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Abstract: In response to ongoing climate warming, tree species adapted to colder climates are expected 
to shift their geographic ranges northward. Within the framework of long-term ecological monitoring in 
Wigry National Park (northeastern Poland), observed changes in forest biocenoses reflect the combined 
influence of climate change and natural ecological dynamics.
This study compares dendroflora composition and diversity between two monitoring periods, 2011 and 
2024, as part of an ongoing effort to track climate-related ecological shifts. Tree observations and meas-
urements were carried out using concentric circular plots. In the largest plots, all trees with a diameter at 
breast height (d.b.h.) ≥ 12 cm were recorded by species, and their d.b.h. was measured. In the smaller plots, 
all trees with a d.b.h. ≥ 2 cm and < 2 cm but taller than 30 cm were similarly identified and measured. Data 
were recorded with Field-Map software integrated with an electronic calliper. The species-level taxonomic 
data, individual counts and basal area per species and plot were used to calculate biodiversity indices.
Over the 13-year interval, a marked increase in overall dendroflora diversity was observed. Notably, the 
dominance of canopy-forming conifers – Pinus sylvestris and, to a lesser extent, Picea abies – measured as 
the proportion of individuals or stem density, has declined. This decline of coniferous species has been 
accompanied by an increase in the abundance and diversity of broadleaved deciduous species, including 
Tilia cordata, Quercus robur, Betula pendula, and Acer platanoides. Other thermophilous deciduous taxa also ex-
hibited upward trends in both presence and abundance. Furthermore, the exponential of Shannon entropy, 
reached the highest value when evergreen conifers comprised 35% of the stand composition in 2011 and 
18% in 2024.
This finding suggests that maximum dendroflora diversity reaches its highest level at an intermediate 
proportion of conifers presence, rather than under conifers dominance or absence. Collectively, the pro-
cesses occurring in Wigierski National Park illustrate the gradual shift in ecotonal forest ecosystems from 
cold-adapted coniferous species to broadleaved deciduous taxa due to ongoing climate change.
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Introduction

Mean annual air temperatures are projected to 
rise by more than 1.5 °C over the 21st century. As 
global temperatures continue to increase, all regions 
are expected to experience increasingly frequent and 
concurrent changes in climate impact-drivers. Ex-
treme weather events like simultaneous heatwaves 
and droughts are anticipated to become more com-
mon, often occurring at the same time across multi-
ple regions (IPCC 2023). However, natural variability 
driven by the inherently chaotic nature of the climate 
system, plays a significant role at local spatial scales 
and across seasonal to decadal periods (Hawkins & 
Sutton, 2012).

In northern and western Europe, rising atmos-
pheric CO2 concentrations and higher temperatures 
are generally expected to boost forest growth and 
timber production in the short to medium term. 
However, these benefits may be outweighed by in-
creasing risks of drought and disturbances, particu-
larly in southern and eastern Europe (Lindner et al., 
2010). The effects of increased CO2 concentrations on 
photosynthesis and tree growth, as observed under 
semi-natural experimental conditions in forests (e.g. 
in open-top chambers or at the Swiss Canopy Crane 
site), have not always aligned with expectations. Re-
sults from a long-term study on the responses of ten 
tree species to elevated CO2 concentrations indicate 
that the indirect effects of CO2 on the nitrogen cycle 
and water use may be more significant than the an-
ticipated fertilization effect (Bader et al., 2013). In 
the ecotone between temperate and boreal zones in 
North America, warming experiments have shown 
that tree species native to more northerly ranges ex-
hibit lower photosynthetic temperature optima and 
slower growth rates compared to species originating 
from more southern ranges (Sendall et al., 2015).

Consequently, the natural geographical ranges of 
economically important evergreen conifers in North 
America and Europe are projected to shift northward, 
with range contractions at their southern boundaries. 

This pattern has been observed in Pinus sylvestris L. 
(Reich & Oleksyn, 2008). Simultaneously, thermo-
philic deciduous broadleaved species are expanding 
into newly available niches, thereby increasing their 
distribution ranges (Lindner et al., 2010). These pro-
jections, based on bioclimatic models (Dyderski et 
al., 2025) and, in some cases, genomic studies (Mil-
esi et al., 2018) are further supported by experimen-
tal research investigating tree responses to warming 
(Reich et al., 2015, 2016). With continued warming, 
broadleaved deciduous species may expand into bo-
real forests, increasing both species and functional 
diversity (Thuiller et al., 2006; Reich et al., 2015). In 
western and central Europe, conifers may increasing-
ly be replaced by more heat-tolerant and competitive 
deciduous species (Lindner et al., 2010). These find-
ings suggest that boreal species may retreat north-
ward while temperate species expand into the eco-
tone increasing their ranges not only at global but 
also across small spatial scale, as population-level re-
sponses in growth and physiology may deviate from 
these global patterns due to local adaptation, genetic 
drift, phenotypic plasticity, and fitness differences 
(e.g, Gougherty et al., 2021 ). For example, in the 
Carpathian Mountains, Abies alba Mill. and Fagus syl-
vatica L. exhibited upslope expansion in Babiogórski 
National Park, whereas no such pattern was observed 
in the nearby Gorczański National Park, despite sim-
ilar altitudinal temperature gradients (Gazda et al., 
2019). However, long-term datasets linking meteor-
ological variables with species composition and tree 
growth responses remain scarce, especially that veri-
fication is needed to determine whether plant species 
can be classified as expanding “winners", declining 
“losers", or those with uncertain outcomes at the lo-
cal scales (Dyderski et al., 2018).

Changes in the species composition of Polish 
forests were recorded on study plots established by 
Włoczewski in Białowieża National Park in 1936 
(Kowalski, 1994). This long-term study in the Białow-
ieża Forest has been continued, providing unique da-
tasets on changes in the composition and structure 
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of dendroflora in a strictly protected Central Europe-
an forest (Bernadzki et al., 1998; Brzeziecki, 2017).

