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The Future of Invasion Science

Needs Physiology

LEIGH BOARDMAN, JULIE L. LOCKWOOD, MICHAEL J. ANGILLETTA JR, JESSE S. KRAUSE, JENNIFER A. LAU,
MICHAEL E. LOIK, DANIEL SIMBERLOFF, CHRISTOPHER J. THAWLEY, AND LAURA A. MEYERSON

Incorporating physiology into models of population dynamics will improve our understanding of how and why invasions succeed and cause
ecological impacts, whereas others fail or remain innocuous. Targeting both organismal physiologists and invasion scientists, we detail how
physiological processes affect every invasion stage, for both plants and animals, and how physiological data can be better used for studying the
spatial dynamics and ecological effects of invasive species. We suggest six steps to quantify the physiological functions related to demography
of nonnative species: justifying physiological traits of interest, determining ecologically appropriate time frames, identifying relevant abiotic
variables, designing experimental treatments that capture covariation between abiotic variables, measuring physiological responses to these
abiotic variables, and fitting statistical models to the data. We also provide brief guidance on approaches to modeling invasions. Finally, we
emphasize the benefits of integrating research between communities of physiologists and invasion scientists.
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Both purposeful and accidental introductions of
nonnative species have a long history, occurring
before 1500 and accelerating thereafter (di Castri 1989,
Seebens et al. 2018). Many of these nonnative species pro-
duce negative effects that ripple through social, cultural,
and ecological systems (Ricciardi et al. 2013, Blackburn
et al. 2019). These events have spurred substantial inter-
est in how nonnative species cause their impacts and in
tools for predicting, preventing, or lessening these impacts
(Lodge et al. 2016). Despite research efforts and poli-
cies aimed to limit invasions, introductions of nonnative
species have accelerated globally (Seebens et al. 2018).
Thousands of nonnative species are introduced annually
around the world, qualifying species invasions as one of
the major agents of global environmental change in the
coming decades (Pysek et al. 2020, Ricciardi et al. 2021).
This acceleration is clustered in nations that have expanded
international commerce and trade routes or experienced
rapid climate change (Seebens et al. 2018, Ricciardi et al.
2021). Often, these regions were minimally affected by
nonnative species in the past (e.g., tropics, poles; Mead
et al. 2011, McCarthy et al. 2019). Furthermore, the
species now invading these regions belong to different
taxonomic groups than more typical invasive species
(e.g., a shift from birds and fishes to insects and cnidar-
ians; Wilson et al. 2009, Bellard et al. 2013; and see Essl
et al. 2015). Importantly, the geographical regions likely
to experience greater future introductions belong to

countries less economically able to address this problem
(Early et al. 2016, Sardain et al. 2019).

The application of physiological principles to diverse fields
has revealed novel answers to vexing questions about the
evolution and persistence of biodiversity, especially in the
face of global changes (Ricklefs and Wikelski 2002, Holway
and Suarez 2006, Deutsch et al. 2008, Kearney et al. 2008,
2009, Sinervo et al. 2010, Skultety and Matthews 2017). In
this article, we consider physiology to be processes at the
individual level that arise through an organism's interac-
tion with its environment, including basic processes such as
resource acquisition, thermoregulation, responses to stress,
and phenology. The insights that physiology provides to
invasion science rest on acknowledging the constraints on
fitness imposed by environmental conditions that determine
whether an introduced nonnative population becomes inva-
sive (Lennox et al. 2015). Motivated by the search for the
rules of life underlying biological invasions (Meyerson et al.
2019), we provide a framework for incorporating physiol-
ogy into research to predict the transport, introduction,
establishment, and spread of invasive species. In particular,
we address how the trove of existing data from physiological
experiments can be applied to forecasting fitness outcomes
for nonnative organisms, and we identify the types of physi-
ological data that invasion scientists need most. The needs of
invasion science require careful consideration and, in some
cases, modifications to traditional physiology experimental
designs to better understand how physiological processes
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enable species to establish and become invasive. Reciprocally,
biological invasions provide natural experiments that may
benefit physiologists by enabling the study of phenotypic plas-
ticity as nonnative species move to novel environments and
by comparing physiological traits between organisms in their
native and invaded ranges (e.g., Parker et al. 2003, Wingfield
et al. 2015; for discussions, see Sexton et al. 2009, Engel et al.
2011, Atwater et al. 2018, and Hodgins et al. 2018).

The major goals of invasion science are to predict which
species are likely to establish self-sustaining populations
outside their native range, to determine which of these
established species will spread to surrounding regions, and
to assess how these species will affect native ecosystems or
human societies. To meet these goals, at the United States
National Science Foundation (NSF)-funded Rules of Life
Underlying Biological Invasions workshop (Meyerson et al.
2019), we agreed that we must account for the following:
the relationships among environmental stress, physiologi-
cal responses, and fitness (with stress defined in the present
article as extreme physical conditions that lead to injury,
illness, malnutrition, or dehydration); behavioral responses
to environmental cues; evolutionary responses to novel envi-
ronments; changes in species’ fundamental niches in novel
environments; fitness outcomes of ecological interactions;
and the impacts of ongoing environmental change, includ-
ing climate, on all of the above.

Physiologists address aspects related to each of these
topics, although usually outside the context of invasions.
In particular, findings from cell or systems physiology,
ecological physiology, evolutionary physiology, and con-
servation physiology can be pertinent for invasion science
(Chown and Gaston 2008, Lennox et al. 2015). Several of
the clusters of hypotheses and frameworks within invasion
biology recently defined by Enders and colleagues (2020)
can be viewed through the lens of physiology (table 1). The
most relevant of these clusters is the trait cluster, which
contains hypotheses that focus on traits that explain which
nonnative species become invasive (i.e., traits associated
with invasiveness; box 1; PySek and Richardson 2007, Van
Kleunen et al. 2010, Capellini et al. 2015, Mahoney et al.
2015). However, knowledge of physiology can inform
invasion science across all stages of an invasion—from
transport and introduction to establishment and spread
(figure 1; Blackburn et al. 2011).

