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Abstract

Plant invasions can impact the carbon cycle in forest ecosystems, notably through vegetation structure,
which alters environmental conditions and through litter inputs that differ quantitatively and qualitatively
from those of native species. This study compares invaded and uninvaded forest plots along an invasion
chronosequence, revealing that Rhododendron ponticum (an invasive shrub) significantly altered the
forest soil micro-environment particularly by reducing light availability and temperature, whereas Prunus
serotina (an invasive tree found in both shrub and tree layers) caused more limited environmental
changes. These environmental shifts, combined with species-specific traits, such as the deposition of
recalcitrant litter by R. ponticum versus labile litter by P. serotina, resulted in contrasting effects on
carbon processing. R. ponticum promoted organic matter accumulation in the surface organic horizons,
while P, serotina stimulated microbial activity and reduced litter thickness. The duration of the invasion
accentuated these contrasting trajectories, leading to progressive organic matter accumulation under R.
ponticum and increasing microbial activity under P, serotina. These results highlight that those invasive
plants can alter forest carbon processing through the combined influence of plant functional traits,
vegetation structure, and the duration of the invasion. Integrating various indicators operating at
different time scales allows for a better characterization of the long-term changes in soil functioning
induced by biological invasions.

Highlight

e Exotic litter input and abiotic changes both affect the carbon transformation function

* The vertical structure of invasive plant species strongly determines their capacity to modify forest
microenvironmental conditions

e Contrasting effects of R. ponticum and P. serotina on soil carbon cycling are mainly explained by
their functional traits

e The combination of short-term and long-term indicators provides a simultaneous picture of the
current state of soil function and legacy effects

1 - Introduction

Soils constitute the largest terrestrial reservoir of organic carbon and therefore play a major role in
regulating the global carbon cycle and climate. Among the global changes affecting soil functioning,
plant invasions are increasingly recognized as important drivers of biogeochemical alterations (Liao et
al. 2008; Sardans et al. 2017). By modifying plant community composition, litter inputs, and
environmental conditions, invasive alien plants can profoundly alter soil carbon transformation
processes. Plant functional traits and soil properties form a continuum (Wardle et al. 2004; Reich 2014).
So-called economic traits, associated with nutrient uptake, nutrient-use efficiency, and resource
conservation, play a key role in how plants modify soil functioning (Wardle et al. 2004; Bruelheide et al.
2018), notably through the quantity and quality of organic matter they return to the soil (Sardans et al.
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2017). In turn, soil decomposes dead plant material and indirectly regulates plant growth and community
composition by modulating nutrient availability. These interactions are well documented in forest
ecosystems, where differences in litter quality produced by coexisting tree species explain the
heterogeneous distribution of soil organisms and variation in process rates resulting from tree-specific
effects (Saetre and Baath 2000). Thus, the introduction of invasive alien plants can profoundly alter
these processes by introducing organic inputs that differ both quantitatively and qualitatively from those
of native species.

In general, invasive plants are characterized by fast acquisitive traits. They typically exhibit high nitrogen
content, low leaf construction costs, rapid growth, and high nutrient plasticity (Liao et al. 2008; Sardans
et al. 2017). These acquisitive traits generally promote the production of nutrient-rich and labile litter,
stimulating microbial activity and accelerating carbon and nutrient cycling (Wardle et al. 2004; Allison
and Vitousek 2004). These conditions can favour positive feedbacks that reinforce invasion success
(Allison and Vitousek 2004). In contrast, some invasive alien plants exhibit conservative traits associated
with highly efficient nutrient use, long lifespan, and strong tolerance to nutrient-poor environments
(Sardans et al. 2017). These species can slow decomposition processes and promote the accumulation
of organic matter in soils. For example, Tamura et al. (2017) observed a 26% increase in soil organic
carbon in abandoned fields invaded by Polygonum cuspidatum, which produces recalcitrant litter rich in
plant polymers. In addition, some invasive plants may release secondary metabolites, such as
polyphenols, which can further slow decomposition.

