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Abstract

As global change forces species’ ranges and abundances into novel configurations, traits-based approaches could allow predictions
of community re-assembly. We present a quantitative review of traits-based research globally to (1) evaluate the extent to which
this approach has been applied, and (2) evaluate moving from description and to prediction. We highlight the application of
traits-based frameworks to describe ecological patterns; terrestrial plant morphology comprises >30% of the literature alone.
But fewer than 3% of studies predict ecological effects of global change, mostly in the past five years. While organism size is
the most common trait, we identified 2,430 other morphological, physiological, behavioural, and life history traits that mediate
environmental filters of species’ ranges across ecosystems and taxonomy. Global change studies forecast range shifts from a
few physiological or life history traits. Though uncommon, spatially-explicit models constructed from correlated multivariate
trait assemblages (or ‘syndromes’) offer the best chance of predicting shifts under global change scenarios. Moving the field
towards trait-based prediction requires (1) matching the scale of trait measurement to the ecological processes, (2) increasing
the resolution of environmental gradients along which traits are measured, (3) moving from single to multivariate traits, and

(4) accounting for intraspecific trait variation.

Introduction

Identifying general principles that govern the distribution and abundance of species across Earth’s ecosystems
is a fundamental pursuit in ecology. Over the past three decades, ‘trait-based’ ecology—focused on the role
that measurable characteristics of organisms play in mediating geographic distribution and abundance—has
emerged as a major conceptual lens through which to describe general processes that might drive patterns of
biodiversity across the biosphere (Hansen and Urban1992; McGill et al. 2006; Mindel et al. 2016). Traits-
based theory stemmed from descriptive correlations between the frequency of phenotypic traits hypothesized
to affect individual and population level success across taxa and environmental contexts (e.g. Grime 1988;
Diaz and Cabido 1997). But the ultimate potential of traits-based approaches might allow scientists to
predict ecological outcomes in new contexts (i.e. functional traits; McGill et al. 2006).

The need for predictive trait-based approaches is increasingly urgent due to mounting evidence that stresses
like climate change, biological invasion, and over-exploitation are having profound effects on ecosystems and
the socioeconomic benefits they provide. While ecological communities are inherently dynamic, with species
membership and relative abundance varying over time and space (Cottenie 2005, Dornelas et al. 2014),
unprecedented levels of anthropogenic stress are now driving species range and density changes that far
exceed historical levels (Chapin et al. 2000, IUCN 2008). Effects are proving to be unequal across species
(Zavaleta et al. 2009, Sunday et al. 2012, Bates et al. 2014), so ecological communities are essentially being
pulled apart, and reassembled with new member combinations (Hobbs et al. 2009, Garcia Molinos et al.
2015). What will future species assemblages look like, and how will they function, in the face of these major
disturbances? Identifying species’ characteristics that recur across unrelated taxa and confer information



about species performance under a range of environmental and biotic interactions offers the potential to
predict ecological dynamics as novel ecosystem configurations form under global change. For example, as
abiotic conditions defining the fundamental niche shift under climate change, biotic traits that confer species’
dispersal and survival abilities help define the shape of realized niches they are likely to occupy (McGill 2006;
Early and Sax 2011; Estrada et al. 2018).

Here we present a quantitative review of trait-based biodiversity research and its application to global change
ecology to address the following questions: (1) Which traits offer promising insights into the outcomes of
environmental and biotic filtering across ecosystem types and taxonomic groups? (2) To what extent (and in
what contexts) are traits-based insights being applied to predict the ecological outcomes of global change?
(3) What are the potential barriers to predicting the outcome of environmental and biotic interactions using
traits? (4) What research techniques and conceptual frameworks can help us move beyond describing ecolo-
gical patterns and towards prediction? Our review is framed from the perspective that species’ behavioural,
morphological, physiological, and life history attributes mediate scale-dependent environmental and biotic
filters on distribution and abundance across land and seascapes (Figure 1). Species’ characteristics that con-
fer success under abiotic environmental conditions such as temperature, light, acidity, moisture (in terrestrial
systems) and dissolved oxygen (in aquatic systems) provide the coarsest filter on species distribution (i.e.
Filter 1 in Figure 1; the boundaries of the fundamental niche). Traits that influence the outcome of biotic
interactions within local environments further mediate species persistence and co-existence (i.e. including
trophic interactions; Filter 3 in Figure 1). A host of traits that confer information on species’ dispersal
ability mediate feedbacks between the effects of abiotic and biotic interactions on species’ range and relative
abundances (i.e. dispersal-limited controls on redistribution; Filter 2 in Figure 1). Knowledge of the role
that traits play in filtering across these scales facilitates prediction about species persistence and relative
abundance in new contexts such as altered environmental conditions (e.g. climate-mediated shifts in thermal
regimes; Figure 1A vs B).

