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Leveraging the value of conservation physiology
for ecological restoration
Sean Tomlinson1,2,3,4 , Emily P. Tudor2,3,5 , Shane R. Turner3,5,6 , Sophie Cross6 ,
Fiamma Riviera5,6 , Jason Stevens3,5,6 , Justin Valliere7 , Wolfgang Lewandrowski3,5

The incorporation of conservation physiology into environmentalmanagement, particularly ecological restoration, is underutilized,
despite the capacity of such approaches to discern howpopulations respond to the challenges of unpredictable and potentially inhos-
pitable environments. We explore several examples where detailed mechanistic understanding of the physiological constraints of
keystone and foundational species, ecological service providers such as insect pollinators, and species of conservation concern
has been used to optimize the return of these species to landscapes following the cessation of mineral extraction. Using such data
can optimize the rapid return of functioning ecosystems during restoration or increase the conservation value of restoration by
returning insurance populations of threatened species. Integrating this level of mechanistic understanding with fine-resolution spa-
tial data in the form of biophysical modeling can help plan recovery and identify targets that can subsequently be used in assessing
restoration success, particularly in situations that require substantial investment over long periods, such as post-mining restoration.
There is growing recognition of the valuable insights offered by conservation physiology to broader practice and policy develop-
ment, and there have been substantial technical developments in conservation physiology leading up to and into the twenty-first cen-
tury as a result. The global challenge facing restoration ecology has, however, also grown in that time. Rapidly and efficiently
meeting ambitious global restoration objectives will require a targeted approach, and we suggest that the application of physiolog-
ical data will be most strategic for rare species, keystone species, and ecosystem service providers more broadly.

Key words: animal physiology, biodiversity, ecological restoration, ecophysiology, ex situ conservation, gene-banking, in situ
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Implications for Practice

• The constraints imposed by hostile restoration landscapes
on the return of key groups or organisms essential to the
return of functioning ecosystems (e.g. keystone or foun-
dation species, or service providers) can be empirically
understood by the collection of data on their physiologi-
cal performances and tolerance thresholds.

• Integrating empirical data on physiological tolerances
with microclimatic or other environmental data at high
resolution via biophysical modeling can provide mecha-
nistic insight into the constraints on key groups to guide
restoration planning and monitoring.

• The costs implied by collecting such in-depth data can be
strategically offset by increasing the successful return of
keystone and foundation species, service providers, and
rare species to restoration, optimizing the biodiversity
conservation value of such enterprises.

Introduction

Physiology seeks the fundamental mechanisms of “how organ-
isms work,” both in response to manipulated scenarios ex situ

and natural environments in situ (Somero 2011). Conservation
physiology is an applied discipline, seeking to identify, diagnose,
and address the decline of species and improve their management
using physiological theory (Wikelski & Cooke 2006). This

Author contributions: ST, WL led the writing and developed the first draft; all authors
made equal contributions to subsequent drafts; EPT, FR, WL developed Figure 1.
[Correction added on 8 September 2022 after first online publication: The copyright
line was changed and legal statement was added.]

1School of Biological Sciences, University of Adelaide, North Terrace, Adelaide,
South Australia 5000, Australia
2School of Molecular and Life Sciences, Curtin University, Bentley, Western Australia
6102, Australia
3Department of Biodiversity, Conservation and Attractions, Kings Park Science, Kings
Park, Western Australia 6005, Australia
4Address correspondence to S. Tomlinson, email sean.tomlinson@adelaide.edu.au
5School of Biological Sciences, University of Western Australia, Crawley, Western
Australia 6009, Australia
6ARC Centre for Mine Site Restoration, School of Molecular and Life Sciences, Curtin
University, Bentley, Western Australia 6102, Australia
7Department of Biology, California State University Dominguez Hills, Carson, CA
90747, U.S.A.

© 2021 The Authors. Restoration Ecology published by Wiley Periodicals LLC on
behalf of Society for Ecological Restoration.
This is an open access article under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no
modifications or adaptations are made.
doi: 10.1111/rec.13616

