits has improved identification of reproductive

readiness79,94 and overall welfare in captive programs (e.g., tigers95; elephants96). In terms of in situ con-

servation applications, determining the physiological underpinnings of migratory behavior can allow fore-

casting of migratory timing, allowing managers to put temporal and regional restrictions in place to mini-

mize disturbance.97 Similarly, by identifying the most energetically demanding parts of migratory routes,

linking physiology and migratory behaviors can impart valuable knowledge for protecting key stopover
iScience 26, 106192, March 17, 2023 5



Figure 2. Pacific salmon performance

A conceptual figure showing the percentage of maximum aerobic scope as a function of temperature (cool to warm) is

shown for three Fraser River, BC, Canada sockeye salmon populations: Weaver, Nechako and Chilko. Although it is

unknown exactly how much aerobic scope is necessary to successfully migrate upstream, 90% is indicated as a likely

threshold. At cooler river temperatures (T1), all populations have near-maximal aerobic scope at near-optimal migration

temperatures. As temperatures warm (T2), Weaver salmon are unlikely to reach their spawning grounds while Chilko and

Nechako salmon are within their optimal temperature range for migration. If river temperatures continue to rise (T3), even

Chilko salmon are unlikely to reach their spawning grounds. Tagging studies revealed that Weaver salmon abnormally

entering the Fraser River early encountered warm water temperatures (e.g., T2 and T3) exceeding their optimal threshold

for aerobic scope which could partially explain migration failure.103
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habitats or implementing supplementation programs.97 Finally, understanding the physiological and

behavioral responses of organisms to chemical and physical characteristics in their environment is leading

to innovation in invasive species control (e.g., sea lamprey [Petromyzon marinus]98) and the design of hu-

man infrastructure to keep native species from interacting with lights, dams, turbines, and fishing nets,

among others.16,99
CASE STUDIES THAT DEMONSTRATE A MECHANISTIC APPROACH

We selected several case studies that highlight how a mechanistic approach has been applied to a variety

of wildlife taxa (e.g., fish, amphibians, mammals) and issues (e.g., multiple stressors, disease, invasive spe-

cies, climate change). Moreover, the case studies rely on various empirical and modeling methods that

span physiology and behavior with some consideration of ecological mechanisms.
Pacific salmon management

The Fraser River of British Columbia (Canada) is home to sockeye salmon Oncorhynchus nerka which un-

dertake iconic migrations from natal rivers to the high seas to feed and then back again to spawn. Because

sockeye salmon are semelparous, failure to return to spawning grounds to reproduce means that lifetime

fitness is zero. Although mortality occurs throughout all phases of the salmon life cycle, attention has pre-

dominantly focused on understanding adult upriver spawning migration given that in some years >90% of

sockeye salmon that enter the river fail to make it to spawning grounds. Migration inherently connects

behavior and physiology with environmental conditions such that adopting a mechanistic approach to un-

derstand reduced fitness is essential. Following several years of abnormal migration behavior (fish return-

ing early) and exceedingly high rates of en route mortality, a large-scale mechanistic research program was

initiated.100 Both observational and experimental research revealed that early migrants were more repro-

ductively advanced and ill-prepared for osmoregulatory transition upon their entry into fresh water.101

Moreover, genomic studies revealed that early migrants were immunocompromised.102 Because fish

were entering the river early, they were exposed to water temperatures that were much higher than historic

norms, which exacerbated disease progression and energy depletion.101 Swimming performance and

respirometry studies revealed population-specific variation in thermal optima, and, for some populations,

the warmer temperatures exceeded their critical maxima leading to the collapse of metabolic and cardiac

scope ending in death (Figure 2;59). Although some questions still remain, it is apparent from this body of

research that water temperatures are major drivers of mortality for early migrants. Salmon also encounter

fisheries, and there are instances when fish are released (e.g., regulations require release of given species

as part of selecting fishing policies or conservation ethics of an angler or indigenous fisher). Simple reflex
6 iScience 26, 106192, March 17, 2023
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indicators have been developed that provide rapid (and free) information on the vitality of fish that is pre-

dictive of survival (i.e., low reflex impairment = high survival, high reflex impairment = low survival104). After

these tools were validated,105 they provided fishers and managers with new tools to understand mecha-

nisms impacting captured salmon and to adjust fishing practices to reduce impacts in real time. Although

there was initial skepticism by fisheries managers about undertaking mechanistic research,106 the creation

of clear cause-effect pathways combined with the ability to explain population-specific mortality patterns

has led to these approaches being embraced and incorporated into fisheries planning.107 Moreover, the

reflex assessments can be done by fishers, so they can adjust their fishing practices in real time.