Analytical framework

To synthesize current work on trait-based approaches for predicting ecological dynamics under global change,
we conducted a systematic review of published literature on the topic via structured keyword searches in
online internationally recognized databases (Supplementary Materials 1). We classified the resulting studies
according to eight attributes related to the insights traits provided into ecological change: (1) the type(s) of
traits examined in the study (life history, morphological, behavioural, physiological) (2) the specific organis-
mal traits that were quantified in the study, (3) the scale of environmental filtering on which the research
focused (abiotic matching, dispersal, or biotic interactions [which was further refined into trophic inter-
actions], as in Figure 1), (4) the ecosystem and (5) taxonomic focus, (6) the research methodology used
(experimental or observational study of differences among groups, reviews and metanalyses, or theoretical
modelling), (7) whether a driver of global change was examined, and if so, the type (e.g. climate change,
biological invasion, habitat degradation), and (8) crucially, whether or not the study included predictions for
ecological outcomes beyond the data set for which the analysis was initially constructed. In addition to sum-
marizing trends in trait-based research over time and in these eight domains, we visualized similarities and
differences between the assemblages of traits used to investigate ecological processes across studies represen-
ting different levels of these factors through non-metric multidimensional scaling (nMDS) plots, generated
from dissimilarity matrices of the multivariate trait data and grouped by levels of the factors 3-8 above
(Supplementary Materials 2a). Finally, we identified trait types contributing to differences between domains
of trait-based research by constructing rank abundance curves and evaluating multivariate generalized linear
models of the traits used in the literature, again grouped by factors 3-8 above (Supplementary Materials 2b).

Current trends in trait-based ecology

In total, we identified 822 studies relevant to traits-based ecology from >200 journals published as early
as 1978. Over 50% of the studies came from just 18 journals. The number of studies applying traits-based
approaches to describe ecological pattern and process has grown exponentially over the past forty years, with
a marked increase in the rate at which traits-based ecological studies have been published in the last decade



(Figure 2). Most studies (59%) focused on the role of traits at a single level of environmental filtering, while
only 3.5% of studies examined traits in the context of more than two levels of filtering. One study, Usseglio-
Polatera (2000 - Freshwater Biology ), examined traits in the context of deriving environmental filtering from
coarsest (i.e. abiotic environment matching) to finest (i.e. trophic interactions) filters. In total, 435 studies
examined more than one type of trait (i.e. physiological, morphological, behavioural, or life history), 176
considered more than two trait types, and only 26 (<0.5%) studies considered traits that represented all four
categories simultaneously.

Most of the research to date focuses on relating variation in morphological and life history features of
vascular plants to abiotic environmental filtering processes within terrestrial ecosystems using observational
techniques (Figures 3 and 4; 34% of all papers focused on plants, 30% on plant morphology); this result that
is perhaps unsurprising given that traits-based research originated in plant ecology community (McGill et al.
2006). In contrast, traits-based investigations within marine and freshwater systems comprises just 30% of
the studies combined, with a focus on observational studies of traits in the context of abiotic environmental
filtering processes, primarily for fishes (Figures 3 and 4).

Trait-based research outside of plant-based research has overwhelmingly focused on size as the characteristic
of interest (Figure 5, Table S3, Figs S3-S14). In fact, we identified 131 different metrics of size used across
studies, representing a range of length, mass, or volume measures—including vegetative height and cone
length (plants), snout-ventral length or instar size (animals), and biovolume (cells). Body size is the most
common trait measured in studies of animal taxa, and also the most variable in terms of its definition and
measurement, with metrics ranging from wet or dry mass, to inference from the length of the organism
(involving multiple methods of measurement depending on the study and taxa under consideration). In
contrast, specific leaf area (SLA; measured as leaf area per dry mass) is the most common trait used within
plant trait research and is estimated via a single s standardized method across studies and plant taxa (Evans
& Hughes 1961; Spence et al. 1973). In fact, SLA is the most common single trait examined in the studies
reviewed here (127 occurrences over the 822 studies), with measures of body size a close second at 108
occurrences.