In addition to altering the quality and quantity of litter inputs in forest soils, invasive alien plants can
modify local environmental conditions by changing the physical structure of forest stands. Understorey
density, vertical vegetation stratification, and light interception directly influence temperature, humidity,
and therefore decomposition at the soil level (Kemppinen et al. 2024; Garcia and Clusella-Trullas 2025).
However, this environmental influence on forest ecosystem functioning remains relatively
underappreciated (De Frenne et al. 2013). Several studies even suggest that micro-environmental effects
may influence decomposition more strongly than litter quality itself (Prescott 2005). During the temporal
evolution of an invasion, the structure of invasive plants and their associated litter inputs also change,
potentially increasing their impacts over time (Frouz 2024; Haubrock et al. 2026). For example, the
impact of Prunus laurocerasus invasion on several soil enzymatic activities intensifies over time across a
17-year chronosequence (Rusterholz et al. 2018). However, the impacts of invasive alien plants do not
follow a single temporal trajectory. Depending on the species and processes under consideration, these
impacts may increase gradually, reach a new equilibrium state, fluctuate over time, or even decline after
a period of intensification (Haubrock et al. 2026). This diversity of trajectories results from multiple
mechanisms, such as environmental changes linked to shifts in the structure of exotic and native
vegetation, or changes in soil communities that may gradually alter ecosystem processes (Le Jeune et
al. 2026; Haubrock et al. 2026). The temporal dynamics of invasion impacts highlight the need for
integrative approaches considering multiple temporal scales.
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The set of disturbances induced by invasive plants can be assessed using soil functional approaches.
Soil health is defined as the capacity of soil to sustain its ecological functions over time (Karlen et al.
1997; Heepngoen et al. 2021). Among these functions, carbon transformation is particularly sensitive to
changes in plant composition, as it directly depends on the quantity and quality of organic matter inputs
as well as local environmental conditions. It encompasses the processes involved in carbon
decomposition, storage, and fluxes within and between soil compartments (Raheem et al. 2024). In this
context, plant invasions altering both biotic and abiotic conditions can strongly and persistently affect
this function. While some effects may occur rapidly, notably through root exudates, others result from
the gradual accumulation of litter inputs and humus transformations over several years or decades
(Frouz 2024). The integration of processes occurring at different temporal scales is consistent with the
methodological framework for assessing ecosystem functionality proposed by several reviews (Manning
et al. 2018; Garland et al. 2021). While these authors propose using both short-term process indicators
and medium- to long-term process indicators, they exclude the physical or chemical properties of
ecosystems—such as soil pH—from the framework of functional indicators and suggest considering
them solely as explanatory variables.

In this study, we use multiple complementary biological indicators that integrate processes operating
over different temporal scales to assess the contrasting impacts of two invasive alien plants on soil
carbon transformation. As these impacts strongly depend on litter quality and on environmental
modifications induced by invasive species, we expect contrasting effects between Rhododendron
ponticum and Prunus serotina. R. ponticum produces recalcitrant litter and exhibits a shrub growth form
(Casati et al. 2022) whereas P, serotina produces labile litter and has a tree growth form (Kuskova et al.
2026). We suspect that these differences in functional traits and vegetation structure simultaneously
modify micro-environmental conditions and soil carbon transformation processes. Our study therefore
aims to determine how these two species modify soil environmental condition, how they influence
carbon transformation function, and how the intensity of these disturbances varies with invasion age.
Based on this, we formulate the following hypotheses:

H1: Prunus serotina and Rhododendron ponticum alter forest soil environmental conditions through
changes in vegetation structure.H2: Both species have contrasting effects on soil carbon cycling. Prunus
serotina is expected to accelerate soil carbon turnover, resulting in faster organic matter decomposition,
greater microbial activity, and reduced soil carbon storage. In contrast, Rhododendron ponticum is
expected to slow soil carbon turnover, leading to reduced organic matter decomposition, lower microbial
activity, and increased soil carbon storage.

H3

The effects of R. ponticum and P. serotina on soil carbon transformation are expected to follow
contrasting temporal trajectories as invasion progresses because the two species progressively modify
forest structure and resource inputs according to their contrasting functional traits.
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2. Materials and methods

2.1 Study sites and sampling design

We conducted a comparative study between invaded plots and control plots in several forest areas in
northern France. Between April and June of 2023, we assessed the effects of R. ponticum on soil carbon
transformation processes in 15 paired plots across six forests (Supplementary table 6). Between April
and June of 2024, we similarly evaluated the effects of Prunus serotina in 15 paired plots located in three
forests (Supplementary table 6). The invaded plots were characterized by dense, continuous stands of
the focal invasive species, forming a continuous cover, whereas the paired control plots showed no
invasion by the target species. Within invaded plots, P. serotina occurred as both shrubs and trees,
whereas R. ponticum was exclusively present as shrubs. To isolate the effect of the invasive species, we
ensured that the both invaded and control plots had similar range of tree stands and soil types. Each plot
measured 20 metres by 20 metres, and four sampling points separated by at least 3 metres were
established for environmental and soil functional measurement.

