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ABSTRACT

Functional traits offer a potential avenue to generalize and forecast the impacts of changing competition on plant communities,
including changing outcomes of competition among species that currently interact (current competition) or that will interact in
the future following range shifts (novel competition). However, it remains unclear how well traits explain variation in the out-
comes of current and novel competition as well as the underlying processes determining coexistence or competitive exclusion,
under changing climate. Here, we interacted pairs of high and low-elevation species in three sites across an elevation gradient
in the Swiss Alps. For each species pair, we quantified the population-level outcomes of competition (invasion growth rates),
relative fitness differences, and niche overlap and related these to 15 functional traits that were measured in each site. Most traits
were significantly associated with invasion growth rates at the low elevation, where species had greater relative fitness differ-
ences, but these associations were much weaker towards higher elevations. This appears to be because traits, particularly those
associated with light competition, captured species' relative fitness differences at lower elevations, but not at the high elevation
site, highlighting that the predictive ability of traits can depend on environmental context. The amplified relative fitness differ-
ences towards lower elevations suggest that climate warming may increase the likelihood of competitive exclusion. In addition,
novel competitors tended to show greater niche overlap than current competitors, leading to stronger overall competitive effects.
However, in general, trait differences predicted competitive outcomes of novel and current competitors similarly well, suggesting
that traits can predict interactions between species that do not yet interact. Our study reinforces the importance of considering
changing interactions for predicting species responses to climate change and provides experimental evidence supporting the
usefulness of functional trait differences in forecasting the impacts of future plant interactions under changing climate.

1 | Introduction species (Matias et al. 2018; Van Dyke, Levine, and Kraft 2022).

Over the longer term, species that previously did not co-occur

Climate change is reshaping global plant communities (Collins
et al. 2022; Walther et al. 2002) directly by affecting species’
intrinsic population growth rates and also indirectly by alter-
ing interactions between community members (Alexander,
Diez, and Levine 2015; Gilman et al. 2010; Suttle, Thomsen,
and Power 2007). For instance, warming and altered rainfall
can change the outcomes of competition between co-occurring

will come into contact as species track climate change by shift-
ing their ranges, giving rise to novel competitive interactions
(Alexander et al. 2016; Descombes et al. 2020). A recent study
shows that the expected upward migration of low-elevation spe-
cies tracking climate warming into alpine communities could
accelerate the local extinction of some alpine species through
competitive displacement (Nomoto and Alexander 2021).
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Therefore, in order to accurately forecast species’ responses to
climate change, it is critical to understand and predict how the
impacts of both current and novel competitors vary under differ-
ent climate scenarios (Alexander et al. 2016; Gilman et al. 2010).
The plethora of possible interactions and the uncertainty in both
future climate and the identities of novel competitors make it
practically impossible to empirically measure the potential
impacts of changing competition directly and generalize them
across communities consisting of different sets of species. One
possible solution to tackle this challenge is to link interaction
outcomes to plant functional traits that characterize key aspects
of the morphology, physiology, phenology and resource use of
interacting species (Alexander et al. 2016; Arnold 1983; Diaz
et al. 2016). However, our understanding of the impacts of com-
petition under changing climate and our ability to predict them
using functional traits remains limited for two main reasons.

First, past studies have tended to link interspecific trait differ-
ences to competition intensity measured on fitness components,
most commonly on survival or biomass production (Kunstler
et al. 2016; Lyu et al. 2017; Violle et al. 2009; Yang et al. 2022).
However, effects on competition intensity offer limited insight
into how trait differences influence the long-term population-
level outcomes of competition because fitness components can
respond to competition in varying or even opposing ways (Lyu
and Alexander 2023). According to coexistence theory, the
population-level outcomes of competition, that is, persistence
or competitive exclusion, can be captured by species’ abilities to
grow from low density (invasion growth rates) while their com-
petitors are at equilibrium densities (Chesson 2000; Grainger,
Levine, and Gilbert 2019). Additionally, coexistence theory em-
phasizes two fundamental processes determining the outcomes
of competition (Chesson 2000; Spaak and De Laender 2020). One
is niche differentiation (i.e., reduction in niche overlap), arising
from, for example, resource partitioning (Tilman 1982), that can
promote stable coexistence. The other is relative fitness differ-
ences, which reflect the extent of the asymmetry in species’ com-
petitive abilities that drive competitive exclusion. A focal species
might be able to persist with a competitor because it possesses
trait values that confer upon it a competitive advantage and/
or that reduce its niche overlap with the competitor (Carroll,
Cardinale, and Nisbet 2011; Ellner, Childs, and Rees 2016;
Grainger, Levine, and Gilbert 2019). In sum, establishing as-
sociations between trait differences and invasion growth rates
provide a theoretically justified test for the ability of functional
traits to predict the outcomes of competition. In addition, exam-
ining associations of traits with relative fitness differences and
niche overlap can provide deeper insights into the processes that
regulate the impacts of competition and thereby help generalize
the predictive ability of functional traits (Adler et al. 2013).

A second hindrance to using functional traits to understand and
predict competition under changing climate is that most recent
studies have linked functional traits to competition in a single
environment and between currently co-occurring species (e.g.,
Kraft, Godoy, and Levine 2015; Kunstler et al. 2012). However,
the relationships between traits and species coexistence may
vary with climate and between current and novel competitors.
First, the relevant traits affecting interaction outcomes might
change if the main limiting resources shift as climates change
(Borges et al. 2019; Copeland and Harrison 2017; Li et al. 2022;

Perez-Ramos et al. ). For instance, traits associated with access
to light, such as plant height and leaf economics traits (Adams,
Purves, and Pacala 2007), may have great impacts on compe-
tition under light-limited conditions, such as in warm climate
where productivity is usually high, but have little impact under
conditions where light is not limiting, such as in cold climates
where productivity is limited by low temperatures (Bjorkman
et al. 2018; Walker et al. 2006). Even if the primary limiting
resources are similar, species likely display greater trait differ-
ences under productive (e.g., warm) than limiting (e.g., cold) cli-
mate (Sherry et al. 2007; Wei et al. 2023) and thus are likely to
be more differentiated along a competitive ability hierarchy or
within niche space (Matias et al. 2018), leading to closer rela-
tionships between trait differences and coexistence.