October 2022 Restoration Ecology Vol. 30, No. S1, e13616 1 of 11

 1526100x, 2022, S1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/rec.13616 by U

niversity of A
delaide A

lum
ni, W

iley O
nline L

ibrary on [23/11/2022]. See the T
erm

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

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-0864-5391
https://orcid.org/0000-0002-0302-9883
https://orcid.org/0000-0002-9146-2977
https://orcid.org/0000-0002-1126-6811
https://orcid.org/0000-0003-2505-8180
https://orcid.org/0000-0001-5821-9206
https://orcid.org/0000-0003-3599-2911
https://orcid.org/0000-0002-7496-7690
mailto:sean.tomlinson@adelaide.edu.au
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


paradigm is underpinned by the expectation that, if physiological
interactions between the organism and the environment (both
biotic and abiotic) define the niche of a species (Hutchinson
1957), they can also be used to identify, understand, predict,
and manage or mitigate threats to that niche (Wikelski &
Cooke 2006). Conservation physiology ultimately seeks to deter-
mine the factors underpinning population persistence, to improve
species preservation and the reinstatement of populations fol-
lowing degradation or disturbance (Cooke et al. 2013). Various
aspects of environmental management, such as conservation
biology, wildlife management, and restoration ecology are
broadly focused on preserving and reestablishing functional
biological communities (Young 2000). Conservation physiol-
ogy, on the other hand, is a more defined approach to single spe-
cies’ ecology (usually of conservation concern), and their
individual and unique physiological requirements for persis-
tence (MacMahon & Holl 2001). While conservation physiol-
ogy should not be viewed as a “silver bullet” for immediate
restoration success, there are many examples integrating phys-
iological data with ecological, behavioral, or genetic studies
that advance ecological restoration and threatened species
recovery (Cooke et al. 2021). Moreover, since the first calls
for the integration of conservation physiology with restoration
(Cooke & Suski 2008), the theory and techniques underpinning
physiological research have advanced substantially. Using
these tools, conservation physiology provides greater opportu-
nity to improve environmental management of “at-risk”
species, including their ecological restoration.

Physiological traits and constraints can drive organism
responses to environmental pressures in ways that ultimately
structure ecosystems (Cooke & Suski 2008). In the context of
degraded landscapes, organisms are often exposed to extreme,
novel environments that do not always provide conditions or
resources that support all aspects of their function. Conservation
physiology has recently explicitly identified research tools
aimed at ameliorating these limitations to restore such degraded
environments (Ehleringer & Sandquist 2006; Hay & Probert
2013; Cooke et al. 2021). However, much of the research that
is suggested involves substantial investment in a small number
of species, and the integration of such focused, mechanistic
studies with the broader, ecosystem-level objectives of ecologi-
cal restoration is often lacking.

We explore how strategic species selection and a niche-
focused approach can provide insights for environmental man-
agement broadly, and ecological restoration in particular. The
concept is broadly applicable, given the degree of rapid environ-
mental change wrought by contemporary threats such as climate
change, urbanization, industrialization, agricultural intensifica-
tion, and mining (Tilman et al. 2017), and the increasing social,
economic, and legislative demand for restoration following land
degradation. Mine closure provides a particularly stark example
of the challenges facing ecological restoration which could be
constructively informed from a physiological perspective. As
such, we draw on some examples of how post-mining ecological
restoration can draw on physiology-based approaches to opti-
mize species distribution modeling (“Biogeography”; Fig. 1),
species’ responses to changing environments (“Organismal

physiology”; Fig. 1), species preservation under controlled sce-
narios (“Ex situ conservation”; Fig. 1), production of viable rein-
troduction populations (“Population production”; Fig. 1), and
threat mitigation and conservation planning (“In situ assess-
ment”; Fig. 1). We recognize that this is a highly intensive
research paradigm, and that it is impractical to apply such
high-resolution research to every species in a restoration assem-
blage. Instead, we suggest several key groups of organisms
(Fig. 1) that merit detailedmechanistic understanding in ecological
restoration. Accelerating the restitution of some groups might pro-
vide critical services to the reassembling ecosystem (such as
pollinators—Menz et al. 2011; foundation species—Angelini
et al. 2011; or keystone species—Hale & Koprowski 2018), and
some may require specific, detailed attention (such as rare or
threatened species—Volis 2019). We finally consider future inte-
gration of conservation physiology into broader ecological restora-
tion, because the concepts that we explore here are applicable
beyond the context of post-mining restoration.

Applications of Conservation Physiology in Ecological
Restoration

Determining the Physiological Basis for Species’ Distributions
(“Biogeography”)

High-resolution biogeographical models can guide site selec-
tion, assist development and monitoring for threatened species
translocations and reintroductions, and foster better under-
standing of where mitigation efforts might be most effective
(Tomlinson et al. 2019). Using biologically relevant environ-
mental data, such models can identify landscape elements crit-
ical to the species, either in undisturbed locations, or those
theoretically to be reconstructed during restoration (as is
required following mining). High-resolution biogeographical
models can be developed using proxies for microclimatic or
microhabitat elements that shape the niche derived by remote
sensing (Lannuzel et al. 2021). However, the distributions of
many narrow-range endemic species, especially plants, can be
more accurately modeled using edaphic features (Beauregard
& De Blois 2014; White et al. 2020). While statistical, correla-
tive models cannot provide direct insight into the physiological
processes that might limit the ecological restoration of such
species (Zurell et al. 2021), the inclusion of edaphic features
can facilitate post hoc interrogation of the most limiting micro-
climatic factors for a species (Tomlinson et al. 2019). This level
of interrogation offers some insight into the fundamental niche
and physiological constraints of species, which may guide the
selection of performance metrics (e.g. gas exchange, water rela-
tions, or metabolic rate) by which to infer restoration or translo-
cation success (or lack thereof).

