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Abstract

Although the impact of invasive species on understory diversity has been extensively studied, most 
authors have compared invaded and non-invaded stands. Various authors have demonstrated dif-
ferent negative, positive, or no impacts of invasive trees on understory vegetation biodiversity. In 
our study, we aimed to assess the relationship between alpha diversity and species composition of 
the understory and the increasing aboveground biomass of two invasive trees, Prunus serotina and 
Robinia pseudoacacia. We assessed this relationship for two seasons (spring and summer) and two 
habitats (nutrient-rich habitats with oaks Quercus petraea and Q. robur and nutrient-poor habitats 
with Scots pine Pinus sylvestris) separately. We demonstrated a statistically significant relationship 
between understory species composition and increasing biomass of both invaders in both habitats in 
both seasons, except in nutrient-rich sites with R. pseudoacacia. In summer, we found indicator spe-
cies for both invasive species in both habitats, while in spring, only for the nutrient-rich habitat with 
P. serotina. In nutrient-rich habitats, we did not find any significant effect of increasing P. serotina bio-
mass on alpha diversity indices. In nutrient-poor habitats, P. serotina biomass was positively correlat-
ed with taxonomic and functional diversity but not significantly related to phylogenetic diversity. In 
summer, R. pseudoacacia biomass was positively correlated with taxonomic diversity in poor habitats 
and with functional dispersion but negatively correlated with mean pairwise phylogenetic distance. 
In nutrient-rich habitats, we observed a positive relationship between R. pseudoacacia biomass and 
phylogenetic diversity and a negative relationship with functional dispersion. Therefore, our results 
indicated high variability and context-dependence of invader impacts, related to invader species, 
understory species, habitat, and season. We confirmed that the relationship between invader biomass 
and nitrophilous, ruderal species is positive, while it is negative with forest specialists, especially on 
nutrient-poor sites.

Key words: Black cherry, black locust, functional diversity, indicator taxa, invasion ecology, phy-
logenetic diversity, seasonality, taxonomic diversity

Introduction

Invasive species are one of the greatest threats to biodiversity (Richardson et al. 
2000; Brondízio et al. 2019; Roy et al. 2024). Invasive trees as ‘transformers’ (sensu 
Richardson et al. 2000) can significantly change native ecosystems (Crooks 2002; 
Corenblit et al. 2014; Jagodziński et al. 2024). The changes in, e.g., nutrient cy-
cling (Rice et al. 2004; Aerts et al. 2017) or light availability (Starfinger et al. 2003; 
Dyderski and Jagodziński 2019; García et al. 2023) can positively impact some 
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understory plant species, but some of them can retreat from transformed, invaded 
habitats (Chabrerie et al. 2008; Langmaier and Lapin 2020; Woziwoda et al. 2021; 
Bury and Dyderski 2025a, b).

In European forests, Prunus serotina Ehrh. (black cherry) and R. pseudoacacia L. 
(black locust) are among the most widespread non-native tree species (Wagner et 
al. 2017; Brus et al. 2019). Prunus serotina in Central European conditions is most-
ly a shrub or low tree (Starfinger et al. 2003; Bury and Dyderski 2024b, 2025a; 
Engel et al. 2024; Nyssen et al. 2024) and is mostly dispersed via zoochory and 
barochory (Starfinger et al. 2003; Deckers et al. 2008). This species does not have 
nitrogen-fixing abilities and is an early/mid-successional species mostly occurring 
in stand gaps (Godefroid et al. 2005; Closset-Kopp et al. 2007). Robinia pseudoa-
cacia has different growing forms. It can be a shrub or a low or high tree (Bury and 
Dyderski 2025a). This pioneer species (Cierjacks et al. 2013; Vítková et al. 2017; 
Martin 2019) has nitrogen-fixing abilities (Rice et al. 2004; Vítková et al. 2017) 
and is mainly dispersed via barochory and anemochory (Vítková et al. 2017). Addi-
tionally, next to sexual, also vegetative reproduction by root suckers is an important 
way to settle in a new place (Cierjacks et al. 2013; Bouteiller et al. 2023) (Fig. 1a).

Vascular plants are the most studied taxonomic group in the case of the inva-
sive trees effect on biodiversity (Vilà et al. 2024). Up to 2022, Wohlgemuth et al. 
(2022) identified 720 cases of different non-native trees effects on different vascular 
plant diversity attributes. Among them, 191 cases show non-significant relation-
ships, 14 negative, and 21 positive effects of P. serotina on vascular plant diversity 
attributes. For R. pseudoacacia, 144 studies show non-significant relationships, 19 
decreasing, and 31 increasing effects (Wohlgemuth et al. 2022). However, there is 
a noticeable difference in the study of the impact of both P. serotina and R. pseudo-
acacia at the species and community levels. According to the recent review by Vilà 
et al. (2024), there are only a few studies that focus on examining the impact of the 
abovementioned invasive tree species at the species level (Halarewicz and Pruch-
niewicz 2015). On the community level for P. serotina, among 90 studies about the 
impact on plants, 70 are about plant diversity; for R. pseudoacacia, among 46 stud-
ies, 32 are about plant diversity (Vilà et al. 2024). However, some previous studies 
revealed both negative and positive effects of studied invasive trees on individual 
species (e.g., Chabrerie et al. 2008; Halarewicz and Pruchniewicz 2015). There are 
important studies focused on P. serotina and R. pseudoacacia cover as quantitative 
indicators. Most of the studies about the impact of both R. pseudoacacia (Rahmon-
ov 2009; Qiu et al. 2010; Benesperi et al. 2012; Trentanovi et al. 2013; Lazzaro et 
al. 2018; Sitzia et al. 2018; Gentili et al. 2019; Slabejová et al. 2019, 2023; Dy-
derski and Jagodziński 2021) and P. serotina (Verheyen et al. 2007; Halarewicz and 
Żołnierz 2014; Gentili et al. 2019; Dyderski and Jagodziński 2021) on understory 
plant diversity focused on comparing invaded and non-invaded stands. In con-
trast, only a few studies assessed the effects of invasive trees along their abundance 
gradient. Abundance gradient is important, as it not only reveals the thresholds of 
impact (Dickie et al. 2011) but also can be used as a space-for-time substitution in 
predicting the effects of invasive species spread (López-Núñez et al. 2017). There 
are only a few studies on P. serotina (Chabrerie et al. 2008, 2010; Bury and Dyder-
ski 2024a) and R. pseudoacacia (Montecchiari et al. 2020) per capita effect on un-
derstory plants. For P. serotina, we showed a small positive relationship between the 
proportion of its biomass and species and functional richness. However, the study 
concerned a single forest complex, which is the Wielkopolska National Park, under 
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a nature conservation regime. It is more difficult to apply the conclusions drawn 
from the cited work on a larger spatial scale, even within the same region. Previous 
studies revealed that abundance moderates the effects of P. serotina and R. pseudo-
acacia on natural regeneration (Bury and Dyderski 2025a) and bryophytes (Bury 
and Dyderski 2025b). Studies on other invasive trees revealed negative (García et 
al. 2023) or non-linear (initial increase and subsequent decline in species richness) 
(Dickie et al. 2011) impact of invader biomass on understory diversity.