In addition to environmental variation, trait-competition re-
lationships might also differ between novel and current com-
petitors for at least two reasons. First, novel competitors that
originate from distinct ecoregions and divergent lineages are
expected to possess greater trait differences than co-occurring
species that have undergone shared abiotic and biotic filtering
(Alexander, Diez, and Levine 2015; Mathakutha et al. 2019;
van Kleunen, Weber, and Fischer 2009). In this case, amplified
trait differences, particularly if they are associated with relative
fitness differences, might increase the strength of associations
between traits and coexistence for novel versus current compet-
itors. Second, the long-term history of co-occurrence between
current competitors may have led to character displacement that
favours their stable coexistence (Germain et al. 2018; Sakarchi
and Germain 2023; Zuppinger-Dingley et al. 2014). Recent the-
oretical studies suggest that character displacement can facili-
tate the stable coexistence of competing species either via the
divergence of traits associated with niche use (reducing niche
overlap) or via the convergence of traits associated with spe-
cies' competitive abilities (reducing relative fitness differences)
(Germain et al. 2018). Such adjustments might weaken associa-
tions between traits and competitive outcomes in the case of cur-
rent competitors. For instance, plant height might have strong
impacts on the interactions between novel competitors due to
competition for light but have weaker impacts on interactions
between current competitors if they have evolved ways to avoid
height-mediated light competition, such as through divergence
in phenology (Blackford, Germain, and Gilbert 2020).

In this study, we conducted a field experiment in which pairs
of low and high-elevation species (lowland and highland spe-
cies) interacted in three sites across an elevation gradient in the
Swiss Alps, where climate change and associated elevational
range shifts have been documented (Rumpf et al. 2018; Vitasse
et al. 2021). Elevation gradients are useful systems to study
the impacts of climate change on plant communities, where a
series of abiotic (e.g., temperature, soil moisture and their co-
variation) and biotic (e.g., competitors) factors systematically
vary across space in a way that is analogous to expected climate
change over time (Elmendorf et al. 2015). We selected seven
lowland and seven highland species that are common in their
respective communities but have little range overlap and thus
limited co-occurrence history. Therefore, interactions between
lowland-lowland or highland-highland species reflect current
interactions (n =56 pairs), while interactions between lowland-
highland species reflect novel interactions (n=>56 pairs). We
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parameterized integral projection models (IPMs) to predict
population-level outcomes of competition (i.e., invasion growth
rates) (Grainger, Levine, and Gilbert 2019) and quantified rel-
ative fitness differences and niche overlap for competitor pairs
at each site. We measured 15 traits encompassing morphology,
physiology, phenology, and resource use for each species at each
site (Table 1). We then related interspecific trait differences to
the invasion growth rates and the two coexistence determinants
and examined how these relationships varied across the eleva-
tion gradient. With these analyses, we aim to increase our under-
standing of the impacts of climate change-induced alterations
to competition on plant communities and provide a rigorous
experimental test of the usefulness of traits in predicting these
impacts. Specifically, we ask the following: (1) are interspecific
trait differences associated with invasion growth rates and the
two coexistence determinants? (2) How do the relationships be-
tween trait differences and coexistence vary across the elevation
gradient? (3) How do the relationships between trait differences
and coexistence differ between current vs. novel competitors?

2 | Materials and Methods

2.1 | Study Sites and Species

We conducted a field experiment across an elevation gradient
in the Swiss Alps (46°30’N; 7°10’E), including three sites lo-

cated at 900, 1400, and 1900 m above the sea level (hereafter, the
low, middle and high sites). The three sites represent a climate

gradient with long-term (1981-2015) mean annual tempera-
tures ranging from 2.5°C, 5.9°C, to 9.7°C at the high, middle,
and low sites, respectively (Scherrer et al. 2020). The three sites
were located on south-facing shallow slopes (<5°) in summer
pastures (no woody plants) with grazing excluded throughout
the experiment, allowing us to focus on the effects of climate on
species interactions. We selected 14 common perennial species
originating from the low and high-elevation communities (here-
after, the lowland and highland species; Table S1). Lowland spe-
cies shared upper range limits below 1500m, defined as the 90%
quantile of their elevation range, except for Plantago lanceolata
with an upper range limit of 1657 m; highland species shared
lower range limits above 1500m, defined as the 10% quantile
of their elevation range based on a vegetation dataset collected
within the study area (Randin et al. 2009). Therefore, the low-
land and highland species had limited co-occurrence history.
To avoid biasing our species selection towards greater trait vari-
ation between lowland and highland species than within each
group (e.g., only tall lowland species and short highland spe-
cies), we selected lowland and highland species to display a wide
range of traits within each group based on plant height, specific
leaf area, and seed mass derived from the LEDA dataset (Kleyer
et al. 2008; Figure S3).

2.2 | Field Experiment

We designed a field experiment to quantify pairwise outcomes
of competition across the elevation gradient and between

TABLE1 | Species' traits that are measured in this study, with their abbreviations, units and associated ecological functions.