2.2 Soil functional indicators

At each sampling point, soil carbon transformation was characterized using complementary indicators
describing 3 major processes: organic matter decomposition, microbial activity and carbon storage. The
process of degradation of organic matter was assessed using the Tea Bag Index protocol (Keuskamp et
al. 2013). This protocol yields two indicators: the decomposition rate constant (k), reflecting the rapid
breakdown of the labile fraction, and the stabilization factor (S), corresponding to the stabilized portion
of green tea material that resists decomposition. The process associated with microbial activity was
evaluated using two complementary approaches which provided 3 indicators. Basal respiration (BR) was
measured using the SituResp protocol (Thoumazeau et al. 2017). After litter removal, soil was sampled
from the 0-10 cm layer and incubated at 30°C for 24 h under controlled laboratory conditions. Microbial
functional activity was additionally characterized using Biolog EcoPlates™ (Garland and Mills 1991), from
which two indicators were derived: average well color development (AWCD) and functional richness (FR)
the number of substrates metabolized among the 31 available substrates. The process of carbon
storage was estimated using four complementary indicators. First, permanganate oxidizable carbon
(POXC) (Weil et al. 2003) allowed us to quantify the labile soil carbon pool. A 1 g sample of air-dried,
sieved soil was oxidized with potassium permanganate (KMnQ,), and the decrease in KMnO,
concentration was quantified spectrophotometrically. Second, organic matter accumulation was
approximated by measuring the thickness of the humic (O) horizons using a measuring tape in
centimetres. Thirdly, the thickness of the litter layer (OL) was measured in centimeters. This horizon
corresponds to fresh and partially decomposed litter, in which plant residues remain identifiable. Fourth,
we calculated an additional indicator (resid) derived from the relationship between labile carbon (POXC)
and basal respiration (BR), following the framework proposed by (Hurisso et al. 2016). For each dataset
(i.e. plots invaded by R. ponticum and their associated control plots, and plots invaded by P, serotina and
their associated controls), we fitted a linear regression model relating BR to POXC with forest stand
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identity included as a fixed effect. The residuals of these models were extracted and used as an
additional indicator of carbon transformation. They represent deviations from the expected relationship
between labile available carbon and microbial respiration. For a given amount of labile carbon, negative
residuals indicate higher microbial respiration than expected, suggesting enhanced short-term
mineralisation of soil organic carbon., whereas positive residuals reflect lower than expected respiration,
consistent with reduced mineralisation or greater stabilisation of the labile carbon fraction. These
indicators reflect processes occurring on varying time scales (Garland et al. 2021). Indicators of
microbial activity, carbon transformation, and available carbon (BR, AWCD, FR, k, S, POXC, and resid)
reflect short-term responses in soil functioning (ranging from a few days to a few weeks), whereas
storage indicators such as the O and OL horizons incorporate longer-term changes resulting from the
accumulation and transformation of organic matter (ranging from several years to several decades).

2.3 Environmental variables

On each plot, we installed HOBO temperature sensors (UA-001-08) at a depth of 5 cm, allowing
automatic temperature recording temperature hourly. The data was retrieved using HOBOware®
software, which enabled us to calculate the average daily temperature (T) and the daily temperature
range (DeltaT). At each point, the pH was measured using a field soil stick (Extech-pH100) at a depth of
10 cm. Cylindrical cores 10 cm deep and 8 cm in diameter were also taken to quantify the bulk density
(BD) of the soil. From these same soil samples, we quantified the water content (WW) by comparing the
mass of the fresh soil to that of the same sample after one week of drying at ambient conditions. Light
availability in the understory was estimated using the diffuse non-interceptance index (DIFN), derived
from hemispherical photographs processed in R using the hemispheR package. Higher DIFN values
indicate greater canopy openness and increased light transmission to the forest floor. The circumference
at breast height (CBH) of the largest individual of the focal invasive species within each plot, was used
as a proxy for invasion age. A strong relationship between trunk diameter and age was evidenced for R.
ponticum in a previous work including our study plots (Casati et al. 2023) indicating that our
chronosequence ranges from 16 to 153 years. For P, serotina the diameter-age relationship was
established based on data from several Netherlands sites with similar climatic conditions (Vanhellemont
et al. 2009). However, since soil conditions and stands are not identical, the interpretation of diameters
in terms of age should be used with caution. Based on the average relationship they achieve in an oak-
pine stand, our chronosequence would range from 27 to 143 years.