In unmanaged forests, changes in tree species 
composition and stand structure are driven by a com-
bination of climatic conditions, soil properties, to-
pography, canopy dominance, species-specific adapt-
ability, and phenotypic plasticity (Svenning & Skov, 
2005; Turcotte & Levine, 2016). In managed forests, 
anthropogenic influences play a dominant role, inter-
acting with environmental factors to shape species 
composition and stand dynamics. In contrast, strict 
nature reserves and national parks allow for the ob-
servation of natural successional processes with min-
imal human interference. These areas are particular-
ly valuable for distinguishing the effects of climate 
change from those of forest management. Over the 
long term, protected areas serve as natural laborato-
ries for monitoring ecosystem responses, and in the 
short term, they provide insights into species fluctu-
ations attributable to global climate change. These 
sites often function as biodiversity hotspots, har-
bouring rare and endangered species (Myers et al., 
2000). Long-term monitoring in protected areas can 
provide valuable empirical support for the bioclimat-
ic forecasts. Although local changes in plant com-
munities may reflect global trends, plant responses 
to climate warming at specific sites can diverge due 
to factors such as local ecotypic adaptation, genetic 
drift, migration, hybridization, and other evolution-
ary processes (Robakowski et al., 2012; Oddou-Mu-
ratorio et al., 2020; Heuertz et al., 2023).

 This study was conducted in Wigry National 
Park (WNP), located in northeastern Poland. Prior 
to the park’s designation, the dominant tree species 
were Pinus sylvestris L., Picea abies (L.) H. Karst., and a 
limited number of naturally regenerating or planted 
broadleaved species. In the 1980s and 1990s, a de-
cline in Picea abies and Pinus sylvestris was observed, 
likely due to stand age and drought. In P. abies, in-
creased frequency and intensity of Ips typographus L. 
outbreaks significantly contributed to higher mortal-
ity rates (Łoziński, 2002; Conservation Plan of Wigry 
National Park 2016). In 2020, the volume of bee-
tle-infested deadwood in WNP was 3,009 m3, which 
was considered a stable and secure level (Analysis 
of Wigry National Park’s Activities 2023). This die-
back was accompanied by both natural and artificial 
regeneration of P. abies and an increasing presence of 
broadleaved tree species. As a protected area, WNP 
serves not only as a biodiversity hotspot, but also as 
a valuable site for monitoring natural successional 
processes and forest responses to climate change.

The primary aim of this study was to compare 
tree species composition, the abundance of individ-
uals per species, and tree species diversity indices 
in WNP thirteen years after an initial inventory. We 
tested the following hypotheses: (1) Tree diversity in 

WNP has increased, as indicated by diversity indices, 
and this increase is associated with a decline in the 
proportion of evergreen conifers. (2) The observed 
changes in species composition reflect a broader 
trend toward a higher proportion of warm-tolerant, 
drought-resistant deciduous species. An alternative 
hypothesis proposes that these local changes are in-
dependent of climate warming and do not align with 
global projections.

Study area
History, geographical conditions and 
forest communities

The oldest source of information on land use in 
our study area is the Map of Lake Wigry and the Su-
wałki region (1855), archived at the Lithuanian State 
Historical Archive, Vilnius, Lithuania (Fig. 1a). This 
map shows that 170 years ago, 72 of our 75 plots 
were forested. Only three plots are located in an area 
for which two map sheet are missing (grey area). 
However, we have a cartographer’s sketch indicating 
that this area was classified as forest. Our study area 
has not been subject to intensive agricultural or in-
dustrial activity. However, on boreal sites in particu-
lar, P. sylvestris was planted following clear-cutting. 
The most intensive logging occurred during the First 
World War. In the 1930s, forest exploitation gener-
ally became less intensive, and the first conservation 
measures were introduced (Bogusławski, 2003).

In Wigry National Park, active conservation prac-
tices, such as occasional selective cutting and stand 
transformation, have been implemented (Conserva-
tion Plan of Wigry National Park, 2016; Analysis of 
Wigry National Park’s Activities, 2021). On two of 
our 75 monitoring plots, active measures have been 
observed, including the removal of individual trees 
and partial cutting to support stand transformation.

Wigry National Park was established in 1989. It 
is located in the north easternmost part of Poland, 
near the Polish-Lithuanian border, between 53°57' 
and 54°10' N latitude, and between 22°57' and 
23°15' E longitude. The northern section of the park 
lies within the eastern Suwałki Lake District, while 
the southern section is part of the Augustów Plain. 
The park covers an area of 151.13 km2. It contains 
42 lakes, the largest of which is Lake Wigry, cover-
ing 21.18  km2 and reaching a depth of 73 meters. 
The terrain is hilly, with relative elevations varying 
by tens of meters; the highest point rises to 171.5 
meters above sea level. The area is covered by gla-
cial sediments from the Vistulian Glaciation, up to 
150 meters thick. Soils developed from this alloch-
thonous material include rusty soils (arenosols) and 
podzolic soils (Migaszewski et al., 2004).
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The dominant forest community in WNP are the 
subboreal mixed coniferous forest (Serratulo-Pinetum 
J.MAT.1981) and the subcontinental oak–hornbeam 
forest (Tilio cordatae–Carpinetum betuli Tracz 1962), 
which occurs on eutrophic sites and supports a rich 
diversity of forest flora (Sokołowski, 1980, 1988). 
This includes protected plant species such as Daphne 
mezereum, Lilium martagon, and Aquilegia vulgaris. The 
oak–hornbeam forests are also notable for their high 
diversity of lichens, mosses, and fungi (Matuszkie-
wicz, 2001; Danielewicz & Pawlaczyk, 2004). Ac-
cording to the Map of Potential Natural Vegetation, 
our study plots are located within subboreal rich or 
poor Tilio-Carpinetum communities (Matuszkiewicz 
& Wolski, 2023).

Climate

Climatic data from the Suwałki meteorological 
station (latitude: 54°07'51", longitude: 22°56'56") 
confirm that local air temperature increases are con-
sistent with global warming trends. A comparison 
of mean monthly temperatures between 1931–1980, 
and 1981–2019 reveals an increase of about 2 °C in 
January and February. Temperature increases were 
recorded in every month of the year (Górniak, 2021). 
The thermal distinctiveness of the Suwałki Lakeland 
has diminished, as evidenced by the positive mean 

March temperatures (Kejna & Rudzki, 2021). In re-
cent decades, the total annual precipitation has not 
changed significantly but has fluctuated considera-
bly, ranging from 450 to 800 mm. Snow cover pe-
riods have shortened, and snowfall has become less 
frequent and less intense. Importantly for vegetation, 
the duration of sunshine has increased. Meteorologi-
cal observations in Suwałki confirm the phenomenon 
of global brightening. Although total precipitation 
has remained relatively stable, drought events have 
become twice as frequent when comparing the peri-
ods 1961–1987 and 1988–2019. This suggests that 
droughts are primarily driven by rising temperatures 
and increased evapotranspiration rates, with periodic 
reductions in precipitation playing a secondary role. 
In the Suwałki Lakeland, including Wigry National 
Park, the growing season has been extended by ap-
proximately 2 to 3 weeks (Górniak, 2021).