Below, we argue that integrating physiology and invasion
science can produce a necessary and substantial step toward
broadly applicable and powerful approaches to reducing
invasion risk and minimizing invasion impacts. By targeting
physiologists who do not currently work on invasions and
invasion scientists who may not recognize the value of phys-
iological data, we aim to broaden the inclusion and usage of
plant and animal physiology data in invasion science. We
start by providing an overview of the different stages of the
invasion process and give examples of how the partition into
stages is relevant. For a retrospective look at how physiol-
ogy has been integrated with invasion, in the framework
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of prediction, prevention, and control, see Lennox and col-
leagues (2015). To move invasion physiology forward, we
then provide a framework for experimental design to ask
questions about physiology through a demographic lens and
discuss modeling demographic data and the current limita-
tions of this approach.

Invasion science through a physiological lens

Transport. The transport of individuals from their native to
nonnative habitats initiates invasion. If these individuals
survive transport, they may be introduced (Blackburn et al.
2011). Understanding patterns in transport of nonnative
species is increasingly seen as key to forecasting invasions
accurately as global trade shifts in response to climate
change, market forces, political alliances, and technologi-
cal innovations (Sinclair et al. 2020). During transport, an
organism is entrained in a transportation vector (e.g., ship,
cargo hold, crate), where it may experience a wide range of
conditions, including those that clearly impose substantial
physiological stress (Briski et al. 2014, Sinclair et al. 2020).
For example, individuals of nonnative species moved in the
water of a ship's ballast experience darkness, toxic chemicals,
changes in salinity, and extreme heat or cold for days or even
weeks (Wonham et al. 2001, Piscart et al. 2011). However,
invasion science is just beginning to articulate and test mod-
els of invasion probability in the transport stage (Sinclair
et al. 2020), providing an opportunity for physiologists to
contribute to this effort.

Understanding how organisms cope physiologically dur-
ing transport can highlight the broader importance of physi-
ological processes for survival. For example, knowing how
organisms resist thermal extremes or balance pH during
transport would help to predict whether nonnative organ-
isms can survive the transport stage (figure 1; e.g., Karsiotis
et al. 2012, Lenz et al. 2018). Such knowledge also informs
efforts to reduce invasion rates by targeted treatments and
biosecurity protocols. For example, knowledge of physiol-
ogy has played a key role in risk assessments (e.g., hypoxia
tolerance and visual systems in Indo-Pacific lionfish Pterois
spp., Hasenei et al. 2020; thermal tolerance and cellular
stress markers in Indo-Pacific damselfish Neopomacentrus
cyanomos, Tremblay et al. 2020) and devising prevention
and control strategies, including exchange of water between
ballast and ocean (Hallegraeff et al. 1997), heat treatment
of wood crates to kill emerald ash borer (Sobek et al. 2011),
and modified atmosphere treatments of fresh commodities
to remove insects (Chen et al. 2020).

Introduction to novel habitats. Individuals that survive transport
may face carryover effects from the stress of transport, com-
pounded by challenges of a novel environment. For example,
many species are released in a weakened state following
transport, making them susceptible to death from illness or
starvation (Briski et al. 2014). Resources and conditions on
release can range from being advantageous to benign and
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relate to physiology.

Table 1. Clusters of hypotheses and frameworks in invasion biology (as defined by Enders et al. 2020) and how they

Cluster

Basic description with list of hypotheses

Physiological research examples

Biotic interaction cluster

Darwin's cluster

Propagule cluster

Resource availability
cluster

Trait cluster (nested in
Darwin's cluster)

These hypotheses involve the role of interspecific
interactions in determining invasion success. Many
of these hypotheses assume that when a species
is introduced to a new environment, it lacks natural

enemies, which allows it to gain an advantage and thrive.

— Biotic indirect effect?

— Enemy inversion

— Enemy of my enemy aka accumulation of local
pathogens hypothesis

— Enemy reduction

— Enemy release

— Evolution of increased competitive ability

— Increased resource availability?

— Missed mutualisms

— New associations

— Reckless invader aka boom-bust?

— Resource—enemy release?

— Shifting defense hypothesis

— Specialist-generalist

Hypotheses relating to evolutionary views on invasion
biology. These highlight that an organism's evolutionary
history can determine the outcome of biotic interactions.

— Biotic acceptance

— Biotic resistance

— Darwin's naturalization

— Ecological imbalance

— Ecological or evolutionary naivety
— Empty niche?

— Island susceptibility hypothesis
— Limiting similarity

The focus of these hypotheses is that the number of
introduced nonnative species is related to the probability
of becoming invasive.

— Colonization pressure
— Global competition

— Human commensalism?
— Invasion meltdown

— Propagule pressure

— Sampling

— Tens rule

Invasion success is determined by access to resources,
which is affected by abiotic and biotic conditions and
their interactions (Catford et al. 2009).

— Disturbance

— Dynamic equilibrium model

— Empty niche?

— Environmental heterogeneity

— Human commensalism?

— Increased resource availability?

— Opportunity windows

— Reckless invader aka boom-bust?

Hypotheses that focus on certain species traits that
explain why a nonnative species becomes invasive (i.e.,
traits that are associated with invasiveness; PySek and
Richardson 2007, Van Kleunen et al. 2010, Capellini
et al. 2015, Mahoney et al. 2015).

— Adaptation®

— Habitat filtering?

— ldeal weed?

— Novel weapons?

— Plasticity hypothesis®
— Polyploidy hypothesis?®

Nutritional stoichiometry

Physiological weapons or defenses (e.g., production of
toxins)

Digestive physiology (e.g., regulation of machinery for
digestion and transport)

Muscle physiology for a predator's ability to capture prey
and the prey's ability to evade predators
Immunophysiology for host—pathogen interactions
Developmental physiology for mutualists (e.g., uptake of
and acclimation in response to coral symbionts)

Plant defense traits (phytochemistry, carbon to nitrogen
ratio, trichomes)

Specialists versus generalists with respect to abiotic
tolerances (width of fundamental niche) depends on
evolutionary history in native range; generalists seem
more likely to become invasive

The breadth of physiological tolerance also relates to the
potential for adaptation to novel environments (Huey and
Kingsolver 1993)

Biomechanics and associated physiology on plasticity
related to dispersal morphs or phases

Physiology of resource specialists versus resource
generalists.

Energetics, e.g., allostasis model (Wingfield et al. 2015)
Plant growth and allocation

Abiotic stress tolerance, physiological plasticity
(acclimation studies), energetics, locomotion. See box 1.