2.4 Statistical analyses

A paired comparative analysis was conducted between invaded and control plots. Because each plot
contained four sampling points, observations were not independent. Linear mixed-effects models were
therefore used to account for the hierarchical sampling design. In all models, invasion status (invaded
vs. control) was included as a fixed effect and two random effects were included: plot identity, to
account for the non-independence of the four sampling points within each plot, and the invaded—control
pair identity to account for the paired sampling design. To determine whether invasion modified local
environmental conditions, linear mixed-effects models were first fitted for each environmental variable
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(DIFN, pH, BD, Tmean, DeltaT, and WW). Invasion status was included as a fixed effect, together with the
same random-effects structure described above. To assess the effects of invasion and invasion age on
soil functional indicators (k, S, BR, AWCD, FR, O, OL, and POXC), two model structures were fitted for each
response variable. The first model included invasion status as a fixed effect and was used to evaluate
the overall effect of invasion on soil functional indicators. To disentangle the direct effects of invasive
plants from indirect effects mediated by invasion-induced environmental changes, a second set of
models additionally included environmental covariates. These covariates were selected using
redundancy analysis (RDA), which served as a variable reduction approach to identify the main
environmental gradients associated with multivariate variation in soil functioning. Variable collinearity
was checked beforehand. Soil functional indicators (k, S, POXC, O, OL, BR, AWCD, FR, and resid) were
used as response variables, whereas environmental variables (DIFN, pH, BD, Tmean, DeltaT, and WW)
were included as explanatory variables. The significance of the global RDA model was assessed using
permutation tests. Significant environmental variables were then selected using a forward selection
procedure based on adjusted R? values and retained as covariates in the adjusted mixed-effects models.
To evaluate whether invasion effects varied with time since invasion, additional mixed-effects models
were fitted including the interaction between invasion status and invasion age. Control plots were
assigned the same invasion age as their corresponding invaded plots in order to preserve the paired
structure and evaluate temporal changes relative to local reference conditions. A significant interaction
between invasion status and invasion age indicated that invasion effects changed with time since
invasion. Model assumptions were assessed by visual inspection of residual distributions, residuals
versus fitted values plots, and quantile—quantile plots. Collinearity among explanatory variables was
evaluated using variance inflation factors (VIF). All analyses were conducted using R version 4.4.1.
Linear mixed-effects models were fitted using the Ime4 package, with significance tests obtained using
ImerTest. Redundancy analyses were performed using the vegan package, and figures were produced
using ggplot2.

3. Results

3.1 Environmental differences between invaded and
control sites

No significant differences in environmental variables were detected between invaded plots and control
plots for P. serotina plots. However, a tendency towards higher pH values was observed in invaded plots,
without reaching statistical significance (p = 0.114, Fig. 1 and Table 1). In contrast, plots invaded by R.
ponticum were associated with a significant decrease in incident light (p = 0.002), average soil
temperature (p = 0.003) and a tendency towards a decrease in temperature range (p = 0.061). The soils
of the invaded plots are also on average more acidic (p = 0.039) and have lower bulk densities (p =
0.011).
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Table 1

Results of linear mixed-effects models associated with Fig. 1 evaluating the effect

of invasion status on environmental variables.

Variable

DIFN
Tmean
DeltaT
ww
BD

pH

Prunus serotina

N
119
26
26
120
120
120

Estimate
-1.253 £1.528
0.162+0.204
0.096 +0.120
6.68 + 6.540
0.000 + 0.051
0.262+0.155

P value
0.426
0.444
0.440
0.324
0.999
0.114

Rhododendron ponticum
N Estimate

113  -6.434+1.723

27 -0.445+0.118
27 -0.508 £ 0.242
115 5.633+11.995
115 -0.13310.045
111 -0.234+0.102

P value
0.002
0.003
0.061
0.646
0.011
0.039

Legend

The table shows the environmental variable considered (Variable), the ordinate at the origin of the model
(Estimate), corresponding to the mean difference between invaded and control sites (I - T), the number

of observations (N).

3.2 Effect of Prunus serotina and Rhododendron ponticum

on functional variables.

P. serotina-invaded plots showed a significantly thinner OL horizons compared with control plots (p =
0.034) (Fig. 2, Table 2) and an increase in FR that was close to the significance threshold (p = 0.059).
Conversely, R. ponticum-invaded plots were characterized by thicker organic horizons, with an O horizon
1.77 times thicker than in control plots (p = 0.038), and a similar trend was observed for the OL horizon
(p =0.069). The invaded plots also exhibited higher levels of oxidizable carbon (POXC; p = 0.007) as well

as higher values for the resid variable (p = 0.027).
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Table 2

Results of linear mixed-effects models associated with Fig. 2 evaluating the effect of

invasion status on soil functional variables.

Variable

BR
AWCD
FR
POXC

oL

resid

Prunus serotina Rhododendron ponticum
N Estimate Pvalue N  Estimate

82 0.003 +£0.002 0.189 95 0.000+0.001

104 0.009+0.011 0.442 95 -0.012+0.014
104 0.206+0.859 0.812 98 0.153+0.193

104 4.475%7.598 0.567 97 1.818+11.868
104 0.820+0.429 0.059 97 0.652+1.878

104 82.074+111.977 0.478 98 630.21+189.203
104 -0.621+0.407 0.155 99 4.457+1.921

104 -0.649+0.267 0.034 99 0.538+0.267

104 69.951+91.332 0.459 97 502.221+194.942

P value
0.848
0.411
0.444
0.881
0.735
0.007
0.038
0.069
0.027

Legend

The table shows the environmental variable considered (Variable), the ordinate at the origin of the model
(Estimate), corresponding to the mean difference between invaded and control sites (I - T), the number

of observations (N).

