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and alien plants species. Major drivers of alien plant 
composition in forest fragments included adjacent 
land-cover and urbanization level. An increasing 
proportion of arable land along the forest fragment 
perimeter negatively affected the richness of alien 
plants, while the effect of urban areas was positive. 
Our results confirmed that forest fragments in the 
rural–urban matrix represent biodiversity refugia and 
support native plant species; however, they are not 
resistant to invasions; instead invasion depends on the 
land-cover type in the surroundings of a given forest 
fragment.

Keywords  Agricultural land · Urban area · 
Settlements · Fragment size · Fragment shape 
complexity · Ornamental plants

Introduction

One of the main threats causing biodiversity loss is 
forest area destruction resulting in isolated forest 
fragments (Botkin et  al. 2007; Harsch et  al. 2017; 
Haddad et  al. 2015). Forest fragments that persist 
in a biotically depleted matrix of intensive agri-
cultural land or urban areas, represent refugia for 
biodiversity and form local biodiversity hotspots 
(Becerra and Simonetti 2020; Chapman et al. 2015; 
Decocq et al. 2016). However, in the agricultural or 
urban matrix, forest fragments are predominantly 
small, isolated, with increased edge area, and under 
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threat of disappearing (Decocq et  al. 2016; Valdés 
et  al. 2020). Forest fragments function as habitats 
for forest species, as scarce shelters and migration 
stepping-stones, and provide several ecosystem ser-
vices (Decocq et  al. 2016; Kowalska et  al. 2021). 
The biodiversity of forest fragments is highly influ-
enced by landscape structure, including landscape 
composition (proportion of land-use types) and 
configuration (spatial pattern of fragments) (Fahrig 
2013). Biodiversity usually increases with fragment 
size (Šipek et al. 2022) and age (Valdés et al. 2020).

Another threat to the biodiversity of forest frag-
ments is biological invasion (Petrášová et al. 2013; 
Šibíková et al. 2019; Becerra and Simonetti 2020). 
European temperate lowland forest communities 
are among the most invaded forest habitats (Wal-
ter et al. 2005; Jansen et al. 2011; Medvecká et al. 
2014). Phytosociological analysis has revealed 
that at least one alien plant species was found in 
90% of lowland forest associations (Jansen et  al. 
2011). Vulnerability of a native forest community 
is determined by a number of environmental factors 
such as light (Marinšek and Kutnar 2017), nutri-
ent availability (Kowalska et al. 2021), disturbance 
regime and propagule pressure (Jansen et al. 2011; 
Petrášová et al. 2013). Invasions in lowland forests 
are largely promoted by anthropogenic activities 
such as agriculture, forestry, transportation, orna-
mental planting in nearby settlements and urban 
areas, or even the deposition of garden waste in for-
ests and at their edges (Petrášová et al. 2013; Rust-
erholz et al. 2012; Sladek and Strgulc Krajšek 2019; 
Šipek and Šajna 2020).

In agriculture and forestry, most cultivated plant 
species are of alien origin (Reichard and White 
2001; Petrášová et  al. 2013). Besides intentionally 
introducing economically important crops and trees, 
unintentional alien plant introduction is especially 
high in agriculture ecosystems, contributing mainly 
to numerous alien weed species. Even though weeds 
are primarily restricted to arable or disturbed land, 
they can become established on forest edges, or even 
penetrate into the forest interior if forest fragments 
mingle with arable land and if abiotic conditions at 
the micro-level are favorable (Honnay et  al. 2002). 
However, the impact of agricultural intensification on 
plant invasion from arable land into forest fragments 
has rarely been studied (but see Honnay et al. 2002; 
Ohlemüller et al. 2006; Weber and Gibson 2007).

The increasing urbanization rate and proximity to 
urban areas increase both the diversity and cover of 
alien plant species (Borgmann and Rodewald 2005; 
Bartuszevige et al. 2006; Maheu-Giroux and de Blois 
2007; Okimura and Mori 2018); however, the pat-
tern of increase is not always clear (Trentanovi et al. 
2013). Forest fragments near human settlements are 
at particularly high invasion risk from ornamental 
alien plant species (Pergl et  al. 2016; Gaggini et  al. 
2017; Ward and Amatangelo 2018; Guo et al. 2019; 
Fornal-Pieniak et  al. 2019). Horticulture is recog-
nized as the main source of escaped and naturalized 
alien plant species and represents a continuously 
increasing species pool (Reichard and White 2001; 
Pergl et  al. 2016; Gaggini et  al. 2017; van Kleunen 
et  al. 2018; Beaury et  al. 2021). Moreover, most of 
the worst invasive alien plants were introduced for 
ornamental purposes (Reichard and White 2001). 
Garden waste deposits consisting of ornamental alien 
plant propagules are often found in (peri-)urban forest 
fragments thus promoting new escapes by and spread 
of ornamental alien plant species into (semi-)natural 
forest communities (Sullivan et  al. 2005; Rusterholz 
et  al. 2012; Gaggini et  al. 2017; Šipek and Šajna 
2020).

Studying alien plant species richness and compo-
sition in lowland forest fragments of various sizes in 
relation to the surrounding land-cover is crucial to 
understanding invasion patterns in a landscape con-
text. However, the focus in studies is often on the per-
pendicular distance from a forest edge to particular 
type of land-cover (Honnay et  al. 2002; Ohlemüller 
et  al. 2006; Weber and Gibson 2007), whereby the 
fragment size and forest edge length are neglected. 
To consider the importance of fragment size, we 
focused on the length of the shared edge between a 
particular land-cover and a forest fragment and on the 
proportion of particular land-cover in a buffer zone 
bordering the fragments. Because different groups 
of alien plants are characteristic for specific land-
cover (e.g., weeds prevail in agricultural land and 
ornamental plants in urban areas), we expected that 
the specific land-cover surrounding a forest fragment 
would influence the composition of alien plants in 
that fragment. Our motivation was to assess whether 
the effect of surrounding land-cover type decreases 
with increasing fragment size. In general, forest frag-
mentation increases the amount of forest edge relative 
to the amount of forest interior for each fragment; a 
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fragment’s increased perimeter/area ratio is conse-
quently followed by greater edge effects. In urban and 
agricultural landscapes, this can promote alien plant 
invasion, since an increased forest edge can result 
in a greater probability of alien plants penetration 
and establishment in a forest (Pauchard and Alaback 
2004; McDonald and Urban 2006; Maheu-Giroux 
and de Blois 2007; Vilà and Ibáñez 2011; LaPaix 
et  al. 2012; González-Moreno et  al. 2013; Marinšek 
and Kutnar 2017). Therefore, the concern exists that 
in degraded and largely fragmented landscapes, dom-
inated by agricultural land (or urban areas), where 
the forest is represented mainly by small remnants, 
they can lose their forest-dwelling sanctuary role for 
forest specialist species. What is more, these forest 
remnants might even become nurseries for alien plant 
species instead.