Materials and Methods
Materials

The study trees represented three functional 
groups: (1) evergreen conifers: Picea abies Karst. and 
Pinus sylvestris L.; (2) deciduous conifers: Larix decidua 
Mill.; (3) deciduous broadleaved: Betula pendula Roth, 

Fig. 1. a. Map of the Lake Wigry region from 1855, showing the plots surveyed in 2024. Grey – no data; orange line – cur-
rent boundary of Wigierski National Park; white points – monitoring plots. Published with permission of the Lithuani-
an State Historical Archive; b. Map of Wigierski National Park showing monitoring plots inventoried in 2011 and 2024
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Betula pubescens Ohrh., Prunus (mainly Prunus padus 
L.), Quercus rubra L., Quercus robur L., Carpinus betu-
lus L., Salix caprea L., Malus sylvestris L. (Mill.), Sorbus 
aucuparia L., Fraxinus excelsior L., Acer pseudoplatanus 
L., Acer platanoides L., Tilia cordata Mill., Alnus glutino-
sa (L.) Gaertn., Populus tremula L. These species were 
further categorized based on successional status. Pio-
neer species include: P. sylvestris, L. decidua, B. pendula, 
Salix, P. tremula. Late-successional (climax) species 
include T. cordata, C. betulus, A. glutinosa, Q. robur and 
rubra. Both Acer sp., P. padus, and M. sylvestris, S. aucu-
paria are considered intermediate in successional sta-
tus. Picea abies demonstrates both pioneer and climax 
characteristics, as it is capable of regenerating under 
canopy cover as well as in large gaps. Pioneer species 
are generally shade-intolerant. Among the decidu-
ous broadleaved trees, most are shade-tolerant, with 
the exception of Q. robur, F. excelsior and B. pubescens, 
which are shade-tolerant only in their juvenile stag-
es (Grime, 1977; Brzeziecki & Kienast, 1994). Pinus 
sylvestris and P. abies exhibit high ecological plasticity 
and are well-adapted to cold climates, with the ma-
jority of their geographical ranges located within the 
boreal zone. Picea abies and L. decidua are generally 
more sensitive to drought compared to P. sylvestris. 
Sokołowski (1980) observed that in north-eastern 
Poland, including Wigry National Park, P. abies is a 
natural component of Tilio-Carpinetum. Broadleaved 
deciduous species such as T. cordata, A. pseudoplatanus, 
and A. platanoides need higher temperatures and prob-
ably possess higher values of optimal temperatures 
for photosynthesis compared with boreal tree species 
(Zarzycki et al., 2002; Kumarathunge et al., 2019).

Methods

Monitoring network for dendroflora diversity in 
Wigry National Park

In 2011, a monitoring network consisting of 365 
permanent plots in the regular gird of 0.5 km was es-
tablished in WNP. The plots are representative of for-
est stands across various site types. In this study, 75 
plots were selected to compare dendroflora diversity 
based on monitoring conducted twice on the same 
plots in 2011 and 2024. All plots are located in stands 
classified in 2011 as the Tilio cordatae-Carpinetum betuli 
forest community and were chosen as representative 
of this vegetation type. Tilio-Carpinetum was selected 
based on (1) its substantial current representation, 
covering 37% of the total forest area in WNP; (2) its 
high potential tree species diversity, which includes 
both boreal species such as P. abies and P. sylvestris 
and thermophilic deciduous species; and (3) informa-
tion indicating increasing mortality of P. sylvestris and 
P. abies (Conservation Plan of Wigry National Park, 
2016; personal communication). Tree observations 
and measurements were carried out using concentric 

circular plots. The largest circle had a radius of 12.61 
m (500 m2), within which all trees with a diameter 
at breast height (d.b.h.) ≥ 12  cm were recorded by 
species, and their d.b.h. were measured. In a smaller 
circle with a radius of 3.99 m (50 m2), all trees with 
d.b.h. larger or equal to 2 cm were counted and meas-
ured similarly. In circle with a radius of 2.52 m (20 
m2), the height of seedlings higher or equal 30  cm 
and d.b.h. < 2 cm was measured.

In both 2011 and 2024, all tree species present 
on each of the 75 plots were identified, and the 
number of individuals per species was recorded. In 
2011, d.b.h. was measured using a calliper with 1 
mm precision. In 2024 data were recorded on a tab-
let equipped with Field-Map software (https://www.
fieldmap.cz), integrated with an electronic calliper 
(MD II+, Haglöf Sweden AB) and laser rangefind-
er with compass (TruPulse 360B, Laser Technology 
Inc.). For this study, we used species-level taxonomic 
data and individual counts per species and plot to 
calculate biodiversity indices.

Calculation and interpretation of selected 
diversity indices

Three commonly used biodiversity indices: expo-
nential Shannon entropy (1D – the Hill number of or-
der 1), inverse Simpson index (2D – the Hill number 
of order 2), and Margalef index (MRI) were used to 
compare diversity of the dendroflora in the monitor-
ing plots of WNP (Jost, 2006; Kumar et al., 2022). 
The Shannon diversity index takes into account both 
richness (number of species) and evenness (distribu-
tion of individuals among species) (Shannon, 1948).

	 H' = ∑ p lnpn−1 i i
S

	 (1)

	 p  = i

ni
N 	 (2)

where: pi  – proportion of individuals belonging to 
species i, S – total number of species (species rich-
ness), ln – natural logarithm, ni – number of individ-
uals of species i, N – total number of individuals in 
the sample.

A higher value of H’ indicates higher diversity, 
and a lower value points out lower diversity.

	 1D = eH'	 (3)

where: 1D – exponential Shannon entropy, e – base of 
the natural logarithm.

The exponential Shannon entropy informs on 
the number of equally abundant species that would 
produce the same Shannon entropy as the observed 
community (Jost, 2006; Chao et al., 2014).

The Simpson index (D) calculates the probabili-
ty how likely the randomly selected individuals are 
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not from the same species. Its value increases with 
decreasing biodiversity. The inverse Simpson index 
(2D  – the effective number of dominant species or 
the Hill number of order 2) increases with increasing 
biodiversity.

	

2
D =

H' = ∑ pi=1 i
S 2

1

	 (4)

where: S – total number of species (species richness), 
pi  – proportion of individuals belonging to species 
i, calculated with equation 2. The high value of 2D 
means high diversity and an equilibrium of number 
of individuals among the species. The low value of 2D 
can be interpreted as dominance of one species (Hill, 
1973; Chao et al., 2014).