The RDA revealed that mean temperature (Tmean) was the most influential variable structuring soil
functional indicators, explaining 23.71% of the total variance. Soil pH (8.67%) and water content (WW;
8.17%) explained an additional 8.67% and 8.17% of the variance, respectively. The model left 59.43% of
the variance unexplained (Table 3).

Table 3

Summary of RDA results.

Model

variables

Soil Variable ~ All environnemental

Variable Variance

Tmean 1.660
pH 0.607
WW 0.573

Residuals 4.160

P
value

<
0.001
<

0.001

<
0.001
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0.37

F
Statistic

<0.001




Legend

The table includes the following variables, explained variance, P-value, adjusted R?, and F-statistic.
Temperature mean (Tmean), pH (pH), Water Weight (WW).

After accounting for environmental covariates (Tmean, pH, and WW), the decrease in OL horizon
thickness and the increase in FR in P, serotina-invaded plots were no longer statistically significant,
although similar trends remained (p = 0.121 and p = 0.079, respectively) (Table 4). In contrast, the effects
observed in plots invaded by R. ponticum remained broadly similar, with consistently higher values for O,
OL, POXC, and resid (p = 0.050, p =0.053, p = 0.009, and p = 0.011, respectively). Finally, the stabilization
coefficient S showed a trend toward lower values in R. ponticum-invaded plots after accounting for
environmental covariates (p = 0.090).

Table 4

Results of linear mixed-effects models evaluating the effect of invasion status on soil
functional variables and accounting for the environmental covariates identified by the
RDA (Tmean, pH and WW).

Variable Prunus serotina Rhododendron ponticum

N Estimate Pvalue N  Estimate P value
k 82 0+0.002 0.910 95 0z0.001 0.715
S 104 0.009+0.012 0.453 95 -0.022+0.012 0.090
BR 104 0.148+0.891 0.869 98 0.15%0.175 0.409
AWCD 104 1.484+7.337 0.843 97 2.971+12.705 0.820
FR 104 0.83110.467 0.079 97 1.048+1.999 0.611

POXC 104 87.289+124.755 0.498 98 529.504 +197.902 0.009

0 104 -0.397+0.408 0.347 99 4.034+1.864 0.050
oL 104 -0.413+0.251 0.121 99 0.6+0.276 0.053
resid 104 90.487+101.427 0.389 97 483.088+186.198 0.011

Legend

The table reports the response variable (Variable), the estimated effect of invasion status (Estimate +
SE), the number of observations (N) and the associated p-value.

3.3 Invasion age-related changes in functional variables

For P. serotina, invasion age effect was significantly associated with AWCD values (p = 0.013), indicating
that microbial metabolic activity increased with invasion age (Fig. 3, Table 5). In contrast, the thickness
of the OL horizon decreased significantly along the invasion age gradient, suggesting a progressive
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reduction of litter accumulation over time (p = 0.002). For R. ponticum, invasion age was significantly
associated with an increase in O horizon thickness, indicating a progressive accumulation of organic
material with increasing invasion duration (p = 0.013) (Fig. 3, Table 5).

Table 5

Results of linear mixed-effects models evaluating the effect of invasion age
relative to control plots.

Variable N Estimate+SE Pvalue N Estimate + SE P value
Prunus serotina Rhododendron ponticum

k 82 00 0.598 95 0z0 0.466

S 104 0z0 0.479 95 -0.001+0.001 0.349

FR 104 0.012+0.011  0.279 97 0.078+0.101 0.462

AWCD 104 0.429+0.156  0.013 97 0.43+0.662 0.524

BR 104 -0.023+0.022 0.308 98 0.008 +0.008 0.390
0 104 -0.005+0.011 0.671 99 0.204+0.068 0.013
oL 104 -0.017+0.004 0.002 99 -0.002+0.014  0.899

POXC 104 -3.729+3.382 0.283 98 10.551+9.412 0.266
resid 104 -1.649+2.721 0.551 97 5.633+9.142 0.539

Legend

The table reports the response variable (Variable), the number of observations (N), the estimated effect
of invasion status (Estimate + SE) and the associated p-value.

4. Discussion

1. Prunus serotina and Rhododendron ponticum alter soil microclimatic conditions in different ways
depending on their plant structure.

