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Forests support a variety of functions essential for the provisioning of ecosystem
services. However, invasive plants can disrupt forest functioning, particularly in
temperate forest understories that commonly experience invasive plant
encroachment, by altering community-level trait distributions. Invasive plants,
frequently characterized by acquisitive traits such as higher specific leaf area and
nitrogen content, may either outcompete native species with different trait
values (displacement), or add trait values to the existing community
(complementarity). Therefore, complementarity may still allow restoration of
the original community function by removing invasive species, and consequently
the added provision of function when compared to the natives, but displacement
may not. While understanding which process occurs is critical in managing
ecosystem functionality, little is known about the impact of invasion on the
co-occurring hative community trait distributions. To address this knowledge
gap, we leveraged survey data on temperate forest understories that varied in
their degree of invasion (i.e., gradient of invasion). We calculated the community-
weighted mean of three leaf traits: leaf nitrogen, specific leaf area, and leaf dry
matter content — traits strongly linked to invasion, sensitive to environmental
changes, and that affect ecosystem functions. Our findings show that increasing
invasion had a significant positive effect on total (native and invasive) community
leaf nitrogen, but did not alter native community trait distributions. This suggests
that potential impacts on ecosystem functions, such as increased primary
productivity and nitrogen cycling, would be primarily driven by trait
complementarity and not displacement. We did not find any significant
differences in the total or native communities with respect to specific leaf area
or leaf dry matter content. Differentiating trait displacement from trait
complementarity contributes to our understanding of how invasion affects
functionality of understory plant communities in forests. Additionally, it
provides a valuable framework to facilitate evidence-based decisions for the
management of ecosystem functionality.
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Introduction

Forests play a crucial role in providing a multitude of ecosystem
services, including carbon storage, water supply, pollination, food
production and climate regulation (Thompson et al., 2011; Decocq
et al., 2016; Liang et al., 2016; Brockerhoff et al., 2017; Mori et al.,
2017; Gauthier et al., 2023). These services are supported by
ecosystem functions, e.g., net primary productivity, decomposition,
and nutrient cycling, which arise from the interaction and
arrangement of biotic and abiotic components and ecosystem
processes (Brockerhoff et al., 2017). The primary biotic component
of forest ecosystems is the plant community (Wallace, 2007; Fu et al,,
2013). Alterations in plant community composition, species relative
abundance, and trait distributions (i.e., within community pattern of
species traits) as a result of plant invasions are expected to modify the
functionality of these ecosystems (Chacon-Labella et al., 2023; Girona
et al,, 2023). Understanding the nature of these alterations to native
ecosystems can inform management approaches geared at
maintaining function. On one hand, if invasive plants possessing
distinct traits compared to traits of native species are displacing the
latter, the removal of invasive species might not lead to a full recovery
of the system’s function. On the other hand, if invasive plants are
complementing, i.e., adding to the native community, their removal
may return functionality to its original level. While research has
extensively documented linkages between traits and ecosystem
functions [EFs; e.g., (Lavorel and Garnier, 2002; Lavorel and
Grigulis, 2012; van der Plas et al., 2020; Hagan et al., 2023)], there
is little knowledge on how invasive species impact EFs through
changes in the trait distribution of natives or of total communities,
natives plus invasives (Jo et al., 2015; Lee et al., 2017; Livingstone
et al., 2020).

The long-term persistence of forests relies on the maintenance of
their structure, composition and diversity. Although most of the
focus is on the canopy due to its role in carbon storage and acting as a
carbon sink during growth (Pan et al, 2011; Castro et al, 2021),
understories play a crucial role for tree recruitment and regeneration,
as well as harboring most of the forest biodiversity (Landuyt et al,
2019; Spicer et al., 2020). However, introduced plants often dominate
forest understories when they become invasive, leading to
biodiversity loss, suppression of tree recruitment, and impacts on
ecosystem functions and services (Mack et al., 2000; Simberloff et al.,
2013; Link et al,, 2018; Diaz et al., 2019). Invasive plants can disrupt
some of these ecosystem functions (Ehrenfeld, 2003; Castro-Diez
et al., 2014; Seabloom et al., 2015; Lee et al., 2017; Parra-Tabla and
Arceo-Gomez, 2021) mostly via alterations of competitive hierarchies
within the total community, and within the native community (Pysek
et al, 2012). These invasions could then alter functional trait
distributions and, therefore, lead to changes in the functionality of
ecosystems which should be reflected in the makeup of both the
native community and the total community (Diaz and Cabido, 2001;
Lavorel and Garnier, 2002).

