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Abstract. The deterioration of climatic conditions caused by global warming poses a threat to the
sustainable development of forest ecosystems, particularly oak stands, which are an important
component of Ukraine’s forestry sector. The purpose of the study was to determine the growth
responses of Quercus robur L. trees to long-term climatic changes leading to increased aridity in
the conditions of the Ukrainian Polissya. The gradients of the temperate climate in the locations
where Quercus robur L. trees grow in Ukraine were analysed, namely the climatic factors (extreme
temperatures, precipitation) that affect the growth and development of trees on a monthly and
seasonal time scale. The results provide important information on the regional prospects for
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growing oak plantations in Ukraine. Random climatic factors, which act synergistically with
systemic factors, negatively affect tree growth, regardless of the characteristics of the forest
management system. The influence of climatic conditions on the radial growth of Quercus robur
L. trees within their natural range was studied. Particular attention was paid to situations where
the analysed trees formed rings whose width exceeded the interval — the mean plus or minus the
standard deviation (R* SD). Chronologies of climatic signals covering the new reference period
1991-2020 were developed for the studied locations. Simple indices of extreme monthly average
air temperatures and monthly precipitation indices were calculated. A climatic analysis was
conducted for the years in which anomalies in the growth of Quercus robur L. trees were observed,
identified by the tree ring width index (TRWI). It has been established that annual precipitation
totals and maximum air temperatures in the spring-summer season have a statistically significant
impact on radial growth. The constructed polynomial models allow predicting changes in the
growth dynamics of Quercus robur L. trees for the studied region

Keywords: climate change; climate signals; dendrochronological analysis; tree ring width; ring

width index

Introduction

In light of predicted climate change, there is
a need to assess the impact of future climate
gradients on the growth, development and
distribution of tree species. The resilience
of species to climate change is of significant
importance for forecasting the development
of forest management systems (IPCC, 2022).
Dendrological research has been conducted
mainly in two areas: tree growth dynamics
in their natural habitat and their response to
climate change, and tree growth characteris-
tics in warm, dry regions that currently exhibit
the climatic conditions expected in the future
climate for a given locality. However, unfa-
vourable climatic conditions are not the only
cause of plant growth disruption, as there are
other causes, according to A. Wallraf & S. Wag-
ner (2019). The distribution range of a species
is determined not only by climate, as there are
a number of systemic factors, including latent
ones, that affect the growth of woody plants.
The suppression and even displacement of a
particular species can occur due to the pres-
ence of competing species that are better

adapted to the area. The authors A. Wallraf
& S. Wagner suggested that any statistical
correlations between climatic conditions and
growth indicators may be questionable in
terms of cause-and-effect relationships.
Nevertheless, M. Steckel et al. (2020) be-
lieved that climatic gradients, which are en-
tirely random in nature, have both a direct and
indirect impact on tree growth and develop-
ment, as rising temperatures accelerate chem-
ical reactions that release nutrients, enhancing
the growth of trees and microbial populations,
while reducing humidity and stimulating soil
droughts. The impact of climatic stresses on
the common oak (Quercus robur L.) in the for-
est-steppe zone of Ukraine, studied by I.M. Kov-
al & A. Brauning (2024), causes noticeable re-
actions in the radial growth of trees to climate
variations. Depressions in radial tree growth
were observed in years with low precipitation
and elevated ground temperatures, while maxi-
mum growth was observed in years with favour-
able temperature and humidity conditions for
tree growth. A study by R. Puchatka et al. (2024)
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of Quercus petraea within its natural range in
northern Poland showed that there is current-
ly a trend towards a decline in the viability of
mature trees and a reduction in their radial
growth, despite the fact that climatic conditions
for this species remain stable. This is evidenced
by observations of the species’ cambial activity
during growing seasons in years with negative
and positive water balances. This enabled the
authors R. Puchalka et al. to compare the phas-
es of wood formation and growth width. They
found that in dry years, cambial activity ceased
earlier than in wet years, and that precipitation
significantly prolonged the duration of cambi-
al activity and contributed to the formation of
wide rings. Late spring frosts (LSF) are increas-
ingly being added to the list of anomalies in the
modern regional climate.

E. Tonelli et al. (2022) investigated the
negative impact of late spring frosts on tree
productivity and growth in temperate forests.
The reduction in growth of trees affected by
LSF ranged from 36 to 84%. The negative im-
pact was only observed during the year when
LSFs were fixed, with growth recovery occurring
within 1-2 years after the event. However, de-
tailed information on how these forests recover
after such events is still not available. Accord-
ing to the authors, the increase in the frequency
of LSF may, in the long term, threaten the dis-
appearance of certain species, in particular the
presence of beech in the high-altitude forests
of the Mediterranean. There is a deficit of re-
search on tree growth in conditions that differ
significantly from those of their natural habi-
tat. Therefore, the study by D. Moreno-Fernan-
dez et al. (2022) on forests in central Spain is ex-
tremely relevant, as it can provide insight into
how native species will grow in new climatic
conditions. The authors of the study connected
the process of pine forest dieback observed in
2019 with rapidly changing climatic conditions
and drought stress.

The limitation of the mentioned approach-
es is that the actual adaptation of tree species
to climatic conditions has not yet been fully
understood. The Polissya region of Ukraine is
characterised by a temperate climate, where
forest formation has been ongoing for over a
millennium. There is a need to predict their
productivity in the context of progressive cli-
mate change. I. Ivanyuk & T. Ivanyuk (2019)
noted that over the last decade, significant
fluctuations in the radial growth index of com-
mon oak have been observed in the Ukrainian
Polissya, indicating the species’ response to
climatic signals. Despite the relatively high
drought resistance of Quercus robur L. in its
natural range, there is a need for further re-
search into the climatic growth potential of
trees of this species and the possibility of ex-
panding their geographical range beyond their
natural range.

The problem facing dendroclimatologists
today is to correctly identify the climatic signal
that has found an accessible response in tree
layer data and to distinguish this signal from
ground noise. The aim of the study was to in-
vestigate the influence of climatic gradients on
the radial growth of Quercus robur L. trees in
the Ukrainian Polissya. To achieve this goal, the
following tasks were set: to determine annual
anomalies in tree growth by calculating the tree
ring width index (TRWI); to calculate climate
indices on a monthly/seasonal averaging time
scale; to establish a stochastic relationship be-
tween radial growth and climate signals.

The scientific novelty lies in determining
the possibilities of predicting the growth dy-
namics of Quercus robur L. within its natural
range, taking into account regional climate
changes caused by global warming.

Materials and Methods

Three locations were studied in Ukraini-

an Polissya (Korosten — SITE 1; Zhytomyr -
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SITE 2; Kyiv — SITE 3 and one in the Left
Bank Forest-Steppe zone (Kharkiv — SITE 4),
where the most common plantations involve

the common oak (Quercus robur L.). The main
characteristics of the studied locations are
presented in Table 1.

Table 1. Overview of researched sites

Geographical coordinates Altitude
Location above sea Climate Soil types
Latitude, N | Longitude, E level, m
Moderately .
SITE1 50.97 28.61 170 continental sod-podzolic, sod
Humid moderately .
SITE2 50.25 28.66 220 continental sod-podzolic gleyed
Moderately .
SITE3 50.45 30.52 170 continental gray podzolised forest
Moderately typical chernozems and
SITE4 50.06 36.35 150 continental podzolised chernozems

Source: developed by the authors

Standardisations of random meteorologi-
cal series was necessary for statistical compar-
isons of random variables of different physical
nature. For the analysis, a climate signal was
used, which is a random variable, Ax, and at any
given moment represents a random meteoro-
logical quantity (temperature, precipitation),
the cantered value of which, x, takes specific
values with a certain probability:

Ax=x-X, 1)
where X - is the climatic norm.

If the cantered values of meteorological
variables are stabilised by dispersion, obtain di-
mensionless standardised values x_:

x,=Ax/o. 2)

In this study, standardised values of extreme
monthly average air temperatures and monthly
precipitation totals were considered as climate
signals. Meteorological information was obtained
for all study sites from the Sectoral State Archive

of Hydrometeorological Observations of the State
Emergency Service of Ukraine (United Hydrome-
teorological Station Kyiv, n.d.). The study period
covered the period from 1931 to 2020 inclusive.
The initial meteorological data were taken into
account: daily values of maximum/minimum sur-
face air temperature and monthly precipitation
totals. The time series of annual tree ring widths
at the respective sites were borrowed from scien-
tific works (Procopuk, 2017; Ivanyuk & Fuchy-
lo, 2020; Koval & Brauning, 2024).

