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Abstract

1. The emergence of functional ecology has changed the focus of ecological re-

search from investigating patterns of species diversity to understanding how
species traits relate to specific ecological processes generating these patterns.
Traits, ecological patterns and processes can be shared and driven by species

from distantly related taxonomic groups.

. Crossing the boundaries among distantly related taxonomic groups is still a chal-

lenge and a critical knowledge frontier in functional ecology. A cross-taxa ap-
proach, merging trait data across distantly related taxonomic groups, could fill
this gap. In this context, functionally analogous traits, that is traits that may
have distinct ontogenetic origins yet represent similar processes, comprise an
important recent advance in functional ecology. However, which taxa and traits
(be them analogous or not) have been used in research with multiple taxa, and
whether (and how) these data have been combined, still needs to be elucidated.

. We reviewed articles published in the last 75 years to investigate the use of traits

in functional research involving multiple taxa. Our search returned 1006 articles,
and a subset of 96 was filtered for data extraction. Studies covered a total of
134 taxa and 491 different traits; they were predominantly observational, and

focussed on community ecology and ecosystem monitoring.

Guilherme O. Longo and Mariana G. Bender share senior authorship of this study.
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1 | INTRODUCTION

Looking at nature from the perspective of functional traits has re-
invented ecology (Cernansky, 2017), primarily because functional
ecology switched the focus of ecological research from species to
ecological process (Bellwood et al., 2019; Diaz et al., 2016; Diaz
& Cabido, 2001; Enquist et al., 2015; McGill et al., 2006; Violle
et al., 2007). Therefore, this research field allowed a deeper un-
derstanding, for example, of mechanisms underlying species dis-
tribution (Cavender-Bares et al., 2009; Webb et al., 2002) and
diversification (Floeter et al., 2018; Siqueira et al., 2020). Functional
ecology has also been used to estimate the strength of species in-
teractions within food webs (McFadden et al., 2022), the contribu-
tion of individuals and species to community structure (Cianciaruso
etal., 2009; Cooke et al., 2019; Diaz et al., 2016; Pimiento et al., 2020;
Violle et al., 2007) and the potential biological impacts of extinc-
tions on ecological networks (Bastazini et al., 2022) and communi-
ties (Carmona et al., 2021; Cooke et al., 2019; Pimiento et al., 2020;
Waechter et al., 2021). Also, trait-based approaches can reveal im-
portant information on life history trade-offs (Cooke et al., 2019;
Diaz et al., 2016; Junker et al., 2023), ecological functions and critical
processes (Lavorel & Garnier, 2002), going beyond population pa-
rameters in nature conservation, management and restoration initia-
tives (Carlucci et al., 2020; Miatta et al., 2021; Mouillot et al., 2013).

The concept of functional diversity was developed in the
context of plant ecology, but it is now widely applied to a grow-
ing number of taxa, including birds (Tobias et al., 2022), arthro-
pods (Brousseau et al.,, 2019; Wong et al., 2019), fish (Gomes
etal., 2023; Hadj-Hammou et al., 2021), corals (Madin, Anderson,
et al., 2016), zooplankton (Martini et al., 2021) and even micro-
organisms such as bacteria (Ortiz-Alvarez et al., 2018) and vi-
ruses (Hurwitz et al., 2015). The expansion of functional ecology

4. Our review showed that current knowledge in this field relies on a limited number
of response variables, particularly taxonomic diversity (e.g. species richness and
abundance within functional groups). Also, the field relies on a limited number of
taxa (e.g. plants, birds and mammals) and trait types (diet, size, habitat and dis-
persal). Two-thirds of the articles (n=72) used functionally analogous traits, and
one-third of them (n=32) employed a cross-taxa approach.

5. We mapped the limitations of current research in functional ecology involving
multiple taxa, presented ecological questions to a functional cross-taxa research
and showed directions to pushing the limits of this research field. Our review
aimed to encourage researchers in the field of functional ecology to move beyond
single taxa and traits, and to integrate more branches and dimensions of the Tree

of Life in their research.

ecosystem functioning, effect traits, functionally analogous traits, multiple-taxa, multitaxa,
systematic review, trait-based ecology

across the Tree of Life offers new perspectives and raises issues.
For example, effectively crossing the boundaries among distantly
related taxonomic groups (i.e. Class, Phylum; Aubin et al., 2013)
remains challenging due to difficulties in finding equivalent traits
and functions across groups (Weiss & Ray, 2019). Crossing such
taxonomic barrier is crucial for uncovering the general princi-
ples that govern species interactions (Schleuning et al., 2023)
and abundance distributions across space (Brown, 1984; Brown
& Nicoletto, 1991; McGill et al., 2007; Preston, 1948), as well as
determining the significance of individuals, species, and traits in
ecosystem functioning (Weiss & Ray, 2019). Within this context,
the study of multiple taxa in functional trait analysis can com-
plement the traditional approaches that focus on individual taxa,
enabling the identification of patterns and general processes
that govern various ecosystems (Brandl et al., 2023; Brown
et al., 2004; MacLean & Beissinger, 2017; Schmera et al., 2017).
For instance, approaches using multiple taxa can enhance
predictions of diversity patterns across environmental gradi-
ents, such as elevation (Mori et al., 2015), temperature (Brown
et al., 2004), productivity (Hawkins et al., 2003) and urbanization
(Nagy et al., 2018).

It has long been recognized that ecological communi-
ties and their interactions can be effectively characterized by
species' universal traits, also known as ‘supertraits’ (Madin,
Hoogenboom, et al., 2016), such as body size or trophic position
(Bergmann, 1847; Brandl et al., 2023; Brown & Nicoletto, 1991;
Brown et al., 2004; Elton, 1927; Margalef, 1963). Such organis-
mal traits can be translated into common currencies of mass and
energy, and have contributed substantially to the understanding
of processes happening at higher organizational levels, such as
population abundance, species interactions, community species
richness and the energy flux within ecosystems (Allen et al., 2005;
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Brown et al., 2004; Elton, 1927; Enquist et al., 2015). Although
approaches based on single traits can be sufficient for mechanisti-
cally predicting ecological processes (Butterfield & Suding, 2013;
Lavorel & Garnier, 2002), they fail to explain variation on eco-
logical processes through space and time (Lefcheck et al., 2015)
and generally do not consider trait variance in their predictions
(Enquist et al., 2015). This unexplained variation could be further
explained by alternative, multiple niche axes such as habitat and
mobility (EkI6f et al., 2013), colour (Spaniol et al., 2020), phenol-
ogy (Kraft et al., 2015), stoichiometry (Meunier et al., 2017) and
metabolites (Walker et al., 2022). Although organism fitness might
depend on the trade-off between traits (e.g. energetic allocation
to growth vs. reproduction vs. survival) (Diaz et al., 2016; Junker
et al., 2023; Marshall & White, 2019; Schiettekatte et al., 2022;
Woiiest et al., 2018), ecosystem-level processes such as nutrient
cycling and stability may depend on trait complementarity among
multiple taxa (Diaz & Cabido, 2001; Schiettekatte et al., 2022).
For instance, the same ecological function may be determined
by different traits depending on the species; body size in ants
and jaw morphology in mammals influence seed predation rates
(Kelt et al., 2004); fish and shrimp have different traits, but both
perform cleaning mutualism (Quimbayo et al., 2018; see Box 1).
Studying multiple taxa through multiple traits has the potential
to help establish a formal link between trait diversity, organismal
performance and ecosystem function (Diaz & Cabido, 2001). It is
rare to find studies that explore the general principles governing
ecological communities, spanning from ants to mammals or taxa
encompassing multiple trophic levels, while using multiple traits
(or niche dimensions) from these distantly related taxonomic
groups. However, recent studies have managed to overcome these
difficulties, exemplified by the works of Capdevila et al. (2020),
Junker et al. (2023) and Schleuning et al. (2023). Yet, a compre-
hensive state-of-the-art investigation that involves multiple taxa
and traits, and establishes the necessary conceptual foundations,
is still lacking.

