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ABSTRACT

Trait-based approaches feature prominently in ecology, providing mechanistic insights into plant interactions with abiotic and
biotic factors. Increasingly, traits are used in restoration and conservation to select species with target functions and to monitor
performance in restoration settings. Physiological traits are rarely used, despite their clear relevance for restoration in the context
of climate change. We provide rationale and guidance for the expanded integration of physiological traits (e.g., metabolic and en-
ergy transfer processes, gas exchange, nutrient dynamics, and hydraulics) into restoration to enhance resilience of terrestrial eco-
systems to climate change. We identify traits mediating the tolerance of climate stressors, particularly drought, heat, and salinity
due to sea level rise. Physiological traits are highly dynamic, within and among species, and this variability can be leveraged to
inform species selection and monitoring efforts. Trait variability via phenotypic plasticity and climate stress thresholds offers
key insights into plant performance and population stability under climate stress. Trait-based approaches complement existing
restoration and conservation strategies, including those based on Indigenous ecological knowledge and resource management.
Effective researcher-practitioner collaborations are essential to successfully integrate physiology into ecological restoration.
Synthesis and applications. Climate stress is increasing globally, and physiological traits are critical for understanding stress
tolerance in plants. Integrating physiology into restoration will contribute to climate resilience, but depends on partnerships
between researchers and practitioners and will benefit from increased physiological trait sampling of more species, sites, and
traits. Expanded trait coverage will enhance species selection and performance monitoring, improving restoration and species
stabilization in a changing climate.

interest because of their links to fitness via effects on survival,
growth, and reproduction (Violle et al. 2007), and because they

1 | Introduction

Restoration activities are designed to meet diverse goals, com-
monly including native biodiversity, species complementar-
ity, invasion resistance, ecosystem function and stability, food
provisioning, and cultural services (Hallett et al. 2013). As a
complement to traditional and Indigenous approaches, trait-
based approaches are emerging as useful for species selection
and monitoring of plants in restoration (Loureiro et al. 2023).
Functional traits, defined as physiological, anatomical, morpho-
logical, phenological, and architectural traits, are of particular

underlie plant effects on ecosystem processes such as nutrient
cycling, carbon sequestration, and water balance (Lavorel and
Garnier 2002). For example, community-scale productivity is
better predicted by functional traits than taxonomy for restored
assemblages in a California grassland (Funk et al. 2023). In a
tropical wet forest restoration experiment in lowland Hawai'i,
assemblies of species with diverse functional traits are more
resistant to invasion than assemblages with lower functional
diversity (DiManno et al. 2023). As climate change resilience
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becomes an increasingly common conservation goal (Prober
et al. 2019; Buenafe et al. 2025; Simonson et al. 2021), traits that
predict climate stress tolerance will be particularly informative.
We argue here that physiological traits offer promising insights
to advance trait-based restoration with the goal of promoting
climate-ready and climate-resilient conservation.

Implementing a physiological trait-based approach for restoration
will require new levels of partnership and collaboration among
researchers and natural resource practitioners. Given the sig-
nificant cost of restoration failure and the likely increase in the
incidence of failure under climate change, investment in collab-
orative efforts through time, funding, and capacity building will
ultimately become more economical through a reduction in res-
toration failures. Therefore, investing now in the expansion of
physiological trait-based restoration will provide a cost-savings in
the long term. To achieve this goal, researchers and practitioners
must work together to co-produce projects that entail physiological
trait analysis embedded within restoration actions. Physiologists
often lack the local knowledge needed to identify the species of
greatest conservation and restoration value as well as the climate
threats for which trait data are most informative, which practi-
tioners can provide. Conversely, many practitioners lack the time,
instrumentation, and specialized knowledge required to measure
and interpret physiological traits, although a limited set of traits
can be measured using simple handheld instruments, such as
porometers and fluorometers (Cooke and Suski 2008). Despite
historical disconnects between researcher-practitioner goals and
constraints (Merchant et al. 2022; Gornish et al. 2023), we pro-
pose a path for applying co-produced research (Nel et al. 2016)
to enhance restoration and conservation activities under climate
change. Specifically, practitioners will first identify the restoration
focus—selecting the site and potential species of interest, as well as
the likely climate stress factors most limiting restoration success.
Physiologists bring the expertise to suggest the most informative
traits to measure as predictors of plant performance under stress.
Together, practitioners and researchers will develop the scope of
trait sampling needed to inform the restoration project; this may
include a priori experimentation and surveying to delineate ranges
of optimal trait expression, thresholds of shifting trait expression
under climate stress, and the role of phenotypic plasticity and pop-
ulation differentiation to inform species selection. Trait sampling,
analysis, and interpretation will involve ongoing interactions be-
tween researchers and practitioners to ensure immediate imple-
mentation and adaptive methods to reflect practitioner concerns.
There is tremendous diversity in plants, their strategies to tolerate
climate stress, as well as diversity in practitioner priorities, mak-
ing a single plan to fit all scenarios impossible. Below, we provide
additional discussion of how physiological traits can inform cli-
mate stress tolerance to inform species selection and performance
monitoring in restoration, including a partial list of informative
physiological traits (Table 1). However, we emphasize the need
for interactions between researchers and practitioners early in the
planning stages of restoration to accommodate the specifics of a
particular project.

