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Prediction of the appearance of tree of heaven  
in forest communities in western Slovenia

Abstract

Background and Purpose: Tree of heaven (Ailanthus altissima) is one 
of the most invasive tree species in Slovenia. Since its invasion into forests is 
expected, we must raise public awareness and prepare guidelines for forest 
management in the presence of invasive species. The aim of the research was 
to predict the potential distribution of tree of heaven, to detect the most 
endangered forest communities and to discover what characteristics of forest 
stands make them susceptible.

Materials and methods: From databases, literature sources and field 
observations, we collected all localities in which tree of heaven appears. We 
assigned these localities geological, geomorphological, soil and climatic data. 
We then built an ecological model and prepared a map of potential distribu-
tion. Based on the modelled future distribution of tree of heaven, we ran-
domly selected and sampled 50 plots in the area in which invasion is ex-
pected and outside of this area. We analyzed their morphological and 
ecological strategies, ecological conditions, origin and social behavior spec-
trum.

Results: We found that tree of heaven has the largest invasive potential 
in western Slovenia. The model showed that the most susceptible forest com-
munities appear in warm areas with pronounced climatic seasonality. Many 
differences occur in floristics and plant traits of forest communities in ex-
treme positions, in terms of susceptibility to invasion, but in transitional 
areas, these differences are not so obvious, only a higher pH of soil and ab-
sence of species characteristic of acidophilus communities are an indicator of 
vulnerability.

Conclusion: Susceptibility to invasion by tree of heaven is mainly in-
fluenced by macro-climatic conditions; in the transitional zone, communi-
ties thriving on shallow soils over carbonate bedrock are more vulnerable.

INTRODUCTION 

TH which is autochtonous in China was first introduced in Europe 
(Paris) in 1751 (3). It was disseminated because of its ornamental 

value and was also used for afforestation of dry sites, as well as for some 
economic purposes (e.g. for silkworm breeding) (4). TH is one of the 
most invasive species in Europe (5). It has a continuous distribution in 
the Mediterranean area and spreads along a gradient from the meridi-
onal to temperate zone (6–8). In Slovenia, it was first recorded in 1875 
and is nowadays spread all over the country (9). 

This is a typical pioneer woody species that appears in sites with 
various disturbances. It can often be introduced in an urban environ-
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ment (10). It is a species of early successional stages that 
can be found in forest stand gaps or in clearings (11). Its 
ecological strategy is competitor (12). It is rare in closed 
stands because it is outcompeted by competitive strong 
species of late successional stages (13). In the region under 
research, TH has been observed in sites in pole stages of 
forest development but not in established forest stands.

Several phases can be distinguished in the mechanism 
of establishment and dissemination of alien and invasive 
species (14). The longer an invasive species is present in an 
area, the more probable it is that it will inhabit all poten-
tial habitats. The first phase, the so-called lag phase, is the 
time between arrival and the beginning of fast growth 
and spread. Among the reasons for this delay can be con-
sidered: a lack of habitats propitious for its settlement, 
their interdependence with other plants or unsuitable 
genetic diversity. This phase can last decades, or even cen-
turies, but some species can be invasive immediately. 

Intensive studies have been performed in the past to 
discover how invasive plants, their plant functional types 
and recipient environment interact, in order to determi-
nate the level of impact (15–17) and to predict the inter-
relation between an invasive species and the recipient 

community (18). Plant functional types are a non-phylo-
genetic grouping of species showing close similarity in 
their response to environmental and biotic factors (19–
20). There are two main approaches in the classification 
of functional types (21); the first is more concentrated on 
morphological features, such as Raunkier’s life forms (22), 
whereby the morphology of species changes depending 
on the changing environment. The second approach is 
based on ecological strategies, for which we used Grime’s 
model of CSR (23). This model is based on how plants or 
plant communities deal with stress and disturbance.  
There are main strategies: competitors, stress tolerators 
and ruderals, and their combinations. The position of 
each species, as well as of communities, can be deter-
mined in a CSR triangle. The community thus gets a 
functional signature (24).

