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Dataset link: https://github.com/JGerkema/CA
TS_robustness_limitations
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Plant ecology
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Trait-based filtering
Dispersal mass effects

A B S T R A C T

An in-depth understanding of local plant community assembly is critical to direct conservation efforts to
promising areas and increase the efficiency of management strategies. This, however, remains elusive due to the
sheer complexity of ecological processes. The maximum entropy-based Community Assembly via Trait Selection
(CATS) model was designed to quantify the relative contributions of trait-based filtering, dispersal mass effects,
and stochastic processes on community assembly. As a maximum entropy model, it does so without introducing
additional bias or assumptions. Despite its increasing use, questions regarding its robustness and potential
limitations remain. Here, we compared model predictions using either local or database-derived trait values,
across different levels of species richness and between different taxonomic levels. A total of 19 datasets and
790 plots were analysed, spanning multiple habitat types (n = 18) and biomes (n = 7). Results indicate trait
value origin does indeed influence model outcomes, warranting caution in selecting the method for obtaining
trait data. We hypothesise that, for example, intraspecific trait variation combined with trait-based filtering
or stochastic processes causes local and database trait values to deviate, potentially even further exacerbated
by imputing missing trait data. Furthermore, trait-related information obtained from the model decreased
with increasing species richness. We further hypothesise this could signal that stochastic processes are more
dominant within species-rich systems, for example, due to functional redundancy or the existence of multiple
fitness strategies. This general pattern was conserved across biomes, although with varying strength, showing
CATS’ robustness despite these challenges.
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1. Introduction

Understanding plant community assembly remains challenging
(Grace, 1999; Shipley, 2010a), despite decades of research into the
elationships between plant species occurrence, functional traits, and
nvironmental features (e.g. Brown et al., 2014; Laughlin and Laughlin,

2013; Shipley et al., 2006; Warton et al., 2015). While the general
mechanisms – trait-based filtering, dispersal and stochastic processes –
are well-understood in principle, quantifying their relative contribution
to local community assembly can be difficult. Nevertheless, this infor-
mation is considered invaluable for optimising conservation efforts and
increasing the efficiency of management strategies, thereby helping to
meet conservation and restoration targets (Chase, 2007).

Many ecological models incorporate a priori mechanistic assump-
ions, incorporating pre-existing ideas about local processes based on
stablished ecological theories or empirical data. However, different

models can be constructed to represent the same community, espe-
ially when the system is complex. Choosing a model could thus

introduce unintentional biases (Harte, 2011). The CATS model (Com-
unity Assembly via Trait Selection) stands out as a specific application

f the principle of Maximum Entropy that allows objective statis-
ical inference without incorporating a priori assumptions (Shipley,

2010a). It was designed to quantify the relative importance of so
called constraints in the form of Community Weighted Means (CWMs)
f functional traits to make inferences regarding processes driving
ommunity assembly. It does so without any a priori assumptions about
he importance of these explanatory mechanisms.

CATS predicts the relative abundance distribution of species in a
local plot, taking into account only what is really known from em-
pirical data. This information is condensed into summarised values,
orming constraints or requirements to which the predicted abundance
istribution must adhere (Shipley, 2010a). The predicted distribution
ust yield the same summarised values. From a set of possible distri-

utions that satisfy these constraints, the algorithm selects the one that
maximises relative entropy, a measure for uncertainty or information
content. Within the CATS framework, this is the distribution closest
to a uniform or previously specified prior distribution. The selected
distribution reflects only the information specified by the constraints
and nothing else. Consequently, CATS, and other maximum entropy
models analyse data without introducing any a priori bias or unwar-
ranted assumptions (Dewar and Porté, 2008; Harte, 2011; Phillips et al.,
2006; Pueyo et al., 2007; Shipley, 2010a; Volkov et al., 2009).
2

Specifically, CATS incorporates constraints based on CWMs and op-
ionally variance (CWV) of functional trait values and integrates a prior
istribution that describes the relative abundances of species within
 regional community surrounding the local plot of interest (meta-
ommunity) (Shipley, 2010a, 2014). It operates on the assumption that

if there is a relationship between the functional traits of species and
their relative abundances, indicating that trait-based filtering plays a
role in community assembly, CWMs should be skewed to reflect the
species with more favourable traits in such environments. Including
these constraints should result in more accurate predictions compared
with CWMs without such a relationship. Similarly, if the local com-
munity reflects the regional distribution through dispersal mass effects,
incorporating its distribution as a prior should improve the prediction.
CATS is a four-step model that alternates the input of constraints,
either permuted or not, and a prior (uniform or a representation of
the meta-community). By using the output of each of these steps in
several decomposition functions, the model can quantify the relative
contributions of dispersal mass effects, trait-based filtering, and their
joint contribution to community assembly (Shipley, 2014). The part of
the variance that is left unexplained, or the portion of the community
structure that cannot be predicted from the constraints (traits) and
prior (meta-community), is usually attributed to stochastic processes
or unspecified constraints.

In previous studies, CATS has provided useful insights into local
cosystem functioning (Arim et al., 2023; Baastrup-Spohr et al., 2015;

Cunillera-Montcusí et al., 2020; Frenette-Dussault et al., 2013; Harabiš
and Dolný, 2018; He et al., 2022; Janssen et al., 2017; Laliberté et al.,
2012; Niu et al., 2016; Pos et al., 2023; Rech et al., 2019; Shipley
et al., 2012; Sonnier et al., 2012; Strahan et al., 2018), despite being

et with scrutiny and controversy upon its introduction as a reaction
o the underlying mathematical principles (Haegeman and Loreau,

2009). These concerns have since been addressed (Shipley, 2009b,a)
but questions regarding CATS’s limitations and robustness remain.

