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Abstract  The number of naturalizing non-native 
species continues to increase in the Anthropocene, 
with numerous species becoming invasive even after 
prolonged lag phases. A notably overlooked group 
among invasive trees and shrubs is the Rosaceae fam-
ily, with Prunus cerasifera emerging as one of the 
species whose effects on forest ecosystems remain 
poorly understood despite its wide occurrence across 
the introduced range. We aimed to evaluate how the 
invasion of P. cerasifera affects the taxonomical, 
functional, and phylogenetic diversity of the under-
story of the early successional stages of oak-horn-
beam forests. Using the P. cerasifera invasion gradi-
ent, defined as increasing cover of this invasive tree, 
and implementing the ordination and linear regres-
sion methods, we found the prominent effects of P. 
cerasifera on all three examined metrics of plant spe-
cies diversity. We revealed that increasing the cover 
of P. cerasifera not only increased species richness 

but also altered the phylogenetic structure of the 
understory by introducing new clades. Additionally, it 
influenced community assembly processes by reduc-
ing the importance of habitat filtering and strength-
ening the role of interspecific competition in shaping 
the community structure. Our study presents the first 
assessment of P. cerasifera’s impact on understory 
diversity along its invasion gradient, enabling a com-
prehensive evaluation of invasion-driven effects on 
the functioning of forest ecosystems during the early 
stages of succession. Our findings are not only essen-
tial for formulating effective management and con-
servation strategies but also critical for guiding how 
invasive tree species can influence the trajectories and 
mechanisms of the secondary forest succession.

Keywords  Cherry plum · Community assembly 
rules · Herb layer vegetation · Non-native tree 
effects · Phylogenetic diversity · Secondary forests

Introduction

Among invasive species, trees and shrubs are espe-
cially important due to their longevity and ability to 
transform ecosystems as foundational species (Ellison 
et al. 2005; Corenblit et al. 2014; Roy et al. 2024). By 
various growth rates and canopy characteristics, they 
provide species-specific modifications to resource 
availability and dependent biota (von Arx et al. 2012; 
Aerts et  al. 2017; Nyssen et  al. 2024). That way, 
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invasive tree and shrub species not only affect biodi-
versity (Brundu et al. 2020; Wohlgemuth et al. 2022; 
Vilà et al. 2024), but also forest functioning and eco-
system services (Castro-Díez et  al. 2014; Lázaro-
Lobo et al. 2025).

The impacts of invasive tree species on under-
story species diversity have been extensively studied 
for years. A recent review of the impacts of the most 
widespread invasive tree species in Europe (Wohlge-
muth et  al. 2022) revealed 720 cases of comparing 
native and invasive stands for vascular plant diversity. 
However, 73.8% of these cases revealed no signifi-
cant differences and were limited to seven tree spe-
cies. Vilà et  al. (2024) concluded that one-third of 
4259 field studies on 104 invasive plant species in 
Europe focused on just five species, among them only 
one tree species (Robinia pseudoacacia). Therefore, 
impacts on numerous invasive tree species are still 
insufficiently recognized (Carboneras et al. 2018; Roy 
et al. 2024).

Despite the growing interest in integrating both 
functional and phylogenetic diversity metrics into 
recent studies on vegetation ecology (e.g. Czortek 
et  al. 2021, 2023; Dyderski and Jagodziński 2021; 
Nicod and Gillet 2021; Bury et  al. 2024; Anibaba 
et al. 2025), only a few approaches, to date, assessed 
the impacts of invasive trees and shrubs on forest 
understory in the context of effects on the commu-
nity assembly processes (e.g. Chabrerie et  al. 2010; 
Terwei et al. 2016; Sitzia et al. 2018; Fernandez et al. 
2021; Henry et  al. 2021; Larsen et  al. 2024; Bury 
et  al. 2024) or the species’ evolutionary relatedness 
structure (e.g. Piwczyński et  al. 2016; Livingstone 
et  al. 2020; Dyderski and Jagodziński 2021). This 
predominant focus on the invasion-driven effects on 
taxonomic diversity and species composition (see 
review in Dyderski and Jagodziński 2021) led to a 
strong site-specificity and context-dependency of the 
obtained patterns, significantly limiting their applica-
bility to similar ecosystem types across various geo-
graphical regions (Olden et  al. 2018). For instance, 
some researchers assessing the impacts of Prunus 
serotina on forest ecosystems revealed all types of 
invasion-driven responses of herb layer species com-
position: positive (e.g. Dyderski and Jagodziński 
2021; Bury et  al. 2024; Bury and Dyderski under 
review), no effect (e.g. Chabrerie et  al. 2010), or 
negative (e.g. Godefroid et  al. 2005; Halarewicz 
and Żołnierz 2014; Gentili et  al. 2019). Therefore, 

simultaneous assessment of the three biodiversity fac-
ets may allow for obtaining more universal patterns of 
invasion-driven effects on the functioning of ecosys-
tems (Dyderski and Jagodziński 2021; Czortek 2023; 
Larsen et al. 2024). Moreover, this approach may be 
used not only as a predictor of ecosystem functions 
but a measure of the ecosystem invasibility, conser-
vation status, recovery or restoration effectiveness, as 
well as a tool for effective formulation of conserva-
tion priorities and invasive species management strat-
egies (Blackburn et al. 2011; Aerts et al. 2017; Novoa 
et al. 2020).

The pool of naturalizing non-native species is 
still increasing (Seebens et  al. 2017), and new spe-
cies become invasive, especially after a long lag time 
(Kowarik 1995). A good example of an underrecog-
nized group of invasive tree species is the Rosaceae 
family. According to the global list of invasive trees 
and shrubs (Rejmánek and Richardson 2013), among 
751 taxa, 92 belong to this family, while most of them 
are insufficiently recognized, with few exceptions 
(e.g. P. serotina; Engel et  al. 2024). These species 
were massively introduced due to ornamental and 
food production functions, and many of them pro-
duce fleshy fruits, attracting dispersers (Pairon et al. 
2006; Wróbel et  al. 2021; Kurek et  al. 2024). One 
example of a non-native tree representing this group 
is the cherry plum P. cerasifera Ehrh. (= P. divaricata 
Ledeb., P. myrobalana (L.) Desf.), native to south-
eastern Europe, as well as southwestern and central 
Asia (Weber 2017; POWO 2022). Owing to its high 
ecological plasticity (Popescu and Caudullo 2016; 
Chytrý et  al. 2018), P. cerasifera can successively 
invade both non-forest and forest ecosystems across 
a wide range of human-driven transformation lev-
els and successional stages (Adamowski et al. 2002; 
Adamowski and Wołkowycki 2014), including eco-
systems of the highest conservation values, such as 
the Białowieża Primeval Forest (Czortek et al. 2024).