Beyond size, a plethora of morphological, behavioural, life history, and physiological features have been
applied to trait-based biodiversity research (Figure 5). In total, we identified 2,561 unique traits within
the literature we reviewed. While only 5% of these (131) represented aspects of organism size, size-based
traits were used within 405 studies (49%) and each of these 131 traits were used by 3.7 separate papers on
average, while non-size traits were each used only 1.7 times on average across the 822 studies. Accounting
for variation in trait names (i.e. ‘time to maturity’ vs. ‘age at maturity’), and instances where a similar
trait was assessed via multiple metrics (e.g. ‘trophic guild’ could be measured as a categorical variable with
levels ‘resource’, ‘primary consumer’, ‘secondary consumer’, or ‘tertiary consumer’, while in a separate study
‘trophic group’ could be measured in levels of ‘primary producer’, ‘herbivore’, ‘omnivore’, or ‘carnivore’, both
relating to ‘trophic role’) allowed us to attribute traits that confer information about the same process into
conceptual groupings, revealing 196 ‘secondary’ trait classifications (Supplementary Material; Table S3). Of
these, 14% are used in a single study while 34% are used in more than 10 studies. Of the 2,561 unique traits,
morphological traits (Figure 5; n = 1,163) included aspects of organisms’ physical form (e.g. body size and
shape, or the presence and form of dentition or spines) and biochemical composition (e.g. nitrogen or carbon
content). Key behavioural traits (Figure 5, n = 626) include aspects of organisms’ activity (e.g. movement
rates or nocturnality) and habitat use (e.g. vertical habitat position within forest canopies or water columns,
range size or edge position). Life history traits (Figure 5; n = 585) describe growth, abundance, survival,
and reproduction (including reproductive mode, timing, and frequency), while physiological traits (Figure 5;
n = 187 traits) conferred information about organisms’ environmental habitat requirements (e.g. moisture
or temperature tolerances), and resource acquisition (e.g. photosynthetic rate).

The diversity and identity of traits applied to ecological research depend on the environmental filter under
investigation (Figure 1; Figure 5A-D, Figure S7&S8) and the ecosystem of interest (Figure 5I-K, Figure
S9&S10). Interestingly, relatively narrower assemblages of traits are used in plant compared with animal



research (Fig 6A,Fig SIA&S2A), with several potential explanations: (i) plant ecology has focused on traits
for longer, and thus may have made relatively more progress in distilling a specific set of traits that represent
key processes (versus animal trait research, which still needs to be distilled in this way), (ii) traits that
represent key processes have more standardized measurement methods than traits for other taxonomic groups
(i.e. plant size measured as SLA vs the variety of animal body size measurements), and (iii) differences in size
of the trait space between taxonomic groups may simply reflect differences between sessile/mobile organisms;
Compared with mobile taxa, sessile plants and fungi (represented in ‘other’; Figure 6A, Figure S12) have
a relatively more narrow set of strategies for resource acquisition, defense, dispersal, and reproduction. In
addition, perhaps also due to the longer history of traits approaches to plant ecology, research linking plant
functional traits to their hypothesized ecological function is somewhat more developed, conferring a more
complete understanding of the ecological processes that can be inferred from specific traits.

We also find that relatively narrow assemblages of traits have been applied in experiments, meta-analyses,
reviews, and theoretical work compared with observational research (Figure 6B), the latter being the majority
of studies in this review, and the likely starting place for first identifying and linking traits to important
aspects of species distribution and interactions. Likewise, a relatively narrow assemblage of traits are applied
within multi-ecosystem studies (i.e. those where findings are relevant broadly across ecosystem types; Figure
6C). However, the multi-ecosystem research reviewed here primarily represent theoretical models, which
apply traits that can be estimated universally across taxa and systems such as body size and shape, and
feeding mode, potentially explaining why the assemblage of traits applied in this body of work is more
homogenous compared with marine, freshwater, or terrestrial focused-work (Figure 6C, Figure S14).

Traits-based global change predictions

Of the 822 studies we reviewed, a small portion (23%) focused on applying traits in the context of global
change, and even fewer (3%) applied traits to generate predictions about patterns of diversity, abundance,
or distribution beyond the data used for the initial analysis. Global change drivers, in order of decreasing
frequency within the studies we evaluated, included habitat degradation (8%), climate change (6%), biolo-
gical invasion (5%), multiple/non-specified drivers (3%), and exploitation (1%). Predictive studies emerged
primarily within the last 10 years (82%); half of all predictive studies were published in the last five years
(Figure 2F). More than 30% of predictive studies focused on applying plant morphological traits to predict
the outcomes of abiotic environmental filtering in terrestrial ecosystems. Crucially, studies that generated
trait-based predictions of global change (the main focus of this review) represent fewer than 3% (22) of all
studies. Of these, more than half (12) focus on ecological prediction in a climate change context, three on
biological invasions, and a single study each on the consequences of habitat degradation and exploitation.
Five studies used traits to predict the outcomes of multiple global change drivers (two marine [Jacob et al.
2011, Eklof et al. 2015]; three terrestrial [Cardillo et al. 2004; Dury et al. 2018; Knott et al. 2019]).