In contrast to correlative models, the growing field of mecha-
nistic and/or process-basedmodeling can characterize the realized
niche from physiological constraints delimiting the fundamental
niche (Kearney & Porter 2017). Such models are increasingly
used to identify threats and guide the recovery of ecological ser-
vice providers or threatened fauna (Porter et al. 2006; Mitchell
et al. 2013). For example, the return of insect pollinators to many
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restoration landscapes is central to reinstating self-sustaining eco-
systems (Menz et al. 2011), but the landscapes being restored are
typically more exposed, hotter, and drier than the predisturbance

landscape (Tuff et al. 2016; Cross et al. 2020). Identifying thermal
tolerance limits of ectotherms is a well-established process
(Tomlinson 2019), but applying such approaches to provide

Figure 1. Schematic of a selection of research and analytical skills that contribute to the conservation physiology “toolbox” (yellow). Notably, this selection of
methods, ranging from trait-oriented metrics, through performance metrics to endocrinology and biochemistry, is designed to express the breadth of techniques that
can provide insight into environmental management. This selection is not exhaustive, nor are the six applications that we have identified (blue), all of which could be
informed by any of the approaches that we have identified.We contend, however, that any combination of the physiological techniques and applications will advance
the outcomes (green) of environmental management, translocation and reintroduction, ecological restoration, and ultimately biodiversity conservation.
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practical guidance to ecological restoration programs requires
fine-resolution spatial data to describing environmental, climatic,
or edaphic factors to translate physiological performance to the
“real world” (Tomlinson et al. 2017, 2019).

Where available, such data provide context for the physiolog-
ical performance of focal species. Tomlinson et al. (2017) estab-
lished the likely patterns of thermal bioenergetics of a suite of
hymenopteran pollinators across a restoration landscape by inte-
grating physiological performance with spatial data. Their
models suggested that most key pollinators could tolerate the
higher temperatures that characterized the restoration site, but
that this increased their energetic requirements substantially. In
revisiting the site, beetle pollinators were found to be highly
thermally tolerant, and much more likely to provide pollination
services across the landscape (Tomlinson 2020). While spatio-
temporally specific, such findings highlight the importance of
understanding ecosystem function and its many different parts.
Increasing the availability of standardized geomorphology and
edaphic datasets can make downscaling niche envelope models
to project-level resolution an accessible and valuable manage-
ment agenda. Adapting performance models to these outcomes
can yield quantified estimates of the limitations and require-
ments of the focal taxa in situ, and potentially under changing
climates, both of which we see as exciting and necessary future
research directions for environmental management.

Assessing Requirements and Tolerances of Focal Taxa
(“Organismal Physiology”)

Developing models of complex species’ requirements in niche
space, such as those described earlier, requires direct measure-
ments of their responses to stressors. Substantial insight can be
gained by controlled, experimental studies (Cooke & Suski
2008), quantifying performance across a breadth of conditions.
Better understanding the physiological constraints of key demo-
graphic life-stages or processes, can identify critical obstacles
for the reinstatement of focal taxa to disturbed landscapes
(James et al. 2013). For example, reinstating dominant Triodia
grasslands has remained a significant challenge following mining
activity, due to low and sporadic recruitment after disturbance
(Erickson et al. 2017), despite the genus occurring across almost
one third of the Australian arid zone where it is considered as a
keystone species. The floral appendages (termed florets) encasing
Triodia seeds significantly influence seed dormancy and toler-
ance to water stress, controlling seed germination against unpre-
dictable periods (Lewandrowski et al. 2017a). Removing the
florets imposed higher ecophysiological stress and mortality rates
of >90% on emerging and establishing seedlings at temperatures
>30�C (Lewandrowski et al. 2021). Under restoration scenarios,
highly exposed surfaces can often be much hotter than those in
natural ecosystems (Tuff et al. 2016), increasing recruitment chal-
lenges. Physiological insights that quantify the effects of hydro-
logical regimes (e.g. Lewandrowski et al. 2017b; Rajapakshe
et al. 2020), germination treatments (Erickson et al. 2017; Turner
et al. 2018), soil amendments (Benigno et al. 2013; Bateman
et al. 2019), or thermal tolerance and energetics (Tomlinson
et al. 2015), have all proven effective in understanding how

organisms respond to changed physical environments following
mining, forestry and urban development. Furthermore, measuring
physiological traits, such as those related to water status and use,
can provide early insights into plant stress (Valliere et al. 2017,
2019).Whatweseeasanimportant futureavenue is the recognition
of physiological performance in functional trait databases
(e.g. Oliveira et al. 2017; Saatkamp et al. 2018;Kattge et al. 2020).

