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ABSTRACT
Aims: The community composition of native and alien plant species is influenced by the environment (e.g., nutrient addition and 
changes in temperature or precipitation). A key objective of our study is to understand how differences in the traits of alien and 
native species vary across diverse environmental conditions. For example, the study examines how changes in nutrient availabil-
ity affect community composition and functional traits, such as specific leaf area and plant height. Additionally, it seeks to assess 
the vulnerability of high-nutrient environments, such as grasslands, to alien species colonization and the potential for alien spe-
cies to surpass natives in abundance. Finally, the study explores how climatic factors, including temperature and precipitation, 
modulate the relationship between traits and environmental conditions, shaping species success.
Location: In our study, we used data from a globally distributed experiment manipulating nutrient supplies in grasslands world-
wide (NutNet).
Methods: We investigate how temporal shifts in the abundance of native and alien species are influenced by species-specific 
functional traits, including specific leaf area (SLA) and leaf nutrient concentrations, as well as by environmental conditions such 
as climate and nutrient treatments, across 17 study sites. Mixed-effects models were used to assess these relationships.
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Results: Alien and native species increasing in their abundance did not differ in their leaf traits. We found significantly lower 
specific leaf area (SLA) with an increase in mean annual temperature and lower leaf Potassium with mean annual precipitation. 
For trait–environment relationships, when compared to native species, successful aliens exhibited an increase in leaf Phosphorus 
and a decrease in leaf Potassium with an increase in mean annual precipitation. Finally, aliens' SLA decreased in plots with 
higher mean annual temperatures.
Conclusions: Therefore, studying the relationship between environment and functional traits may portray grasslands' dynamics 
better than focusing exclusively on traits of successful species, per se.

1   |   Introduction

Alien species can spread rapidly and dominate plant communi-
ties. However, these highly successful species represent a tiny 
fraction of all species that are introduced into a new habitat. A 
general understanding of what separates these few highly suc-
cessful species would allow for more effective risk assessment 
of introduced species and control of newly introduced species 
(Gallagher et al. 2015). Abundant alien species, which we define 
as those whose presence in a region is attributable to human ac-
tions, deliberate or inadvertent, that enabled them to overcome 
biogeographical barriers (Pyšek et al. 2020). Alien plant species 
may successfully establish and spread in new habitats due to 
their advantageous traits, including faster growth rates, shorter 
life spans, elevated leaf nutrient levels, higher seed production, 
enhanced dispersal ability, greater specific leaf area (SLA), and 
rapid germination (Ordonez et  al.  2010; Leishman et  al.  2007; 
Ordonez 2014; Gallagher et al. 2015). Taken together, these traits 
may reflect differences in resource conservation (nutrient use/leaf 
traits/lifespan) and resource acquisition (root-shoot biomass ratio, 
leaf traits) between aliens and natives, where different trait values 
were recorded in invading aliens compared to co-occurring native 
species (Funk 2013). The functional differences of species from 
different regions may improve alien species' chances of success 
in new environments, allowing them to acquire more resources, 
increase in abundance, and outcompete other species (Pyšek and 
Richardson 2007; Van Kleunen et al. 2010; Divíšek et al. 2018).

While the success of alien species may depend on species traits, 
studying functional traits in isolation without considering envi-
ronmental conditions misses the important role of abiotic and 
biotic context on trait selection (Kambach et al. 2023; Golivets 
et al. 2024). Among other factors, environmental filters (such as 
climate, land use, and nutrient supply) or human selection might 
lead to functional similarity between native and alien species, 
where a set of traits necessary for survival and reproduction 
will be consistent across species of different origins. In contrast, 
alien species' success may also depend on being distinct from the 
native community (Fargione et al. 2003). Thus, trait similarity 
(via environmental filtering) and trait dissimilarity (via limiting 
similarity of coexisting species; MacArthur and Levins  1967; 
Abrams 1983) present important mechanisms in invasion ecol-
ogy (Catford et al. 2009; Enders et al. 2020). Alien species that 
are functionally distinct from natives may occupy areas with 
variable environmental conditions (Knapp and Kühn  2012; 
Gross et al. 2013; Milanović et al. 2020; Golivets et al. 2024) or 
outperform local species as climatic conditions change (Pyšek 
and Richardson  2007). However, Ordonez et  al.  (2010) found 
no difference in the trait-environment relationship between 
native and alien species, presumably because under distinct 

environmental conditions, both alien and native plants are re-
quired to feature a set of traits essential for survival and success.