Category Trait Abbreviation Unit Ecological function
Whole-plant morphology Reproductive height RH cm Light interception
Vegetative height VH cm Light interception
Root mass fraction RMF 1 Resource allocation
Leaf morphology Leaf area LA mm? Leaf economics
Leaf dry matter content LDMC mgg! Leaf economics
Specific leaf area SLA mm?mg~! Leaf economics
Leaf nitrogen content LNC mgg! Leaf economics
Leaf carbon content LCC mgg! Leaf economics
Root morphology Fine root proportion FRP 1 Root economics
Fine root density FRD gem™3 Root economics
Specific root length SRL mg! Root economics
Seed morphology Seed mass SM mg Resource allocation
Physiology Carbon isotope composition st3C 1 Water use efficiency
Phenology First flowering date FFD day Phenology
Resource use strategy Light interception LI 1 Light interception
PCA axes PC axis 1 (22.78%) PC1
PC axis 2 (22.30%) PC2
PC axis 3 (15.43%) PC3
Note: The values by PCA axes indicate the percentage of the total variation for which each axis accounts.
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species that currently co-occur (i.e., current interactions,
lowland-lowland and highland-highland species pairs) and do
not co-occur (i.e., novel interactions, lowland-highland spe-
cies pairs). Within each site, each species interacted with four
current and four novel competitors, giving rise to 112 (14 x 8)
interspecific pairs with 56 current and 56 novel pairings. We
selected these interspecific pairs to evenly sample the func-
tional trait difference of all possible pairwise current and
novel combinations based on their plant height, specific leaf
area, and seed mass. In addition, each species also interacted
with itself (n = 14 intraspecific pairs) and grew in the absence
of neighbours (n=14 non-competition) at each site. We had
nine focal individuals for each species pair, giving rise to 3780
individuals in total in the full design [(56 current pairs+ 56
novel pairs+ 14 intraspecific pairs+ 14 non-competition)x 9
individuals x 3 sites].

In spring 2017, we established 18 plots (1 X 1.6 m and 0.2m deep)
within each site and lined them with wire mesh to exclude ro-
dents (except for the high site) and with weed-suppressing fab-
ric on the sides to prevent plants from growing in from outside.
We filled all plots in the three sites with soil originating from
a location near the low site, allowing us to isolate the effects of
climate on species interactions from possible effects of soil. We
then sowed each species into a plot with a density of 9gm™! vi-
able seeds as background competitors (n =14 competition plots)
and left the other plots as bare soil (n =4 non-competition plots).
We periodically weeded the plots throughout the experiment to
maintain background monocultures.

We raised seedlings in a greenhouse and transplanted them into
the field sites as focal plants. We used standard compost soil and
let seedlings grow in the greenhouse for 6 weeks and acclimate
in a common garden for a week before transplanting. In autumn
2017, we transplanted focal seedlings into established competi-
tion plots at 14cm spacing and non-competition plots at 25cm
spacing. Focal seedlings that died within 2weeks after trans-
planting were replaced (ca. 5%). We had to resow species that
failed to establish, and they received focal plants either in spring
2018 (Poa trivialis and Poa alpina at the low site and Bromus
erectus at the middle site) or autumn 2018 (Aster alpinus, P. triv-
ialis and P. alpina at the middle site and Sesleria caerulea at the
low and high sites). We replaced dead focal individuals in the
spring and autumn of 2018 and 2019 (ca. 10% each time). We
included species that failed to establish as competitors only as
focal species for calculating population growth (Daucus carota
at all sites and S. caerulea at the middle site).

2.3 | Vital Rate Data Collection

We monitored the vital rates of all focal plants between 2017
and 2020. Survival was recorded twice a year, at the beginning
and end of each growing season. Towards the end of the grow-
ing season when all species were fully grown and flowering
(between July and September depending on the site), we mea-
sured size-related morphological traits (including the number
and length of flowering stems and the number and length of
leaves or ramets, depending on the species), recorded flower-
ing and counted the number, and measured the size of fruits
or flowers. To estimate plant size, we fitted linear models of

dry aboveground biomass as predicted by the same set of mor-
phological traits, using plants collected from the background
monocultures. To estimate fecundity, we fitted linear models
of the number of seeds as predicted by the size of fruits or
flowers, using intact fruits collected from background mono-
cultures at early fruiting stages. We conducted a separate
experiment to estimate seed germination and seedling es-
tablishment in the absence of neighbours. We also estimated
competition-dependent seedling establishment as the survival
probability of focal seedlings within their first growing season
after transplanting. See Lyu and Alexander (2022) for further
details on demographic data collection.

2.4 | Population Modelling

We used integral projection models (IPM) to model popula-
tion growth (Ellner, Childs, and Rees 2016). An IPM incorpo-
rates vital rate transitions from census ¢ to t+1 into population
growth, as denoted by the integral:

U
nzl,t+1)= J [s2)G(z1,2) + f (@)b@)p,p,p, ClZD)|n(z, H)dz
L

where z represents plant size (i.e., dry aboveground biomass on
a natural logarithm scale) and was used as a continuous state
variable in the IPMs. n(z, t) represents the population size dis-
tribution at census t. L and U represent the lower and upper
size bounds covering all possible sizes within the population.
Vital rate functions describe transitions from census ¢ to t+1.
These transitions were either dependent on size, z, including
probability of survival [s(z)], growth [G(z1,z)], probability of
flowering [f(z)], fecundity [b(z)], and offspring size distribution
[C1(z1)], or independent of size, including seed germination
rate (pg), competition-free establishment probability (p,), and
competition-dependent establishment probability (p, ). Further
details on model structure and parameters can be found in refer-
ence (Lyu and Alexander 2022).

We combined all three censuses, that is, 2017-2018, 2018-
2019, and 2019-2020, to parameterise the IPMs and estimate
deterministic population growth rates (4). To examine the ef-
fects of plant size, competitor species, and site on each vital
rate of each species, we used a model selection approach to
compare all the nested models of the full models including all
three factors and their interactions. The full models of size-
independent vital rates, that is, seed germination and seed-
ling establishment, included only competitor species, site, and
their interactions. We compared all candidate models using
the Akaike information criterion corrected for small samples
(AICc). We used simplified models in cases where the lowest-
AICc model appeared to be overfitting based on visual checks.
We then obtained vital rate parameters from the best-fit vital
rate models.

We calculated deterministic population growth rates (1) as the
dominant eigenvalue of the parameterised IPMs (Ellner, Childs,
and Rees 2016). We estimated intrinsic population growth rates
(Aiperinsic) Pased on IPMs fitted using plants growing in the absence
of neighbours and the invasion population growth rates (4, . on)
based on IPMs fitted using plants invading the established
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monocultures of competitors. We had to exclude Arnica montana
at all sites and Trifolium badium at the low site for the calculation
of A due to data scarcity caused by high mortality rates.