The narrowest subset of journal articles (and subsequently, traits) corresponded to studies that were both
predictive and investigated global change impacts to ecosystems (ngstudies = 22). Accordingly, the assemblage
of traits used by papers that assessed drivers of global change and performed predictive ecological modelling
were highly nested within the broader suite of traits used across descriptive and non-global change studies,
and thus differed statistically with traits used more broadly (Figures 6E/F, Figures S1IE/F, Figure S2E/F).
Habitat associations and life history were the most important suites of traits in studies assessing climate
change impacts, as well as undertaking predictive analyses, while morphological traits were most important
to studies that investigated habitat degradation and biological invasions (Figure S3&S4, Tables S4-8). While
size is also the most common single trait type in predictive studies, in general physiological traits related
to resource acquisition and requirements, such as thermal tolerance, and life history traits are more often
applied within predictive studies compared with descriptive trait-based work (Figures S5&S6, Tables S8-11).

More closely examining predictive global change studies identified in this review highlights a range of me-
thodological approaches that require data inputs at varied spatio-temporal scales, and therefore resulting
in predictions at a range of resolutions (Figure 7). Each method has strengths and weaknesses; trait-based
experiments offer opportunities to generate and test fine-scale predictions about response to global change



drivers, yet insights gained through experimentation are most relevant under the set of conditions under
which the study takes place (e.g. Eckloff et al. 2015; eelgrass communities under climate change and grazer
loss; Figure 7). The results of experiments and environmental correlations can be synthesized via meta-
analyses to generalize effect sizes for trait types that recur across taxa and ecosystem type (e.g. Cattano et
al. 2018’s synthesis of acidification effects on marine fishes; Figure 7). Process models offer an opportunity
to examine the effect of more complex interactions on ecological phenomena under global change; however,
insights gained from this approach may not be at a resolution needed for conservation and management
decision-making (e.g. Jacob et al. 2011’s trait-based polar sea food web model; Figure 7). Traits-based dis-
tribution models—the most common approach to global change predictions identified by our review—have
generally been applied to forecasting range and abundances under future abiotic (climate) conditions (e.g.
Fordham et al. 2012’s and Whitney et al. 2017’s distribution models of trees and freshwater fish, respectively;
Figure 7). Spatial projections generated from distribution models can be intuitively applied to place-based
biodiversity conservation and natural resource management, but generally omit biotic interactions and feed-
backs that further refine species’ ranges and abundances across the landscape (Figure 1). Spatially explicit
process models offer a means to generate range and abundance projections that account for multiple environ-
mental filtering processes simultaneously (e.g. Edmunds et al. 2014’s spatial process model of coral survival
and growth under competition and climate warming scenarios; Figure 7). However, this approach has not
yet been widely applied to global change prediction, perhaps due to the complexity and scale of the required
trait data inputs.

Challenges and opportunities for global change prediction

While our review confirms growing interest in and application of traits-based frameworks to ecological pat-
terns, applications have primarily been descriptive—highlighting a persistent gap in application to ecological
prediction, and in particular, predicting dynamics under global change. In synthesizing existing work, at least
four key themes emerged in terms of guiding future work and overcoming barriers to trait-based predictions
of global change outcomes: (1) matching the scale of trait measurement to the ecological processes disrupted
by global change, (2) increasing the resolution of environmental and ecological gradients along which traits
are measured, (3) moving beyond body size and toward multivariate trait assemblages to describe and predict
ecological processes, (4) accounting for intraspecific trait variation in predicted responses to global change.

Matching the scale of trait measurement to the ecological processes disrupted by global change

Ultimately, trait-based analyses of ecological variance strive for generality in explaining ecological processes,
for example size-based relationships in predator-prey interactions (Rice et al. 1993) or thermo-tolerance in
species responses to environmental gradients of change (e.g. using naturally occurring climate resilient corals
to construct bleaching-resistant nurseries; Morikawa and Palumbi 2019). However, relevance and specificity
drive the need to down-scale trait-based approaches to the system and questions, while maintaining scalable
analytical frameworks. The resolution at which traits are measured and associated with the constituents of
biological communities (i.e. by individual, life stage, population, or species) determines the level of inference
that can be achieved in evaluating their role in mediating outcomes across environmental and ecological
contexts. We suggest that the scale at which traits should be measured depends on 1) the ecological scale of
the research question (individual, population, community, or ecosystem), 2) the focus on ecological patterns
or process, 3) the extent to which intra- and inter-specific variation is hypothesized to play an important
role in mediating the focal environmental filtering process in question, and 4) the analytical method used to
generate inference.