Plant traits can be aggregated into ecological strategies (Weigelt
etal,, 2021). One of the most well-established strategies is related to
the conservation gradient in leaf traits, the leaf economic spectrum,
LES (Wright et al., 2004). The LES describes a resource use trade-off
from the acquisitive, ‘fast’ end, to conservative strategies, or ‘slow’
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end in terms of carbon processing (Wright et al., 2004; Weigelt
et al,, 2021). Within the LES commonly studied traits are high leaf
nitrogen (leaf N), and high specific leaf area (SLA) representing the
‘fast’ end and high leaf dry matter content (LDMC) representing the
‘slow” end. These three traits are considered both response and effect
traits as they respond to resource availability and have effects on
ecosystem properties (Diaz and Cabido, 2001; Lavorel and Garnier,
2002). The correlation of traits at the ends of the LES leads to the
expectation that multiple traits are associated with a given
ecosystem function (Chacon-Labella et al., 2023). For example,
increases in both leaf N and SLA have positive links with key
ecosystem functions, including aboveground productivity (Lavorel
and Garnier, 2002; Garnier et al., 2004; Violle et al., 2007; Reich,
2012), leaf decomposition rates (Cornwell et al., 2008; Pietsch et al.,
20145 Jo et al,, 2016), N cycling (mainly, nitrification), soil N pools,
and soil C pools (Ehrenfeld, 2003; Orwin et al., 2010; Laughlin,
2011; Lienin and Kleyer, 2012; Castro-Diez et al., 2014; Lee et al.,
2017). Conversely, increases in LDMC are negatively associated
with aboveground productivity (Lavorel and Garnier, 2002; Garnier
etal., 2004), and nitrification rates (Laughlin, 2011). Therefore, trait
covariation should be accounted for as a pathway to improve the
accuracy of predicted impacts of invasion on forest functionality.

Invasive plants usually possess traits that confer advantages in
resource acquisition and use, such as higher values of SLA, foliar
nitrogen per mass and maximum photosynthetic rate per mass when
compared to native species [Figure 1A, (Ordonez and OIff, 2013; van
Kleunen et al., 2015; Montesinos, 2022)], facilitating them to
dominate the community (Bernard-Verdier and Hulme, 2019). By
dominating the forest understory, invasive species might either locally
extirpate native species displaying certain traits (Figure 1C) or favor
native species with similar traits (Figure 1B). Both situations would
alter the levels of ecosystem functionality that the native community
provides. When competitive advantages lead to native community
displacement, the potential for amplified effects on ecosystem
functions arises (Vila et al., 2011; Vila and Hulme, 2017). However,
if invasive species do not alter the trait distribution of the native
community, even if the native species composition differs across a
gradient of invasion, but rather adds to or complements it, then the
impact of invasion on functionality is limited to the dominance of
invasive species, and the native community continues to provide
similar functionality (Figure 1D). These pathways accentuate the
need to understand the interplay between increasing levels of
invasion, trait distributions, and ecosystem function.

The extent to which invasive species alter community trait
distribution, particularly, of the native community and the potential
implications of these changes in ecosystem functions have only
recently been considered (Livingstone et al., 2020; Fernandez et al.,
2021). Effects of invasion on native communities are usually
quantified by comparing invaded and non-invaded communities
[e.g., (Dostal et al., 2013; Gallien and Carboni, 2017)]. While this
approach captures the changes in the community, it does not isolate
the changes in the co-occurring native community (Thomsen et al.,
2016). By isolating the impact on the native communities, some
studies have found that invasion does not always impact native
communities [e.g., (Livingstone et al., 2020; Fernandez et al., 2021;
Parra-Tabla and Arceo-Gomez, 2021)]. As a result, recent literature
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FIGURE 1

Conceptual figure of hypothesized ways in which invasion can affect total and native community functionality. CWM = community weighted mean
of a generic trait. Lines represent hypothesized potential responses of the native community CWM of a generic trait with increasing invasive species
cover (gradient of invasion). Dash types are used for visual differentiation among potential responses of the native community.

recommends excluding invasive species from response metrics (e.g.,
diversity, similarity, abundance, trait values) to understand the net
impact of invasive species on the trait distributions of the co-
occurring native community (Thomsen et al.,, 2016) with increasing
levels of invasion. In our study, we adopted this framework, i.e.,
analysis of community weighted mean trait values calculated with
and without the invasive species, to assess whether the traits of the
native community changed or not in response to invasion and what
kind of change took place — where invasion could result in increases,
decreases or no change in total and native community trait
values (Figure 1).

