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Abstract

In Bosnia and Herzegovina, black alder appears in scattered smaller forest stands, fragments 
and patches that are still not spatially separated and allocated in management plans, despite its 
high ecological importance. The objective of this study is to model a black alder ecological niche 
considering combined effects of climate, hydrological and air quality determinants to support 
decision-making of conservation and restoration activities on a local/regional level. Black alder 
occurrence was registered on 72 temporary sample plots representing about 1500 trees in the 
Bosna River basin corresponding to Level 6, EU-Hydro River Network Database. Six climatic 
variables (average annual temperature, minimum temperature, maximum temperature, sum of 
temperature above 5°, sum of precipitation, maximum precipitation), five hydrological variables 
(average annual flow, minimum flow, maximum flow, flow between 1961–1990 and water 
level) and five air quality variables (average annual concentration of air particulate matter of 
PM2.5 and PM10 mm, SO2, NO2, maximum  CO2) were interpolated spatially on 10 m grain 
size based on hydro-meteorological data from 13 national stations. The MaxEnt method was 
used to predict spatial distribution model, where predicted occurrence probabilities are classified 
in habitat suitability classes. The MaxEnt model revealed high-quality spatial prediction 
(AUC=0.95). The most significant determinants were average annual sum of precipitation and 
average annual 24-hour maximum  CO2 concentration (cumulative about a 72% contribution). 
The highest occurrence probabilities were related to areas with less than 1400 mm of annual 
sum precipitation and elevated CO2 linked to low NO2. The areas with high species occurrence 
are mainly located in continental Bosnian Internal Dinarides in the valley and partly on hilly 
and sub-mountainous positions overlapping pedunculated oak-hornbeam and Illyrian sub-
mountainous beech forests. Modeled ranges of precipitations and air variables concentrations 
indicate that black alder prefers continental low hilly and plane positions covering forest edges, 
although some suitable ecological niches are predicted in sub-urban and peri-urban green areas. 
The obtained model of species distribution determined spatially ecological niches important for 
conservation and restoration to maintain ecological services and biodiversity as well as aes-
thetic and recreational roles of black alder, which are important for local communities.

Keywords: species distribution model, average annual sum of precipitations, average annual 
24-hour maximum  carbon dioxide concentration, Bosnia and Herzegovina

1. Introduction
Black alder (Alnus glutinosa [L.] Gaertn.) is a broad-

leaved species naturally widespread across Europe 
along a wide ecological gradient. It mostly occurs be-
low 800 m in elevation in riparian zones, river basins 
and streams (Slezák et al. 2011, 2017, Hrivnák et al. 

2013, 2022, Caudullo et al. 2017), but it is occasionally 
registered in hilly and mountainous areas up to 1800 
m (Barudanović 2003, Milanović and Stupar 2017, 
Lukyanets et al. 2022). Although it is known as a toler-
ant species, suitable environmental conditions for 
black alder include a continental and more humid cli-
mate with sufficient water supply during dry and 
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warm summer periods and satisfactory access to 
groundwater (Claessens et al. 2010). For edge-distrib-
uted alder populations in southern Europe, high at-
mospheric humidity during reproductive cycle phases 
is an important climate parameter for development 
(Bensimon 1985).

Climate change, anthropogenic pressures, and site 
fragmentation are the main threats to alder forest de-
cline and spatial distribution loss, especially for the 
southern European and Mediterranean populations in 
river basins (Palmer et al. 2008, Rojo et al. 2021). Anthro-
pogenic pressures such as agriculture and urban expan-
sion have led to a significant reduction of floodplain 
forests, leaving behind fragmented patches, which are 
increasingly threatened by a range of factors, including 
climate change, invasive species, altered hydrological 
regimes, eutrophication, intensive forest management, 
and the discontinuation of traditional land use, which 
all contribute to habitat homogenization across multi-
ple spatial scales (Havrdová et al. 2023). Increasing arid-
ity in upper river basins (Attorre et al. 2011) and alder 
pollen season delays (Rojo et al. 2021) will lead to a re-
duction in black alder habitat under future climate 
change. Sakalli (2017) predicted that climate change will 
affect Alnus spp. migration northwards in the Northern 
Hemisphere. Vukelić et al. (2006) analyzed the changes 
in the most productive and diverse black alder stands 
in Podravina (Drava River basin in Croatia) related to 
variations in ecological conditions due to anthropo-
genic pressures that transformed the river morphology. 
These authors highlighted the disappearance of hydro-
phytes and hygrophytes, the expansion of thermopiles 
species, and syndynamic development of recognizable 
communities. The described threats indicate the need 
for a careful assessment of black alder spatial distribu-
tion. The majority of studies of forest tree species spatial 
distribution address climate factors as the primery and 
other ecological factors as a secondary determinant, al-
though interactive effects are indispensable. Hemery et 
al. (2010) and Luedeling et al. (2011) reported a limiting 
influence of precipitation and temperature on alder for-
ests, addressing aridity and warming as the most sig-
nificant factors. The most recent research discussed 
range shifts of five Alnus species in China under future 
climate scenarios (Yang et al. 2025). This study projected 
habitat contraction, range expansion as well as a poten-
tial species migration indicating species-specific pat-
terns. Authors emphasized cosmopolitan distribution 
of Alnus species and challenge to investigate alder spe-
cies response on climate changes in other temperate 
zones globally.