Most recently, the concept of functionally analogous traits rep-
resented an important advance for comparing functional diversity
patterns based on multiple traits and taxa (Weiss & Ray, 2019).
Functionally analogous traits are commonly characterized by traits
with different ontogenetic origins across organisms that perform
similar functions. For instance, a pioneer functional study involving
multiple taxa combined ‘response traits’ (see Glossary) such as size
(plant height and animal size), dispersal (agent of plant dispersal and
animal mobility), among others regarding habitat and habits, which
together revealed similar strategies of survival, recovery and disper-
sal in plants and animals facing disturbances (Moretti & Legg, 2009).
Beyond community responses to disturbance, analogous traits have
been used to identify life history trade-offs for animals and plants
(Anderegg et al., 2018; Capdevila et al., 2020; Junker et al., 2023).
However, the main potential of crossing taxonomic barriers (i.e.
going across taxa) lies in ‘effect traits’ (see Glossary), which empha-
size ‘what’ an organism does in the ecosystem, regardless of ‘who’
and ‘how’ it does it (Weiss & Ray, 2019).
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We define functional cross-taxa research as the ecological re-
search merging morphologically and/or ecologically similar traits,
shared across distantly related organisms, with the aim of exploring
topics ranging from the ecosystem properties to eco-evolutionary
processes underlying trait patterns across coexisting taxa. This is
a new and emerging field with vast unexplored research potential
that lacks a formal contextualization and framework. Functional
cross-taxa research draws inspiration from two main research
lines. The first involves searching for correlated responses of dif-
ferent taxa to environmental gradients and stressors, classically
addressed using species richness, taxonomic diversity and compo-
sition (Gaston, 2000; Heino et al., 2009). The second approach uses
one (Brown et al., 2004) to multiple functionally analogous traits
(Weiss & Ray, 2019) to uncover mechanistic explanations for how
distantly related organisms are influenced by their environment and,
more importantly, how they affect and shape their environment (e.g.
Barros et al., 2016; Pimiento et al., 2020). The functional cross-taxa
approach differs from comparative, multitaxa approach because the
former uses similar trait axes across taxa, while the latter uses in-
dependent trait axes across taxa. For instance, a functional cross-
taxa research can address ecosystem resistance to disturbances by
simulating whether a functional diversity metric (often measured
in the context of an n-dimensional hypervolume) of all component
communities, built by merging functionally analogous traits of dis-
tantly related taxa, will decline under disturbances and/or extinction
scenarios (Pimiento et al., 2020). In its turn, a multiple-taxa approach
can only show the resistance of a specific taxon or a group of taxa
with congruent responses to the disturbances. This approach con-
sists of observational, experimental or simulation studies exposing
several taxa to disturbances in parallel and, at the end, comparing
whether functional diversity correlates across taxa. Furthermore,
traits being used are independent across taxa, and may or may not
be functionally analogous. Thus, these approaches differ substan-
tially in the potential inferences about ecological patterns and pro-
cesses mediated by traits.

To provide a state-of-the-art overview of the use of multiple traits
and taxa in functional ecology, we conducted a review of articles
published in the last 75years and performed a quantitative analysis
of this literature. Our review synthesized the complex relationships
among studies, taxa and traits, revealing (i) the predominant ecolog-
ical subdisciplines (e.g. environmental monitoring, community ecol-
ogy and conservation) and response variables used in studies, (ii) the
core group of taxa that are predominant in functional multitaxa and
cross-taxa research, (iii) the potential biases in the studied taxa and
ecosystems based on the representativeness of the Tree of Life in
this research, (iv) the proportion of studies combining or comparing
traits (see Glossary), and the trait types used in each approach and
(v) the relationship between the number of traits and the taxonomic
distance between studied taxa (as the number of available and de-
finable traits can decrease with greater taxonomic distance between
taxa; Weiss & Ray, 2019). Our review also identified limitations in the
published research, particularly the paucity of methods for merg-
ing distribution and trait data, as well as the difficulties in defining
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BOX 1 Ecological questions to functional cross-taxa research.

1. In deserts, birds, rodents and ants feed on and disperse seeds (Brown et al., 1979). While there is a broad literature on this
subject (e.g. Kelt et al., 2004; Saba & Toyos, 2003), it seems that granivory rates are spatially and taxonomically idiosyncratic.
Experiments in the Monte Desert of Argentina by Saba and Toyos (2003) showed birds as the major granivore group in this site
over seasons—followed by rodents and ants—whereas experiments in the Sonoran Desert of North America by Brown et al. (1975)
revealed rodents and ants as the most common granivores rather than birds (see global comparisons in Brown et al., 1979; Saba
& Toyos, 2003). The phylogenetic distance between these organisms makes it possible to gather functionally analogous traits in
a cross-taxa approach to answer questions such as: Do desert ecosystems function similarly worldwide? Would granivory, calcu-
lated across taxa, be constant across deserts? As it is not always feasible to conduct experiments over large spatial scales, by ap-
plying a cross-taxa approach we could use traits as proxies of granivory (see tab. 1 in Brown et al., 1979). Granivory might vary with
daily (rodents during the night, ants during the day) and yearly activity (either seasonal or not) in function of metabolic constraints,
organism size, and dispersal (whereby rodents gather several seeds at once and have limited dispersal, whereas ants and birds
gather only one seed at time, but birds have higher dispersal capacity; Brown et al., 1975, 1979). Furthermore, ants are much more
numerous than rodents and birds, especially close to ant colonies (Brown et al., 1975) which demands weighting traits by organ-
ismal abundance/biomass. Then, after gathering data on functionally analogous traits related to granivory for all taxa and weight
them by abundance, we could project traits in a multidimensional trait space (Blonder et al., 2014; see Carvalho & Cardoso, 2020
to deal with categorical variables in hypervolume estimation), make computational experiments removing granivores, and comput-
ing changes in the trait space (Blonder et al., 2014; Carvalho & Cardoso, 2020; Mammola & Cardoso, 2020). One could make this
experiment per site and region/desert to show whether the hypervolume structure is maintained along the experiment. Also, data
from in situ experiments could also be embedded into this framework to improve estimations.

2. In reef ecosystems, cleaning interactions established by fish and shrimp involves a diverse set of traits that goes beyond simple
body size (as classically established by Elton, 1927), since traits such as specialization/dedication, colour, and water column posi-
tion can determine cleaning frequency and interaction strength (Quimbayo et al., 2018). Following interactions can be established
by different marine organisms (e.g. fish, invertebrates and marine mammals) with traits (i.e. diet, activity period, mouth position
and behaviour) which determine their role within interactions (i.e. nuclear or follower). While large-bodied species with inferior
mouths, forming medium groups are mostly nuclear species, small-bodied species inhabiting the bottom are recognized as follower
species (Inagaki et al., 2020). Thus, including multiple traits from different taxa can improve estimates of interaction strength be-
tween taxa (EkI6f et al., 2013) and reveal species' role within interactions.