The change in the width of the annual ring,
according to the law of tree ring growth, is de-
termined by the following formula, obtained
from the equation given in the work (Giraldo &
Dell Valle, 2016):

Cie %1ty e—2t

T 3633 /p(CatCre— Mt Cre-20)2]

TRW 3

where C,, C,, C,, C, - some coefficients; a, a, -
positive constants; p — wood density.

The appearance of the function of the
change in the width of the annual ring as the
tree grows is shown in Figure 1.
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N
4

Annual growth (width of ring), mm

o

Years

Figure 1. A typical form of the function

of the wood ring width (with an increase

in the width of wood ring at initial stage)
Source: J.A. Giraldo & ]J.I. Dell Valle (2016)

Thus, the presented analytical depend-
ence (3) and its graphical interpretation (Fig. 3)
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describe the general law of tree-ring width var-
iation over time. This relationship forms the
theoretical basis for further statistical analysis
and standardisation of the obtained dendro-
chronological series.

Applied statistical analysis of time series of
meteorological variables and ring width series
was performed using STATISTICA (version 12),
which, in particular, allowed for detailed inves-
tigation of: graphical representation and anal-
ysis of time series behaviour; identification of
deterministic components of the series; remov-
al of low- or high-frequency components of the
series; random component of the time series;
prediction of the behavior of the time series.

Results

The results of calculations for the Zhytomyr re-
gion are shown in Figure 2.

Plot of variable: ANOMAL T MAX

ANOMAL T yax, °C
-

3
1981 1986 1991 1996 2001 2006 2011 2016
YR

Plot of variable: ANOMAL T yya

25
1981 1986 1991 199 2001 2006 2011 2016

YR

Figure 2. Growth trends of the surface maximum air temperature chronologies (SITE 2)
Note: a — original unprocessed series; b — cantered series; c — autocorrelation function; d — standardised series

(climatic signal)
Source: compiled by the authors
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The dynamics of annual extreme tempera-
ture variability indicate the presence of a linear
trend in the random process, which has a steady
tendency to increase the maximum temper-
ature (Fig. 2a). Climatological anomalies, ac-
cording to the recommendations of the World
Meteorological Organisation (WMO, n.d.), are
determined by centred values relative to the
climatic norm (Fig. 2b). The downward trend
of the correlation function of the time series of
the random component (Fig. 2¢) indicates that
the process is stationary, i.e., the mean value
and variance have become stable, which allows
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us to move to standardised values of the ran-
dom component, which acquires the meaning
of a climate dimensionless signal (Fig. 2d).

The dynamics of annual precipitation var-
iability for all locations shows a slightly ex-
pressed linear downward trend. The tendency
towards a decrease in annual precipitation is
observed at a level of < 1 mm/yr (Fig. 3). The
process proved to be stationary, as evidenced by
the downward nature of the correlation func-
tion. Therefore, this allows to immediately pro-
ceed to the standardisation of the initial series
of annual and monthly precipitation totals.

Plot of variable: Annual amount of precipitation

2 2
1 1
0 0
1 1
2 2
-3
1981 1986 1991 1996 2001 2006 2011 2016
YR

Figure 3. Standardised climate signal - annual amounts of precipitation (SITE 2)
Note: a — autocorrelation function rainfall; b — dynamics of climatic standardised signal

Source: compiled by the authors

If examine the width of the ring without
taking into account the initial growth phase,
the dynamics of the ring width can be sat-
isfactorily approximated by a negative expo-
nential function. Thus, in order to transition
to standardised tree ring width index (TRWTI)
values, it is necessary to decompose the time

series, i.e. to convert the non-stationary TRW
time series into a stationary one by removing
seasonality and trend from it. Depending on
the age of the tree, as well as the initial con-
ditions, the trend takes on a slightly different
form (Fig. 4), since the dendrological process
is non-stationary.
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Plot of variable: TRW
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Figure 4. The sequence of standardisation of the width of the wood ring SITE 4
Note: a - original series of data TRW; b - linearisation of the original series by logarithmisation; c — decomposed

data series TRW; d — wood ring width index TRWI
Source: compiled by the authors

The study of the correlation function of
long TRW series, including the initial growth
stage, shows its relative stability. Therefore,
there is a need to convert the random process
into a stationary mode, i.e. it is necessary to re-
move the trend. If use the dendrochronological
equation (3), a complex task of its parameteri-
sation arises, so applied a statistical approach
to remove the trend, which gives satisfactory
results provided that the initial sample is suffi-
cient. Since the trend TRW_0 decreases accord-
ing to the exponential law (Fig 4a), the initial
series was logarithmised for its linearisation
(Fig. 4b). After removing the linear trend, a

new series was formed, the TRW residual series
(Fig. 4c), which contains only a random com-
ponent. The stationarity of the new series al-
lows it to be presented in a standardised form
(Fig. 4d) and considered as a series of the TRWI
tree ring width index.

Annual climate anomalies and TRWI
variations. According to the recommenda-
tions of the World Meteorological Organisation
(WMO, n.d.), the time lag for recording climate
change should be at least 30 years. In order to
organise climate information obtained from
different locations, it is proposed to select ref-
erence periods starting with years ending in a
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unit. Meteorological data averaged over this
period are considered as reference data (cli-
matic norms) against which the climatology
of the random process in the studied location
is analysed for a fixed reference period. Since
the evolutionary cycle of oak forest (Quercus
robur L.), in particular, is more than a century,
the question arises regarding the identification
of climate anomalies, namely in relation to the

reference period. Unfortunately, climate data
for the locations under study have different his-
tories. Nevertheless, it was possible to track the
variability of climatic reference indicators (Ta-
ble 2). The list of regional indicators of climate
change includes, first of all, temperature indi-
cators — maximum and minimum air tempera-
tures, which determine the temperature range
for a fixed location in a given time interval.

Table 2. General characteristics of test areas

Reference period Descriptive statistics (maximum temperature. SITE1Winter.sta)
Valid N | Mean | Minimum Maximum Std.Dev. Skewness Kurtosis
1931-1960 78 -1.9 -9.2 5.0 3.24 -0.55 -0.27
1941-1970 66 -1.8 -10.8 5.0 3.11 -0.85 0.96
1951-1980 78 -1.5 -10.8 5.0 2.87 -0.81 1.60
1961-1990 78 -1.2 -10.8 6.1 3.08 -0.59 1.17
1971-2000 90 -0.5 -9.7 6.1 2.95 -0.55 0.77
1981-2010 90 -0.3 -9.7 7.2 3.07 -0.45 0.94
1991-2020 90 0.2 -6.8 7.2 2.92 -0.06 -0.20
2001-2024 69 0.4 -6.6 7.2 2.96 -0.11 -0.24

Source: compiled by the authors by statistical evaluation of primary data of United Hydrometeorological

Station Kyiv (n.d.)

Regional responses to global warming,
which began in the 1980s, have been ambigu-
ous and unpredictable. Statistical analysis of
meteorological data has revealed trends in tem-
perature changes in the lower atmosphere at all
sites studied. There is a steady trend towards an
increase in both max/maximum temperature
and min/minimum temperature, with the latter
increasing more noticeably. It should be noted
that the empirical distribution of extreme tem-
peratures does not show a tendency towards
excess and right-sided asymmetry, but rather
approaches the standard Gaussian distribution.

The climatic norms of average annual
(average monthly) values of extreme temper-
atures and annual (monthly) precipitation
totals, which were determined for the stud-
ied sites, made it possible to identify climatic
signals, such as anomalies in temperature and
precipitation patterns relative to the climatic

norm. Since the random processes under study
demonstrate stationarity, by stabilising the
centred values of the average annual maximum
and minimum air temperatures and annual
precipitation totals by dispersion, it is possi-
ble to move on to dimensionless standardised
indices - IT,,,, IT,,,., IPR. If the corresponding
climate index takes on a value >|*1|, this means
that the meteorological value is outside the in-
terval and such an index is considered a climate
signal (Fig. 5, Fig. 6). A climate signal in this
format proved to be quite convenient for analy-
sis, since not only the time of the event is iden-
tified, but also the relative weight and phase of
the signal. It should be noted that the ITMAX,
ITMIN and IPR signals contain trend compo-
nents, since during the reference period under
study, the values of climate signals change as a
result of both systematic (planetary) and ran-
dom (regional) factors.
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Figure 5. Dynamics of climatic temperature signals (a-ITMAX; b-ITMIN)

Source: compiled by the authors
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Figure 6. Dynamics of TRWI and IPR series (SITE4)

To identify climate signals, input mete-
orological series data (maximum/minimum
monthly average temperature; monthly precip-
itation totals) were standardised for each year

of the reference period at each site. The annu-
al values of climate signals allowed to identify
anomalous years and determine the phase of
the corresponding signals (Table 3).