Optimizing Ex Situ Storage to Enhance Future Conservation and
Restoration (“Ex Situ Conservation”)

Ex situ storage vital to conservation is often facilitated through
gene-banks, zoos, aquariums, and botanic gardens (Pritchard
et al. 2012). To these ends, plant seeds can be used in many differ-
ent ways including the production of conservation collections
(Monks et al. 2019), as a repository of material for in situ conser-
vation (Merritt & Dixon 2011; Pedrini et al. 2020), or to be held
for future use in restoration (Turner this issue). Gene-banking like
this can be a useful way to store material, but not all taxa respond
well to storage conditions (Berjak & Pammenter 2013; Wyse &
Dickie 2017). For conservation purposes, orthodox seeds are
stored at low relative humidity (approximately 15–20%) and tem-
perature (�18 to 15�C) to slow down all metabolic processes
including dormancy loss and aging (Merritt & Dixon 2003).
Where these conditions are inappropriate, cryogenic storage
(in liquid nitrogen at �196�C) may be optimal for challenging or
desiccation-sensitive germplasm such as zygotic embryos
(extracted from recalcitrant seeds) and shoot tips in plants, and
sperm, oocytes, and early stage embryos in animals for establish-
ing critical ex situ base collections (Engelmann 2004; Pereira &
Marques 2008). While technically challenging, valuable insights
into themost appropriatemethods for successful cryogenic storage
of living tissues can be gained through analytical techniques such
as differential scanning calorimetry that identify critical phase tran-
sitions and ice nucleation events (Nadarajan et al. 2008).

Nevertheless, even under ideal storage conditions orthodox
seeds still age, albeit at a much slower rate, which can be rapidly
quantified using artificial aging and comparative longevity mea-
surements (Probert et al. 2009; Merritt et al. 2014) or more
recently through metabolic assessment of seed quality
(Dalziell & Tomlinson 2017). Determining species-specific
responses during storage may guide management options such
as follow-up seed collections, germination of material approach-
ing longevity thresholds, or the use of more specialized storage
environments for long-term storage for sensitive or
conservation-dependent taxa (Hay & Probert 2013).

Storing genetic material for animal conservation remains in its
infancy, and faces challenges in understanding what genetic and
reproductive materials to collect and store (De Oliveira Silva
et al. 2019), and how to extract and apply such resources for
diverse wild species (Guy et al. 2020). Nevertheless, germplasm
tissue banks for critically endangered animals exist at the Cincin-
nati and San Diego zoos (Loring 2016) and some conservation
biologists already suggest de-extinction as the next ambitious tar-
get in reintroduction biology (Jørgensen 2013). Given the critical
roles that some animals play in the provision of essential ecosys-
tem services (i.e. pollination, seed dispersal, or predator control)
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and that they do not always return following ecological restora-
tion (Cross et al. 2020), specifically reintroducing some critical
fauna may be an important element of future restoration pro-
grams. To achieve such ambitions a greater understanding of
the physiological responses of animal genetic material to gene-
banking is essential to more proactive management.

Producing Viable Populations for Reintroductions (“Population
Production”)

While the efforts of zoos and botanic gardens are critical in cap-
tive breeding and species reintroduction (Pritchard et al. 2012),
many local enterprises can also apply conservation physiology
to their own restoration nurseries. Assuming that viability has
not been compromised by storage, seeds do not always germinate
readily when needed, as dormancy may be present and acting as
an obstacle to germination on demand (Pedrini & Dixon 2020).
In most species where seed dormancy is present, combinations
of abiotic conditions, such as moisture and incubation tempera-
ture, are critical to dormancy alleviation though the successful
application of these factors varies immensely across species and
seed dormancy classes (Kildisheva et al. 2020). Furthermore,
stimuli such as ethylene, smoke, light, and nitrates may be
required to initiate germination in quiescent, non-dormant seeds
after (morpho)physiological seed dormancy has been alleviated
(Merritt et al. 2007; Turner et al. 2018; Kildisheva et al. 2020).
Seed physiological studies can be used to understand and define
temperature and moisture limits for dormancy loss and germina-
tion using hydrothermal time models which can then be extrapo-
lated over natural sites (Onofri et al. 2018; Rajapakshe this issue).
Where disturbance takes place in landscapes with high biodiver-
sity value, there is often a requirement to return populations of
rare or threatened plants (Mcdonald et al. 2016). Detailed studies
of threatened species have resulted in specific dormancy allevia-
tion protocols for threatened plant species to develop ex situ col-
lections for later reintroduction to post-mining restoration sites
(Cochrane et al. 2007). As an example, detailed examination of
the germination niche of one such species, Ricinocarpos brevis
(Turner et al. 2018), improved the understanding of the drivers
regulating both ex situ propagation and in situ recruitment with
clear management implications.