Note: For a list of physiological disciplines that contribute to the study or management of biological invasions, see Lennox and colleagues

(2015). @The hypothesis relates to multiple clusters.

could even guarantee immediate death (Briski et al. 2014).
Individuals may enter abiotic conditions that lie at the
extreme ends of their physiological tolerances. For example,
aquarium trade fish species are frequently released by their
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owners into the environment (Lockwood et al. 2019). Often,
these species are native to tropical or subtropical freshwater
or marine ecosystems, but they are sold, kept, and eventually
released into other ecosystems (Duggan et al. 2006). Their
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Box 1. One trait value to rule them all?

Invasion hypotheses that incorporate physiology primarily focus on traits associated with invasiveness (a trait cluster; Enders et al.
2020). Many risk assessments or invasion hypotheses assume that certain traits predict invasion success. However, a common mis-
conception is that individuals or populations of invasive species are genetically uniform or respond to all environmental conditions
similarly (Cronin et al. 2015). In reality, specific traits likely aid success across each invasion stage and in different environments. For
example, traits that enhance tolerance of extreme abiotic conditions would promote success during transit, but the potential to develop
and reproduce rapidly would promote establishment. Similarly, although a trait such as early flowering would be advantageous at
high latitudes, delayed phenologies and increased allocation to vegetative growth many be advantageous at low latitudes (Colautti and
Barrett 2013). Finally, traits are not static (e.g., Luong et al. 2021). The environment can influence trait expression, and natural selection
or genetic drift can alter the mean phenotype during invasion, potentially supporting or hindering further spread (for a review, see
Whitney and Gabler 2008). Studying invasive species only in the invaded range risks missing important information about tolerance
of abiotic conditions (i.e., freezing) that could be gleaned by studying it in its native range (Griffith et al. 2014).

We should also recognize that traits vary across the native range, so the success of an invasive species in its nonnative range could
depend on abiotic conditions in the specific place of origin of founding individuals. Even within a species, genomic traits influence
physiological traits and fitness outcomes. For example, a wide diversity of conditions favor one genotype of Phragmites australis over
another (Eller et al. 2017, Meyerson et al. 2020), and intraspecific variation in P. australis genome size and ploidy level influences plant
traits and fitness within its invasive range (Meyerson et al. 2016a, Py$ek et al. 2018, 2020). Integrating knowledge of plant traits such
as genotype or genome size with physiology and with forecasts of global climate change can help predict how plant populations will
respond to selective pressures by range changes (Suda et al. 2015).

The invasion of European green crabs (Carcinus maenas), first recorded in 1817 in the United States, provides a classic example. Green
crab populations gradually expanded northward to the Bay of Fundy after their initial introduction, stalled there, but spread suddenly
into the much colder Canadian Maritimes in the 1980s. This range expansion, originally attributed either to warming sea temperatures
or to adaptation to cold water, was later connected to the introduction of a second population of founders in the Canadian Maritimes,
likely originating from the northern end of the crab’s native range in Europe (Roman 2006). Therefore, this range expansion was due
not to selection within the newly established nonnative range but, rather, to selection in the native range for a cold-tolerant ecotype
released in Canada (for a review, see Tepolt 2015). This possibility could have been inferred from a model that incorporates physiology,
because studying the thermal tolerance of the nonnative species at low latitudes would lead one to conclude that northern expansion
to the Canadian Maritimes would be impossible for the genotypes initially introduced.

Likewise, an invasive species that has spread widely after an initial introduction may perform differently across latitudes in its nonna-
tive range because environmental conditions differ. For example, in eastern North America, the macrophyte P. australis has established
from Quebec and Ontario to southern Florida and Louisiana. Native plant communities are more susceptible to invasion by P. australis
at lower latitudes, because of different latitudinal gradients in herbivory for native and nonnative genotypes (Cronin et al. 2015).

survival after release depends on whether these individuals
tolerate extreme levels of temperature, oxygen, and salinity
stress. For example, the potential for dispersal of the round
goby (Neogobius melanostomus) into novel environments is
dictated by the relationship of high salinity to the fish's aero-
bic metabolism and osmoregulatory capacity (Behrens et al.
2017). However, in some instances, tolerance limits based
on the species’s native range are not limiting factors, such as
when Pacific lionfish survive low salinity water conditions in
Florida (Jud et al. 2015). Therefore, physiological processes
relevant to the introduction stage include development or
acclimation needed to survive in the novel environment
(e.g., phenotypic plasticity, figure 1; see Lennox et al. 2015).

Establishment. After introduction, nonnative organisms must
establish a self-sustaining population that may grow and
disperse. In all cases, the survival, growth, and reproduction
of individuals just after introduction determine whether
a nonnative species will establish a population. Because
germination (for plants), survival, and fecundity are key
demographic traits for establishment, physiological research
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relating to germination, nutrition, and endocrinology are
particularly relevant (figure 1; see Lennox et al. 2015).

The study of establishment has seen the most integra-
tion between invasion science and ecological physiology,
particularly through building correlative and mechanistic
niche models for invasive species (Thuiller et al. 2005, Pyron
et al. 2008, Griffith et al. 2014) and testing for contemporary
evolution in the face of rapid environmental change (Sotka
et al. 2018). For example, a species distribution model that
described the dependences of physiological rates (growth,
respiration, carbon and nitrogen uptake) on environmental
factors (soil nitrogen, soil water, solar radiation, and tem-
perature) was used to assess invasion risk for Australian
acacia and eucalypt tree species (Higgins and Richardson
2014). Similarly, release from ecological enemies such as
predators, pathogens, and parasites is commonly invoked to
explain why nonnative species quickly establish a popula-
tion and eventually become common (Blossey and Notzold
1995, Keane and Crawley 2002). Enemy release may result
in evolutionary increases in competitive ability or other
traits that promote invasion as natural selection may favor
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population across the landscape will
force individuals to confront novel abi-

hypotheses
and
frameworks

otic conditions and biotic interactions.
> Among other processes, during this

(Table 1) <

Native —
range range

invasion stage, immune responses, ener-
getics, and locomotion may determine
an invasive species’s spread and subse-
quent impact (figure 1; see Lennox et al.
2015). Comparing the physiology of
the nonnative species with that of their
native congeners can help to predict

Introduced

Invasive _ _ environmental conditions that promote
Transport Introduction Establishment Spread . .
stage persistence or spread of nonnative spe-
, ) ) ~ cies (e.g., Lockwood and Somero 2011,
. Propagule Slowthiate SURIEL i Cortes et al. 2016). In some cases, spread
Demographic survival l o - Dispersal i ; > '
traits LR Fecundity may require or benefit from adaptation
o o to novel environmental conditions (e.g.,
Plasticity photoperiods, Colautti and Barrett 2013;
temperature, e.g., Card et al. 2018; or
Examplos of | rermo- Acclimation Germination Immunity latitudinal cllflés, e.g., Huey et al. 2000)
physiological or may be facilitated by the evolution of
processes Acid/base B ) traits that promote dispersal (Shine et al.
balance Development Nutrition Locomotion . .
2011; e.g., Ochocki and Miller 2017).