Functional trait data can either be measured in the field, which is
very labour-intensive, or obtained from databases (Lavorel et al., 2008;
Kattge et al., 2020). Intraspecific differences cause these trait values
to diverge, especially in more extreme environments (Cordlandwehr
et al., 2013) and this could impact model outcomes. For example, a re-
view investigating mechanisms of community assembly trait-based null

odels found that the mechanism of competitive dominance was more
requently detected with local trait measurements than with database
alues (Perronne et al., 2017). However, it remains unclear whether

such differences between local details and aggregated database-derived
trait values could lead to misinterpretations or false conclusions within
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the CATS framework. Additionally, differences in taxonomic resolution
(i.e. species vs. genus level) could influence overall conclusions, espe-
cially when taxonomic units are not identified to species level or when
trait data are unavailable at that level. A large-scale comparison across
different habitats and geographical locations, including variations in
species richness, will help clarify the overall application of CATS.

In a previous study, the predictive abilities of CATS were explored
nder specific conditions and compared with other methods such as

linear regression analysis and Hubbell’s neutral model (Merow et al.,
2011). Here, we assessed the generalisability of the CATS model across
different taxonomic resolutions, gradients of species richness, biomes,
and methods of obtaining functional trait data, by analysing data from
several independent studies and the TRY trait database (Kattge et al.,
2020). Understanding whether CATS’ results depend on these factors
will enhance its current applications or guide future developments,
making it possible to understand, explain, and predict community
structure with much better accuracy.

2. Methods

2.1. Data collation

We compiled data from published, open-access studies using several
criteria, resulting in 19 datasets, some split across multiple locations,
spanning multiple continents, and a wide range of habitats (see Table
A.1, A2, and A3 in the supplementary material). The selection criteria
for the studies were as follows: (1). An assessment of community
composition was available, recording the abundance of all species
present or those representing approximately 80% or more of the total
abundance (rather than solely recording species richness). (2). Data
from at least two functional traits was obtained. (3). The trait data
were measured on individuals collected in the same research area as the
inventory plots. (4) The regional trait coverage was at least 60%, indi-
cating that the species for which trait data was available covered more
han 60% of the regional abundance. Data were either obtained directly
rom their respective publication or via the CESTES dataset (Jeliazkov

et al., 2020). To ensure that the datasets were indeed varied in their en-
vironmental conditions, we used the mean annual temperature (MAT)
and precipitation (MAP) to determine their biomes (Whittaker, 1975).
Seven out of the nine biomes are represented in the collected studies
(Fig. 1). If the MAT and/or MAP were not mentioned in the original
studies, we extracted them from the WorldClim data (Hijmans et al.,
2024).

Only species for which the traits were measured were retained in
heir respective datasets. Plots with less than 60% trait coverage were
xcluded from the analysis (Fig. A1). For the studies where plots were
ecorded at different sites, the data were divided accordingly, and trait
ata were supplemented if recorded at one site but not the other.
he CATS model was run separately for each dataset. In subsequent
tatistical analysis, data from different sites were regrouped.

To assess the effect of measuring trait values in the field versus ob-
taining them from databases, we applied the CATS model with both the
trait values measured in their respective studies (hereafter referred to
as ‘local values’) and the values obtained from TRY database (hereafter
referred to as ‘TRY values’). The collected datasets in total contained
a total of 27 different traits for which (standardised) TRY data were
available. To maximise data availability for the gap-filling process for
species with incomplete trait data, data were requested for all species
in TRY (data requested on 27-10-2023). This resulted in a dataset
with 78 021 unique ‘‘Accepted species names’’. Data from juvenile,
immature, or unhealthy individuals and moss species were removed,
as were data originating from experimental studies and entries with
an error risk of greater than 3 (package: rtry, version 1.1.0) (Lam
t al., 2023). Entries that were not actual species names but referred
o a larger taxonomic unit or a broader group of species (e.g., ‘‘Dwarf

shrub’’) or were suspected cultivars (i.e., Carex ‘chocolate’ or Rosa
3

‘wedding day’) were also excluded (n = 1585). Each trait in TRY
ncludes a multitude of subtraits; those not fitting the objective of the
rait (e.g., subtrait 1739, wood density measured after drying at 100 ◦C)

were removed (n = 56). One trait was removed as it only had 17 data
points (TraitID 116, root density). Lastly, to avoid circularities in the
analysis, data from the collected datasets that were also present in TRY
were omitted in the latter, leaving the final TRY dataset with 26 traits
(Table B.1) and 67 842 unique, accepted species names.

2.2. Data cleaning & taxonomic harmonisation

To reconcile taxonomic nomenclature across the datasets used for
the analysis and the TRY database, and to obtain taxonomic infor-
mation at higher hierarchical levels (genus, family and order), the
accepted species names’ in TRY were matched against the WFO back-
one (v.2023.12) (Elliott et al., 2023), using the WorldFlora R package

version 1.13.2 (Kindt, 2020). The author citation is not included in
the standardised species names in the TRY database leading to some
ntries having multiple matches, due to different species having the
ame genus and epithet but different author citations, and some entries
id not have an initial match. Matching the TRY names to the WFO
ackbone was therefore done in a step-wise manner using the taxo-

nomic and nomenclatural status of the entries in the WFO backbone.
The taxonomic status of each WFO entry was marked as ‘‘Accepted’’,
‘‘Unchecked’’, or ‘‘Synonym’’, while the nomenclatural status was ei-
ther ‘‘Conserved’’, ‘‘Illegitimate’’, ‘‘Invalid’’, ‘‘Rejected’’, ‘‘Superfluous’’,
‘‘Valid’’ or NA.

Of the accepted TRY names, 63 302 had direct matches with the
WFO backbone. For the unmatched TRY names (n = 3076), sub-
pecies, varieties and hybrid (_x) names were extracted and their ap-

pendices were removed (n = 894), resulting in 864 unique names
that were matched again, yielding 751 new matches. The remaining
unmatched names (n = 2298) were fuzzy matched to obtain an ac-
cepted species name using the fuzzy.match function of the WorldFlora
R package (Kindt, 2020). The Levenshtein distance between the old and
new name was calculated using the default distance of the fuzzy.match
function. They were removed if they (1), had no or multiple valid
matches with a species, subspecies or variety with a Levenshtein dis-
tance lower than 3 or, (2) were indistinguishable from another accepted
species name except for the author citation, which is not included in
TRY. This was to ensure that data belonging to different species were
not incorrectly regarded as belonging to the same one. The resulting
matches (n = 854) were checked for plausibility and removed if deemed
not plausible (n = 20).