Since there are still gaps in this knowledge, the aim of 
our study was to discover which forests are threatened by 
TH invasion and what their main characteristics are that 
make them predisposed to invasion. Our task was to as-
certain the present distribution of TH in Slovenia. On 
the basis of the present distribution of TH and variables 
based on geology, geomorphology, soil data and climate, 
to prepare an ecological model of its potential distribu-

Figure 1. Map of distribution of TH in Slovenia. Localities with exact coordinates are indicated with black and localities presenting centroids 
of quadrants by yellow points. The data are presented in MTB grid.
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tion. Our goal was also to discover which forest types are 
the most endangered by invasion and what makes them 
vulnerable.

METHODS

Data on existing locations of TH in Slovenia were col-
lected from databases (25–26) and from available habitat 
mapping data (27), and some field observations were also 
done. The locations from databases and field observations 
were geocoded, while the coordinates from habitat map-
ping data were calculated as centroids of polygons in 
which TH occurs. All the coordinates of TH occurrence 
in Slovenia were integrated into ArcGIS and a map was 
prepared. 

Since TH is distributed only sporadically in eastern 
and central Slovenia, our research was focused on the 
western part of Slovenia. A model of TH potential distri-
bution was constructed for this area. In recent decades, 
modelling techniques have been developed that enable the 
production of relatively exact maps of the potential dis-
tribution of species and communities based on present 
species localities, environmental factors and accurate 
modelling techniques (28–29). 

The basis for the preparation of the model was data on 
localities in which TH occurs (346 points) and localities 
in which TH was not found (1124 points) (29). We as-
signed to each locality information on bedrock (30), geo-
morphological conditions extracted from digital model of 
relief (31), soil type (32) and climate extracted from 

WorldClim database (33). As the main transport corridor 
in the region is valley of the river Soča that correlates with 
climatic corridor for penetration of the Mediterranean 
climate towards the Alps, we did not take a transporation 
network as input data for the analysis. Correlated vari-
ables were excluded anyway. In order to ascertain the 
conditions that allow the appearance of TH we used the 
program package WEKA (34–35). Within this program 
we produced a classification decision tree by using algo-
rithm J4.8. We increased the values of the minimum 
number of instances in a leaf while other parameters of 
the algorithm were set to their default values (minimum 
number of instances in a leaf: 2, use of unpruned trees: 
no, confidence factor used in postpruning: 0.25, subtree 
raising operation in postpruning: yes, use of binary splits: 
no). Several potential models were thus obtained. The 
final selection of the model was based on the qualitative 
predictive performance estimated with 10-fold cross val-
idation. The model with the highest percentage of cor-
rectly classified instances was selected (Fig. 2).

For visualization of the results and preparation of the 
map of potential distribution of TH in western Slovenia, 
we determined in ArcGIS systematic points over the en-
tire selected region at a distance of 100 m. We then used 
the decision rules of the classification tree to define 
whether the conditions at a particular point are suitable 
or unsuitable for TH occurrence. A map of potential dis-
tribution of TH was thus obtained. 

In order to determine which are the most endangered 
forest communities for TH invasion, we first did field 
sampling. We randomly selected 25 points within the area 

Figure 2. Model prepared by WEKA program. 
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of potential distribution of TH and the same number in 
the area outside potential distribution of this species. We 
used the shape of forest surfaces to ensure that points were 
located within forest (36). On these locations, we sampled 
200 m2 large plots according to the standard procedure: 
floristic inventory of each plot, plant species abundance 
and cover were estimated by a seven grade scale and the 
general characteristics of the stand were estimated (37).

We entered the data into the Turboveg program (38) 
and elaborated them in the program package Juice (39). 
We then performed clustering, Detrended Correspon-
dence Analysis (DCA) with passively projected bioindica-
tor values, comparison of bioindicator values, chorotypes, 
morphological and ecological functional types between 
clusters to detect the floristic, ecological, structural and 
other features and to discover differences in communities 
that thrive in the area of potential distribution of TH and 
outside. In this way we estimated the characteristics of 
invaded and non-invaded stands, and from the differ-
ences tried to establish the main characteristics that make 
communities susceptible to invasion of TH.