In this study, we surveyed plant communities in temperate
forest understories across a gradient of invasion, and linked these
surveys to trait data of leaf N, SLA, and LDMC from the TRY
database (Kattge et al., 2011). We then investigated the effect of
invasive species on both modifying total community and native
community trait distributions, by quantifying changes in functional
trait at the community level. Such changes could then result in
potential alterations in ecosystem function as a consequence of
invasion. Specifically, we asked: (Q1) how does the total, native and
invasive, community change in trait functionality with invasion?
(Q2) How does invasion impact native community trait
distribution? Due to resource limitations, particularly of water,
light, and nutrients resulting from intense competition among
trees and among trees and understory plants in forest ecosystems,
we hypothesize that the predominant mechanism influencing
changes in community trait values and, therefore, ecosystem
functionality, following invasion is complementarity rather than
displacement. This expectation is based on the premise that highly
acquisitive invasive species may face challenges thriving in low-
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resource environments typical of forest understories (Martin et al.,
2009). By understanding the effects of invasion-driven changes in
community functionality through alterations in trait distributions,
we can improve our ability to predict the consequences of invasions
on ecosystems and tailor management practices.

Methods
Study location

We conducted this study at the Edwin S. George Reserve
(ESGR), a 525-ha ecological reserve in southeast Michigan
(-84.022079 W, 42.457242 N). ESGR features a deciduous
temperate forest primarily dominated by oak (Quercus spp.) and
hickory (Carya spp.), with common sub-canopy species being red
maple (Acer rubrum L.), black cherry (Prunus serotina Ehrh.), and
witch-hazel (Hamamelis virginiana L.) (Allen et al., 2020). The most
prevalent invasive species in the study area are the shrubs autumn-
olive (Elaeagnus umbellata Thunb.), and barberry (Berberis
thunbergii DC.) and the vine multiflora rose (Rosa multiflora
Murray; see Supplementary Table S1 for a full list of invasive
species based on our survey). The soils at ESGR are Boyer—
Oshtemo sandy loam or Miami loam in areas above 275 m, and
Carlisle and Rifle muck otherwise (Allen et al., 2020). The climate
generally is defined as warm-summer humid continental (Allen
et al, 2020). In this area, from 1991 to 2020, the mean annual
temperature is 8.7°C, with a minimum mean temperature in
January of -4.7°C and a maximum in July of 21.3°C, the average
annual rainfall is 822 mm (Arguez et al,, 2010).
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Observational setup and plant data

To understand how plant communities in temperate forests
may change their functionality under invasion, we carried out an
observational field study in summer 2021 and sampled plant
communities in forest understories with different levels of
invasion. We assessed species identity, native or invasive status,
and their abundance. We then calculated the community weighted
mean for three representative leaf functional traits: leaf nitrogen,
specific leaf area, and leaf dry matter content.

In the summer of 2021, we selected 9 forest patches within
ESGR with varying invasive species cover (i.e., from non-invaded to
heavily invaded), canopy openness and soil water conditions
(Supplementary Figure S1; Supplementary Table S2). Within each
forest, we installed three transects 50 x 2 m positioned at least 50 m
apart (see Supplementary Figure S2 for a diagram of the transect set
up). We further divided each transect into five 20 m” plots, yielding
a total of 135 plots. We sampled two forest strata [classification
modified from Spicer et al. (2020)], understory and forest floor,
where plants were identified to species based on Taxonomic Name
Resolution Service (Boyle et al., 2013). For the understory stratum,
we collected data in five 5 m* subplots per transect on shrubs and
trees 0.5 m< height< 2m. In this stratum, we recorded the
maximum diameter and the diameter at a 90-degree angle to
maximum for each individual. We then calculated crown area as
an ellipse based on the two diameters, summed areas by species and
obtained abundance data as the percent overlap of each species’
crown area to the plot area. To sample the forest floor, we visually
estimated percent cover (with a precision of 1%) of all growth forms
with height > 0.5 in five 1 m* subplots. No individual stratum
exceed 100% cover, but the cumulative species-level cover summed
across strata could surpass 100% cover. We assigned nativity (i.e.,
native vs. introduced/invasive) following Reznicek et al. (2014), and
considered all introduced species as invasive species given our
knowledge of the studied area.