The species names within the TRY database for which one or multi-
ple match(es) were found, can be categorised into five categories: (1).
Names with a single accepted/unchecked match in the WFO backbone
(n = 58 616). (2). Names with multiple accepted/unchecked matches
in the WFO backbone (n = 2468), due to different species having
he same genus and epithet but different author citations. From these
uplicates, the names that had an ‘‘Unchecked’’ taxonomic status were
emoved. For the remaining duplicates, entries with anything other
han a ‘‘Valid’’ nomenclatural status were removed, resulting in 1579

additional TRY names with only one WFO match and 889 remaining
uplicates. (3). Names that occurred as an accepted/unchecked name

and as a synonym for another species (n = 3699), for which we assumed
the former as the correct one. (4). Names that were a synonym for
a single taxonomically accepted species name (n = 4435) or (5), for
multiple taxonomically accepted species names, distinguishable only by
author citation (n = 194). For the latter, it was first checked whether
retaining only entries with a nomenclatural status of NA or ‘‘Valid’’
led to a single match. Next, for the remaining names, entries with a
nomenclatural status of NA were removed, resulting in a total of 127
new matches. Species that only had NA’s or multiple ‘‘valid’’ entries
were retained in the dataset with their original synonym name only

if the accepted species names were absent in the TRY database (n =
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Fig. 1. Visualisation of the global distribution and biomes of the collected datasets. The studies were spread across 16 countries (A) and from seven different biomes (Whittaker,
1975) (B). Some studies encompassed multiple sites, sometimes in different countries. All are shown here. Mean annual temperature and precipitation were either obtained from
the studies directly or from WordClim data (Hijmans et al., 2024). Code for the visualisation adapted from Cunliffe et al. (2022). See Table A.1 in the supplementary material for
a full list of the included studies, their countries, habitats, biome, and corresponding references.
30). The remaining TRY names were removed, as there was no way to
validate if the data listed under the synonym belonged to the data listed
under the corresponding accepted name. Finally, we verified whether
the newly found accepted names corresponding to the synonyms could
be confused with another accepted species name, such names were
removed if they could (n = 21).

For the resulting harmonised TRY names, taxonomic information
(genus, family, order) was obtained (Kindt, 2020). For four genera,
species were found to belong to two families. (1). Ardisia to Primulaceae
(n = 50) and Ericaceae (n = 3). (2). Athyrium to Aspleniaceae (n =
5) and Athyriaceae (n = 1). (3). Baeckea to Myrtaceae (n = 11) and
Bruniaceae (n = 1), and (4). Libertia to Iridaceae (n = 7) and Poaceae
(n = 1). In all cases, the outliers belonged to species entries with a
taxonomic status of ‘‘Unchecked’’ and the family was changed to the
family to which the majority of the species belonged.

Missing trait values within the full TRY database were imputed
using Bayesian hierarchical probabilistic matrix factorisation (BHPMF)
which uses the correlation between functional trait values and higher
taxonomic information (genus, family, order) to fill the gaps (Schrodt
4

et al., 2015). This method is suitable to deal with the sparsity of the
TRY dataset (Schrodt et al., 2015) (see Table D.7 for the percentage
of species present in TRY for each trait and study), as opposed to
other common gap-filling methods such as calculating a taxonomic
mean or the usage of multivariate imputation using chained equations
(MICE) which is only effective up to 30% gaps (Taugourdeau et al.,
2014). Trait values were log-transformed and Z-score normalised before
the imputation (Joswig et al., 2023). Values were back-transformed
afterwards.

We matched the species names in the other collected datasets to
the harmonised TRY database following a step-wise procedure as well.
First, we checked whether the species had a direct match in the
harmonised TRY database. Species without a match, possibly due to
the use of a synonym, were then checked against the WFO database.
If a synonym match was found there, and it was not also the name of
an accepted species name, the corresponding WFO number was used to
check for a match in the TRY database. In some cases, species names
in the collected datasets were adjusted in spelling to obtain a match (n
= 58).
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2.3. CATS model

To quantify the relative contribution or importance of trait-based
filtering, dispersal mass effects, and their joint contribution to local
community assembly, the CATS framework fits a model four times, each
time with different information (Shipley, 2014). For each step, the prior
distribution representing the meta-community (𝑞𝑖), the predicted (𝑝𝑖),
nd observed (𝑜𝑖) relative abundances are used to calculate the fit of
he model using the Kullback–Leibler (KL) index (Eq. (1)). The index

is the ratio of two KL-divergences, a metric that measures the loss of
information when approximating one distribution with another (Colin

ameron and Windmeijer, 1997).

𝑅2
KL =

∑𝑆
𝑖=1 𝑜𝑖 ⋅ ln(

𝑜𝑖
𝑝𝑖
)

∑𝑆
𝑖=1 𝑜𝑖 ⋅ ln(

𝑜𝑖
𝑞𝑖
)

(1)

First, a null model is tested, providing an estimation of how well
the model performs without any information. In an iterative process,
the actual trait values are permuted, breaking any possible association
between them and the respective relative abundances of species. These
shuffled trait values are used to calculate new CWMs, which are used,
together with a uniform prior, as input for the model. By repeating this
process, calculating the fit for multiple times, and taking the average
fit, model bias was estimated (�̄�2

KL(𝑢)) (Shipley, 2014). The second
model was run with the original, unpermuted trait values and uniform
prior (𝑅2

KL(𝑢, 𝑡)), representing the situation where trait-based filtering
plays a role but the relative abundances in the meta-community do not

atter. The third model used the permuted trait values and the meta-
rior (𝑅2

KL(𝑚)), while the fourth used the unpermuted values and the
meta-prior (𝑅2

KL(𝑚, 𝑡)), thereby incorporating all available information.
After fitting the model four times, the resulting four KL indexes

ere used in four decomposition equations (Eqs. (2)–(5)) (Shipley,
2014). This leads to an estimation of the part of the observed com-
munity structure solely explained by trait-based filtering (pure trait
effects), the portion attributed solely to dispersal mass effects (pure
meta-community effects), their joint contribution, and the portion that
remains unexplained (Shipley et al., 2012). Values were standardised
by dividing them by: 1 − �̄�2

KL(𝑢), so that the outcomes of Eqs. (2)–(5)
um up to 1.