Field experiments have shown that plant community compo-
sition (La Pierre and Smith 2015; Harpole et al. 2016; Komatsu 
et al. 2019), vegetation cover (Seabloom et al. 2015), and commu-
nity functional properties (Firn et al. 2019; Broadbent et al. 2020) 
can dramatically change following nutrient addition. Leishman 
et al. (2007) found that slower-growing native species dominated 
in areas with low nutrient availability, but community compo-
sition shifted toward fast-growing alien species in disturbed, 
nutrient-rich environments. Similarly, studies show that species 
with traits related to fast growth and high nutrient content, pho-
tosynthetic rate, or biomass (Funk et al. 2016) were dominant and 
appeared to be facilitated by increased nutrient availability. The 
effect of nutrients on trait expression is particularly pronounced 
for traits related to growth, such as SLA and leaf formation rate 
(La Pierre and Smith 2015; Heckman et al. 2016), although Firn 
et al. (2019) found an opposing effect where SLA of plant com-
munities remained relatively constant with nutrient additions. 
Increases in nutrient quantities are an important driver of plant 
invasions in grasslands (Seabloom et al. 2015; Funk et al. 2016), 
and they can be used as model habitats for the main mechanisms 
behind biological invasions. In contrast, low nutrient availability 
is predominantly favorable for native species.

Studying the impact of herbivore exclusion on invasion success is 
crucial because herbivores can limit the spread of alien species by 
feeding on them, while their absence may allow non-native plants 
to flourish, particularly in nutrient-enriched environments. Since 
invasive species often escape their natural herbivores, they may 
experience reduced grazing pressure, enabling them to capital-
ize on resource availability without the trade-offs associated with 
high palatability and rapid growth (Blumenthal 2006).

In our study we performed success-based comparisons of co-
occurring alien and native plant species, including functional 
traits and site-based parameters (temperature, precipitation, 
nutrient additions, and herbivore exclusion), using a high-
resolution, large-extent, worldwide grassland experiment 
NutNet (Nutrient Network). Including context dependency (re-
flected in the trait-environment relationships), we assessed the 
trait-environmental relationship's impact on species success (ob-
served as an increase in species cover over time). Context depen-
dency (or ‘mechanistic context dependence’ defined by Catford 
et al. 2022) describes the difference in strength or sign of the re-
lationship between studied variables under different conditions. 
Accordingly, the interaction of traits may be crucial to explain 
the success of alien species (Küster et al. 2008). Likewise, an in-
teraction effect of an environmental variable (e.g., temperature, 
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nutrients) can alter the effect of the explanatory variable (spe-
cies trait) on a response variable (increase in species cover which 
was a proxy for species success), demonstrating the ecological 
process. Specifically, in our paper, the following questions are 
addressed: (Q1) Do traits differ between successful native and 
alien species? (Q2) Do species traits predict species responses to 
nutrient addition, herbivore exclusion or distribution along cli-
matic gradients? (Q3) Does the success of native or alien species 
depend on trait-environment relationships?

2   |   Methods

2.1   |   NutNet Experimental Design & Site Info

In our study, we used data from the Nutrient Network (NutNet, 
http://​www.​nutnet.​org/​), a globally distributed, herbivore ex-
clusion and nutrient addition experiment replicated in grass-
land sites across multiple geographical regions (North America, 
Europe, Africa, and Australia). Our study included only NutNet 
sites with alien and native species present, with a minimum of 
3 years of nutrient addition of essential plant nutrients (N, P, and 
K) and an unfertilized control. Based on these criteria, our study 
covers 17 sites (detailed information on sites in Appendix S1) dis-
tributed in five biogeographical regions: central plains (North 
America, four sites), montane west (North America, three 
sites), Pacific coast (North America, six sites), Atlantic coast 
(North America, one site), and Australia (three sites) and span-
ning a variety of ecosystems, including mountain grasslands, 
shrub steppes, shortgrass and tallgrass prairies, and savannas. 
Climatic information (mean annual temperature-MAT and 
mean annual precipitation-MAP) for every site (2007–2020) was 
retrieved from the WorldClim Global Climate database at a 1 km 
spatial resolution (version 1.4; http://​www.​world​clim.​org; values 
ranging for MAP: 262–1898 mm, and for MAT: 5.5°C–18.4°C; 
Hijmans et al. 2005).