We obtained species level trait data on leaf N (mg/g), specific
leaf area (SLA; mmz/mg) and leaf dry matter content (LDMGC; g/g,
oven-dry mass of leaf/water-saturated fresh mass of leaf) from TRY
database (Kattge et al., 2011). Species values were obtained in a two-
step process. First, from trait values obtained from TRY, we
calculated the mean value of each trait for each site. Second, we
obtained an overall species trait value by taking the mean across site
means. We then used these species-level values to compute the
community weighted mean (CWM) - the average trait value of
species within a community (Lavorel et al., 2008; Le Bagousse-
Pinguet et al, 2017). The CWM is determined by weighting
individual trait values by the relative abundance (e.g., percent
cover) of each species. For each trait we calculated CWM of each
plot for (a) total community, encompassing both invasive and
native species, and (b) native community, consisting of native
species only. To maintain a representative sample of each plot-
level community, we analyzed only plots with a minimum of 80% of
cover with associated trait values across all three traits as suggested
by Pakeman and Quested (2007). The plot-level Pielou’s Evenness
index, which quantifies the evenness of species abundance
distribution in a community, was derived from the Shannon
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index (i.e., a measure of species diversity of the community, with
higher values representing communities with high species richness
and a relatively even distribution of individuals among species)
divided by the logarithm of richness. A Pielou’s Evenness index
value of 1 indicates maximum evenness in species abundance
distribution (i.e., all species are equally abundant within a
community). The Shannon index was obtained via the ‘vegan’
package (Oksanen et al.,, 2022). Given the aforementioned criteria,
we analyzed data from 90 plots as some had no plants (n = 2 plots),
or only one species (n = 3 plots) which makes the calculation of the
Pielou’s Evenness Index undefined, and insufficient cover with
associated trait values across all three traits (n = 40 plots).

Environmental data

We collected all environmental data during the summer of 2021
(see Supplementary Table S1 for summary data). To estimate light
availability (% of full sun), we took canopy photos using a fish-eye
lens attached to a tripod-mounted smartphone positioned at a
height of 1.2 m at three points within each plot in August. Photos
were analyzed following methods outlined by Bianchi et al. (2017).
To estimate soil water availability, we measured soil volumetric
water content (%) in May, June and August using the Fieldscout
TDR300 Soil Moisture Meter at the same locations we took canopy
photos within each plot (see Figure S2 for detailed diagram). We
obtained one measurement per plot for both light and soil water
measurements by calculating the mean and associated standard
deviation across the three points. We obtained soil nutrient
availability by deploying one ion-exchange resin capsule at a
randomly selected transect within each forest. We purchased the
capsules from UNIBEST which was also responsible for their
analysis. We performed all data wrangling using the family of
packages “tidyverse” (Wickham et al., 2019) in R (R Core
Team, 2022).

Data analysis

To answer how invasion may affect plant community
functionality via changes in trait distribution (Q1), for each plot,
we analyzed community weighted mean (CWM) of each trait for
the total community (native and invasive; Figure 1 green). We used
a multinormal (MNR) likelihood to analyze the three traits
simultaneously. We used this approach to account for the
established relationships across the three selected traits in the LES
(Wright et al., 2004). Plot-level (i) community weighted mean for
each trait (k) was estimated as a function of invasive percent cover,
to assess the effect of invasion (CoverInv), of native richness
(NativeRich) and Pielou’s Evenness index for the total community
(EvennessT) to account for any effects of diversity on trait
distributions, and of light (Light) and soil water availability
(SoilWater; we only used August measurements, the driest
month) as these resources may also drive the distribution of traits
(Chacon-Labella et al., 2023). We also included each forest as
different intercepts. The likelihood (or data model):
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CWM,;, ~ Normal (muT;y, T} )
Being the process model:
muT;y = Afn,es,(i))k + oy CoverInv ) + 0 NativeRich
+ o EvennessT(; ) + 0y Light ;i) + asSoil Water ;)

Parameter A was estimated from an overall intercept value,
hyperparameter AA. Parameter X represents a variance-covariance
matrix of the three CWM. We estimated all parameters from non-
information prior distributions, AA,, o ~Normal(0,1000), and

100
>k~ Wishart(0 1 0,k). We calculated correlation values
001

between each pair of CMW (p,,) from the covariance and

Cov,,
Stdev,  Stdev,*
To assess how invasion impacts native community trait

standard deviation in X, Piy =

distribution (Q2), we ran a similar analysis as above by changing
the response variable to the plot-level community weighted mean of
each trait for native species only (Figure 1 purple). Among the
covariates, we only modified the Pielou’s Evenness index to reflect
calculation of the native species only.

We generated model predictions of each CWM, total
community and only natives, along a gradient of invasion (ie.,
percent cover of invasive species, ranging from uninvaded to heavily
invaded) by setting all other model covariates to their mean values.
To quantify changes in community functionality due to invasion,
total community and only natives, we calculated the difference
between the predicted community weighted mean for each trait
under its maximum invasion and at no invasion (Figure 1).