Understanding how the germination niche can define patterns
of ecology and endemism remains a developing field, especially
in the context of physiological patterns and processes. For
example, Rajapakshe et al. (2020) and Rajapakshe (this issue)
recently explored the application of thermal performance
breadth to understanding the germination niches of several
closely related sympatric narrow range endemic and widely
occurring species, finding that narrow range endemic species
did not necessarily have the narrow germination niche that
might be expected of them. Furthermore, the production of seed
stocks suitable to reintroductions can be strongly influenced by
the status of the maternal plant (Espeland & Hammond 2013).
We suggest that physiological measurements of maternal plants,
seeds, and seedlings could also provide insight into the impor-
tance of environmentally induced maternal effects during seed
production for restoration.

Fauna reintroductions are most often used to create “insur-
ance populations,” but there is increasing evidence that not all
species will return or interact with restoration in the manner that
they use natural landscapes (Tomlinson et al. 2017; Cross
et al. 2020). Both reproductive biology (Comizzoli &Holt 2019)
and reintroduction biology (Armstrong & Seddon 2008) have
strong conservation physiology components with which to pro-
duce viable reintroduction populations via captive breeding, and
understanding the reproductive physiology and associated needs
(e.g. specific resources) of focal species is valuable for their con-
servation (Tarszisz et al. 2014). Understanding the endocrine
systems underpinning reproduction has the longest history in
managing captive breeding populations (Mccormick &
Romero 2017); yet despite this, many species of critical conser-
vation value remain notoriously difficult to breed in captivity.
As well, the captive breeding itself may produce stock that are
not optimally suitable for release (Pritchard et al. 2012), partly
due to a range of physiologically consequential stimuli that are
only beginning to be considered, including unnatural photope-
riods, and autoimmune considerations (Schulte-Hostedde &
Mastromonaco 2015). As the number of species that require
management and potential captive breeding increases, clearly
engaging a broader range of physiological considerations to cap-
tive breeding programs will be beneficial.

Using Physiology to Inform Reintroduction Efforts (“In Situ
Assessment”)

Mechanistic monitoring, informed by physiological measure-
ments, has long been understood to identify impediments to
the success of translocation and reintroduction programs
(Tarszisz et al. 2014). However, the capacity of such studies to
suggest appropriate threat mitigation may be particularly impor-
tant for narrow range taxa with specific habitat requirements, or
in restoration contexts seeking to correct intensive disturbances
following extractive industry. For example, combining hydro-
thermal germination requirements with targeted irrigation treat-
ments (Lewandrowski et al. 2017b) that replicate natural rainfall
patterns could help determine niche suitability, based on seed
germination and seedling emergence as demographic filters.
The ecological restoration of a site might be made more success-
ful or more efficient by guiding irrigation rates with an under-
standing of the physiological requirements of the species being
returned. Furthermore, production of reintroduction stock with
appropriate adaptive capacity can be attained by selective breed-
ing of genotypes with specific physiological traits, and can fur-
ther be achieved by “hardening off” or stress-conditioning in
the lead-up to release or out-planting, especially where key
physiological constraints are understood (Valliere 2019;
Valliere et al. 2019). Reconnection of degraded or disturbed
communities with the surrounding undisturbed landscape can
be enhanced by understanding physiological constraints to the
return of key animal groups by planning targeted practices with
understanding of energetic (Tomlinson et al. 2017; Tomlin-
son 2020), or thermal constraints of critical taxa (Cross
et al. 2020). Once key physiological traits have been identified
to guide management actions, the same traits can be used to
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monitor the trajectory and success of these efforts (Tarszisz
et al. 2014; Valliere et al. 2021), potentially even providing
insights into poor performance of target populations prior to
their decline (Tarszisz et al. 2014; Valliere 2019).