Table 3. Anomalous years

SITE 1 SITE 2 | SITE 3 | SITE 4
maximum surface air temperature
1999 1991 2010 1991 1999 1993 2007 1991
2002 1992 2012 1992 2010 1994 2010 1992
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Table 3, Continued

SITE 1 \ SITE 2 \ SITE 3 \ SITE 4
maximum surface air temperature
2007 1993 2014 1993 2014 1996 2012 1993
2011 1996 2015 1996 1997 2013 1994
2013 1997 2016 1997 1998 2014 1996
2015 1998 1998 1997
2016 2000 2004 2004
2006 2006
minimum surface air temperature
1999 1993 2007 1991 1992 1993 1995 1993
2001 1994 2008 1993 2010 1996 1999 1994
2007 1996 2010 1996 2000 2008 1996
2011 1997 2012 1997 2010 1997
2013 2000 2014 2000 2011 2003
2015 2004 2016 2004 2012 2004
2005 2014 2005
2006 2016 2009
annual precipitation amounts
1997 2011 1998 1994 2002 1991 1995 1994
1998 2015 1999 1995 2005 2009 1997 1999
2010 2001 2000 2012 2015 2003 2000
2012 2007 2011 2013 2016 2017
2017 2012 2015
2013
tree ring width
2010 1996 1991 2002 2001 2003 1997 1999
2011 2000 1992 2003 2006 2009 2001 2000
2012 2001 1993 2004 2007 2010 2006 2002
2013 2002 1997 2016 2011 2014 2009
2014 2003 1998 2012 2012
2015 2004 2010 2015
Note: * — signal decreases/increases relative to the climatic norm

Source: developed by the authors by analysis of primary of United Hydrometeorological Station Kyiv (n.d.)

Thus, only those years were identified for
which the average annual maximum/minimum
air temperature and/or annual precipitation in
standardised values exceeded =1, i.e. fell out-
side the interval . With regard to TRW, the pro-
cedure was somewhat more complicated, since
the time series were first used to identify the

exponential trend, after which the residuals
were standardised (Fig. 6). The signal obtained
in this way was represented as the tree ring
width index (TRWI). Table 3 shows only those
cases where TRWI > |1]. Since the probabilis-
tic empirical distributions of the samples are
satisfactorily described by the normal law,
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the Pearson consistency criterion was used
to establish a statistical relationship between
climate signals and TRWI (Table 4). Climatic
and dendrological studies at the study sites
allowed to identify climatic signals (ITMAX;
ITMIN; IPR) for each year of the reference

period (1991-2020) and establish a statistical
relationship between them and TRWI, which
turned out to be weak to moderate (Table 4).
As expected, ITMAX and ITMIN are negatively
correlated with TRWT at all sites, while IPR is
positively correlated.

Table 4. Pairwise Pearson correlation between TRWI and climatic annual signal

Correlations
Climatic annual signal
SITE 1 SITE 2 SITE 3 SITE 4
IT,,, -0.33 -0.43 -0.45 -0.24
I, -0.16 -0.31 -0.39 -0.29
IPR +0.47 +0.35 +0.43 +0.37

Source: developed by the authors

A moderately weak correlation is likely re-
lated to noise in the useful signal. While annu-
al precipitation totals, which have a long-term
impact on tree growth, still make sense as an
annual indicator, temperature indicators at a
time interval (year) do not reflect the changing
temperature regime during the growing season.
As is known, the empirical distribution of an-
nual temperature for a temperate continental
climate is bimodal, i.e. the average annual tem-
perature is not the mode of distribution. Thus,
a climate history at the level of average month-
ly values for the years presented in Table 3 is
needed to identify seasonal climate effects. In-
terpreting the response of forest growth to cli-
mate change requires an understanding of both
the temporal and spatial patterns of seasonal
climatic influences on growth, in particular for
Quercus robur L.

Seasonal climate signals. During the ref-
erence period 1991-2020, correlations between
annual climate signals and TRWI were found at
all sites for each climate variable. The greatest
influence on the growth of Quercus robur L. is
exerted by precipitation (r=0.47; p < 0.05) and
maximum air temperature (r =-0.45; p < 0.05),

which is consistent with other TRWI studies in
temperate climates (Saleh et al. 2022). The veg-
etative activity of oaks begins at temperatures
above 4° C, with the optimal temperature range
for them varying between t=15°C and 29°C; the
best temperature regime for the active growth
phase (t=21°C-27°C), while dormancy begins at
temperatures below t< 10°C. Therefore, seasonal
climatology influences the onset and duration of
the active vegetation phase. Obviously, the ac-
tive vegetation of Quercus robur L. in a temper-
ate climate occurs in the spring-summer season.

Seasonal climate signals, as noted earli-
er, represent standardised values of average
monthly extreme temperatures and, according-
ly, monthly precipitation totals. For SITE1 and
SITEA4, the study period covered almost a centu-
ry (1931-2024). A warming trend was observed
for all seasons (Fig. 7). In particular, during this
period, the average monthly maximum tem-
perature increased by t=2.2°C, and the average
monthly minimum/maximum temperature by
t=2.6°C. The behaviour of seasonal maximum
temperature values in different reference pe-
riods varied, which complicates the identifica-
tion of a useful signal.
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Figure 7. Average seasonal maximum temperatures for different reference periods (SITE 1)

Source: compiled by the authors

There is some ambiguity regarding pre-
cipitation. A comparison of seasonal precip-
itation totals for different reference periods
showed: no trend in the winter-spring season; a

noticeable negative trend in the summer sea-
son, with a 20% reduction in precipitation; a
slight decrease in precipitation, about 7%, in
the autumn season (Table 5).

Table 5. Seasonal anomalies of the precipitation regime (SITE 4)

Reference Climatic rate of monthly precipitation amounts, mm

period | jan | Feb | Mar | Apr | May | Jun

Jul | Aug | Sep | Oct | Nov | Dec | Yr | VegPer.

1971-2000 | 30.7 | 29.0 | 33.5 | 46.8 | 49.5 | 90.0

100.9 | 65.9 | 58.5 | 34.7 | 43.9 | 39.0 | 622.4| 386.6

1981-2010 | 29.3 | 31.8 | 36.5 | 40.4 | 53.7 | 82.3

94.0 | 60.8 | 56.3 | 40.6 | 41.7 | 35.8 | 603.2| 367.7

1991-2020 | 31.4 | 34.0 | 41.0 | 38.4 | 61.2 | 70.4

82.4 | 53.4 | 47.6 | 42.0 | 39.9 | 38.0 | 579.7| 346.8

2001-2024 | 36.8 | 36.7 | 43.3 | 40.7 | 59.6 | 65.1

76.8 | 49.5 | 43.5 | 46.9 | 38.7 | 40.8 | 578.4| 335.0

Source: developed by the authors
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If evaluate monthly precipitation amounts,
there is a noticeable increase in precipitation:
Feb (15%), Mar (23%), May (22%), Oct (21%);
decrease in precipitation: Apr (18%), Jun (20%),
Jul (18%), Aug (19%), Sep (26%), Nov (9%).
Monthly precipitation totals in Dec and Jan
remained stable. At the same time, the annual
precipitation total has a steady downward trend
at a rate of about 1 mm *yr 1.

This study focuses on the latest reference
period of 1991-2020, which, according to the
recommendations of the World Meteorolog-
ical Organisation (WMO, n.d.), is considered

the new climate norm for the modern climate.
Accordingly, seasonal and monthly climate
signals are considered as relative variations
with respect to the average values for the last
thirty-year reference period. Monthly val-
ues of IT,,,, IT,,, and IPR were determined
at all sites, which made it possible to iden-
tify anomalous months and seasons that po-
tentially affected tree ring width. Based on
monthly precipitation totals, seasonal precip-
itation indices were formed for which correla-
tion statistical relationships with TRWI were
determined (Table 6).