Floristic similarities among communities were com-
pared using cluster analysis. We eliminated the relevé 
with SD higher than 2 calculated on the basis of relative 
Euclidean distance from further analysis. We prepared a 
dendrogram, in which the original seven graded scale was 
transformed to percentages and square rooted. We used 
Euclidean distance and the Ward method for grouping 
the samples. These data were also subject to Detrended 
Correspondence Analysis (DCA) prepared in R software 
(40) using the vegan package (41). Bioindicator values 
were passively projected onto the two-dimensional ordi-
nation space of DCA.

We calculated the characteristic species for each cluster 
with a fidelity measure and the Fisher test (42). The fidel-
ity measure was set to 0.5 in order for a species to be di-
agnostic. 

In addition to the traditional approach to determine 
the characteristic features of communities, we also per-
formed analysis of bioindicator values, chorotypes, plant 
functional types (morphological and ecological) and spe-
cies behavior types, which reflect the ecological condi-
tions, origin, structure and functionality of communities. 
We calculated all values on the basis of presence/absence 
data. The results are presented by Box-plot diagrams and 
differences between groups were calculated by Kruskal-
Wallis test. We used Pignatti ecological bioindicator val-
ues reflecting ecological conditions in the community and 
they were set for each species according to Pignatti (43). 
The data for the analysis of chorotypes, morphological 
features and ecological strategies were provided by the 
BiolFlor database (44), Flora d Ìtalia (45) and local flora 
(1).

We also calculated social behavioral type, which is es-
timated according to the accepted phytosociological 

placement of each species in the syntaxonomic system 
(46). Its structure in an individual forest type reflects eco-
logical conditions, dynamics and relationship within the 
community (47). We considered the following types: spe-
cies of mesophilous forests Carpino-Fagetea, species of 
thermophilous deciduous forests Quercetea pubescentis, 
forest edge Trifolio-Geranietea, dry grassland Festuco-
Brometea, shrub and mantle species Rhamno-Prunetea, 
species of acidophilous forests Vaccinio-Picetea and Quer-
cetea roboris and species of forest clearings Epilobietea. 

RESULTS

We collected all available information about appear-
ance of TH and prepared the map of distribution (Fig. 1). 
It shows that TH can only be found sporadically in the 
central and eastern part of Slovenia, mostly along rivers, 
whereas in the western part of the country, the distribu-
tion of TH is denser.

The model, prediction of which can be accepted with 
87.96 % probability, shows (Fig. 2) that the most dis-
criminating variable for identification of TH habitat is the 
mean temperature of the coldest quarter (winter). Based 
on the structure of the model suitable conditions for TH 
distribution are there where the mean temperature of the 
coldest quarter is higher than 3.8 °C and precipitation 
occurs seasonally or where the mean temperature of the 
coldest quarter is lower than 3.8 °C, and the precipitation 
of the driest quarter (summer) is low, altitude is below 655 
meters, temperature seasonality is low and inclination is 
less than 23.8°.

The model visualization (Fig. 3) showed that TH ap-
pears in the south-western part of Slovenia (at the Adri-
atic coast), below the Karst edge, on the Karstic plateau, 
in the Vipava Valley and in the southern part of Goriška 
brda. It is also distributed along rivers in more alpine re-
gions.  

The Alnus glutinosa dominated community was elimi-
nated from further analysis, because it was an outlier. The 
classification (Fig. 4) revealed that relevés can be classified 
within four clusters (groups). The first and the second 
groups were mainly sampled in areas in which TH is po-
tentially distributed, whereas groups 3 and 4 were sam-
pled in the area beyond it.

Figure 5 shows bi-plot of four groups of forest commu-
nities with passively projected bioindcator values on first 
two ordination axes of the DCA analyses. The main gra-
dient is along the first axis, representing the transition 
between communities classified by cluster 1, susceptible 
to invasion of TH, to cluster 4 communities that are not 
expected to be invaded. The position of clusters 2 and 3 
along this axis is not so distinct but they can be distin-
guished on the second axis.