The Margalef index is used to measure the species 
richness relative to the sample size and cannot be 
recalculated to become the Hill number (Margalef, 
1958).

	
MRI = S − 1

ln (N) 	 (5)

The high values of MRI indicate the high diversity 
of species relative to the number of individuals. The 
lower values inform that a low number of species 
dominates in the given site.

Statistical analyses
The meteorological data was acquired from the 

Institute of Meteorology and Water Management 
public database (https://danepubliczne.imgw.pl/). 
Mean daily temperature and sum of daily precipita-
tion data for the nearest meteorological station Su-
wałki (22°56'56"; 54°07'51") was used to calculate 
mean annual temperature (MAT, °C) and total annual 
precipitation (TAP, mm). The number of days with 
snow cover was summarised for each cold season. 
We assumed that the vegetative season starts after a 
five-day period with the mean daily minimum tem-
perature above 5 °C, and ends after a five-day period 
with the mean daily maximum temperature below 
5 °C.

The values of the diversity indices were calculat-
ed using the data collected on 75 plots in 2011 and 
2014, separately. The exponential Shannon entropy, 
effective number of dominant species, and Margalef 
indices were calculated for each plot in R (R Core 
Team 2025) using the package vegan (Oksanen et al., 
2025). The values of indices were modelled using lin-
ear mixed model with one independent fixed factor – 
time of inventory (categorical with two levels: 2011 
or 2024). We used plot as random intercept to in-
corporate the dependency among observations. The 
model was tested for normality and homoscedastic-
ity of residuals. The linear mixed models were fitted 

using the function lmer in package lme4 (Bates et al., 
2015). The value of marginal coefficient of determi-
nation (R2) was calculated to estimate the variance 
explained by the fixed effect of year, and the value 
of conditional R2 for the effect of year and the ran-
dom effect of the plot. For checking assumptions, the 
package performance was used (Lüdecke et al., 2021).

The relationship between the proportion of coni-
fers and indices of diversity values was fitted with the 
parabolic model:

	 y = ax2 + bx + c	 (6)

The values of proportion of conifers (x) at the 
maximal value of each index was calculated from the 
equation:

	 x = −b
2a 	 (7)

Then, the maximal value of the index was calcu-
lated from equation (6).

Results
Climate fluctuations

From 1961 to 2024, the mean annual tempera-
ture increased by approximately 1.5  °C, while total 
annual precipitation varied widely from 450 to 800 
mm without showing a significant long-term trend 
(Fig.  2). During this period, the highest recorded 
mean monthly temperature was 21.5 °C in July 2021, 
and sum of yearly precipitation ranged from 394 mm 
in 1968 to 856 mm in 2017. The number of days with 
snow cover decreased significantly by approximate-
ly 30 days, affecting water availability at the begin-
ning of vegetation season (Fig. 3). Additionally, the 
vegetation period has extended by an average of two 
weeks (Fig. 4).

Fig. 2. Mean annual temperature and mean annual precip-
itation. The data are from the Suwałki Meteorological 
Station (longitude: 22°56'56"; latitude: 54°07'51"). The 
X-axis scale is changed after 2010 to emphasise the pe-
riod studied. MAT – mean annual temperature; TAP – 
total annual precipitation
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Understory regeneration

Among tree species in the understory layer taller 
than 30 cm and with d.b.h. smaller than 2 cm no in-
dividuals of P. sylvestris were found. This is a signifi-
cant finding, considering that this species accounted 
for approximately 30% of individuals in the ≥12 cm 
d.b.h. class (compare Table 1 and Table 3). The rela-
tive abundance of A. campestre, A. platanoides, F. excel-
sior, P. abies, and Q. robur declined for different rea-
sons between 2011 and 2024. In 2011, A. campestre 
was represented by only a small number of individ-
uals, which were absent in 2024 and in higher d.b.h. 
classes. At d.b.h. < 2  cm, the reduction in A. pla-
tanoides (from 75 in 2011 to 45 trees in 2024) and in 
Q. robur (from 71 to 17) was primarily attributed to 
self-thinning. For A. platanoides, both a decline in the 
number of young trees (Table 1) and progression of 
individuals into higher d.b.h. classes at d.b.h. ≥12 cm 
(from 11 to 37 individuals) were observed while the 
presence of Q. robur was stable (325 individuals with 
d.b.h. ≥ 12 cm in 2011 and 2024 (Table 3).

Remarkable increases in the proportion of C. bet-
ulus (from 5 to 46 trees), T. cordata (from 26 to 60), 
and U. laevis (from 6 to 15 trees) were recorded in 
the understory at d.b.h. < 2 cm (Tables 1). This in-
creasing trend from 2011 to 2024 in number of trees 

was also observed at d.b.h. between 2 cm and 12 cm 
for C. betulus and T. cordata (Table 2). The increase 
in natural regeneration of C. betulus was followed by 
only a limited shift of small trees into larger diameter 
classes (compare Tables 1, 2, 3).

Table 1. Proportions of tree species taller than 30 cm with 
a diameter at breast height (d.b.h.) less than 2 cm, cal-
culated as the ratio of the number of individuals of each 
species to the total number of individuals, recorded on 
monitoring plots in 2011 and 2024. The last column 
shows the differences in species proportions between 
2024 and 2011. All observations for each species and 
year were pooled from 75 plots, each with a radius of 
2.52 m (20 m2)

Species
Proportion of species 

(%) 2024–2011
2011 2024

Acer campestre L. 0.61 – −0.61
Acer platanoides L. 45.45 17.51 −27.94
Acer pseudoplatanus L. – 0.39 0.39
Alnus glutinosa (L.) Gaertn. – 0.78 0.78
Betula sp. – 0.39 0.39
Carpinus betulus L. 3.03 17.90 14.87
Fraxinus excelsior L. 0.61 0.39 −0.22
Picea abies Karst. 7.27 5.06 −2.21
Populus tremula L. 0.61 2.33 1.73
Prunus 3.64 6.23 2.59
Quercus robur L. 12.12 6.61 −5.51
Salix caprea L. – 1.17 1.17
Sorbus aucuparia L. – 12.06 12.06
Tilia cordata Mill. 15.76 23.35 7.59
Ulmus laevis Pall. 3.64 5.84 2.20

Table 2. Proportions of tree species with a diameter at 
breast height (d.b.h.) between 2 cm and 12 cm, cal-
culated either as the ratio of the number of individu-
als of each species to the total number of individuals, 
or as the ratio of the basal area of each species to the 
total basal area, recorded on monitoring plots in 2011 
and 2024. All observations for each species and year 
were pooled from 75 plots, each with a radius of 3.99 m 
(50 m2)