3. A functional cross-taxa approach matching species traits and extinction risk can help identify traits that enhance organisms' vul-
nerability to multiple extinction threats (Cooke et al., 2019; Pimiento et al., 2020; Waechter et al., 2021). This approach may reveal
the degree to which ecosystem functions are compromised by redundancy and abundance patterns of different taxa. Such an
innovative approach was used to compare functional traits across disparate marine megafauna groups (mammals, fish, sea turtles,
sea birds and molluscs) and found, across taxa, a severe loss of function with the loss of species (Pimiento et al., 2020). Similarly,
species traits and extinction risk of 15,484 land mammals and birds indicate that the ecological strategies of most species include
rapid life-history, small body size, invertivore diets, and generalist use of habitats (Cooke et al., 2019). While land birds and mam-
mals share a limited portion of the trait space (31%), greater extinction risks for both groups concentrate on a similar spectrum of
ecological strategies: slow life history, large body size, herbivore diet, and specialized use of habitats. Their projections show that
future terrestrial ecosystems will likely consist of small sized, fast-lived, fecund and generalist mammals and birds with a limited
range of ecological functions (see also Carmona et al., 2021).

4. Several recent studies have shown life-history trade-offs using a functional cross-taxa approach with multiple traits. Following
recent developments and applications of the life-history (Capdevila et al., 2020; Healy et al., 2019) and metabolic theory (Brown
etal., 2004, 2018), Junker et al. (2023) found that terrestrial animals (98 taxa from Insecta to Mammalia) could be disposed along a
trade-off between investment in reproduction (the classical r- and K-strategies, Pianka, 1970) and the timing and pace of life, both
being trait dimensions strictly connected with organism metabolic rates and body size (Brown et al., 2018). Trade-offs between
multiple traits might therefore determine organism fitness and performance in the environment (Wiest et al., 2018).

5. By studying taxonomic and functional diversity of moths, long horned beetles, and breeding birds in Indiana, USA, Murray
et al. (2017) showed taxon-dependent patterns of functional diversity in silviculture systems. A cross-taxa perspective applied
to this study could reveal how much trait and function complementarity and sharing/redundancy is lost with silviculture across
groups, highlighting loss of function with habitat modification and simplification.
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comparable traits across distantly related taxonomic groups. Finally,
we outlined promising directions for pushing the limits of research

on functional ecology.

2 | METHODS TO CHARACTERIZE THE
RESEARCH

2.1 | Literature review

We conducted a systematic literature review of peer-reviewed ar-
ticles to evaluate the methods and trends in functional/trait-based
research across multiple taxa, and examine how species traits have
been utilized in this research over time. We set a family level cut-
off to define studies as multiple taxa. Generally, organisms within
the same genus or family are expected to exhibit similar traits and
responses to the environment (Hadly et al., 2009), a trend known
as ‘ancestral niche conservatism’ (the lineages' trend to maintain
the ancestral niche; Wiens & Graham, 2005). Above these levels,
traits and environmental responses are more varied and tend to ex-
hibit weaker correlation among taxa (Anderegg et al., 2018; Hardy
etal,, 2012).

The review was conducted in the main collection of studies from
the Web of Science (Clarivate Analytics). We followed the PRISMA
protocol for reporting procedures of systematic reviews (Liberati
etal., 2009; Figure 51.1, Table S1.1). The search was conducted using
the keywords: ‘ecolog® AND ‘funct* AND ‘trait™’, combined with the
keywords ‘cross-tax* OR ‘multi-tax*’ OR ‘multiple-tax*’ OR ‘taxo*-
free’ (Figure S1.1).

The literature survey returned 1006 studies published from 1945
to the survey day (2020-06-08). Although we recognize that litera-
ture has been published in other languages (e.g. Konno et al., 2020),
we focussed on publications written in English because it provides a
representative sampling of the studied subject. The title, keywords
and abstract of each publication were screened to find whether
studies covered multiple taxa, as well as topics in functional ecology.
We collected data on 26 descriptors of each article that passed the
initial filtering phase (Table S1.2). With these descriptors, we built
a data set where each entry consisted of descriptors (columns) per

trait, taxon and article (rows).

2.2 | Ecological subdisciplines and
response variables

We evaluated the predominant subdiscipline and response vari-
ables using the information collected from the corpus of the sur-
veyed studies. The predominant subdiscipline of a study was based
on a list of possible ecology subdisciplines (Table 1). For each arti-
cle, we assessed the response variables, whether functional (FRic,
functional beta diversity, CWM, Rao'Q) or taxonomic metric (spe-
cies richness, diversity, beta and, gamma). Articles using the same
trait for different groups (e.g. size for both mammals and birds)

BRITISH 5
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TABLE 1 Main subdisciplines of ecology addressed by functional
research using multiple taxa. One study could fit more than one
subdiscipline.

Number

Subdiscipline of studies
Community ecology 52

Ecosystem monitoring 49

=
N

Conservation
Ecosystem functioning
Ecosystem services
Disturbance effects
Ecomorphology
Restoration
Climate-change ecology
Ecological networks
Ecophysiology
Macroevolution
Paleobiology
Trade-offs

B R R R R, R, N NN W N

and/or presenting strong arguments that different traits may indi-
cate the same ecological function (e.g. wings for birds and achene
for plants) were interpreted as articles that used functionally anal-
ogous traits. Articles using abundance (if stated in methods and
results) were further analysed to understand whether they used
abundance-weighted functional indices (e.g. FEve, FDiv, Rao's
Quadratic Entropy, CWM).

2.3 | Taxonomic scope & research context

To evaluate the taxonomic groups and ranks being studied, we ob-
tained the total number of articles per taxonomic group and rank
(from Family to Domain). The rank was defined as the highest rank
encompassing all species within a studied group. We used the no-
menclature of the National Center for Biotechnology Information
(NCBI). For example, a rank of ‘Family’ was attributed to a study
embracing Leopardus tigrinus, Leopardus guttulus and Panthera onca
(Mammalia, Carnivora, Felidae), and a rank of ‘Order’ was attributed
to a study of Leopardus tigrinus, Leopardus guttulus, Panthera onca,
and Cerdocyon thous (Mammalia, Carnivora). Nonetheless, one study
could include several ranks. For instance, Flynn et al. (2009) studied
birds (Class), mammals (Class) and plants (Phylum), contributing to
three taxonomic groups (birds, mammals and plants) and two ranks
(Class and Phylum). We built a network of taxonomic ranks as nodes,
and number of articles studying them as weighted links to evalu-
ate to what extent multiple taxonomic ranks were studied together.
We measured network nestedness (NODF metric, Almeida-Neto
et al., 2008) to identify a potential core of taxonomic ranks in cross-
taxa research. The observed NODF was compared with a random
NODF produced by 999 runs of the independent-swap null model.
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We built a meta-network that links taxa and studies (i.e. a network of
study networks linked by shared taxa). We built this meta-network
at the taxonomic level of ‘Kingdom’ (the node in this network) to
find connections between disparate branches of the Tree of Life, and
measured the degree of each node to explore the number of connec-
tions per Kingdom. Then, we measured the centrality degree to eval-
uate the relative importance of different taxa in the meta-network,
and meta-network connectance to determine the proportion of re-
alized interactions relative to the total number of potential interac-
tions among the studied taxa (in the network, nodes are above the
Subclass level). We also calculated the modularity of the complete
meta-network (Newman, 2006). Modularity measures whether
there are different sets of groups studied together more often than
others. The observed modularity was compared to a random modu-
larity produced by 100 runs of the ‘vaznull’ null model with modules
computed using the Beckett's method (Beckett, 2016).