Pure trait effects ∶
𝑅2

KL(𝑚, 𝑡) − 𝑅2
KL(𝑚)

1 − �̄�2
KL(𝑢)

=
𝛥𝑅2

KL(𝑡|𝑚)

1 − �̄�2
KL(𝑢)

(2)

Pure meta-community effects ∶
𝑅2

KL(𝑚, 𝑡) − 𝑅2
KL(𝑢, 𝑡)

1 − �̄�2
KL(𝑢)

=
𝛥𝑅2

KL(𝑚|𝑡)

1 − �̄�2
KL(𝑢)

(3)

Joint effects ∶
𝛥𝑅2

KL(𝑚 + 𝑡)

1 − �̄�2
KL(𝑢)

=
(𝛥𝑅2

KL(𝑚) − 𝑅2
KL(𝑢)) − 𝛥𝑅2

KL(𝑚|𝑡)

1 − �̄�2
KL(𝑢)

=
(𝛥𝑅2

KL(𝑢, 𝑡) − 𝑅2
KL(𝑢)) − 𝛥𝑅2

KL(𝑡|𝑚)

1 − �̄�2
KL(𝑢)

(4)

Unexplained deviance ∶
1 − 𝑅2

KL(𝑚, 𝑡)
1 − �̄�2

KL(𝑢)
(5)

Previously, adjustments were made to avoid nonsensical negative
values when (�̄�2

KL(𝑢)) > 𝑅2
KL(𝑢, 𝑡), when (�̄�2

KL(𝑢)) > 𝑅2
KL(𝑚) and/or when

(�̄�2
KL(𝑢, 𝑡)) > 𝑅2

KL(𝑚, 𝑡) (Shipley, 2014). However, negative values for
the pure trait-based filtering effects can still occur when 𝑅2

KL(𝑚, 𝑡) <
𝑅2

KL(𝑚). This might occur by chance if trait-based filtering does not play
a significant role and the permuted trait values accidentally provide
a better average fit. To address this, the definition of 𝑅2

KL(𝑚, 𝑡) was
odified to 𝑅2

KL(𝑚, 𝑡) = max(𝑅2
KL(𝑚, 𝑡), 𝑅2

KL(𝑚)). The R functions needed
o perform CATS were obtained from Shipley et al. (2016).

We used a permutation test to determine for which plots the trait
constraints contained any relevant information regarding the observed
elative abundances, and thus where trait-based filtering presumably

played a role in shaping the local community (Shipley, 2010b). Hence,
5

w

the following error function was computed: ∑𝑆
𝑖=1 𝑜𝑖 ⋅ log

(

𝑝𝑖
𝑞𝑖

)

. This error
function, which is structurally similar to the KL-divergence, measures
the divergence between the predicted values and a prior distribution,
scaled by the observed probability. If the information contained in the
onstraints is relevant for the observed abundances, then it is likely
hat the predicted probability (𝑝𝑖) will differ from the prior (𝑞𝑖). In that
ase, the value of the statistic will be (relatively) large. The hypothesis
esting algorithm as proposed by Shipley (2010b) calculates the statistic
sing the unpermutated trait values and then, in an iterative process,
ermutes the trait values and recalculates it. Then, the proportion of

times that the permutated statistic is larger than the unpermutated
one is determined. This proportion is considered an estimate of ‘‘the
true probability of observing at least this degree of improvement in
fit due to the stated constraints under the null hypothesis’’ (Shipley,
2010b). Small values indicate that the number of permuted datasets
hat provide a better fit is low as well, suggesting that the constraints
o contain information. Trait values were permuted 300 times.

Additionally, the CATS model determines the strength of association
between each trait and the observed relative abundances of species
by calculating Lambda values (Shipley et al., 2011). A negative value
indicates a negative relationship between the probability of occurrence
of species and their corresponding trait value, potentially suggesting
hat lower trait values result in higher species dominance. Conversely,
 positive value indicates a positive relationship. The higher or lower
 value is, the stronger the relationship.

2.4. CATS application

We applied the CATS framework to each dataset in four configura-
tions: at both species and genus level, using either local or TRY values.
To ensure a valid comparison, we included only species for which trait
data were available from both sources.

For each dataset, we Z-score normalised the TRY values separately,
after selecting the local species. To avoid negative values and values
of 0, which are unsuitable for the CATS algorithm, the absolute value
f the lowest value plus a small constant (0.01) was added afterwards.

We did the same for the local values. Standardising the trait values
ensures that they will be approximately in the same range, allowing
for a comparison of their lambda values. Smaller values tend to lead to
an inflation of the lambda values (results not shown).

We assessed the difference between the TRY and local values by
calculating correlation coefficients between the CWMs of each trait in
each dataset (Table D.7). Furthermore, we explored the impact of im-
utation on trait data quality by comparing the correlation coefficients

between the local and TRY trait data at species level, for each trait in
each dataset, separately for the imputed and non-imputed trait data.
We used a paired t-test to test the significance of the difference.

We evaluated the impact of taxonomic resolution and trait data
rigin by analysing the fit (𝑅2

KL, Eq. (1)) of each step of the CATS
framework using Major Axis Regression (MA). This method is appro-
priate when there is measurement error in both variables, no clear
istinction between predictor and response variables, and a bivariate
ormal distribution (Legendre and Legendre, 2012; Legendre, 2022).
o determine whether the use of TRY values could potentially lead
o different conclusions, plots where trait-based filtering significantly
ontributed to community assembly (according to the permutation test
or the metacommunity-trait (m,t) model) were extracted. The impact
f the origin of the trait values on the outcome of the permutation test
as then tested using MA regressions.