The vegetation of the understory is not the same throughout the entire growing 
season (Rautiainen et al. 2011). These differences are determined by phenology 
(Miller et al. 1997; Kudo et al. 2008), as many species have their peak flowering 
in spring, when the trees have not yet developed leaves (Heinrich 1976; Kudo et 
al. 2008; Heberling et al. 2019; Rawlik et al. 2023). A lot of light reaches during 
this time, which is necessary for the development of flowers and fruits (Stephen-
son 1981). The existence of many plant species, their biology, and their ecology 
depend on other organisms, e.g., pollinating insects (Kudo et al. 2008), which also 
have different activities depending on the seasons (Li et al. 2025). Seasonal changes 
in the species composition and biomass can vary strongly in individual habitats. 
The peak occurrence of geophytes occurs in spring, and summer is the period of 
dominance of species that tolerate shading better (Rawlik et al. 2023). However, 
little is known about how invasive trees, through the environmental changes they 
cause, can have a different impact on the biodiversity of the understory plants 
growing in temperate forests in spring and summer. Most previous studies focused 
mainly on summer vegetation, neglecting the spring aspect, abundant in forest 
specialists (Hermy et al. 1999).

Numerous previous studies proved that high biological diversity has a positive 
impact on the stability and durability of forest ecosystems (Hisano et al. 2018; Con-
radi et al. 2020). However, many works only discuss the issue of species richness. 
In addition to taxonomic diversity, which describes the number and abundance 
of species, it is worth delving deeper into the role of these species in ecosystems, 
related to their unique functional traits (functional diversity) (Violle et al. 2007), 
and the diversity of their evolutionary origins (phylogenetic diversity) (Tucker et 

Figure 1. Comparison of studied invasive tree species (a) and study design (b).
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al. 2017). Functional and phylogenetic (Swenson and Enquist 2009) diversities 
(Violle et al. 2007; Laliberté and Legendre 2010; Hao et al. 2018) also indicate the 
resilience of the different components of ecosystems (Buckley et al. 2023).

Due to the large differences between nutrient-poor and nutrient-rich habitats in 
Central Europe, it is worth examining these habitats separately (Bury and Dyderski 
2024b, 2025a). This will allow for better adaptation of protective treatments to the 
needs of specific plant communities (Nyssen and Vanhellemont 2016; Sádlo et al. 
2017; Engel et al. 2024; Nyssen et al. 2024). Both of these habitats are character-
ized by a specific species composition. Plants adapted to the soil fertility grow there. 
Nutrient-poor stands are mostly dominated by coniferous trees, e.g., P. sylvestris, 
while nutrient-rich stands are dominated by deciduous trees, e.g., Quercus spp. 
However, these differences concern not only the tree stand level but also the under-
story vegetation (Ellenberg and Leuschner 2010; Mucina et al. 2016). In the con-
text of invasion ecology, previous studies proved that changes caused by invasive 
woody species may be more negative in poor habitats (Chmura 2004; Halarewicz 
2011), indicating context dependence (Novoa et al. 2020; Sapsford et al. 2020).

In this paper, we aimed to assess the impact of two invasive tree species, P. seroti-
na and R. pseudoacacia, on understory vascular plant biodiversity at three levels: 
taxonomic, functional, and phylogenetic, as well as species composition. Further-
more, we assessed whether there are indicator species for increasing invader abo-
veground biomass. We hypothesized that (H1) we will find changes in vascular 
plant alpha diversity and species composition along invader aboveground biomass 
(Dickie et al. 2011; García et al. 2023; Bury and Dyderski 2024a). (H2) We hy-
pothesized that the relationships between vascular plant diversity and invader bio-
mass will be different between P. serotina and R. pseudoacacia, and additionally, we 
will find different taxa indicating invader aboveground biomass increase (Bury and 
Dyderski 2025a). (H3) Furthermore, we supposed that there will be differences in 
diversity-invader biomass relationships between nutrient-poor and nutrient-rich 
sites (Chmura 2004; Halarewicz 2011; Bury and Dyderski 2025a). (H4) Finally, 
we expected differences in patterns between spring and summer surveys. Check-
ing the differences between spring, a season when many geophytes reach optimal 
growth, and summer–a season when different taxa (mostly hemicryptophytes) 
emerge (Rawlik et al. 2023)–should answer the question: which seasonal aspect of 
vegetation is more threatened by an increase in invasive tree biomass? We expect 
that in the spring, when canopy foliage has not yet emerged, the impact of the 
studied invasive trees will be lower (Heinrich 1976; Kudo et al. 2008; Czapiewska 
et al. 2019). Our work addresses an important and still poorly understood phe-
nomenon called the per capita effect, or the scaled effect of invasion (Parker et al. 
1999; Schooler et al. 2006; Bury and Dyderski 2024a). More specifically, in our 
research, we focus on aboveground biomass of invasive trees and how it affects the 
relationship between invasive trees and understory (Dickie et al. 2011; García et 
al. 2023; Bury and Dyderski 2024a). Additionally, we have placed our research 
in two contexts: habitat, which answers the question of where invasive species 
have a more or less significant impact, and seasonal, which answers the question 
of when the studied invasive species have a more or less significant impact on un-
derstory vegetation. The habitat context (Chmura 2004; Halarewicz 2011; Bury 
and Dyderski 2024a) is better known than the seasonal one. The seasonality we 
studied adds a novel perspective on the relationship between invasive trees and the 
understory vegetation.
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Methods

Study design and study area

We conducted our study in the managed forests in Western Poland (Czerniejewo, 
Łopuchówko, Babki, Konstantynowo, and Jarocin Forest Districts (i.e., spatial ad-
ministration units)). The climatic conditions are typical for a warm-summer hu-
mid continental climate with an annual temperature of 8.5 °C and mean annual 
precipitation of 500–550 mm (BDL 2024) (Suppl. material 1: fig. S1).

In the field, we searched for plots non-invaded (control) and invaded by P. serotina 
or R. pseudoacacia. Initially, we used canopy cover as an abundance indicator because 
it was easier to assess in the field and did not require time-consuming measurements 
necessary to estimate biomass. We used two classes of cover to distinguish plots with 
medium cover (< 30%) and high cover (> 50%), which formed the invasion gradient, 
based on species biomass. Additionally, we accounted for two different habitat and 
stand maturity contexts. We established our plots in nutrient-poor and nutrient-rich 
habitats. Nutrient-poor sites included plant communities dominated by P. sylvestris, 
i.e., Leucobryo-Pinetum W. Mat. (1962) 1973 communities or secondary P. sylvestris 
forests. Nutrient-rich sites included communities dominated by Q. petraea and Q. 
robur, i.e., different subtypes of Galio sylvatici-Carpinetum betuli Oberd. 1957 com-
munities or secondary Quercus spp. forests (Bury and Dyderski 2025a). Some of 
our plots had characteristics of slightly poorer communities or slightly more fertile 
ones, e.g., Potentillo albae-Quercetum Libb. 1933 and Querco-roboris Pinetum Mat. et 
Polak. 1955 s.l. We also selected plots in two stand age classes. We distinguished me-
dium-aged stands (stands in the middle of rotation age, 40–80 years old) and mature 
stands (close to rotation age; for Scots pines, 80–120 years old; for oaks, 100–140 
years old). Medium-aged stands have simpler structures–trees have a similar diameter 
at breast height (DBH) and height–compared to more structurally diverse, mature 
stands. Mature stands grow more slowly than middle-aged stands because they have 
already reached the peak of growth (Jiang et al. 2017; Li et al. 2024). The older the 
tree stands, the greater the biodiversity, which is related to the greater availability of 
light correlated with the smaller stem density (Jagodziński and Oleksyn 2009; Felton 
et al. 2010; Conradi et al. 2020). In total, we established 160 plots (32 control plots, 
64 plots with R. pseudoacacia, and 64 plots with P. serotina). To avoid the spatial 
autocorrelation, plots of individual variants were at least 5 km apart (plot variant = 
invader × invasion level × habitat × stand age) (Bury and Dyderski 2025a) (Fig. 1b).