We assessed the coverage of our review data across the Tree of
Life using the classification of Ruggiero et al. (2015) to all organisms
on Earth. We used a tree topology based on the taxonomic classifi-
cation of studied organisms above the Subclass level (nomenclature
of the NCBI), and highlighted the branches of taxa represented in
our review. The topology was based on the similarities of taxonomic
ranks across taxa (UPGMA clustering algorithm based on Jaccard's
distance). Studied taxa were mapped into the topology from the tips
to internal nodes of the tree by building an adjacency matrix com-

posed of internal nodes and tips.

2.4 | Combining or comparing traits

We classified studies under three different approaches: combined,
comparative or both. The combined approach consists of merging
distribution data and similar traits across all species taken together
from distinct taxonomic groups (e.g. Cooke et al., 2019; Pimiento
et al., 2020), while the comparative approach consists of studying
taxonomic groups in parallel, using independent trait sets, and com-
paring them at the end (Aubin et al., 2013; Kellner et al., 2019). The
combined approach has been used to identify life history trade-offs
across taxa (e.g. Junker et al., 2023) and simulate their functional vul-
nerabilities (e.g. Cooke et al., 2019; Pimiento et al., 2020). Combining
datais also a common procedure in geometric morphometrics meth-
ods (also known as ‘ecospace analysis’ or ‘ecospace modelling’, e.g.
De Esteban-Trivigno, 2011). In turn, the comparative approach is
often used in the context of ecological congruence and surrogate
taxa (e.g. Heino et al., 2009; Magg et al., 2019). Finally, studies using
both approaches are also possible as researchers can be interested
in ecological congruence between two different groups (e.g. birds
vs. bats), as well as richness within functional groups across taxa (e.g.
Renner et al., 2018).

We analysed this classification of combined and comparative
approaches in parallel with definitions of trait types to explore
the type of trait used in each approach. Given the broad variety
of traits in the surveyed research (Table S1.4), we allocated traits

into 12 distinct types based on recent efforts to classify traits (e.g.
Hadj-Hammou et al., 2021; Martini et al., 2021): diet, habitat, size,
reproduction, dispersal, behaviour, life habit, growth, defence, dis-
tribution and interactions (Table S1.4). Finally, we used the num-
ber of trait types and the number of taxonomic ranks (the number
of different taxonomic ranks within a single study), at the study
level, to investigate the shape of the relationship between the
number of taxonomic ranks and the number of traits per study. We
did so by fitting a Generalized Additive Model with Poisson distri-
bution to the data as In(y) = gy + f(xl) +&. The y is the response
variable (number of trait types) and In (natural logarithm) the link
function for a Poisson model, gy is the model intercept, f(x;) is
the smoothing function of the descriptor x; (the number of taxo-
nomic ranks), and ¢ is the error term taken from a Poisson distribu-
tion e ~ Poisson(4), where 1 is the mean number of trait types per
study. This model allowed us to identify non-linear relationships
between variables and a potential trade-off regarding the number
of taxonomic ranks and number of traits per study. We ran the
same analysis either by keeping or removing the outliers (articles
with >15 taxa, e.g. Gwinn et al., 2018), and replacing the number
of taxonomic ranks (study taxonomic range) by the mean pairwise
phylogenetic distance between taxa (MPD; Webb et al., 2002) for
articles with at least two taxa. We also ran two sensitivity analy-
ses to test whether (i) the allocation of traits into groups of trait
types affected the results and (ii) the trade-off would be main-
tained if we removed trait types from the dataset. For the second
sensitivity analysis, we used a randomization procedure where we
subtracted one trait category from the observed number of types.
We repeated this procedure 100 times, and made the subtrac-
tion of 10% and 20% of the dataset assembled from the reviewed
literature.

Analyses were performed in the R environment v.4.1.2 (R Core
Team, 2021) using the following packages: networks: ‘igraph’ (Csardi
& Nepusz, 2006); taxonomic classification: ‘taxize’ (Chamberlain
et al., 2020); Jaccard distance and UPGMA: ‘vegan’ (Oksanen
et al., 2020); topology tree: ‘phytools’ (Revell, 2012) and ‘daee’
(Debastiani, 2021); Poisson GAM: ‘mgcv’ (Wood, 2011).

3 | RESULTS FROM THE LITERATURE
REVIEW

3.1 | Ecological subdisciplines and response
variables

The systematic review resulted in a data set with 1336 entries, com-
prising 134 taxa and 491 traits from 96 different articles (Figure S1;
Table S1.3). Most studies were observational with species assem-
blage data collected at the local/site scale (81%, n=78), with the re-
maining studies comprising experiments (n=10) and meta-analyses
(n=6). Most research focussed on ‘community ecology’ (h=52), ‘eco-
system monitoring’ (n=49) and ‘conservation’ (n=12; Table 1), and
largely relied on taxonomic diversity indices (e.g. Shannon, Simpson,
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Margalef) to measure diversity within discretely defined functional
groups (Figure 1a). The most frequently used functional indices in
surveyed articles were Community-Weighted Means (CWM), func-
tional dispersion (including FDis and Rao's Entropy; Figure 1a).
Functionally analogous traits were often used in the surveyed re-
search (75% of the reviewed articles, Figure 1b) meaning that au-
thors are striving to represent similar functions across taxa, yet most
research only compares data. Phylogenies were rarely used in our
review data set (e.g. Thorn et al., 2020; Figure 1b). Nonetheless,
the use of abundance was frequent (56% of the studies). While 25%
(n=24) of the articles used indices that could be weighted by abun-
dance (e.g. FEve, FDis, FDiv), only 15 actually used abundance data,
revealing that the effective use of this type of data is still limited in

functional (multitaxa or cross-taxa) studies.

3.2 | The taxonomic scope & research context

Most taxonomic ranks retrieved from our review were Class, Phylum
and Order, with more than 40 studies per rank (Figure 2a). The links
between ‘Order - Class’ and ‘Order - Phylum’ predominated in our
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review (Figure 2b), showing that taxa from these taxonomic levels
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were frequently studied in conjunction. We detected a nestedness
(NODF index) of 31.72 in this network (lower and upper 95% con-
fidence interval: 28.97-33.32), showing that 31.72% of the links
of the least connected taxonomic ranks represented a subset of
the most connected taxonomic ranks (i.e. the core of taxonomic
ranks). Tracheophyta, Aves, Eutheria, Coleoptera, and Araneae
were the most frequently cited taxonomic groups in our dataset
(Figure 2c). The network at the Kingdom level showed that Metazoa
and Viridiplantae were often used together, and that Metazoa was
the most connected Kingdom, exhibiting the highest degree value
(Figure 2d).