Potential differences in model fit are likely driven by differences
in the summarised trait values. To investigate this, we examined the
relationship between the differences in the output of the trait (u,t)
model and the mean differences in CWM and CWV for plots that

ere significant when analysed using local data but not with TRY
alues. Linear mixed models were used to assess these relationships,
ith the study as a random effect, using the lmerTest package version
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3.1.3 (Kuznetsova et al., 2017). To determine the optimal structure
of the fixed effects, we used the Akaike Information Criterion (AIC),
which seeks to minimise information loss (Anderson, 2007). The model
including only the mean difference in CWV provided a significantly
etter fit, compared to the model with only the CWM (𝛥AIC: 61.69).

Including both CWV and CWM, with and without interaction, did not
improve model fit.

The influence of species richness on the outcomes of the decom-
osed model was evaluated, separately for plots undergoing significant
rait-based filtering and for all plots together. To account for the under-
ispersed nature of the data, which was constrained between 0 and 1,
inear mixed models with a quasibinomial family link were employed
or all but the joint trait and dispersal mass effect using the glmmPQL
unction from the MASS package version 7.3.60 (Venables and Ripley,

2002). For the latter, the lmerTest package was used with the standard
Gaussian family link (Kuznetsova et al., 2017), as these values were
not constrained between 0 and 1. To determine the best structure of
the random effects, models were also fitted with the lmerTest package,
since the glmmPQL function does not calculate the AIC nor a similar
metric.

For the significant plots, including the random slope improved the
model for the joint and unexplained effects (𝛥AIC: 10.996; 𝛥AIC: 8.479,
espectively). For all plots together, the random slope improved the
odel for trait-based filtering, joint, and the unexplained effects (𝛥AIC:
5.05; 𝛥AIC: 6.1; and 𝛥AIC: 40.513, respectively).

Lastly, we assessed the robustness, or consistency, of CATS per-
formance, across different biomes. First, we tested whether the total
amount of variance explained by the model (1-unexplained effects)
differed between biomes. Second, we assessed whether observed pat-
terns between model performance and species richness were consistent
across biome types. This was done using a linear mixed model as before
with a quasibinomial family link but now including a random slope to
test whether biome type as random effect significantly improved model
fit. A lack of improvement would suggest that the observed patterns are
independent of biome type, whereas a significant improvement would
indicate variation in these patterns across biomes. The best structure of
the random effects of the biome type was determined with the Gaussian
family link.

2.5. Case study — Rolhauser dataset

The Rolhauser was the largest amongst the collected datasets in
regards to the number of plots (Rolhauser et al., 2021a). Moreover,
the original study collected data on several environmental variables
nd quantified their relationships with the functional traits (Rolhauser

et al., 2021b). We therefore used this dataset for a more in-depth
comparison. We decided to focus solely on the traits’ relationship with

AT, as they found the strongest relationship between MAT and height.
e tested whether our results were congruent with theirs by comparing

he relationship between the importance of each trait in each plot (the
ambda values) and the Rolhauser MAT data, with the relationships
hey found.

All analyses were performed in R version 4.3.0 (R Core Team, 2021).
See Table E.1 for a complete list of the used packages.

3. Results

3.1. The impact of the origin of trait values

In total, 790 plots were analysed at the species level using the CATS
ramework (Table A.1). The origin of the trait values influenced the
utcome of the model assessing the effect of trait-based filtering (u,t)
nd the model incorporating both traits and meta-community prior
m,t) (Fig. 2). Relationships between the prediction fit using either
ocal or TRY values were positive (slope: 1.059, 95% CI: 1.017–1.103,
𝑅2: 0.749; slope: 0.977, 95% CI: 0.941–1.015, 𝑅2: 0.774, respectively).
6

(

However, there were differences at plot level, both positive and nega-
tive, indicating that in some cases the use of TRY values improved the
fit, while it led to a decrease in others. Correlations between the CWMs
of local and imputed TRY values were significantly lower than with
non-imputed data (mean difference = 0.31, paired t-test, p < 0.0001)
(Fig. C5).

The origin of the trait values did not substantially impact the
stimated model bias (u) and the estimated effect of dispersal mass

effects (m). Generally speaking, the local trait and TRY data produced
similar results, with strong, positive relationships between the fits
(slope: 1.027, 95% CI: 1.019–1.035, 𝑅2: 0.988; slope: 0.977, 95%
CI: 0.941–1.015, 𝑅2: 0.992, respectively; see Table D.1 for further
statistical details). Similar patterns were observed for the comparison
at genus level (Fig. C1, Table D.4).

The origin of the trait values impacted the outcome of the per-
mutation tests as well, leading to different plots being identified as
having their community structures significantly influenced by trait-
based filtering, hereafter referred to as ‘significant plots’ (Fig. 3). Of
the 790 total plots analysed, 117 plots were only significant with the
local data, 31 plots were only significant with TRY data and 45 plots
were significant with both datasets (Table C.1).

Analyses of the decomposition outcomes for significant plots with
the local trait values (n = 162) showed that the contribution of trait-
based filtering was severely underestimated with the TRY data (slope:
1.805, 95% CI: 1.332-2.596, 𝑅2: 0.188). In addition, the estimated
relative contribution of dispersal mass effects varied greatly between
plots, although the slope did not significantly differ from 1 (slope:
1.033, 95% CI: 0.855–1.250, 𝑅2: 0.406; see Table D.2 for further
statistical details).

For the plots that were only significant with the local trait values,
here was a significant positive relationship between the difference in

the fit of the trait model (u,t) and mean difference in CWV (slope:
.083, t-value: 8.454, p-value < 0.0001).

3.2. Performance across taxonomic levels, biomes, and along a species
richness gradient

A comparison of the fit of the data analysed at the species level ver-
us the same data analysed at genus level, showed strong, significantly
ositive relationships but a substantial amount of variation around the
itted lines (Fig. C2). The weakest relationship was between the fit
f the (m,t) model (slope: 1.094, 95% CI: 1.059–1.131, 𝑅2: 0.816),
ollowed by the (m) model (slope: 1.09, 95% CI: 1.059–1.122, 𝑅2:
.851; see Table D.5 for further statistical details).