Strategic Applications of Conservation Physiology in
Ecological Restoration

While substantial detailed information can be accumulated by
applying a comparative physiological paradigm to the interac-
tions between an organism and its environment (Fisher &
Owens 2004), there is a necessary trade-off between gathering
the highly mechanistic, phylogenetically oriented understanding
that eventuates from laboratory and short-term field studies, and
biophysical modeling and the broader ecosystem function
essential in successful ecological restoration (Young 2000;
Miller et al. 2017). While such in-depth physiological under-
standing is not essential for all species or projects, throughout
this article we have explored some key examples where these
approaches provided insights into ecological restoration. To
generalize such here, we have grouped some ecological roles
together that are often traditionally considered separately
because the consequences of understanding their physiology
are conceptually similar. If a better understanding of the species’
physiology facilitates their more rapid reinstatement in a restora-
tion landscape, then the ecological roles that they play in the
restructuring of the ecosystem will also be more rapidly and
completely reinstated, and the consequences of this can cascade
throughout the restoration ecosystem. Consequently, detailed
physiological understanding can provide unique and useful
insights for some crucially important groups, such as keystone
species and foundation species, threatened species and rare spe-
cies, indicator species, and critical functional groups that facili-
tate key ecological processes (Fig. 1).

Ecological Service Providers (“Functional Groups”)

In every ecosystem there are some species that facilitate key eco-
system processes, such as nutrient cycling, predator–prey
dynamics, or other key trophic interactions. Such taxa are the
ecological service providers. Pollinators, particularly insects,
have been the predominant focus of such conservation-oriented
niche envelope models, including the example that we identified
above describing the restoration of insect pollinator communi-
ties (Tomlinson et al. 2017; Tomlinson 2020). Few other taxa
that provide key ecological services have, however, been subject
to such attention, despite obvious insights to be gained in nutri-
ent turnover (Pokhrel et al. 2021), or seed dispersal (Van Leeu-
wen et al. 2020), among others. In light of this, we argue that
physiologically informed niche envelope models are currently
an underutilized tool in environmental management, and specif-
ically in ecological restoration.

Habitat preferences, behavior, and movement ecology of
many key animal ecosystem service providers can be driven
by their ecophysiological tolerances and requirements (Tuff
et al. 2016; Garcia & Clusella-Trullas 2019; Cross et al. 2020).
Some ecological services result as a cascade of movement

ecology and physiology (Tarszisz et al. 2018). Some of these
processes are essential in understanding how restored sites inte-
grate with surrounding vegetation, and how the ecological pro-
cesses that structure communities play out in a modified
landscape, yet the physiological mechanisms driving these eco-
logical processes are often poorly incorporated into restoration
planning or monitoring (Cross et al. 2019). Understanding
how changing patterns of animal movement interact with phys-
iological processes has important management implications,
especially in reconnecting restoration landscapes with relatively
small patches, such as those resulting from mining and silvicul-
ture, with surrounding habitat.

Rare or Threatened Species (“Rare Species” and “Threatened
Species”)

For many rare and threatened species, critical baseline informa-
tion about the species’ ecology and physiology are often missing
(Silcock et al. 2019). Furthermore, collecting these data, either
under ex situ or in situ conditions, is constrained due to material
scarcity, legislation, and accessibility to remote field sites
(Monks et al. 2019). Biophysical ecology approaches have been
used at large scales to understand likely refugia and physiologi-
cal threats to threatened fauna, and even their assisted coloniza-
tion (Mitchell et al. 2013), but it has always been challenging to
interpret these at a practical scale (Tomlinson et al. 2017). How-
ever, when implemented at appropriate resolution, biophysical
modeling can identify the most appropriate locations to focus
monitoring efforts for threatened species (Porter et al. 2006),
indicating a clear aspect where the conservation of rare animals
can potentially be optimized in restoration and other managed
landscapes by quantifying their specific requirements at a land-
scape level.

One of the greatest challenges to reintroduction success of
threatened plants is water limitation, with a substantial number
of trials receiving irrigation to improve survival (Silcock
et al. 2019). Understanding species-specific water requirements
or drought tolerance through targeted studies could be a valuable
contribution to guiding rare and threatened species reintroduc-
tion, especially in restoration programs where the site has either
been heavily degraded or completely altered and reconstructed.
As noted earlier, the hydrothermal germination niche can be
represented mathematically (Onofri et al. 2018; Rajapakshe this
issue). Other germination traits such as germination rate,
expressed as time to first germination, 10% germination,
50% germination, and maximum germination (Pedrini & Dixon
2020), can also determine the time required for suitable in situ
conditions to support the early recruitment process. Understand-
ing temporal windows may be particularly important for effec-
tive habitat matching for conservation-dependent taxa such as
those found in specific environments or unusual substrates
(Elliott et al. 2019). However, we also note that understanding
the germination requirements of rare plants (e.g. Turner
et al. 2013, 2018) is only the first step along the path to building
biophysical models of plants that capture population demogra-
phy in similar ways to those that exist for animals (Kearney &
Porter 2017). We suggest that further key elements required
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might be understanding seedbank persistence and dynamics
(i.e. dormancy cycling) and triggers to dormancy alleviation
and germination promotion (Turner et al. 2013; Miller
et al. 2019; Ooi 2019) and parameters related to maturation
and reproductive phenology (Chia et al. 2015). Furthermore,
germination is only a single demographic bottleneck in plant
population ecology (James et al. 2013), and physiological
parameterization of limitations in later life stages in plants
(i.e. flower initiation, pollination, and seed development) will
be equally important in predicting long-term survival and demo-
graphic trajectories.