2.5 | Outcomes of Competition, Relative Fitness
Differences, and Niche Overlap
Weused 4, ... as a measure of species’ persistence under com-
petition (i.e., the population-level outcomes of competition). An
invasion ST€ter than one indicates that the population is pre-
dicted to persist in the presence of neighbours, with greater val-
ues indicating a greater ability to persist. An 4, . less than
one indicates that the species is predicted to be competitively
eliminated by its competitor.

We also quantified niche overlap (NO) and relative fitness differ-
ences (RFD; i.e. competitive ability differences) based on the es-
timates of population growth rates in the absence and presence
of neighbours (Carroll, Cardinale, and Nisbet 2011; Narwani
et al. 2013). For a focal species i competing against species j, we
first calculated its sensitivity as:

@

where Aij is the invasion growth rate of species i in the presence
of its competitor j, which is at its equilibrium density, and 4, is its
intrinsic growth rate. Note that this equation assumes the mono-
cultures of competitor j is at its equilibrium density (see a test for
this assumption in Lyu and Alexander 2022). Sensitivity is posi-
tive for competitive interactions, and greater sensitivities indicate
stronger competition; sensitivity is negative for facilitative inter-
actions. Modern coexistence theory predicts that the outcomes
of competition are determined by the relative magnitude of niche
overlap and relative fitness differences. Niche overlap hinders spe-
cies coexistence because it increases the intensity of interspecific
competition (Chesson 2000; Godoy and Levine 2014). Therefore, a
pair of species that experience more intense interspecific competi-
tion (i.e., greater mean sensitivities) have greater niche overlap, as
captured by the geometric mean of sensitivities:

NO = /5;S; ®

Relative fitness differences quantify the degree of asymmetry
in species’ competitive abilities and drive competitive exclusion
(Chesson 2000; Godoy and Levine 2014). Therefore, a pair of
species that experience different levels of interspecific compe-
tition (i.e., greater differences in sensitivities) tend to have great
relative fitness differences, as captured by the geometric stan-
dard deviation of sensitivities:

RFD = 4/S;;/S; @

There are three possible outcomes of competition for a pair of spe-
cies that are determined by the relative balance of niche overlap
and relative fitness differences and consistent with predictions
based on the invasion criterion (Chesson 2000). Competitive ex-
clusion occurs when two species have high niche overlap and large

fitness differences, and stable coexistence occurs when niche over-
lap is less than 1 (intraspecific competition > interspecific com-
petition) and small enough to overcome the impacts of the fitness
difference driving competitive exclusion. Otherwise, when species
have high niche overlap, small relative fitness difference prior-
ity effects occur, where the species initially established within a
community excludes the other. Equations (3) and (4) show that
this approach is incompatible with facilitative interactions whose
sensitivities are negative; thus, we included only pairs that experi-
enced competitive interactions for the analyses (92% of 284 pairs).
The results were very similar when we included facilitative inter-
actions in the analyses by scaling their sensitivities to 0.1 (indicat-
ing weak competition).

2.6 | Trait Measurements

We measured 15 traits on plant morphology, physiology, phenol-
ogy, and resource use within the field experiment. These traits
represented various hypothesized ecological functions (Table 1),
which were measured following standard protocols (Perez-
Harguindeguy et al. 2013). We measured plant reproductive
and vegetative heights on randomly selected individuals from
the background monocultures when plants were fully grown in
2018 and 2020 (n =10-20 individuals per species per site).

To measure leaf traits, we collected leaf samples at peak grow-
ing season between 2018 and 2020 (n=30-50 samples per site
per species), kept them moist and cool, and measured fresh
mass and scanned leaf area with a scanner (CANON CanoScan
LiDE 400) within 24h of collection. These leaf samples were
dried at 70°C for 72h and weighed for dry mass. We used leaf
samples collected in 2020 (n =6 samples per species per site) to
measure leaf nitrogen and carbon content and carbon isotope
composition with an isotope ratio mass spectrometer (IRMS,
DeltaplusXP, Finnigan MAT, Bremen, Germany).

To measure seed mass, we collected mature seeds from back-
ground plants at the end of the growing season in 2019 and 2020,
which were then air-dried and cleaned. We mixed seeds from
multiple individuals within each site and counted 10-100 seeds
depending on the seed size and weighed for air-dried mass. Seed
mass was calculated as the total weight divided by the number
of seeds (average of n =4-6 samples per species per site).

To measure root traits, we harvested six individuals per spe-
cies per site within background monocultures at the end of
the growing season in 2020. The aboveground parts were sep-
arated and oven-dried for dry shoot biomass. The entire roots
were carefully washed over a 500 um sieve under running water
and stored in 70% ethanol before further measurements. We
scanned the whole root floating in water with a scanner (Epson
Expression 10000XL) and analysed root diameter and length
with WinRhizo software (basic version 2007a). We followed the
same approach to measure the length and volume of fine roots
(diameters <2mm) of each sample, which were then dried at
70°C for 72h and weighed for dry mass.

To monitor flowering phenology, we estimated the proportion of
flowering plants (i.e., plants with flowering buds or open flow-
ers) within each plot weekly between April and September in

50f 14

85UB017 SUOLULLIOD SAIERID 3ol dde 8y} Aq pauRA0B 818 S3 e VO ‘SN J0 S3INI 104 ARIq1T 3UIIUO ABJIA UO (SUORIPUCD-PUR-SWRYWOD A8 | 1M ARR1q | BU1|UO//SHNY) SUORIPUOD PUe Swiid | 84} 835 *[7202/TT/80] U0 A%eiqiauliuo A8|IM ‘suuesne nog Aq 1SG.T GOB/TTTT OT/I0p/LI00 As|Im AReiq U1 |UO//:SdNY Wouy papeojumoq ‘TT ‘Y202 ‘9872G9ET



2019. We fitted generalized additive models (GAM) with a bino-
mial distribution of the proportion of flowering individuals as
explained by the Julian date of the year. We then predicted the
first flowering date using the fitted GAMs (i.e., the Julian date
when the proportion of flowering plants shifted from zero to
positive). We used the GAM-derived first flowering date rather
than the actual date when flowers were first observed because
we could miss the start of the flowering of one species with the
earliest flowering phenology (Sesleria caerulea) and also to re-
duce the effect of outliers (e.g., by plants that flowered extremely
early).