Species
Number of 

individuals (%) Basal area (%)

2011 2024 2011 2024
Acer 5.18 9.30 4.03 5.84
Alnus glutinosa (L.) Gaertn. 3.11 0.00 3.88 0.00
Betula 1.55 0.00 1.65 0.00
Carpinus betulus L. 3.63 9.30 1.45 2.40
Fraxinus excelsior L. 1.04 0.00 1.61 0.70
Picea abies Karst. 31.09 32.56 41.78 44.25
Pinus sylvestris L. 1.04 1.16 2.37 2.48
Populus tremula L. 0.52 0.00 0.36 0.00
Pyrus communis 0.00 2.33 0.00 0.23
Quercus robur L. 36.79 19.77 31.72 25.88
Sorbus aucuparia L. 1.04 2.33 1.61 0.70
Tilia cordata Mill. 9.84 17.44 6.85 8.21
Ulmus laevis Pall. 5.18 5.81 3.02 10.36

Fig. 3. Total number of days with snow cover. Data from the 
Suwałki Meteorological Station (22°56'56"; 54°07'51")

Fig. 4. The duration of the vegetative season. It was as-
sumed that the growing season begins and ends when 
the minimum temperature remains above 5 °C for five 
days
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Both the proportion of individuals and the total 
basal area indicate that in the 2 cm ≤ d.b.h. < 12 cm 
class, P. abies was a dominant species, alongside Q. 
robur, while the proportion of P. sylvestris remained 
low (Table 2).

Generally, warm-tolerant, deciduous broadleaved 
species continue to dominate the understory, with Q. 
robur, T. cordata, C. betulus, and A. platanoides being 
the most prevalent in the lower undergrowth layer 
(Table  1). In the upper undergrowth layer, P. abies 
holds a prominent position in terms of both individ-
ual counts and basal area (Table 2).

The second and dominant canopy layer

Among tree species with d.b.h. ≥ 12 cm, the ever-
green conifers P. sylvestris and P. abies were dominant. 
Picea abies has a higher proportion of individuals but 
a lower proportion of basal area compared to P. syl-
vestris, which is the opposite of the pattern observed 
in the undergrowth. The proportion of the decidu-
ous conifer L. decidua was minimal. Notably, Q. robur, 
T. cordata, and B. pendula also made up a significant 
portion of the species composition, regardless of the 
measurement year (Table 3).

In 2011, 17 species were recorded, with Prunus 
and Salix identified at the genus level. By 2024, at 
the d.b.h. ≥ 12 cm, the number of recorded species 
had increased to 19 compared with 2011. Only one 
Salix species, S. caprea, was identified. Importantly, 
three new species: A. pseudoplatanus, F. excelsior, and 
Q. rubra were observed in 2024, though each was 
represented by a small number of individuals. Acer 
pseudoplatanus and F. excelsior reached a d.b.h. of ≥ 
12 cm in the period between the two measurement 
sets. Quercus rubra was recorded in the d.b.h. ≥ 12 cm 
class only in 2024, suggesting that this species may 
have been overlooked in the earlier 2011 inventory.

From 2011 to 2024, the combined proportion of 
the two dominant evergreen conifers (P. abies and P. 
sylvestris) declined by 6.7%, with P. sylvestris showing 
the more pronounced decrease. The proportion of P. 
abies basal area slightly increased, and P. sylvestris de-
creased. The number of P. abies trees decreased from 
1041 to 912, and the number of P. sylvestris trees 
from 819 to 643. The proportion of L. decidua slightly 
increased over the same period, although the total 
number of individuals remained low (Table 3).

In contrast to the evergreen conifers, the propor-
tion of nearly all deciduous broadleaved species in-
creased, with the most notable rises observed for T. 
cordata, Q. robur, and A. platanoides. For other decid-
uous species, the increase in the proportion of indi-
viduals remained below 1.0%. Notably, the basal area 
proportion of P. abies showed only a slight increase, 
whereas the basal area of deciduous trees increased 
significantly (Table  3). Overall, fifteen deciduous 
broadleaved species expanded their presence, while 
only three species, including the genus Salix and Sa-
lix caprea experienced a decline.

In 2024, the total number of inventoried trees was 
208 fewer than in 2011. This decrease was due to a 
reduction in the number of evergreen conifer trees in 
the smallest d.b.h. class, which was predominantly 

Table 3. Proportions of tree species with a diameter at 
breast height (d.b.h.) ≥ 12 cm, calculated either as the 
ratio of the number of individuals of each species to the 
total number of individuals, or as the ratio of the basal 
area of each species to the total basal area, recorded on 
the monitoring plots in 2011 and 2024. All the obser-
vations per species and year were pooled from 75 plots 
with a radius of 12.61 m (500 m2)

Species
Number of 

individuals (%) Basal area (%)

2011 2024 2011 2024
Acer platanoides L. 0.46 1.71 0.26 0.83
Acer pseudoplatanus L. – 0.05 – 0.01
Alnus glutinosa (L.) Gaertn. 0.84 0.88 0.70 0.84
Betula pendula Roth 2.53 3.05 2.74 2.79
Betula pubescens Ohrh. 0.04 0.09 0.04 0.23
Carpinus betulus L. 0.46 0.69 0.34 0.47
Fraxinus excelsior L. – 0.14 – 0.05
Larix decidua Mill. 0.63 0.65 1.03 0.80
Malus sylvestris L. (Mill.) 0.42 0.05 0.02 0.02
Picea abies Karst. 43.91 42.16 33.80 34.07
Pinus sylvestris L. 34.54 29.73 48.64 45.57
Populus tremula L. 0.38 0.23 0.90 0.67
Prunus 0.04 0.05 0.02 0.02
Quercus robur L. 13.71 15.03 9.88 11.00
Quercus rubra L. – 0.09 – 0.05
Salix 0.04 – 0.01 –
Salix caprea L. 0.46 0.05 0.41 0.01
Sorbus aucuparia L. 0.42 0.09 0.01 0.02
Tilia cordata Mill. 1.77 4.99 1.14 2.44
Ulmus laevis Pall. 0.13 0.28 0.07 0.15

Fig. 5. The diameter at breast height (d.b.h.) structure of 
trees with d.b.h. ≥ 12 cm on monitoring plots in Wigier-
ski National Park in 2011 and 2024 (n = 75, where n is 
the number of sampling units)
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occupied by P. abies (Fig. 5). Over the 13-year peri-
od, some P. abies individuals progressed into higher 
d.b.h. classes (Table 3, Fig. 5). In contrast, the num-
ber of deciduous trees increased across all d.b.h. 
classes between 2011 and 2024. The trends in tree 
species proportions shown in Table 3 were statisti-
cally confirmed for the two functional groups ever-
green conifers and deciduous species in the linear 
mixed model (LMM) analysis (Table 4). Stem densi-
ty (stems per ha) for trees with a diameter ≥ 12 cm, 
averaged across species grouped into the two func-
tional types (deciduous and evergreen coniferous), 
decreased from 284 (±16) stems ha−1 in 2011 by 54 
(±20) stems ha−1 by 2024. In 2011, the density of 
deciduous species was 194 (±21) stems ha−1 lower 
than that of evergreen coniferous species. However, 
over the 13-year period, the density of deciduous 
species increased by 58 (±29) stems ha−1 (Table 4).