An example of extensive hardwood lowland for-
ests largely converted into agricultural land with a 
few remnants left is the sub-Pannonian Quercus-
Carpinus forest on the former floodplains of the Mura 
and Drava rivers in NE Slovenia (Čarni et al. 1998). 
We hypothesized that the richness and composi-
tion of vascular plant species and especially of alien 
plant species established in the forest fragments can 

be explained by three sets of environmental drivers. 
To test our hypothesis, we examined the effect of (1) 
landscape structure (fragment size and shape, propor-
tion of land-cover types in a buffer zone surround-
ing a forest fragment), (2) abiotic conditions in the 
forest fragment, and (3) anthropogenic disturbance 
(urbanization level and human activities inside a frag-
ment) on plant species richness and composition.

Methods

Study area

The study was conducted on the alluvial plains of 
the Mura and Drava rivers in NE Slovenia, which 
represents the westernmost part of the Pannon-
ian Basin (Fig. 1). Both rivers are tributaries to the 
Danube. The lowland Apaško polje (220  m a.s.l.) 
along the Mura river covers an area of 36 km2. The 
lowland Dravsko polje (250  m a.s.l.) represents a 
larger area of approximately 260 km2 and begins 
downstream of Maribor. Both plains belong to the 
sub-Pannonian region exhibiting a temperate con-
tinental climate with mean annual precipitation 

Fig. 1   A The location 
of the study area in NE 
Slovenia and B sampled 
forest fragments are shown 
by green circles
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of 874  mm (Apaško polje) and 972  mm (Dravsko 
polje) and an equal mean annual temperature of 
10.9 °C in 2019. Although the precipitation regime 
is favorable, droughts often occur during the sum-
mer (GGN 2016).

Zonal vegetation in the study area belongs to the 
Illyrian Quercus-Carpinus betulus forest (EUNIS 
habitat classification) lying between the central 
European, Balkan and Pannonian Quercus forests 
(Davies et  al. 2004). Prevailing trees are Q. robur 
L., Q. petraea (Mattuschka) Liebl., Carpinus betu-
lus L., Prunus padus L., Fraxinus sp. Tourn. Ex 
L., and Ulmus sp. L., with Populus sp. L. and Salix 
sp. L. on the riverbanks. On both lowlands, the riv-
ers have been regulated, and the once extensive 
Quercus-Carpinus forests have been transformed 
into arable land (Repe 2004). Today intensive agri-
culture is the prevailing land-use, followed by for-
ests, urban areas and meadows. Forest fragments of 
different sizes and shapes occur in a gradient from 
the agricultural toward the urban matrix. Charac-
teristic landscape elements of both plains are long 
roadside villages of family houses with backyard 
gardens, vineyards and arable fields behind (Ščap 
2018; Vodeb et al. 2016). The population of Apaško 
polje is more rural than the inhabitants of Dravsko 
polje, where the majority live in compact urban 
settlements.

Fragment measurements

Using Google Earth Pro (2020), we drew polygons 
of 48 sampled forest fragments and determined 
the perimeter and the area of the forest fragments 
(Table  S1). Further, we measured the lengths of 
their edges neighboring the existing land-cover 
types (urban areas, arable land, roads, meadows and 
rivers or watercourses).

We computed three forest fragment shape indices 
P/A, FRAC and SHPI, to obtain the shape complex-
ity of forest fragments. P/A is perimeter (p)—area 
(a) ratio ( P∕A =

p

a
 , P∕A > 0 ). Larger P/A values 

suggest a more complex and irregular shape. FRAC 
indicates fractal dimension (Mandlebrot 1977) and 
was calculated as FRAC = 2

log(p)

log(a)
 ; values are 

between 1 and 2. FRAC approaching value 1 indi-
cates less complex shapes like squares and circles, 

while FRAC approaching value 2 suggests shapes 
that are more complex. SHPI (Patton 1975) is calcu-
lated as SHPI = p

2
√

�∙a
 , SHPI > 1.With increasing 

SHPI, the complexity of the fragment increases.
In ArcGIS (ESRI 2014), three buffers of different 

widths were defined: 500  m, 200  m and 20  m from 
the edge of the fragment (Fig.  2). In the buffer, we 
extracted the land-cover type proportions from the 
Corine Land Cover 2018 data layer (EEA 2018). We 
combined the Corine Land Cover categories to get 
six main land-cover types: urban, roads, arable, riv-
ers (watercourses), meadows (combining traditional 
mosaic land-use) and forests.

The building index (number of buildings) was 
determined for each buffer zone from the building 
data layer accessible on the geodetic data site of the 
Surveying and Mapping Authority of the Republic 
of Slovenia, Ministry of the Environment and Spa-
tial Planning (Building Cadastre 1999). The building 
index was used in the analysis evaluating alien plant 
species richness. However, it was excluded from the 
generalized linear models (GLMs) because of the 
strong correlation with urban areas.

Forest fragments were classified into three classes 
according to urbanization level estimated according 
to the Corine Land Cover proportion of urban areas 
around forest fragments in a 500 m buffer zone: low 
(26 forest fragments)—up to 0.02%, medium (10 for-
est fragments)—from 0.02 to 10% and high (12 forest 
fragments)—above 10% of urban areas. The classifi-
cation of the fragments according to the urbanization 
level into three classes was based on our preliminary 
analyses. We searched for proportions of urbanization 
levels where differences in alien plant species rich-
ness and composition were observed while simulta-
neously creating classes with a sufficient number of 
fragments that can be used in the analysis. The urban-
ization level was included in ordination analysis as a 
grouping variable.