Several studies have highlighted the strong impact 
of hydrological changes on alder growth, with nega-

tive connotations of over-flooding and water logging, 
and prevalence significance compared to climate fac-
tors (Kozlowski 1997, Laganis et al. 2008, Douda et al. 
2009, Rodríguez-González et al. 2010, 2014, Tulik et al. 
2020). Rojo et al. (2021) highlighted the river flow con-
tribution to alder forests. Potential alder habitats can 
be identified by combining factors interaction, not 
only climatic variables alone (Sakalli 2017). As empha-
sized by Vogel et al. (1997) and Temperton et al. (2003), 
black alder is competitively exposed to air pollution 
as well as elevated carbon dioxide (CO2) concentra-
tions, so air quality variables also appear to be poten-
tial determinants of habitat suitability. De Marco et al. 
(2022) quoted that some modeling studies demon-
strated that jointly assessing the effect of climate 
change and air pollution greatly helps to understand 
forests as well as their future development.

In Bosnia and Herzegovina, as in many other Euro-
pean countries, alder forests occupy a small surface area 
(approximately 1%) (Claessens et al. 2010). Here, black 
alder forests do not have high economic value but their 
ecological contribution is recognized and confirmed. By 
analyzing the distribution and origin of cytotypes of A. 
glutinosa in Europe, Mandák et al. (2016) found that tet-
raploid black alder populations occupied two distinct 
areas: the Iberian Peninsula (Portugal, Spain) with 
northern Africa (Morocco) and the Dinaric Alps and 
adjacent areas of Greece, Albania, Montenegro, Serbia 
and Bosnia and Herzegovina. These authors found that 
diploids and tetraploids overlap to a small degree in the 
Dinaric Alps and that triploids appear in the Balkan 
populations. All three groups are registered in the Di-
naric part of the Bosna River basin, highlighting their 
ability to grow at the bottom of deep valleys at lower 
elevations around the core tetraploid populations, 
which indicates black alder adaptation at sites in the 
Bosna River basin and emphasizes their importance as 
genetic pools (Mandák et al. 2016). 

Black alder sites in the Bosna River basin are most-
ly fragmented, in river lines and valley microclimate 
locations providing ecological services over produc-
tivity, especially on warmer borders of its natural 
range (Starčević et al. 2023, 2024). There are only a few 
reviews about black alder habitat in Bosnia and Her-
zegovina, and they are fairly under-investigated in 
relation to larger rivers and their tributaries (Lakušić 
et al. 1978, Douda et al. 2009, Dukić et al. 2012, 
Milanović and Stupar 2017, Koljanin et al. 2023).

Recent studies of the current and future spatial dis-
tributions and habitat suitability of forest tree species 
have relied on different software and algorithms. 
Some studies achieved high model performance using 
MaxEnt software for modeling species niches and dis-
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tributions. MaxEnt algorithm requires observation of 
occurrence of investigating phenomenon only (pres-
ence-only data) and, as other spatial modeling proce-
dures, presumes spatial representativity (Phillips et al. 
2006).

Modeling of current and future tree species distri-
butions in the Western Balkans, using MaxEnt, was 
performed for the main forest species (i.e. holm oak 
(Quercus ilex), downy oak (Q. pubescens), pedunculate 
oak (Q. robur), sessile oak (Q. petraea), European beech 
(Fagus sylvatica), silver fir (Abies alba), mountain pine 
(Pinus mugo) and Scots pine (P. sylvestris) (Vukelić et 
al. 2010). Sallmannshofer et al. (2021) predicted global 
and regional models for seven riparian foundation 
species: black alder, narrow-leaved ash (Fraxinus an-
gustifolia), European ash (F. excelsior), black poplar 
(Populus nigra), pedunculate oak, field elm (Ulmus mi-
nor) and European white elm (U. laevis) within the 
transboundary Biosphere Reserve along the Mura-
Drava-Danube rivers.