At each of the 17 sites (Borer et al. 2014), nutrients were applied 
to all treatment plots at the following rates: 10 g N/m2/year as 
time-release urea, 10 g P/m2/year as triple super phosphate, and 
10 g K/m2/year as potassium sulfate. Treatment plots include 
either one added nutrient (N, P, K), combinations of nutrients 
(NP, NK, PK, NPK) or plots with a fence for herbivore exclusion 
(180 cm in height) and plots with a fence and NPK additions. 
Most of the NutNet sites have three replicate blocks divided into 
10 plots measuring 5 m × 5 m each, resulting in a total of 30 plots 
per experimental site (control and one of the nutrient treatments 
and/or herbivore exclusion; details on experimental design in 
Appendix S2).

2.1.1   |   Change in Species Cover Over Time (Species 
Success)

Species abundances were quantified annually (up to 13 years 
post-treatment) at peak biomass at each site starting in the year 
preceding the application of experimental treatments (pretreat-
ment year) and species cover was estimated to the nearest 1% 
within a 1-m2 subplot in each plot. The cover of each species (list 
of species Appendix S3) in a permanently marked 1 × 1 m quad-
rat was estimated visually, and the cover estimates were used for 

detecting species-level responses to treatment. Several sites with 
distinct growth periods had the cover estimated at two time 
points, and species were assigned the maximum cover across 
both sampling times.

Species origin (native or alien) was determined by the principal 
investigator of the site checked using national flora databases. 
To investigate the success of species of different origins (native 
and alien), we performed linear regressions for every species 
and every treatment plot, where species cover was a response 
variable and the year of cover data collection (2007–2021) was 
the explanatory variable. Coefficients (changes in slope) from 
the model were used to represent change (increase or decrease) 
in every species' maximum cover over the period of observation 
and were used as a response variable in the following analyses.

2.1.2   |   Leaf Traits Measurements

For leaf trait measurements (SLA and leaf nutrients (N, P, K)), 
we selected the most dominant species within each plot and 
collected leaves once following the application of nutrient treat-
ments. For each species selected for leaf trait analysis in each 
plot, we randomly selected five fully developed leaves with lit-
tle to no signs of herbivore damage from five mature individ-
uals. Sampling followed the standardized protocols detailed by 
Firn et al. (2019). All leaves from each species in each plot were 
combined to measure leaf area. Depending on the resources 
available at each site, leaf area (mm2) was measured using leaf 
area meters or using a flatbed scanner (Epson perfection V300) 
and the image analysis software ImageJ. Thereafter, all leaves 
were dried at 60°C for 48 h and then weighed (dry weight; g). 
SLA was calculated as the leaf area divided by the dry weight. 
SLA was calculated for all five leaves collected from each spe-
cies in each plot at every site. Dried leaves were then ground, 
bulked per plot and per species, and analyzed for leaf nutrient 
concentrations. The leaf Nitrogen content was determined using 
a LECO TruMac, which is based on a combustion technique 

TABLE 1    |    Mixed effect model results for trait-origin model (includes 
interaction between traits (leaf Potassium (leaf K), leaf Phosphorus (leaf 
P), SLA and leaf nitrogen (leaf N)), and origin (ORG) as predictors and 
change in species cover over time as a response variable).

Estimate
Std. 

Error df t

(Intercept) 0.016 0.308 78.1 0.956

Leaf K:ORG 
(Aliena)

0.685 0.384 1102.8 1.784

Leaf P: ORG 
(Alien)

−0.450 0.324 1102.79 −1.385

SLA:ORG 
(Alien)

−0.605 0.312 983.87 −1.929

Leaf N:ORG 
(Alien)

−0.183 0.348 796.29 −0.528

Note: The table includes estimated coefficients, standard error, degrees of 
freedom (df) and t value.
aReference for origin—native species.
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TABLE 2    |    Mixed effect model results for trait-environment model (includes interaction between traits (leaf Potassium (leaf K), leaf Phosphorus 
(leaf P), SLA and leaf Nitrogen (leaf N)), and climate (mean annual temperature-MAT, mean annual precipitation-MAP) or treatment (TRT: Nitrogen 
(N), phosphorus (P), potassium (K) and Fence), as predictors and change in species cover over time as a response variable—fixed effect).