Figure 1. Links among invasion hypotheses and frameworks
(Enders et al. 2020), invasion stages (Blackburn et al. 2011),
demographic traits, and underlying physiological processes. The
transport stage from native to nonnative habitats initiates the
invasion. Individuals that survive transport face challenges of
survival in a novel environment. The next step in the invasion
requires nonnative individuals to establish a self-sustaining
population, before the new population may finally spread,
negatively affecting native ecosystems and their ecosystem
services (Blackburn et al. 2011). Different demographic traits are
associated with each invasion stage, with several physiological
processes underlying these traits. The physiological processes
are interlinked, and many will affect various demographic traits
along the invasion pathway, based on the specific organisms and
their abiotic and biotic interactions. See Lennox and colleagues
(2015) for a detailed list and examples of physiological processes

that have been used to inform invasion.

individuals that divert energy and resources away from
costly defenses and toward growth (e.g., Rotter and Holeski
2018). Nevertheless, substantial gaps exist in integrating
invasion science and ecological physiology, stemming from
a fundamental difference in how and why physiological data
are gathered (see below).

Spread. Some nonnative species that establish self-sus-
taining populations may spread broadly beyond their
initial location of establishment, earning the moniker
invasive (Blackburn et al. 2011). Even if the site of release
presented few physiological hurdles, the spread of the

https://academic.oup.com/bioscience

Management and impacts. Finally, mecha-
nistic links among physiology, fitness, and
ecological impacts can inform manage-
ment of invasive species (Lennox et al.
2015), similar to the benefits of using
physiology to improve predictions of how
organisms will fare in novel environments
for conservation biology (Cooke et al.
2013, 2020). For example, knowledge of
physiology has played a key role in devis-
ing strategies to control or eradicate inva-
sive species, including the sea lamprey
Petromyzon marinus (Siefkes 2017).

As nonnative species increase in abun-
dance and spread across the landscape,
the fitness of native species they encoun-
ter is likely to be affected. Invasive spe-
cies can affect the physiology of native
species through various ecological inter-
actions, including releasing toxins, con-
suming resources, and inducing the defenses and hormones
associated with parasitism, herbivory, or predation (Ricciardi
et al. 2013). The degree to which individuals of native spe-
cies suffer a fitness consequence of their interactions with
nonnative species provides a mechanistic explanation for
why affected native populations decline and, ultimately, why
some native species are lost and how ecosystems are altered
(Cameron et al. 2016).

Building an integrative invasion-physiology science

The primary outcome of greater integration of physiology
with invasion science is the ability to predict invasions in
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Figure 2. (a) Studies applying physiological perspectives to the study of invasive
species are increasing. Histogram shows breakdown of the results of a Web

of Science Core Collection topic search on 8 February 2022, including the

terms “invasion biology” or “invasive species” or “biological invasion” and
“physiology” (the black bars, total n = 318). For comparison, we repeated the
search replacing “physiology” with “behavior” or “behaviour” (the grey bars,
total n = 2371). (b) We also scaled the data for both physiology and behavior
papers as a proportion of the total number of invasion papers (n = 27,100) for
each publication year.

diverse contexts. Data from “model” organisms often inad-
equately describe the invasion process, possibly because true
model species are limited (Crystal-Ornelas and Lockwood
2020). This process is also poorly predicted by empirical evi-
dence or theoretical models produced for only one invasion
stage (Uden et al. 2015). Certainly, as we look toward a future
in which invasive species continue to arise from global trade,
and although the global environment continues to change,
we cannot assume the hypotheses and insights from yester-
day provide adequate forecasts of the future (Ricciardi et al.
2021). In the coming sections, we provide more detailed
guidance for integrating physiology with invasion science
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and what this integration could mean for
the future of each discipline.

Applying physiology to research on
biological invasions is increasingly com-
mon but still relatively rare, with ecologi-
cal physiology and bioenergetics being
the most common physiological sub-
disciplines in invasion research (Lennox
et al. 2015). On the basis of a search
of the Web of Science, using the terms
“invasion biology” or “invasive species” or
“biological invasion” and “physiology,” the
first studies combining physiology with
the study of invasive species appeared
in 2000, and only 318 papers have been
published on this topic since (up to and
including 2021). In comparison, the first
papers using these invasion terms appear
in 1986, and now total 27,100. Although
the increasing usage of physiology in
these papers is encouraging (figure 2a),
the proportion of invasion papers using
physiology remains low (less than 2%;
figure 2b) and suggests that this field it
still being underused.

Invasive species foster rich collabo-
ration among physiologists, ecologists,
evolutionary biologists, and land man-
agers, with great potential for growth
and discovery. Biological invasions are
natural experiments that have expanded
our understanding of ecological and evo-
lutionary theory, including theoretical
predictions of range limits, community
assembly, and ecological genetics (Lodge
1993, Davis and Guy 2001, Sax et al.
2005, Pearson et al. 2018). Similarly,
invasive species provide robust tests of
the assumptions underlying mechanistic
models of population dynamics devel-
oped from laboratory studies (Kearney
et al. 2008). Finally, owing to their eco-
nomic and ecological consequences, bio-
logical invasions can be crisis events

(sensu Pennington et al. 2013) that catalyze interdisciplin-
ary collaborations. By keeping invasive species in mind,
physiologists can build their experiments to include abiotic
variables needed for modeling response curves (box 2). We
propose the following framework to help guide researchers
toward the necessary types of data: justifying physiological
traits of interest, determining ecologically appropriate time
frames, identifying relevant abiotic variables, designing
experimental treatments that capture covariation between
abiotic variables, measuring physiological responses to these
abiotic variables, and fitting statistical models to the data.
Full details are provided in figure 3.
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Box 2. Using physiological data to model biological invasions.