For the significant plots (n = 162), analysed with the local trait data,
a negative relationship was observed between the relative importance
f trait-based filtering and species richness (slope: −0.056, t-value:
6.784, p-value < 0.0001). Consequently, the unexplained deviance

ncreased (slope: 0.171, t-value: 3.528, p-value < 0.001; see Table
D.3 for further statistical details) (Fig. 4). Slopes are reported on the
logit scale, except for the joint effect. Species richness itself was not a
constraint for the occurrence of trait-based filtering, as non-significant
plots were distributed along the same range (results not shown).

For all plots together, the same relationships were observed for
rait-based filtering (Fig. C3) (slope: −0.058, t-value: −5.627, p-value

0.0001) and the unexplained effects (slope: 0.114, t-value: 4.339, p-
alue < 0.0001). Additionally, there were weak but significant negative
elationships for the dispersal mass effect and the joint effect (slope:
0.013, t-value: −2.188, p-value: 0.029; slope: −0.006, t-value: −2.698,
-value: 0.03, respectively; see Table D.6 for further statistical details).
lopes are reported on the logit scale, except for the joint effect.

The total amount of variance explained by CATS significantly dif-
fered between the biomes (Fig. 5) (p-value < 0.001). Furthermore,
including both a random intercept and slope significantly improved
model fit (𝛥AIC: 13.05, p-value < 0.001). Although the strength of
the relationship between the total amount of variance explained and
species richness varied between biomes, the direction was conserved
Fig. 5).
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Fig. 2. The relationship between the fit of the four CATS framework models ran with local and TRY trait data. The fit of the CATS framework models was determined
with the Kullback–Leibler (KL) index. Relationships between the fit of the models ran with local and TRY trait data were quantified using major axis regressions. Although all
relationships were significantly positive, the origin of the trait values affected the fit of the models incorporating the trait values (u,t) and (m,t), as evident by the large spread
(slope: 1.059, 95% CI: 1.017–1.103, 𝑅2: 0.749; slope: 0.977, 95% CI: 0.941–1.015, 𝑅2: 0.774, respectively). The fit of the models estimating model bias and the contribution of the
dispersal mass effects were nearly the same (slope: 1.027, 95% CI: 1.019–1.035, 𝑅2: 0.988; slope: 0.977, 95% CI: 0.941–1.015, 𝑅2: 0.992, respectively; see Table D.1 for further
statistical details).
3.3. Case study — Rolhauser dataset

For the majority of the plots (n = 628), including the CWMs of
the traits did not significantly improve the model compared to the
model using permutated trait-values and the meta-prior, indicating
that trait-based filtering had little to no importance (Table C.1). A
notable exception is the Rolhauser dataset, where 67 of 189 plots were
significant, allowing for a more in depth exploration and a comparison
between our results and the results of the original study (Rolhauser
et al., 2021b).

Using the local trait values, a significant positive relationship was
observed between MAT and the lambda of Height and Specific Leaf
Area (SLA) (slope: 0.631, p-value < 0.0001; slope: 0.317, p-value
< 0.0001, respectively) while a significant negative relationship was
found with leaf carbon content (LCC) (slope: −0.19, p-value < 0.0001),
similar to the original study (Fig. 6). Contrary to the original study
where the relationship was non-significant, a significant negative rela-
tionship was also found for the Leaf Area (LA) (slope: −0.238, p-value
< 0.0001). For the local data, there is an outlier in the LA panel.
This particular plot also had the smallest CWM value, which could
have caused the lambda value to increase (see also Section 2.4). For
the TRY data, there was a significant positive relationship for Height
(slope: 0.255, p-value < 0.0001) and a negative one for LCC (slope:
−0.216, p-value < 0.0001). There was no significant relationship for
LA and SLA (slope: −0.009, p-value: 0.797; slope: 0.034, p-value: 0.204,
respectively).

In addition, the correlation between the local and TRY CWMs for
these plots was higher for Height (r: 0.897) and LCC (r: 0.895) than for
LA (r: −0.243) and SLA (r: 0.295). The correlation at the species level
7

was higher for SLA (r: 0.559) than for LA (r: 0.068) and LCC (r: 0.337),
and similar to height (r: 0.572).

4. Discussion

In this study, we compared predictions from the Maximum Entropy
based Community Assembly via Trait Selection (CATS) model (Shipley,
2010a), using either locally collected or TRY trait values, across differ-
ent levels of species richness and between different taxonomic levels
(species vs. genus level). A total of 19 different plant community
datasets were analysed, spanning multiple countries (n = 16), habitat
types (n = 18) and biomes (n = 7). At both species and genus level, a
comparison of the four models within the CATS framework, using either
local or TRY trait values, showed minimal differences for the estimated
model bias (u) and the presumed dispersal mass effect (m). In contrast,
the model using either only the trait values (u,t) or both trait and the
meta-community prior for its predictions (m,t), showed both positive
and negative differences in predictive accuracy. In some cases, using
local data provided more accurate predictions than database-derived
trait values while they resulted in a worse fit for other plots. Substantial
differences were observed between the outcome of the analysis at
species versus genus level taxonomy. This suggests that patterns of
community assembly are inconsistent across different taxonomic scales
or that the CATS model is not able to pick these up.

4.1. Effect of the origin of trait values on trait-based filtering and dispersal
mass effects

In addition to assessing prediction accuracy of species relative abun-
dances per site, permutation tests showed that ∼20% of the plots (162
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Fig. 3. The relationship between the relative contributions of the assembly mechanisms as obtained by running the CATS framework with local and TRY trait values
for only the significant plots. The fit of the CATS framework models was determined with the Kullback–Leibler (KL) index. Relationships between the fit of the models ran
with local and TRY trait data were quantified using major axis regressions. 117 plots were only significant with the local data (circles), 31 were only significant with TRY data
(rectangles) and 45 were significant with both (squares). For the plots significant with the local values (n = 162), the relationship between the estimated relative contribution of
trait-based filtering of the local and TRY values was weak (slope: 1.805, 95% CI: 1.332-2.596, 𝑅2: 0.188), although still significantly positive. The estimated relative contribution
of dispersal mass effects varied greatly between plots, although the slope did not significantly differ from 1 (slope: 1.033, 95% CI: 0.855–1.25, 𝑅2: 0.406; see Table D.2 for further
statistical details).
out of 790) had a community composition significantly related to trait-
based filtering when analysed with the local traits. For those plots,
only a weak relationship was found for the contribution of trait-based
filtering as estimated with the local trait values and trait values derived
from the TRY database. In general, the TRY values resulted in a severe
underestimation compared to the first. A total of 117 plots (∼15% of
total plots and ∼72% of those initially considered as being significantly
influenced by trait-based filtering) were no longer deemed significant
when analysed with trait values derived from TRY.