Table 6. Correlation matrix TRWI-IPR SEASON

IPR WIN IPR SPR IPR SUM IPR AUT
SITE 1 0.43 0.12 0.29 -0.03
SITE 2 -0.08 0.26 0.32 -0.05
SITE 3 0.03 0.28 0.26 0.23
SITE 4 0.04 0.39 0.42 0.20

Source: developed by the authors

The statistical correlation between TRWI and
seasonal climate signals IPR-SEASON (Table 6)
was significantly lower at all sites than with annual
climate signals, as precipitation can have a cumu-
lative effect on growth. A comparison of the phases
of climate signals was carried out separately for the
spring, summer and spring-summer seasons. The
expected result was a coincidence of the TRWI and
IPR phases and a counterphase of TRWI and IT-
MAX. However, there are a number of cases where
the behaviour of TRWI and the seasonal climate
signal is unclear (Table 7). For example, SITE 1:
1991 year. IPR SPR=1.38; IPR SUM =0.93; TRWI
and 2016 year — IPR SPR=1.17; IPR SUM=0.81;

almost the same, but TRWI changes phase. Sim-
ilarly, SITE 2: 2012 year. IPR SPR = 1.09; IPR
SUM=1.22; TRWI l. It was possible to partially ex-
plain cases where seasonal precipitation amounts
increase and TRWI decreases by using informa-
tion about IPR for the previous year. Since the
temperature and humidity regime determines the
effectiveness of the vegetation process, it is nec-
essary to simultaneously use temperature climate
signals (Table 7). The synergy of the two factors
depends significantly on both the phase of the cli-
matic signals and their seasonality.

TRW=1.143-0.308-IT,,, SPR+0.218-IT?, —

TRWI 1. The behaviour of climate indices is -0.010-IT3,,,. 4
Table 7. Spring-summer seasonal climate indices in years of anomalies TRWI
Seasonal standardised values of maximum and minimum air temperatures
SITE 1 SITE 2 SITE 3 SITE 4
YR/ Climatic YR/ Climatic YR/ Climatic YR/ Phase Lo

Phase season Phase season Phase season TRWI Climatic season
TRWI | SPR | SUM | TRWI | SPR | SUM | TRWI | SPR | SUM SPR SUM

19911 | 1.38 | 0.93 19911 1.03 | 1.16 | 20011 | 1.28 | 0.88 19971 1.61 1.15
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Table 7, Continued

Seasonal standardised values of maximum and minimum air temperatures
SITE 1 SITE 2 SITE 3 SITE 4

YR/ Climatic YR/ Climatic YR/ Climatic YR/ Phase Climatic
Phase season Phase season Phase season TRWI season
TRWI SPR | SUM TRWI SPR | SUM | TRWI SPR | SUM SPR SUM
19921 | 1.19 | 0.59 19931 | 0.75 1.37 | 20031 | 0.67 | 0.88 19991 0.70 0.62
19931 | 0.72 | 1.39 19941 1.16 | 1.37 | 20061 | 1.51 1.21 2000 L 1.00 0.46
19971 | 0.81 | 1.69 19971 | 0.78 | 1.65 | 20071 | 0.49 | 1.47 2001 1 1.12 0.97
19981 | 1.28 | 1.50 | 19981 | 1.27 | 1.19 | 2009! | 0.63 | 1.23 2002 1 0.70 | 0.99
20021 | 0.67 | 1.05 2000 ¢ 1.10 | 0.50 | 2010! | 0.79 | 0.77 2009 L 1.02 0.69
200314 | 0.63 | 0.91 2003¢ | 0.44 | 0.81 | 2011! | 0.38 1.71 20120 0.64 0.87
20041 | 0.81 | 0.89 2004 | 0.72 1.12 | 20121 | 1.09 | 1.22 20141 0.86 1.40
20101 | 0.99 | 1.15 20151 | 0.85 | 0.37 | 20154 | 0.91 | 0.34 2016 L 0.80 0.42
20164 | 1.17 | 0.81 2016 1 1.10 | 0.52

Seasonal precipitation standardised values
SITE 1 SITE 2 SITE 3 SITE 4

YR/ Climatic YR/ Climatic YR/ Climatic YR/ Phase Climatic
Phase season Phase season Phase season TRWI season
TRWI SPR | SUM TRWI SPR | SUM | TRWI SPR | SUM SPR SUM
19911 | 1.38 | 0.93 19911 1.03 | 1.16 | 20011 | 1.28 | 0.88 19971 1.61 1.15
19921 | 1.19 | 0.59 19931 | 0.75 1.37 | 20031 | 0.67 | 0.88 19991 0.70 0.62
19931 | 0.72 | 1.39 19941 1.16 | 1.37 | 20061 | 1.51 1.21 2000 ¢ 1.00 0.46
19971 | 0.81 | 1.69 19971 | 0.78 | 1.65 | 20071 | 0.49 | 1.47 2001 1 1.12 0.97
19981 | 1.28 | 1.50 1998 1 1.27 | 1.19 | 20091 | 0.63 1.23 2002 1 0.70 0.99
20021 | 0.67 | 1.05 2000 ¢ 1.10 | 0.50 | 2010! | 0.79 | 0.77 2009 L 1.02 0.69
20031 | 0.63 | 0.91 2003!¢ | 0.44 | 0.81 | 20111 | 0.38 1.71 20120 0.64 0.87
2004! | 0.81 | 0.89 20041 | 0.72 1.12 | 20121 | 1.09 | 1.22 20141 0.86 1.40
20101 | 0.99 | 1.15 20151 | 0.85 | 0.37 | 20151 | 0.91 | 0.34 2016 1 0.80 0.42
20161 | 1.17 | 0.81 2016 1 1.10 | 0.52

Source: developed by the authors

Modelling. The annual change in ring
width is a non-stationary process. If consider
the early growth period (Fig. 8), the trend ap-
pears to be complex. The variability of climat-
ic signals was found to be close to a stationary
process, with a linear increasing temperature
trend and a decreasing precipitation trend.
Nevertheless, such processes can be described
by nonlinear regression modelling, namely
polynomial models, since the trend-cyclical
component of the factors experiences sever-
al local extrema. The task of building a model
can be significantly simplified if consider sep-
arate periods of tree evolution. In particular,

as already noted, this study focuses on the
period 1991-2020. Since the objects of the
study were groups of trees in the age category
of over 60 years, the specified period falls on
the right wing of the ring width growth curve,
which is satisfactorily approximated by an ex-
ponential downward law. As noted earlier (Ta-
ble 4), the correlation between TRWI and the
annual IT,,, index at SITE 4 was weak (-0.29).
However, when switching to the seasonal time
interval, the correlation increased signifi-
cantly, as it was possible to identify a useful
signal (Table 6). The polynomial regression
model of TRW by the influencing factor - the

Vol. 16, No. 4, 2025

Ukrainian Journal of Forest and Wood Science 21



Dendrochronological assessment of climate risks...

average maximum air temperature in the
spring season IT, . SPR (4) - proved to be

Plot of variable: TRW (SITE 2)
30 30

25 25

2,0 20

TRW, mm

1.0 1.0
1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016

YR

adequate with statistically significant regres-
sion coefficients (Table 8):

Plot of variable:TRW (SITE 4)

TRW,mm

0
1925 1935 1945 1955 1965 1975 1985 1995 2005 2015
1930 1940 1950 1960 1970 1980 1990 2000 2010

YR

Figure 8. Dynamics of the width of the tree ring

Source: compiled by the authors

Table 8. Regression summary for dependent variable TRW. SITE 4

TRW (SITE 4 IT,,,, SPRING. sta)
R=0.764; R2=0.585; F(3.31) = 6.932; p < 0.0002
N=35
« Std.Err. Std.Err.
b of b b of b t(31) p-value
Intercept 1.142796 0.107829 14.30783 0.000000
IT,,,« SPR -1.01692 0.242777 -0.308296 0.073602 -4.18869 0.000216
IT%, . SPR 2.19228 0.621667 0.217752 0.061748 3.52646 0.001335
T4, SPR -2.45314 0.667909 -0.010039 0.002733 -3.67287 0.000899

Source: developed by the authors

The results of the analysis (Table 8) show
that the multiple correlation between TRW
and predictors is strong (R >0.75); the model
adequately describes the relationship between
response and predictors, and the free term is
statistically significant (p < 0.0000). Standard-
ised regression coefficients (b*) allow to com-
pare the contributions of each predictor to
the prediction of the response. The predictor
IT*,, SPR has the greatest influence, which
has a minus sign in the model, i.e. regardless

of the phase of this signal, it is always nega-
tive, which ensures a downward trend. Mod-
el (4) adequately describes the variations in
TRW in the studied interval, and the model
curve practically repeats the behaviour of the
original series (Fig. 9a).