Trait variation can be measured for a community of organisms or at the species-level, as well as at subpo-
pulation to individual level. It must be clear whether intra-specific variation in trait values within species
or groups of taxa that share measurable traits is the required currency for predictive modeling. But species’
trait information is typically available to analysts at either broad (species- or metapopulation-) scales or very
specific geographic scales, with a rate-limiting middle ground of information on spatially and temporally ex-
plicit subpopulations. Where the consequences of species interactions are the focus of investigation, and food
web traits are conserved at a species or population level, trait-based linkages between species groups may



be most appropriately coded at that level (i.e., one value per species or population). Trait variation can be
measured at a subpopulation to individual level, where intra-specific variation in trait values within species
or groups of taxa that share measurable traits is the required currency for a model. For example, across large
longitudinal or latitudinal gradients of change that span multiple species’ subpopulations. However, traits
of interest were typically represented using a single value/level per species in the predictive global change
studies identified here (Figure 7), regardless of study type, ecosystem, or taxonomic focus.

Increasing the resolution of global change gradients along which traits are measured

Species traits are often measured along major environmental gradients (i.e. elevation or latitude), with
measurements focused on capturing intraspecific variation (Chalmandrier et al. 2017), interspecific variation
(Balasubramaniam & Rottenberry, 2016), or both (Classen et al. 2017). Such gradients usually encompass
a broad range of environmental factors that can be static or dynamic across space and time (i.e. water
temperature, acidity, soil quality, wind, etc.). Constructing trait-based predictions requires ecologists to
identify at what scale specific traits metrics change in response to particular aspects of the gradient of
interest, yet trait variation is often not explicitly linked to measures of important aspect of the gradient at
the same resolution (e.g. environmental data collected at the region or site level, while trait data collected
at the individual level). Designing field data collection with trait and environmental data sets gathered at
equal resolutions allows ecologists to quantify the scale at which variation in both response and explanatory
variables matters for the environmental filtering process(s) under investigation (i.e. Figure 1). Advanced
multivariate techniques (e.g. fourth corner an RQL analysis) can be used to parse out relationships between
traits and different aspects of environmental gradients, as well as the spatial and temporal scale at which these
relationships hold, subsequently allowing for the identification of potential ecological mechanisms driving trait
and phylogenetic patterns across land and seascapes (Anderson et al. 2019). Without explicit links between
directional trait variation and the aspect(s) of the environment driving that change, ecologists may continue
to miss likely causal relationships that are useful for prediction.

Moving beyond body size in trait-based ecological prediction

Body size scales with key processes across all stages of environmental filtering (e.g. desiccation tolerance,
metabolism, prey consumption rates, movement; Brown et al. 2004), so it is not surprising that measures of
organism size are applied so frequently in trait-based ecology. While the inclusion of body size, particularly in
descriptions of food webs, has been of great benefit to describing ecological structure and function (Woodward
et al. 2005; Brose et al. 2006; Jacob et al. 2011), this single trait explains a limited amount of variation in terms
of trait-driven biological and ecological processes. Moreover, other morphological and physiological traits are
also key mediators of the influence of size, such as body shape and metabolic approach to temperature
regulation, respectively. Within size classes, variation in key behavioural and life history traits can influence
establishment and persistence within ecological communities; for example, reproductive behaviours are often
incorporated into trait-based analyses that model species’ and populations’ dispersal capabilities in changing
and novel ecosystems (Estrada et al. 2018). The inclusion of traits other than body size can increase our
understanding of current ecological community structure/function (Gravel et al. 2016), but perhaps more
importantly, our ability to provide important insights for prediction of future ecological states arising from
ongoing global change. However, the role of many behavioural, life history, physiological, and morphological
traits (other than size) identified in this review—ranging from fecundity, to jaw strength, to flight initiation
distance—are mediated by organism size, illustrating the all importance of incorporating a range of correlated
traits into predictive analyses.