Making physiological data more valuable for modeling response curves can be initiated in the experimental design stage (figure 3).
Response curves are multivariate landscapes that capture the interactions among variables. Although most abiotic variables are con-
tinuous in magnitude, physiologists usually design experiments with discrete levels. This approach reduces the resources needed for an
experiment (e.g., the number of incubators or water baths needed to control temperature) but may fail to capture a complex, nonlinear
effect of a continuous variable on a physiological process. An alternative approach, which maximizes the power to describe a nonlinear
response, is to assign a random treatment level to each replicate in the experiment. For example, consider three experiments designed
to measure the relationship between body temperature and physiological performance:

o measure the performance of a number, N, of animals divided among a few temperatures, evenly spaced throughout the range (e.g.,
Niehaus et al. 2012);

« measure the performance of N animals divided among a few temperatures, strategically spaced to capture nonlinear portions of the
range (e.g., Cooper et al. 2010); or

« measure the performance of N animals, each assigned to a randomly selected temperature in the range (e.g., James et al. 2015).

The first design reflects a common approach to physiological experiments but offers the least power to describe a nonlinear response.
The second design prioritizes data in the portion of the response with the greatest nonlinearity, more accurately conveying the curva-
ture of the response; however, this design is limited if researchers mistakenly cluster temperatures in the approximately linear part of
the curve. The third option—a randomized, continuous design—affords the greatest power to accurately model an unknown nonlinear
response (Steury et al. 2002, Cottingham et al. 2005, Steury and Murray 2005, Lazic 2008) but requires the most effort to establish and
maintain treatment levels. Favoring a randomized continuous design when resources permit with this type of experiment generates
data with the greatest value for modeling response curves. More elaborate designs can quantify how response curves vary among life
stages or genotypes and across invasion stages to further increase the ability to predict population dynamics under natural conditions
(Sinclair et al. 2016).

Many statistical tools exist for fitting functions to data generated by a randomized, continuous design (see Zuur et al. 2009). Generalized
linear mixed modeling offers the greatest flexibility, because one can choose the most appropriate distribution for the stochastic com-
ponent of the model (Bolker et al. 2009). A nonlinear response can be modeled either by including a quadratic term in the generalized
linear model or by fitting a nonlinear model (Peek et al. 2002) or a generalized additive model (Pedersen et al. 2019, Ravindra et al.
2019). If the data have a nested structure, such as when the same dependent variable is measured for an individual at multiple times
or under multiple conditions, a mixed model enables one to include a random effect on the intercept or a slope. Finally, model selec-
tion or model averaging can be used to estimate the most likely values of parameters with greater accuracy (Burnham and Anderson
2002, Johnson and Omland 2004, Symonds and Moussalli 2011), especially when an experiment was used to break any covariation
among independent variables (Cade 2015, Dormann et al. 2018). The parameters estimated from these analytical approaches, along
with estimates of uncertainty, are essential for modeling or simulating ecological processes such as a biological invasion (Canham et al.
2003, Gotelli and Ellison 2004).

Scaling physiological responses to demographic
outcomes
Demographic population models and multivariate statisti-

Physiological research on local adaptation and phe-
notypic plasticity is needed to understand how fitness
depends on particular traits across invasion stages

(figure 1). Understanding where we should expect strong
phenotypic variation or phenotypic plasticity narrows
the circumstances in which a trait-based approach can
predict invasions (box 1). The fundamental niche—and,
therefore, the potential range of a species—depends
on demographic processes that determine whether a
population will persist in an area (Hutchinson 1957).
The theory in this area of ecology is strong but often
lacks an explicit link to physiology, despite species dis-
tribution models being built on climate data, which has
strong links to a species’s thermal physiology (Kearney
and Porter 2009, Sinclair et al. 2016, Angilletta et al.
2019). A key contribution of physiologists to invasion
ecology would be to link traits such as physiological
performance to fitness and the potential for popula-
tion growth, as was determined by rates of survival and
tecundity (box 2).

https://academic.oup.com/bioscience

cal models (general additive models, general linear models,
maximum entropy, random forests) are extensively used by
invasion scientists to determine which introduced popula-
tions will persist and spread (Elith and Leathwick 2009).
These models often assume that demographic rates result
from physiological responses to the environment (for a
discussion, see Gallien et al. 2010). This assumption can be
misleading for many reasons (Elith and Leathwick 2009), but
the one most relevant in the present article is static trait val-
ues (box 1). To support a mechanistic understanding of the
demographic dynamics of invasive species over space and
time, one must relate availability of energy and resources in
nonnative organisms to rates of survival and fecundity, the
demographic features that determine population dynamics
(Griffith and Loik 2010). Although several biotic and abiotic
ecological factors can affect population dynamics, physi-
ological traits constrain the rates of survival and fecundity
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Step 1: Justify the physiological trait(s) of interest

Considerations:

- What demographic parameter (survivorship, growth, or fecundity) is affected?

- Organism life stage should be coupled with relevant invasion stage of interest, considering for e.g., periods
of inactivity (e.g., PySek et al. 2015).

Step 2: Determine the ecologically appropriate time frames

Consideration:
- Seconds, hours, days, seasons, or years. Also consider whether treatment variables are single events or

repeated.
Step 3: Identify relevant abiotic variables
Considerations: - Recommendations:
- How do these abiotic variables vary and covary - Detailed fieldwork can determine patterns of habitat
over the relevant time frame? use (spatial niche) and at what scales these
- Whatis the microclimate experienced by the conditions are experienced.
organism? - Use data loggers to determine discrepancy
- What future climatic conditions are relevant? between microclimate and meteorological data.

- Assess projected combinations of abiotic variables.

%)
w
!
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<
&
>
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o
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Meteorological data are collected in standardized ways and typically include air temperature, humidity,
and wind speed and direction. These measurements occur at a height above the ground that is outside
the realm of experience for many organisms. The discrepancy can be especially acute for plants and
animals that live near the soil surface. Here, soil surface temperatures can be significantly higher than
air temperatures, and there may be no wind to facilitate convective cooling.