Foundation and Keystone Species (“Foundation Species” and
“Keystone Species”)

Many ecosystems are defined by some species that are also
potentially crucial in providing essential ecological conditions
that profoundly influence the structure of the community. These
are the foundation and keystone species, critical to ecosystems
due to either their relative frequency (foundation species) or
the key roles they fill in the community, disproportionate to their
abundance (keystone species; Mills et al. 1993). There is a grow-
ing body of knowledge demonstrating ways to regenerate key-
stone species under both ex situ and in situ conditions
(Erickson et al. 2017; Ensslin et al. 2018), and new technologies
emerging to scale up and accelerate vegetation recovery pro-
cesses (Erickson et al. 2017). However, such advances may be
further optimized with physiological insights (James et al.
2013; Lewandrowski et al. 2017b). With appropriate consider-
ation, foundation species’ performance can be modeled to
understand how appropriate material preparation can increase
the likelihood of overcoming bottlenecks in recruitment success
(Lewandrowski et al. 2017b, 2021). Although correlative distri-
butional studies of keystone species are becoming more com-
mon in planning conservation (Dalmaris et al. 2015), we are
unaware of any examples where such biophysical approaches
have been applied to model the response of keystone species at
landscape scales to guide ecological restoration. The difference
between these approaches may seem subtle, but is important,
and we envisage that such an exercise could provide interesting
insights into where and when such species may face their great-
est challenges. Physiological studies of foundation or keystone
species could also provide mechanistic understanding of how
these species influence other members of the communities
(e.g. by microclimate amelioration, or the establishment of fer-
tile islands). It is possible to develop appropriate representations
of ecophysiological constraints for the species, so applying these
at landscape scale is a clear extension of this work.

Indicator Species

Monitoring the restoration trajectory of a whole community,
especially at large spatiotemporal scales, is one of the substantial
challenges of ecological restoration (Miller et al. 2017). It is
often most efficient to focus on a small suite of species in which
changes of composition presage larger ecological shifts; these
are indicator species (Ahmed et al. 2016). The challenge is

identifying which species to monitor and few studies clearly jus-
tify these choices (Ahmed et al. 2016). Basing these selections
on physiological metrics can provide empirical bases for this
justification. In the example of restoring insect pollination
explored earlier Tomlinson et al. (2017) suggested that the bee
Amegilla chlorocyanea could be used as a baseline indicator
because its energetic requirements far exceeded those of any
other species in the hymenopteran pollination community.
Alternatively, ant communities are often used as bioindicators
to monitor the success of restoration in several ecosystems
(Majer et al. 2013; Cross et al. 2016). Understanding the physi-
ology of the ants involved provides insights into the mecha-
nisms behind these ecological shifts, as habitat disturbance
often promotes the abundance of thermophilic functional groups
at the expense of more specialized functional groups that require
a more varied thermal landscape (Hoffmann & Andersen 2003;
Cross et al. 2016). Advances in understanding the physiology of
such taxa could additionally advance ecological restoration.

The Challenges and Benefits to Incorporating
Physiology into Ecological Restoration