Field sampling: Vegetation survey, abiotic conditions, 
and anthropogenic disturbance

The vascular flora was sampled in 25 and 23 for-
est fragments in Apaško polje and Dravsko polje, 
respectively. Sampling was done twice in 2019, first 
in spring (April and May) and second in autumn 
(August and September) to cover the entire vegetation 
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season. We sampled plants in the forest fragments 
by walking around each fragment near the edge and 
crossing it diagonally. We increased the sampling 
effort with increasing fragment size until new vascu-
lar plant species were hard to detect. We listed and 
determined all vascular plant species to the species 
level according to Martinčič et  al. (2007), with the 
exception of grasses and sedges, which were instead 
assigned to a higher taxonomic level in the absence of 
flowers (fruits).

The recorded plant species were classified into 
several categories: native plants (Martinčič et  al. 
2007), alien plants (Jogan et al. 2012), invasive alien 
plants which are a subgroup of alien plants (Jogan 
et  al. 2012) and archaeophytes (Jogan et  al. 2012). 
The archeophytes were treated as a separate group 
because of their uncertain origin and long presence, 
which might show different distribution patterns than 
recently established alien plant species not yet able 
to spread widely. Plants belonging to the alien plant 
category were further classified into 4 subgroups: 
ornamental plants—further divided according to 
life forms: ornamental herbaceous, ornamental bush 
and ornamental trees; arable weeds; trees planted for 
silviculture; and fruit trees. Some of the alien plant 

species did not match any of these categories and 
were classified as “Other”. Trees planted for silvicul-
ture, fruit trees and “Other” were excluded from mod-
elling, because of their very low presence in these 
forest fragments.

Based on the presence of native plant species, we 
assigned Ellenberg indicator values (EIV; Ellenberg 
et  al. 1992) of light, temperature, soil moisture, soil 
reaction and nutrients calculated in JUICE software 
(Tichý 2002) to each fragment. It must be emphasized 
that this is a very rough assessment of ecological con-
ditions, and one, which deteriorates as the fragment 
size and its heterogeneity increase. However, an aver-
age EIV can be an adequate rough estimate for the 
ecological separation of individual forest fragments.

In each fragment, we recorded the presence of 
waste and its type (garden waste or other) and the 
presence of footpaths as an indicator of anthropo-
genic disturbance.

Statistical analysis

Differences in landscape characteristics and plant 
species richness between Apaško polje and Dravsko 
polje were tested with Student’s t-test and ANOVA. 

Fig. 2   Schematic rep-
resentation of sampling 
design. The green square 
represents the sampled 
forest fragment. Surround-
ing land-cover is shown 
by a maize symbol (arable 
land-cover), or by houses 
(urban land-cover), for 
which the length of edge 
shared with the forest frag-
ment is shown by yellow 
and red lines, respectively; 
and the proportion of vari-
ous land-covers in 3 buffers 
of different width: 20 m, 
200 m and 500 m
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To assess whether the data met assumptions of nor-
mal distribution and homogeneity of variance Sha-
piro–Wilk and Levene tests were used, respectively. 
If the data violated those assumptions, we log-trans-
formed the data or used appropriate nonparametric 
tests (Welch t-test, the Wilcoxon rank sum test and 
Kruskal–Wallis test). Since the landscape structure in 
the Apaško polje and Dravsko polje areas was similar, 
in further analysis of predicting plant species richness 
and plant species composition in the lowland forest 
fragments data from both plains were combined.

Model fitting

To predict plant species richness in lowland forest 
fragments according to the 3 sets of explanatory vari-
ables (Table  1), we fitted several generalized linear 
models (GLMs). We fitted GLMs using the function 
“glm”, which allows the input of both numerical and 
categorical explanatory variables. GLMs were fitted 
with Poisson error distribution and a log link as pro-
posed for count data.

Model fitting steps:

(i)	 Calculation of correlation matrix to assess cor-
relation among variables, highly correlated vari-
ables were omitted from model building.

We defined the buffer zone width with the great-
est impact on the plant species richness according 
to the strongest Pearson correlation coefficients (r) 
among land-cover proportions in different buffer 
widths. Land-cover proportions occurring in the 
buffer with the greatest impact (200 m buffer) were 
further used in GLMs to assess the significance of 
individual explanatory variables. A similar pro-
cess was done with shape indices. SHPI explained 
the most variance of plant species richness and was 
therefore included in GLMs.

	(ii)	 Assessment of spatial autocorrelation of 
response variables data.

Spatial autocorrelation of response variables 
data (richness of plant species) was assessed using 
Moran’s I test based on a matrix of inverse distance 
weights (function “Moran.I”, package ape; Para-
dis and Schliep 2019). According to Moran’s I, we 
found evidence of spatial autocorrelation in our data 
(p < 0.05, Table S2), which was expected as closer 
forest fragments share a similar matrix that affects 
plant species richness in a similar way.

	(iii)	 Model building.

To explain the overall plant species richness in 
fragments and the richness of alien plant species 
and other above-defined plant categories we used 
three sets of explanatory variables included in 
GLMs (Table 1). The effects of (1) landscape struc-
ture (fragment size, shape, and the proportion of 
adjacent land-cover), (2) abiotic conditions assessed 
by EIV for light, temperature, humidity and nutri-
ents and (3) anthropogenic disturbance (human 
activity inside a fragment detected as the presence 
of garden waste, other types of waste and footpaths) 
were tested using GLMs.

For all full models (all explanatory variables 
were included), the variance inflation factor was 
calculated using the “vif” function (package car; 
Fox and Weisberg 2019) to avoid multicollinearity 
among variables. In all models, variance inflation 
factor was below 2.5, which is less than the limit 
value of 10 as proposed by Lindborg (2007).