Although P. cerasifera is widely recognized by the 
public and classified as a non-native, naturalized, or 
invasive species across northwestern Africa, west-
ern and eastern North America, southwestern South 
America, New Zealand (Weber 2017; POWO 2022), 
and Europe (Popescu and Caudullo 2016; Dobrzycka-
Krahel and Medina-Villar 2020), its impact on the 
understory vegetation of forest ecosystems remains 
unexplored (Czortek et  al. 2024). A comprehensive 
assessment of the effects of P. cerasifera invasion, 
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especially during the early stages of forest succes-
sion, is particularly crucial for developing effective 
management strategies aimed at understanding its 
impacts on biodiversity, community assembly, trophic 
interactions, biogeochemical processes, ecosystem 
functioning, and successional trajectories (Blackburn 
et  al. 2011; Aerts et  al. 2017). Therefore, we aimed 
to assess the impact of invasive P. cerasifera on the 
understory vegetation of early successional stages of 
oak-hornbeam forests. We hypothesized that P. ceras-
ifera will influence not only the species composition 
and taxonomic diversity but also alter community 
assembly processes and the evolutionary relatedness 
structure of plant species, as reflected in the effects 
on the functional and phylogenetic diversity of the 
understory.

Quantifying the intensity of invasive species 
impacts requires rigorous methodology (Kumschick 
et  al. 2015; Barney et  al. 2015; Bury et  al. 2024). 
One such method involves assessing the per capita 
effects of an increasing invader’s abundance on par-
ticular components of vegetation diversity. Per capita 
effects are considered a reliable tool for comparing 
the impacts of invasive plants across different eco-
systems, increasing the predictive strength of the 
observed patterns (Parker et  al. 1999; Kumschick 
et  al. 2015). Thereby, to investigate the per capita 
impacts of P. cerasifera on the understory, we estab-
lished an invasion gradient, allowing the effects on 
plant species diversity to be directly linked to the 
increasing cover of P. cerasifera in the canopy layer.

Materials and methods

Study area

We conducted our study in the northern part of the 
Białowieża Clearing, located between the Białowieża 
village—the largest settlement within the Pol-
ish part of the Białowieża Primeval Forest—and 
the Białowieża National Park (Fig.  1). This area 
experienced continuous agricultural use from the 
seventeenth century until the second half of the 
twentieth century, with a cessation of agricultural 
activities markedly accelerating after 1989. Cur-
rently, the northern part of the study site forms a 
mosaic landscape composed mostly of abandoned 
agricultural fields, mesic meadows, and pastures. This 

area also includes early successional stages of oak-
hornbeam forests (Tilio-Carpinetum), not older than 
approximately 30–40 years, and composed of Betula 
pendula, Populus tremula, Salix caprea, Carpinus 
betulus, Quercus robur, Tilia cordata, naturalized 
Malus domestica and Pyrus communis, as well as P. 
cerasifera.

Results of long-term study on secondary succes-
sion in the Białowieża Clearing (Adamowski and 
Bomanowska 2011) confirm that undisturbed second-
ary succession on abandoned agricultural areas leads 
from a typical segetal communities composed of non-
native weeds, through mesic meadow-like vegeta-
tion, to the formation of a juvenile stand up to 20 m 
in height, with an understory composed exclusively 
of native plant species. The presence and dominance 
of native trees after 36 years of succession show that, 
despite approximately 350  years of agricultural use, 
habitat conditions allow the return of oak-hornbeam 
forest. The shrub layer developed in the 11th year 
of observations, and the tree layer in the 13th year. 
Canopy cover reached 50% in the 21st year of obser-
vations. Several forest indicator herb species were 
observed: Convallaria majalis from year 26, Anem-
one nemorosa from year 29, and Isopyrum thalic-
troides and Carex digitata from year 34 of secondary 
succession (Adamowski and Bomanowska 2011).

Historical records reveal that P. cerasifera was 
introduced in the Belarusian part of the Białowieża 
Primeval Forest by the 1960s (Smirnov 1965). The 
first confirmed reports of this non-native tree on 
the Białowieża Clearing are from the late 1970s, as 
documented in herbarium specimens collected by the 
Białowieża Geobotanical Station. Recently, this non-
native tree has become relatively common in most 
patches of abandoned non-forest vegetation and early 
successional oak-hornbeam forests developing on the 
Białowieża Clearing. It may occur there as scattered 
individuals, as an admixture in the canopy, or locally 
dominate both the shrub and tree layers, reaching 
canopy cover up to 90%..

Vegetation survey

We conducted our study in 2023 on 40 vegetation 
plots (25 m2 each) with understories predominantly 
composed of native plant species and negligible 
contributions from non-native weeds, representing 
relicts of the study area’s historical agricultural use 
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(i.e., Lamium purpureum, Myosotis arvensis, Son-
chus oleraceus, Vicia sativa subsp. nigra, V. hir-
suta, and V. tetrasperma), invasive species (i.e. Soli-
dago canadensis) or other non-native kenophytes 
(i.e. Erigeron annuus and Oxalis corniculata). Due 
to the irregular occurrence of P. cerasifera in the 
Białowieża Clearing, we set up vegetation plots in 
four blocks of patches representing the early suc-
cessional stages of oak-hornbeam forest (Fig.  1). 
To stratify the distribution of vegetation plots in the 
study area we established them in four classes of P. 
cerasifera cover in the canopy layer: ten without P. 
cerasifera, ten with P. cerasifera cover of 5–25%, 
ten with 26–50% cover, and ten with > 50% cover. To 
assess the effects of P. cerasifera along the invasion 
gradient described above, we subsequently used its 
cover values as a continuous explanatory variable in 
the analyses. To minimize the potential influence of 
other trees on the understory species composition, we 