We ran the MNR likelihoods in JAGS (Plummer, 2003)
through R using “rjags” (Plummer, 2022). We retrieved posterior
distributions and parameters values after convergence, using the
least 100,000 iterations with a thinning interval of 500. We checked
model convergence by visually inspecting plots of posterior
distributions of each model parameter retrieved. Lastly, we
conducted a simple t-test to compare Pielou’s Evenness index
values calculated for the total community (i.e., comprising native
and invasive species) with those calculated exclusively for native
species. Analysis code is available on GitHub at https://github.com/
laispetri/FunctionalChanges.git, and data are available in Figshare
at https://doi.org/10.6084/m9.figshare.24415648.v3.

Results

The invasive percent cover, two strata summed: understory and
forest floor, varied from 0 (13 plots) to 184% (1 plot), with a mean of
56.1%. The plot-level richness of native species ranged from four (3
plots) to 20 species (1 plot), with a mean of 10 species. The mean value
of Pielou’s Evenness index for the total community was 0.69 and for the
natives only, 0.73 (statistically significant difference, #(177.79) = 2.97,
p< 0.05). At the plot level, light availability ranged from 6.85% to
54.84% of full sunlight across plots. And soil water, measured as
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volumetric water content, ranged from 2.7% to 20% (see
Supplementary Table S2 for summaries of environmental data per
forest). The general patterns of trait distributions (i.e., raw data) of leaf
N CWM of all species, i.e., total community, indicates a shift toward
higher values, whereas no clear distinctions are evident for the native
community alone as invasion increases (Figure 2A). For SLA, the mean
CWM remains consistent across the invasion gradient, but its variance
decreases with higher invasion (Figure 2B). Lastly, both the total and
native-only CWMs of LDMC show slightly higher variance with
increased invasion, but maintaining a similar overall pattern across
the invasion gradient (Figure 2C). All parameter values from the
analyses are reported in Supplementary Table S3, and model fit
(goodness of fit) in Supplementary Figure S3.

Covariate effects on community weighted
mean trait values

Increase in percent cover of invasive species was positively and
significantly associated with total community weighted mean
distributions of both leaf N and SLA (Figure 3). Conversely, across
all traits, CWM of only natives remained unchanged during invasion
(Figure 3). Increases in native richness were significantly associated
with a decrease in leaf N community trait distributions irrespective of
invasive species being in the CWM estimates (Figure 3). Native
species richness was not significantly associated with the CWM of
SLA or LDMC, regardless of CWM including or not invasives.
Evenness was significant and positively associated with leaf N
CWM calculated with natives only; for all other combinations of
trait and type of community, associations were not significant. Higher
soil water was significantly associated with higher CWM of SLA,
regardless of community grouping, with no significant association for
any other trait (Figure 3). Light availability had no significant
associations with CWMs.

(Q1) How does the total, native and
invasive, community change in trait
functionality with invasion?

Simulations showed an increase in the total community leaf N with
increasing level of invasion (Figure 4A). Total community values of
CWM leaf N at maximum invasion were significantly different from
those at no invasion (Figure 5A). The total community values of CWM
SLA tended to increase with higher levels of invasion (Figure 4B), but
the association was not significant (Figure 5A). Total community
CWM of LDMC values remained similar across the gradient of
invasion (Figure 4C), with no significant difference between CWM of
LDMC values at no invasion and maximum invasion (Figure 5A).

(Q2) How does invasion impact native
community trait distribution?

There was a gradual positive slope in the native community
CWM SLA values with higher levels of invasion (Figure 4B),
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Trait distributions of plot-level community weighted mean (CWM) values [leaf N, leaf nitrogen concentration (A); SLA, specific leaf area (B); LDMC,
leaf dry matter content (C)I. Levels of invasion (from lowest to highest, left to right) were defined to contain an equal number of areas (respectively,
29, 34 and 27 plots). Bandwidth is set to Silverman’s ‘rule of thumb’ (Silverman, 2018).
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whereas values were similar across invasive cover levels for the other
two traits (Figures 4A, C). Corroborating these results, the
difference between predicted trait values under high invasion and
no invasion was not significant for any trait (Figure 5A).

Furthermore, the correlations derived from the variance-
covariance matrix of the CWM for the three traits indicate a
positive and significant association between CWM leaf N and
SLA trait values in communities computed with and without
invaders (Figure 5B). Additionally, both CWM of leaf N and of
SLA trait values were negatively associated with LDMC, although
relationships were not significant (Figure 5B).