Assessment of invader aboveground biomass

We assessed invader aboveground biomass using the same methodology as Bury and 
Dyderski (2025a, b). After an initial survey based on the cover of studied invasive 
species (subsection 2.1), we measured tree stand structures. We measured the DBH 
of all trees ≥ 1.3 m height on 102 plots in 2021 and 2022 (García et al. 2023; Bury 
and Dyderski 2025a). On the other 58 plots in 2022 and 2023, we measured the 
DBH of trees > 5 cm DBH, and we counted trees thinner than 5 cm. Then, we used 
the dataset for 102 plots, and for all tree species, we estimated the mean DBH for 
trees thinner than 5 cm (Bury and Dyderski 2025a) (Suppl. material 1: table S1). 
We decided to use this method to reduce time-consuming measurements of numer-
ous thin individuals with low variability of DBH and not to assume a midpoint of 
DBH range from 0 to 5 cm (2.5 cm) for biomass calculation as in previous studies 
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(Dyderski and Jagodziński 2019). We used published allometric models (Suppl. ma-
terial 1: table S2) to calculate invader aboveground biomass (Brown 1976; Alberti 
et al. 2005; Forrester et al. 2017; Zasada 2017; Jagodziński et al. 2018, 2019) (Fig. 
2). Prunus serotina aboveground biomass on nutrient-poor sites ranged from 0.18 to 
47.11 Mg ha-1 (mean: 7.34 ± 8.75 Mg ha-1) and on nutrient-poor sites from 0.19 
to 27.39 Mg ha-1 (mean: 6.68 ± 7.24 Mg ha-1). Robinia pseudoacacia aboveground 
biomass on nutrient-poor sites ranged from 0.22 to 153 Mg ha-1 (mean: 20.91 ± 
31.69 Mg ha-1) and on nutrient-rich sites from 0.82 to 278.24 Mg ha-1 (mean: 
50.77 ± 70.37 Mg ha-1) (Suppl. material 1: table S4) (Bury and Dyderski 2025a).

Understory vegetation assessments

We used the modified nine-scaled Braun-Blanquet method (r – 1–2 ind.; + – <1%; 
1 – 1–3%; 2m – 3–10%; 2a – 10–18%; 2b – 18–25%; 3 – 25–50%; 4 – 50–75%; 
5 – > 75%) to assess the cover of particular understory species of vascular plants. 
We assessed both herbaceous and woody plants (up to 0.5 m height) on four ran-
domly distributed squared 25 m2 subplots. We conducted an understory survey 
in the spring (May) and summer (July) of 2021, 2022, and 2023. We aggregated 
the results at the plot level by averaging species cover from four subplots (Fig. 2).

Alpha diversity indices calculation

In spring, we found 183 vascular plant species, while in summer, we found 167 
(in total, 205 species). We calculated taxonomic alpha diversity using two indices: 
Shannon’s diversity index, calculated by the diversity() function, and species rich-
ness, calculated by the specnumber() function, both from the vegan package (Ok-
sanen et al. 2018). For phylogenetic alpha diversity, we calculated Faith’s phylo-
genetic diversity (PD) and mean pairwise distance (MPD), using the ses.pd() and 
ses.mpd() functions from the picante package (Kambel et al. 2010). We acquired 
a phylogenetic tree by using the phylo.maker() function in the V.Phylomaker2 
package (Jin and Qian 2022). Both PD and MPD were standardized to exclude 

Figure 2. Graphical presentations of field surveys, including both stand structure measurements and understory vegetation surveys.
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the effect of species richness on estimating phylogenetic diversity. For function-
al alpha diversity, we acquired functional traits for species present in our study 
plots from several databases, i.e., LEDA (Kleyer et al. 2008), BIEN (Maitner et al. 
2018), BioFlor (Klotz et al. 2002), and Pladias (Wild et al. 2019). Additionally, we 
acquired ecological indicator values (EIVs) from Ellenberg and Leuschner (2010). 
Due to the low incompleteness of trait data (Suppl. material 1: table S5), we de-
cided to impute missing values with the missForest package (Stekhoven and Buhl-
mann 2012), supported by phylogenetic eigenvectors (Diniz-Filho et al. 1998), 
calculated using the acquired phylogenetic tree. As functional diversity is species 
richness-dependent, we assessed the standardized (Czortek et al. 2021) functional 
richness (FRic) and functional dispersion (FDis), using the dbFD() function from 
the FD package (Laliberté and Legendre 2010). We followed the standardization 
algorithm provided by Czortek et al. (2021), where we calculated the null model 
based on species composition randomized using the randomizeMatrix() function 
from the picante package (Kambel et al. 2010) in 10000 iterations. The standard-
ized indicator sesFRic was calculated using the formula: sesFRic = FRicR – FRicnull/
SD(FRicnull), where: FRicR is the observed FRic value, FRicnull is the mean FRic value 
of the null model, and SD(FRicnull) is the standard deviation of the FRic null mod-
el. The standardized indicator sesFDis was calculated using the formula: sesFDis = 
FDisR – FDisnull/(FDisnull), where: FDisR is the observed FDis value, FDisnull is the 
mean FDis value of the null model, and SD(FDisnull) is the standard deviation of 
the FDis null model. As calculations of FDis and FRic are meaningful only for 
plant communities with at least three species, we excluded one plot for the spring 
dataset (control plot on nutrient-poor site) with only two species from analyses for 
these alpha diversity metrics. To characterize the functional composition of un-
derstory vegetation, we calculated community-weighted means (CWMs) of func-
tional traits and EIVs: EIV.L – Light EIV; EIV.M – Moisture EIV; EIV.N – Soil 
Fertility EIV; EIV.SR – Soil Reaction EIV; SLA – Specific Leaf Area [cm2 g-1]; H 
– Maximum height [m]; SM – Seed mass [mg].

Statistical analyses

From all analyses, we excluded one outlying study plot (nutrient-poor habitat) 
with P. serotina aboveground biomass (47.11 Mg ha-1) tree times higher than the 
next plot in this variant (15.43), similarly to Bury and Dyderski (2025a). In all 
analyses we used log1p transformation (i.e., log(x+1)) of invader aboveground bio-
mass to include sites with zero biomass and to stabilize variance in this predictor.

We used Canonical Correspondence Analysis (CCA) from the vegan package 
(Oksanen et al. 2018) to study the relationship between the studied invaders abo-
veground biomass and the vascular plant species composition of the understory. In 
CCA, we used invader aboveground biomass and stand age as constraints, testing 
the hypotheses about their impact on species composition. To test the significance 
of these factors, we used permutation-based ANOVA-like tests, implemented in 
the anova.cca() function.