Our results indicate that the method behind obtaining trait values
substantially impacts the conclusions drawn from the model. Moreover,
the need for imputation worsens trait data quality as the correlations
with local values were significantly lower for imputed TRY values. It is
reasonable to assume that the differences in model output are driven by
intraspecific variation as well, causing the relative differences between
species trait means to deviate. Stochastic differences might also skew
trait values, especially with relatively small sample sizes (Pérez-Llorca
et al., 2018). For the plots where the outcome of the permutation tests
assessing the significance of trait-based filtering differs, this raises the
question of which result should be deemed correct.

Locally measured trait values are potentially better able to capture
local processes. However, trait values fluctuate locally as well and differ
depending on the time of year (Römermann et al., 2016). The moment
of measuring might then not capture the process of trait-based filtering.
For traits from a database to be used accurately, they should represent
the environmental conditions of the study location and include a sam-
ple size large enough to provide a reliable average for the species. This
is particularly important in extreme or disturbed environments, where
trait means from databases do not accurately reflect local conditions,
8

especially for traits with high plasticity (Cordlandwehr et al., 2013).
Overall, the results indicate that the CATS’ decomposition functions

emphasise existing differences between local and database-derived trait
values and their relationship with relative abundances on site level.
These discrepancies warrant caution when using CATS to assess the
importance of assembly mechanisms. This presents a challenge for stud-
ies interested in determining which mechanism is the most dominant
on a local or regional scale, hampering the necessary understanding
of ecological dynamics for nature conservation or restoration (Chase,
2007).

4.2. Case study of Rolhauser dataset — relating traits to the environment

To gain a deeper understanding, we analysed the largest dataset
(Rolhauser) in more detail by focusing on the Lambda values. These
values represent the proportional importance and direction of each
functional trait for predicting relative abundances of species (Shipley
et al., 2011). Rolhauser et al. (2021b) investigated the relationships
between relative abundances of species, their functional traits, and
environmental characteristics. We related the Lambda values of the
local and TRY values back to the mean annual temperature (MAT),
allowing for a comparison of our and their results.

Our results showed no difference in relationships between lambda
values of plant height and leaf carbon content (LCC) with MAT using
either local or TRY traits. In all cases, higher plant height and lower
LCC were positively linked to a higher MAT. Lambda values for the
Specific Leaf Area (SLA) and Leaf Area (LA), however, were inconsistent
between the two. Locally measured trait values matched the results
from the original study for SLA but not for LA, while the TRY values
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Fig. 4. The relationship between species richness and the relative contributions of the assembly mechanisms as obtained by running the CATS framework with local
trait values for only the significant plots. The fit of the CATS framework models was determined with the Kullback–Leibler (KL) index. Relationships between the fit of the
models ran with local trait data and species richness were quantified using linear mixed models with the dataset as random effect. There was a significant negative relationship
between the contribution of trait-based filtering (slope: −0.056, t-value: −6.784, p-value < 0.0001) while the unexplained effect significantly increased (slope: 0.171, t-value: 3.528,
p-value < 0.001; see Table D.3 for further statistical details). Slopes are reported on the logit scale, except for the joint effect.
aligned with the results for LA but not for SLA. There was minimal
correlation between the CWMs of the local and database SLA values but
the correlation at species level was comparable with other traits, such
as height values. This implies that differences in CWM were more likely
driven by differences in trait values for the more abundant species,
and not because the TRY data were overall not representable for the
Rolhauser dataset. Previous studies have shown that SLA has relatively
high intraspecific variation (Siefert et al., 2015; Kichenin et al., 2013),
which could be the underlying driver of these species specific dif-
ferences. These differences may be driven by the higher intraspecific
variation of SLA compared to other traits (Siefert et al., 2015; Kichenin
et al., 2013). Although with the TRY values, the relationship between
LA and MAT was correctly identified as non-significant, the correlation
between the local and TRY values was negative at CWM level, and
almost zero at species level. This might suggest that the relationship
is non-significant because the LA TRY values do not sufficiently reflect
the local situation.

The positive relationship between the difference in fit and the
difference in mean CWV for all significant plots together, suggests that
deviations in the CWVs are a driving factor. Potential follow-up studies
could focus on exploring this relationship further by, for example,
replacing the local trait values with TRY values in a stepwise manner
and assessing the impact on the CWVs and predictions of CATS. While
the Rolhauser dataset may serve as an example, this specific case study
does support the validity of the CATS framework itself. Even without
incorporating environmental data, CATS was still able to identify the
same relationships for most traits as the models used in the Rolhauser
study that did include it.
9

4.3. Community assembly across a species richness gradient

For the plots that were found to have significant trait-based filtering
using local trait values, the relative importance of trait-based filtering
was shown to decrease along an exponential curve with increasing
species richness whereas the dispersal mass effect and the joint effects
of trait and dispersal showed no significant relationship. Conversely,
the unexplained effect increased with increasing species richness when
using field-derived trait values. This suggests that stochastic processes
are more dominant within diverse systems (Arim et al., 2023). These
same patterns were observed for all plots together, although in that
case, the importance of dispersal mass effects and the joint effect also
significantly decreased.