Table 1   The three sets of drivers hypothesized to affect plant 
species richness and composition in lowland forest fragments 
included in the model building: landscape structure, abiotic 
conditions assessed by Ellenberg indicator values, and anthro-
pogenic disturbance

Set of drivers Variable type

Landscape structure
SHPI Numeric
Area (of forest fragment) Numeric
Land-cover: Urban Numeric
Land-cover: Road Numeric
Land-cover: Arable Numeric
Land-cover: River Numeric
Land-cover: Meadow Numeric
Land-cover: Forest Numeric
Abiotic conditions (assessed by Ellenberg indicator values)
Nutrients Numeric
Temperature Numeric
Moisture Numeric
Light Numeric
Anthropogenic disturbance
Garden waste Categorical (present–absent)
Footpaths Categorical (present–absent)
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	(iv)	 Simplification of the full models by stepwise 
variable selection.

We selected the best models by using the “step” 
function. This is a stepwise algorithm returning the 
final model according to the lowest Akaike informa-
tion criterion.

	(xxii)	Summary of the final model and assessment of 
the spatial autocorrelation of the model residu-
als.

Lastly, we visually estimated whether the models 
matched assumptions using the  »plot« function for 
model diagnostics in R. The spatial autocorrelation of 
final model residuals was assessed visually by plot-
ting the residuals on a map. We concluded that spa-
tial autocorrelation was generally low as there was no 
visible interpretable pattern of plotted residuals. This 
indicates that all important covariates accounting 
for the spatial structure of the data were included in 
the models. Therefore, we consider the final models 
valid. We calculated D-squared (D2) for all final mod-
els, which is the amount of deviance accounted for by 
the GLMs and is equivalent to the better known R2 
in linear modelling (Guisan and Zimmermann 2000).

Plant community composition analysis

Ordination methods were used to analyze the effect of 
landscape structure, abiotic conditions and anthropo-
genic disturbance on plant species composition in the 
forest fragments.

The main ecological gradient in the distribution of 
alien plants was examined by detrended correspond-
ence analysis (DCA). Because of the short environ-
mental gradient revealed by DCA analysis, linear 
methods were subsequently used. Principal compo-
nent analysis (PCA) was used to display each forest 
fragment in a multidimensional space where each 
dimension is defined by the richness of one plant 
species group according to the plant species classifi-
cations defined above. We used the matrix of forest 
fragments × plant species groups to obtain compre-
hensive plant species composition and the composi-
tion of alien plant groups in forest fragments.

Redundancy analysis (RDA) was used to explore 
the interaction among plant species composition and 
environmental explanatory variables (forest frag-
ment configuration and Ellenberg indicator values). 

Because there were zeroes in the data set, we applied 
redundancy analysis with Hellinger transformation of 
species composition data (Legendre and Gallagher 
2001). Significant explanatory variables were chosen 
using the forward selection method in the adespatial 
package with the»forward.sel« function. To assess 
the significance of the selected model, a Monte Carlo 
permutation test with 999 permutations was used. 
Adjusted p values were calculated using Holm’s cor-
rection. Ordination analyses were performed using a 
vegan package (Oksanen et al. 2022).

All statistical analyses were done in R program-
ming language version 3.6.3 (R Development Core 
Team 2023).

Results

Forest fragment landscape characteristics

The forest fragments in Apaško polje and Dravsko 
polje had similar perimeters (123–12,076  m; t-test, 
t = 0.46, p = 0.65), areas (0.1–260 ha; t-test, t = 0.30, 
p = 0.76) and shape complexity (SHPI: 1.08–2.25; 
Wilcoxon test, W = 349, p = 0.21).

The prevailing adjacent land-cover in both low-
lands in the buffer zones 20, 200 and 500 m around 
the forest fragment and along the forest edge was 
arable land (Fig. 3) therefore further analysis was per-
formed on merged data. The following land-covers 
in smaller proportions are forests, meadows, urban 
areas, roads and rivers (Fig. 2, Table S3). Roads and 
urban land-cover were typical of the more densely 
populated Dravsko polje, while in Apaško polje a 
rural matrix prevailed.

Plant species richness in forest fragments

In these 48 lowland forest fragments, we identified 
482 vascular plant species, ranging from 42 to 184 
species per fragment. Based on the t-test statistic 
(Student or Welch t-test) overall plant species rich-
ness and native plant richness were similar between 
forest fragments in Apaško polje and Dravsko polje 
(mean of 88.32 vs. 89.22 for overall plant species 
richness and 73.56 vs. 69.61 for native plant richness, 
respectively). The proportion of native plants was sig-
nificantly lower in Dravsko polje than in Apaško polje 
(mean of 78% vs. 84%; Table S4).
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In total, 85 alien plants species were identified, 
ranging from 2 to 38 species per fragment. Among 
the listed alien plants, 17 were classified as inva-
sive (Table 2). The numbers and proportion of alien 
plants were significantly higher for Dravsko polje 
(mean of 11.57 vs. 8.08 and 12% vs. 9%, respec-
tively), while there was no difference in invasive 

alien plant species between both lowlands (mean of 
4.87 vs. 5.20 and 5% vs. 6% for Dravsko polje and 
Apaško polje, respectively). Archaeophytes were 
recorded from 1 to 15 species per fragment (30 dif-
ferent species in total) and their species richness 
did not differ between Apaško polje and Dravsko 
polje (mean of 6.68 vs. 8.04), while their proportion 

Fig. 3   Land-cover surrounding forest fragments in Apaško polje and Dravsko polje across scale: in A 20 m, B 200 m and C 500 m 
buffer

Table 2   List of invasive 
alien plant species (IAPS) 
and their presence in forest 
fragments (N = 48) at 
Apaško polje and Dravsko 
polje

List of native taxa and alien 
plants species sampled in 
48 lowland forest fragments 
is available in Online 
Appendix B

IAPS Percent of presence in 
forest fragments (%)