Estimate Std. Error df t

(Intercept) −0.22 0.55 635.5 −0.403

SLA:MAT −1.05 0.34 583.5 −3.070

SLA:MAP −0.16 0.21 830.6 −0.751

MAT:Leaf N −0.11 0.29 912.8 −0.371

MAP:Leaf N −0.15 0.21 903.9 −0.697

MAT:Leaf K −0.02 0.28 995.6 −0.060

MAP:Leaf K −0.45 0.23 1043 −1.994

MAT:Leaf P 0.10 0.23 1046 0.451

MAP:Leaf P 0.03 0.18 1050 0.166

Leaf N:TRT(FENCE) 0.18 0.80 1030 0.223

Leaf N:TRT(K) −0.01 0.73 1023 −0.009

Leaf N:TRT(N) −0.41 0.79 1025 −0.517

Leaf N:TRT(NK) −0.36 0.71 1025 −0.501

Leaf N:TRT(NP) 0.06 0.72 1028 0.078

Leaf N:TRT(NPK) 0.01 0.73 1029 0.014

Leaf N:TRT(NPK + FENCE) 0.10 0.73 1032 0.143

Leaf N:TRT(P) 0.11 0.68 1026 0.157

Leaf N:TRT(PK) 0.48 0.71 1030 0.664

Leaf K:TRT(FENCE) 0.31 1.06 1028 0.296

Leaf K:TRT(K) 0.75 0.97 1025 0.776

Leaf K:TRT(N) 0.45 0.91 1035 0.496

Leaf K:TRT(NK) −0.10 0.91 1028 −0.111

Leaf K:TRT(NP) 1.72 0.98 1025 1.738

Leaf K:TRT(NPK) 0.30 0.98 1035 0.303

Leaf K:TRT(NPK + FENCE) 0.27 1.03 1028 0.260

Leaf K:TRT(P) 0.11 0.94 1029 0.120

Leaf K:TRT(PK) 0.32 0.91 1026 0.351

Leaf P:TRT(FENCE) 1.07 1.03 1033 1.034

Leaf P:TRT(K) 0.20 1.09 1025 0.188

Leaf P:TRT(N) 0.39 1.15 1029 0.342

Leaf P:TRT(NK) 1.20 1.11 1028 1.081

Leaf P:TRT(NP) −0.33 0.86 1023 −0.379

Leaf P:TRT(NPK) −0.09 0.86 1034 −0.109

Leaf P:TRT(NPK + FENCE) 0.30 0.91 1027 0.330

Leaf P:TRT(P) −0.16 0.84 1042 −0.194

Leaf P:TRT(PK) −0.08 0.92 1042 −0.086

(Continues)
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that uses thermal conductivity relative to pure gas and provides 
accurate and precise results (nitrogen values vary < 0.02). The 
leaf Potassium and Phosphorus concentrations were determined 
using laser ablation inductively coupled plasma mass spectrom-
etry after Duodu et al. (2015) with the following exceptions: the 
internal standard was not added, but carbon was measured; the 
most abundant naturally occurring element was used; and no 
extra pulverizing was performed beyond that required for car-
bon and nitrogen analysis, which consisted of placing a sam-
ple and a 2-mm-diameter tungsten carbide ball inside 2-mm 
plastic centrifuge vials, followed by grinding for 15 min using 
a TissueLyser. Leaves (approximately 0.2 g) were compressed in 
a hydraulic dye, which produced a pellet approximately 5 mm 
across and 2 mm tall. These pellets were glued to a plastic tray 
in groups of ~100 and placed inside the laser chamber. A New 
Wave 193-nm excimer laser with a TrueLine cell was connected 
to an Agilent 8800 inductively coupled plasma mass spectrome-
ter. The laser beam was 65 μm in diameter and rastered across a 
length of approximately 500 μm for approximately 50 s, 5 times 
per sample with a 30-s washout or background between rasters. 
The laser fluence at the laser exit was approximately 2 J/cm2 and 
the repetition rate was 7 Hz. The National Institute of Standards 
and Technology National Bureau of Standards peach leaves 
and National Institute of Standards and Technology National 
Bureau of Standards spinach were used as monitoring stan-
dards; these were analyzed every third sample (15 rasters) for 
moderately close sample-standard bracketing. The average and 
standard deviation of each element in each sample were calcu-
lated and reported following the method presented by Longerich 
et al. (1996) using Iloite data reduction software.

2.2   |   Statistical Analyses

2.2.1   |   Data Standardization and Multicollinearity

Explanatory variables were standardized to zero mean and unit 
standard deviation. We tested for multicollinearity among ex-
planatory variables (traits, mean annual temperature and pre-
cipitation) using the function corrplot. We recorded correlation 
coefficients (r < |0.7|, Dormann et al. 2013) for all leaf traits, as 
well as between temperature and precipitation. We found that 

all predictors had low correlation coefficients (range 0.18–0.44) 
and so were included in the analysis.