selected vegetation patches in which P. cerasifera was 
the predominant species composing the canopy, with 
the total cover of native (i.e. P. tremula, Q. robur, and 
T. cordata) and other non-native tree species (i.e. M. 
domestica, and P. communis) in the stand not exceed-
ing 5% (Online Resource 1). To include both the 
spring and summer phenophases of the understory, 
we surveyed vegetation in June, which corresponds to 
the last month of spring in the northern hemisphere. 
Within each plot, we recorded vascular plant species 
and their percentage cover in nine-degree Braun-
Blanquet scale (r – < 0.01%, + – 0.1–1%, 1–1.1–3%, 
2  m–3.1–5%, 2a–6–15%, 2b–16–25%, 3–26–50%, 
4–51–75%, and 5 – > 75% cover), converted then to 
the van der Maarel scale (Online Resource 2 Nomen-
clature of plant species follows Euro + Med checklist 
(http://​ww2.​bgbm.​org/​EuroP​lusMed/,  accessed 17 
Mar 2025). We excluded from the analyses tree and 
shrub seedlings, and focused solely on herbaceous 

Fig. 1   Study area with four 
study sites representing 
early successional stages 
of oak-hornbeam forest, 
located on the Białowieża 
Clearing in the surrounding 
of the Strict Reserve of the 
Białowieża National Park

http://ww2.bgbm.org/EuroPlusMed/
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plant species. Following Gilliam and Roberts (2003), 
herbaceous plants are better indicators of habitat con-
ditions, disturbance, and potential future succession 
pathways than trees and shrubs, as they respond to 
environmental changes more rapidly. Moreover, val-
ues of functional traits in databases usually reflect 
adult trees, not matching conditions occurring in the 
understory layer.

Understory diversity characteristics

To account for the taxonomic diversity of the under-
story, for each plot, we calculated plant species rich-
ness and Shannon’s index (Online Resource 2). To 
focus on the species’ relatedness structure based on 
their phylogenesis and evolutionary trajectories, we 
computed the Faith’s phylogenetic diversity index for 
each plot using the PhyloMeasures package (Tsiro-
giannis and Sandel 2016), based on a phylogenetic 
tree acquired using the V.PhyloMaker package (Jin 
and Qian 2022; Online Resource 2). This index sums 
the branch lengths of the phylogenetic tree that corre-
spond to all species present in the community. Nega-
tive values of this index suggest distinctive phyloge-
netic clustering, indicating that species from specific 
clades occur more frequently than would be expected 
by chance (Tsirogiannis and Sandel 2016; Nicod and 
Gillet 2021; Czortek 2023).

To assess the functional composition of the under-
story vegetation, for each plot, we compiled data on 
eight plant functional traits from the LEDA (Kleyer 
et  al. 2008), BIEN (Maitner et  al. 2018), BiolFlor 
(Klotz et  al. 2002), and Pladias (Chytrý et  al. 2021) 
databases. Traits describing the leaf economic spec-
trum, such as specific leaf area [cm2 g−1] and leaf 
dry matter content [mg g−1], along with plant size 
characteristics, including canopy height [m] and life 
form (categorical trait), act as indicators of species’ 
competitive abilities. These traits provide insights 
into strategies for resource acquisition, allocation, 
and distribution across different plant organs. Traits 
related to dispersal and reproductive biology, such as 
seed mass [mg], the onset and duration of flowering 
[months], and pollination mechanisms (insect, wind, 
or self-pollination) provide data on reproductive strat-
egies, seed dispersal distances, survival adaptations, 
and plant responses to habitat filters (Westoby 1998; 
Grime 2006; Díaz et al. 2016).

To determine the species’ ecological preferences, 
we used the ecological indicator values (EIV) for 
light (EIV-L), temperature (EIV-T), moisture (EIV-
M), soil reaction (EIV-R), and soil fertility (EIV-N; 
Ellenberg and Leuschner 2010). EIVs, established 
by vegetation ecologists, are commonly applied to 
infer species’ ecological niches in the absence of 
direct instrumental measurements (e.g., Evangelista 
et al. 2016; Czortek et al. 2018; Ridding et al. 2020). 
Although EIVs have limitations due to their categori-
cal nature and reliance on expert judgment (Schaffers 
and Sýkora 2000), comparative analyses with empiri-
cal measurements have demonstrated their reliability 
in characterizing species’ ecological requirements 
(Dzwonko 2001; Szymura et al. 2014).

Data on functional traits and EIVs were incomplete 
for part of the recorded species (Table 1). However, 
rather than excluding these species from the analyses, 
we employed a phylogenetic imputation approach to 
estimate the missing values. To achieve this, we con-
structed a phylogenetic tree incorporating all plant 
species identified in the study plots, utilizing a phy-
logenetic megatree framework implemented in the 
V.Phylo.maker package (Jin and Qian 2022; Online 
Resource 2). The constructed phylogenetic tree, along 
with available functional trait data, EIVs, and phylo-
genetic eigenvectors (provided using the PVR pack-
age; Diniz-Filho et  al. 1998; Santos 2025; Online 
Resource 2), was used to conduct a random forest-
based imputation of missing values. This imputation 
procedure was implemented through the missForest 
package (Stekhoven and Bühlmann 2012), following 
the approach designed by Penone et  al. (2014). The 
first 15 phylogenetic eigenvectors explained 73.12% 
of the variation in phylogenetic distances between 
species. The normalized root mean squared error for 
the imputed continuous traits and the misclassifica-
tion rate for categorical traits were both somewhat 
low (0.31 and 0.28, respectively; Online Resource 2). 
Inspecting these results, and comparing the numeri-
cal functional traits distribution between the imputed 
and original dataset (Online Resource 3), we con-
cluded that the overall performance of the phyloge-
netic imputation was sufficiently reliable. Using the 
imputed trait data, we then calculated the community-
weighted mean values (CWM; weighted by species 
abundance; Violle et  al. 2015) for plant functional 
traits and EIVs for each plot (Online Resource 2).
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To evaluate the role of primary ecological mech-
anisms in influencing species composition and 
community assembly (Götzenberger et  al. 2012; 
HilleRisLambers et  al. 2012; Mudrák et  al. 2019), 
we computed four functional diversity metrics for 
each plot using the FD package (Laliberté and Leg-
endre 2010; Online Resource 2). Functional rich-
ness measures the range of plant functional types 
in a community, as well as how plants with differ-
ent traits occupy the available niche space (referred 
to as the filled niche space; Villéger et  al. 2008). 
Functional evenness reflects the degree of homo-
geneity of trait distribution within the filled niche 
space (Mason et  al. 2005; Mouchet et  al. 2010). 
Functional dispersion and functional divergence 
both asses the average dissimilarities between the 
trait combinations of species within the filled niche 
space. Functional dispersion evaluates these dis-
similarities to the centroid of the filled niche space, 
while functional divergence quantifies the average 
dissimilarities of species’ traits from the central 
point of the filled niche space. Therefore, func-
tional divergence is more responsive to species with 
extreme trait values, while functional dispersion is 
less affected by them (Mason et  al. 2005; Villéger 