The objective of this study is to model ecological 
niche and evaluate habitat suitability for black alder 
concerning current climatic, hydrologic, and air qual-
ity conditions in the Bosna River basin. The stated 
aims were:

Þ �to determine climatic, hydrological and air vari-
ables of the highest importance for black alder 
occurrence based on the MaxEnt best perfor-
mance

Þ �to determine spatially the most suitable habitats 
for black alder occurrence

Þ �to analyze overlapping suitable habitats for 
black alder with other forest types present in the 
lowland of the Bosna River basin.

In line with the stated objectives, the following re-
search hypotheses were formulated:

Þ �climatic and hydrologic factors as well as air 
quality influence the occurance of black alder in 
the Bosna River basin

Þ �a specific subset of variables from these environ-
mental groups is relevant in determining the 
presence of black alder

Þ �black alder is found in habitats overlapping with 
other lowland forest types, indicating a degree 
of ecological flexibility in its habitat preferences.

2. Materials and Methods

2.1 Study Area
The study area covers the Bosna River basin lo-

cated in central Bosnia and the middle part of northern 

Bosnia near the Sava River. It is located between 
43°35ʹ45.77ʺ–45°5ʹ0.36ʺ latitude and 17°26ʹ53.95ʺ–
19°3ʹ3.41ʺ longitude, and ranges from 85 m to 2080 m 
a.s.l. on 10.510 km2 (Fig. 1). Current vegetation is clas-
sified as mesophilic deciduous broadleaved and coni-
fer-broadleaved forests – Level I (EEA 2006). Accord-
ing to ecological-vegetation regionalization (Stefanović 
et al. 1983), Bosna River basin covers two eco-regions: 
the Internal Dinarides and the Pannonian region.

The continental climate, influenced and modified 
with reliefs and altitudes, dominates the whole Bosna 
River basin. The upper and middle watersheds are 
situated near Igman Mountain and hills at higher alti-
tudes, while the lower part occupies the southern Pan-
nonian plain on the north where the Bosna flows into 
the Sava River. The course of the Bosna River is di-
rected northward, following the decreasing altitude of 
the mid-range Bosnian mountains. The Bosna River 
has a relatively high-water flow level in spring, while 
water flow levels are lower in summer, autumn and 
winter.

2.2 Terrestrial Sampling
To perform spatial distribution modeling using 

MaxEnt algorithm, observations of occurrence (pres-
ence data) of black alder were registered on 72 loca-
tions strategically identified in previous research in 
Bosna basin. To confirm black alder presence, we es-
tablished a temporary plot of various sizes (encom-
passing homogenous group of alder trees randomly) 
per location, georeferenced center of plot and counted 
all trees. Minimum area of sample plot, with more 

Fig. 1 Study area. Bosnia and Herzegovina (boundary) and Bosna 
River basin (grey) with temporary sample plots (dark grey)
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than 50% black alder in number of trees, was 200 m2 
(to relate terrestrial record with environmental spatial 
variables interpolated on a pixel size of 10x10 m). Geo-
located plot centers refer to black alder presence on 
forested and other land-use classes (riparian zones 
outside of forests, industrial suburban and peri-urban 
areas, riversides near agricultural land). Plot center 
distribution assured spatial representativity relevant 
for spatial modeling.

In this study, the available selected climatic, hydro-
logical and air quality variables, registered in hydro-
meteorological yearbooks for 2019 (hydrology), 2021 
(air) and 2022 (climate) (Federal Hydro-meteorologi-
cal Institute 2019, 2022a, b), were spatially interpolated 
covering all of Bosna and Herzegovina (Table 1). Ras-
terized thematic maps of climate, hydrological and air 
variables were used as continuous predictors in Max-
Ent modeling.

2.3 MaxEnt Modeling
Spatial distribution modeling of the black alder 

ecological niche was performed with MaxEnt software 
(Phillips et al. 2004, Phillips et al. 2006). The MaxEnt 
settings were used to adjust environmental and occur-
rence data. Although preferred black alder ecological 
niches are known, to avoid sampling bias, the terres-
trial recording was comprehensive to cover less pre-
ferred areas as well. Also, if sample selection bias oc-

cures, MaxEnt alghortim uses background sampling 
strategy model parametar tuning (Phillips et al. 2006). 
Then, to preserve the proportional contribution of en-
vironmental conditions, spatial filtering was used to 
remove duplicate presence records (Radosavljevic and 
Anderson 2014).