We used the Threshold Indicator Taxa Analysis to check which species change 
their abundance over the studied invasive species biomass. We presented only those 
species that revealed trends with purity and reliability > 0.95 (default settings). We 
presented the results using the plottaxaridges() function from the TITAN2 pack-
age (Baker et al. 2023). This function creates graphs for particular species responses 
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along environmental gradients. These species are divided into two groups: increas-
ers (different shapes of red color of ridges) and decliners (different shapes of grey 
color or blue color of ridges). The increasers are species with cover increasing with 
invader biomass increasing, while decliners are species with decreasing cover with 
invader biomass increasing. Ridges can look different for particular species. The in-
flection of the ridge indicates the value of the aboveground biomass of the invader 
where the cover of a particular species is the highest. A narrow ridge indicates small 
discrepancies in the data, and a wide ridge indicates large discrepancies. Z-values 
(numerical values that correspond to the intensity of ridge color) inform about the 
taxa indicator value–darker color and higher value suggest a higher indicator value. 
A vertical black line indicates aboveground biomass. In the case of increasers, there 
is a sharp increase in understory species cover, and in the case of decliners, there is 
a sharp decrease in understory species cover.

Finally, we used generalized linear mixed-effect models (GLMMs) (Brooks et 
al. 2017) to study the relationship between different invasive tree species abo-
veground biomass with alpha diversity metrics and CWMs of traits (SLA, SM, 
and H) and EIVs. In each model we also included stand age to control this 
variable. For each season, invasive tree species, and habitat, we developed sepa-
rate models. For H and SM CWMs, we used log10 transformations of the de-
pendent variable due to a high variability of these traits, exceeding four orders 
of magnitude. For species richness, we assumed a Poisson or negative binomial 
distribution, ensuring a lack of problems with overdispersion, while for all other 
variables, we assumed a Gaussian distribution due to the close-to-normal distri-
bution of the dependent variable. We used the survey year and forest districts 
as random effects. We used the glmmTMB package (Brooks et al. 2017) to de-
velop GLMMs and the dredge() function from the MuMIn package (Bartoń et 
al. 2017) to choose the best-fit models, reducing them to minimize values of 
Akaike’s Information Criterion, corrected for small sample size (AICc). For each 
model, we stated the AICc of the final model and AICc0, i.e., the AICc of the 
null (intercept and random effects-only model). We presented model responses 
using marginal responses, i.e., mean predicted values for each level of a particular 
predictor, calculated using the ggeffects package (Lüdecke 2018). In the results 
section, we present values estimated for statistically significant relationships for 
two points: for zero and near the maximum value of invader biomass in each 
variant. We used the same biomass values as in Bury and Dyderski (2025a). All 
mean values are followed by ± standard error.

Results

Relationships between invasive tree biomass and understory species 
composition

In spring we found a statistically significant relationship between species composi-
tion and invader aboveground biomass except for R. pseudoacacia on nutrient-rich 
sites (p=0.083; Fig. 3b, Table 1). On nutrient-poor sites, Rubus idaeus, R. fruticosus 
agg., and P. serotina increased their cover with an increase in P. serotina biomass 
(Fig. 3e), while species like Moehringia trinervia, Fallopia convolvulus, Chelidonium 
majus, Impatiens parviflora, Geranium robertianum, and R. pseudoacacia increased 
their cover with an increase in R. pseudoacacia biomass (Fig. 3a). For control plots 
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Figure 3. Canonical Correspondence Analysis (CCA) for all plot variants: R. pseudoacacia nutrient-poor (48 plots) and nutrient-rich sites 
(48 plots); P. serotina nutrient-rich (48 plots) and nutrient-poor sites (47 plots) for both spring and summer. For clarity, only species with 
a frequency > 20% were labeled. Green arrows and labels represent environmental variables (only for statistically significant results, p < 
0.05). Red dots = control plots, blue dots = plots with P. serotina or R. pseudoacacia. Abbreviations: log1p(Biomass) – natural logarithm 
of invader aboveground biomass.
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Table 1. Results of permutation-based ANOVA-like test (999 iterations) of constraint significance 
for CCA. Abbreviations: log1p(Biomass) – natural logarithm of invader aboveground biomass.

Df χ2 F Pr(>F)

SPRING

P. serotina nutrient-poor sites (n = 47 plots)

log1p(Biomass) 1 0.2098 2.2640 0.001

Stand age 1 0.1587 1.7132 0.012

Residual 44 4.0765

P. serotina nutrient-rich sites (n = 48 plots)

log1p(Biomass) 1 0.1484 1.4496 0.020

Stand age 1 0.1477 1.4421 0.017

Residual 45 4.6069

R. pseudoacacia nutrient-poor sites (n = 48 plots)

log1p(Biomass) 1 0.3038 2.7142 0.001

Stand age 1 0.1640 1.4656 0.122

Residual 45 5.0371

R. pseudoacacia nutrient-rich sites (n = 48 plots)

log1p(Biomass) 1 0.1408 1.2730 0.083

Stand age 1 1.1388 1.2545 0.105

Residual 45 4.9784

SUMMER

P. serotina nutrient-poor sites (n = 47 plots)

log1p(Biomass) 1 0.1611 1.6468 0.007

Stand age 1 0.1444 1.4758 0.024

Residual 45 4.4022

P. serotina nutrient-rich sites (n = 48 plots)

log1p(Biomass) 1 0.2285 2.6348 0.001

Stand age 1 0.1339 1.5438 0.044

Residual 45 3.9033

R. pseudoacacia nutrient-poor sites (n = 48 plots)

log1p(Biomass) 1 0.3421 3.1727 0.001

Stand age 1 0.1839 1.7052 0.019

Residual 45 4.8252

R. pseudoacacia nutrient-rich sites (n = 48 plots)

log1p(Biomass) 1 0.1529 1.4946 0.017

Stand age 1 1.1520 1.4854 0.023

Residual 45 4.6044

Abbreviations: Df – the degrees of freedom; χ 2 – Chi-squared statistics; F – F-statistics; Pr(>F) – p-values.

on nutrient-poor sites, Vaccinium myrtillus, P. sylvestris, and Melampyrum pratense 
were isolated on all graphs (Fig. 3a, e). On nutrient-rich sites, P. serotina, G. rober-
tianum, P. padus, M. trinervia, and Alliaria petiolata increased their cover with an 
increase in P. serotina biomass (Fig. 3f ). In summer, we found statistically signif-
icant relationships between species composition and invader biomass in all stud-
ied cases (p < 0.01; Table 1). On nutrient-poor sites, species like Rubus idaeus, 
R. fruticosus agg., and P. serotina increased their cover with increasing P. serotina 
biomass (Fig. 3g). On nutrient-poor sites, species like M. trinervia, F. convolvu-
lus, Ch. majus, I. parviflora, and G. robertianum increased their cover with an in-
crease in R. pseudoacacia biomass (Fig. 3c). For control plots on nutrient-poor 
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sites, V. myrtillus, P. sylvestris, and M. pratense are isolated on all graphs (Fig. 3c, g). 
On nutrient-rich sites, Dryopteris carthusiana, R. pseudoacacia, P. serotina, M. tri-
nervia, Acer campestre, and A. platanoides increased their cover with an increase in 
R. pseudoacacia biomass (Fig. 3d). On nutrient-rich sites, P. padus, G. robertianum, 
P. serotina, Sambucus nigra, and M. trinervia increased their cover with an increase 
in P. serotina biomass (Fig. 3h).