Regarding basal area (m2 ha−1), the model esti-
mated an average of 28.02 (±1.41) m2 ha−1 across 
both functional groups. The increase in basal area 
over the 13 years 1.10 (±1.82) m2 ha−1 was not sta-
tistically significant. Notably, evergreen coniferous 
species were dominant in terms of basal area: the 
average basal area of deciduous species was 20.14 
(±1.94) m2 ha−1 lower, and this difference remained 
unchanged after 13 years, with the interaction ef-
fect indicating an insignificant increase of only 0.32 
(±2.70) m2 ha−1 (Table 4).

Diversity of dendroflora

The values of 1D, 2D, and MRI indicate that overall 
dendroflora diversity in WNP was low to moderate. 
A significant increase in dendroflora diversity from 
2011 to 2024 was detected regardless of whether the 
diversity indices were weighted by the number of in-
dividuals or by basal area (Tables 5 and 6). When 
weighted by the number of individuals, in 2024 1D 
increased by 0.215, 2D by 0.034, and Margalef ’s in-
dex by 0.067 compared to their respective values of 
2.450, 0.493, and 0.734 in 2011 (Table  5). When 
weighted by species basal area per hectare, 1D and 2D 
were 2.054 (±0.093) and 4.78 (±0.87), respectively 
(Table 6). In 2024, 1D increased by 0.465, while 2D 
decreased by 3 (Table 6). However, the fixed effect of 
year accounted for only a portion of the variance in 
the indices, as indicated by the marginal R2 values. 
In contrast, a substantial proportion of variance was 
explained by the random effect of plot, reflected in 
the higher conditional R2 values.

Positive differences in 1D values between 2024 
and 2011 were observed on 69% of the plots, indicat-
ing an increase in diversity (Fig. 6a). Only one plot 
showed no change (1D2024 − 1D2011 = 0), while the 
remaining plots had negative values, indicating a de-
cline. The inverse Simpson index increased on 67% 
of the plots (2D2024 − 2D2011 > 0), suggesting an in-
crease in diversity (Fig. 6b). For the Margalef index, 

Table 4. Results of the linear mixed model for tree density (stems ha−1) and basal area (m2 ha−1), presented separately 
for functional groups of tree species (deciduous and evergreen coniferous trees) in two inventory years (2011 and 
2024). SE – standard error; CI – confidence interval; LL – lower limit of the confidence interval; UL – upper limit of the 
confidence interval (n = 75, where n is the number of sampling units)

Variable Predictors Estimate SE
95% CI

t p
LL UL

Density (stems ha−1) Intercept 284.3 15.5 253.8 314.8 18.3 <0.001
Year (2024) −53.8 20.2 −93.6 −14.1 −2.66 0.008
Functional group (Deciduous) −194.0 21.4 −236.0 −152.0 −9.08 <0.001
2024 × Deciduous 57.9 29.2 0.46 115.3 1.98 0.048

Basal area (m2 ha−1) Intercept 28.02 1.41 25.25 30.80 19.9 <0.001
Year (2024) 1.10 1.82 −2.49 4.68 0.60 0.55
Functional group (Deciduous) −20.14 1.94 −23.95 −16.34 −10.41 <0.001
2024 × Deciduous 0.32 2.70 −4.98 5.63 0.12 0.91

Table 5. Results of linear mixed model for exponentiated Shannon index (1D – Hill number of order 1), inverse Simpson 
(2D – Hill number of order 2) and Margalef biodiversity indices weighted by number of individuals in two inventories 
(2011 and 2024). SE – standard error; CI – confidence interval; LL – lower limit of the confidence interval; UL – upper 
limit of the confidence interval (n = 75, where n is the number of sampling units)

Index Predictors Estimate SE
95% CI

t p
LL UL

1D (individuals) Intercept 2.450 0.094 2.262 2.637 25.97 <0.001
Year (2024) 0.215 0.051 0.113 0.317 4.21 <0.001

2D (individuals) Intercept 0.493 0.018 0.458 0.528 27.94 <0.001
Year (2024) 0.034 0.010 0.015 0.054 3.52 0.001

Margalef Intercept 0.734 0.039 0.657 0.811 18.83 <0.001
Year (2024) 0.067 0.021 0.025 0.108 3.15 0.002
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72% of plots showed an increase (MRI2024 − MRI2011 
> 0), 8% showed no change, and 20% showed a de-
crease (Fig. 6c).

Relations between the proportion of 
evergreen conifers and diversity indices

The relationships between the proportion of ev-
ergreen conifers (P. sylvestris and P. abies) and the 
values of diversity indices exhibit a parabolic pattern 
(Fig. 7). In this relationship, an autocorrelation ex-
ists because the proportion of conifers contributes 

directly to the calculation of each index. At lower 
proportions of conifers (left-hand side of the parab-
ola), the diversity indices increase, reaching a max-
imum at the vertex of the parabolic curve. Beyond 
this point, the indices decline with further increases 
in conifer proportion. The curvature of the parabola 
reflects both the increasing proportion of deciduous 
broadleaved species and the decreasing proportion 
of conifers. Despite the presence of autocorrelation, 
this approach allows us to estimate the proportion 
of conifers at which each index reaches its maximum 
corresponding to the vertex of the respective parab-
ola. These parabolic relationships are presented as 
an exploratory analysis to reveal potential non-linear 
patterns in species diversity along a gradient of co-
nifer dominance. The vertex location serves as a de-
scriptive benchmark rather than a causal threshold. 
The maximum value of 1D, weighted by the number 
of individuals or basal area, was higher in 2024 at 
the lower conifer proportion as in 2011 (Table  7, 
Fig. 7a). This suggests that the increase in dendro-
flora diversity was driven by both a greater number 
of species and a more even distribution of individu-
als among non-coniferous tree species. Interestingly, 
the maximum value of 1D weighted by tree basal area 
increased as the proportion of evergreen conifers de-
creased (Table 7, Fig. 7b). However, higher values of 
2D weighted by the number of individuals in 2024, 