Amphibian disease

Amphibians are at the forefront of the global biodiversity crisis due in large part to the emergence of the

novel fungal skin disease chytridiomycosis, which has been linked to the decline or extinction of more than

500 amphibian species globally.108 Mechanism is at the heart of understanding chytridiomycosis: its

origins; how, why, when, and where it affects hosts; how individuals, populations, or species respond to

infection; how ongoing or increasing environmental change alters disease risks for other populations

and species; and how we manage disease risks to facilitate successful conservation. Like many diseases,

the prevalence of chytridiomycosis is highly environment dependent as a result of impacts on both host

physiological function and the thermal biology of the fungal pathogen. Anthropogenic environmental

change likely contributed both to the emergence of the hypervirulent fungal lineage responsible for the

disease chytridiomycosis and its ongoing impacts on global amphibian populations.109 A mechanistic un-

derstanding of what constitutes optimal environmental conditions for pathogen survival and disease devel-

opment in hosts has been pivotal in allowing researchers and conservation managers to model and predict

the emergence110 and spread of the pathogen under current and future climates,111–113 the likely severity of

disease,114 and the seasonal dependence of outbreaks.115 Elucidating the mechanisms underpinning host

susceptibility to the pathogen and the pathology of the disease has revealed why some species and life

stages are more susceptible to the pathogen.116–119 Equally, an understanding of mechanism has been

essential to interpret important host behavioral responses to infection such as increased skin shedding120

and thermoregulatory changes121 to manage pathogen loads and learned avoidance of the pathogen.122

Importantly, an understanding of mechanism has been central to the development of effective treatments

for infected frogs117,123,124 and to the management of chytridiomycosis in conservation-significant

amphibian populations worldwide.125

Invasive species control

Invasive species are responsible for profound, negative effects on biodiversity,126 ecosystem functioning

and services,127 human health128 and welfare,129 and the economy.130 Developing effective management

strategies and policy to avoid or reduce the impacts of invasive species is of paramount importance.

Mechanistic models represent indispensable tools for invasive species management as they allow scien-

tists to estimate key vital rates such as spread rate, simulate the potential effects of invasive species, and

explore implications of various control or eradication strategies.131 These models can couple the tempo-

ral and/or spatial dynamics of invasive populations with the ability to simulate and evaluate management

actions in terms of specified outcomes.132 For example, Grechi et al.133 integrated a multi-objective de-

cision framework with mechanistic population growth models to predict the population dynamics and

optimal management of buffelgrass (Pennisetum ciliare), a commercially valuable invasive species, in

Australia.

Mechanistic models based on physiological data seek to capture system dynamics at larger spatiotem-

poral scales compared to those at which empirical data are typically available and field experimentation

is possible, with the desire to better support management decisions.134 Recently, new methods have

been suggested to combine SDMs - which correlate species occurrence or abundance with environ-

mental predictors—with physiological estimates of performance—such as temperature thresholds to

delineate the range of environmental conditions within which the species can survive—to improve fore-

casts of species distributions when extrapolating to novel climate scenarios.70 For example, the utility of

physiology-SDMs has been demonstrated for predicting invasion risk of non-native marine species in the

Mediterranean,135 and if linked with economic analyses, mechanistic models can explore the costs of

management and identify strategies that strike an optimal trade-off between management objectives

such as suppression and cost.136,137 The advantages of mechanistic SDMs, however, are tempered by

the fact that species information, such as physiological data, is often limited and possibly biased, across
iScience 26, 106192, March 17, 2023 7
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taxa at large scales.138 This suggests that correlative SDMs may be more practical from an implementa-

tion perspective139 and in some cases may be favored because of comparable predictive power to mech-

anistic models.140

Climate change and wildlife in warming and drying climates

Most predictive models of animal responses to climate change have focused on the direct effects of

higher ambient temperatures. However, many terrestrial animals will have to contend with a concom-

itant reduction in food and water, which is likely to severely challenge their ability to maintain homeo-

stasis.141 Determining how chronic sub-lethal effects of climate change affect fitness requires an under-

standing of the behavioral trade-offs that animals make as well as the physiological plasticity available

to them to buffer the changes.141,142 For example, in the hot and arid Kalahari of southern Africa, there

has been a decline in growth (body mass at 3-month) and survival rate in meerkat (Suricata suricatta)

pups over time, which is associated with an increase in the daily maximum air temperature in the