2.2.2   |   Mixed Effect Models

To investigate the relationship between species success with 
traits and/or environmental predictors, we fit several mixed-
effect models (LME). The first model (‘trait-model’, Q1) includes 
the change in species cover over time as a response variable, all 
of the four species traits, and origin as fixed effects, their two-
way interactions, and 1|site/block as a random effect. Further, 
we tested if traits predict species change (regardless of their ori-
gin) in cover under different environments. The corresponding 
LME included change in species cover over time as response 
and trait-environment interactions as predictors (nutrient addi-
tions, herbivore exclusion, temperature and precipitation, Q2). 
The final model tests (Q3) the trait-environment relationships 
of native and alien species, with change in species cover over 
time as a response and fixed effects include traits, origin, envi-
ronment (climate—mean annual temperature (MAT) and mean 
annual precipitation (MAP), and nutrient treatments and her-
bivore exclusion), and all three-way interactions. We used the 
lmer function (package lme4) to fit mixed-effect models for all 
research questions (Q1, Q2, Q3). To check for assumptions, we 
inspected the residuals in the diagnostic plots of each model. 
The data analysis was performed using R, version 4.3.1 (R Core 
Team 2017).

3   |   Results

3.1   |   Species Success and Traits of Alien 
and Native Species (Q1)

We found no statistically significant differences in the leaf 
traits of successful aliens and natives (Table  1), based on the 
trait model (Q1) that included all leaf traits and species origin 
(as fixed effects) with change in species cover over time as a re-
sponse variable. The trait-origin model explained 10.5% of the 
variance (conditional R2) of which 1.3% can be explained by 
fixed effects (marginal R2, Appendix S4a).

Estimate Std. Error df t

SLA:TRT(FENCE) 0.17 0.76 1039 0.215

SLA:TRT(K) −0.39 0.72 1022 −0.544

SLA:TRT(N) −0.01 0.77 1017 −0.015

SLA:TRT(NK) 0.04 0.77 1024 0.052

SLA:TRT(NP) −1.36 0.75 1023 −1.796

SLA:TRT(NPK) 1.10 0.73 1027 1.506

SLA:TRT(NPK + FENCE) 0.84 0.71 1053 1.171

SLA:TRT(P) 0.06 0.76 1025 0.078

SLA:TRT(PK) −0.45 0.78 1020 −0.569

Note: The table includes estimated coefficients, standard error, degrees of freedom (df) and t value.

TABLE 2    |    (Continued)
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FIGURE 1    |     Legend on next page.
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3.2   |   Species Success and Trait-Environment 
Relationships (Q2)

The trait-environment model shows how trait-environment re-
lationships relate to species' success, irrespective of their origin. 
The trait-environment model explained 13% of the variance 
(conditional R2) of which 6.1% was explained by fixed effects 
(marginal R2, Appendix S4b). We found that species with higher 
SLA (coefficient = −1.05, Table 2) were significantly less success-
ful as site-level mean annual temperature increased. Similarly, 
species with higher amounts of leaf Potassium were less suc-
cessful at sites with higher mean annual precipitation (coeffi-
cient = −0.45, Table 2).

3.3   |   Species Success and Trait-Environment 
Relationships of Alien and Native Species (Q3)

The trait-environment model included leaf traits, climate (MAT/
MAP), all nutrient treatments, and origin with change in species 
cover over time as a response variable (as a fixed effect). The trait-
environment model explained 22% of the variance (conditional 
R2) of which 15% is explained by fixed effects (marginal R2; see 
Appendix S4c for a full summary). We found that compared to 
natives, successful aliens tend to contain more leaf Phosphorus 
(coefficient = 0.88, Figure  1b, Table  3), but leaf Potassium de-
clines in aliens with increasing mean annual precipitation (coef-
ficient = −2.21, Figure 1c, Table 3). Finally, compared to natives, 
the SLA of alien species declines with increasing mean annual 
temperature (coefficient = −2.35, Figure 1a, Table 3).