Measuring multivariate trait ‘syndromes’ to explain ecological outcomes

Organisms’ responses to their environment are governed by complex suites of correlated traits that confer
important about performance under specific sets of environmental filters (Figure 1). Strong correlation among
trait types that can recur across unrelated species—trait ‘syndromes’ or ‘typologies’—underpin trait-based
community assembly theory for plants (Grime 1988) and behavioural syndromes in animals (Sih et al. 2004).
Yet single trait-type studies make up roughly half of the research we reviewed (387 papers) compared with



multi-trait (i.e. 3 or more traits) studies (176 papers, 21%), and we estimate that the true ratio of single
vs. multi-trait studies to be more significantly skewed towards single-trait studies. Our review is likely
conservative in assessing their prevalence because an unknown number of studies have likely been excluded
from this review because they do not self-identify as trait-based investigations of ecological processes, and
rather simply identify the particular trait investigated in relation to species distributions or abundances.
In considering single traits at a time, as a function of a species’ or ecological community’s response to
gradients of change, we risk overlooking the combined effect that a range of traits may have in explaining
those responses to change (e.g. multivariate traits for restoration design to resist invasion; Funk et al.
2008, and plant trait typologies along ecological gradients; Diaz et al. 2004). While there has been a trend
towards identifying a subset of traits that are strong indicators for ecosystem processes (e.g. Hausner et al.
2003), increasingly sophisticated statistical tools and computing power exist to deal with the greater model
complexity that comes with multi-trait based analyses of ecological relationships. For example, multi-matrix
modeling solutions enable the simultaneous assessment of relationships between species abundances and/or
distribution data, environmental gradients of change and the role that traits play in mediating changes
in biodiversity and assemblages in the face of environmental change (Dray et al. 2014, Wang et al. 2012,
Brown et al. 2014). Comparatively simple techniques available in standard multivariate statistical tool kits
and packages include parametric and non-parametric techniques for variable reduction and synthesis of
trait combinations. Traditionally, techniques such as principal component analysis, non-metric dimensional
scaling and clustering are most commonly used for identifying trait groupings and trait typologies, while
systematically reducing variables included in models, and these remain powerful techniques fit for that
purpose (Legendre & Rogers 1972, Legendre & Legendre 1998).

Accounting for intraspecific trait variation in predicted responses to global change

In our review, only 38 papers specifically reference investigating the intraspecific trait variation in their
system, while interspecific variation dominated in most of the papers either explicitly or implicitly. In practice,
the acquisition of high-resolution trait information measured for individuals within populations is labour
intensive and often specific to a temporal, spatial, and ecological context (e.g., lipid content or energy density
of prey species). Aggregate values of this information, when available, can be taken at a species level and
used to model broader patterns in the responses to environmental or ecological variables of population-to-
species. The majority of large-scale trait-based modelling occurs at the population to species resolution (e.g.
Spencer et al. 2019). But species do vary in the magnitude of intra- versus inter-specific variation in their
traits (i.e. many species vary greatly in traits across ontogeny). Individuals within a population may possess
traits that confer advantages for dispersal to or persistence within changing ecosystems (Mufoz et al. 2016,
Archambault et al. 2018). Coarse resolution trait-based modelling may therefore overlook nuanced ecological
processes when intraspecific variation is ignored; therein lies a trade-off between trait-to-system relevance and
high data collection effort, compared to reduced information availability and low trait-to-system specificity.
The choice ultimately comes down to the need for understanding system-specific processes versus trait-based
synthetic products that can provide answers to practitioners and managers now but that may contain intra-
specific inaccuracies. Issues with aggregating information at a population-to-species level need to be explicitly
acknowledged, where for example traits are known to vary within species and at the scale of the environmental
gradients examined. Best practice in trait-based analyses of ecological variance should strive for the selection
of appropriate trait resolution (i.e. binary, categorical, continuous) and the scale of trait measurements
(i.e., spatial/temporal scales as well as scales of intraspecific variation). Our review highlights the need for
international efforts to aggregate and make accessible trait information (ranging from individual to species-
level metrics) via platforms for knowledge sharing and reporting. Prominent examples include FishBase
(for fish, Froese and Pauly 2019), Seal.ifeBase (for marine invertebrates, Palomares & Pauly 2019), TRY
(for plants, Kattge et al. 2011). But many studies report undertaking significant additional curation of the
information acquired from these databases. Manual curation, handling, cleaning, and archiving of trait-based
data is labour intensive and costly, ideally requiring consultation with taxonomic experts, and represents
a significant barrier to elaborating trait-based approaches. Online repositories that facilitate collation of
regional, ecosystem-specific, or taxon-specific trait data collections could help to address some of these



barriers, however such efforts sustained baseline funding to maintain data archives, address user issues, and
continually evolve the repository and products to address emerging needs (see Gallagher et al. 2020).