First, correlation analysis between environmental 
layers was performed to check for variable multi-col-
linearity. Variable selection was based on the analysis 
performed with ENMTools R software program (R 
Core Team 2020). A raster correlation matrix was gen-
erated and used to examine groups of highly corre-
lated variables and evaluate relationships between 
variables relevant for modeling. We relied on Merow´s 
statistical approach recommended by Petitpierre et al. 
(2017), where a small number of »proximal« variables 
were used.

Ten bootstrapping runs with 30/70 partition per-
centages were used to fit the models and evaluate the 
average model as well as the predictive performance 
of proximal variables. The response curves based on 
MaxEnt exponential model were analyzed to examine 
how the logistic prediction changed as each variable 
varied and all other variables were kept at their aver-
ages. To examine the contribution of each variable, the 
Jack-knife statistical technique was used. To assess the 
success of the model, the AUC (Area Under the Re-
ceiver Operating Curve) was used (Wang et al. 2023). 

Table 1 Climatic, hydrological and air variables

Type variable Code Description Source

Climatic

T Average annual temperature, °C

[1]

Tmin Average annual minimum temperature, °C

Tmax Average annual maximum temperature, °C

Tsum5 Average annual sum of temperature above 5°, °C

Rsum Average annual sum of precipitation, mm

Rmax Average annual maximum precipitation, mm

Hydrological

Q Average annual flow 2019, m3/s

[2]

Qmin Average annual minimum flow 2019, m3/s

Qmax Average annual maximum flow 2019, m3/s

WF Average annual flow 1961–1990, m3/s

WL Average annual water level 2019, cm

Air

PM2.5 Average annual particles PM2.5 concentration, mg/m3

[3]

PM10 Average annual particles PM10 concentration, mg/m3

NO2 Average annual nitrogen dioxide concentration, mg/m3

SO2 Average annual sulphur dioxide concentration, mg/m3

CO2max Average annual 24-hour carbon dioxide concentration, mg/m3

Federal Hydrometeorological Institute: Meteorological Yearbook 2022 [1], Hydrological Yearbook 2019 [2], Annual Air Quality Report in the Federation of Bosnia and Herzegovina for 2021 [3]
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The AUC value refers to the success of the model, in-
dicating very good model success for values greater 
than 0.9, good model success for values in the range 
of 0.8–0.9, and poor success for the model with an AUC 
below 0.8 (Swets 1988, Phillips et al. 2004, Walden-
Schreiner et al. 2017). The AUC values were compared 
for the training and test subsets to evaluate model fit-
ting. Finally, the MaxEnt output map with cumulative 
raw values of the relative occurrence rate of black al-
der, rescaled to a range of 0–1, was generated. The 
predicted probabilities were mapped on the study 
area at a 10 m resolution in accordance with the inter-
polated environmental variables. To classify habitat 
suitability, the following ranges were applied: values 
below 0.05 were considered unsuitable, values be-
tween 0.05 and 0.33 indicated low suitability, values 
between 0.33 and 0.66 indicated medium suitability 
and values above 0.66 suggested highly suitable habi-
tat (Gong et al. 2022).

3. Results

3.1 Climate, Hydrological and Air Quality 
Conditions

The descriptive statistics of the selected climate, 
hydrological and air variables for the 72 temporary 
sample plots are shown in Table 2. Between tempera-
ture averages, the highest range was determined for 

the average minimum temperature, while the average 
and average maximum temperature had narrower 
range values. For hydrology, the highest variability 
was determined for the average annual water flow and 
water level. All air quality variables exhibited relative 
variability below 30%.

3.2 Model Performance and Importance of Key 
Variables

Modeled environmental variables exhibited multi-
collinearity between variables (temperature, precipita-
tion, hydrology and air). The highest multi-collinear-
ity was detected within the hydrology category, while 
Rsum, Rmax, PM10 and Tmin were the least correlated with 
the other variables.

Fitting was performed using the least correlated 
variables (Rsum, Rmax), in addition to variables distant 
in multidimensional scaling space, Tmax, WL, CO2 max 
and NO2, which are considered of biological impor-
tance for species.