To analyse the adequacy of the model,
examined the residuals, which represent the
difference between the actual TRW values and
those predicted by the model. Visualisation of
the residuals using a histogram shows (Fig. 9b)
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that the sample density of their distribution is
successfully approximated by a normal distribu-
tion, which is a sign of the adequacy of the con-
structed TRW model. The graph of the residuals
(Fig. 9¢) allows to track their variation through-
out the entire time series and ensure that there

Model TRW =f (T wmax)
SITE 4

3,0 3,0
25 25
£ 20 20
£
=
=
=
15 15
10 1.0
05 05
1991 1995 1999 2003 2007 2011 2015
1993 1997 2001 2005 2009 2013 b
a — TRWI-4 —— MOD-4.
Plot of variable: TRW
05 05
04 04 1
2
03 03 3
4
0,2 02 5
© 6
<
g o 01 7
§ 8
0,0 00 9
10
-0,1 01 19
12
02 02 13
14
03 03 15
1991 1995 1999 2003 2007 2011 2015
1993 1997 2001 2005 2009 2013
C YR d

Frequen

is no obvious trend. In a correctly selected mod-
el, the residuals should approach “white noise”:
they have no periodic fluctuations, systematic
shifts, or strong correlations. The autocorrela-
tion function graph (Fig. 9d) confirms that the
residuals are practically ‘white noise’.

Histogram: Residuals of the statistical model

K-S d=0,10740, p> .20; Lilliefors p> .20
—— Expected Normal

0=
-04 -0,2 0,0 02
TRW - TRW MODEL

04 06

Autocorrelation Function
SASTULWLKN

Corr. S.E. (Standard errors are white-nc -i%
+,119,1853
-156,1816
+,334,1777
+,204,1738
-,388,1698
+,085,1657
+,264,1616
-317,1572
-201,1528
+,218,1482
-110,1435
-243,1387
+,064,1336
-007,1284
-321,1229

p
#1,5221
1,15,5631
4,68,1966
6,06,1945
11,29,0459
11,55,0727
14,22 ,0474
18,29,0192
20,02,0178
22,19,0142
22,77 ,0191
25,84,0113
26,07 ,0167
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Figure 9. Polynomial model TRW - ITMAX SPR (SITE 4)
Note: a — TRW dynamics; b — empirical law of residual distribution; ¢ — TRW residual dynamics; d -

autocorrelation function of residuals
Source: compiled by the authors

It was not possible to develop an adequate
polynomial model that would simultaneously
combine temperature and humidity character-
istics with TRWI, since anomalies in monthly
precipitation totals and maximum tempera-
tures were observed in different seasons of the
year. However, it was possible to construct an
adequate statistical regression model of TR-
WI-IPR YR. The correlation between the annu-
al precipitation index (IPR YR) and the TRWI

response was moderate (Table 4). The clear de-
pendence between the studied series allowed to
build an odd-order polynomial model to main-
tain the phase relationship between the indices.
The results of the regression analysis (Table 9)
show that the multiple correlation between
TRWI and IPR YR is quite strong (R=088); the
model adequately describes the relationship
between the response and predictors, and the
free term is statistically significant (p < 0.05).
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Table 9. Regression summary for dependent variable TRWI (SITE 2)

Regression Summary for Dependent Variable: TRWI-2 (SITE 2.sta)
N=26 R=0.88; R?=0.78; F (3.22) = 25.65; p <, 00000 ; Std.Error of estimate: 0.50253
b* S:;}'Eir' b St(()iflirr. t(22) p-value
Intercept 0.048793 0.104385 0.46743 0.044788
IPR 1.71091 0.355526 1.644247 0.341675 4.81232 0.000083
IPR3 -1.85763 0.867051 -0.806391 0.376384 -2.14247 0.043475
IP®S 1.02733 0.612437 0.149594 0.089179 1.67745 0.107606

Source: developed by the authors

The adequacy of the model is confirmed
by the F-test. It should be noted that the pre-
dictor IPR5 did not achieve statistical signif-
icance, as it did not satisfy the requirement
p<0.05. However, its removal from the model
worsens the overall picture and adequacy of
the model.

TRWI=0.048+1.644-IPRYR-0.806"
-IPR’YR+0.149-IPR° YR. 5)
Model (5) adequately describes the varia-
tions in TRWI in the studied interval (Fig. 10a),
with the model curve practically repeating the
behaviour of the original series. Analysis of the
residuals (Fig. 10b) showed that they are close

Model TRWI = f(PR YR)
20

TRWI (SITE 2)

15
1991 1995 1999 2003 2007 2011 2015 2019
1993 1997 20017 2005 2009 2013 2017

a —TRWI2 ——MODEL2

to ‘white noise’, i.e. they prove that the studied
model is adequate.

The adaptation of forests to global climate
change is a matter of debate. There is uncertain-
ty as to whether climate change will increase or
decrease forest growth and productivity. In par-
ticular, B. Bouslimi et al. (2022) and E.A. Boakye et
al. (2023) argues that high temperatures can
cause both an increase and a decrease in wood
density, mainly due to their effect on tracheid
lignification and cell wall thickening. The width
of the rings correlated positively and signifi-
cantly with the average temperature and annu-
al precipitation, while the density of the rings
correlated negatively and significantly with the
average temperature and annual precipitation.

Plot of variable:
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©
S
b}
@
Q
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Figure 10. Polynomial model TRWI-IPR YR (SITE 2)

Note: a — TRW dynamics; b -TRW residual dynamics
Source: compiled by the authors
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Given that the climate change scenario
(IPCC 2022) is likely to be spatially heteroge-
neous on a regional scale, there is evidence that
the response of Quercus robur L. to climatic
conditions varies geographically, so determin-
ing the response of tree species to regional
climate change is important for forest predic-
tion and management. The problem with such
studies, as noted by D. Perkins et al. (2018) and
C. Leuschner et al. (2023), is that unfavourable
climatic conditions are not the only cause of
growth degradation, as there are other signifi-
cant causes, such as soil fertility, groundwater,
and competition among species. Therefore,
identifying the climatic signal as a controlled
predictor against a backdrop of a number of
factors, both internal (species, origin, competi-
tive status, age, size) and external (relief, slope,
altitude, soil conditions, diversity of plant-
ings, competition between plantings, mixing
of species, etc.) is a major problem. It should
be noted that the above factors are determin-
istic, their variability over time is insignificant
and predictable, unlike climatic signals, which
are stochastic in nature, especially precipi-
tation patterns. The studies by D. Perkins et
al. and C. Leuschner et al. use average annual
climate indicators, which, although random,
are too smoothed out as a result of averaging,
primarily in relation to average annual tem-
peratures. There is also uncertainty regarding
annual precipitation totals associated with the
cold period - solid precipitation. In current
study, the use of climatic temperature signals
such as average monthly maximum and mini-
mum temperatures appeared to be much more
sensitive seasonal predictors, especially in the
spring-summer season.

The use of TRWI as a tree’s response to ex-
ternal influences also contains uncertainty due
to the construction of the index. Since evolu-
tionary growth, in particular that of Quercus
robur L., is a non-stationary process in which

a series of local extrema (Fig. 4a) are present
against the backdrop of a global maximum
(Fig. 3), the interpretation of useful information
may depend on the algorithm used to construct
the TRWI index. The contrasting seasonal pre-
cipitation patterns of Central Polissya did not
manifest themselves in the growth responses
of Quercus robur L., which is able to withstand
droughts thanks to its deep taproot system,
which increases access to groundwater, unlike
annual precipitation totals. This ensures the
relatively high resistance of Quercus robur L. to
prolonged dry spells in its natural range. The
correlations between TRWI and average annu-
al temperatures were, on the contrary, rather
weak compared to the correlations at the sea-
sonal level. At all study sites, a negative corre-
lation was found between TRWI and maximum
surface air temperature. As expected, the corre-
lation with precipitation was positive, which is
consistent with the results presented in stud-
ies by A.M. Petritan et al. (2021), Ch. Sun et
al. (2022), .M. Koval & A. Brauning (2024).
Spatial-temporal variation in temperature and
precipitation fields are the most important fac-
tors in regional climate change. Polynomial
models constructed separately for temperature
climate signals and precipitation appeared to
be sufficiently simple and adequate, and their
verification showed a decent match with the ac-
tual TRWI signal. With reliable climate forecast
data, the models obtained can be used both to
forecast TRWI and to look into the history of
tree development with the relevant historical
climate data for a given locality.