To characterise species’ ability to intercept light, we measured
light interception of background monocultures as the degree to
which each species drew down ambient light. At peak growing
season in 2019, we measured light intensity above (ca. 1 m above
the ground surface) and below the canopy at ten haphazardly
chosen locations within each plot (but avoiding the influence
of focal plants) with a photometer (SDEC, France; www.sdec-
france.com). The light intercept was calculated as the percent-
age of ambient light getting through the canopy, with the smaller
value indicating a greater ability to intercept light.

2.7 | Statistical Analyses

Prior to analyses, we averaged each trait to obtain a mean value
per species and site (Figure S1). The site-level mean of traits
was log or square root transformed to improve the symmetry
of distributions and standardized to have a mean of zero and a
standard deviation of one across all species and sites to facilitate
comparison between traits.

To test the effects of individual traits on the population-level
outcomes of competition (i.e., invasion growth rates), we fitted a
linear mixed-effects model for each trait separately with 4, . -
(on a natural logarithm scale) as the response variables, hierar-
chical trait differences (traitfocal—traitcompemor), site (categorical
variable, low, middle or high), the origin of competitor (cur-
rent or novel), and all two-way and three-way interactions as
explanatory variables, and the identity of focal and competitor
species as random effects. The three-way interactions were then
removed since they were insignificant in any models. We tested
the significance of fixed effects retained in the simplified models
using type-1I F-tests. We then extracted the slopes of hierarchi-
cal trait difference to determine whether traits had significant
effects on 4, ..., at a certain site or for a certain of competitor
origin. We calculated the 95% profile confidence intervals of the
slopes using the confint.merMod function in the R package Ime4
and determined the significant effects of a trait if the 95% CI of
its slope did not include zero. Similarly, we also tested the im-
pacts of interspecific trait differences on relative fitness differ-
ences and niche overlap. We used hierarchical trait differences
(traitfocal—traitcompemor) for relative fitness differences, assum-
ing competitive dominance to be directional, and absolute trait
differences (Itraitfocal—traitwmpemorI) for niche overlap, assum-
ing it to be non-directional (Kraft, Godoy, and Levine 2015;
Pérez-Ramos et al. 2019).

Because multiple biological processes can operate simultane-
ously to determine the outcomes of competition, we also tested

the effects of interspecific differences in multiple traits on co-
existence. First, we performed a principal component analysis
(PCA) with all traits and species across the three study sites.
We then extracted the PCA scores for each species in each site
along the first three PCA axes. We calculated interspecific dif-
ferences using PCA scores to measure multivariate trait differ-
ences between species. We fitted linear mixed-effects models for
the invasion growth rate, relative fitness differences, and niche
overlap separately for each PCA axis, similar to the models with
individual traits. Second, we also performed multivariate anal-
yses to test whether multiple traits in specific combinations that
were not captured by the PCA axes affect coexistence (see de-
tailed description in Data S1). We log-transformed the response
variables and visually verified the model assumptions (linearity,
homogeneity of variance and Gaussian error distribution) in all
models. All population modelling and statistical analyses were
performed using R version 4.0.3 (R Core Team 2020). The data
and R scripts used in this study are openly available at Zenodo
(Lyu and Alexander 2024).

3 | Results

3.1 | How Do Outcomes of Competition, Relative
Fitness Differences and Niche Overlap Vary Across
the Elevation Gradient and Between Current

and Novel Competitors?

Among all 93 species pairs for which the outcomes of competi-
tion were predicted across the three study sites, approximately
two-thirds of them (n=61) were predicted to be able to stably
coexist (Figure 1). The frequency of coexisting pairs tended to be
lower at low elevation, with 55%, 82%, and 61% at the low, middle,
and high sites, respectively (Figure 1a—c). The greater frequency
of competitive exclusion at low elevation appeared to be mainly
driven by amplified relative fitness differences (F,,y,=318.785,
p<0.0001; Figure 1d), while niche overlap did not change sig-
nificantly with elevation (F,,,;=2.007, p=0.367; Figure 1e). In
addition, current competitors in general had greater abilities to
coexist than novel competitors, with 74% of current pairs and
only 56% of pairs predicted to be able to coexist (Figure la—c).
This was mainly because current pairs had smaller niche over-
lap than novel pairs (F,,,,=4.985, p=0.025; Figure 1e), while
current and novel pairs had similar magnitudes of relative fit-
ness differences (F;,s,, =0.29, p=0.59; Figure 1d).

3.2 | Are Interspecific Trait Differences Associated
With Invasion Growth Rates and the Two
Coexistence Determinants?

We found that interspecific trait differences were frequently re-
lated to the population-level outcomes of competition. Among
the 15 traits we measured, 12 traits were significantly related to
invasion growth rates in at least one site (Figure 2 and Figure S7).
These showed that, relative to competitors, focal plants with
greater plant height, larger and thicker leaves, lower leaf nitro-
gen and carbon concentration, more coarse roots, denser fine
roots, heavier seeds, or greater abilities to intercept light had a
greater ability to persist under competition compared with other
species (Figure S7). Of the two determinants of the outcome
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interactions across the three study sites. Boxplots represent the median, first, and third quartiles summarized across species pairs within each site,

while the upper and lower whiskers indicate 1.5 times the first and third quartiles, respectively.

of competition, functional traits were more frequently related
to relative fitness differences than niche overlap (Figure 3).
Specifically, 11 traits were significantly related to relative fit-
ness differences across the three study sites (Figure 3a,b). These
showed that species had greater competitive ability when they
were taller or had greater biomass allocation to shoots, larger
leaves or leaf dry matter content, lower density of fine roots,
less leaf carbon, heavier seeds, higher water-use efficiency, or
later flowering phenology. In contrast, only seven traits across
the three studies were significantly related to niche overlap
(Figure 3c,d); species had greater niche overlap when they had
more similar leaf area, leaf dry matter content and nitrogen con-
centration, specific root length, seed mass, flowering time, and
light interception ability compared to species with more distinct
trait values.