4   |   Discussion

In this study, we analyzed the success of co-occurring native 
and alien species by examining both species-specific and site-
based parameters. Incorporating a range of factors, including 
species traits, climate, and nutrient content, is critical for un-
derstanding these dynamics. The success of alien species is 
often explained through contrasting hypotheses, which can be 
based on the distinct trait spaces these species occupy in com-
parison to native species (Enders and Jeschke  2018). One set 
of hypotheses focuses on alien species being functionally dis-
similar from native species (‘competitive-relatedness hypoth-
esis’, ‘try harder’, ‘limiting similarity hypothesis’, ‘phenotypic 
divergence’ (Crawley et  al.  1996; Cahill Jr. et  al.  2008)), i.e., 
having niches with specific environmental profiles (Pyšek and 
Richardson 2007; Divíšek et al. 2018). Contrasting hypotheses 
(‘pre-adaptation hypothesis’, ‘habitat filtering hypothesis’, ‘phe-
notypic convergence’, ‘fit with locals’) relate to alien success and 
illustrate how the same general strategies may lead to similar 

traits that allow alien and native species to coexist under local 
environmental conditions (Ordonez et al. 2010). In our results, 
we found support for both standpoints, and that alien and native 
species share traits and can be functionally distinct (on different 
scales and for multiple traits).

We observed that specific leaf area (SLA) and leaf nutrient lev-
els were comparable across species of different origins, indi-
cating functional similarity. However, specific leaf area (SLA), 
leaf Phosphorus, and leaf Potassium varied between successful 
native and alien species across different climatic conditions. 
Specific leaf area is one of the most commonly used traits in 
invasion ecology; yet, the majority of studies have found con-
trasting results. For example, studies have found that higher 
SLA values can be beneficial for alien species (Mathakutha 
et al. 2019; Divíšek et al. 2018; Ordonez and Olff 2013), as well 
as that greater SLA may lead to a competitive disadvantage in 
aliens (Feng et al. 2019; Feng and van Kleunen 2016; Kunstler 
et al. 2016; Kraft et al. 2015). Successful aliens tend to conserve 
acquired resources, exhibit higher stress tolerance (particu-
larly water), lower metabolic and photosynthetic rates, and are 
long-lived, slow-growing species (Wright et  al.  2004; Poorter 
and Bongers 2006; Vellend et al. 2014). The conflicting results 
for SLA highlight the importance of accounting for the role of 
environmental conditions in mediating trait effects on species 
success. Although we observed evidence of trait differences be-
tween successful alien species and native species under varying 
climatic conditions, leaf traits did not exhibit significant varia-
tion outside of specific environmental contexts. This indicates 
that species success is context-dependent. Hess et  al.  (2020) 
argue that functional differences between species are often not 
found, particularly when there are multiple co-occurring alien 
species. Further, a meta-analysis by Price and Pärtel (2013) re-
vealed that the importance of functional dissimilarity for species 
success diminishes in more established and natural habitats, 
while it plays an important role in experimental setups. Studies 
so far (shown in a meta-analysis done by Leffler et al. 2014) have 
shown that functional differences are context-dependent, where 
other mechanisms may explain the success of invasive species. 
Thus, introducing climatic information within the plots revealed 
that the variation in most of the leaf traits we studied is relevant 
to species' success under different environmental conditions.

Previous studies provide evidence that alien plant species out-
perform native species along climatic gradients (e.g., warm and 
dry conditions, Pyšek et  al.  2005) as well as in environments 
with enhanced soil nutrients (Zhao et al. 2020). In examining 
the relationship between traits and climate, we found that pre-
cipitation significantly interacted with leaf nutrient concentra-
tions, while successful alien species exhibited lower specific leaf 
area (SLA) values compared to natives in warmer temperatures. 

FIGURE 1    |    Scatter plots illustrating the variation in cover change of native and alien species as a function of leaf trait values under differing 
mean annual temperature (MAT) and precipitation (MAP) conditions. The y-axis represents the change in species cover per plot, while the x-axis 
shows trait values (specific leaf area (SLA), leaf phosphorus (Leaf P), and leaf potassium (Leaf K)). Points and trend lines are color-coded by species 
origin: Red represents native species, and blue represents alien species. Grid cells indicate categories of scaled temperature and precipitation increas-
es. Panel (a) depicts the three-way interaction between SLA, MAT, and species origin; panel (b) highlights the interaction between leaf phosphorus, 
MAP, and species origin; and panel (c) shows the interaction between leaf potassium, MAP, and species origin.
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TABLE 3    |    Mixed effect model results for traits-environmental model (includes interaction between traits (leaf Potassium (leaf K), leaf Phosphorus 
(leaf P), SLA and leaf Nitrogen (leaf N)), origin (ORG) and climate (mean annual temperature-MAT, mean annual precipitation-MAP) or treatment 
(TRT: Nitrogen (N), phosphorus (P), potassium (K) and Fence), as predictors and change in species cover over time as a response variable—fixed 
effect).