Re-examining the past to inform future trait-based predictions

Ecology in the Anthropocene is characterized by the rise of cumulative effects on ecosystems, and thus there
is an urgent need to synthesize current trajectories of ecological change, predict future ecological outcomes in
relation to multiple drivers of change, and importantly, account for the naturally large number of components
affected and effecting change. The persistence or loss of species in novel Anthropocene ecosystems will depend
on several factors that may be predicted using traits: (i) species’ potential responses to environmental
forcing (dispersal, establishment, persistence), (ii) the capacity of species to affect community dynamics
(i.e. interactions strengths), and (iii) the combined effect of multiple anthropogenic forces on organisms’
interactions with the environment and one another ( i.e. either additive, antagonistic, synergistic), and (iv)
the type and duration of stressors (e.g. Hillebrand and Kunze 2020). Further applications of trait-based
approaches to modelling and predicting ecological change are needed, as well as validations of such models.
Ample testing grounds exist ideally where ecological processes are reasonably well understood and where the
impacts of environmental change can be investigated in relation to that prior understanding of ecosystem form
and function. For example, numerous examples of community reassembly and varying degrees of ecosystem
modification are documented in the literature, particularly on trophic cascades and ecosystem engineers.
These examples have helped to shape our understanding of the processes and factors involved in generating
ecological outcomes of change; but hindsight also supplies much of what we know of the role of focal species’
traits in driving ecological outcomes.

Using the growing body of existing trait data, ecologists are positioned to build and test trait-based predic-
tions through hindcasting ecological outcomes in systems that continue to face rapid community reassembly.
Transition zone ecosystems— for example, regions at the boundaries between tropical and temperate coa-
stal ocean reef ecosystems in Australia, Japan, the Eastern Pacific and Western Atlantic (see Vergés et
al. 2014), where prominent coastal warming and ecological mixing zones persist—are areas where suites of
species are readily being redistributed due to environmental forcing. These boundary systems provide ex-
cellent opportunities to construct and test trait-based hypotheses of rapid ecological change. For example,
the ‘tropicalization’ of temperate reef systems is occurring due to multiple and interacting environmental
drivers of change (notably climate change, overfishing and the protection of ecosystems through marine park
designation) afford researchers expansive opportunities to propose and test hypotheses across gradients in
natural experimental setting (Text Box 1; Figure 8). Studies of key filtering traits such as thermal tolerance,
larval starvation resistance, and predator avoidance strategies for many marine species in these systems have
explained shifts in distribution and abundances of range expanders (Text Box 1; Figure 8). Additionally,
the warming of tropical systems will likely lead to transitions to new ecological states not observed in living
human time scales. These systems represent a need for generalisable, and trait-based predictive tools to
forecast ecological outcomes beyond recent ecological states. We suggest that focusing research effort in this
field on incorporating suites of traits into spatially-explicit process models of transition-zone ecosystems are
likely to yield the most fruitful tests and validations of trait-based global change predictions.
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Text Box 1: Re-examining the past to advance trait-based predictions for the future: Trait-based drivers of
ecosystem re-assembly following over-exploitation and climate change

The tropicalisation of temperate reefs in coastal southeastern Australia as a result of ongoing global change
represents a prominent example of abiotic and biotic traits facilitating species’ establishment in novel habi-
tats, resulting in local community phase-shifts (Figure 7). Since 1910, average ocean warming of >1QC and
a strengthening boundary current in the region have enabled poleward colonization of numerous tropical



and sub-tropical ‘vagrants’, as thermal barriers to their dispersal have been eroded (Poloczanska et al. 2007,
Figueira & Booth 2010; Figueira et al. 2009, Verges et al. 2014). While many species have successfully
dispersed to cooler latitudes, not all become established and fewer still go on to affect the form and function
of novel ecosystems. However, the range expansion of an ecosystem engineer - the diadematid sea urchin
Centrostephanus rodgersii - from tropical reefs off New South Wales (NSW) to temperate reefs off Tasmania
has had major ecological repercussions, threatening kelp forest ecosystems in this region already affected by
ocean warming (Johnson et al. 2005, Ling et al. 2009a).

Several abiotic, dispersal, and trophic traits likely simultaneously contributed to the successful range and
abundance expansion of C. rodgersii under changing environmental conditions. Namely, the species possesses
high dispersal potential in the larval phase (Andrew & Byrne 2001; Johnson et al. 2005), being morpholog-
ically adapted for long distance travel in the plankton, resilient to low food quality and quantity, and with
long pelagic larval duration (> 100 days; Emlet et al. 2002, Soars et al. 2009). In addition, C. rodgersii is
a moderately fast growing sea urchin, likely reaching a critical size for predator avoidance within 4-5 years
even in novel higher-latitude ecosystems, they are nocturnally active and hide in complex reef habitat by
day (Ling et al. 2009b, Andrew & Byrne 2001).