Solidago gigantea Aiton 81
Robinia pseudoacacia L 73
Erigeron annuus (L.) Pers 67
Phytolacca americana L 67
Impatiens parviflora DC 48
Parthenocissus quinquefolia (L.) Planch 31
Duchesnea indica (Andrews) Focke 19
Fallopia japonica (Houtt.) Ronse Decr 19
Impatiens glandulifera Royle 19
Rudbeckia laciniata L 17
Ailanthus altissima (Mill.) Swingle 13
Acer negundo L 10
Helianthus tuberosus L 8
Ambrosia artemisiifolia L 6
Echinocystis lobata (Michx.) Torr. & A. Gray 6
Solidago canadensis L 6
Berberis thunbergii DC 4
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was significantly higher for Dravsko polje (mean 
of 9% vs. 7%; Table  S4). The species richness of 
alien plant subgroups differed significantly between 
Apaško polje and Dravsko polje in the number of 
weed species (mean of 2.40 vs. 3.91) and fruit trees 
(mean of 0.08 vs. 0.35), while there were no dif-
ferences for the other groups. Apaško polje had a 
higher proportion of herbaceous ornamental plants 
(mean of 42% vs. 31%), while for Dravsko polje the 
proportion of ornamental bushes was higher (mean 
of 11% vs. 4%; Table S4).

The most common invasive alien plants in for-
est fragments were Solidago gigantea (81% pres-
ence) followed by Robinia pseudoacacia (73% pres-
ence), Erigeron annuus and Phytolacca americana 
(67% presence) (Table 2). The most comprehensive 
list of invasive alien plant species for Slovenia is 
from 2012 (Jogan et  al. 2012). According to this 
list, an additional invasive species is recognized: 
Ph. americana, which was previously classified as 
naturalized. However, over a period of 10 years, the 
species has significantly expanded its range across 
Slovenian forests and was present in our study site 
in 67% of sampled forest fragments.

Environmental drivers of plant species richness in 
forest fragments

The overall plant species richness in lowland forest 
fragments was determined by landscape structure 
(Tables  S5 and S6), abiotic conditions and anthro-
pogenic disturbance. The shape complexity of forest 
fragments was a significant predictor of all plant spe-
cies group richness, while the inclusion of forest frag-
ment area in the models did not improve them. The 
richness of all plant species groups increased with 
increasing fragment shape complexity (Tables 3, 4).

The forest fragment shape index SHPI, the propor-
tion of urban areas, roads and the presence of foot-
paths have a positive effect on overall plant species 
richness, while the effect of meadows and nutrients 
was negative. The deviance explained in the final 
model accounted for 68%. A similar set of variables 
excluding urban areas accounted for 63% of deviance 
explained for native plant species richness (Fig. 4A, 
B; Table 3).

SHPI, the proportion of urban areas and light posi-
tively affected alien plant species richness while the 
proportion of arable land and nutrients exhibited a 
negative effect. The final model accounted for 79% 

Table 3   Effect of landscape characteristics (200 m buffer width), abiotic conditions (Ellenberg indicator values) and anthropogenic 
disturbance on the richness of overall (SR), native (NAT), alien (APS), invasive alien plants (IAPS) and archaeophytes (Arch)

SHPI = forest fragment shape index. D-squared values (D2), regression constant (intercept) and Poisson regression coefficients with 
significance are shown. Values in the parentheses are standard errors. Only explanatory variables included in the final models are 
reported. p < 0.0001***; 0.001**; 0.01*; 0.05+

SR NAT APS IAPS Arch

D2 0.68 0.63 0.79 0.62 0.45
Intercept 4.74 (0.32)*** 4.92 (0.35)*** 1.06 (1.42) − 2.16 (3.56) 1.863 (0.065) ***
Forest fragment characteristics
SHPI 0.45 (0.06)*** 0.34 (0.08)*** 0.79 (0.17)*** 0.66 (0.22)** 0.118 (0.056)*
Area 0.0007 (0.0003)+

Urban 0.43 (0.13)*** 1.04 (0.38)**
Road 1.05 (0.41)* 1.02 (0.40)*
Arable − 0.86 (0.24)*** − 0.73 (0.26)** 1.05*
Meadow − 0.25 (0.11) * − 0.35 (0.13)** − 0.111 (0.070)
Ellenberg indicator values
Nutrients − 0.17 (0.05)** − 0.20 (0.06)*** − 0.45 (0.17)** − 0.36 (0.23)
Temperature 0.98 (0.68)
Light 0.57 (0.17)** 0.201 (0.06)***
Anthropogenic disturbance
Garden waste 0.09 (0.05)+ 0.20 (0.13) 0.370 (0.118)**
Footpaths 0.19 (0.04)*** 0.21 (0.04)*** 0.20 (0.12)+ 0.23 (0.15)
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of deviance explained. In contrast, the proportion of 
urban areas in the buffers and abiotic conditions were 
not important predictors of invasive alien plant spe-
cies richness (62% of deviance explained; Fig. 4C, D; 
Table 3).

Archaeophytes were positively associated by the 
shape index SHPI, the proportion of arable land in a 
200  m buffer, light and garden waste in forest frag-
ments. However, the final model accounted for only 
45% of deviance explained (Fig. 4E, Table 3).

Ornamental alien plant species richness increased 
with increasing shape index SHPI and the proportion 
of urban areas in a 200 m buffer, while increasing the 
proportion of arable land and nutrients had a nega-
tive effect. The deviance explained in the final model 
accounted for 78% (Fig. 5A; Table 4).

Species richness of individual groups of ornamental 
plants according to their life strategy (ornamental her-
baceous, ornamental bushes and ornamental trees) was 
best explained with a similar set of variables (SHPI, the 
proportion of urban areas and arable land in the buffer 
surrounding a forest fragment and nutrients in the soil), 
with only slight differences among specific ornamental 
groups. However, the deviance explained in the final 

models was lower for ornamental herbaceous, orna-
mental bushes and ornamental trees when compared to 
all ornamental plants combined (55%, 76% and 57% vs. 
78%, respectively; Fig. 5B–D; Table 4).

The building index explained 56% of alien orna-
mental plant species richness variance and 94% of 
ornamental bush richness variance in forest frag-
ments. Regardless of its high predictive value, the 
building index was omitted from the models because 
of a strong correlation with the proportion of urban 
areas in buffers, which exceeded R2 > 0.70 (Fig. 6).