Indicator taxa for invasive tree biomass

In spring, we detected decliners and increasers only on nutrient-rich sites with 
P. serotina (Fig. 4a, b, e, f; T Suppl. material 1: tables S6–S13). The cover of Agrostis 
capillaris decreased while the cover of Corylus avellana increased with an increase 
in invader biomass (Fig. 4f ). In summer, in nutrient-poor habitats with P. serotina, 
we found five increasers: I. parviflora, R. idaeus, D. carthusiana, P. serotina, and 
Rubus fruticosus agg., and no decliners (Fig. 4g). In nutrient-rich habitats with 
P. serotina, we found three decliners: Pteridium aquilinum, Oxalis acetosella, and 
Q. petraea, and two increasers: P. padus and P. serotina (Fig. 4h). In nutrient-poor 
habitats with R. pseudoacacia, we found four decliners (V. myrtillus, M. pratense, 
P. sylvestris, and Q. petraea) and nine increasers: S. nigra, Ch. majus, I. parviflora, 
F. convolvulus, M. trinervia, G. robertianum, D. carthusiana, R. fruticosus agg., and 
R. pseudoacacia (Fig. 4c). In nutrient-rich habitats with R. pseudoacacia, we found 
one decliner (Q. petraea) and five increasers: Q. robur, C. avellana, D. carthusiana, 
R. pseudoacacia, and Ch. majus (Fig. 4d).

Relationship between invasive tree biomass and understory alpha 
diversity

On nutrient-poor sites in spring, we found a negative relationship between R. pseu-
doacacia aboveground biomass and mean pairwise distance (decreased from 0.26 
± 0.12 to – 0.39 ± 0.19 along an increase in invader biomass from 0 to 116 Mg 
ha-1). Along this gradient, we found an increase in functional dispersion (from 
-0.53 ± 0.16 to 0.41 ± 0.25), moisture EIV (4.9 ± 0.1 to 5.5 ± 0.1), soil reaction 
EIV (6.5 ± 0.4 to 3.9 ± 0.2), SLA CWM (206.1 ± 20.3 cm2 g-1 to 323.7 ± 32.6 
cm2 g-1), and maximum height CWM (2.11 ± 0.09 m to 4.68 ± 0.13 m). In sum-
mer we found a higher species richness (11.0 ± 0.1 species to 21.3 ± 0.1 species), 
Shannon’s diversity index (0.98 ± 0.14 to 1.91 ± 0.19), moisture EIV (4.8 ± 0.1 
to 5.4 ± 0.1), soil fertility EIV (3.7 ± 0.2 to 6.6 ± 0.3), soil reaction EIV (3.2 ± 
0.3 to 6.7 ± 0.4), and SLA CWM (202.8 ± 0.1 cm2 g-1 to 383.0 ± 0.1 cm2 g-1) in 
plots with higher P. serotina biomass (Figs 5, 6, Suppl. material 1: tables S14, S18).

On nutrient-rich sites in spring, we found a positive relationship between 
R. pseudoacacia aboveground biomass and Faith’s phylogenetic diversity (increased 
from -0.52 ± 0.20 to 0.08 ± 0.25 along an increase in invader biomass from 0 to 
208 Mg ha-1). Along this gradient, we found an increase in mean pairwise distance 
(from -0.56 ± 0.23 to 0.18 ± 0.27). In summer we found a decrease in functional 
dispersion (from -0.32 ± 0.13 to -0.98 ± 0.19) and an increase in Faith’s phyloge-
netic diversity (from -0.35 ± 0.20 to 0.34 ± 0.25) with increasing R. pseudoacacia 
biomass (Figs 5, 6, Suppl. material 1: tables S15, S19).

On nutrient-poor sites in spring, we found a positive relationship between P. se-
rotina aboveground biomass functional dispersion (from -0.60 ± 0.17 to 0.07 ± 
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Figure 4. Results of the Threshold Indicator Taxa Analysis (see Methods section for graph interpretation) for all variants in both spring 
and summer: nutrient-poor sites with P. serotina (n = 47 plots), nutrient-rich sites with P. serotina (n = 48 plots), nutrient-poor sites with 
R. pseudoacacia (n = 48 plots), and nutrient-rich sites with R. pseudoacacia (n = 48 plots). Grey/light blue density estimators represent species 
responding negatively to the invader biomass gradient (decliners), while red color – positively (increasers). We included here only responses 
for species that were both reliable (reliability ≥ 0.95) and pure (purity ≥ 0.95). For statistics of all species, see Suppl. material 1: tables S6–S13.
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Figure 5. Generalized linear mixed-effect models for different plant diversity indicators depending on Robinia pseudoacacia aboveground 
biomass [Mg ha-1] in both nutrient-poor and nutrient-rich sites in both spring and summer. Dark green dots – observed values; black 
line – marginal responses; grey area – marginal responses ± standard error. Marginal responses and marginal responses ± standard error 
only for statistically significant results. Abbreviations: FRic – SES Functional richness; FDis – SES Functional dispersion; PD – Faith’s 
phylogenetic diversity; MPD – Mean Pairwise Distance; rich – Species richness; shan – Shannon’s diversity index.

0.22) along with an increase in invader biomass from 0 to 16 Mg ha-1. Along this 
gradient, we found an increase in species richness (from 9.6 ± 0.1 species to 13.7 
± 0.1 species), Shannon’s diversity index (from 0.94 ± 0.22 to 1.43 ± 0.23), soil 
fertility EIV (from 3.6 ± 0.2 to 4.5 ± 0.3), soil reaction EIV increased (from 2.9 
± 0.3 to 4.9 ± 0.4), SLA CWM (from 197.2 ± 10.0 cm2 g-1 to 240.6 ± 13.4 cm2 
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Figure 6. Generalized linear mixed-effect models for community-weighted means of functional traits and EIVs depending on Robinia 
pseudoacacia aboveground biomass [Mg ha-1] in both nutrient-poor and nutrient-rich sites in both spring and summer. Dark green dots 
– observed values; black line – marginal responses; grey area – marginal responses ± standard error. Marginal responses and marginal re-
sponses ± standard error only for statistically significant results. Abbreviations: EIV.L – Light EIV; EIV.M – Moisture EIVe; EIV.N – Soil 
Fertility EIV; EIV.SR – Soil Reaction EIV; SLA – Specific Leaf Area CWM [cm2 g-1]; H – Maximum height CWM [m]; SM – Seed mass 
CWM [mg].
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g-1), and maximum height CWM (from 2.31 ± 0.07 m to 12.38 ± 0.09 m). In 
summer we found an increase in functional richness (from -0.02 ± 0.21 to 0.74 ± 
0.23), species richness (from 9.9 ± 0.2 species to 14.0 ± 0.2 species), moisture EIV 
(from 4.7 ± 0.1 to 4.9 ± 0.1), soil fertility EIV (from 3.4 ± 0.2 to 4.6 ± 0.2), soil 
reaction EIV (from 2.9 ± 0.3 to 4.9 ± 0.3), and maximum height CWM (from 
2.85 ± 0.11 m to 10.12 ± 0.11 m) with increasing invader biomass (Figs 7, 8, 
Suppl. material 1: tables S16, S20).