et  al. 2008; Pla et  al. 2011). Low values of func-
tional diversity metrics may indicate the prominent 
role of habitat filtering or intense interspecific com-
petition, while high values may suggest that niche 
differentiation plays a substantial role in shaping the 
community assembly rules (Chesson 2000; May-
field and Levine 2010; Carroll et al. 2011; Cadotte 
et al. 2011; Spasojevic and Suding 2012).

Because Faith’s phylogenetic diversity index and 
functional diversity metrics are inherently influenced 
by species richness, we calculated their standardized 
effect sizes (SES) to remove the confounding effect 
of species richness on these metrics of plant species 
diversity. We calculated SES accounting for the devi-
ation of the observed metrics’ values from the null 
models (Czortek et al. 2021). To build the null mod-
els, we used randomized community data matrices 
generated through the independent swap algorithm, 
which preserves species occurrence frequencies and 
sample species richness. The SESs were computed 
according to the code presented in Online Resource 
2. Very high or very low SESs values suggest that 
the observed values deviate prominently from what 
would be expected by chance, based on the null 
model for a given species richness.

Table 1   Traits used in the study, their ranges, standard deviation (SD), and completeness

Numeric traits Min Max Mean SD Completeness [%]

Flowering beginning [months] 3.000 8.000 5.509 0.961 93.442
Flowering duration [months] 2.000 8.000 3.684 1.228 93.442
Canopy height [m] 0.100 10.000 1.230 1.295 94.262
Seed mass [mg] 0.017 468.017 6.208 44.197 91.803
Leaf dry matter content [mg g−1] 114.700 392.600 224.800 65.774 86.885
Specific leaf area [cm2 g−1] 49.840 491.190 259.150 77.753 90.983
Light EIV 3.000 9.000 6.809 1.123 94.262
Temperature EIV 2.000 7.000 5.408 1.008 62.295
Moisture EIV 2.000 10.000 5.343 1.438 83.606
Soil fertility EIV 1.000 9.000 5.202 2.025 85.245
Soil reaction EIV 2.000 9.000 6.200 1.611 57.377

Categorical traits Number of 
classes

Classes and their frequency Completeness [%]

Life form 8 Chamaephytes (0.819%), Geophytes (5.737%), Hemicryptophytes 
(72.131%), Lianas (7.377%), Phanerophytes (1.639%), Thero-
phytes (6.557%)

93.441

Pollination mode—insect 2 Yes (69.672%), no (21.311%) 90.983
Pollination mode—self 2 Yes (46.721%), no (44.262%) 90.983
Pollination mode—wind 2 Yes (24.590%), no (66.393%) 90.983
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Statistical analyses

We conducted all statistical analyses employing R 
4.3.1 software (R Core Team 2025). All R scripts 
with appropriate datasets used to conduct statisti-
cal analyses are presented in Online Resource 2. To 
evaluate the effect of P. cerasifera invasion on under-
story species composition, we conducted a Canonical 
Correspondence Analysis (CCA) with P. cerasifera 
cover in the tree layer as a predictor variable using the 
vegan::cca() function (Oksanen et  al. 2025). Initial 
CCA based on raw abundance data yielded patterns 
that were difficult to interpret in a meaningful eco-
logical context. To improve interpretability, we trans-
formed the understory species composition matrix 
into a binary presence-absence format using the 
vegan::decostand() function (Oksanen et  al. 2025), 
prior to conducting the final CCA. We tested the 
statistical significance of this influence by the PER-
MANOVA analysis implemented in the vegan::anova.
cca() function (Oksanen et al. 2025).

To assess individual responses of plant species 
to P. cerasifera invasion we conducted the threshold 
indicator taxa analysis, implemented in the TITAN2 
package (Baker et  al. 2023), using species with at 
least three occurrences. This analysis allowed us to 
determine positive and negative indicator species for 
P. cerasifera cover, as well as to assess individual 
species changing points, where they start decreasing 
their abundance. To maximise the robustness of the 
analysis we showed the species with reliability > 0.95. 
Reliability is a statistic quantifying whether the mag-
nitude of change remains stable over a set of 500 
permutations.

To investigate how the invasion of P. cerasifera 
influences the plant species diversity of the under-
story, as well as the CWMs of plant functional traits 
and EIVs in the study plots (Table  2), we built one 
mixed-effects model for each vegetation characteristic 
using the glmmTMB::glmmTMB() function (Brooks 
et  al. 2017). In each model, we included P. cerasif-
era cover as a fixed effect and the site identity as a 
random intercept, to account for the influence of the 
vegetation survey design, local differences in abiotic 
habitat properties, and land-use history. We applied 
a generalized mixed-effects model with a Poisson 
distribution to model species richness, selecting this 
approach due to the relatively low dispersion param-
eter value (0.77; P = 0.36) indicated by the dispersion 

test result from the DHARMa::testDispersion() func-
tion (Hartig 2025). To examine the influence of P. 
cerasifera invasion on the Shannon’s index, SES of 
Faith’s phylogenetic diversity index, SESs of four 
metrics of functional diversity, and CWMs of four 
plant functional traits and five EIVs, we constructed 
15 linear mixed-effects models (one model per one 
vegetation characteristic), assuming that the response 
variables followed a close-to-normal distribution. 
Initial visualization of a model for Faith’s index of 
phylogenetic diversity revealed that some observa-
tions would be identified as influential. Using the 
car::outlierTest (Fox et  al. 2024) we inspected this 
model for outliers and identified three observations 
as statistically significantly influencing its results, 
which allowed us to exclude them from analyses (i.e. 
plot G07_3: rstudent = 4.31, P < 0.001; plot G17_3: 
rstudent = 3.36, P = 0.001, and plot G30_2: rstu-
dent = 3.39, P = 0.001, respectively; Online Resource 
2. We employed the ggeffects::ggpredict() function 
(Lüdecke 2018) to examine the marginal responses of 
the understory vegetation characteristics to P. ceras-
ifera invasion, enabling an evaluation of effect sizes 
and the biological relevance of the observed patterns, 
apart from entirely focusing on traditional statistical 
significance tests (Nakagawa and Cuthill 2007; Was-
serstein and Lazar 2016).