One climate variable and two air variables exhib-
ited the highest importance with an approximately 
84% contribution to the model (Table 3). The most con-
tributive variable was the annual sum of precipitation 
for achieving the highest gain compared to the other 
variables. The average annual 24-hour CO2 concentra-
tion contributed to the model. In addition, the average 
annual maximum  temperature exhibited high train-

Table 2 Descriptive statistics of sample climatic, hydrological and air quality data (n=72)

Type Variable Average St. Dev. Min. Max. Range

Climate

Average annual temperature, °C 20.3 1.7 15.1 24.8 9.6

Average annual minimum temperature, °C –2.6 8.4 –3.7 –4.0 32.6

Average annual maximum temperature, °C 19.4 1.7 17.7 23.7 6.1

Average annual sum of temperature above 5°, °C 5126.1 656.8 3277.7 8586.3 3741.3

Average annual sum of precipitation, m 1428.7 51.1 1381.3 1717.1 335.8

Average annual maximum precipitation, mm 24.0 2.5 8.1 39.0 30.9

Hydrology

Average annual flow, m3/s 33.7 25.0 0.0 93.4 93.4

Average annual minimum flow, m3/s 5.3 3.9 0.0 15.1 15.1

Average annual maximum flow, m3/s 475.3 447.4 0.0 1557.4 1557.4

Average annual flow 1961–1990, m3/s 29.3 30.3 0.0 97.9 97.9

Average annual water level, cm 92.4 72.4 0.0 267.7 267.7

Air

Average annual particles PM10, mg/m3 33.9 3.2 30.2 41.2 11.0

Average annual particles PM2.5, mg/m3 36.8 9.0 27.7 56.2 28.5

Average annual nitrogen dioxide, mg/m3 19.8 2.7 11.6 49.5 37.9

Average annual sulphur dioxide, mg/m3 47.5 8.9 28.6 62.2 33.6

Average annual 24-hour carbon dioxide concentration, μg/m3 2.3 0.2 0.0 2.8 2.8
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ing and test gains when used alone. Additionally, it 
was noted that if MaxEnt uses only the average an-
nual maximum precipitation to achieve little gain, the 
variable is the least useful for the estimation.

In total, the contributions to the MaxEnt model 
were 66.9%, 7.6% and 25.5% for climatic, hydrological 
and air variables, respectively. Response curves for 
determinants with the highest percent contribution 
(average annual sum of precipitation) and permuta-
tion importance (average annual maximum tempera-
ture) are shown in Fig. 2.

The results showed a very high probability of oc-
currence when the average annual sum of precipita-
tion is less than 1400 mm (Fig. 2a). The response curve 
for the average annual annual maximum temperature 
showed that the black alder habitat suitability ranged 
from 17°C to 20°C (Fig. 2b).

The average annual water level contributed to the 
model with an approximate 7.6%.

Concerning the most important air quality vari-
ables, an increase in CO2 leads to an increase in occur-
rence probability, achieving the highest probability at 
higher maximum CO2 concentrations. The highest 
probability is determined for areas with lower annual 
averages of NO2 (Fig. 3).

The obtained MaxEnt model predicted the occur-
rence probability for black alder with satisfactory sta-
tistical accuracy for training and test subsets with 
similar AUC values of 0.952 and 0.949, respectively

3.3 Predicted Spatial Distribution of A. glutinosa
The MaxEnt model generated a potential distribu-

tion with the occurrence probability of black alder in 
the Bosna River basin under the current climate, hy-
drology and air quality conditions (Fig. 4).

Table 3 Percentage contributions of environmental variables to the MaxEnt model

Environmental variables Percent contribution, % Cumulative contribution, % Permutation importance, %

Average annual sum of precipitation, mm 58.8 58.8 14.1

Average annual 24-hour carbon dioxide concentration, μg/m3 13.2 71.9 5.8

Average annual nitrogen dioxide, μg/m3 12.3 84.2 5.7

Average annual water level, cm 7.6 91.9 12.7

Average annual maximum precipitation, mm 4.8 96.7 28.8

Average annual maximum temperature, °C 3.3 100.0 32.9

Fig. 2 Response curves for average annual sum of precipitation (a) and average annual maximum temperature (b)
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The most suitable areas for black alder occurrence 
are predicted across the Internal Dinarides in the up-

per Bosna River basin. The area of predicted suitable 
habitat sharply decreased in the northern hilly and 

Fig. 3 Response curves for: average annual 24-hour carbon dioxide concentration (a), average annual nitrogen dioxide content (b)

Fig. 4 Habitat suitability for black alder under the current climate, hydrology and air conditions: (a) the whole area, (b) forested areas only



M. Starčević, A. Čabaravdić	 Climatic, Hydrological and Air Quality Determinants of Black Alder ... (1–XX)

8	 Croat. j. for. eng. 47(2026)1

plain parts of the basin and was almost absent in the 
Pannonian part of the basin (Table 4). In total, about 
130 ha of highly and moderately suitable areas for 
black alder occurrence and growth in Internal Dina-
rides were predicted.

Then, we analyzed the percentage structure of 
habitat suitability classes in forested areas only and 
separated them into two parts: hilly broadleaved and 
mixed forests outside of riparian zones and forested 
riparian zones (Fig. 5).