2 | Physiological Trait-Based Approaches

Trait-based restoration currently relies predominantly on mor-
phological traits, reflecting their ease of measurement and

widespread availability in trait databases (Kattge et al. 2020).
For example, among the 30 traits with the best species coverage
in the TRY database (Kattge et al. 2020), most are categorical
and only two are physiological (leaf nitrogen content and stem
specific density). Because of this limited availability, trait-based
restoration tools include relatively few archived physiological
trait data (Rayome et al. 2019), or they require users to measure
the trait data themselves (Wang et al. 2021), which is impracti-
cal for many practitioners. As climate change accelerates, traits
that predict plant survival, growth, and reproduction under cli-
mate stress will be the most useful. Physiological traits are more
directly related to climate stress tolerance than morphological
traits are, and so greater integration of physiological traits into
restoration and conservation activities will help achieve climate-
ready restoration goals (Martinez-Garza et al. 2013). For exam-
ple, among a diverse suite of physiological and morphological
traits, only foliar 8'3C measured during the dry season accu-
rately predicted two-year survival rates across 32 species in a
tropical dry forest experiment in Costa Rica (Werden et al. 2018).

Functional traits are measured at the scale of individual plants,
but species-level trait means are often used in trait-based resto-
ration. Although this practice follows from the general pattern
that trait variability is greater among than within species (Siefert
et al. 2015), there are clear benefits to considering intraspecific
variation in physiological traits for restoration (Cooke and
Suski 2008). Intraspecific trait variation (ITV) is widespread and
common, of considerable magnitudes, and generally of greater
importance for physiological than morphological traits (Siefert
et al. 2015; Westerband et al. 2021), emphasizing its particular
relevance for climate-ready restoration. ITV occurs over space
and time, reflecting local adaptation to heterogeneous envi-
ronments, as well as intra-individual variability via phenotypic
plasticity and ontogeny (Barton 2024; Westerband et al. 2021),
and both spatial and temporal dimensions of ITV are relevant to
meet the goals of species selection and performance monitoring
under climate change. Because physiological trait sampling and
interpretation require specialized instruments and expertise,
collaboration between researchers and practitioners is the most
promising way to achieve this goal. Our aim here is to provide
guidance for the increased use of physiological traits for climate-
ready restoration by identifying physiological traits to inform
species selection and monitoring and by describing scenarios for
productive collaboration between researchers and practitioners.

3 | Climate Change and Plant Physiology

Climate change is now recognized as a key aspect to plan for
in restoration (Simonson et al. 2021). Climate stress of some
kind is a feature of most habitats, and plants have evolved di-
verse strategies to tolerate drought, freezing temperatures, and
heat waves. Nonetheless, the magnitude and frequency of cli-
mate stress under global change will, or in some cases, already
do exceed historical patterns (Masson-Delmotte et al. 2021),
driving increased mortality and stand-level dieback in plants
(Allen et al. 2010). In addition to intensified or more frequently
occurring temperature and water-related climate extremes,
sea level rise is increasing substrate salinity in coastal regions,
and so we consider salinity stress to be a component of climate
change. Water, temperature, and salinity (i.e., ion balance) are
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$$

Bench water release curves
or sap flow methods

in stems. Plants with

more stored water are less

Stem capacitance (C,)

vulnerable to drought.