Step 4: Design experimental treatments that capture the (co)variation

(ZD Considerations: Recommendations:

) - Stress interactions, or abiotic challenges in - The magnitude, frequency, and duration of

'-éJ biological relevant combinations, or sequences stressors, as well as interactions between

i should be considered. stressors should be considered (e.g., Gunderson et
,‘E - Abiotic exposure may not be uniform (time and al. 2016, Meyerson et al. 2020).

E intensity). - Use biologically relevant environmental conditions.
= - Testing responses of organism to uniform - See figure 3 for an example.

5 conditions, such as set temperatures, in a lab

& setting is limiting.

]

Most lab studies of thermal tolerance use a single warming rate, but organisms in nature undergo
variable rates depending on the context. Multivariate experimental design and measuring a tolerance
landscape is more impactful (e.g., Rezende et al. 2014, Jergensen et al. 2019).

Step 5: Measure appropriate physiological responses and related traits

Considerations:

- What physiological traits are best linked to the most relevant stage of invasion (see figure 2)?
- Demographic models require survivorship, growth and fecundity data.

- Traits could be predictive markers of invasiveness.

Step 6: Fit a statistical model to the data

Considerations: - Recommendations:
- Generate response surfaces (see Box 1) - Collaborate with a modeler, including during the
experimental design phase
- See Gotelli et al., in preparation

Figure 3. The framework for designing experiments to quantify any physiological function related
to demography. The steps are designed to yield models of response surfaces that capture ecologically
relevant variation and enable stronger predictions of invasions.
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Figure 4. Although life history traits and physiological
responses are important for understanding how an abiotic
stress affects an organism, invasion science also requires
knowledge of development to adulthood (reproductive
maturity), fecundity, dispersal, and adaptation to identify
which species have invasive potential. The solid box shows
a common experimental design used by physiologists to
study organismal responses to a stressor in the lab (e.g.,
short-term responses after heat exposure in an immature
life stage). The stippled box shows an extension of this
design to include variables essential for demographic
modeling, including other life stages.

e = =

for an organism (Kearney and Porter 2009, Angilletta et al.
2019).

One factor limiting our ability to link physiological
responses more broadly, beyond the well-studied organisms
such as lionfish and sea lamprey (see the introduction),
to demographic impacts is a lack of relevant knowledge
about the physiological responses of invasive organisms
to environmental conditions. Common research foci of
ecological physiologists are pertinent to invasion science,
such as thermal limits (Verberk et al. 2016, MacMillan
2019) and stress responses (e.g., Boardman et al. 2016; for
a review, see Kassahn et al. 2009). However, physiologists
often examine these topics from a different perspective when
not directly studying nonnative species (see figure 4), lead-
ing them to ask questions better answered with lab-based
approaches. Although they are valuable in their own fields,
the treatments in physiological experiments deviate from the

https://academic.oup.com/bioscience
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field conditions that are more pertinent to invasion science
(e.g., using implausible temperature ranges, constant tem-
peratures, or extreme conditions not experienced in nature;
e.g., Angilletta et al. 2000; and see discussions relating to
measuring thermal tolerance in ectotherms; Terblanche
etal. 2011). In addition, physiological experiments are often
ended before one could observe the demographic variables
needed for modeling potential invasions (figure 4; e.g., mor-
tality was observed but fecundity was not by Boardman et al.
2012). Although measuring these demographic variables
was not central to the research question investigated, with
invasion science in mind, these experiments could have been
modified to include variables essential for demographic
modeling (see the stippled block in figure 4), allowing future
invasion scientists to repurpose the data when needed. Some
plant physiologists have done this, and their work offers
examples for animal physiologists to follow (e.g., Miller and
Gorchov 2004, Concilio et al. 2013).

Thermal tolerance has been well studied by physiolo-
gists and invasion scientists alike. Comparative studies of
thermal tolerance and acclimation responses of native and
invasive species (e.g., ladybird beetles, Boher et al. 2018;
frogs, Cortes et al. 2016; and weeds, Parker et al. 2003) or
across native and invasive ranges of the same species (e.g.,
European green crab Carcinus maenas, Tepolt and Somero
2014; cheatgrass Bromus tectorum, Griffith et al. 2014)
are common. The focus on temperature for predicting the
ranges of invasive species statistically dates back to climo-
graphs (Cook 1925, 1931). Because thermal tolerance is
key for determining species distributions and sets a hard
limit for survival, measures of thermal tolerance are often
incorporated into demographic models or into statistical
models that assume an underlying demographic response of
individuals to temperature (e.g., Crozier and Dwyer 2006,
Laeseke et al. 2020, Tremblay et al. 2020). Because tempera-
ture can easily be manipulated in the lab, thermal traits are
well suited to lab experiments, making this trait useful for
connecting physiology to invasion success. However, physi-
ological response surfaces (reaction norms) are needed to
infer demographic responses (Rezende et al. 2014; discussed
in box 2). Performing a full suite of both static and dynamic
thermal measurements to obtain this type of response vari-
able can be time consuming and require large samples. For
example, for 11 Drosophila species, critical thermal maxi-
mum was measured as heat tolerance knockdown time at
multiple temperatures (static) and compared with tolerance
from gradual warming at different ramping rates (dynamic)
to study correlations between heat tolerance measures and
environmental conditions in the origins of each species
(Jorgensen et al. 2019).

Although many physiological traits can be measured in
the field (e.g., gill beat rate to measure respiration, reflex
assessment tests), other physiological traits can be time or
labor intensive to measure or very difficult to capture in
the study organism, so many researchers focus on traits of
model species, such as Arabidopsis thaliana or Drosophila
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melanogaster, for which methods are well defined. The mean
values for these surrogate species are often applied to closely
related invasive species, for which data do not exist (e.g.,
Williams et al. 2016). In some cases, traits are conserved
between phylogenetically close species (e.g., Luong et al.
2021). However, recent work indicates that closely related
or ecologically similar species often have very different
demographic rates; therefore, one should not assume that
trait values for one species are suitable proxies for those
of another (Che-Castaldo et al. 2018). Invasion scientists
should be cautious when estimating parameter values from
data for ecologically or phylogenetically related species (see
Bolnick et al. 2011 and Des Roches et al. 2018 for discus-
sions on intraspecific variation). When forced to estimate
parameter values from data for other species, one can per-
form a sensitivity analysis to determine which parameters
have the biggest impact on population dynamics. Such
an analysis would point to future experiments needed to
confirm the values for the species of concern. Invasion
scientists and physiologists should collaborate to conduct
targeted investigations on a broader diversity of species, not
just well-studied model systems (e.g., Phragmites australis,
Arabidopsis thaliana; Williams et al. 2016; for discussions,
see Pysek et al. 2008, Kueffer et al. 2013, Gundale et al.
2014, and Meyerson et al. 2016b). Investigating a variety of
taxa can yield other benefits, such as shedding light on how
physiological traits evolved and the origin and maintenance
of interspecific variation.