On nutrient-rich sites in spring, we found a positive relationship between 
P. serotina aboveground biomass and soil reaction EIV (increased from 5.5 ± 0.2 
to 6.3 ± 0.3 along an increase in invader biomass from 0 to 28 Mg ha-1). Along 
this gradient, we found an increase in maximum height CWM (from 2.79 ± 0.07 
m to 6.79 ± 0.11 m) and SLA CWM (from 354.7 ± 25.7 cm2 g-1 to 522.5 ± 42.4 
cm2 g-1), with an increase in invader biomass. On nutrient-rich sites in summer, we 
did not find any statistically significant relationship between studied plant alpha 
diversity indicators, EIVs, and CWM of functional traits and P. serotina biomass 
(Figs 7, 8, Suppl. material 1: tables S17, S21).

Discussion

General patterns and species-specific trends

We confirmed the first and second hypotheses, revealing different relationships be-
tween alpha diversity and invader biomass for both studied neophytes. We found 
an overall increase in functional dispersion, species richness, and Shannon’s index 
for both studied species in nutrient-poor sites, and an increase in phylogenetic di-
versity with increasing R. pseudoacacia biomass in nutrient-rich sites. Additionally, 
on nutrient-poor sites, we found an increase in functional richness for increasing 
biomass of P. serotina and a decrease in the mean pairwise distance for increasing 
biomass of R. pseudoacacia.

The relationship between invader biomass depended on particular diversity in-
dices. We observed different indicator species for those two neophytes. In all CCA 
ordinations (Fig. 3) on nutrient-poor sites, we observed that these species were 
always associated with non-invaded plots: V. myrtillus, P. sylvestris, and M. pratense. 
These species are very important for natural coniferous forest communities in 
Central Europe, typical of Dicrano-Pinion W. Mat. 1962 alliance (Matuszkiewicz 
2001). However, TITAN2 analysis confirms this negative relationship between in-
vaders and these species only for nutrient-poor sites with R. pseudoacacia in sum-
mer (Fig. 4). Vaccinium myrtillus, P. sylvestris, and M. pratense prefer acidic soils, so 
their decreasing cover along the invader biomass can be caused by increasing soil 
pH and fertility, expressed by the increase in EIVs (Figs 6, 8). Also, Halarewicz and 
Pruchniewicz (2015) found a decrease in the frequency of the same species that, 
in our study, an increase in P. serotina cover, on nutrient-poor sites. A previous 
study (Woziwoda et al. 2021) confirmed the negative effect of invasive Quercus 
rubra presence on V. myrtillus cover in Scots pine forests, attributing this impact 
to decreasing light availability. This was in line with our observations. Robinia 
pseudoacacia, as a species with the ability to fix nitrogen, supplies large amounts 
of nitrogen into the soil (Danso et al. 1995; Noh et al. 2010), affecting species 
composition (Rice et al. 2004). This is in line with our observation of nitrophilous 
species such as I. parviflora, G. robertianum, or M. trinervia, where we observed 
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Figure 7. Generalized linear mixed-effect models for different plant diversity indicators depending on Prunus serotina aboveground 
biomass [Mg ha-1] in both nutrient-poor and nutrient-rich sites in both spring and summer. Dark green dots – observed values; black 
line – marginal responses; grey area – marginal responses ± standard error. Marginal responses and marginal responses ± standard error 
only for statistically significant results. Abbreviations: FRic – SES Functional richness; FDis – SES Functional dispersion; PD – Faith’s 
phylogenetic diversity; MPD – Mean Pairwise Distance; rich – Species richness; shan – Shannon’s diversity index.

a positive relationship between their cover and invader biomass. These species are 
known to respond positively to nitrogen deposition (Perring et al. 2018). Similarly, 
Halarewicz and Pruchniewicz (2015) found an increase in I. parviflora frequency 
with increasing P. serotina cover. Despite a different nitrogen management strategy 
than R. pseudoacacia, P. serotina also supplies a large amount of this element into 
the soil (Aerts et al. 2017; Horodecki et al. 2019).
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Figure 8. Generalized linear mixed-effect models for community-weighted means of functional traits and EIVs depending on Prunus 
serotina aboveground biomass [Mg ha-1] in both nutrient-poor and nutrient-rich sites in both spring and summer. Dark green dots – ob-
served values; black line – marginal responses; grey area – marginal responses ± standard error. Marginal responses and marginal responses ± 
standard error only for statistically significant results. Abbreviations: EIV.L – Light EIV; EIV.M – Moisture EIV; EIV.N – Soil Fertility EIV; 
EIV.SR – Soil Reaction EIV; SLA – Specific Leaf Area CWM [cm2 g-1]; H – Maximum height CWM [m]; SM – Seed mass CWM [mg].

Previous studies about both P. serotina (Chabrerie et al. 2008, 2010) and R. pseu-
doacacia (Montecchiari et al. 2020) per capita effect on understory biodiversity fo-
cused on the cover as an abundance metric. Chabrerie et al. (2010), examining the 
overstory dominance of P. serotina, showed that more specialized species were in 
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invaded stands, and the species richness and vegetation cover were lower, in contrast 
to our study. Traits describing shade tolerance, ruderal plants with a short life cycle, 
and geophytes were associated with invaded habitats, and light-demanding species 
were associated with non-invaded stands. Chabrerie et al. (2008) showed that the 
communities of herbaceous species differed slightly between those with P. serotina 
and those without. The trend observed in Chabrerie et al. (2008) is therefore op-
posite to ours. In our study, true forest species were more associated with areas with 
lower invader biomass, and with the increasing amount of invader biomass, the 
coverage of ruderal and edge species increased (e.g., Rubus spp. in nutrient-poor 
habitats invaded by P. serotina, I. parviflora, G. robertianum, or M. trinervia in nu-
trient-poor habitats invaded by R. pseudoacacia), while forest specialists decreased 
(e.g., P. sylvestris and V. myrtillus in nutrient-poor habitats with R. pseudoacacia). 
These differences may result from local environmental conditions and different spe-
cies compositions of stands. In our study, we had either pine or oak stands. Chab-
rerie et al. (2008) assessed mixed stands with beech, oak, and pine in a single large 
forest complex (14,417 ha). Our plots were in various scattered forest complexes, 
from very small (approx. 12 ha) to large, compact complexes (approx. 15,000 ha–
Zielonka Forest). In contrast to our results, Montecchiari et al. (2020) confirm that 
R. pseudoacacia increasing cover increased the presence of alien species and nitrophi-
lous species and decreased Shannon’s diversity index in Quercus pubescens sub-Medi-
terranean forests. Šibíková et al. (2019) showed that in the invaded stands dominat-
ed by R. pseudoacacia, there were more common generalists, and the pool of species 
decreased from 442 to 372 species compared to the native nutrient-rich (oak forests, 
oak-hornbeam forests, and hardwood floodplain forests) forests. For R. pseudoacacia 
stands, they found many nitrophilous species, e.g., Ch. majus, S. nigra, Geum ur-
banum, and heliophilous grasses, e.g., Arrhenatherum elatius, similarly to our study. 
Slabejová et al. (2023) showed that stands invaded by R. pseudoacacia were charac-
terized by greater availability of light on the forest floor, higher temperature, and 
lower humidity. In the understory, increasing coverage of ruderal, non-forest species 
and a greater share of alien species were observed in comparison to native stands. 
However, native stands differed in terms of changes caused by the replacement by R. 
pseudoacacia. Floodplain forests were less affected than mixed oak-hornbeam forests. 
As floodplain forests are more fertile than oak-hornbeam forests, this trend is in line 
with our results, indicating higher resistance of nutrient-rich habitats.