Climate warming may lead to a rapid decline
in population growth, especially at the edge of
the range, and, as a result, to a retreat in the dis-
tribution of species in central Ukraine. There-
fore, the assessment of long-term growth trends
at the edge of the range of Quercus robur L. de-
serves further attention. Significant progress
has been made in understanding the factors
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affecting temperate forest zones. Despite this,
researches by A. Gazol et al. (2018) and L. DeS-
oto et al. (2020) in this area has focused on the
impact of both internal and external factors on
the functional state of forests, adaptation meth-
ods and the overall carbon balance of forests.
The issue of wood quality, against the backdrop
of climate challenges, receives significantly less
attention. G. Giroud et al. (2017) demonstrated
that the overall density of wood and its modu-
lus of elasticity increased with temperature and
precipitation, regardless of species.

Wood density is a decisive factor in deter-
mining wood quality in temperate ecosystems.
Climate variables play an important role in shap-
ing wood density, creating challenges for forest
managers and stakeholders in the wood pro-
cessing industry in adapting to climate change.
Understanding the impact of both climatic and
non-climatic factors on wood density is essen-
tial for the development of a sustainable wood
processing industry, while effectively minimis-
ing negative impacts and optimising economic
aspects. Forest managers can use this knowledge
to optimise timber production strategies, en-
suring long-term environmental sustainability
amid ever-changing climate challenges. Wood
quality attributes related to wood characteris-
tics are mainly determined by cambium activ-
ity (Zhang et al., 2020). Among the various at-
tributes, wood density is crucial as it influences
strength, durability and manufacturability.

Furthermore, wood density is closely relat-
ed to its moisture content, which in turn influ-
ences its drying schedules. Thus, understanding
the impact of climate change on wood density
is also important for minimising any negative
effects on wood quality, which is a key factor in
the success of the woodworking industry.

Conclusions

The conducted study provides insight into the
response of Quercus robur L. trees to changes

in the current climate of the Polissya region of
Ukraine. The results show that, given the pre-
dicted drier climate in temperate latitudes in
the future, the condition of forest ecosystems
will be more dependent on annual precipitation
totals in both the current and previous years.
The relatively high tolerance of oak trees to wa-
ter shortages is confirmed by the fact that the
Quercus robur L. trees studied did not show a
significant decrease in growth in relatively dry
years compared to the trend growth. The power-
ful root system of mature Quercus robur L. trees
indicates their potential to cope with moisture
deficits and allows them to withstand long peri-
ods of dry weather, as evidenced by their growth
response. The response of young forests is an-
other matter. Monthly precipitation totals show
some stability during the winter season and a
certain increase of up to 20% in the spring sea-
son; in summer and autumn, there is a notice-
able decrease in precipitation, with the annual
precipitation total showing a steady downward
trend at a rate of about 1 mm - yr'. Assessing
the impact of temperature signals throughout
the entire period of forest growth is challeng-
ing, as there is a steady trend towards higher
maximum and minimum temperatures. The
average ground-level air temperature has risen
significantly since the 1980s at all study sites,
by more than 2°C. Moreover, for all seasons,
there has been a significant increase in the
minimum temperature to 3°C, against a back-
drop of relatively stable maximum tempera-
tures, with the exception of the summer season.
The climatic history of a forest is determined by
its age. Thus, it is advisable to calculate climatic
signals based on the age of the forest. Against
the backdrop of climatic challenges, the biolog-
ical development curve of Quercus robur L. trees
is experiencing an extreme, so these influences
may have different effects in the early and late
stages of development. TRWI indices at all sites
showed a noticeable correlation with seasonal
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climate signals, in particular with IPR SPR. For
sites SITE2 and SITE4, the statistical relation-
ship was strong (0.76-0.88). The transition from
annual climate indicators to seasonal climate
signals significantly strengthened the statisti-
cal relationship with TRWI, as it was possible
to partially eliminate noise from the useful
signal, which allowed for the construction of
adequate statistical polynomial regressioSn
models. There is an urgent need to study the re-
sponse of young forests to climatic temperature

challenges, which can be significantly affected
even by minimal temperatures.
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JeHApOoXpoHoNoriyHa ouiHKa K/1iMaTUYHUX PU3KKIB
Ans BiaTBOpeHHA Ay60BUX niciB B YKpaiHcbKoMy Monicci

Poctucias OmiliHuK

Kaupupat ¢i3nMko-MaTeMaTMYHUX HAYK, TOIEHT
KuiBcpkuit HaLlioHanbHMI yHiBepcuTeT iMeHi Tapaca IlleBueHka
01033, Byn. Bonogumupcbka, 60, M. Kuis, Ykpaina
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Poman Bacunnmux
JTOKTOp CiTbCbKOTOCTIONAPCHKIUX HAYK, Tpodecop
HauioHanpHuit yHiBepcuTeT 6iopecypciB i MpUPOLOKOPUCTYBaHHS YKpaiHu
03041, Byn. TepoiB O6oponu 15, m. Knis, Ykpaina
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OneHa ITliHueBcbKa
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HarionanbHWMit yHiBepcuTeT 6iopecypciB i MpUpPOmOKOPUCTYBaHHS YRpaiHu
03041, By TepoiB O6oponu 15, m. Knis, Ykpaina
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Aupnpiit CriipoukiH
Kangmpat TexHiYHMX HAyK, JOLIEHT
HarionanbHMiT yHiBepcuTeT 6iopecypciB i MpUpOIOKOPUCTYBaHHS YRpaiHu
03041, Byin. l'epoiB O6opoun 15, M. Kuis, Ykpaina
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Axotauig. TloripuieHHS KJIiMaTUYHMX YMOB, CIpPUYMHEHE TIOGaJbHUM IOTEITiHHSIM,
CTAaHOBUTD 3arpo3y AJIsI CTAJIOTO PO3BUTKY JIiICOBMUX €KOCUCTEM, 30KpeMa IyOOBMUX HACAIKEHD,
SIKi € BasK/JIMBOIO CKJIAJIOBOIO JIICOBOTO rocrnoaapcTBa Ykpainu. MeTa nociigkeHHS — BUSHAUUTU
0Cco6MBOCTI peakilii pocTy gepes myba uepeiruatoro (Quercus robur L.) Ha TpuBaJji KaiMaTUuHi
3MiHM, IO PU3BOASITH A0 MOCYLIIMBOCTI B ymMoBax YkpaiHcekoro Ilomices. TIpoananizoBaHi
rpaZiieHTX MOMipHOTrO KJIiMaTy B JIOKalisx 3poctaHHs nepeB Quercus robur L. B YkpaiHi, a
came kiaiMaTuuHi akTOpM (eKcTpeMasabHi TeMIlepaTypu, OIajiu), IO BIUIMBAIOTh Ha PiCT
Ta PO3BUTOK JIEPEB B YACOBOMY MacIiuTabi Micsiip Ta ce3oH. OTpuMaHi pe3ynbTaTy HAZAKTh
BayKJIMBY iH(GOpMallilo, IOI0 perioHaJbHUX IMEPCIIEKTUB BUPOIIYBaHHS TyOOBMX HACaIsKEHb Ha
TepuTopii Ykpaiuu. Bunagkosi kiiMaTuuHi ¢pakTopu, IKi OiF0Th CUHEPTETUYHO 3 CUCTEMHUMMU,
HETaTVBHO BIUIMBAIOTh Ha PiCT JepeB, HE3aJeXKHO BiZ, 0COOGAMBOCTEN CUCTEMU YIPaBIiHHS
npicamu. JIocmiIKeHO BIIMB KJIiMAaTUYHMX YMOB Ha pajianbHMit mpupict gepes Quercus robur L.
B MeXKaX Jioro mpupoaHoro apeany. Oco6aMBY yBary MpuIiIeHO CUTYallisiM, KoM aHaai30BaHi
JlepeBa yTBOPIOBAJIM KijIbIIsl VPUHA IKMX BUXOIMUIIA 32 MEXi iHTepBay — CepefHE TTI0C-MiHYC
cepenHe kBagpaTuuHe BimxmnenHs (R+* SD). Po3po6ieHi XpoHonorii Kl1iMaTUYHKMX CUTHAIIB,
110 OXOIUIIOITh HOBUIT pedepeHTHU mepiom 1991-2020 pp. mas OOCTiAKYyBaHUX JIOKAIliil.
PospaxoBaHi IMPOCTi iHAEKCHM eKCTpeMaJibHUX CepeIHbOMICSYHMX TeMIlepaTyp MOBIiTpsl Ta
ingexkcu MicsiuHUX cyM omapnis. [IpoBeneHMit KaiMaTUYHMIA aHai3 POKiB, B SIKi CriocTepirammcs
a”Homautii pocty mepeB Quercus robur L., mo imeHTudiKyBamucs iHZEKCOM MIMPUHU KiJbIlS
TRWI. BcTaHOB/IEHO, IO CTATUCTUYHO 3HAYMMMI BIUIMB Ha pajiaJbHUI IPUPICT MalOTh piuHi
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CyMM OMafiB Ta MaKCUMMaJbHi TeMIlepaTypu TMOBIiTPs Y BECHSIHO-JiTHi ce30H. [To6ymoBaHi
MoliHOMia/NibHi Mojesi JO3BOJSAIOTh MependaunuTyi 3MiHM B AMHaMIIli pocty mepeB Quercus
robur L., 0j1s1 HOCTiIXYBAHOTO PErioHy