Physiologists can contribute to this effort by designing
lab experiments to yield fitness values that can be incor-
porated into demographic and statistical invasion models.
In particular, data relating to reaction norms, tolerance,
plasticity, hysteresis, and performance are essential (see
below). Physiologists can also contribute by measuring
the physiology of organisms in their native and nonnative
environments to understand physiological mechanisms that
enable these organisms to survive under typical conditions
and novel conditions, respectively. Similarly, plant physiolo-
gists can evaluate tolerance of stress (e.g., drought, flooding,
salinity, plasticity and fitness of invaders at range edges),
paying particular attention to different cytotypes, because
many invasive plants are polyploids with small genomes
(Suda et al. 2015).

Models to predict physiological processes

To model the potential for a species to persist in an environ-
ment, biologists must specify relationships between abiotic
variables and the physiological processes that determine an
organism's survival, development, growth, and reproduc-
tion (box 2; Kearney and Porter 2009, Peterson et al. 2015,
Angilletta et al. 2019). These relationships, called response
curves, are multivariate landscapes that capture the inter-
actions among variables such as temperature, moisture,
light, and food (e.g., Brett 1971). In the case of invasive
species, understanding the multivariate landscape encom-
passing abiotic conditions, physiological processes, and
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demographic outcomes can be particularly useful for model-
ing how they may respond to conditions in their nonnative
range, including future climate change (Beaury et al. 2020).
For highly nonlinear response curves, one must have suf-
ficient data to characterize the response accurately over the
ranges of abiotic conditions in the native region and the
invaded region. Without such data, one must take the risky
approach of extrapolating beyond the fitted bounds of the
function.

Abiotic interactions. Multivariate response curves will account
for important interactions between abiotic variables.
Numerous abiotic and biotic conditions may affect invasive-
ness. These multiple potentially covarying and interacting
factors make predicting invasions challenging; however,
understanding the physiological responses to combinations
of abiotic and biotic variables may yield better predictions.
Two commonly studied interacting abiotic factors influenc-
ing invasions are temperature and salinity. The Indo-Pacific
mytilid Brachidontes pharaonis tolerates high salinity in its
native range. This species managed to colonize habitats with
high salinity in the Western Mediterranean through the Suez
Canal before spreading west throughout the Mediterranean,
outcompeting indigenous bivalves. Measuring physiological
variables, including respiration rate and scope for growth,
in response to a combination of temperatures and salinities,
Sara and colleagues (2008) showed that B. pharaonis can sur-
vive and reproduce in a wide range of conditions, facilitating
its westward spread. Likewise, interactions between salinity
and temperature affect germination rate of the desert plant
Prosopis juliflora, which invaded the United Arab Emirates
(El-Keblawy and Al-Rawai 2005). In this example, the ger-
mination rate in seeds treated at low salinities was highest at
high temperatures (40 °C); germination rate at intermediate
temperature (25°C) was less affected by salinity. The effects of
these conditions can be complicated to study and include in
models, because abiotic factors can interact in unpredictable
ways. Perhaps for this reason, interactions between abiotic
factors are often neglected in studies of the causes of biologi-
cal invasions or treated implicitly in multivariate models.

Biotic interactions. Finally, the presence or absence of other
species will shape response curves of invasive species
through biotic interactions. An interesting case is presented
by the potentially overlapping ranges of the aquatic plant
Trapa natans (figure 5a), introduced to North America
in the 1800s and now widely distributed, and of Trapa
bispinosa, very recently introduced to the Potomac River
Watershed in Virginia, in the United States (Dodd et al.
2021). Although limited data suggest that T. bispinosa may
be a better competitor than T. natans (Dodd et al. 2021),
the physiological tolerances and competitive ability of T.
bispinosa across a range of thermal conditions have not been
explored. How physiological limits and tolerances affect
competitive ability in closely related invaders is an under-
explored question. One should also consider the biotic
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Figure 5. (a) Trapa natans (water chestnut or water caltrop)
is a floating aquatic species native to Europe and Asia

first introduced to North America in the 1800s. (b) Python
bivittatus (the Burmese python) is native to southeast Asia
and has become established in South Florida, in the United
States, including Everglades National Park, after the
release of pet pythons, and escape from breeding facility
during Hurricane Andrew. Photographs: Lynde Dodd (a)
and Kodiak Hengstebeck (b).

factors that may affect organisms or interact with their stress
responses and should determine whether these factors play
a role in invasion (Suzuki et al. 2014, Le Roux et al. 2020).
Indirect biotic effects are defined as “how one species alters
the effect that another species has on a third” (White et al.
2006). These biotic interactions commonly pertain to appar-
ent competition, indirect mutualism or commensalism,
exploitative competition, and trophic cascades (for a review,
see White et al. 2006; e.g., the effects of Burmese pythons
on nonprey species in the Everglades; figure 5b; Willson
2017). More broadly, these factors could include bacterial or
viral infections, immune responses, microbial environment,
interspecies competition, and herbivory (e.g., Claunch et al.
2021; see Dunn et al. 2012 for a review of role of parasites in
invasions and Schulz et al. 2019 for a review on antagonistic
interactions between native and nonnative species).
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Overcoming barriers to integration of physiology and
invasion science

Despite the potential gains from more fully integrating phys-
iology and invasion science, several barriers limit the use of
existing physiological data in invasion science. These barri-
ers can include ecologically meaningless lab conditions, the
routine use of constant lab conditions, and a lack of scope for
an organism’s behavioral responses. However, each of these
barriers could potentially be overcome by modifying typical
laboratory experimental designs, applying new technologies,
or embracing the messiness of the field. First, physiological
trait data are often collected via lab experiments. Laboratory
conditions may poorly mimic the conditions that organisms
experience in the field. For example, lab experiments usually
involve constant abiotic factors, no species interactions, and
unrealistic levels or durations of treatments (see the earlier
discussion and figure 4). As a result, the value of the data
for modeling invasions can be limited. Despite these barri-
ers, lab experiments have the advantage of including abiotic
conditions that organisms might not experience currently
but could face in the future. These types of experiments can
also be completed in the field—for instance, by conducting
reciprocal transplants across bioclimatic zones (reviewed
by Sexton et al. 2009, Hargreaves et al. 2014) or by treat-
ments simulating alternate temperature or precipitation
regimes (e.g., Knapp et al. 2017, Zettlemoyer et al. 2019).
Lab studies do not pose ethical issues associated with releas-
ing potential invasives in the field. Therefore, both lab and
tield approaches can provide valuable insights for invasion
science, especially if the lab experiments are designed to be
as ecologically meaningful as possible and if the field experi-
ments are conducted ethically.