Plant invasions are often associated with modifications of habitat structure and soil properties (Lone et
al. 2019), and our results indicate that these environmental changes strongly depend on the growth form
and structural characteristics of the invasive species. This pattern was particularly evident for R.
ponticum, whose presence was associated with significant changes in soil environmental conditions,
whereas the effects observed for P. serotina appeared weaker and more dependent on invasion age and
local environmental context. These differences are consistent with the contrasting structural traits of the
two species, with R. ponticum rapidly forming a dense evergreen shrub layer, whereas P, serotina
progressively integrates into the tree canopy. One of the most pronounced disturbances concerns the
reduction in light availability within invaded plots (Fig. 1, Table 1). This decrease was particularly marked
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in plots invaded by R. ponticum, consistent with previous studies (Cross 1975; Casati et al. 2022). We
also observed lower light incidence in plots invaded by P. serotina at the earliest stages of invasion
included in our chronosequence (Supplementary Fig. 4). However, this initial negative impact was
followed by a gradual increase in light availability as invasion progressed, suggesting a different
trajectory from that observed under R. ponticum. At the earliest stages sampled, P. serotina may still
contribute to the structure of the understory, limiting the penetration of incident radiation (Hardwick et al.
2015; Kuskova et al. 2026). As the invasion progresses, the expression of its tree-like character,
specifically its ability to reach the canopy layer becomes increasingly pronounced. This progression into
the tree layer is accompanied by a gradual thinning of the understory and an increase in light penetration
(Supplementary Fig. 4). Regardless of the species, our results show a positive correlation between light
intensity and average soil temperature (Supplementary Fig. 5, Pearson's r = 0.50), suggesting that
variations in light availability are an important factor in regulating the soil microclimate. This relationship
is consistent with the lower soil temperatures in plots invaded by R. ponticum, where the density of
shrubs is particularly high and considerably limits the incidence of radiation (Casati et al. 2022). The
relation between the vertical structure, notably the density of shrub layers, and forest microclimate
conditions is largely documented (Kovéacs et al. 2017; De Frenne et al. 2019; Stickley and Fraterrigo 2021;
Gril et al. 2023; Terschanski et al. 2024). This relationship can be explained by variations in light
penetration (Hardwick et al. 2015), as well as by the increased humidity and reduced air circulation under
dense shrub cover, thereby contributing to a more buffered microclimate (Kovacs et al. 2017;
Terschanski et al. 2024). While soil temperature is influenced by air temperature, it is also influenced by
local physical conditions: i) The litter thickness can moderate minimum and maximum temperature
values by intercepting radiation and reducing evaporation from the soil surface (Sayer 2005; Fekete et al.
2016). Consistent with this mechanism, we found that the impact of invasive species on litter thickness
(OL) was negatively correlated with their impact on microclimatic buffering (DeltaT) (Supplementary

Fig. 5, Pearson’s r = - 0.47), consistent with the results of Jo et al., (2017), ii) soils with a hight proportion
of air-filled pore space present a low thermal conductivity reducing heat transfer (Ochsner et al. 2001).
Accordingly, there was a positive correlation between bulk density and daily soil temperature amplitude
(Supplementary Fig. 5, Pearson’s r = 0.5), indicating that lower bulk density increases the soil’s insulating
capacity and reduces daily temperature fluctuations. Because soils invaded by R. ponticum were
characterized by both thicker organic horizons and lower bulk density resulting from organic matter
accumulation, these two mechanisms likely acted together to strengthen soil microclimatic buffering
(DeltaT) (Fig. 1, Table 1). Overall, we show that the environmental disturbances associated with P
serotina are relatively minor compared with those caused by R. ponticum. This difference may be
explained by their contrasting structural traits, particularly their growth forms. R. ponticum forms a dense
shrub layer that is absent from control plots, whereas P. serotina, as a tree species, primarily competes
with the native tree layer and gradually alters stand composition without creating a new dense
understory. We therefore partially support Hypothesis |: the most pronounced environmental changes
were associated with plots invaded by R. ponticum, while the effects of P. serotina appeared to depend
more on the stage of infestation. These results suggest that the vertical structure of invasive plant
species strongly determines their capacity to modify forest microenvironmental conditions. These
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environmental changes are likely to influence soil carbon transformation processes, particularly through
temperature, which emerged as the main environmental variable associated with carbon transformation
indicators in our RDA analysis (Table 3). This finding is consistent with previous studies that have
highlighted temperature as a key regulator of decomposition processes and microbial activity (Davidson
and Janssens 2006; Prescott 2010).

1. Contrasting effects of Rhododendron ponticum and Prunus serotina on soil carbon cycling based on
their functional traits