KniouoBi c1oBa: 3MiHa KaiMaTy; KAiMaTUYHI CUTHaIM; JeHIPOXPOHOIOTIUHMIA aHali3; muprHa
KibIIsI epeBa; iHAeKC MUPUHM KiTbIls
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Diversity and floristic analysis of Pistacia lentiscus L...

Abstract. This study aimed essentially at the knowledge and analysis of associated
Pistacia lentiscus L. groups in the Tiaret region. By an analytical and statistical approach of the
floristic inventories made in this area, three stations (Saffalou, Plateau and Guertoufa) were
selected during the optimal vegetation seasons March-June between 2015-2018. A total of 166
species was identified; these species grouped into 131 genera and 43 families highly dominated
by Angiosperms (98.2%). The most represented families were Asteraceae, Poaceae, Fabaceae,
Cistaceae, Lamiaceae and Brassicaceae with percentages (15.1%, 10.8%, 9%, 6%, 5.4% and 4.8%),
respectively. The biological spectrum of the flora was dominated by Therophytes (51.2%),
whereas Mediterranean species group was well presented (54, 8%) compared to the other groups.
Ecological indexes calculation showed that, Shannon index revealed a high diversity (H = 4.6),
Pielou Equitability (J =0.9) indicated a regularity in species distribution whereas Simpson index
(1-D=0.98) reflected a low diversity of stands. Meanwhile, the overall perturbation index (PI=63%)
reflected the openness of the environment. Moreover, Jaccard (S) similarity coefficient remained
less than 50% in all the compositions between the stations, reflecting a heterogeneity in the floristic
composition of these stations. The Agglomerative Hierarchical Classification (AHC), revealed
a division of species into two main groups 91.56% and 8.43%. Subsequently, Factorial Analysis
of Correspondence (FAC) reflects an opening of the environments in the studied groups and
installation of species with short life cycle that adapt to local arid conditions. The results obtained
provide a diagnosis of the condition of the plant cover in the face of ecological factors, and can be
used by foresters to improve the management, protection and restoration of these natural areas

Keywords: mastic trees; floristic richness; ecological factors; thyrophetisation; aridity

Introduction

The Mediterranean region represents one of the
world’s most valuable centres of biodiversity and
considered as one of the richest hotspots of the
world with over 24,000 species distributed in the
large territory of the Mediterranean Basin, where
the interaction of climatic, geographical, and an-
thropogenic factors gives rise to unique plant
communities. This hotspot has a long history of
modification of natural ecosystems by human ac-
tivities, and it is one of the regions that will face
extensive changes in climate (Vargas, 2020).

The authors B. Gordo & S. Hadj-
adj-Aoul (2019) explored the floristic endemism
in the Algerian-Moroccan mountain range of
the Ksour (Nadma, Algeria), providing a com-
prehensive study on plant species unique to this
area. Their research highlighted the distribu-
tion and significance of these endemic species,

which are crucial for understanding regional
biodiversity and ecosystem stability. A.D. Solo-
mou (2025) examined the Mediterranean Basin
within the broader context of terrestrial biomes,
focusing on the impact of global warming on
ecological and biodiversity patterns. His work
provided an essential synthesis of the biome’s
vulnerability to climate change, emphasising
the importance of conservation measures in this
biodiverse region. Researchers A. Benkhettou et
al. (2022), reported that regions of climatic
transition between humid and arid are particu-
larly susceptible to degradation due to the com-
bination of climate change and human activities
which leads to increased habitat fragmentation
and land degradation and abandonment. Due to
its well-known rich taxonomy, its strong plant
endemism and growing human threats, the
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entire Mediterranean Maghreb belongs to pri-
ority global concerns in terms of conservation
biology of which the North of Algeria is home to
a diversity of rare and endemic flora.

In the western part of Algeria in general, a
significant degradation of forest and pre-forest
ecosystems has been observed and particularly
in the mountainous areas of Tiaret by multiple
human activities of which repeated forest fires
remain the most serious and threatening phe-
nomenon (Safa et al., 2022), leading to chang-
es in the floristic composition and structure of
plant assemblages. N. Zemmar et al. (2020) fo-
cused on the floristic diversity in Bissa Forest,
located in Chlef, Algeria. The authors analyzed
the plant species present in this southern Med-
iterranean ecosystem, revealing the richness
and ecological significance of the area’s vege-
tation for understanding Mediterranean biodi-
versity. A. Saidi & A. Keifa (2024) examined the
vascular plant diversity in the Mimouna Forest
in north-western Algeria. Their research con-
tributed to the knowledge of plant diversity in
this forest, emphasising the importance of pre-
serving its floristic heritage in the face of envi-
ronmental challenges.

The study of spontaneous populations of
Pistacia lentiscus L., a characteristic Mediter-
ranean species, which is distributed in a wide
range of habitats (forests, brush and scrubland)
in both the Tell region and in forested areas
with a very interesting richness of a wide range
of bioactive compounds and multiple virtues
for use in human medicine (Atmani et al., 2025).
W. Benchiha et al. (2024) investigated the anti-
oxidant activity and the content of phenols and
flavonoids in aqueous extracts from the leaves
of Pistacia lentiscus L. Their study highlighted
the potential of this plant as a source of natural
antioxidants, with implications for both phar-
macological and environmental applications.
A.Bouchfara et al. (2025) evaluated the antibac-
terial and antioxidant properties of essential

oils from Pistacia lentiscus, focusing on the im-
pact of total phenolic content on antioxidant
efficacy. Their findings provided insights into
the potential medicinal applications of Pistacia
lentiscus essential oils. The research by S. Mous-
saoui et al. (2025) evaluated the polyphenolic
profile and various bioactivities (antioxidant,
anti-cholinesterase, and anti-alpha-amylase)
of Pistacia lentiscus L. leaves. The study high-
lighted the broad therapeutic potential of this
plant, particularly in relation to metabolic and
neurodegenerative diseases

Also, the plant plays a key role in the stabi-
lisation of local biocoenoses, provides a deeper
understanding of the mechanisms underpin-
ning the conservation of plant diversity under
ecological stress and climatic variability. Such
analysis is essential for assessing the ecologi-
cal potential of these formations and for de-
veloping strategies aimed at the restoration of
natural ecosystems. M.N. Youcefi et al. (2020),
confirm that one of the primary goals in com-
munity ecology is to determine the relative
importance of processes and mechanisms that
control biodiversity.

The insufficiency of the studies of these
plant groups in Tiaret mountains, prompted
to select this species, that grows spontane-
ously in this region and occupies an important
area as a research model on this subject in or-
der to inventory and identify their associated
species and to determine the ecological fac-
tors that influence these plant groups through
ecological indexes.

This study’s aim was to investigate the
ecological characteristics of P. lentiscus L. pop-
ulations in the Tiaret region in order to assess
their adaptive potential and environmental sig-
nificance towards.

Materials and Methods

The study area was an integral part of the Ti-
aret Mountains, located in the north of the
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department (wilaya) and embracing in south
the city of Tiaret, they are between 700 and
over 1,200 m high (Fig. 1). The dominant biocli-
mate was of the type semi-arid in its cool win-
ter variant mesomediterranean level (Miara et
al., 2020). Soil textures vary between silty-sandy,
silty-clay-sandy and silty (Nouar et al., 2020).