Results

Based on the CCA ordination result, we identified a 
prominent influence of P. cerasifera cover in the tree 
layer on the understory species composition of vege-
tation plots, as reflected in their distribution along the 
CCA1 axis (Fig. 2). This effect was further confirmed 
by the PERMANOVA analysis (χ2 = 0.104; F = 1.400; 
P = 0.013). Most plant species demonstrated a strong 
association with plots characterized by low P. ceras-
ifera cover, including ruderal tall herbs (e.g., Cir-
sium arvense, Pastinaca sativa, Sonchus oleraceus, 
Tanancetum vulgare, or Verbascum nigrum) and 
species typical of mesic meadows (e.g., Argentina 
anserina, Arrhenatherum elatius, Achillea millefo-
lium, Ranunculus acris, or Stellaria graminea), both 
positioned on the right side of the gradient along the 
CCA1 axis (Fig. 2). In contrast, only a limited num-
ber of species displayed a strong affinity for plots with 
high P. cerasifera cover, belonging to the group of 
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nitrophilous tall herbs (e.g., Aegopodium podagraria, 
Anthriscus sylvestris, Galium aparine, Lapsana com-
munis, or Urtica dioica; left side of the gradient along 
the CCA1 axis; Fig. 2).

The threshold indicator taxa analysis revealed 
that five understory plant species responded statisti-
cally significantly to the invasion of P. cerasifera 
(Fig. 3). We found that the abundance of A. elatius, 
declined with increasing P. cerasifera cover. In con-
trast, we identified four plant species that were more 
frequent in plots with higher cover of P. cerasifera, 
i.e.: G. urbanum, Poa palustris, Rumex acetosa, and 
U. dioica.

Both species richness and Shannon’s index 
increased along the gradient of P. cerasifera cover 
from about 26 to 38 species and from 1.97 to 2.49 
with an increase in P. cerasifera cover from 0 to 
90%, respectively (Fig.  4a and b). We did not iden-
tify any influence of random factor (study site iden-
tity) on species richness, with about 30% of the vari-
ability explained by the cover of P. cerasifera (fixed 
effect). For Shannon’s index, 23% of the variance 
was explained by P. cerasifera invasion, while only 
2% of the variability was explained by random effect 
(Table  3). Regarding the Faith’s index, we reported 
gently positive effects of P. cerasifera invasion on this 

Fig. 2   Result of canonical correspondence analysis (CCA) 
showing relationship between P. cerasifera percentage cover 
and plant species composition of the study plots. Black iso-
lines indicate the gradient of P. cerasifera percentage cover. 
Large points are vegetation plots. Small black points indicate 

the coordinates of plant species with seven-digit acronyms of 
their names. Note that only species with the number of occur-
rences > 2 are shown. For full names of species see Online 
Resource 4
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metric of phylogenetic diversity, showing an increase 
from −1.86 at 0% to −1.55 at 90% of P. cerasifera 
cover in the tree layer (Fig. 4c), with 7% of the vari-
ance explained by fixed effect, and no influence of 
random effect (Table  3). While functional richness 

and functional divergence SESs decreased slightly 
(from 0.84 to 0.59 and from 0.13 to −0.46, respec-
tively; Fig.  4d and e), functional dispersion SES 
increased notably (from −0.26 to 0.90; Fig. 4f) with 
an increase in P. cerasifera cover from 0 to 90%. 

Fig. 3   Result of the thresh-
old indicator taxa analysis 
(TITAN) of plant species 
responses to P. cerasifera 
percentage cover showing 
the density estimator of 
their abundance along the 
P. cerasifera cover gradient. 
Black bars denote change 
points for decreasing (blue) 
or increasing (dark red) 
abundance along the P. 
cerasifera cover gradient
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Taking into account functional richness SES, both 
random and fixed effects were responsible for only 
about 3% and 1% of the variability, respectively. In 
contrast, in the case of functional divergence SES, the 
random effect contributed to 12% of the variance, and 
the fixed effect explained only about 5% of the vari-
ability. P. cerasifera invasion explained about 20% of 
the variance in functional dispersion SES, with negli-
gible influence of a random effect; (Table 3). We did 
not find effects of P. cerasifera cover on functional 
evenness SES (Fig. 4g; Table 3).

From four analysed CWMs of plant functional 
traits (Fig. 5a–d), only CWM of leaf dry matter con-
tent decreased noticeably in response to P. cerasifera 
cover from 279.55 mg g−1 at 0% to 256.90 mg g−1 at 
90% (Fig. 5a), with about 13% and 12% of the vari-
ance explained by fixed and random effects, respec-
tively (Table  3). We identified the considerable 
impacts of P. cerasifera cover on all CWMs of EIVs 
investigated (Fig.  5e–i). In dominance of studied 

species in the tree layer, the contribution of more 
light-demanding species (CWM of light EIV; Fig. 5e) 
and plants of higher temperature requirements (CWM 
of temperature EIV; Fig.  5f) decreased substantially 
from 7.11 to 6.63 and from 5.49 to 5.34 at P. ceras-
ifera cover ranging from 0 to 90%, respectively. For 
the CWM of light EIV, about 13% of the variance was 
explained by P. cerasifera cover, while about 35% of 
the variability was attributed to the study site identity. 
We did not detect any impact of the random factor on 
the CWM of temperature EIV (Table  3). Increasing 
the cover of P. cerasifera (ranging from 0 to 90% in 
tree layer) exerted strong positive effects on the pro-
portion of more wet-demanding plants (an increase in 
soil moisture EIV CWM from 5.39 to 5.71; Fig. 5g), 
as well as species of higher soil fertility (an increase 
in soil fertility EIV CWM from 5.90 to 6.42; Fig. 5h) 
and reaction requirements (an increase in soil reac-
tion EIV CWM from 6.28 to 6.57; Fig. 5i). Regard-
ing CWMs of soil moisture and soil fertility CWMs, 