Beyond their effects on environmental conditions, R. ponticum and P. serotina also differed in the way
they altered soil carbon transformation, consistent with their contrasting resource-use traits. Plots
invaded by R. ponticum showed higher levels of oxidizable carbon (POXC) and significantly thicker O and
OL horizons. The “resid” indicator also suggested a dynamic of organic matter accumulation in invaded
plots (Fig. 2, Table 2). These patterns remained significant after accounting for environmental covariates,
suggesting that organic matter accumulation was strongly associated with the presence of R. ponticum
itself rather than solely with local abiotic conditions (Table 4). This result is consistent with a previous
study, which reported that organic horizons were on average twice as thick in invaded plots (Le Jeune et
al. 2026). These impacts are consistent with the conservative functional trait of R. ponticum, which is
considered a resource-conservative species. The litter produced by R. ponticum contains high
concentrations of polyphenolic compounds in both leaves and fine roots (Jones et al. 2019; Casati et al.
2023), compounds that are particularly resistant to decomposition. In addition, the roots form a dense
mat within the superficial soil layers (Cross 1975), associated with melanin-rich ericoid mycorrhizae, a
feature known to promote organic matter accumulation in forest soils (Clemmensen et al. 2013; Ward et
al. 2022). However, contrary to our expectations, this accumulation of organic matter was not associated
with reduced microbial activity (BR, AWCD, FR) or lower decomposition rates (k) (Fig. 2, Table 2).
Interestingly, despite the cooler and more acidic conditions associated with invaded plots, accounting
for environmental covariates revealed lower stabilization coefficient values (S), suggesting that organic
matter was more completely decomposed than expected in invaded soils (Table 4). These results
contrast with those of Jones et al. (2019), who reported significantly lower soil respiration beneath R.
ponticum. One possible explanation is a gradual adaptation of microbial communities to R. ponticum
litter, as previously suggested by Le Jeune et al. (2026). Such adaptation could increase the capacity of
microbial communities to degrade recalcitrant organic matter, a phenomenon commonly described as a
home-field advantage and previously reported for other species of the Ericaceae family (Joanisse et al.
2018). In contrast, plots invaded by P. serotina were rather associated with an acceleration of the soil
carbon cycle. Invaded soils exhibited significantly thinner litter layers (OL) and a tendency towards
greater functional capacity for organic matter degradation (FR), close to the statistical significance
threshold (Fig. 2, Table 2). These results are consistent with previous studies reporting increased
microbial activity and accelerated decomposition rates in soils invaded by this species (Lorenz et al.
2004; Aerts et al. 2017; Desie et al. 2020). Indeed, P, serotina leaves are rich in nutrients and
characterized by lower C:N ratios than those of native species, which may explain the faster litter
decomposition observed in invaded plots (Lorenz et al. 2004; Aerts et al. 2017). These patterns are
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consistent with the acquisitive resource-use strategy of Pserotina, characterized by nutrient-rich litter
and faster nutrient cycling (Wardle et al. 2004). However, these effects appeared to be partly mediated
by local environmental conditions. In particular, litter thickness (OL) was sensitive to temperature and
pH, suggesting that abiotic context partly drives the effects of P. serotina on litter dynamics (Table 4).
Together, these results suggest that differences in functional traits between the two invasive species
largely determine the direction of soil carbon dynamics, with P. serotina favouring carbon release through
enhanced decomposition, whereas R. ponticum promotes carbon storage through organic matter
accumulation.

4.3 Contrasting temporal trajectories revealed by the
complementarity of functional indicators

Our results show that the effects of invasions on the soil forest carbon dynamics evolve over time,
following contrasting temporal trajectories between R. ponticum and P. serotina that are consistent with
the distinct functional traits of the two invasive species. Increasing invasion age was associated with a
gradual increase in the thickness of the organic layer in plots invaded by R. ponticum (Fig. 3, Table 5), in
contrast to plots invaded by P. serotina, which show a gradual decrease in litter thickness (OL) and an
increase in microbial metabolic activity (AWCD), suggesting an acceleration of the soil carbon cycle
(Fig. 3, Table 5). These contrasting trajectories support hypothesis 3 and indicate that invasive plants do
not induce a uniform temporal response of soil functioning. Instead, the direction and magnitude of
ecosystem changes depend on the functional traits of each species and on the way they progressively
modify forest structure and resource inputs. Our results also highlight the complementary nature of the
various indicators describing carbon transformation. Indicators related to material stocks, such as
organic horizons or carbon pools, exhibit high inertia and are therefore relevant for assessing long-term
trends in soil functioning (Biinemann et al. 2018; Garland et al. 2021). Other indicators, such as soil
respiration or the functional activity of microbial communities, conversely respond rapidly to
environmental changes (Garland et al. 2021). Their combined interpretation therefore allows for the
simultaneous characterization of the current state of soil functioning and the cumulative consequences
of disturbances over time, which constitute a long-term legacy (Frouz 2024).