These effects on competition of individual traits were mir-
rored in the multidimensional trait variation captured by the
PCA. PC1 (23% of total variance), which mainly reflected the
leaf economics spectrum (Wright et al. 2004) and variation in
aboveground size (Figure S3), was negatively related to inva-
sion growth rates. This indicated that species possessing more
conservative strategies, such as lower specific leaf area and

leaf nitrogen concentration, heavier seeds, and larger size than
their competitors, were better able to persist under competition
(Figure 2). Traits associated with acquisitive resource use abo-
veground, such as high light interception and long-term water
use efficiency, loaded heavily on PC2 (22% of variance). The
positive effect of PC2 in the middle site indicated that species
that were more efficient at resource acquisition and use were
better able to persist under competition (Figure 2). Additionally,
a negative effect of PC3 (15% of variance), which mainly cap-
tured belowground strategies, in the low site showed that spe-
cies with more conservative strategies (such as higher root
density and root mass fraction but lower specific root length)
relative to its competitor were better able to persist under com-
petition (Figure 2). In terms of the two processes determining
competitive outcomes, PC2 (capturing aboveground resource
use strategy) and PC3 (capturing belowground strategies) were
significantly related to relative fitness differences (Figure 3a,b),
while only PC2 was significantly related to niche overlap
(Figure 3d).

Among the 12 individual traits that are significantly related to
invasion growth rates across the three study sites, five were sig-
nificantly related to both relative fitness differences and niche
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estimated effect sizes and their 95% CIs. Effect sizes are determined as significant if the 95% CI do not include zero, and significant ones are indicated

by opaque dots and error bars.

overlap (LA, LDMC, SM, FFD, and LI; Figure 3), while further
four traits were only significantly related to relative fitness dif-
ferences and an additional one trait related to niche overlap
(Figure 3). The other two traits, SLA and FRP, were not sig-
nificantly related to relative fitness difference or niche overlap
(Figure 3) despite their significant relationships with invasion
growth rates (Figure 2).

3.3 | How Do Relationships Between Trait
Differences and Coexistence Vary Across
the Elevation Gradient?

The relationships between interspecific trait differences and
invasion growth rates varied greatly across the elevation gra-
dient. Among the 12 individual traits significantly related to
invasion growth rates, 11 displayed different patterns across
study sites (i.e., significant interspecific trait difference X site
interactions; Table S4). The numbers of traits that were sig-
nificantly related to invasion growth rates decreased greatly
towards high elevation (n=9, 7 and 0 traits in the low, middle
and high sites, respectively; Figure 2), as did their effect sizes
(F 105 =26.288, p<0.0001; Figure S8a,d). Although PCA axes
captured species differences in multiple traits, their relation-
ships with invasion growth rate also reduced greatly towards
higher elevations. Specifically, PC1 only showed a significant
relationship with invasion growth rates in the low and middle

sites, PC2 only in the middle site, and PC3 only in the low
site (Figure 2). None of the three PCA axes was significantly
related to invasion growth rates in the high site (Figure 2).
Similarly, among the 11 individual traits that were signifi-
cantly related to relative fitness differences, seven of them had
significantly different relationships between sites (Table S5).
We found that ten traits were significantly related to relative
fitness differences at the low site (Figure 3a,b), where species
also displayed greater relative fitness differences (Figure 1d).
The numbers of traits significantly related to relative fitness
differences reduced to one and two in the middle and high
sites, respectively (Figure 3a,b). The effect sizes of all traits
also decreased greatly towards high elevations (F,,;,4 = 35.53,
p <0.0001; Figure S8b,e). In analogue to individual traits, PC2
and PC3 were only significantly related to relative fitness dif-
ferences at the low elevation (Figure 3a,b).

In contrast, the relationships between interspecific trait differ-
ences in both individual traits and PCA axes and niche overlap
were relatively constant across the study sites. All seven traits
except one (first flowering date, FFD) were similarly related to
niche overlap between sites (Table S6). The results showed that
species had greater niche overlap when they flowered at similar
times at the middle site, but the relationship was reversed at the
low site (Figure 3c,d). Consistently, we found similar numbers
of traits that were significantly related to niche overlap across
the elevation gradient (n=5, 4 and 4 traits in the low, middle
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while insignificant ones are indicated with unfilled dots.

and high sites, respectively; Figure 3c,d) and the effect sizes of
all traits were also similar between sites (F,,;,, =0.969, p=0.616;
Figure S8c,f).

3.4 | How Do the Relationships Between Trait
Differences and Coexistence Differ Between
Current Versus Novel Competitors?

The relationships of both individual traits and PCA axes with
invasion growth rates, relative fitness differences, and niche
overlap were very similar between current (lowland-lowland
and highland-highland pairs) and novel (lowland-highland
pairs) competitors. Among the 12 traits that were related to
invasion growth rates, only one trait, first flowering date
(FFD), had significantly different relationships for current
versus novel competitors (Table S4). Similarly, all 11 traits
that were related to relative fitness differences had similar

relationships for novel and current competitors (Figure 3a,b;
Table S5). Although our results showed that current com-
petitors generally had smaller niche overlap than novel
competitors (Figure 1le), only one (light interception, LI) of
the seven traits that were related to niche overlap showed a
significantly different effect for current vs. novel pairs (i.e.,
significant interspecific trait difference X competitor origin
interactions; Table S6); novel competitors with similar light
interception abilities had greater niche overlap at the high site
while the relationships were absent for current competitors
(Figure 3c,d). The generally similar relationships between
trait differences and coexistence for novel and current pairs
were also supported by an analysis showing relatively con-
sistent trait effect sizes between them (Figure S8; invasion
growth rate: F,, ,.=0.722, p=0.697; relative fitness differ-
ences: F,, .. =0.024, p=0.988; niche overlap: F,, ,,=1.649,
p=0.438), indicating that traits were very similarly related to
both current and novel competition.
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4 | Discussion
4.1 | Traits Can Predict Outcomes of Competition