Estimate Std. Error df t

(Intercept) 0.49 0.72 780.56 0.68

SLA:TRT(FENCE):ORG (Aliena) −0.90 1.60 981.09 −0.56

SLA:TRT(K):ORG (Alien) 1.06 1.50 952.95 0.70

SLA:TRT(N):ORG (Alien) 0.07 1.65 946.87 0.04

SLA:TRT(NK):ORG (Alien) 0.59 1.63 957.49 0.36

SLA:TRT(NP):ORG (Alien) −0.15 2.03 963.32 −0.07

SLA:TRT(NPK):ORG (Alien) −2.33 1.58 958.55 −1.47

SLA:TRT(NPK + FENCE):ORG (Alien) −0.14 1.60 985.77 −0.08

SLA:TRT(P):ORG (Alien) −0.19 1.59 960.25 −0.12

SLA:TRT(PK):ORG (Alien) 0.39 1.64 953.02 0.24

Leaf N:TRT(FENCE):ORG (Alien) −1.65 1.70 971.50 −0.97

Leaf N:TRT(K):ORG (Alien) −0.75 1.54 951.26 −0.48

Leaf N:TRT(N):OORG (Alien) −0.09 1.65 959.05 −0.05

Leaf N:TRT(NK):ORG (Alien) −0.29 1.51 957.98 −0.19

Leaf N:TRT(NP):ORG (Alien) −2.44 1.49 961.21 −1.63

Leaf N:TRT(NPK):ORG (Alien) −0.41 1.52 962.44 −0.27

Leaf N:TRT(NPK + FENCE):ORG (Alien) −1.23 1.50 964.53 −0.82

Leaf N:TRT(P):ORG (Alien) −0.12 1.42 958.56 −0.08

Leaf N:TRT(PK):ORG (Alien) −0.42 1.46 969.12 −0.29

Leaf P:TRT(FENCE):ORG (Alien) 2.34 2.20 961.02 1.06

Leaf P:TRT(K):ORG (Alien) 1.29 2.25 957.52 0.57

Leaf P:TRT(N):ORG (Alien) 0.92 2.43 964.04 0.38

Leaf P:TRT(NK):ORG (Alien) −0.10 2.26 960.12 −0.04

Leaf P:TRT(NP):ORG (Alien) 2.25 1.78 959.50 1.26

Leaf P:TRT(NPK):ORG (Alien) 0.73 1.80 960.93 0.40

Leaf P:TRT(NPK + FENCE):ORG (Alien) 0.87 1.90 977.28 0.46

Leaf P:TRT(P):ORG (Alien) 0.34 1.76 957.58 0.19

Leaf P:TRT(PK):ORG (Alien) 1.87 1.92 972.10 0.97

Leaf K:TRT(FENCE):ORG (Alien) −1.40 2.30 958.90 −0.61

Leaf K:TRT(K):ORG (Alien) −0.83 2.07 963.14 −0.40

Leaf K:TRT(N):ORG (Alien) −0.24 2.04 958.55 −0.12

Leaf K:TRT(NK):ORG (Alien) −0.42 1.98 958.42 −0.21

Leaf K:TRT(NP):ORG (Alien) 2.34 2.13 967.30 1.09

Leaf K:TRT(NPK):ORG (Alien) 1.05 2.05 961.26 0.51

Leaf K:TRT(NPK + FENCE):ORG (Alien) −0.55 2.18 966.75 −0.25

Leaf K:TRT(P):ORG (Alien) −0.96 2.04 959.49 −0.47

(Continues)
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As a result, in warmer sites, native species with higher SLA tend 
to be more successful. SLA interactions with climate in grass-
lands can, however, often be genus- or species-dependent (Liu 
et al. 2017). This might explain the inconsistent results from the 
majority of current research, where climate is significantly cor-
related to SLA (e.g., negative association in Wright et al. (2004), 
or positive association in Poorter and Bongers (2006)). We found 
a significant relationship between SLA and environmental 
factors, and these results are in line with a previous study by 
Catford et al. (2019) where species with higher SLA were more 
successful at spreading to new plots while those with lower SLA 
had higher long-term occupancy rates (i.e., high SLA is advanta-
geous in earlier stages and lower SLA is gaining in importance 
in the long term).