While the removal of thermal barriers combined with dispersal-related life history traits facilitated initial
range expansion by C. rodgersii , these changes also coincided with the prior growth overfishing of a key
bottom-dwelling predator capable of foraging on temperate reef invertebrates including urchins - the spiny
lobster Jasus edwarsii . Both a reduction in abundances and body sizes (which influences their amount of
crushing force on prey) of these predators may have effectively reduced predation pressure on colonizing sea
urchins on Tasmanian reefs to levels that facilitated urchin establishment and population growth. Combined
with changing abiotic conditions, predator loss from the system likely resulted in over-grazing of kelp beds,
and loss of kelp-dominated ecosystems in this region (Barrett et al. 2009, Ling et al. 2009b).
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Figure 1. Trait-based filters of species range and abundance mediate the effects of global change on
ecological communities. Ellipse = species geographic range; colour = species identity; shape = trait types;
shape size = relative abundance, arrow thickness = strength of consumptive interactions within local food
webs. A. Many traits (e.g. thermal tolerances) mediate species’ interactions with their abiotic environment,
setting limits on species’ potential geographic ranges (i.e. fundamental niche space; Filter 1). Within this
fundamental niche space, dispersal traits (e.g. larval duration) further restricts range (Filter 2). Finally,
traits govern the strength and nature of biotic interactions (e.g. foraging mode), further refining range and
modifying local abundance. B. As abiotic conditions shift, a priorknowledge of species’ traits and their
influence on filters 1-3 may allow us to predict changes in local species composition and abundance. For
example, diamond vs star traits for the new grey species in B.
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Figure 2

Figure 2 . Temporal patterns of studies published in various categories over the years covered by our review.
A = All studies, B = studies by ecosystem type, C = studies by taxonomic focus, D = studies by trait type,
E = studies by level of environmental filtering, F' = studies by global change drivers.
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Figure 3. Visualizing trait-based ecology research by ecosystem type and taxonomic focus (x-axis), and
level of environmental filtering and trait type (y-axis). Colour intensity relates to the number of research
studies at the nexus of these domains.
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Figure 4. Visualizing trait-based ecology research by ecosystem and type of study (x-axis), and level of
environmental filtering and trait type (y-axis). Colour intensity relates to the number of research studies at
the nexus of these domains.
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Figure 6. Non-metric multidimensional scaling (nMDS) plot visualizing the multivariate assemblage of
traits applied within ecological research (each point = one study) according to: A) driver(s) of global change
examined, B) level of environmental filtering, C) whether or not the studies generated ecological predictions,
D) the type of study, E) focal ecosystem, and F) focal taxonomic group. Two-dimensional distance between
points represents dissimilarity between multivariate trait sets in each study; shaded area represents the
multivariate space occupied by studies in each level of the corresponding grouping factor.
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Figure 7. A variety of methods generate traits-based predictions of ecological response to global change.
Approaches vary in the scale and resolution of trait data inputs and predictive outputs (see Fig 1). To
date, trait-based studies focused on global change prediction have been limited (<3% of 822 papers). Here
we highlight some of the studies that explicitly predict future ecological outcomes based on trait-based
interactions, and types of environmental filtering they consider. Size of the grey triangle represents the
relative abundance of each study type within 22 predictive global change papers; trait-based distribution
models are most common, while spatially explicit trait-based process models are least common. * Analyses
are not spatially explicit. 'Eckloff et al. 2015,20zkundakci et al. 2016, 3Cattano et al. 2018, *Jacob et al.
2011,°Fordham et al. 2012, SWhitney et al. 2017, "Edmunds et al. 2014.
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Figure 8. Can trait-based environmental filtering explain ecosystem shifts under global change? By the
late 1990s, climate change and over-exploitation had both begun to alter environmental filters on marine
species’ abiotic, dispersal, and biotic traits, leading to rapid range expansion of the ecosystem engineer
Centrlostephanus rodgersii from New South Wales (NSW) into Tasmania in Southeastern Australia. Ocean
warming raised coastal temperatures off Tasmania above critical thermal limits for C. rodgersii larval survival
(a key abiotic trait). A long larval phase and resistance to starvation (two dispersal traits) facilitated
C. rodgersii colonization of Tasmania from NSW, where populations of nocturnal predators adapted to
crushing bottom-dwelling prey such as C. rodgersii (trophic interaction traits) had been depleted due to
over-harvesting.
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