According to floristic analysis (Tab.1), diagnostic spe-
cies for clusters 1 and 2 are Hedera helix, Sesleria autum-
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Figure 3. Map of potential distribution of TH in the western Slovenia.
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nalis and Ruscus aculeatus; diagnostic species for cluster 3 
and 4 are Oxalis acetosella, Prenanthes purpurea, Maian-
themum bifolium, Athyrium filix-femina and Polytrichum 
formosum. Diagnostic species for cluster 1 are Cotinus cog-
gygria, Vincetoxicum hirundinaria, Ligustrum vulgare and 
Crataegus monogyna; for cluster 2 are Asarum europaeum 
and Galium laevigatum, for cluster 3 are Carex montana, 
Fragaria viridis, Euonymus europaeus, Festuca heterophylla 
and Cephalanthera longifolia; and for cluster 4 are Ctenid-
ium molluscum, Cardamine trifolia, Isothecium alopecuroi-
des, Neckera crispa etc.

The dominant tree species in cluster 1 are Carpinus 
betulus, Quercus cerris, Fraxinus ornus, Pinus nigra, Pinus 
sylvestris, Robinia pseudoacacia, Quercus petraea, Ostrya 
carpinifolia and Castanea sativa; in cluster 2 are Fagus syl-
vatica, Ostrya carpinifolia, Robinia pseudoacacia, Tilia 
cordata and Ulmus glabra; in cluster 3 are Fagus sylvatica, 
Castanea sativa, Pinus sylvestris and Quercus petraea; and 
in cluster 4 are Fagus sylvatica, Picea abies and Abies alba.

The analysis showed clearly that TH can be expected 
in forests forming cluster 1, composed of sub-Mediterra-
nean lowland hornbeam forests, secondary black and scots 
pine forests, turkey oak forests, sessile oak forests and 
pubescent oak and hop-hornbeam forests. Cluster 2 is still 
susceptible to TH invasion and is composed of submon-
tane and thermophilous beech forests, as well as ravine 
forests. Cluster 3, which is less susceptible for TH inva-
sion, is composed of montane beech forests, chestnut for-
ests, sessile oak forests and scots pine forests. Cluster 4 is 
also less susceptible to TH invasion and is dominated by 
beech, Norway spruce and silver fir forests. In all these 
forests the shelterwood management system is applied. 

The ecological conditions represented by bioindicator 
values in these communities are given in Fig. 6. In the 
cases of light, temperature, humidity and nutrients, a 
maximum difference (p < 0.001) can be found at two 
extreme positions in cluster 1 and cluster 4, whereas clus-
ters 2 and 3 are in-between. Soil reaction shows that clus-
ters 1 and 2, representing susceptible communities for 
invasion, show a higher soil reaction than the other two 
clusters.

The origin of species (Fig. 7) shows that forest com-
munities originating from the Mediterranean area (clus-
ters 1 and 2) are more susceptible to invasion. On the 
other hand, forests originating from colder areas (boreal, 
mountains) are less vulnerable.

Figure 4. Dendrogram of sampled forest communities revealed four 
clusters (groups). Clusters 1 and 2 are susceptible for TH invasion 
and cluster 3 and 4 are not.

Figure 5. DCA analysis of forest communities with passively pro-
jected bioindicator values. Legend: red circles – group 1, blue 
squares – group 2, green triangle – group 3, yellow diamond – 
group 4. Groups correspond to Fig. 4.

Figure 6. Box-plots of Pignatti bioindicator values for light, tem-
perature, reaction (pH), nutrients and humidity. Box plots present 
median, interquartile range, maximum, minimum and outliers. 
Legend: numbers on y axis present mean bioindicator values, sam-
ples are grouped as in Fig. 5.
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Morphological functional types (Raunkier’s life forms) 
(Fig. 8) show that there are more phanerophytes in poli-
dominant (sub)Mediterranean forests and more hemicryp-
tophytes and geophytes in montane forests.

Ecological strategies (Fig. 9) show that most of plots 
are situated in the CS part of the CSR space. The separa-
tion of relevés in the plot is hardly possible, but we can 
detect more plots from cluster 1 and 2 with more pro-
nounces competitor strategy and cluster 3 and 4 with 
more stress tolerators. 