Earlier work has shown the potential of using traits to in-
form our understanding of competition and to forecast its im-
pacts in plant communities (Kraft, Godoy, and Levine 2015;
Kunstler et al. 2016; Schleuning et al. 2020). However, until
now, whether traits are related to population-level outcomes of
competition, and to what extent these relationships are gener-
alisable under different climates and between current versus
novel competitors, has rarely been tested. We found that traits
associated with various ecological functions were correlated
with the population-level outcomes of competition (i.e., inva-
sion growth rates), implicating several processes as possibly
mediating competition in this study system. In particular, the
strong links between competition and traits associated with
species’ ability to obtain light, such as light interception, plant
height, or leaf area, support a major role for light competition
in mediating species’ interactions in these plant communi-
ties (Dybzinski and Tilman 2007; Violle et al. 2009; Vojtech,
Turnbull, and Hector 2007; Williams et al. 2021). In addition,
the significant effects of leaf nitrogen content, root traits, and
water use efficiency suggest that competition for soil water or
nutrients was also an important driver of interactions in our ex-
periment (Dybzinski and Tilman 2007; Silvertown et al. 1999).
Nonetheless, it is important to note that these mechanisms of
competition might be accentuated in experiments such as ours,
where the relatively homogenous and stable environmental
conditions limit the opportunities for niche differentiation that
might exist in natural plant communities (e.g., environment
heterogeneity and temporal fluctuations).

The fact that most traits related to invasion growth rates were
also related to relative fitness differences, but rarely to niche
overlap, suggests that the impacts of individual traits on com-
petitive outcomes are mainly driven by how trait differences
between species are linked to differences in their competitive
ability (Kraft, Godoy, and Levine 2015; Pérez-Ramos et al. 2019).
This result is not unexpected since other studies have found
that individual traits usually characterize species’ competitive
ability, while species’ niche differences are more likely to be de-
termined by multiple traits simultaneously (Kraft, Godoy, and
Levine 2015; Pérez-Ramos et al. 2019). In line with this, our
multivariate analyses (Data S1) revealed that certain trait com-
binations, in some cases, outperformed individual traits in in-
fluencing niche overlap (Figure S11), though in some cases this
was also true for invasion growth rates (Figure S9) and relative
fitness differences (Figure S10), underlining the multidimen-
sional nature of species coexistence (Clark et al. 2007; Kraft,
Godoy, and Levine 2015). Nevertheless, increasing the number
of traits did not always result in stronger relationships between
trait differences and coexistence. For example, the best (lowest-
AICc) models for relative fitness differences included the combi-
nations of five, one, and four traits in the low, middle, and high
sites, respectively (Figure S10). This suggests that particular
combinations of traits are needed to explain species coexistence
and might also partly explain why PCA axes containing infor-
mation on multiple traits were not always more strongly related
to relative fitness differences or niche overlap than individual
traits in our system.

4.2 | Traits Are Better Predictors of Competition
Under Warmer, Lower Elevation Sites

Functional traits were more strongly associated with the outcomes
of competition at lower elevations, where the climate is warmer.
This is in line with a recent study showing that plant height and
specific leaf area are more strongly related to tree species‘responses
to neighbours in tropical forests and temperate rainforests than in
taiga ecosystems (Kunstler et al. 2016). We suggest two reasons for
the weaker effects of traits on competition under colder climate.
First, the weakened effects of some traits on the outcomes of com-
petition at higher elevations could be due to the shifts in limiting
resources across the elevation gradient (e.g., Geng et al. 2017). For
example, we found that traits characterising species’ abilities to
obtain light were strongly related to their competitive ability at
the lower but not high elevations, suggesting a greater role of com-
petition for light under warmer climates (Hautier, Vojtech, and
Hector 2018; Martin et al. 2020; Walker et al. 2006). Therefore,
it is possible that traits not measured in this study could have sig-
nificant effects on competition at higher elevations, such as those
associated with frost resistance (Korner 2016). Further work
would be needed to understand resource or non-resource-based
mechanisms of competition and how this changes with elevation
in order to identify traits that can capture variation in competition
outcomes at high as well as at low elevation.

In addition to the possible shifts in limiting resources across the
elevation gradient, our results also suggest that the effects of traits
on the outcomes of competition appear to be weaker when spe-
cies display more similar trait values. We found that, at higher el-
evations, species were less differentiated in functional trait space
(Figure S3) and many traits displayed smaller interspecific differ-
ences (Figure S4), perhaps due to more limited growth overall.
Furthermore, the weakened association between traits and the
outcomes of competition was linked to a reduced ability of traits to
capture relative fitness differences towards higher elevations. One
possible reason for this could be that a cooler climate and shorter
growing season constrain individual growth and trait expression,
effectively equalizing species’ competitive abilities towards higher
elevations in this experiment.

In contrast to trait associations with relative fitness differences,
trait associations with niche overlap were largely unchanged
across the elevation gradient. One possible reason for these con-
trasting environmental dependencies may be the distinct trait
architectures (i.e., the number of traits and their relative effects)
underlying competitive ability versus niche overlap (Kraft,
Godoy, and Levine 2015; Pérez-Ramos et al. 2019), as discussed
above, which might be worthy of further investigation. These
results suggest that traits may better predict the outcomes of
competition under a warmer climate or in high-productivity
ecosystems, and ongoing climatic warming might, therefore,
tend to enhance their predictive ability.

4.3 | Traits Predict Competition Equally Well
for Current and Novel Competitors

Contrary to our hypothesis, we found that the effects of traits on
coexistence were very similar for current and novel pairs of com-
petitors. This result indicates that competition between current
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and novel competitors is mediated by similar processes, such as
competition for light and soil water and nutrients, as discussed
above. Nonetheless, we deliberately selected high and low-
elevation species to have high overlap in functional trait space
(see Methods; Figure S3), such that current and novel pairs had
similar magnitudes of trait differences (Figure S4). Had we in-
cluded, for example, only tall lowland and short highland spe-
cies, which typically characterise the low and high-elevation
communities, respectively, we might have found that height was
a better predictor of novel competition, simply because novel
competitors had greater differences in plant height than current
competitors (analogous to the greater effects of traits on coexis-
tence, we have observed towards lower elevations and described
in the previous section). Therefore, including lowland and high-
land species that had similar trait values allowed us to focus on
the impacts of co-occurrence history per se on trait-competition
associations, such as through competition-driven character
displacement.