In plots invaded by R. ponticum, the gradual accumulation of organic matter observed within the O
horizon may result from a persistent imbalance between carbon inputs and outputs. The higher
concentrations of oxidizable carbon (POXC) and increased litter depth (OL) observed in the invaded plots
suggest increased inputs of organic matter, while the decomposition rate (k) remains stable. This
imbalance between carbon inputs and outputs may therefore contribute to a gradual accumulation of
organic matter in the organic horizon (0). Although POXC and OL values were higher in the invaded plots,
the lack of a temporal increase in these parameters suggests that these changes likely occurred during
the early stages of the invasion, before the youngest stages represented in our chronosequence (before
16 years). After this initial phase, these indicators may have reached a new equilibrium state and
remained relatively stable. In contrast, the thickness of the O horizon reflects the cumulative
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consequences of prolonged imbalances between organic matter inputs and losses, resulting in a gradual
accumulation of organic matter over several decades. In contrast, plots invaded by P. serotina appear to
follow a different trajectory, characterized by a gradual increase in microbial activity. As P. serotina
progressively becomes dominant within the tree layer, its nutrient-rich litter represents an increasing
proportion of total litter inputs, gradually stimulating microbial metabolism and carbon turnover. By
producing litter that is richer in nutrients and more readily decomposable (Aerts et al., 2017), P. serotina
could thus gradually stimulate microbial metabolism and accelerate the soil carbon cycle through a
priming effect (Kumar Rai and Singh 2020). However, despite these functional changes, we do not
observe a significant long-term decrease in the O horizon up to an estimated age of 143 years. This
difference between rapid-response indicators (AWCD and OL) and slower indicators (O) suggests that
changes in soil carbon transformation processes have started but have not yet translated into
measurable losses of accumulated organic matter. The contrasting trajectories of the two species can
also be explained by differences in their structural development. The shrubby architecture of R. ponticum
rapidly creates an additional vegetation layer that strongly modifies forest microclimatic conditions and
resource availability shortly after its establishment. These structural modifications are consistent with
the physical ecosystem engineering effects described for invasive species that alter habitat structure
and abiotic conditions, thereby reshaping ecosystem functioning (Haubrock et al. 2026). Conversely, P
serotina progressively replaces the native tree layer, resulting in a slower and more gradual
reorganization of forest structure. This interpretation is consistent with the gradual changes in light
availability observed along the P. serotina chronosequence. Consequently, the two invasions appear not
only follow contrasting functional trajectories, but their impacts may also manifest at different rates due
to their contrasting structural characteristics.

5. Conclusion

This study highlights that the invasive alien plants R. ponticum and P. serotina alter soil carbon
transformation processes through both their specific functional traits and the microenvironmental
changes they induce within forest ecosystem. R. ponticum, by forming a dense shrub layer, significantly
altered soil environmental conditions by reducing light availability and limiting both mean and variation in
soil temperatures. Conversely, the effects of P. serotina on the microenvironment were weaker and
exhibited more complex temporal dynamics. This trend can be explained by the transition from the shrub
layer to the tree layer along our chronosequence, which resulted in an initial decrease followed by an
increase in light incidence. These results highlight the importance of changes in vegetation structure
induced by invasive alien species in shaping soil functioning. Our results also support the hypothesis
that invasive alien species with contrasting ecological traits exert opposing effects on soil carbon
transformation processes. In line with the “economic spectrum of plants”, the conservative traits of R.
ponticum were associated with the accumulation of organic matter, whereas the acquisitive traits of P
serotina were associated with increased microbial activity through a priming effect. These effects
changed differently over time as invasion progressed. While R. ponticum led to a gradual accumulation
of organic matter in the O horizon, P. serotina was characterized by increasing microbial activity and
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decreasing litter thickness, highlighting an intensification of impacts over time with distinct trajectories
depending on the species. Overall, our research demonstrates the interest of a multi-indicator approach
for better understanding the long-term impacts of invasive species on soil carbon dynamics.
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Figure 1

Effect of invasion on environmental variables. Values represent invaded sites minus control sites. Purple
boxplots correspond to the effect of R. ponticum, and green boxplots correspond to the effect of P
serotina. Filled boxplots indicate statistically significant differences between invaded and control sites (p
< 0.05) based on linear mixed-effects models. Environmental variables include light availability (DIFN),
bulk density (BD), water content (WW), thermal amplitude (DeltaT), mean temperature (Tmean), and soil

pH (pH).
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Figure 2

Effect of invasion on forest soil functional variables. Boxplots show the values of invaded sites minus
control sites. Filled boxplots indicate statistically significant differences between invaded and control
sites (p < 0.05) based on linear mixed-effects models. Functional variables include the decomposition
rate (k), stabilization factor (S), labile carbon content (POXC), basal respiration (BR), model residuals
(resid), average well color development (AWCD), functional richness (FR), thickness of the humic horizon
(0) and litter accumulation (OL).
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Figure 3

Relationship between the circumference in cm used as proxy of age of invasion (CBH), expressed in
centimeters and differences between invaded and control plots for various functional and environmental
variables. For P, serotina, relationship between: CBH and metabolic footprint AWCD (a), CBH and litter
thickness (OL) (b). Within sites invaded by R. ponticum, relationship between CBH and organic horizon
thickness (0) (c). Each point represents the mean difference between an invaded plot and its matched
control plot. The green dotted horizontal line indicates no effect of invasion.
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