Table 6. Results of linear mixed model for exponential Shannon entropy (1D) and inverse Simpson (2D) biodiversity in-
dices weighted by basal area in two inventories (2011 and 2024). SE – standard error; CL – confidence interval; LL – 
lower limit of the confidence interval; UL – upper limit of the confidence interval (n = 75, where n is the number of 
sampling units)

Index Predictors Estimate SE
95% CI

t p
LL UL

1D (basal area) Intercept 2.054 0.093 1.869 2.238 22.09 <0.001
Year (2024) 0.465 0.089 0.287 0.642 5.21 <0.001

2D (basal area) Intercept 4.780 0.870 3.060 6.510 5.49 <0.001
Year (2024) −2.980 1.070 −5.090 −0.860 −2.78 0.006

Fig. 6. Values representing the differences in diversity in-
dices based on the number of individuals per tree spe-
cies across 75 monitoring plots in Wigierski National 
Park. Each point shows the difference between the Hill 
numbers or Margalef index values recorded in 2024 
and those recorded in 2011. a. Differences in the val-
ues of exponential Shannon index (1D) (1D2024 – 1D2011); 
b. Differences in the values of inverse Simpson index 
(2D2024 – 2D2011); c. Differences in the values of Margalef 
index (MRI2024  – MRI2011). The dashed red line corre-
sponds to 0

Table 7. The coordinates of the vertex of parabolic models 
applied to fit the relationship between the proportion 
of conifers and values of diversity indices (n = 75). The 
parabolic equations are shown in Fig. 7. 1D (individuals 
or basal area) – exponential Shannon entropy calculat-
ed with the number of individuals or basal area at d.b.h; 
2D (individuals)  – inverse Simpson index calculated 
with the number of individuals

Year Index Proportion of 
conifers Index maximum

2011 1D (individuals) 35 3.07
2024 18 3.62
2011 1D (basal area) 51 2.79
2024 44 3.27
2011 2D (individuals) 38 0.60
2024 33 0.66
2011 Margalef 33 1.00
2024 08 1.17
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indicate the increased number of common species, 
i.e. the higher diversity. Notably, the vertex of the 
2D parabola in 2024 corresponded to approximate-
ly a 5% reduction in conifer proportion compared to 
2011 (Tables 6 and 7, Fig. 7c). The maximum value 
of the Margalef richness index (MRI) increased from 
2011 to 2024, reflecting higher species richness rel-
ative to total tree abundance (Table 7, Fig. 7d). The 
vertex of the MRI parabola occurred at a noticeably 
lower proportion of conifers, suggesting that the rise 
in species richness was primarily due to the greater 
prevalence of broadleaved species at the expense of 
evergreen conifers.

Discussion

In Wigry National Park, we have documented a 
significant increase in dendroflora diversity over a 
thirteen-year period, from 2011 to 2024. This trend 
is evidenced by rising values in the exponential Shan-
non entropy (1D), inverse Simpson (2D) and Margalef 
diversity indices (MGR). The increase in tree species 
diversity reflects significant temporal changes that 
can be partly attributed to climate change. Our re-
sults indicate that natural processes such as self-thin-
ning, progression into higher diameter classes, and 
tree mortality substantially affect the dynamics of 
tree species diversity and can interact with broader 
climate-driven trends.

Additionally, our historical research on the study 
area, based on the Map of Lake Wigry and Suwałki 

Fig. 7. The relationships between the proportion of evergreen conifers (Picea abies, Pinus sylvestris) and values of Hill 
numbers (a, b, c) and Margalef (d) index for the observations on the monitoring plots in Wigierski National Park con-
ducted in 2011 and 2024. a. Conifers vs. exponential Shannon index (1D) calculated with the number of individuals; b. 
Conifers vs. 1D calculated with the values of basal area at d.b.h.; c. Conifers vs. inverse Simpson index (2D); d. Conifers 
vs. Margalef index. The parabolic equations are fitted. The goodness of fit is assessed with the adjusted coefficient of 
determination (R2) with probability (***P < 0.001)
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Region (1855), Analysis of Wigry National Park’s Ac-
tivities (2023), and Conservation Plan of Wigry Na-
tional Park (2023), suggests that forest management 
and active conservation have had only minor effects 
on tree species diversity within our selected monitor-
ing plots. Nevertheless, the high proportion of old P. 
sylvestris indicates that planting of this species, par-
ticularly in the 19th century and between 1914 and 
1918, has influenced species composition in WNP 
(Bogusławski, 2003). In our study, the dominance of 
conifers is reflected by the high proportion of P. abies 
and P. sylvestris in the canopy.

Across selected monitoring plots in WNP, the 
proportions of cold-tolerant evergreen coniferous 
species P. abies and P. sylvestris weighted by the num-
ber of individuals or stem density have declined, 
while warm-tolerant, deciduous broadleaved species 
have expanded. Additionally, the total number of tree 
species has grown, including the appearance of the 
invasive Q. rubra.

The relationship between conifer proportion and 
diversity indices follows a parabolic pattern with di-
versity increasing to a peak at the vertex of the pa-
rabola, after which it declines as conifer dominance 
rises. This suggests that species richness and even-
ness are optimal at intermediate levels of conifer 
presence, with dendroflora diversity in WNP peaking 
not at the extremes of conifer dominance or absence, 
but at a balanced midpoint. Specifically, the highest 
diversity, based on 1D weighted by the number of in-
dividuals, was observed at a conifer composition of 
approximately 35% in 2011 and 18% in 2024. When 
1D was weighted by basal area, its optimal value in-
creased, while the proportion of conifers decreased 
from 2011 to 2024, supporting our first hypothesis. 
In contrast, the proportion of conifers corresponding 
to the maximum value of the MRI dropped sharply in 
2024. This suggests that the rise in species richness 
was driven primarily by an increase in the number of 
species and decline conifer abundance. When species 
richness was adjusted for sample size, the optimal 
conifer proportion associated with the maximum 
MRI value in 2024 was as low as 8%. These results 
support our first hypothesis.