Context dependence and biotic resistance

Previous studies confirmed differences between nutrient-poor and nutrient-rich 
habitats in relationships between invasive trees and plant diversity (H3). They re-
vealed both positive (Von Holle et al. 2013; Gentili et al. 2019; Bury and Dyderski 
2024a) and negative (Godefroid et al. 2005; Trentanovi et al. 2013; Lazzaro et al. 
2018; Gentili et al. 2019; Kowarik et al. 2019; Montecchiari et al. 2020) effects 
of studied invaders on taxonomic alpha diversity, while most of them showed in-
significant relationships (e.g., Verheyen et al. 2007; Hejda et al. 2017; Sitzia et al. 
2018; Gentili et al. 2019; Slabejová et al. 2019). However, most of them focused 
on nutrient-rich sites. Only five focused on nutrient-poor sites (Verheyen et al. 
2007; Halarewicz 2012; Halarewicz and Żołnierz 2014; Dyderski and Jagodziński 
2021; Bury and Dyderski 2024a). In our study, the increase in taxonomic diversity 
was statistically significant only in the nutrient-poor sites (Figs 5, 7). However, 
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the number of species does not describe the quality of species composition. In our 
study, in nutrient-poor habitats, the relationships between invader biomass and 
the CWMs of EIV.M, EIV.N, and EIV.SR increased with invader biomass increase 
(Figs 6, 8). These results might indicate transformations of case soil characteristics 
by invaders (Danso et al. 1995; Noh et al. 2010; Aerts et al. 2017; Kato-Noguchi 
and Kato 2024). This may be related to the emergence of species that prefer more 
fertile and alkaline soils and may promote forest generalists, leading to the decline 
of forest specialists (Woziwoda et al. 2014, 2019; Slabejová et al. 2019; Šibíková et 
al. 2019). The decrease and increase in species cover are reflected in differences in 
the individual alpha diversity indices of each type.

In nutrient-poor habitats, FDis increases with increasing invader biomass. In the 
nutrient-rich habitats, on the other hand, for summer, FDis decreased for R. pseudoa-
cacia (Fig. 5). The observed increase in functional diversity for R. pseudoacacia can be 
explained by the expansion of ruderal, edge, and nitrophilous species in sites domi-
nated by acidophilous species. That way, invaded communities comprise species from 
both groups, enriching the set of functional traits and their diversity. This condition is 
caused by the enrichment of soil in a nutrient-rich leaf litter (Rice et al. 2004; Horo-
decki et al. 2019) of R. pseudoacacia, which increases soil pH and fertility. The same 
processes can explain the increase in FDis in nutrient-poor habitats with P. serotina.

The decline in the mentioned functional diversity indicators in a nutrient-rich 
habitat is slightly more difficult to interpret. These habitats are naturally character-
ized by higher diversity. The changes in EIVs caused by the presence of R. pseudo-
acacia on nutrient-rich sites were statistically insignificant. In our previous study, 
conducted in Wielkopolska National Park, about the per capita effect (based on 
aboveground biomass proportion of P. serotina in total biomass) of P. serotina inva-
sion on understory alpha diversity, we found a positive relationship between total 
species richness (+ 8.8 species) and functional richness (+ 0.08) along proportion 
of P. serotina in stand biomass ranging from 0 to 10%. However, we investigated 
this relationship in natural P. sylvestris stands and nutrient-rich sites with artificially 
planted P. sylvestris. In this study we noticed that light played a significant role as a 
driver of changes, and both the understory plants and the P. serotina itself benefited 
from the higher availability of light. Dyderski and Jagodziński (2021) showed that 
P. sylvestris plantations (on fertile soils) invaded by P. serotina have one-fourth high-
er species richness than non-invaded ones, and non-invaded P. sylvestris stands (on 
nutrient-poor soils) had 13% more species than those invaded by P. serotina, while 
Quercus-Acer-Tilia stands (similar to our control stands on nutrient-rich sites) had 
15% lower species richness than R. pseudoacacia stands. Thus, in a previous study, 
we found higher functional alpha diversity in P. sylvestris stands invaded by P. se-
rotina than in non-invaded stands and higher in R. pseudoacacia stands than in 
Quercus-Acer-Tilia stands (Dyderski and Jagodziński 2021).

The increase in both MPD and PD in the forest habitat with R. pseudoacacia sug-
gests that the number of evolutionary pathways, expressed by tree branches, is higher 
in more invaded sites. This may result from the fact that emerging species are more 
diverse in terms of phylogeny than the plants present in the ecosystem before inva-
sion. In turn, the decreasing number of forest specialists in nutrient-poor habitats 
with R. pseudoacacia, representing different clades, e.g., V. myrtillus and M. pratense, 
or P. sylvestris, with the simultaneous introduction of nitrophilous generalists with 
closer phylogeny might lead to a decrease in MPD. These differences between nu-
trient-rich and nutrient-poor habitats can be explained by Piwczyński et al.’s (2016) 
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study. They proved that different alien species can shape the relationship between 
phylogenetic variability and the presence of an alien species in different ways. Ad-
ditionally, the authors proved that environmental conditions, i.e., soil pH and light 
availability, were more important in shaping phylogenetic diversity than dominant 
tree species. This explains why we observed a different reaction in the nutrient-poor 
and forest habitats where the transformations of conditions were stronger, which 
is reflected in the significant results for EIVs. The mechanisms responsible for the 
species composition of the community can be explained by their phylogenetic struc-
ture. Environmental filtering, i.e., when species with similar ecological features can 
survive in unfavorable conditions, can lead to phylogenetic attraction. On the other 
hand, phylogenetic overdispersion indicates the dominant importance of interspe-
cific competition. In such a situation, phylogenetically distinct species with different 
ecological features dominate in a given community. Our study plots were character-
ized by different intensities of invasion. In the early phases of invasion, character-
ized by greater environmental instability, we observed the advantage of clustering 
associated with the action of environmental filtration. In the later stages of invasion, 
stability increases and interspecific competition increases at the same time, leading 
to phylogenetic overdispersion (Webb et al. 2002). Other authors confirm that the 
phylogenetic structure of communities can change along the environmental gra-
dient (Webb and Peart 2000; Cavender-Bares and Holbrook 2001). Our previous 
studies are in line with new results: Dyderski and Jagodziński (2021) found a higher 
phylogenetic diversity in P. sylvestris stands invaded by P. serotina than in non-in-
vaded stands. The phylogenetic diversity was higher in R. pseudoacacia stands than 
in control Quercus-Acer-Tilia stands. Confirming the same trends using a quantita-
tive gradient of invasive tree abundance in managed forests highlights the generality 
of discovered patterns. However, previous studies focused more on taxonomic and 
functional diversity, not allowing us a wider comparison of these trends.