Discussion

Invasive plants can affect the functioning of ecosystems by
impacting the growth, abundance, diversity, and richness of
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native plants (Vila et al, 2011; Pysek et al., 2012), as well as by
altering trait distributions of the co-occurring native community
(Loiola et al., 2018; Fried et al., 2019; Sodhi et al., 2019; Livingstone
et al., 2020; Fernandez et al.,, 2021). The consequences of plant
invasion on ecosystem functions (EFs) through changes in native
community trait distributions have only recently begun to be
explored (Livingstone et al, 2020; Fernandez et al, 2021). We
investigated these changes by analyzing trait distributions of both
total, natives plus invasives, and native communities. Our results
revealed a significant and positive change in total community leaf N
and a marginal change for SLA due to invasion. In contrast, native
community functionality remained largely unchanged (i.e., no loss
of function) across the invasion gradient for the traits we analyzed,
indicating invasive species are complementing and not displacing
native function. Overall, our results provide insights into the extent
of alterations in ecosystem functions via community-level responses
to invasion.

frontiersin.org


https://doi.org/10.3389/fevo.2024.1325275
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Petri and Ibafez

4.00 i

2.00

DO = =g == =i

-2.00

-4.00

10.3389/fevo.2024.1325275

_"%___%__ézl&.

A Natives only
@ Total community

B SLA

o

o

S
i
I
I

N
o
o

c LDMC

0.05
0.001 (}»%— - =
-0.05
-0.10

-0.15

Effects on CWM (mean+95%Cl)
s
=
1
I
1
I
:
1

Cover Inv Nat richness Evennness

FIGURE 3

Light Soil water

Posterior means and 95% Cl of parameter values (standardized for comparisons) of covariates included in the multivariate regression models.
Posterior means of covariates, therefore, signify the impact of each covariate on the response variable, i.e., the community weighted mean (CWM)
for each trait computed both with (green) and without (purple) invasive species. Leaf N, leaf nitrogen concentration (A); SLA, specific leaf area (B);
LDMC, leaf dry matter content (C); Cover Inv, invasive percent cover; Nat richness, native richness. Credible intervals (Cl) that do not cross zero are

statically significant (solid symbols).

(Q1) How does the total, native and
invasive, community change in trait
functionality with invasion?

Traits from plant invaders often show substantial differences
compared to their native counterparts (van Kleunen et al, 2010;
Ordonez and OIff; 2013). Invasive plants tend to have higher trait
values for both leaf N and SLA while maintaining low investment in
leaf tissue resulting in low LDMC trait values (Leishman et al., 2007; van
Kleunen et al., 2010; Ordonez and OIff, 2013; Henn et al., 2019). These
trait differences are particularly relevant in explaining the success and
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dominance of invasive species in high-resource environments, such as
post-disturbance or canopy gaps (Funk, 2013; Jauni et al., 2015; Ibariez
et al, 2021). However, these differences are also present, albeit less
frequently, in low-resource environments, such as forest understories
(Funk and Vitousek, 2007; Funk, 2013). Our results show that in our
study system, temperate forest understories, communities with high
dominance of invasive plants were associated with higher levels of leaf N
(Figures 4A and 5A), and had a tendency towards higher levels of SLA
(Figure 4B). Shifts in total community trait values due to invasion have
been documented in other study systems (Cadotte et al., 2017;
Livingstone et al., 2020; Fernandez et al., 2021), also suggesting that as
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invasive species become abundant, community-level trait characteristics
change and, therefore, community functionality likely also changes.
Increases in leaf N and SLA at the community level have have been
linked to positive effects on aboveground biomass, N cycling rates, and
soil N pools (Lavorel and Garnier, 2002; Ehrenfeld, 2003; Garnier et al.,
2004; Violle et al., 2007; Orwin et al., 2010; Laughlin, 2011; Lienin and
Kleyer, 2012; Reich, 2012; Castro-Diez et al,, 2014; Lee et al., 2017). And,
in fact, we observed a positive association between elevated levels of soil
ammonium, soil nitrate, and total soil N with increasing invasion
abundance at the forest patch level (Supplementary Table S2).
Contrary to expectations, we found no significant effect of invasion
on LDMC (Figures 4C, 5A), suggesting that invasive species exhibit
similar strategies with respect to this trait when compared to natives.
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Invasive species tend to exploit abundant-resource events, such as
disturbances or the existence of canopy gaps, as opportunities for
colonizing forest understories (Funk, 2013; Gioria and Osborne, 2014).
It is likely that regardless of their acquisitive ability, invaders of forest
understories also need to have some level of shade tolerance to cope
with low-light conditions and become abundant (Funk and Vitousek,
2007; Funk, 2013). A considerable body of evidence underscores that
specific invasive plants, when dominant in forest understories possess
traits that confer advantage in these low-resource environments [e.g.,
(Funk and Vitousek, 2007; Heberling and Fridley, 2013; Martinez and
Fridley, 2018; Fridley et al., 2022)]. They, for example, invest in leaf
construction, e.g., high LDMC, increases leaf lifespan and confers shade
tolerance advantages in forested environments (Funk, 2013; Pérez-
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Harguindeguy et al., 2016). Also, LDMC tends to positively correlate
with physical resistance and protection against herbivory (Perez-
Harguindeguy et al,, 2016), characteristics that also slow tissue
breakdown by associated biota (Pichon et al., 2020) and are common
in forest understory plants. Lastly, decomposition rates likely interact
with LDMC trait values which were unchanged across invasion levels.