The complete meta-network (Figure 51.2) showed that the most
often linked taxa (at the Subclass level or higher ranks, following
Ruggiero et al. (2015)) were birds (Aves) and mammals (Mammalia),
plants (Streptophytina) and winged insects (Neoptera), winged in-
sects and spiders (Arachnida), and plants and fungi. Given this taxo-
nomic composition, it is clear that most studies were carried out in
terrestrial ecosystems, representing 81.25% (n=78) of the studies,
whereasonly 8.3% (n=8),7.3% (n=7) and 1.04% (n=1) of the articles

were conducted in marine, freshwater and estuarine ecosystems,
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FIGURE 2 Barplot showing the identity of studied taxonomic ranks (a), bipartite network depicting the number of articles per pair of
taxonomic rank (b), barplot showing the number of studies of each taxonomic group (c) and (d) a meta-network depicting links between
pairs of Kingdoms. More than one taxon can be studied in the same article (see b), so that the sum of values in (a) and (c) is greater than the
total number of articles. In (d), links represent the connection between taxa from different Kingdoms in our review, and loops refer to links
between pairs of taxa within the same Kingdom. The multiple parallel lines represent the different pairwise combinations of taxa that link
two Kingdoms (e.g. Streptophytina and Neoptera with 16 studies, and connecting Viridiplantae and Metazoa, or Streptophytina and Fungi
with eight studies, and connecting Viridiplantae and Dikaria). Line width represents interaction strength within and between Kingdoms, and
circle size denotes the degree metric of each Kingdom (values in the legend; refer to Figure S1.2 for the complete meta-network).

respectively. Only two studies (2.08%) crossed ecosystems (ter-
restrial, freshwater and marine (MacLean & Beissinger, 2017), ter-
restrial and marine (Ruthrof et al., 2018)). Meta-network centrality
degree and connectance values were 0.27 and 0.25 (i.e. 25% of the
potential links are indeed realized), respectively. This meta-network
also presented a high modularity regarding taxa linked by the stud-
ies (Q=0.56), indicating that the number of interactions within each
module is 56% larger than what would be expected for a network
with the same number of modules (95% Confidence Interval of
Q: 0.34-0.39; Figure S1.3). There were six modules in this meta-
network (Figure S1.4). Among the largest ones, two comprised ter-
restrial taxa (Streptophytina, Mammals, Arachnida), and another one
comprised aquatic taxa (e.g. Crustacea, Echinodermata) (Figure 51.4).
Nonetheless, we observed missing links in the meta-network (i.e.
taxa not connected by studies), such as those between Aves and
Acari which have a host-parasite relationship, and Chlorophyta or
Cyanobacteria with vertebrates or invertebrates that interact in
food webs (Figure S1.4). Notably, dinoflagellates, cyanobacteria and
other microorganisms appeared as an isolated module from other
taxonomic groups in our review (Figures $1.2 and S1.4). About 20%
of the tips in the Tree of Life (57 out of 311) were mentioned in the
surveyed articles. Most research covered animal rather than plant
branches in the Tree of Life, although this can be an artefact of the
smaller size of animal clades relative to those of plants, bacteria,

fungi, and other microorganisms (Figure 3).

3.3 | Combining or comparing traits

Functional multitaxa research was more frequent than functional
cross-taxa research. Most research compared (n=>52) rather than
combined (n=32) data across taxa, and a minor portion used both
approaches (n=12). All approaches mostly used diet (combined:
26%, comparative: 19%, both: 27%) and dispersal traits (combined:
7%, comparative: 9%, both: 14%). The combined approach used size
traits more often than the comparative approach (20% vs. 12%; 16%
for studies using both approaches), while the comparative approach
used habitat traits more often than the combined approach (16% vs.
13%; both: 11%; Figure 4).

The number of trait types showed a peak at intermediate
numbers of taxa (taxonomic range) per study and at intermediate
taxonomic distances between taxa (MPD), regardless of outliers
(Figure 5a,b). The relationship was stronger between the number of
trait types and the number of taxa, than with MPD. The relationship

was similar, although weaker, between the number of taxa and the
raw number of traits per study (i.e. not allocating traits into groups
of trait types); no relationship was detected between the raw num-
ber of traits and MPD (Figure S1.5). These patterns persisted (similar
adjusted R? statistics) after randomly removing 10% and 20% of the
trait types (Figures S1.6 and S1.7).

4 | LIMITATIONS, PERSPECTIVES, AND
THE FUTURE OF FUNCTIONAL CROSS-TAXA
RESEARCH

We found that community ecology (structure or assembly) and
ecosystem monitoring were the main subdisciplines addressed by
functional research using multiple taxa. Taxonomic diversity (spe-
cies richness, abundance) calculated within functional groups was
the predominant metric used in our review, and terrestrial groups
such as Aves and Mammalia (or birds and mammals), as well as
Streptophytina and Fungi (or green plants and fungi) were more fre-
quently combined in comparison to a large number of other groups.
Indeed, we identified missing links in the meta-network, which we
think can be caused by biological reasons and lack of data. There
were a set of key traits such as diet, size, habitat and dispersal, which
underlies most functional ecology research with multiple taxa. We
detected difficulties in defining comparable traits across distantly
related taxonomic groups, as the number of trait types decreased
with taxonomic range (i.e. number of taxa per study) and taxonomic
distance (i.e. mean pairwise distance, MPD) between studied taxa.
Our review also showed that a functional multitaxa approach (data
comparisons across taxa, Weiss & Ray, 2019) was more frequent
than a functional cross-taxa approach (data combination across
taxa). We map these limitations in the next section (4.1), present
some ecological questions to functional cross-taxa research (Box 1),
and suggest directions to pushing the limits of functional ecology
research (Sections 4.2 and 4.3).

4.1 | Limitations of current functional research
with multiple taxa

Taxonomic diversity, calculated within functional groups (or func-
tional group richness), predominated relative to other metrics. This
is because functional ecology traditionally relies on assigning or-
ganisms to functional groups (Ryznar et al., 2021). Criticisms to the
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FIGURE 3 Tree topology of taxa within multiple taxa research in functional ecology (orange branches). The taxonomic tree was based
on the taxonomic ranks of studied organisms. Taxonomic nomenclature follows the National Center for Biotechnology Information
classification, and is above Subclass level. As some studies have identified varying taxonomic levels for the same organism (e.g. Acari,
Arachnida), we have opted to display all taxonomic ranks instead of solely showcasing the higher-level rank as the tree's edges.

functional-group approach fostered the development of metrics that
consider the whole range of species' trait values, such as distance-
based indices (e.g. Petchey & Gaston, 2006; Webb et al., 2002),
Community-Weighted Means (Garnier et al., 2004), convex hulls
(Cornwell et al., 2006; Villéger et al., 2008) and n-dimensional
(Hutchinsonian) hypervolumes (Blonder et al., 2014; Mammola &
Cardoso, 2020). The growing list of methods and indices to choose

from, associated with investment in high-resolution data collection
and the broad availability of traits databases, will possibly make the

use of quantitative traits more frequent, as recently seen in the field
(e.g. Carmona et al., 2021; Cooke et al., 2019; Junker et al., 2023;
Pimiento et al., 2020; Waechter et al., 2021).