It is predicted that highly and moderately suitable 
habitats are more present in hilly broadleaved and 
mixed forests outside the riparian zones (5.4%) than 
in riparian zones (1.3%). Approximately 25% of the 
area is classified as less suitable, while approximately 
67% of the forested area is unsuitable for black alder.

Additionally, a similar analysis considering struc-
ture of habitat suitability in different forest communi-

ties was performed (Fig. 6). Three forest types domi-
nate the study area: pedunculated oak and hornbeam, 
Illyrian sub-mountainous beech, and sessile oak and 
hornbeam forests, with 50%, 24% and 10% of the total 
area, respectively. The largest areas of moderately and 
highly suitable classes for black alder appeared in pe-
dunculated oak and hornbeam forests and Illyrian 
sub-mountainous beech forests, with 4% and 3%, re-
spectively.

4. Discussion
Recent reviews of forest ecosystem services in ri-

parian areas where Alnus species occur have reported 
that most studies considered riparian zones only at the 
national level (Dinca et al. 2025). Relevant internation-
al studies on Alnus glutinosa include niche modeling 

Table 4 Predicted spatial structure of black alder habitat suitability for ecological-vegetation areas in forested areas in Bosna River basin

Region

High
>0.8

Moderate
0.4–0.8

Low
0.2–0.4

Not suitable
<0.2

Total

Area
km2 %*

Area
km2 %*

Area
km2 %*

Area
km2 %*

Area
km2 %*

Bosnian
Internal Dinarides

49.2 4.0 77.3 6.3 385.5 31.6 134.5 11.0 646.6 53.0

Pannonian Region 0.0 0.0 0.7 0.1 370.6 30.4 202.8 16.6 547.1 47.0

Total 49.2 4.0 77.9 6.4 756.2 61.9 337.3 27.6 1220.7 100.0
* Percentage structure within area of reliable prediction of habitat suitability class on managed forested area

Fig. 5 Habitat suitability area percentage structures for different 
classes

Fig. 6 Habitat suitability area percentage structures for communi-
ties in the Bosna River basin
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of its origins and geographical structure in Europe 
(Mandák et al. 2016), and research on plant species 
richness in black alder forests in Central Europe 
(Hrivnák et al. 2024). Martin et al. (2024) noted that the 
distribution, diversity, and genetic structure of Alnus 
species remain unknown in the Mediterranean basin. 
The most relevant international study we identified is 
the research on spatial distribution modeling conduct-
ed within the transboundary Mura-Drava-Danube 
Biosphere Reserve, located in south-eastern Europe 
(Austria, Slovenia, Croatia, Hungary, and Serbia). In 
contrast, the Bosna River basin belongs to the Sava 
watershed within the Danube hydrological system.

4.1 MaxEnt Model Performance
The spatial distribution of forest tree species is in-

fluenced by numerous environmental factors and their 
complex interactions defining species ecological niche 
and habitat. Several studies have reported spatial dis-
tribution models with acceptable or even very high 
accuracy for forest tree species (Vukelić et al. 2010, 
Kaky et al. 2020, Jha and Jha 2021, Liu et al. 2022, Gao 
et al. 2022, Campos et al. 2023, Wang et al. 2023). 
Vukelić et al. (2010) reported spatial distribution mod-
els for the main tree species (silver fir, European beech, 
Norway spruce (Picea abies), mountain pine, black 
pine, Scots pine, pedunculate oak, sessile oak, holm 
oak, and downy oak) in forested areas in Slovenia, 
Croatia and Bosnia and Herzegovina with AUC values 
ranging from 0.745 (European beech) to 0.976 (moun-
tain pine). Sallmannshofer et al. (2021) developed 
continent-wide and regional current and future pre-
diction maps using MaxEnt for the following forest 
tree species: black alder, narrow-leaved ash, European 
ash, black poplar, pedunculate oak, European white 
elm, and field elm. In their research, a similar result 
was obtained for continent-wide model for black alder 
in the transboundary Biosphere Reserve Mura-Drava-
Danube with very high True Skill Statistics (TSS=1.00), 
while regional model resulted in lower but sufficient 
accuracy (TSS=0.79). In the present study, the black 
alder spatial distribution model achieved high overall 
accuracy and very good model success (AUC-
trening=0.952, AUCtest=0.949). Our results indicate that 
MaxEnt modeling of forest tree species spatial distri-
bution in a wider area of the Bosna River basin 
achieved high accuracy as a predictive model useful 
for further analysis.