(Q2) How does invasion impact native
community trait distribution?

We attempted to capture invasive impact on the native community
and changes in ecosystem’s functionality by differentiating between
displacement and complementarity of native traits with increasing
levels of invasion (Figure 1). After excluding invasive species from our
response metric, our results showed no changes in the CWM of the
native community for all three traits across the invasion gradient
(Figures 4 and 5A). This result indicates that the shifts observed in
CWM trait distributions of the total community (discussed above) and
consequent changes in ecosystem functionality are a sole consequence
of invasive species complementing the native community. Our findings
align with most other studies that explored a similar approach in other
ecosystems (Fried et al., 2019; Livingstone et al., 2020; Fernandez et al.,
2021), where native community trait distributions remained
unchanged given invasion. Specifically, these studies also found no
effects of invasion on the CWM of SLA (Fried et al., 2019; Livingstone
et al., 2020; Fernandez et al., 2021) or LDMC (Fried et al., 2019) of the
native community [but see Loiola et al. (2018)]. One potential
explanation for this pattern relies on likely strong selective forces in
forest understories as they are extremely competitive with respect to
essential resources for plant establishment and growth, such as light,
soil water, and soil nutrients (Dawson et al,, 2015). Consequently,
native species, even when co-occurring with invasives, need to have
specific trait values or characteristics to be able to tolerate such
conditions. Our results, in concordance with the literature (Fried
et al, 2019; Livingstone et al, 2020; Fernandez et al., 2021),
underscore the importance of distinguishing between invasion effects
on the total community (including invasives) and the native
community alone. Regarding management implications, our findings
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suggest that removing invasive species would restore functional trait
levels, and likely ecosystem functionality in temperate forest
understories, comparable to uninvaded conditions.

Leaf traits, arranged along the acquisitive-conservation gradient,
exhibit a trade-off between life-span and resource acquisition and
allocation (Wright et al., 2004). Consistent with expectations, our
results align with this gradient, revealing significant positive
correlations between leaf N and SLA (Figure 5B). In order words,
traits associated with lower survival, shorter leaf lifespan, higher light
demands, and higher maximum photosynthetic rates (Wright et al.,
2004; Diaz et al, 2016) were positively correlated in our analysis.
Additionally, both traits tended to show negative correlations with
LDMC, although the latter was not statistically significant
(Figure 5B). This result highlights that LDMC, characterized by
high values in conservative leaves that exhibit tolerance to low
resource environments (Wright et al,, 2004; Diaz et al., 2016), was
accurately positioned to be on the opposite end from the other two
acquisitive traits. Our analytical approach, utilizing multinormal
distributions, enabled simultaneous consideration of trait
covariation while exploring the individual effects of environmental
and biotic covariates on community-level trait variation.