A core element of the practical place of conservation physiology
in ecological restoration is that a deep understanding of key spe-
cies can have broad ecological consequences when it optimizes
their return to a reassembling ecosystem. Understanding the
physiological link between the organism and the environment,
however, remains a dynamic field of study. The majority of
studies define the environment in terms of climatic elements,
principally temperature and water availability (Timlin
et al. 2001; Tuff et al. 2016), and often consider them as univar-
iate factors. There are, however, many other elements of the
environment that define the niche, and which are substantially
altered in landscapes requiring restoration, such as salinity, soil
pH, and even wind dynamics (Biagi et al. 2019; Cross et al.
2021). Yet the physiological implications of such environmental
change are poorly examined, and even where research has been
devoted to the topic, the outcomes do not yet provide compre-
hensive understanding of the mechanisms and processes
involved (Cross et al. 2021). Nor do we yet understand the phys-
iological consequences of some ecological interactions. The
example of insect pollinators examined here indicates the impor-
tance of simple ecological cascades of warmer microclimates
imposing greater energetic requirements on insect pollinators
that could be simply met by incorporating highly nectari-
ferous plants into the understory restoration mix (Tomlinson
et al. 2017). However, there are more intimate ecological inter-
actions, particularly between plants and the soil microbial com-
munity, e.g. where the presence of some microbes substantially
increases the performance of some plants in many different ways
(Gellie et al. 2017; Baruch et al. 2020), yet the actual physiolog-
ical pathways by which greater performance is achieved still
provide substantial research opportunities. From a practical per-
spective, much of this research probably needs to be strongly
established, since the application of microbial treatments to res-
toration sites is currently not considered best practice (Miller
et al. 2017).
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The associations between organisms and their environment
tend to have a strong mechanistic basis when viewed through a
physiological lens (Somero 2011), with the mechanisms under-
pinning ecological patterns easier to explain, predict, and there-
fore manage when examined this way. Despite this, the practical
uptake of physiology is often limited (although for exceptions,
see Valliere et al. 2021), with the persistent assumption that
physiological assessments lack applicability at a practical scale
(Cooke & Suski 2008; Tomlinson et al. 2014). Ecophysiological
measurements are sometimes perceived as delivering abstract
outcomes that are, at best, tangential to practical action
(Cooke & Suski 2008). While it is true that many modern phys-
iological measurements make use of very sophisticated and
expensive tools (Cooke & Suski 2008), the long heritage of
physiology as a discipline means that comparable measurements
can be made using much simpler equipment and cost-effective
approaches where necessary. Even a relatively superficial reflec-
tion can highlight the substantial practical insights and conser-
vation outcomes to be gained by integrating a conservation
physiology paradigm with targeted and meaningful applications
(Fig. 1). However, it is necessary for conservation physiologists
to engage further with the intellectual and practical challenges of
environmental management and specifically, restoration ecol-
ogy (Cooke & Suski 2008). Additionally, practitioners must col-
laborate with physiologists to facilitate bidirectional flows of
knowledge to maximize the efficiency and success of conserva-
tion and restoration.

For more proactive stakeholders, the greater mechanistic
understanding of the processes underpinning ecological restora-
tion will be enough to encourage the uptake of physiology if it is
made clear in the appropriate guidance statements and manage-
ment frameworks (e.g. Valliere et al. 2021; Rajapakshe et al. this
issue). Moreover, adaptive management holds a lot of promise
for maximizing the practical applicability of physiology into
conservation and restoration while minimizing long-term costs
through evidence-based management actions. While Coristine
et al. (2014) outline a conceptual framework for merging phys-
iology with conservation, no systematic framework that we are
aware of outlines how physiological approaches can be inte-
grated across all stages of the adaptive management paradigm.
This is beyond the scope of this article, though we believe such
a framework is warranted.

Over a decade ago Cooke and Suski (2008) concluded that, in
general, the integration of conservation physiology into
ecological management and restoration had not been fully real-
ized. While there have been advances in the way that ecophysi-
ology is engaged with ecological restoration (e.g. Valliere
et al. 2021), we are forced to conclude the same. We are not sug-
gesting that conservation physiology is a panacea to address the
challenges facing land-managers, simply that it has exceptional
power to quantify the processes that structure ecosystem pat-
terns and processes, and that this has not yet been employed to
its fullest potential. Some key research questions have been sug-
gested to bridge the gap between conservation physiology and
environmental management, including ecological restoration
and threatened species recovery (Cooke et al. 2021), and we
have identified several more key avenues where conservation

physiology can provide guidance and support, including appli-
cations to targeted focal groups, such as rare species, keystone
species, and ecosystem service providers. Furthermore, integrat-
ing ecophysiological models with biogeographical data at high
resolution allows specific planning of how these key focal
groups may respond to ecological restoration and other manage-
ment activity in space and time, providing a solid, and flexible
paradigm that can incorporate diverse physiological measure-
ments across taxa. Although these skills are specialized, a
broader understanding of their value and potential by practi-
tioners, policymakers, and regulators is essential in bridging
the gap between knowledge and practice. However, we see
promise emerging in the field of conservation physiology and
a growing recognition of the challenge and complexity of prac-
tical applications by physiology researchers. Increasingly com-
plex physiological concepts are being integrated across the
range of restoration activities, from planning to monitoring
and evaluation, and we expect this engagement to grow and
expand across other environmental management initiatives.
The encouragement of this growth is required to advance both
conservation physiology and the success of management initia-
tives. Ultimately, we advocate strategic implementation of phys-
iological measurements of this type, integrating conservation
physiology at multiple scales to optimize efforts that restore or
manage the environment, and ultimately to maximize biodiver-
sity conservation outcomes.
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