Fig. 4   Visualisation of mixed effect models testing for effects of P. cerasifera percentage cover on plant species’ taxonomical (a and 
b), phylogenetic (c), and functional diversity (d–g) metrics
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Table 3   Parameters of 
mixed effect models (with 
site identity adopted as 
random factor) testing for 
effects of P. cerasifera 
percentage cover on plant 
species diversity metrics 
and community weighted 
means (CWMs) of plants’ 
functional traits and 
ecological indicator values 
(EIV)

Variable Estimate SE t/z P RE SD R
2

m
R
2

c

Taxonomical diversity
Species richness:
(Intercept) 3.263 0.044 73.120  < 0.001  < 0.001 0.299 0.299
P. cerasifera cover 0.004  < 0.001  < 0.001  < 0.001
Shannon’s index:
(Intercept) 1.968 0.074 26.459  < 0.001 0.051 0.230 0.251
P. cerasifera cover 0.005 0.001 3.364  < 0.001
Functional diversity
Functional richness SES:
(Intercept) 0.835 0.191 4.365  < 0.001 0.129 0.010 0.037
P. cerasifera cover  − 0.002 0.004  − 0.636 0.525
Functional dispersion SES:
(Intercept)  − 0.259 0.174  − 1.484 0.137 0.063 0.201 0.207
P. cerasifera cover 0.012 0.004 3.050 0.002
Functional divergence SES:
(Intercept) 0.127 0.235 0.544 0.587 0.301 0.048 0.174
P. cerasifera cover  − 0.006 0.004  − 1.497 0.134
Functional evenness SES:
(Intercept)  − 0.121 0.252  − 0.484 0.629 0.286
P. cerasifera cover  < 0.001 0.005 0.174 0.862
Phylogenetic diversity
Faith’s index:
(Intercept)  − 1.863 0.089  − 20.817  < 0.001  < 0.001 0.071 0.071
P. cerasifera cover 0.003 0.002 1.663 0.096
CWMs of plants’ functional traits
CWM of canopy height:
(Intercept) 1.267 0.039 31.790  < 0.001 0.041 0.003 0.079
P. cerasifera cover  <  − 0.001  < 0.001  − 0.370 0.708
CWM of seed mass:
(Intercept) 1.565 0.122 12.766  < 0.001 0.142 0.003 0.103
P. cerasifera cover  <  − 0.001 0.002  − 0.404 0.686
CWM of leaf dry matter content:
(Intercept) 279.545 5.312 52.620  < 0.001 6.871 0.131 0.249
P. cerasifera cover  − 0.251 0.097  − 2.580 0.009
CWM of specific leaf area:
(Intercept) 293.657 7.949 36.940  < 0.001 14.290 0.027 0.495
P. cerasifera cover  − 0.121 0.084  − 1.440 0.149
CWMs of ecological indicator values
CWM of light EIV:
(Intercept) 7.111 0.142 49.840  < 0.001 0.247 0.135 0.484
P. cerasifera cover  − 0.005 0.001  − 3.170 0.001
CWM of temperature EIV:
(Intercept) 5.488 0.033 165.070  < 0.001  < 0.001 0.100 0.100
P. cerasifera cover  − 0.001  < 0.001  − 2.080 0.037
CWM of soil moisture EIV:
(Intercept) 5.388 0.094 57.000  < 0.001 0.131 0.093 0.248
P. cerasifera cover 0.003 0.001 2.180 0.029



Invasive Prunus cerasifera alters understory diversity in the early successional oak‑hornbeam… Page 13 of 22  185

Vol.: (0123456789)

P. cerasifera cover accounted for about 9% of the 
variance in both cases, while the study site iden-
tity explained about 16% and 7% of the variability, 
respectively. Considering the CWM of soil reaction 
EIV, P. cerasifera cover contributed to 19% of the 
variance, with no influence of random effect in shap-
ing this relationship (Table 3).

Discussion

Invasion‑driven impact on taxonomical composition

Our results revealed that P. cerasifera invasion can 
substantially shape the species composition of the 
understory during the early stages of oak-horn-
beam forest succession. The CCA analysis showed 
that plots with lower P. cerasifera cover were more 
similar to each other in terms of understory species 
composition than plots with higher cover of this non-
native tree. Moreover, despite the more predictable 
and homogeneous species composition in plots with 
lower intensities of P. cerasifera invasion, their com-
munity structure was shaped by a larger species pool 
than heavily invaded plots. Therefore, an increasing 
cover of P. cerasifera can be expected to negatively 
affect the species composition of the studied forest 
understory. Similar patterns have been documented 
for other invasive members of the Rosaceae fam-
ily, including both taxa closely related to P. cerasif-
era, such as P. serotina (e.g. Godefroid et  al. 2005; 
Halarewicz and Żołnierz 2014; Gentili et  al. 2019), 
and more distantly related species, such as × Sorbaro-
nia fallax nothosubsp. mitschurinii (Jagodziński et al. 
2024) or Spiraea tomentosa (Wiatrowska et al. 2023).

However, the patterns observed for species com-
position did not correspond to those identified for the 
impact of P. cerasifera on the taxonomic diversity 
of the understory. Alongside increasing the cover of 
P. cerasifera, both species richness and Shannon’s 
diversity index increased. This contrasts with the 
results of previous studies that demonstrate negative 
impacts of phylogenetically-close invasive Rosaceae 
representatives on taxonomic diversity (e.g. P. sero-
tina Godefroid et  al. 2005; Halarewicz and Żołnierz 
2014; Gentili et al. 2019), as well as other, less-stud-
ied species from the same family (Wiatrowska et al. 
2023; Jagodziński et  al. 2024). Nevertheless, other 
previous studies revealed positive impacts of invasive 
trees on the understory species richness. For exam-
ple, Bury and Dyderski (under review) also identified 
positive effects of P. serotina invasion on understory 
taxonomic and functional diversity, however, not in 
oak-hornbeam forest but in nutrient-poor Scots pine 
forest.