The fact that current (sympatric) competitors had smaller
niche overlap but similar magnitudes of relative fitness differ-
ences compared to novel (allopatric) competitors suggests that
the co-occurrence history between competing species may fa-
cilitate coexistence mainly via its impacts on niche overlap,
potentially through the divergence of traits associated with
species' niche use (Germain et al. 2018). Interestingly, we
did not detect any significant changes to the effects of traits
on niche overlap between current vs. novel competitors. A
possible reason is that co-occurrence history reduces niche
overlap between current competitors through simultaneous
but small shifts in the expression of multiple traits (Germain,
Williams, et al. 2018; Kraft, Godoy, and Levine 2015). In fact,
species' ability to intercept light, the only trait that showed
different impacts for current vs. novel competitors, is likely
to be determined by multiple traits, such as plant height and
leaf economic traits. Although we measured traits associated
with various plant functions, the possibility remains that co-
occurrence history might reduce niche overlap through the
displacement of traits not measured in this study. Apart from
that, the generally consistent effects of traits on coexistence
between current and novel competitors suggest that similar
mechanisms govern their interactions.

4.4 | Implications for the Impacts of Changing
Interactions on Plant Communities

By linking functional traits to the processes determining the
outcomes of competition under different climates, our study
provides important insight into how altered species interac-
tions might mediate the impacts of changing climate on plant
communities. We found that the frequency of competitive
exclusion increased towards lower elevations mainly due to
amplified relative fitness differences, likely resulting from in-
tensified competition for light (Sauter et al. 2021). This result
suggests that climate warming may increase the chance of
competitive exclusion of species that are weaker competitors
for light, thereby reducing community diversity (Tylianakis
et al. 2008). In addition, we observed greater niche overlap be-
tween novel competitors than between species that currently
interact and accordingly, a higher frequency of competitive

exclusion in pairs of novel competitors. This provides further
evidence that novel competitors can potentially exert greater
competitive impacts than members of the local community
(Alexander, Diez, and Levine 2015). Our experiment adds to
a growing body of studies showing that climate change can
systematically alter the impacts of competition on community
members and reinforces the importance of considering the
impacts of changing interactions for understanding and fore-
casting the responses of plant communities to climate change
(Tylianakis et al. 2008; Vandvik et al. 2020; Zhang, Huang,
and He 2015).

Although we found an increased frequency of stable coexistence
towards higher elevations, the intensity of interspecific com-
petition per se, measured as competition-induced suppression
of population growth, did not systematically decrease with in-
creasing elevation in our experiment (Figure S5), contrasting
conventional hypotheses (e.g., the stress-gradient hypothesis)
(Callaway 1998). Instead, our results showed that it was the
smaller differences in competitive ability between interacting
species (i.e., equalized relative fitness differences) that contrib-
uted to the greater chance of coexistence at higher elevations.
Importantly, this does not necessarily translate into a reduced
importance of competition towards high elevations or cold cli-
mate (Freckleton, Watkinson, and Rees 2009; Louthan, Doak,
and Angert 2015; Lyu and Alexander 2022). Therefore, more
empirical studies employing such theoretically motivated ap-
proaches are needed to gain insights into the varying roles of spe-
cies interactions in structuring ecological communities across
environmental gradients (Chesson and Huntly 1997; Germain,
Mayfield, and Gilbert 2018; Louthan, Doak, and Angert 2015).

4.5 | Caveats and Future Directions

Although our study demonstrates the usefulness of species' traits
for predicting the outcomes of current and novel competition
under different climate, the traits we measured only explained
small proportions of variance in invasion growth rates (e.g.,
light interception had the greatest predictive power but only ac-
counted for 11% of the variance; Table S4). In addition to the
possible omission of other important traits, as discussed above,
we suggest two other possible reasons for this. First, individual-
level trait plasticity in response to competition (e.g., a focal
plant can have different reproductive heights depending on its
competitors) might affect population growth under competition
(Bennett et al. 2016). Nevertheless, we found that species' differ-
ences in reproductive height measured on each species pair were
not more closely related to invasion growth rates than those
based on the grand species-level mean (Figure S12). Second,
we showed that coexistence may be mediated by multiple traits
simultaneously, which might limit the variance in competi-
tion outcomes explained by individual traits (Clark et al. 2007;
Kraft, Godoy, and Levine 2015; Pérez-Ramos et al. 2019; Piston
et al. 2019). Future enquiries into these aspects in various sys-
tems are needed to improve our understanding of, and ability to
predict, the impacts of competition on plant communities under
changing climate.

Functional traits are already being used to predict community
composition in response to climate change (Cadotte et al. 2015;
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Isabelle, Damien, and Wilfried 2014; Schleuning et al. 2020)
and incorporated into mechanistic models to inform projec-
tions of species range shifts following climate changes (Briscoe
etal. 2019; Guisan etal. 2019; MacLean and Beissinger 2017). Our
study provides a test of several key assumptions underlying these
trait-based approaches by establishing the links between func-
tional traits and the outcome of competition and the processes
determining these outcomes under different climatic conditions
and for current and novel interactions (Alexander et al. 2016).
For the first time to our knowledge, our study demonstrates that
traits can predict the outcome of interactions following range
shifts among species that do not yet interact. Additionally, we
show that the predictive ability of traits depends greatly on envi-
ronmental conditions, suggesting that prior information may be
needed on the particular limiting factors and relevant traits that
can be expected under altered climate in order to reliably pre-
dict species’ responses to changing species interactions. Overall,
our study contributes to developing a theoretically justified trait-
based approach to forecasting the responses of plant populations
and communities to environmental changes (McGill et al. 2006;
Shipley et al. 2016).
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