Rate of water vapor diffusion

through stomata. Declines
when stomata close, especially

Leaf gas exchange system

High RM

$$

)

@

Stomatal conductance (g,)

or porometer

in response to declining water

availability in soil and air

fundamental factors influencing metabolic processes and ho-
meostasis, underscoring the importance of physiology in plant
resilience to climate change. These factors are also interdepen-
dent, making it difficult to determine the causal links between
climate change and plant declines. For example, drought and
heat interact in their effects on plants because drought-induced
stomatal closure reduces transpiration as a strategy to conserve
water, but consequently causes heat stress due to the lack of
transpirational cooling (Chaves et al. 2016). Salinity and water
stress are similarly linked; elevated salinity causes direct ion
toxicity but also lowers soil water potential, limiting root water
uptake (Sheldon et al. 2017), a dynamic that is further exacer-
bated by drought.

Plant physiologists have investigated plant strategies underlying
climate stress extensively, and functional traits that are key indi-
cators of stress-tolerant plants have emerged that could be targeted
to inform restoration under climate change (Table 1). These physi-
ological traits can be used in restoration in two primary ways—as
the basis for selecting species with known climate stress tolerance,
and as the basis for monitoring plant performance during a cli-
mate stress event or ongoing baseline climatic change (Figure 1).
Often, different traits are informative for these two approaches.
Here we provide guidance on traits that are well-documented for
climate stress tolerance, and which will be useful to consider for
restoration under three common and increasing climate stressors,
but this is not an exhaustive list given the diversity of climate stress
tolerance strategies found among species (Table 1).

1. Drought—Across biomes, drought resistance has been
linked to low leaf turgor loss point and resistance to em-
bolism (captured via leaf water potential at 50% loss stem
hydraulic conductance, referred to as PSO), as well as the
associated anatomical trait, high wood density (O'Brien
et al. 2017; Anderegg 2015; Bartlett et al. 2012).

2. Salinity—Salinity tolerance is achieved via diverse strat-
egies of ion exclusion, sequestration, or exudation, and is
often linked with tolerance to water limitation as salin-
ity and water stress commonly co-occur (Munns 2002).
Physiological traits associated with salinity tolerance in-
clude low root water potential, high chlorophyll content
and water use efficiency, rapid stomatal regulation, high
levels of ion storage in various leaf or root tissues, and suc-
culence (Lum and Barton 2020; Munns and Tester 2008;
Munns 2002).

3. Heat—Heat stress affects photosynthesis, respiration,
water relations, membrane stability, and can also influence
primary and secondary metabolites (Wahid et al. 2007).
Thermotolerance mechanisms include the production of
stress-related proteins and reactive oxygen species to coun-
teract impact on photosynthesis and improve membrane
stability (Hemantaranjan et al. 2018), and a range of other
biochemical and transcriptional adjustments to mitigate
the impacts of heat (Wahid et al. 2007). Traits frequently
used to measure heat stress are often related to photosyn-
thesis, such as the critical temperature at which photosys-

tem II is disrupted: T, (O'Sullivan et al. 2017).

A fourth increasing climate stressor is flooding, and although

many species can survive short periods of flooding (Jackson and
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Monitoring results inform plant selection
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Plant selection

i

Planning phase

Plant monitoring

Restoration monitoring phase

FIGURE 1 | Examples of traits that can be used in plant selection (left) and plant monitoring (right). Water drops indicate traits for assessing

water stress and thermometer symbols indicate traits for heat stress. Selection traits include vulnerability to xylem embolism (P, ), water poten-

tial at turgor loss point (ITy, ), leaf hydraulic safety margin (HSM

lea:

)» and temperature of photosystem damage (

T,..)» see Table 1 for more details.

Monitoring traits include leaf water potential (¥ ), relative water content (RWC), stomatal conductance (g,), and maximum assimilation rate

A

max-

). Monitoring traits can be tracked through time (for instance, as a drought progresses) or compared to reference traits (for instance, ¥

leaf may

be compared to P, to produce hydraulic safety margin). Monitoring data can also be used to inform plant selection in future restoration projects.

Colmer 2005), there are few functional trait data measured in
response to such intermittent and irregular flooding. Species
adapted to chronic inundation (such as mangroves) are well
studied, and tolerance usually involves specialized anatomical
adaptations such as aerenchyma tissue in roots to enhance aera-
tion or thinner leaf cuticles and cell walls in submerged leaves to
reduce resistance to diffusion of CO, into the leaf (Voesenek and
Bailey-Serres 2015). Because of the limited data for nonadapted
species experiencing infrequent inundation, we exclude this cli-
mate stressor from further consideration and identify it as an
area needing further research.