Weed species richness increased with increas-
ing shape complexity and light, while the effect of 
moisture was negative. Variables indicating the pres-
ence of anthropogenic disturbance in the forest frag-
ments did not affect weed richness. The final model 
accounted for 44% of deviance explained (Fig.  5E; 
Table 4).

Environmental drivers of plant species composition 
in forest fragments

According to the PCA and redundancy analysis, the 
plant species composition between Apaško polje 

Table 4   Effect of landscape characteristics (200  m buffer 
width), abiotic conditions (Ellenberg indicator values) and 
anthropogenic disturbance on the richness of overall ornamen-

tal plants (ORN), ornamental herbaceous (OH), ornamental 
bushes (OB), ornamental trees (OT) and arable weeds (W)

Trees planted for silviculture and fruit trees are not modelled because of their low presence in forest fragments (zeroes prevail). 
SHPI = forest fragment shape index. D-squared values (D2), regression constant (intercept) and Poisson regression coefficients with 
significance are shown. Values in the parentheses are standard errors. Only explanatory variables included in the final models are 
reported. p < 0.0001***; 0.001**; 0.01*; 0.05+

ORN OH OB OT W

D2 0.78 0.55 0.76 0.57 0.44
Intercept 5.07 (1.46)*** 3.63 (1.66)* − 3.43 (5.45) 1.24 (6.32) − 2.81 (2.94)
Forest fragment characteristics
SHPI 0.98 (0.20)*** 0.79 (0.26)** 1.99 (0.41)*** 0.80 (0.42)+ 0.96 (0.31)**
Urban 1.74 (0.41)*** 4.89 (0.67)***
Arable − 0.71 (0.29)* − 0.69 (0.32)* − 1.50 (0.47)**
River − 2.14 (1.20)+

Meadow 0.58 (0.37)
Ellenberg indicator values
Nutrients − 0.71 (0.20)*** − 0.52 (0.24)* − 1.58 (0.52)** − 1.02 (0.40)*
Temperature 2.24 (1.51)
Moisture − 0.54 (0.27)*
Light 1.57 (0.67)* − 1.22 (0.54)* 0.94 (0.31)**
Anthropogenic disturbance
Footpaths 0.23 (0.15) 0.34 (0.19)+ 0.85 (0.45)+
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and Dravsko polje is similar (results not shown). 
The results of the PCA show a separation of forest 
fragments according to their surrounding urbaniza-
tion level, which coincides well with the invasion of 
various plant groups (Fig. 7). The ordination of plant 
species groups (Fig.  7A) explained 86.5% of the 
total variation. The first principal component, cover-
ing 70.7% of the variance, was strongly negatively 
influenced by the richness of overall (− 0.96), native 
(− 0.89), alien (− 0.87), invasive alien plants (− 0.79) 

and archaeophytes (− 0.64). The second PCA axis 
explained 15.8% of the variance and was negatively 
correlated to the archaeophytes (− 0.65) and posi-
tively to the IAPS (0.49). Moreover, the ordination 
of only alien plant groups (Fig. 7B) explained 58.9% 
of the total variation. The first principal axis (40.1%) 
was strongly positively influenced by all ornamen-
tal species groups (0.75–0.90) and fruit trees (0.62), 
while weeds (− 0.62) and trees planted for silviculture 
(− 0.76) contributed negatively to the second PCA 

Fig. 4   Prediction accuracy 
of species richness models: 
A overall plant species, 
B native plant species, C 
alien plant species (APS), 
D invasive alien plant 
species (IAPS) and E 
archaeophytes. The green 
line represents fitted values: 
points below and above the 
green line are overestimated 
low species richness and 
underestimated high species 
richness, respectively
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axis, explaining 18.8% of the variance. In contrast 
to the above PCA, forest fragments were separated 
according to the urbanization level. The urbaniza-
tion level in the buffer surrounding a forest fragment 
determined invasions by alien plant species (Fig. 7B).

Redundancy analysis of alien plant groups con-
firmed that differences in alien plant species com-
position in forest fragments can be explained by 
the urbanization level in the surrounding matrix. 

However, the separation is unclear, instead show-
ing a partial distinction of forest fragments in low 
and medium vs. high urbanized matrix. The com-
position of all alien plant species groups was best 
explained with the following environmental vari-
ables: the share of urban area in 200 m buffer and 
Ellenberg indicator values for light and nutrients 
(Fig.  8, Table  5). The final model accounted for 
35.46% of the total explained variance.

Fig. 5   Prediction accuracy 
of alien plant species rich-
ness models: A ornamental 
plants, B ornamental herba-
ceous plants, C ornamental 
bushes, D ornamental trees 
and E weeds. The green 
line represents fitted values: 
points below and above the 
green line are overestimated 
low species richness and 
underestimated high species 
richness, respectively
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Fig. 6   Effect of the building index on alien ornamental plant species richness: ornamental herbaceous, bush and tree species. Linear 
models (equation and black lines), determination coefficients (R), and corresponding 95% confidence intervals are displayed

Fig. 7   PCA ordination of A overall plant species composi-
tion and B alien plant species in relation to low, medium or 
high urbanization level surrounding forest fragment. (SR over-

all plant species richness, NAT native plant species richness, 
AS alien plant species, IAS invasive alien plant species, Arch 
Archaeophytes)



1608	 M. Šipek, N. Šajna 

1 3
Vol:. (1234567890)

Discussion

We assess the impact of landscape structure with an 
emphasis on various land-cover types on overall rich-
ness and particularly on alien plant species richness 
and composition in lowland forest fragments located 
in agricultural landscapes with detailed examinations 
along forest fragment perimeters and in their wider 
surrounding area.

Small fragments, even tiny ones are of rel-
evance; however, their existence and functionality 

are threatened by human disturbance. In our study 
sites, even though at two different lowlands, persis-
tent agricultural use resulted in very similar forest 
fragments according to their size and shape vari-
ability. The landscape composition surrounding the 
fragments was similar as well and is summarized 
below. Buffer zones in the distance of 20–500  m 
around forest fragments consisted mainly of arable 
land (over 70%), followed by other agricultural uses 
(e.g., meadows and traditional mosaic land-cover). 
On average, 6% of the buffer zones accounted for 
urbanized areas and roads, both types more frequent 
in Dravsko polje. The vicinity of urbanized areas to 
forest fragments reflects increased human pressure 
assessed by the presence of footpaths and waste dis-
posal in forest fragments as well as in the increased 
urbanization level in the matrix.