Social behavioral types (Fig. 10) show the predomi-
nance of species from thermophilous deciduous forest, 
forest edges and grassland communities in the (sub)Med-
iterranean influenced forests in cluster 1; clusters 2 and 3 
are in-between, and cluster 4 is dominated by species of 
mesophilous and acidophilous forests.

Figure 7. Box-plots of origin of species (chorotypes) in each group. 
Legend: numbers on y axis present percentage of each chorotype, 
samples are grouped as in Fig. 5.

Figure 8. Box-plots of morphological functional types. Therophytes 
are not present in most of samples (76%) in the other they have a 
minor presence. Legend: numbers on y axis present percentage of 
morphological functional types, samples are grouped as in Fig. 5.
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tia (48–49). In this area, TH has settled all appropriate 
niches, whereas in central and eastern, more continental 
parts of the country, it can be found only along transport 
networks and rivers, which are the main drivers for the 
spread of TH (8, 50). In this part, TH invasion has re-
mained in the lag phase for 150 years since its arrival in 
Slovenia (9, 14). It is important to survey TH in the future 
in those areas, in part because expected global warming 
will cause Mediterranean-like changes of the climate (51) 
and faster expansion of invasive species can be expected 
(52).

TH appears in the areas close to the Adriatic Sea. It 
also appears on the karstic plateau, with more pronounced 
summer hydric stress (precipitation seasonality), but does 
not appear above an altitude of 655 meters. The lower 
temperature seasonality excludes the hilly region of Br-
kini, lying at lower altitudes in the hinterland. TH is also 
distributed along the alpine rivers, which allow the flow 
of warm air. The appearance in the Bovec region is the 
result of planting in the past but the mild and humid lo-
cal climate apparently suits it. Slope is of a local character 
and is decisive for the appearance of TH on a smaller scale 
in the transitional area.

The classification and ordination diagram with pas-
sively projected indicator values shows that the main divi-
sion is on the axis light – moisture, whereby dry and light 
(sub)Mediterranean forests classified within the cluster 1, 
susceptible for invasion by TH, are on the one side and 
humid and closed, less vulnerable forests of cluster 4 on 
the other. This division can be explained by climatic 
separation. TH spreads along the gradient from Mediter-
ranean areas towards the continent. Just as in the Medi-
terranean area the distribution of TH is mainly affected 
by site fertility, in the continental parts of Europe climate 
is decisive (6). However, in the transitional zone the ap-
pearance is influenced by other factors of a more local 
character (e.g. soil) (53).

Light is certainly one of the crucial factor that enable 
the invasion of TH. TH is one of the species that par-
ticipate in afforestation of abandoned grasslands. At the 
same time it can be expected also in young forest (e.g. in 
pole stage), but our research was focused on established 
forests (11). At the same time it should also be taken in 
consideration that the closure of canopy is different be-
tween oak, beech and spruce tree (54), but it corresponds 
to the forest type. There exists an interrelation between 
climate, forest type and light availability at herb layer.

TH is expected to invade more intensively hornbeam, 
black and scots pine forests, as well as turkey and sessile 
oak forests and pubescent oak and hop-hornbeam forests. 
It can also easily appear in submontane and thermophi-
lous beech forests and in ravines. Invasion is less likely in 
acidophilous sessile oak, chestnut and scots pine forests 
and in montane beech, Norway spruce and silver fir for-
ests. (55–60). The riverine forest dominated by Alnus 

Figure 10. Box-plots of social behavioral types. Legend: FAG - species 
of mesophilous forests, PUB - species of thermophilous deciduous 
forests, RHA - shrub and mantle species, PIC – species of acidophi-
lous forests, EPI species of forest clearings, GER – species of forest 
edges and dry grasslands. Numbers on y axis present percentage of 
each social behavioral type, samples are grouped as in Fig. 5.

Figure 9. CSR diagram with ecological functional types. Position of 
the section in the CSR triangle is presented in the upper right side. 
Legend: see Fig. 5.

DISCUSSION

Analysis of present occurrence showed that a dense 
population of TH can be found only in the western part 
of Slovenia, which is under the influence of the Mediter-
ranean Sea. The situation is similar in neighboring Croa-
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glutinosa that was eliminated from the analysis can also 
be added to the group of susceptible communities. This 
stand was sampled within the area susceptible to TH in-
vasion. Riverine forests from other regions have already 
been recognized as vulnerable (61).