Information contained in abundance data is still limited in func-
tional (multitaxa or cross-taxa) studies. Abundance is a fundamental
quantity in ecology and evolution (Brown, 1984; Preston, 1948) and
is central to functional ecology as the magnitude of ecological func-
tions and interactions changes with abundance (Bernard-Verdier
et al.,, 2012; Enquist et al., 2015; Mouillot et al., 2013). Abundance
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comprises a core factor linking traits to ecosystem properties.
Differences in relative abundance alter trait frequency at the com-
munity level through different individual fitness across gradients
(Chacon-Labella et al., 2023). In turn, shifts in the shape of trait fre-
quency distributions with the environment will impact ecosystem-
level processes (Chacon-Labella et al., 2023). We foresee that
abundance-weighted traits will strengthen the inference on ecolog-
ical processes, mostly for those processes that depend on taxa hav-
ing disparate abundance (e.g. rate of seed removal by rodents, birds
and ants; Kelt et al., 2004; see Box 1).

We identified missing links in the meta-network, likely caused by
two factors: (i) rare or weak interactions among taxa (e.g. algae and
mammals), (ii) understudied taxa resulting in lack of data. First, taxa
might not coexist or interact in communities of ecosystems, or can
explore the environment in different ways, resulting in less frequent/
weaker network links. Second, functional ecology reviews show
a biased availability of functional traits, which tends to be greater
for vertebrate taxa than for other groups such as invertebrates (e.g.
Brousseau et al., 2019). Also, the taxonomic composition in our re-
view suggests that most efforts have been concentrated in terres-
trial ecosystems, while this approach with multiple traits and taxa
is still developing in marine (Green et al., 2022; Martini et al., 2021;
Pimiento et al., 2020; Waechter et al., 2021) and freshwater eco-
systems (Gomes et al., 2023; Green et al., 2022; Heino et al., 2013;
Martini et al., 2021; Schmera et al., 2017; Xu et al., 2019).

Our review shows that diet, habitat, size and dispersal were the
trait types most often used in functional ecology research involving
multiple taxa. This key set of trait types can be merged in functional
cross-taxa research as they are broadly available in databases, apply
to multiple taxa, and relate to important ecosystem functions. For
instance, mammals, birds and ants can have similarities and a partial
overlap in diet and habitat preferences (e.g. eating seeds and living in
deserts, Kelt et al., 2004). Also, feeding habits, size and dispersal are
frequently used in functional studies of aquatic macroinvertebrates
(a broad group that comprises multiple taxa), generally in association
with reproductive traits (e.g. number of descendants per reproduc-
tive cycle; Schmera et al., 2017). In marine ecosystems, size, diet,
space use, gregariousness, and growth rate are widely used to char-
acterize reef fish (Hadj-Hammou et al., 2021; Mouillot et al., 2014).
In freshwater ecosystems, the most commonly utilized trait catego-
ries for characterizing the function of freshwater fish were feeding
and locomotion (Gomes et al., 2023). While the existence of a key set
of ‘supertraits’—traits responsible for multiple functions—enables
much research in functional ecology, this is one of the main weak-
nesses of the approach as the link between the traits being used
and the responses and processes they shape is often weak or indi-
rect (Bellwood et al., 2019; Streit & Bellwood, 2022). Investment in
experiments might help us identify traits of one group that modu-
late ecological interactions, responses, and ecosystem functions of
other groups (Schleuning et al., 2023), as well as to find common
functional currencies that might apply to many taxa (a point further
developed in Section 4.3; Brown et al., 2004; Meunier et al., 2017,
Walker et al., 2022). By doing so, functional ecologists can improve

their ability to make direct connections between traits, organism re-
sponses, and ecosystem functions (Bellwood et al., 2019; Enquist
et al., 2015; Schramski et al., 2015).

The number of trait types used in a single functional ecology
study with multiple taxa was influenced by the number of studied
taxa and, to a lesser extent, by their taxonomic distance. Although
adjusted R? statistics were generally low, our models showed a non-
linear, hump-shaped relationship between these variables. This
suggests there is a trade-off among trait complementarity, trait gen-
erality, trait availability and phylogenetic depth/taxonomic range.
While single-taxon research implies small phylogenetic distances,
low trait complementarity, many well-defined and available traits,
only few of these traits are relevant for describing ecosystem func-
tions. Therefore, two factors might explain the low number of trait
types used at small numbers of taxa and taxonomic distances. First,
this can result from choosing traits that are known and relevant to
describe ecological functions of these taxa (e.g. tooth shape to de-
scribe herbivory among mammals). Second, phylogenetic constraints
on ecological functions (e.g. primary productivity by vascular plants,
algae, and cyanobacteria; secondary productivity by herbivores)
might explain that pattern. For example, within a trophic level, the
number of trait types needed to measure function (e.g. biomass pro-
duction by plants, feeding rate by herbivores) might remain nearly
constant with increases in phylogenetic distance among taxa.

We found a peak in the number of trait types used by the studies
atintermediate levels of numbers of taxa and phylogenetic distances.
This pattern can arise because researchers are struggling to compare
or combine a broad range of ecological responses and functions by
increasing trait complementarity and phylogenetic distance among
studied taxa (Cadotte et al., 2011, 2017; Diaz & Cabido, 2001).
Alternatively, it can arise simply because more traits were needed to
compare or combine functions across taxa, as the number of func-
tionally analogous traits decrease at this point. In other words, it may
be challenging to find traits that can be combined for taxa belonging
to different phyla or kingdoms (Weiss & Ray, 2019).

Further increasing taxonomic range and phylogenetic distances
implies high trait complementarity, and few generic but broadly ap-
plicable and available traits. In other words, the higher the number of
taxa and taxonomic distances between them (i.e. greater taxonomic
range; top right region in Figure 5a), the lower the trait resolution and
the number of traits that taxa would share. In a functional cross-taxa
approach, larger phylogenetic distances might hamper trait acqui-
sition (in methodological and analytical terms) and, potentially, the
inference on ecosystem processes because organisms can respond
differently to or affect differently the ecosystem (i.e., no functional
overlap/complete complementarity) (Brousseau et al., 2019; Weiss
& Ray, 2019). Also, a functional cross-taxa approach might be more
feasible at broad scales of analysis (hundreds of meters to kilome-
tres), as organisms tend to converge their response to broadscale
gradients such as temperature and energy (Brown et al., 2004).
Nonetheless, the taxonomic coverage of a functional cross-taxa
approach might be limited at local scales by (i) differential disper-
sion, use of habitats, and sensitivity to microhabitats by large and
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small organisms, (ii) issues of sampling multiple taxa with common
or complementary protocols that capture ecological patterns and
processes at comparable scales. Of course, this trade-off is complex
and summarizes the challenge of cross-taxa approaches, resulting
in a paucity of functional cross-taxa studies in ecological literature.
Future studies may consider the state of the art presented here to

further advance this line of research in functional ecology.