Seasonality

Our results partially supported the fourth hypothesis. In spring we found species re-
lated to invader biomass gradient only on nutrient-rich sites with P. serotina (two spe-
cies), with no indicator species in other variants. We expected that the presence of R. 
pseudoacacia and P. serotina, especially R. pseudoacacia in the overstory in nutrient-rich 
habitats, would significantly affect spring species. Compared to native oaks, R. pseu-
doacacia transmits more light through to the forest floor (Slabejová et al. 2019, 2023) 
and also develops foliage later than native oaks. This could create favorable conditions 
for the development of geophytes–a group of plants that are an important element of 
the species composition in spring in oak-hornbeam forests (Rawlik et al. 2023). Per-
haps due to their ephemeral nature, these plants are less threatened by disturbances 
related to the presence and transformation of invasive species, because changes in soil 
chemistry are not so significant in fertile habitats. What is more interesting, according 
to our results, is that in both summer and spring (for R. pseudoacacia), the light EIV 
(Fig. 6) suggests better conditions for shade-tolerant species. In turn, in summer there 
were many more of these species. Some of the species were present in both seasons; 
however, there were differences in their cover, especially of the geophytes. In spring, 
some understory species have already started to grow, so their cover is low. Therefore, 
it is difficult to clearly state to what extent the lack of indicator species depends on the 
actual relationship of invaders with the understory, or whether in general the statis-
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tical power of analyses based on the spring dataset is too low. Comparing spring and 
summer responses, observed on CCA graphs (Fig. 3), we can find that M. trinervia, 
F. convolvulus, Ch. majus, I. parviflora, R. pseudoacacia, and G. robertianum are typi-
cal of sites with higher R. pseudoacacia biomass. This may indicate the high popula-
tion stability of these species in nutrient-poor habitats with R. pseudoacacia. Fallopia 
convolvulus, Ch. majus, and I. parviflora are nitrophilous, ruderal species, peculiar 
to habitats transformed by different human activities, while M. trinervia is an edge 
species more typical for forest edges (Ratyńska et al. 2010; Mucina et al. 2016). The 
same trend (according to CCA spring vs. summer) was observed for stands with P. se-
rotina for R. idaeus, R. fruticosus agg., and P. serotina. We obtained very similar results 
comparing spring and summer for species richness (increase; Fig. 5) for P. serotina on 
nutrient-poor habitats and PD (increase; Fig. 7) for R. pseudoacacia on nutrient-rich 
habitats (Fig. 5). It is difficult to determine what accounts for the consistency or di-
vergence between individual indicators for spring and summer. It may be related to 
the presence or absence of tree leaves in particular seasons (Heinrich 1976; Kudo et al. 
2008; Rawlik et al. 2023). There may be a difference between spring and summer in 
the context of resource use by plants and seasonal differences in resource availability 
(Tonkin et al. 2017; Yan et al. 2023). It can determine the impact or lack of impact in 
spring or summer, and individual alpha diversity indices are characterized by different 
stability, e.g., the total number of species will change, but their functional features 
or phylogeny are not significantly different from those of species present before the 
invasion. However, seasonality in the context of studying the impact of tree invasions, 
especially scaled effects, on the understory is not well understood.

Forest understory vegetation conservation and invasive tree 
management

The potential effect of ecosystem transformations of P. serotina and R. pseudoacacia 
seems to be more visible and stronger in nutrient-poor habitats. This is important 
in the context of protecting habitats for acidophilous plants. Our study shows that 
the relationship between acidophilous species cover and invader biomass is nega-
tive. Of course, we studied semi-natural managed forests. However, if we apply the 
above premise to valuable, protected forests, we may fear that acidophilous, protect-
ed, and rare species may also poorly tolerate the growing biomass of R. pseudoacacia 
and P. serotina. Our study showed that it is very important to look deeper into 
biodiversity, not only focusing on numbers–total species richness–but also on spe-
cies structure–particular species abundance–in particular habitat types and seasons. 
Vaccinium myrtillus is a very important component of nutrient-poor forest vegeta-
tion in Central and Northern Europe (Ritchie 1956). A serious question that can 
be asked based on our results is whether the sacrifice of dominant species important 
for coniferous habitats can be sacrificed in the name of increasing species richness. 
Perhaps more studies are needed to assess even more precisely in what configura-
tions this wealth will decrease. A better assessment of the scaled effect at higher 
levels of diversity, e.g., gamma biodiversity, is also needed. Changes in nutrient-rich 
habitats are less intensive than in the case of nutrient-poor habitats. This is con-
sistent with previous works by various authors (Chmura 2004; Halarewicz 2011; 
Bury and Dyderski 2025a, b). In these habitats, maintaining and improving the 
resistance of native habitats is crucial. This can be achieved by supporting the addi-
tion of native tree species that tolerate competition from the studied invasive species 
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(Nyssen and Vanhellemont 2016; Sádlo et al. 2017). There are various methods 
of preventing and combating invasive tree species. Unfortunately, sometimes the 
eradication of invasive trees can complicate management (Namura-Ochalska and 
Borowa 2015; Nyssen et al. 2024). For both P. serotina (Nyssen and Vanhellemont 
2016) and R. pseudoacacia (Sádlo et al. 2017), management should be specific to 
the habitat and protection status of a given forest area (Nyssen and Vanhellemont 
2016; Sádlo et al. 2017). As Sádlo et al. (2017) emphasize for R. pseudoacacia, vari-
ous stakeholders should be reconciled to reach a compromise between different eco-
logical and economic values. Increasing resistance might include decreasing forest 
patch invasibility by maintaining a closed canopy or decreasing propagule pressure 
by eliminating reproducing specimens of invasive trees in the surroundings.

Conclusion

We confirmed that the impacts of two invasive species, P. serotina and R. pseudoacacia, 
on species composition and alpha diversity of the understory scale with invader bio-
mass. We also showed differences in impacts between habitats and seasons. We found 
various spring and summer indicator species for P. serotina and R. pseudoacacia quanti-
ty in nutrient-poor habitats dominated by P. sylvestris and nutrient-rich habitats domi-
nated by Q. petraea/robur. Additionally, we showed that P. serotina and R. pseudoacacia 
had different relationships between their biomass and various indicators of taxonomic, 
functional, and phylogenetic diversity in particular habitats and seasons. Especially on 
nutrient-poor sites, we can see that ruderal and forest edge species increased their cover 
with invader biomass increasing, while forest specialists typical for those habitats de-
creased their cover. Due to the protection of natural habitats for acidophilous plants, 
the decreasing coverage of specialists, more noticeable for stands with R. pseudoacacia 
in our study, is worrying. These results confirm that we should focus more attention 
on nutrient-poor habitats and increase the resistance of these stands to invasion, and 
this should apply to stands with different functions and different protection regimes. 
Our results draw attention to the complex issue of the presence of invasive trees in for-
est ecosystems, and we proved that the relationship between invader biomass and un-
derstory vegetation is context-dependent. Field observations, their analysis, and their 
interpretation enrich our knowledge and should contribute to better management of 
invasive tree species and better protection of semi-natural and natural ecosystems. It 
is worth examining biodiversity at many levels and examining the impact of invasive 
trees in different habitats and seasons. It is also important to study not only the pres-
ence or absence of invaders but also the effect on their biomass.
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