The positive effect of P. cerasifera on taxonomic 
diversity, on the one hand, may be a consequence of 
the long-lasting presence of numerous early-succes-
sional species typical of open habitats, and associ-
ated with historical land use (e.g., ruderal tall herbs, 
taxa typical of mesic meadows or other non-forest 
ecosystems) in plots with higher invasion intensities, 
as revealed by the CCA and threshold indicator taxa 
analysis. The persistence of these species under high 
cover of P. cerasifera can be explained by the poten-
tially high pressure exerted by large herbivores (e.g., 
reed deer, European bison, or wild boar) that can use 
these trees and their surroundings as a food source 
and resting places. By grazing and browsing, as well 
as through fine-scale disturbances caused by tram-
pling and rooting, they could significantly contribute 

SE standard error, t/z test statistic, P p-value, RE SD standard deviation of random effect, R2
m 

marginal coefficient of determination, R2
c conditional coefficient of determination. Statistically 

significant results are in bold

Table 3   (continued) Variable Estimate SE t/z P RE SD R
2

m
R
2

c

CWM of soil fertility EIV:
(Intercept) 5.899 0.144 40.830  < 0.001 0.157 0.086 0.163
P. cerasifera cover 0.005 0.002 1.980 0.047
CWM of soil reaction EIV:
(Intercept) 6.277 0.045 138.220  < 0.001  < 0.001 0.191 0.191
P. cerasifera cover 0.003 0.001 3.040 0.002
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Fig. 5   Visualisation 
of mixed effect models 
testing for effects of P. 
cerasifera percentage cover 
on community weighted 
means (CWMs) of plants’ 
functional traits (a–d) and 
Ellenberg’s ecological 
indicator values (e–i)
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to the maintenance of the early-successional character 
of the understory. That way they can limit the spread 
of plant species typical of more advanced succes-
sional stages (Modrý et al. 2004; Kuijper et al. 2009; 
Czortek et al. 2024). On the other hand, this positive 
effect of invasion may be explained by the coloniza-
tion of plots dominated by P. cerasifera by competi-
tors, such as nitrophilous tall herbs.

Effect of P. cerasifera invasion on phylogenetic 
diversity

The patterns observed for taxonomic diversity corre-
spond with the positive impact of P. cerasifera inva-
sion on phylogenetic diversity, which contrasts with 
the findings of the few previous studies on this topic. 
For instance, Piwczyński et  al. (2016) found that R. 
pseudoacacia invasion negatively affected phylo-
genetic diversity, while Dyderski and Jagodziński 
(2021) revealed that this effect was forest type-spe-
cific. They found higher phylogenetic diversity of 
understory in R. pseudoacacia tree stands than in 
oak-hornbeam forests, while Scots pine forests on 
nutrient-rich sites invaded by P. serotina supported 
higher phylogenetic diversity than non-invaded 
stands. Bury and Dyderski (under review) observed 
that understory phylogenetic diversity decreased con-
siderably with increasing R. pseudoacacia biomass 
in Scots pine forests, but increased in oak-hornbeam 
forests. However, they did not find any trends for P. 
serotina. In contrast, Livingstone et  al. (2020) dem-
onstrated a negative effect of the invasive Vincetoxi-
cum rossicum on the species phylogenetic relatedness 
structure along its invasion gradient, expressed by the 
increasing abundance of this non-native species.

In our case, the positive effect of P. cerasifera on 
the phylogenetic diversity of the understory can be 
explained by the presence of more phylogenetically 
heterogeneous taxa, which could enrich the phyloge-
netic diversity of plots with high P. cerasifera cover, 
where the role of phylogenetic clustering in shap-
ing the community structure was low. On the other 
hand, the high phylogenetic clustering observed in 
plots with lower P. cerasifera cover can be explained 
by the prevalence of closely-related representatives 
of Poaceae and Asteraceae, occurring there with 
high taxonomical richness and abundance. In plots 
with higher P. cerasifera cover, the species’ related-
ness structure was more random: in addition to the 

representatives of the aforementioned families, we 
identified the pronounced influence of other clades 
(e.g., Apiaceae, Rosaceae, or Fabaceae), as well 
as members of families less common in the flora of 
Central Europe (e.g., Campanulaceae or Urticaceae). 
Thus, one would expect the supplementation of the 
community structure by new clades, but not yet their 
substitution, at the studied successional stages of oak-
hornbeam forests. Nevertheless, this positive effect 
of P. cerasifera on phylogenetic diversity was not as 
strong as revealed for taxonomic diversity. This could 
be interpreted as a legacy effect of closely related 
Asteraceae and Poaceae species, still present in rela-
tively large numbers in P. cerasifera-dominated plots, 
but occurring in lower abundance compared to plots 
with lower invasion intensity.

P. cerasifera invasion shapes the community assembly 
rules

For two of the five analysed functional diversity 
parameters, we found a strong positive effect of P. 
cerasifera invasion on shaping the functional com-
position of the understory (i.e. functional disper-
sion SES). However, to date, only a few studies have 
assessed the effects of invasive trees on the functional 
diversity of forest’ understory. For instance, Sitzia 
et  al. (2018) and Terwei et  al. (2016) found posi-
tive effects of invasive trees on functional composi-
tion. Chabrerie et al. (2010) found that Rao quadratic 
entropy was one-third lower in stands invaded by P. 
serotina compared to non-invaded stands. Dyderski 
and Jagodziński (2021), in turn, observed species-
specific effects of invasive trees on the functional 
diversity of temperate forest understories. They found 
no influence of the studied non-native tree species on 
functional dispersion. Regarding functional richness, 
they reported no effects of R. pseudoacacia, negative 
effects of Quercus rubra, and no impact of P. serotina 
invasion, except for a positive effect in artificial Scots 
pine forests. Bury and Dyderski (under review) found 
an increase in functional dispersion of the understory 
along the abundance gradient of R. pseudoacacia in 
Scots pine tree stands, while a decrease was observed 
in oak-hornbeam forests. However, they found no 
impact on functional richness. Fernandez et  al. 
(2021) observed a decrease in functional richness 
and functional dispersion along the density gradient 
of the invasive Ligustrum lucidum, while Livingstone 
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et  al. (2020) reported similar trends along the cover 
gradient of Vincetoxicum rossicum. Similarly, inva-
sive trees in Brazilian Atlantic forests were found 
to decrease functional richness (Larsen et  al. 2024). 
Henry et al. (2021), in turn, observed a quadratic rela-
tionship between increasing the cover of Tamarix spp. 
and functional dispersion of the herb layer in riparian 
plant communities.