4.2 | Overcoming taxonomic boundaries in
functional ecology

A functional multitaxa approach (data comparisons across taxa, Weiss
& Ray, 2019) was more frequent than a functional cross-taxa approach
(data combination across taxa). In fact, efforts to apply a cross-taxa per-
spective in functional ecology are rather recent (Cooke et al., 2019;
Junker et al., 2023; Pimiento et al., 2020; Waechter et al., 2021), and
the predominance of comparative studies could result from the longer
use of ecological congruence/surrogate frameworks in ecological mon-
itoring research (Aubin et al., 2013; Gaston, 2000; Heino et al., 2009)
and the unavailability of functionally analogous traits for several taxa
(Weiss & Ray, 2019). While comparing diversity among multiple taxa
and finding surrogate taxa has been at the core of ecosystem monitor-
ing (e.g. Heino et al., 2009; Magg et al., 2019), we advocate that using a
functional cross-taxa approach (i.e. explicitly merging distribution and
trait data across organisms) will open new avenues for research, im-
proving our ability to understand the drivers of ecosystem structure
and change. Crossing taxonomic boundaries may improve understand-
ing of ecosystem functioning and its vulnerabilities across the tips of
the Tree of Life, which is possible thanks to the burgeoning interest
in functional ecology (Brousseau et al., 2019; Cadotte et al., 2011),
and the proliferation of published trait databases for a wide range of
taxa (e.g. Brousseau et al., 2019; Kattge et al., 2020; Madin, Anderson,
et al., 2016; Quimbayo et al.,, 2021; Tobias et al., 2022; Wong
etal., 2019).

A recent challenge to functional ecologists has been to iden-
tify emergent properties of whole communities and ecosystems.
The range of ecosystem functions addressed in any study seems to
depend on trait complementarity among component taxa, whereas
ecosystem resistance and resilience might rely, at least in part, on the
number of taxa performing the same function (Cadotte et al., 2011,
Diaz & Cabido, 2001). Thus, complementary functions performed by
organisms within an ecosystem, and also the functions shared among
them, may be better described if community assessments include
more phylogenetically distant taxa. For instance, under experimental
settings, both ecosystem multifunctionality and single functions (litter
and biomass production, habitat structure complexity, and decompo-
sition) scale positively with MPD among taxa in a community (Cadotte
et al., 2017). This requires ecosystem properties to be assessed from
the perspective of their whole components rather than a sample of
taxa based on methodological convenience (Margalef, 1963), or from
a set of taxa with representative functions in the ecosystem (e.g. pri-
mary producers, predators, facilitating and pioneer species; Aubin
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et al., 2013; Flynn et al., 2009; Moretti & Legg, 2009). Taxonomic
coverage enables crossing geographical barriers when inferring, for
instance, common rules of assembly (Lessard et al., 2012) and organ-
ism response to climate change (MaclLean & Beissinger, 2017; Pinsky
et al., 2022) across regions and realms.

Studies scattered throughout the literature show how to inte-
grate distribution and trait data to quantify ecosystem resistance and
resilience at regional scales (Waechter et al., 2021) and global scales
(Cooke et al., 2019; Newbold et al., 2020; Pimiento et al., 2020; see
Box 1). These studies show that addressing ecosystem resistance to
disturbances will benefit from a cross-taxa approach, from which it
is possible to know whether distantly related taxa can perform sim-
ilar and vulnerable functions, as those of threatened taxa (Pimiento
et al., 2020; Waechter et al., 2021). By merging trait data across
taxa, including 15,484 species of land mammals and birds, an un-
precedented loss of ecological functions has been detected and con-
nected to human impacts (Cooke et al., 2019). In another initiative,
25,166 land vertebrate and invertebrate species were allocated to
broad functional groups to show that large endotherms, small ec-
totherms, carnivores and fungivores were negatively influenced by
human activities (Newbold et al., 2020). Measuring ecological func-
tions across multiple taxa can help us understand whether func-
tional redundancy could be really interpreted as a ‘life insurance’
for ecosystem functioning in a changing world. Recent studies have
also revealed that organisms can be arranged along life-history trait
gradients (Cooke et al., 2019; Diaz et al., 2016; Junker et al., 2023),
suggesting that it will soon be possible to depict spatial patterns
of trait distribution (and vulnerability) across taxa. A functional
cross-taxa approach matching species traits and extinction risk can
better identify traits that enhance organisms' vulnerability to mul-
tiple threats (Cooke et al., 2019; Pimiento et al., 2020; Waechter
et al., 2021). This approach may also reveal vulnerable ecosystem
functions that rely on different taxa, their vulnerability, redundancy,
and patterns of abundance. In the Atlantic Ocean, a functional cross-
taxa study looking at the ecosystem functions of reef vertebrates
showed that the loss of mesopredators has a greater impact on the
functional structure of reef vertebrate assemblages compared to
the loss of species performing other ecosystem functions (Waechter
et al,, 2021; see also Box 1).

4.3 | Finding common currencies for functional
cross-taxa research

We might need common ‘functional’ currencies for functional
ecology—traits that can be combined across most of the Tree of
Life. While such common currency could be functionally analo-
gous traits, other approaches could be complementary. For
instance, energy and matter can be used as common universal cur-
rencies to unite all life forms, from Archaea to blue whale (Brandl
et al.,, 2023; Brown et al.,, 2004, 2018; Capdevila et al., 2020;
Enquist et al.,, 2015; Healy et al.,, 2019; Junker et al., 2023;
Margalef, 1963). Terrestrial organisms (98 taxa from Insecta to
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Mammalia) can be arranged along a common currency, the ‘animal
economics spectrum’, that represents a trade-off in life history
strategies of species (Junker et al., 2023; see Box 1). Such trade-
offs seem to be consistent across both terrestrial and aquatic
organisms, despite the fundamental differences in life-history
strategies between them (Capdevila et al., 2020). Stoichiometry
(Meunier et al., 2017) and metabolome (Walker et al., 2022) are
other promising common currencies and approaches that might
reveal important trade-offs in life-history traits. Stoichiometry
describes trade-offs between environmental availability/element
fluxes and organisms' nutrient uptake (Meunier et al., 2017), which
are fundamental parameters describing organism fitness, perfor-
mance and function (Arnold, 1983; Violle et al., 2007). The metab-
olome, in turn, informs on the diversity of metabolites synthesized
when organisms interact with each other or face environmental
harshness, potentially providing a more mechanistic understand-
ing of how fitness, performance and function change with envi-
ronment than the usual morphological traits (Walker et al., 2022).
Therefore, the use of functionally analogous traits coined through
a metabolic/energetic perspective (as also highlighted by Meunier
et al., 2017) might provide the taxonomic breadth and the power
of generalization that functional ecologists desire. However,
positive or neutral species interactions, which are crucial to un-
derstand evolutionary outcomes in a long-term conservation per-
spective (Goldberg & Friedman, 2021), may be underestimated or
neglected by metabolic-based approaches, and should be comple-
mented by additional traits (e.g. symbiont dependency, known fa-
cilitation, complexity building).