4 | Physiological Traits for Species Selection

Physiological trait data provide the basis to predict which species
will persist or decline as climate stress amplifies, offering a path-
way for climate-ready restoration. For example, species with high
embolism resistance and low leaf turgor loss point can be out-
planted in sites where drought intensity and frequency are increas-
ing, while sensitive species with low embolism resistance and high
leaf turgor loss point can be outplanted in sites where precipitation
is increasing or prioritized for additional management to mitigate
drought stress in dry sites (Figure 1). Similarly, species with excre-
tory salt glands and high leaf water-use efficiency are likely to be
robust to increased salinity and so will be critical for beach stabili-
zation under sea level rise. Prioritizing sampling of these key indi-
cators of climate stress tolerance across more species at more sites,
including across populations within species spanning climate gra-
dients, is essential to inform trait-based restoration decisions.

For many species, there is evidence that physiological ITV among
populations corresponds to local adaptation. For example, Py,
varies considerably within species and is lower in populations at
xeric sites (Anderegg 2015), reflecting adaptation to water stress.
Although provenance trials have already documented plant popu-
lation variability in fitness metrics (e.g., growth) relevant to climate
change (Prober et al. 2015), these trials rarely investigate physio-
logical traits for a mechanistic understanding of local adaptation.
Measuring physiological traits in provenance trials could eluci-
date physiological traits that are markers of climate stress-tolerant
populations, which could then be used to screen additional popu-
lations without the intensive garden experiments typical of prov-
enance trials. For species predicted to face a loss of habitat due to
climate change (Fortini et al. 2013), physiological ITV can facili-
tate conservation actions such as assisted gene flow and assisted
migration to match plant populations with the climates to which
they are adapted (Aitken and Whitlock 2013).

5 | Physiological Traits to Monitor Plant
Performance

In addition to species selection, monitoring plant physiological
traits during periods of climate stress can be critical for detect-
ing declines in plant performance before lethal thresholds are
reached (Figure 1). For this approach to be useful, an a priori un-
derstanding of species physiological function is needed, requir-
ing experimental or field-based sampling during nonstressed
and stressed conditions to characterize the dynamic of trait
plasticity associated with climate stress tolerance. In particular,
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three kinds of physiological trait expression and plasticity are
relevant to restoration. First, pre-stress (i.e., basal or constitu-
tive) trait expression can underlie stress tolerance by predispos-
ing plants to sensitivity. For example, low leaf water potentials in
xeric plants (Liu et al. 2003) and pre-winter production of plant
antifreeze compounds (Preston and Sandve 2013) are examples
of constitutively expressed climate stress physiological traits.
Second, many plants express shifts in trait expression in re-
sponse to stress via phenotypic plasticity (Matesanz et al. 2010),
and it is this plasticity that determines stress tolerance. Reduced
stomatal conductance via stomatal regulation in response
to drought and salinity (Lum and Barton 2020; Westerband
et al. 2019; Ravi et al. 2021), acclimation of Rubisco activity and
electron transport rates during drought (Zhou et al. 2015), up-
regulation of heat shock proteins (Hemantaranjan et al. 2018),
and ethylene release to stimulate aerenchyma in flooded roots
(Voesenek and Bailey-Serres 2015) illustrate the importance of
physiological trait plasticity in climate stress tolerance. Third,
physiological traits expressed as thresholds are commonly used
to assess climate stress vulnerability. For example, P, (and re-
lated thresholds, such as P, and P ) provide the basis for com-
parison across species in vulnerability to embolisms (Anderegg
et al. 2016). Similarly, T, refers to the temperature at which
50% leaf damage occurs, providing a threshold of heat damage
(Doughty et al. 2023). Such threshold metrics provide reference
points for comparison with monitored plant responses to ongo-
ing climate stress (Schonbeck et al. 2023), and can also be used
as a basis for species selection (Table 1).

6 | Conclusions and Future Directions

Climate change poses urgent threats to biological diversity,
and tools that promote climate-ready restoration are becom-
ing increasingly important. Physiological traits offer promising
insights to enhance climate-ready restoration, but their imple-
mentation seems overwhelmingly difficult due to a lack of ex-
isting, available data, access to instrumentation, and expertise.
Training students in physiological trait measurement and inter-
pretation is needed to develop a conservation workforce with
the skills to implement physiological trait-based approaches.
Finally, none of this is feasible without the development of endur-
ing researcher-practitioner relationships to facilitate knowledge
transfer and co-production of research to inform climate-ready
conservation.
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