Richness and evenness are important metrics for understanding
both ecosystem functionality and the impact of invasion. Native
richness is expected to have positive effects on functionality,
particularly on productivity, such as in the context of biodiversity-
ecosystem-function (BEF) framework where positive relationships have
been extensively documented (Hector and Bagchi, 2007; Isbell et al,
2011; Maestre et al,, 2012; Tilman et al., 2014; Jing et al., 2015; Liang
et al,, 2016). Invaded areas, however, are usually associated with low
native diversity or low richness, either because invaders outcompete
natives or because they colonize areas with low native richness, while
being highly productive (Livingstone et al., 2020). Therefore, it seems
counter-intuitive that invaded areas which are usually associated with
low native diversity or low richness, either because invaders
outcompete natives or because they colonize areas already with low
native richness, still are highly productive (Livingstone et al., 2020). The
loss of functionality by native communities under invasion can be then
compensated by the high performance of invaders with high dispersal
abilities (Rejmanek and Richardson, 1996; van Kleunen et al., 2015),
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high resource-use efficiency (Funk and Vitousek, 2007; Heberling and
Fridley, 2013) and/or presenting novel strategies, e.g., N-fixing invasive
species (Paschke et al., 1989; Perry et al,, 2010). Contrary to this pattern,
our findings reveal that richer native communities, irrespective of
community grouping (i.e., total or natives only), showed lower leaf N
(Figure 3A). For all other traits, we did not find any significant
association with richness (Figures 3B, C). These results suggest that
changes in functionality via increases in leaf N due to invasion are
dissociated from native richness and related to the complementary
effect of invasives only (Figure 4). One potential explanation for this
pattern is that if resources are under-explored by natives, invasive
species likely occupy empty niches, complementing the system’s
functionality (Elton, 1958; Chase and Leibold, 2003; Hierro et al,
2005). Additionally, a widespread invader in our study area, Eleagnus
umbellata is an N-fixing species (Paschke et al,, 1989; Perry et al., 2010)
possibly driving most of the complementary effect on CWM of leaf N.

The relationship between evenness and EFs are believed to be
closely linked to environmental variability, particularly with respect
to productivity (Hillebrand et al., 2008). This is because more even
communities (i.e., less dominance by one or a few species) are
expected to have higher productivity as those communities would
hold a larger diversity of species with different strategies to adapt to
environmental variability (Hillebrand et al., 2008). Our results,
however, revealed no significant association of evenness with any of
the traits and community groupings (Figure 3), suggesting that
changes in species dominance with increasing invasion was not a
significant factor driving alterations in ecosystem functionality. We
speculate that the range of variability in environmental conditions
(namely, light and soil water availability) in our understory plots were
insufficient to capture significant relationships between evenness and
CWM traits.

Environmental factors shape both plant community composition
and structure, as well as the overall functioning of the ecosystems (Jing
et al,, 2015; Chacon-Labella et al., 2023). In forested ecosystems below
tree canopies, in particular, light availability and soil water content are
among the main limiting resources for species survival and growth
(Landuyt et al, 2019; De Frenne et al, 2021), likely influencing
community trait distributions (Chacon-Labella et al, 2023). Our
results revealed that soil water was positively associated with
community-level SLA for both community types (Figure 3B), while
no other significant associations with soil water or light availability
were observed (Figures 3A, C). These significant results align with the
literature as SLA is associated with higher growth and photosynthesis
rates, which heavily rely on water and nutrient supply (Xu and Zhou,
2011; Flexas et al., 2012; McAdam and Brodribb, 2015; Novick et al.,
2016; Lambers and Oliveira, 2019; Westerband et al., 2023).
Surprisingly, soil water was not associated with leaf N, while this
trait is correlated with SLA (Figure 5B) and their shared position on the
“fast” end of the LES (Wright et al,, 2004; Diaz et al, 2016). Also
surprising was the lack of significant association observed between light
availability and the CWM values of the three traits across community
types, which is contrary to the expected strong effect of light on shaping
understory communities (Depauw et al., 2019; Blondeel et al., 2020).
This absence of association may be attributed to the potential lack of
sensitivity of the CWM we calculated to the local environmental
variability of our study system. Incorporating local trait values and
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intraspecific variation into our analysis, as demonstrated to be crucial
in capturing variation in the trajectories of understory plant
communities in other temperate forests (Blondeel et al., 2020), could
provide a more nuanced understanding of CWM trait values and
available light.

Conclusions

Invasion can impact community-level trait distributions, and
consequently, ecosystem functionality through either displacement or
complementarity of native species. To distinguish between these two
processes, the effects of invasives on total (ie., invasives and natives)
versus native community trait distributions need to be differentiated
(Thomsen et al,, 2016). Our results indicate that for our study system,
invasive plants indeed lead to changes in ecosystem functionality by
increasing the mean trait values of leaf N, while having no significant
impact on the trait distributions of the native community. Therefore,
alterations in ecosystem functionality within our study system, based
on representative traits of the LES, are primarily driven by the increased
abundance of invasive species complementing the functionality
exhibited by the native community, as we hypothesized. These
findings have important management implications: if invasive species
were to be removed, the co-occurring native community could recover
its original trait distribution with little impact on ecosystem
functionality. In contrast, if invasion had displaced native species
function, the removal of invasive species would likely fail to achieve
a full recovery of functionality. By quantifying invasion-driven changes
in ecosystem function and differentiating between complementarity
versus displacement, our study provides essential information and
framework to allow land managers to make informed decisions
regarding such consequences on ecosystem functionality of
temperate forest understories.
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