Our study indicates the significance of preserved 
fragments of the sub-Pannonian Quercus-Carpinus 
forest. We recognize these as biodiversity refugia, 
and even the smallest fragments no bigger than 
0.1 ha can support as many as 45 native plant spe-
cies among which 13% were even characteristic 
ancient forest species. On the other hand, the same 
type of forest fragment was not resistant to invasion, 
and 9% of the fragment’s flora comprised alien plant 
species (5% invasive alien plant species), while the 
most invaded fragment harbored as many as 20% 
alien species. The total number of listed native 
plants in the sampled forest fragments exceeded 
10% of national flora (Martinčič et al. 2007), clearly 
indicating the importance of forest fragment conser-
vation in a rural–urban matrix regardless of its area 
(Decocq et al. 2016).

Fig. 8   Biplot of redundancy analysis (RDA) of alien plant 
species groups and environmental variables in the surrounding 
urbanization gradient. RDA1 and RDA2 accounted for 19.53 
and 14.08% of explained variance, respectively. The color 
of the circles indicates the urbanization gradient: red—low, 
green—medium, black—high

Table 5   Forward selected constraining landscape (fragment 
size, shape, and adjacent land-cover in 200 m buffer) and envi-
ronmental drivers (abiotic conditions estimated by Ellenberg 

indicator values) that best explained alien plant species com-
position (Hellinger transformed data) in forest fragments and 
their biplot scores

Adjusted p values are calculated with Holm’s correction. For species scores obtained in RDA, see Table S7

Final model: constraint explained variance (%) 35.46***

Final model: unconstraint explained variance 
(%)

64.54

Variables Adjusted R2 F Adjusted P RDA1 RDA2 RDA3

Fragment configuration Urban 0.11 7.78 0.004 0.13 − 0.91 0.40
Ellenberg indicator values Light 0.17 10.54 0.004 0.97 − 0.04 − 0.22

Nutrients 0.03 3.28 0.03 0.25 0.54 0.81
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Fragment shape complexity is a major driver of plant 
species richness in forest fragments

The most important variables affecting species rich-
ness in forest fragments are fragment area, isola-
tion, habitat heterogeneity and the age of the stand 
(Decocq et  al. 2016; Šipek et  al. 2022). However, 
their effects can vary from region to region. Gener-
ally, native and alien plant species richness were asso-
ciated with similar fragment characteristic variables 
such as shape complexity SHPI. Matrix variables 
were also important, but their effect was specific to 
each plant species group. However, not all studies 
confirm the effect of the matrix on alien plant species 
richness. Similar to our results, Dauber et al. (2003) 
have shown the importance of grassland fragment 
characteristics on plant species richness, but contrary 
to our findings, land-cover adjacent to the fragments 
did not affect plant richness. Pauchard and Alaback 
(2006) concluded that in North American Pinus for-
ests, the matrix affected native plant species richness, 
while surprisingly, there was no effect on alien plant 
species richness.

Fragment shape affects the invasion susceptibil-
ity of the habitat because it determines how strongly 
the fragment is embedded into the matrix, which is 
the source of alien plant propagules. Contrary to 
our expectations, increasing the proportion of edge 
toward the forest area itself (P/A ratio) in our study 
did not result in higher native plant or alien plant spe-
cies richness; instead, this relationship was negative. 
On the other hand, larger shape complexity SHPI 
resulted in increased native as well as alien plant spe-
cies richness, which is in accordance with the study 
of Slovakian Pannonian floodplain forests (Petrášová-
Šibíková et al. 2017).

By definition, decreasing a fragment’s size 
increases the proportion of its edge toward its sur-
roundings, thereby changing the fluxes of energy, 
nutrients and organisms among neighboring habitats 
(Forman 1995; Cadenasso et  al. 2003). Consistent 
with the fundamental biogeography theory, we found 
a general trend that with increasing fragment area, the 
richness of overall plant species as well of the plant 
species subgroups increased (Hobbs 1988), but the 
area predictor did not improve any of our models and 
was therefore excluded from the final models. How-
ever, many studies have succeeded in finding a posi-
tive relationship between forest area and alien plants 

(Petrášová-Šibíková et al. 2017). Even more, the rich-
ness of alien plants is often found to be greater in 
smaller fragments because of the edge effect (Guirado 
et  al. 2006; Ohlemüller et  al. 2006). The reason for 
the inconsistency in the effect of fragment area on 
alien plant species richness might also lie in the sam-
pling methodology, while usually a few smaller plots 
are sampled in the forest regardless of their size while 
the majority of the larger area is overlooked. Con-
sequently, the relative sampled area is different in 
smaller and larger fragments and can result in a num-
ber of unnoticed alien plant species in larger frag-
ments, especially those with only a small number of 
individuals. The latter is true for the majority of not 
(yet) invasive naturalized plants and for those with 
subspontaneous occurrence.

Adjacent land‑cover and urbanization drive richness 
and determine alien plant species composition in 
forest fragments

When comparing forest fragments, changes in alien 
plant species richness may not be accompanied by 
changes in species composition. Besides unreveal-
ing factors driving plant species richness, we also 
explore factors influencing alien plant species compo-
sition, which is determined by multiple factors. Pri-
marily, alien plant species composition is determined 
by the surrounding landscape (González-Moreno 
et  al. 2013) which is the source of alien plant prop-
agules as well as local environmental conditions that 
enable alien plants to establish and persist. Urbaniza-
tion affects alien plant species composition and has a 
positive effect on alien plant abundance, richness, and 
diversity (Vilà and Ibáñez 2011), whereas the effect 
on native plant species is typically small, or there is 
no discernible effect (Wang et al. 2020). The higher 
level of urbanization in Dravsko polje than in Apaško 
polje is exhibited in the significantly higher richness 
and proportion of alien plants in Dravsko polje, even 
though similar native plant richness was recorded in 
both lowlands. In our study, forest fragments in a low 
urbanized matrix had a lower richness of alien plant 
species than similar-sized forest fragments embedded 
in a high urbanized matrix. Contrary to our expec-
tations the effect of urbanization level was less pro-
nounced in the smallest forest fragments. However, 
proximity to urban areas alone does not always result 
in increased invasion; instead, invasion depends on 
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proximity to settlements because alien plant prop-
agule pressure here is higher (Vidra and Shear 2008). 
Settlements with gardens in their backyards are major 
propagule sources of ornamental plants, which are 
mainly of foreign origin (Pergl et al. 2016).