Kalahari over the last 20 years.143 One might expect the underlying mechanism to be a reduction in

energy intake, either because prey is less available or because prey has lower energy content. Alter-

natively, there may be reduced foraging as a result of higher air temperatures constraining activity or

an increase in energy expenditure associated with a greater foraging effort to locate prey. However,

the reduction in the body mass gain of pups on hotter days was unlikely to reflect a change in energy

balance as the pups were fed by adults, and feeding rate increased with increasing maximum air tem-

peratures. Instead, the mechanism may be related to the effects of repeated dehydration on growth,143

an idea that requires further confirmation through both field and laboratory experimentation. Such

mechanistic knowledge is crucial for determining whether appropriate conservation actions can be im-

plemented for this species or whether the species distribution is likely to shrink with fewer suitable

habitats available in future.

ACHIEVING MECHANISTIC CONSERVATION

Using four case studies, we highlighted diverse ways in which a mechanistic approach to conservation can

be useful for understanding and solving conservation problems. A consistent theme arising from all case

studies was that multiple tools and approaches were useful for obtaining comprehensive understanding.

Those approaches may involve work in the lab, field or, in silico (e.g., modeling). Conservation problems

and issues are diverse with some requiring mechanistic understanding that may have a physiological,

behavioral, or ecological basis, and there may be instances in which knowledge of one of those domains

is needed and others where all three are necessary. We also acknowledge that for some conservation prob-

lems (e.g., spatial protection prioritization), mechanistic knowledge may not be required. Nonetheless,

outcomes from mechanistic work such as identifying thresholds or developing cause-effect relationships

are almost always helpful when setting conservation targets and ensuring that the correct conservation le-

vers are being applied.

The status quo relies on monitoring populations and preserving habitat—both essential features of con-

servation. However, a mechanistic understanding of how animals interact with their environment will pro-

vide a clearer understanding of the match between habitat characteristics and animal needs, and at the

same time, a better understanding of the impact of altered environmental drivers on animal populations

(including their demography144). Physiological and behavioral knowledge can provide a first-principles

understanding of how animals respond to landscape characteristics that contain much greater predictive

power than descriptions of presence and absence. Physiology and behavior therefore must become an

integral part in landscape assessment for conservation and integrated landscape use,145 in conjunction

with evaluation of physical characteristics (e.g., hydromorphological and biophysical146) and species dis-

tribution modeling.70 Although much progress has been made in all of these domains in the last few de-

cades, there remains need for long-term studies/monitoring to generate robust empirical data that fully

reflect spatiotemporal dynamics and relationships that presumably govern animal-environment

interactions.

There is a philosophical divide between ‘‘conservation ecology’’ and ‘‘physiology’’ that may constrain our

ability to achieve mechanistic conservation. Most conservation practitioners manage wildlife populations

such that a mechanistic focus may be regarded as irrelevant12). Yet, failure to understand mechanisms

can lead to misallocated resources and ultimately may delay or prevent the recovery of a population. There

is a need for more ‘‘cultural integration’’ among different branches of research that can also be achieved
8 iScience 26, 106192, March 17, 2023
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through broader training (that recognizes the value of mechanistic approaches in conservation) and the

sharing of more success stories.81 Fortunately, there are more examples of success stories as exemplified

by the case studies presented here.

Mechanistic approaches to complex applied problems have been central in the realm of neuroscience

(over reductionist thinking19). Given that conservation problems are equally complex, mechanistic thinking

has much to offer. From urban ecology147 to human-wildlife conflict148 to invasive species management,131

there have been numerous calls for making conservation more mechanistic. With a growing toolbox for do-

ing mechanistic conservation research as well as a suite of decision-support tools (e.g., mechanistic

models), the time is now to fully embrace the concept that mechanismsmatter (where appropriate and rele-

vant) in conservation. Approaching conservation from a mechanistic perspective (Figure 1) is not an aca-

demic exercise—it is about ensuring that management actions are tactical and focus on actions that

have the potential to directly benefit and restore wildlife populations.
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72. Muñoz, A.R., Márquez, A.L., and Real, R.
(2015). An approach to consider behavioral
plasticity as a source of uncertainty when
forecasting species’ response to climate
change. Ecol. Evol. 5, 2359–2373.

73. Capblancq, T., Fitzpatrick, M.C., Bay, R.A.,
Exposito-Alonso, M., and Keller, S.R. (2020).
Genomic prediction of (mal)adaptation
across current and future climatic
landscapes. Annu. Rev. Ecol. Evol. Syst. 51,
245–269.

74. Caporale, N., Leemans, M., Birgersson, L.,
Germain, P.-L., Cheroni, C., Borbély, G.,
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