4.2 Variable Importance
Generally, MaxEnt modeling addresses the most 

influential environmental factors (topography, cli-
mate, hydrology, edaphic, geology) for more probable 

occurrence of species. In the literature, Sallmannshofer 
et al. (2021) addressed the most important variables 
for a continent-wide model in the transboundary Bio-
sphere Reserve Mura-Drava-Danube: autumn maxi-
mum temperature, SHM (summer heat moisture) in-
dex and annual precipitation. These authors reported 
that the vertical distance measured from the surface of 
the nearest water bodies and the Annual Heat Mois-
ture (AHM) index are the most important variables for 
the regional model. Other studies confirmed that ex-
treme temperatures, annual precipitation and water 
availability strongly affect black alder occurrence, 
while contributions of other variables modify the spa-
tial distribution model locally (Sallmannshofer et al. 
2021, Vukelić et al. 2010). The most recent study about 
range shifts of five Alnus species in China under future 
climate scenarios quoted temperature seasonality as 
the most critical determinant shaping the potential 
distributions of alders under future climate scenarious 
(Yang et al. 2025).

In the present study, the average annual sum of 
precipitation and the average annual 24-hour CO2 con-
centration were determined as environmental vari-
ables with the highest contribution to the model ob-
tained. It is characteristic that the average annual sum 
of precipitation outperforms the impact of other cli-
matic and hydrological variables in the model. The 
average annual sum of precipitation, in addition to the 
average water level, appears as limiting determinant 
for framing species ecological niche. It seems that the 
average annual sum of precipitation up to 1400 mm 
and the average water level between 20 cm and 200 cm 
provide sufficient water supply needed for species 
existence. Many studies reported that annual precipi-
tation must be high if other climatic (dry and warm 
periods in summer) and hydrological impacts (water 
flow) influence water deficit (Claessens et al. 2010, 
Rutkowski et al. 2019). It seems that the determined 
range of the average annual sum of precipitation is 
satisfactory for high probability of species occurrence 
compensating for other insufficient sources of water 
supply. Related to the contribution of other determi-
nants to the model, two air quality variables - the aver-
age annual 24-hour CO2 concentration and the average 
annual nitrogen dioxide - participated with about 
25%. In this regard, studies have shown that black al-
der removes air pollutants (SO2, NOX, dust particles) 
improving air quality (Vogel et al. 1997, Temperton et 
al. 2003). Some studies reported that nitrogen-fixing 
trees, with increasing atmospheric CO2, increase both 
C assimilation and total N2 fixation, and can take ad-
vantage of extra assimilated carbon by increasing 
growth, biomass production and photosynthesis 
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(Mousseau and Saugier 1992, Kimball et al. 1993, Vo-
gel et al. 1997, Temperton et al. 2003) without potential 
nitrogen limitation (Temperton et al. 2003). We includ-
ed air quality variables relevant to the populated Bos-
na River basin and noted that black alder appears with 
high probability in areas with high concentrations of 
maximum CO2 corresponding to low NO2 concentra-
tions. This confirms the known ability of black alder 
to grow in industrial areas, near mines and polluted 
environments.

4.3 Habitat Suitability Prediction
The probabilities of forest tree species occurrence 

under current and future environmental conditions 
have been used to classify habitat suitability in many 
studies (Çoban et al. 2020, Jha and Jha 2021, Liu et al. 
2022, Chi et al. 2023). According to the results of the 
present study, the habitat suitability classes cover 
67.7% (unsuitable), 25.8% (low suitability), 4.7% (mod-
erate suitability) and 1.9% (high suitability) of forested 
areas including riparian zones. Moderately and high-
ly suitable areas occupy approximately 7% of the for-
ested area, which is similar to the conditions present 
on temporary plots. This indicates a low occurrence of 
black alder in the investigated area as well as limited 
environmental conditions for its spatial distribution. 
However, recent research has highlighted the drivers 
of potential changes in preferred habitats of Alnus spe-
cies (Yang et al. 2025, Martin et al. 2024). Yang et al. 
(2025) predicted range shifts for five Alnus species un-
der future climate scenarios, indicating species-specif-
ic responses. The authors predicted expansion toward 
higher latitudes and elevations for three species (A. 
cremastogyne, A. mandshurica, and A. hirsuta), and hab-
itat contraction for one species (A. ferdinandi-coburgii). 
Martin et al. (2024) reported on the distribution, diver-
sity, and genetic structure of Alnus species (A. glutin-
osa and A. lusitanica) in Spain, emphasizing that these 
structures are still largely unknown in the Mediter-
ranean basin. The authors highlighted the need to in-
vestigate Alnus genetic differentiation, particularly as 
the recently discovered tetraploid A. lusitanica has 
shown tolerance to global warming conditions (Gomes 
Marques et al. 2022). Populations of tetraploid Alnus 
identified in the northern part of the Bosna River basin 
are currently located in habitats with low suitability 
for A. glutinosa. These edge populations could poten-
tially serve as a reservoir of reproductive material for 
more widespread Alnus species within the Bosna Riv-
er basin. A similar potential exists for Alnus hybrids 
located along tributaries in the central part of the Bos-
na River basin (Bašić et al. 2014).