Our observations suggest that the increased den-
droflora diversity has to some extent resulted from 
the mortality of evergreen conifers, which has opened 
the forest canopy, allowing more light to reach the for-
est floor. This has facilitated development of low un-
dergrowth of both shade-tolerant (e.g. A. platanoides, 
C. betulus and T. cordata) and to lesser extent light-de-
manding (P. tremula) deciduous broadleaved species. 
Additionally, the microclimatic conditions in canopy 
gaps formed within the Tilio cordatae-Carpinetum betu-
li forest community supported secondary succession 
of broadleaved deciduous species and the regenera-
tion of P. abies, though not P. sylvestris. These gaps 

generally offer more favourable light, temperature, 
and moisture conditions for seed germination and 
seedling establishment than either the shaded cano-
py interior or fully open areas (Dobrowolska, 2007a; 
Dobrowolska, 2007b; Dobrowolska & Veblen, 2008). 
In our study, the P. sylvestris natural regeneration was 
not found. It suggests that highly light demanding 
seedlings and saplings of this species that typically 
grow and regenerate in poor soil are outcompeted 
by other trees and herbaceous fast-growing plants 
(González-Martínez & Bravo, 2001; Paluch, 2004). 
Additionally, our observations are concomitant with 
Sokołowski and Paluch (2004) who stated that in 
north-eastern Poland, including the WNP, the ex-
pansive natural regeneration of P. abies did not allow 
P. sylvestris to develop its natural regeneration. Picea 
abies was present at all stages of development, includ-
ing seedlings, saplings, young trees, mature trees, 
and old-growth individuals. In contrast, the natu-
ral regeneration of other species was less abundant 
with simpler age structures and fewer individuals in 
younger developmental stages, unlike the continuous 
presence of P. abies across all stages. Our observation 
is concomitant with Sokołowski (1980) who stated 
that a presence of P. abies in Tilio cordatae-Carpinetum 
betuli is typical for this community in northeastern 
Poland. In contrast, P. sylvestris is not a typical species 
for this community (Matuszkiewicz, 2001).

The increased mortality of cold-adapted evergreen 
conifers is a complex phenomenon, which can be at 
least partially attributed to their limited adaptation 
to rising temperatures and more frequent summer 
droughts. P. abies, in particular, is known to be highly 
sensitive to drought (Treml et al., 2022). Drought is 
often the primary cause of P. abies decline, typically 
followed by infestations of pathogenic fungi and in-
sects which have been observed in WNP (Łoziński, 
2002; Conservation Plan of Wigry National Park, 
2023). The decline of conifers, particularly P. abies, 
may be further driven by their high susceptibility to 
particulate matter (PM) pollution, as shown by Po-
pek et al. (2024), who reported significant PM accu-
mulation and reduced photosynthetic efficiency near 
the park’s boundaries. The source of the mortality of 
evergreen conifers observed in WNP can be found 
in their life strategy of retaining multiple cohorts of 
needles, which proves disadvantageous for survival 
and growth under a warming climate. However, ag-
ing needles are not fully photosynthetically function-
al (Oluborode et al., 2025). They can be damaged by 
drought and other stressors. The strategy of decidu-
ous broadleaved species consisting in falling leaves 
and producing new leaves each year is probably less 
costly compared to needle long-time retention in ev-
ergreen conifers (Song et al., 2022).

Following the recently published study (Dyder-
ski et al., 2025), the tree species which occur in our 
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monitoring plots can be classified into one of three 
groups: non-threatened (A. pseudoplatanus, P. avium, 
and C. betulus), partially threatened (U. laevis, B. pen-
dula, Q. robur, F. excelsior, T. cordata, and A. glutinosa), 
and the most threatened (L. decidua, P. abies, and P. syl-
vestris). The non-threatened and partially threatened 
are classified as thermophile species and/or plastic 
in response to increasing air temperature. For the 
last group, it has been projected that almost half of 
the range contraction will occur from 2041 to 2060. 
However, rapid but modest climate change may cre-
ate mismatches between the species occurrence in 
secondary succession and local climate in WNP be-
cause of lags in population or species-level adapta-
tion (Robakowski et al., 2012).

The results of this study span a relatively short 
period of 13 years, which limits our ability to directly 
correlate ecological indices values and tree measure-
ments with specific climate parameters. Nonethe-
less, our findings provide evidence that the observed 
increase in dendroflora diversity marked by a greater 
proportion of warm-tolerant, deciduous broadleaved 
species at the expense of evergreen conifers P. syl-
vestris and less P. abies has occurred alongside sever-
al climate-related changes. These include a roughly 
two-week extension of the growing season, rising 
mean annual temperatures, more frequent extreme 
temperature events, increased drought, and reduced 
snowfall. These observations suggest that shifts in 
species composition and population density have 
been driven at least partly by climatic factors, sup-
porting our second hypothesis. However, significant 
uncertainty remains, making it difficult to quantify 
specific risks or impacts, particularly for scattered 
broadleaved tree species (Hemery et al., 2010). The 
conservational status of WNP has been crucial for 
long-term studies on ecological processes allowing to 
observe an interactive impact of climate change and 
fluctuations, tree mortality, progression to higher 
d.b.h. classes and secondary succession of deciduous 
trees. This would not be possible in intensively man-
aged forests where human activity is an artefact (Fig 
1a; Bogusławski, 2003).

Similar to Białowieża National Park, which serves 
as our benchmark, we observe in WNP the emer-
gence of young generations of broadleaved meso- 
and eutrophic tree species, accompanied by a simul-
taneous decline in conifers, namely pine and spruce 
to a lesser extent. This suggests that the ongoing 
transformation in tree stand composition in WNP is, 
to some extent, concurrent with changes observed 
in the Białowieża Forest (Kowalski, 1994). In old-
growth stands of the managed part of the Białowieża 
Forest between 1949 and 2006, C. betulus and T. cor-
data were even regarded as expansive species, P. abies 
was considered stable, and P. sylvestris was classified 
as declining (Drozdowski et al., 2020). Our findings 

are consistent with long-term monitoring results 
from the Białowieża Forest, indicating that in WNP, 
C. betulus and T. cordata have high growth potential, 
while P. sylvestris is in decline.

Our study offers valuable insights into the pre-
dicted changes in dendroflora diversity in WNP in 
response to local climate fluctuations. The findings 
provide evidence to support the biodiversity conser-
vation and the ecological processes driving the sec-
ondary succession of deciduous broadleaved trees 
in the park. The established network of monitoring 
plots in WNP, a biodiversity hotspot in north-eastern 
Poland, creates a unique opportunity for long-term 
observation of shifts in the dendroflora composition 
and other forest-dwelling organisms (Behnke-Borow-
czyk et al., 2023). In the long term, we recommend 
the continued monitoring of dendroflora diversity 
and growth in WNP to improve the modelling of for-
est tree responses to global climate change.
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