Conservation and sustainable resource-use may also bene-
fit from advances in functional cross-taxa research. Functional
cross-taxa studies can reveal patterns of functional loss (Newbold
et al., 2020), and help map functional hotspots in the geographic
space by identifying areas that maintain functional rarity and
distinctiveness across taxa (Loiseau et al., 2020; Waechter
et al.,, 2021). By incorporating the abundance or biomass of or-
ganisms in functional cross-taxa research, one could measure
the resistance and vulnerability of ecosystem functions that are
maintained by multiple coexisting taxa with varied densities and
life-history traits. This field can offer a unique perspective into
the conservation and prioritization of ecosystem services, as
these might be offered by taxa across disparate branches of the
Tree of Life, or even by a single taxon, with differences in local
abundance/ density patterns. Recent research about the potential
of seafood resources (comprising various animal taxa) to nourish
global nations showed that increasing diversity of harvested spe-
cies might enable higher nutrient supply (Golden et al., 2021) and
that, among fish, nutrient composition was highly variable across
trophic groups (Robinson et al., 2022). Furthermore, the impacts
of climate-driven regime shifts on ecosystems, from coral to algae-
dominated reefs, might alter fish nutrient supply as this depends
on functional diversity through potential compensatory mech-

anisms among species (Robinson et al., 2022; see also Heilpern

et al. (2021) for a single-taxon example in the Amazon). Changes
in nutrient supply remain to be accessed across a broader range
of taxa (e.g. fish, molluscs, crustaceans and mammals), which will
soon be possible with the growing availability of nutritional con-
tent data for multiple taxa (e.g. FAO INFOODS).

Research crossing taxonomic barriers is a knowledge frontier
in ecology (Capdevila et al.,, 2020; Junker et al., 2023; Weiss &
Ray, 2019). To be treated as such, we invite the community of func-
tional ecologists to explicitly declare their research as ‘cross-taxa’.
We saw that several cross-taxa contributions were published during
and after the period embracing our literature search (e.g. Capdevila
et al,, 2020; Cooke et al., 2019; Newbold et al., 2020; Pimiento
et al., 2020). However, these studies were not tracked in our sys-
tematic review because they did not declare themselves as ‘cross-
taxa’ (or used searched terms) in article title, abstract or keywords,
or because a formal framework for functional cross-taxa research
was missing. This might largely stem from the lack of consensus on
the ‘cross-taxa’ term in functional ecology. It is fundamental that
functional cross-taxa research declares itself as belonging to this line
of investigation. This would help this research area gain theoretical
and empirical support, becoming increasingly useful for application
in studies of ecosystem functioning, conservation, management, and

restoration.

5 | CONCLUDING REMARKS

Our review aimed to encourage researchers in the field of func-
tional ecology to move beyond single taxa and traits and integrate
more branches and dimensions of the Tree of Life in their research.
Functional ecology has moved fast to become a geographically and
taxonomically comprehensive field of investigation. We conducted
a systematic review of articles comprising multiple taxa published
in the last 75years, highlighting the predominance of a multi-taxa
over a cross-taxa approach in the published research. We identi-
fied limitations to the use of a functional cross-taxa approach, its
strengths and weaknesses. In doing so, we outlined questions that
can be addressed using this approach in a bid to stimulate this field.
We advocate that the term ‘cross-taxa’ should be used for research
crossing significant taxonomic boundaries with integrative rather
than comparative approaches. Although we provided a screening
of applied solutions using available metrics, considerable advances
will come from developing common ground of trait measurements
beyond those that are already available. Linking easily measured
traits (e.g. biochemical universal properties of organisms) to scalable
metrics could allow the inclusion of any organism in the Tree of Life
along a continuum using integrative approaches, as already done in
single trait approaches (Brown et al., 2004) and recently extended
to multiple trait approaches (Brandl et al., 2023; Enquist et al., 2015;
Schiettekatte et al., 2022). Significant advances in functional cross-
taxa research will come from working on the development of com-

mon metrics and traits to be applied across taxa.



LUZAET AL : - s
Functional Ecology E ggocltg‘;m
GLOSSARY

Distantly related organisms: The organisms used in a single study whose phylogenetic relatedness is above the family level.

Effect traits: Traits that impact ecosystem processes (e.g. primary productivity, litter decomposition) or affect other trophic lev-
els, as in the case of predator-prey interactions or mutualistic relationships. These traits are considered ‘functional’ as they explain
or predict organisms' possible roles in overall ecosystem functioning (Lavorel & Garnier, 2002). An example of an effect trait is the
content of nitrogen in the leaves, which will impact ecosystem productivity.

Functional cross-taxa research: Ecological research merging morphologically and/or ecologically similar traits, shared across
distantly related organisms. This field enables exploring topics ranging from ecosystem properties to eco-evolutionary processes
underlying trait patterns across co-existing taxa. Traits can be response or effect traits (Lavorel & Garnier, 2002).

Functional hypervolume: A quantitative multivariate representation of the main axes of trait variation across taxa based on the
seminal ideas of Hutchinson (1957)—that is, the n-dimensional hypervolume that permeates the niche concept.

Functional multitaxa research: Research in functional ecology comparing, but not merging data, across multiple taxa.

Functional redundancy: A pattern where many species share similar functional traits, and therefore respond similarly to the
environment and perform similar functional roles.

Functionally analogous traits: Functional traits with different ontogenetic origins across organisms that perform similar func-
tions (Weiss & Ray, 2019). These could be response traits such as the wings of birds and the winged achenes of plants (representing
dispersal ability), and effect traits such as jaw morphology of rodents and body size of ants (representing rates of seed predation).

Resilience: Emergent property of ecosystems depicting their ability to recover structure and function after disturbances.

Resistance: Emergent property of ecosystems depicting their ability to maintain structure and function under disturbances.
Along with resilience, resistance is one of the dimensions of ecosystem stability, and both parameters are generally correlated with
species richness and functional diversity at the community scale.

Response traits: Traits that control species distributions and responses to the environment. Response traits are functional when
they affect an organism's survival, growth and reproductive success (Lavorel & Garnier, 2002). Examples of response traits are leaf
thickness and area, which respond to moisture and light gradients.

Traits: Measurable morphological, behavioural, and physiological attributes of individuals and species that determine their fitness

(growth, reproduction and survival), performance and function (Arnold, 1983; Violle et al., 2007).
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Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Table S1.1. Questionnaire applied in the initial filtering phase
(Figure. S1.1). We describe the inclusion and exclusion criterion for
each question.

Table S1.2. Complete set of descriptors collected in the surveyed
articles.

Table $1.3. Full list of references (n=96) assessed in this review.
Table S1.4. List of terms included in the 12 trait types used in this
study. All these terms were mentioned by the authors that screened
the articles (see the section of authors' contribution).

Figure S1.1. PRISMA workflow showing the number of articles
included and excluded along the systematic review process. The
literature survey was conducted on Web of Science, on 08-06-2020.
Figure S1.2. Connection between pairs of taxa among studies. The
interaction strength (links) represents the number of articles (shown
in the legend) per pair of taxa.

Figure S1.3. Deviations of the observed modularity (vertical dashed
line) relative to random modularity (density) produced by 100 runs
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of the “vaznull” null model.

Figure S1.4. Modules in the meta-network of taxa grouped by their
studies. The empty spaces show prohibited links between taxa, or
the lack of studies according to the reviewed research. The colors
indicate the number of studies per taxa combination.

Figure S1.5. The relationship between the number of different
taxonomic ranks and the number of traits per study (A), and the
relationship between the mean pairwise taxonomic distance
(MPD) between taxa and the number of traits per study (B).
Figure S1.6. Trade-off between the number of trait types and the
number of taxonomic ranks per study (left) and the mean pairwise
phylogenetic distance (MPD) between taxa (right) in the surveyed
research.

Figure S1.7. Trade-off between the number of trait types and the number
of taxonomic ranks per study (left) and the mean pairwise phylogenetic
distance (MPD) between taxa (right) in the surveyed research.
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