We propose two potential hypotheses to explain these patterns.
First, with increasing species richness, average population sizes usually
decrease, increasing their vulnerability to demographic and environ-
mental stochasticity (Lande et al., 2003). In addition, a higher species
richness could potentially dilute the effect of traits specifically related
to certain species-abundance relationships which CATS tries to quan-
tify, as it increases the chance of functional redundancy (Rosenfeld,
2002). Consequently, in the most extreme case, competition might
result in some species with similar trait values showing opposite pat-
terns of abundance. Alternatively, increased species richness is often
linked with niche differentiation, where (abundant) species fill dif-
ferent niches, thereby avoiding competition (Tang and Zhou, 2011;
Zuppinger-Dingley et al., 2014). The CATS model, however, is based on
the notion that in multivariate trait-space, one optimum corresponds
with the highest fitness, meaning that species clustered around that
average, should be more abundant in their local community (CWM-
optimality hypothesis) (Shipley, 2010a). If multiple multivariate fitness
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Fig. 5. Relationship between the total variance explained (%) by CATS and species richness across biomes. The relationship was quantified using linear mixed models
with biome and dataset as random effects. There was a significant negative relationship between the total amount of variance explained and species richness (p-value < 0.016).
Although the strength of the relationship varied between biomes, the direction remained the same.
optimums exist due to coexisting functional strategies, the CATS model
might fail in its attempt to accurately predict the relative abundances.
In theory, in the current application, trait-based filtering is thus only
detected when trait convergence across all or most of the consid-
ered traits takes place and where there is one preferred functional
strategy (Bernard-Verdier et al., 2012).

This pattern of decreased information yield from CATS at higher
species richness levels is largely conserved across biomes as the direc-
tion of the relationship did not differ between them. The strength of
the relationship, however, did vary. We hypothesise that these slope
differences are partly due to differences in data quality. For example,
the temperate grassland/desert and tropical rainforest both showed the
weakest relationships. These are also the biomes less well represented
in our dataset, with both only having one study with a lower amount
of plots (Castro and Osuri with 9 and 19 respectively, compared to,
for example, Standen with 37 plots). Furthermore, the Osuri dataset
has a lower trait coverage compared to most other datasets (61%). In
addition to dataset properties, it is also likely that differences in ecolog-
ical processes, both at the dataset and biome level, cause the relative
contributions of the assembly mechanisms to differ. For instance, the
contribution of stochastic processes, or ecological drift, was found to
change alongside a successional gradient (Måren et al., 2018) and to be
more important in harsher environments (Silva et al., 2015). Improving
dataset representation to uncover such relationships and increased trait
coverage to more clearly identify signals of selection now attributed to
unexplained information, will be crucial for elucidating the changing
dynamics of community assembly across biomes.
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For the majority of the plots, trait-based filtering was either non-
significant and/or of lesser importance in comparison to estimated
dispersal mass effects. It should be noted, however, that failure of
accurate prediction using traits does not necessarily mean there is no
trait-based filtering. It might simply mean that those traits on which
filtering is acting, are not included in the model. Trait-based filtering
will be underestimated if relevant traits are missing from the model. For
example, floral and clonal traits were absent in all datasets, and root
traits were underrepresented while in some instances, they could have
provided functional information not covered by other traits (E-Vojtkó
et al., 2020; Chelli et al., 2024; Aubin et al., 2024). Missing information
and the ecological processes previously described, might subsequently
lead to the (false) conclusion that trait-based filtering is of no, limited,
or lesser importance compared to dispersal mass effects.

Additional analysis should clarify the hypothesised underlying dy-
namics and provide results either supporting or contradicting the con-
clusions drawn from the CATS framework. A possible focus for future
research could be to further zoom in on the different traits separately,
testing whether trait convergence or divergence occurs at a local scale,
following work by Bernard-Verdier et al. (2012). The plots for which
trait-based filtering is deemed non-significant in the assembly process
may be the ones for which trait divergence is more prevalent. In addi-
tion, the model provides an alternative way of assessing the significance
of trait-based filtering, which would further consolidate or dispute the
results of the CATS framework.
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Fig. 6. The relationship between the Lambda values as obtained with the local trait values (above) and the TRY derived values (below), with the mean annual
temperature from the Rolhauser dataset. For the local trait values, a significant positive relationship was observed for Height and Specific Leaf Area (SLA) (slope: 0.631, p-value
< 0.0001; slope: 0.317, p-value < 0.0001, respectively) while a significant negative relationship was found with the Leaf Area (LA) and leaf carbon content (LCC) (slope: −0.238,
p-value < 0.0001; slope: −0.19, p-value < 0.0001, respectively). For the TRY data, there was a significant positive relationship for Height (slope: 0.255, p-value < 0.0001) and
a negative one for LCC (slope: −0.216, p-value < 0.0001). There was no significant relationship for LA and SLA (slope: −0.009, p-value: 0.797; slope: 0.034, p-value: 0.204,
respectively).
4.4. Conclusion

Our results highlight the need for caution when deciding whether
to use locally measured or database-derived trait values in the CATS
model. Results show they can yield different outcomes, as demonstrated
in our plot-level comparison. These differences might be driven by
intraspecific variation, causing database values to diverge from local
observations. Furthermore, imputing data that is missing can exac-
erbate these differences. Despite these challenges, we demonstrated
that CATS was able to extract most of the same relationships between
specific trait values and environmental conditions without including
data on the latter, demonstrating its robustness. The amount of informa-
tion obtained from the model, however, does decrease with increasing
species richness. This pattern was conserved across biomes although
with varying strength. We hypothesise this negative relationship re-
flects an increase in stochastic processes due to, on average, reduced
population sizes of each species with higher species richness. Addi-
tionally, a higher species richness could correspond with increased
functional trait redundancy, and thus nice overlap, leading to a disjoint
between trait values and abundance. Higher species richness levels
could also coincide with the emergence of multiple fitness-optima
(e.g. species with similar trait values can have opposite patterns in
abundance due to competition or stochastic processes). Future re-
search should explore complementary modelling techniques, focused
on trait divergence and convergence, to elucidate these processes of
community assembly of more diverse, species-rich communities. These
approaches could supplement the conclusions drawn from CATS, pro-
viding the necessary information needed to apply this framework to
nature conservation or restoration.
11
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