It is tempting to assume that the positive effects of 
P. cerasifera on functional dispersion SES could be 
interpreted in terms of increasing the role of niche 
differentiation in shaping community assembly pro-
cesses in the invasion gradient. This may suggest 
that the dissimilarities in the plant species’ realized 
niches would be higher in plots dominated by P. 
cerasifera. This was demonstrated, for instance, by 
Hejda et  al. (2017), who found that the invasive R. 
pseudoacacia can create new niches for more nitro-
philous and hemerobic plant species. Nevertheless, 
when inspecting the CWMs of EIVs in our case, P. 
cerasifera invasion led to a decrease in the contribu-
tion of light-demanding and thermophilous species, 
in favour of species preferring higher soil moisture, 
higher soil pH, and nitrophilous taxa in plots with 
higher invasion intensities. This may explain why the 
degree of filled niche space (indicated by functional 
richness SES) and the regularity of the species’ real-
ized niche distribution within an assemblage (indi-
cated by functional evenness SES) remained constant 
along the P. cerasifera invasion gradient. One pos-
sible explanation of this pattern may be the replace-
ment of plant functional types typical of open habitats 
by those with higher competitive abilities, suggesting 
an invasion-driven functional turnover of the species’ 
realized niches. The CCA and threshold indicator 
taxa analysis results may support this interpretation, 
revealing, for instance, that the optimal occurrence 
of A. elatius, a diagnostic species for Arrhenatherion 
elatioris meadows (code 6510 in the NATURA 2000 
network), was found in plots with lower P. cerasif-
era invasion intensities. In contrast, perennial nitro-
philous tall herbs with a predominantly competitive 
strategy showed their optimum (e.g., U. dioica or G. 
urbanum), and higher affinities (e.g., A. podagraria, 
A. sylvestris, G. aparine, L. communis or R. idaeus) 
to plots with higher P. cerasifera cover.

The colonization of plots by species with higher 
EIV-N and EIV-R values could be triggered by the 
potential effect of P. cerasifera on the decomposition 

rate of the leaf litter (Kisło et  al. 2024), a phenom-
enon that requires further detailed examination. Nev-
ertheless, we might expect that P. cerasifera may 
decompose at a rate similar to that of the phyloge-
netically closely related P. serotina (Horodecki et al. 
2019). This may potentially accelerate the overall rate 
of plant biomass decomposition in areas invaded by 
P. cerasifera, leading to an increased release of nutri-
ents into the soil, as reported for other invasive plant 
species (Halabuk and Gerhátová 2011; Zukswert and 
Prescott 2017; Gaggini et  al. 2018). This may indi-
cate the potential role of P. cerasifera as an ecosys-
tem engineer, which, through its hypothesized impact 
on decomposition, would promote species of higher 
nitrogen and lower soil acidity demands. This would 
be in line with the expected impacts of P. serotina and 
R. pseudoacacia in Scots pine forests (Halarewicz 
and Żołnierz 2014; Bury and Dyderski under review). 
The relationships presented above may thus indicate 
a considerable influence of P. cerasifera invasion on 
increasing the importance of interspecific competition 
while reducing the role of habitat filtering in shaping 
the community assembly processes.

Another confirmation of the increasing role of 
interspecific competition in shaping the functional 
composition of understory along the invasion gra-
dient may be a negative relationship between the 
increasing cover of P. cerasifera and leaf dry matter 
content CWM. Therefore, one may expect that with 
increasing P. cerasifera invasion intensity, the propor-
tion of species indicative of the prevalence of habitat 
filtering and environmental stress in shaping the com-
munity assembly rules could decrease. Apart from 
graminoids typical of mesic meadows, this group 
of species could include pioneer species (i.e. rud-
eral tall herbs), whose leaf dry matter content tends 
to be generally lower than that of species indicative 
of more advanced successional stages and therefore 
more acquisitive life strategies (Pérez-Harguindeguy 
et al. 2013). This pattern corresponds with a slightly 
negative effect of P. cerasifera invasion on functional 
divergence SES. This relationship suggests that spe-
cies with extreme functional trait values, which differ 
substantially from the functional trait combinations of 
the dominating species or subordinates (Urlich et al., 
under review), began to reduce their abundance as the 
cover of P. cerasifera increased, coinciding with the 
increasing dominance of species with more similar 
functional traits.
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Conclusions

Our study provided the first assessment of P. cerasif-
era impact on the understory diversity across its inva-
sion gradient, as well as provided another evidence of 
the effects of invasive trees on the forest ecosystem 
functioning. The demonstrated positive impacts of 
P. cerasifera invasion on taxonomical, phylogenetic, 
and functional composition may exert long-term 
consequences on the understory structure of early 
successional stages of oak-hornbeam forests. The 
supplementation by perennial nitrophilous tall herbs 
phylogenetically and functionally distinct from non-
forest species, may reduce the relative importance of 
habitat filtering in shaping community assembly pro-
cesses. In this context, P. cerasifera may inhibit the 
colonisation of the understory by typical forest spe-
cies, early signs of which would be observed in veg-
etation patches where P. cerasifera dominated the 
tree layer. In the context of the potential engineering 
abilities of P. cerasifera, increased competition under 
its higher cover may lower the survival and recruit-
ment of native post-pioneer tree seedlings, thereby 
altering the mechanisms of the oak-hornbeam forest 
succession, which would differ substantially from 
successional trajectories observed for non-invaded 
forest patches. Our conclusions are crucial for under-
standing the impact of P. cerasifera invasion in the 
secondary forest succession and developing manage-
ment actions to understand the long-term effects of its 
spread.
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