Second, experiments often limit the organism's suite of
tactics for responding to the manipulation of interest (for
discussions of lab and field experiments, see Calisi and
Bentley 2009). For example, research on the chemical con-
trol of insects routinely includes toxicity tests performed in
the laboratory. However, in field situations, insect behavior
(e.g., moving to the underside of leaves or reducing feeding)
can limit the efficacy of the treatment, leaving the lab-based
research with reduced applicability in limiting the spread of
or damage by an invasive species (Denholm and Rowland
1992, Hoy et al. 1998). For a thorough review of the behav-
ioral changes caused by biological invasions across taxo-
nomic groups, see Ruland and Jeschke (2020). Once again,
we are not advocating the uncontrolled release of invasives
in field tests. However, thoughtful experimental design that
accounts for these responses will inform invasion science
(figure 3).

Third, organisms in the lab are often exposed to constant
conditions or smooth transitions between conditions. By
contrast, organisms in nature experience cyclically, sto-
chastically fluctuating, or short-lived extreme conditions.
Each of these factors can be incorporated into physiological
research by increasing the ecological realism of experimental
conditions or even taking the experiment into the field. For
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example, designing laboratory experiments with fluctuat-
ing parameters that represent daily and seasonal deviations
from the expected values will improve relevance of data to
natural conditions (e.g., Niehaus et al. 2012, Atamian and
Harmer 2016, Grinevich et al. 2019), as well as applications
to invasions. Data on how fluctuating or extreme conditions
influence traits related to fecundity are especially relevant
for invasions (e.g., Marshall and Sinclair 2018). Controlled
environments such as incubators and glasshouses have ben-
efited from recent technological developments—integrated
automation, programming, measurement, control systems
with smart sensors—that allow for even finer tuning of con-
ditions and simulation of field conditions (e.g., Chavan et al.
2020, Tiatragul et al. 2020). However, the added complexity
of the dynamic variables and expense of creating these envi-
ronments may restrict their adoption.

Future directions

To fully leverage physiological information to inform inva-
sion science, new collaborative teams must be created to
share data and expertise. Funded workshops, such as The
Rules of Life Underlying Biological Invasions (Meyerson
et al. 2019), can facilitate building these collaborations
and diversify research networks of invasion scientists. The
composition of these teams will depend on the invasive
organism itself and its impacts but could include physiolo-
gists, ecologists, evolutionary biologists, and land managers.
Scientists involved in policy, conservation, and taxonomy
may also be valuable. Broader impacts will accrue from the
multidisciplinary training opportunities that will develop as
new collaborations, databases, and networks evolve in this
effort between laboratory physiologists and field ecologists.
We see opportunities to provide benefits for all participants,
as this approach creates fundable scientific endeavors as the
NSF and other funding agencies fund integrative and predic-
tive research.

Even before all funding agencies move fully to require
publicly available data for each publication, physiologists
should ensure that their data are publicly available and eas-
ily accessible, with relevant metadata and informative tags.
Data sharing will greatly extend the significance of their
data beyond their original use (Christensen et al. 2019,
Soeharjono and Roche 2021). When new invasive species
emerge, preexisting data may facilitate quicker responses—if
the data can be found and accessed. One way to facilitate this
access would be by developing trait databases (e.g., Madin
et al. 2016, Brun et al. 2017, Liu et al. 2017, Degen et al.
2018). Many existing and emerging technologies and net-
works can help facilitate integrating physiological data into
invasion science. Museums, field facilities with long histories
(e.g., Rocky Mountain Biological Laboratory), and regional
(e.g., University of California Natural Reserves) or national
(e.g., the United States Long Term Ecological Research
Network) networks can provide long-term physiological
proxy data from tree rings, pressed botanical specimens,
pinned insects, and animal skins (e.g., DeLeo et al. 2020).
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NEON (the National Ecological Observatory Network) is
a continental-scale observatory of 81 coordinated monitor-
ing sites across North America (Loescher et al. 2017) that
provides open data to monitor changes in terrestrial and
aquatic ecosystems. Although NEON does not directly
collect physiological data, it does collect data directly rel-
evant to physiological research (e.g., weather and climate
data, microclimate data, plant phenology, sampling on
sentinel taxa; www.neonscience.org/data-collection). These
resources should be mined for new insights into emergent
properties of the physiology of invasive organisms (AIBS
2004). The ecological sciences are undergoing a transfor-
mation driven by the recent increase in massive, rapid, and
diverse sources of information and methods to analyze that
information. There has never been a better time for compil-
ing and querying massive amounts of data. Big, rapid, and
diverse data sets are opening new avenues of research and
should facilitate exciting new discoveries at the crossroads
of physiology and invasion science.

Although physiology is increasingly mentioned in inva-
sion papers, it is still underrepresented in invasion science
overall. In the present article, we have provided evidence
for the value in including physiologists in collaborations to
answer questions relating to invasion science and provided
a framework of how to proceed in this direction. Data for
demography models can be collected in the lab or under
very controlled seminatural field conditions without risk of
accidental introduction of invasives. To further increase the
value of this integrated approach, physiologists can collect
data under simulated future climate change conditions or
use biogeographic approach that includes studying popula-
tions the field in different abiotic conditions paired with
greenhouse experiments that study the same populations
in a common garden. This intentional, invasion-focused
collection of physiological data will facilitate improved
demographic models to inform invasion science. As envi-
ronmental change intensifies, additional tools will be needed
to limit the impacts of invasions.
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