4.4 Ecological Niches Overlapping
Terrestrial observations revealed that black alder 

stands are not spatially concentrated as a unique forest 
type but appear as patches, fragments, or smaller 
groups of trees. Predicted suitable habitats overlaid 
pedunculated oak and hornbeam (50%), Illyrian sub-
mountainous beech (24%), sessile oak and hornbeam 
(10%) and other forests (16%). Similarly, Vukelić et al. 
(2010) discussed sessile oak horizontal redistribution 
with vertical ecological niche stratification in the west-
ern part of south-eastern Europe, which would be 
challenging for the remaining black alder sites. A 
promising perspective for black alder presence in a 
wider area was identified in the case study of the 
transboundary biosphere reserve Mura-Drava-Dan-
ube (Sallmannshofer et al. 2021). The authors predict-
ed an increase in black alder distribution under ex-
pected climate and hydrological changes, indicating 
the ability of black alder to adapt and expand. Those 
findings are promising for black alder sustainability 
in the Bosna River basin but the actual small spatial 
extent as well as modeled suitable habitats call for for-
est and conservation management.

5. Conclusions
This study aimed to determine the ecological niche 

suitability of black alder existence under current cli-
matic, hydrological and air conditions in the Bosna 
River basin using derived spatial data. The obtained 
results are in accordance with the research hypotheses 
regarding influential environmental factors, the sig-
nificance of individual variables, and habitat overlap 
patterns.

Importance of environmental factor groups em-
phasized the role of water supply trough precipitation 
and air quality variables, while the impact of temper-
ature was less pronounced in the current spatial dis-
tribution. The results confirmed that the average an-
nual sum of precipitation and the maximum daily CO₂ 
concentration are the most important determinants of 
black alder occurrence, with precipitation having a 
stronger impact than water flow or water level. Air 
quality, quantified through CO₂ concentration, 
emerged as a relevant factor, supporting the inclusion 
of atmospheric data in habitat suitability modeling. 
Related to positions, a larger area of suitable habitat 
was predicted at higher altitudes in the Internal Dinar-
ides compared to the southern Pannonian Plain. In the 
Internal Dinarides, moderate and highly suitable ar-
eas partly overlap with oak and beech forests, indicat-
ing potential interspecific competition and challenges 
for alder sustainability.
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Compared to international studies that typically 
highlight groundwater levels and soil pH as key fac-
tors, this study introduces air quality as a novel and 
important variable, reflecting region-specific ecologi-
cal pressures.

The results of this study can support decision-mak-
ing and raise awareness regarding the importance of 
black alder sustainable forest and conservation man-
agement. The findings can support forest managers 
and planners in identifying and preserving the exisit-
ing alder communites on high-suitability habitats, 
prioritizing restoration of degraded and devastated 
stands using local reproductive material on moder-
atly suitable habitats, and monitoring marginal edge 
populations for potential genetic variability. They also 
provide a foundation for developing adaptive forest 
management for forest management classes with in-
cresing alder participation in areas coexisting with 
other tree species, contributing to decisions related to 
reforestation, afforestation, and silvicultural interven-
tions.

The applied modeling approach demonstrates 
strong potential for use in river basins with small and 
fragmented stands. It allows evaluation of the relative 
influence of climate, water availability, and air quality, 
and has the potential to integrate other available spa-
tial information, such as soil and geology characteris-
tics, as well as anthropogenic pressures (distance from 
settlements and infrastructure, hydrology network 
regulation and others). Applied modeling procedures 
are useful for spatial distribution modeling in initial 
phase of genetic, morphological, physiological, plant 
community and biodiversity research.

The main constrains of this study include the need 
for spatial interpolation of key environmental vari-
ables and the development of more detailed GIS-based 
maps, as well as complex interpretation of influental 
environmental factors. Nevertheless, further region- 
or basin-dependent studies  are needed to investigate 
black alder distribution and redistribution dynamics 
as well as the impact of upcoming environmental 
changes (antropological preassures, climate uncertain-
ties) to join international efforts to protect ecological 
contributions of alder species.
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