Chen et al. (2013) found that climatic factors, such as precipita-
tion, significantly influence the availability of soil nutrients and 
are a primary driver of leaf nutrient levels, and this relationship 
was particularly pronounced in Phosphorus content. Elevated 
levels of leaf Phosphorus in herbaceous plant species are indica-
tive of enhanced growth potential (Tecco et al. 2010). This phe-
nomenon may result from the increased availability of effective 
soil nutrients, which is influenced by rising precipitation levels. 
Consequently, this can lead to higher tissue Phosphorus concen-
trations, as diminished soil moisture in drier sites can restrict 
nutrient uptake (Wood et al. 2005). Thus, successful alien species 
demonstrate enhanced phosphorus acquisition in wetter sites by 
effectively utilizing available phosphorus resources. This en-
hanced nutrient uptake facilitates more rapid growth rates when 
compared to native species. In contrast to leaf Phosphorus, leaf 
Potassium concentrations in successful alien species decreased 
as precipitation increased. Meier and Leuschner (2014) demon-
strated similar results, as leaf Potassium concentrations decline 
with increasing precipitation, indicating a potential limitation of 
potassium for plant growth in moist environments.

Firn et al. (2019) found no significant relationship between SLA 
and soil nutrients and that, conversely, leaf nutrients were the 
only traits that responded to an increase in soil nutrient supplies. 
However, in our study, no evidence of trait differences between 

native and alien species was observed, suggesting functional 
similarity between species of different origins under conditions 
of elevated soil nutrients. The ability of successful alien plant 
species to perform similarly to natives under high-nutrient con-
ditions might be related to their area of origin. Most of the alien 
species at our sites have been introduced from Eurasia, where 
these species have been preadapted to increased nutrient rates 
due to 10,000 years of continuous arable farming. Successful 
species, regardless of their origin, occupy nutrient-rich plots that 
allow them to secure adequate soil nutrients for rapid growth. 
This results in thinner and larger leaves, which enhance light 
capture and contribute to greater competitive ability, provide 
benefits in resource capturing, allocation of metabolic compo-
nents, higher photosynthetic rates, and rapid growth (Reich 
et  al.  1999; Wright et  al.  2004; Vellend et  al.  2014; Rosbakh 
et al. 2015; Mathakutha et al. 2019).

The divergence of the effects that climate and nutrient additions 
have on aliens' and natives' leaf traits confirms the complexity 
of studying species' success. The success of alien species due to 
their functional dissimilarity from native species can be evident 
under specific environmental conditions (Milanović et al. 2020). 
However, Drenovsky et al. (2012) concluded that dominant na-
tive and alien species show functional similarity as a response 
to changes in resource availability. Further, Cleland et al. (2011) 
found that native and alien species' traits were context-dependent 
(traits varied between sites) and that aliens that became success-
ful had a set of traits pre-adapting them to the novel environ-
mental conditions. Thus, it is necessary to further study species 
trait sets and to include multivariate relationships of traits with 
soil nutrients and climate (e.g., nutrient availability may change 
with precipitation and temperature). In particular, habitat con-
ditions can be decisive factors in filtering successful species and 
their traits (Lembrechts et al. 2017; Kambach et al. 2023).

Our findings have important implications for understanding the 
main mechanisms behind the success of alien plant species in 
grasslands. We show that trait and environmental aspects, as 
well as their interactions, affect species' success, suggesting that 
including both components is necessary since aliens showed 

Estimate Std. Error df t

Leaf K:TRT(PK):ORG (Alien) −2.52 1.95 960.33 −1.29

SLA:ORG (Alien):MAT −2.34 0.93 960.56 −2.52

SLA:ORG (Alien):MAP 0.65 0.54 503.02 1.21

Leaf N:ORG (Alien):MAT −0.01 0.64 921.42 −0.01

Leaf P:ORG (Alien):MAT −1.05 0.59 991.17 −1.77

Leaf K:ORG (Alien):MAT 1.34 0.69 992.91 1.94

Leaf N:ORG (Alien):MAP 0.81 0.57 938.66 1.41

Leaf P:ORG (Alien):MAP 0.87 0.44 991.86 1.96

Leaf K:ORG (Alien):MAP −2.20 0.60 992.11 −3.63

Note: The table includes estimated coefficients, standard error, degrees of freedom (df) and t value. The full model summary (including random effects) is shown in the 
Appendix S4c.
aReference for origin – native species.

TABLE 3    |    (Continued)
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functional similarity and dissimilarity from co-occurring na-
tive flora. We conclude that, independent of the environment, 
natives and aliens tend to be similar in leaf nutrients on both 
local and global scales. However, the functional dissimilarity, 
reflected in differences in SLA between natives and aliens under 
different environmental conditions, can help in explaining the 
success of plant invasions in grasslands.
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