The ecological bioindicator values (43) show two ex-
tremes, cluster 1 is characterized by high light and tem-
perature and low humidity and nutrients, and vice versa 
for cluster 4. Clusters 2 and 3 are in an intermediate posi-
tion. TH is drought resistant (62) and does not tolerate 
shading (11). It seems that nutrients do not have an im-
portant role (6). The only exception in the case of indica-
tor values is the pH of the soil, moderately alkaline soil 
can be found within clusters 1 and 2, which are more 
susceptible to TH invasion, and neutral pH indicator val-
ues in clusters 3 and 4, which are less vulnerable to inva-
sion. It can be concluded that TH is a good competitor 
on shallow soils on carbonate bedrock (63).

The analysis of chorotypes confirmed the (sub)Medi-
terranean origin of the species (3). In forests from suscep-
tible clusters 1 and 2, a higher proportion of Mediterra-
nean and Eurasian elements can be found, whereas 
clusters 3 and 4 show a higher proportion of boreal species 
and species from SE European Mountains.

Morphological life strategies reflect to a major extent 
the climatic conditions (64) and therefore more phanero-
phytes can be found in polidominant (sub)Mediterranean 
forests and more hemicryptophytes in the more mesic 
forests of cluster 4. More geophytes can be found in mesic 
sites on carbonate bedrock (65–66).

As all here observed tree species has C strategy in da-
tabase (44), this would mask eventual differences, we 
calculated the CSR signature only on the basis of the herb 
layer (67). The position of the CSR signature is close to 
the CS axis, which means that these communities are 
final stages of development. More competitors can be 
found in cluster 1 and more stress tolerant and ruderal 
species in the other three clusters. The higher proportion 
of the latter strategies is caused by shading in closed 
stands and human impact in more productive forests 
(68–69). We could not find reasons for vulnerability from 
the ecological signature. It has already been established 
that TH can invade initial successional stages and forest 
gaps and clearings, in which the ruderal signature is much 
more pronounced (69).

Social behavioral type shows the predominance of spe-
cies from thermophilous forests, shrubby species and spe-
cies from forest edges and dry grasslands in cluster 1 and 
partially also in clusters 2 and 3, whereas cluster 4 is 
dominated by species of mesophilous and acidophilous 
forests. A difference between clusters 2 and 3 is recogniz-
able and coincides with the bioindicator value for soil pH 
(soil reaction). In communities from clusters 1 and 2, 
which are susceptible to invasion of TH, a low proportion 

of species from acidophilous forests can be found. These 
species do not appear on shallow soils on carbonate bed-
rock and create a difference with communities of cluster 
3 (and 4) appearing on deep, decalcified soils (70–71).

Our research, which forecasts the future distribution 
of TH in the studied region, will offer the basis for the 
preparation of measures to prevent its spread. Such pro-
cedures are common in other parts of the world (72), al-
though it is also necessary to take into consideration the 
opinion of Brus et al. (73), who thinks that we must re-
consider our perception of TH and to accept it as part of 
our natural environment.

CONCLUSION

Dense populations of TH can be found only in the 
western part of Slovenia, whereas in central and eastern 
Slovenia TH appears only sporadically, mostly along rivers. 

We found that the main factor that initiates the inva-
sion of TH on a larger scale are macro-climatic condi-
tions, and site conditions on a smaller scale. In the re-
search area, the main factor for the appearance of TH is 
the influence of the Mediterranean climate on a larger 
scale and deep, decalcified soils on a smaller one.

TH can be expected in sub-Mediterranean lowland 
hornbeam forest, secondary black and scots pine forests, 
turkey oak forests, sessile oak forests and pubescent oak 
and hop-hornbeam forests as well as in submontane and 
thermophilous beech forests and in ravine forests. Forests 
that are less susceptible to TH invasion are montane 
beech forests, chestnut forests, sessile oak forests, scots 
pine forests and forests dominated by beech, Norway 
spruce and silver fir.
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