We found a very strong correlation between over-
all ornamental alien plant and ornamental bush rich-
ness in forest fragments and the building index, which 
could serve as a surrogate for propagule pressure. For-
ests near settlements are under high human pressure, 
resulting in numerous disturbances. Forest fragments 
are crisscrossed with footpaths—corridors of highly 
disturbed, continuously trampled forest habitat. Walk-
ers can introduce plant propagules from the surround-
ing landscape, which become caught in their clothing 
and footwear and increase the number of non-forest 
plants in forest habitats. Illegal garden waste disposal 
in forest fragments additionally increased alien plant 
species richness, mainly ornamentals (Rusterholz 
et al. 2012). In Slovenia, approximately 10% of gar-
den owners dispose of garden waste in nearby forests, 
and doing this increases the risk of establishment 
and spread of ornamental plants into natural habi-
tats (Šipek and Šajna 2020). Ornamental alien plants 
established in forests in the vicinity of garden waste 
are usually few and subspontaneous, but they may 
become established, naturalized and even invasive in 
the future (Haeuser et al. 2018; Klonner et al. 2019).

On the other hand, arable land-cover decreased 
alien plant as well as invasive alien plant richness; 
however, it had no effect on native plant richness, 
which is consistent with other studies showing that 
the matrix had a higher impact on alien than native 
plants (González-Moreno et  al. 2013). Surprisingly, 
even alien weeds were in a negative relationship with 
an increasing proportion of arable land in the matrix; 
nevertheless, weeds are confined to arable land and 
are able to persist in forest edges (Honnay et  al. 
2002). Ohlemüller et al. (2006) previously found the 
negative effect of agricultural land-cover around for-
est fragments on alien plant richness, but the effect on 
native plant richness is unknown, while Daniels et al. 
(2019) even found a positive relationship between the 
percentage of arable land and invasive plant cover in 
forests.

Riparian zones such as riverbanks and floodplain 
forests are among the most highly invaded habitats in 
Europe (Castro-Díez and Alonso 2017; Marinšek and 
Kutnar 2017), which we can confirm from our field 

observations. Forest edges near rivers were covered 
by several invasive alien plants (Fallopia sp., Impa-
tiens glandulifera, Solidago gigantea and others). 
Therefore, we would expect to find a positive relation-
ship between invasive alien plant species richness and 
the presence of rivers in the forest fragments buffer 
zone. This was true only when the river was the sole 
explanatory variable included in the GLM (results not 
shown; p < 0.0001). However, when the river variable 
was included in the models beside other explanatory 
variables, it was not a significant predictor of alien or 
invasive alien plant species richness. Instead, other 
landscape variables were more important (e.g., shape 
of the fragment and the proportion of arable land). 
Another reason could be the relatively small number 
of fragments along the rivers. Only 8 fragments (17%) 
had a river (including streams and melioration canals) 
in a 200 m buffer zone, and 9 fragments (18%) had 
a river in at least a part of the forest edge. Besides 
that, even if the river was present in a forest buffer, 
environmental conditions of the forest fragment may 
prevent the establishment of alien or invasive alien 
plant species otherwise associated with river banks 
and floodplains. Similar to our results, Daniels et al. 
(2019) could not improve models predicting invasive 
plant cover in forests by including corridors such as 
roads and streams as explanatory variables in the 
models. Instead, other landscape variables were better 
predictors.

High-resource habitats are often more susceptible 
to invasion than those with limited resources (Funk 
2013). Variables indicating abiotic conditions of the 
forest fragments in this study explained a consider-
ably smaller proportion of plant species richness 
variance than landscape characteristics; however, 
they did influence alien plant species composition. 
As expected, weeds penetrating the forest fragments 
mainly from open agricultural landscapes were posi-
tively associated with greater light availability (Hon-
nay et al. 2002). On the other hand, ornamental her-
baceous plant species were positively associated with 
greater nutrient availability. We expected a positive 
effect of Ellenberg indicator values for nutrients on 
the richness of alien or invasive alien plant species. 
However, the analyses revealed a negative effect. Two 
main reasons could account for these findings. Firstly, 
the lack of indicator values of alien plant species may 
contribute to this result. The group of alien plant spe-
cies is very heterogeneous, including a wide variety 
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of ornamental species as well as weed species that 
are less dependent on nutrient rich sites. The second 
reason for this unexpected negative effect may be the 
relatively high values for nutrients in all forest frag-
ments ranging from 5.48 to 6.96 (mean nutrient value 
was 6.20).

Conclusion

When we overlook small forest fragments, especially 
if they are embedded in an urban–rural matrix, the 
landscape can lose its spatial coherence established 
in an otherwise unforested matrix. Our results sug-
gest larger forest fragments are not per se more resist-
ant to penetration and invasion of alien plant species; 
instead, invasion depends on the urbanization level of 
the matrix. Forest fragments preserved in an inten-
sive agricultural matrix can, on the one hand, support 
native plant species richness—–functioning as a bio-
diversity sanctuary in otherwise degraded landscapes, 
while at the same time the agricultural matrix act as a 
barrier against alien plant penetration from urbanized 
areas into the forest fragments. Therefore, conserv-
ing larger fragments of natural habitats is not by itself 
sufficient but should also take into account the matrix 
which is a source of anthropogenic disturbances and 
alien plant propagules. Finally, the high native plant 
species diversity of the smallest fragments, even with 
several forest specialist species indicates their high 
conservation value.
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