T 01- Saffalou
2- Plateau
. 03- Guertoufa

4

Figure 1. Geographical location of study
stations
Source: developed by the authors

In order to obtain the maximum informa-
tion on the studied groups and to cover the
maximum of area by floristic surveys, it was
preselected three (03) stations in the natural
range of P. lentiscus L: Saffalou, Plateau and
Guertoufa. A stratified sampling was conduct-
ed in three selected areas, which were relatively
homogeneous, following the methodology out-
lined by M. Gounot (1969).

I. Benmehdi et al. (2013), have highlighted
that a surface of 100m? seems to be sufficient
for these mastic tress groups. Therefore, it was
conducted 10 floristic surveys per station, 30 in
total during the optimum period of vegetation
(March to June) in the years 2015 to 2018 us-
ing the minimum area survey method adopted
by J. Braun-Blanquet (1951) lists of all species
present in the floristic cortege of the target
species. Each species was accompanied by two
indexes: abundance-dominance and sociability.
Field material was as follow: a rope to deter-
mine surface area; a GPS to locate each survey

and a station description was carried out citing
altitude, soil characteristics and physiognomic
recovery rate estimation.

The identification of taxa was made using
the flora of P. Quézel & S. Santa (1962-1963)
updated by the index of A. Dobignard &
C. Chatelain (2010-2013). The different biolog-
ical types were performed using the method of
Raunkiaer. Collected specimens were pressed
and dried and vouchered. Species identifica-
tion was performed by local botanists. Then,
they were conserved in the laboratory of Bota-
ny at the Faculty of Sciences of Nature and Life,
Earth Sciences and Universe, University of Tle-
mcen (Algeria). In accordance with the Execu-
tive Decree No. 12-03 (2012), fixing the list of
the non-cultivated protected plants through-
out Algeria and by extension subject to the ob-
jectives and obligations of the Convention on
Biological Diversity (1992).

The Table 1 of flora inventories by species
was used as a database for systematic (fami-
lies, biological and biogeographical types) and
statistical analysis for ecological indexes (Ta-
ble 2), Agglomerative Hierarchical Clustering
(AHC) species and Factorial correspondence
analysis (FAC). The restitution of the graphs
was carried out by Microsoft Excel software
and Minitab 18.1 software for statistical pro-
cessing. AHC was used to determine the groups
of species, allowing to individualize the groups
of species and within each group, it was con-
sidered the floristic indicator as a guiding
factor in the diagnosis of vegetation dynam-
ics (Benmehdi, 2012). FAC was performed
to show the ecological gradients that influ-
ence the vegetation studied. S. Ghezlaoui &
N. Benabadji (2018), H. Khennouf et al. (2018)
and M. Souddi & B.D. Ghezlaoui-Bendi-Djel-
lou (2020) considered this method to be the
most appropriate techniques for the discrimi-
nation of plant groups and the determination
of ecological gradients.
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Diversity and floristic analysis of Pistacia lentiscus L...

Table 1 of floristic records shows that
P. lentiscus L. is often accompanied by shrubs
and some very common herbaceous plants
such as Phillyrea angustifolia L, Cistus salvifo-
lius L., and Quercus ilex subsp. ballota (Desf.)
Samp with frequencies over 80%. Other high
frequency species which range between 60 to
80% include: Lavandula stoechas L., Lobularia
maritima (L.) Desv., Ampelodesmos mauritanicus
(Poir.) Durand & Schinz, Juniperus oxycedrus L.,
Lysimachia arvensis (L.) U. Manns & Anderb
and Calicotome spinosa (L.) Link subsp. Spinosa.
Both categories of these species are classified
as faithful to P. lentiscus L. according to the

definition established by I. Benmehdi et
al. (2013). Species such as Asparagus acutifolius
L., Thymus ciliatus (Desf.) Benth. subsp. ciliatus,
Cistus creticus subsp. eriocephalus (Viv.) Greuter
& Burdet, Arbutus unedo L. and Jasminum fruti-
cans L. are medium frequency species, occur-
ring between 40 and 60%, while the remaining
species have frequencies of less than 40%.

The different index of floristic richness,
Shannon-Wiener, Equitability of Pielou, Simp-
son and perturbation index were calculated for
each station, while Jaccard index was used to
compare between these three stations are pre-
sented in Table 2

Table 2. Formulas and objectives of the various ecological indexes used

Index

Formula

Shannon-Wiener

H’=-Z ni/N log2 (ni/N)
ni — the effective of species i, N — the total number

of species
Equitability of Pielou Eq=H’/log2N
Index of Simpson D’= (ni/N)/2

The overall perturbation index (PI) Loisel & Gamila

PI=(Number of Chamaephytes + Number of
Theophytes/ Total number of species)x 100

Jaccard index

S=(C/A+B-C) x 100, where A - all species of Group
A, B-all species in Group B, C - the species common
to both groups in comparison.

Source: developed by the authors

In order to better understand the different
relations between the three studied sites it was
performed the Shannon-Wiener index to assess
the richness and relative abundance of species,
followed by Equitability of Pielou to expresses
the relationship between observed diversity and
maximum diversity and accounts for species
distribution in the sample. Simpson index was
used measure the probability that two randomly
selected individuals from an infinite population
would belong to the same species. Then, the
overall perturbation index (PI) to quantifies the

thyrophetisation and finally, Jaccard index to
reflect the similarity between plant groups.

Results and Discussion
166 taxa were inventoried from 30 floristic sur-
veys, belonging to 131 genera and 43 botani-
cal families in all stations. The distribution of
these species in the large taxonomic groups in-
dicates that Angiosperms largely dominate the
flora (98.2%), specifically Dicotyledon (75.3%)
followed by Monocotyledon (22.9%), whereas
Gymnosperms only constitute (1.8%) (Table. 3).
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Table 3. Distribution of taxa by taxonomic groups

Taxonomic Saffalou

Plateau

Guertoufa Study area

groups F|G|S| % |F|G|S

% F |G| S % | F| G S %

Gymnosperms | 2 | 2 | 2 | 23 | 2 | 2 | 2

22 123 3 2.8 | 2 3 3 1.8

Monocotyledon | 7 | 17 |19 |22.1 | 5 |21 |22 |237 | 8 |23 23 |21.3| 9 | 34 | 38 | 229
Dicotyledon 23| 536575626 56|69 | 742 |27 |67 | 8 |759 |32 94 | 125 | 75.3
Total 32| 72|86 |100 |33 |79|93| 100 | 37 | 93 | 108 | 100 | 43 | 131 | 166 | 100

Note: F - family, G — genera, S - species
Source: developed by the authors

It was noticed that the specific richness is
irregularly distributed, the third station (Guer-
toufa) contains 108 species representing the
maximum compared to the minimum of 86
species in the first station (Saffalou). Moreover,
six richest families in terms of species, contain
more than 50% of the total flora (Fig. 2). With
Asteraceae (25 species; 15.1%), Poaceae (18 spe-
cies; 10.8%), Fabaceae (15 species; 9%), Cistace-
ae (10 species; 6%), Lamiaceae (9 species; 5.4%)
and Brassicaceae (8 species; 4.8%).

Species distribution in biological types for
the total flora shows the dominance of Thero-
phytes with (85 species; 51.2%), followed by the

90
80
70
60
50

5
40 5
30

13
8
20 9 5
10 T 14
0
Saffalou Plateau
Asteraceae ' Cistaceae

Hemicryptophytes (23 species; 13.9%), then the
Chamephytes (20 species; 12%) and in last po-
sition the Geophytes and Phanerophytes with
the same percentage (11.4 %) each one. The to-
tal flora and of each study station by biological
type is presented in Figure 3.

The analysis of the chorological spectrum of
species shows the domination of the elements
of the Mediterranean group on all other groups
with (91 species; 54.8%) followed by the West
Mediterranean (18 species; 10.8%), then the Eu-
ropean-Mediterranean (9 species; 5.4%) for the
entire study area and study stations (Fig. 4). The
rest represents a low participation (less than 5%).

7
18
5
18 e
Guertoufa Study area

Poaceae mFabaceae mlLamiaceae mBrassicaceae

Figure 2. Species number of six dominant families in area and study stations

Source: developed by the authors
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Figure 3. Species number of area and study stations by biological types

Source: developed by the authors

140
120 9
100 18
60 6 T 13
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Mediterranean

West Mediterranean

m European-Mediterranean

Figure 4. Species number of three dominant biogeographical types in area and study stations

Source: developed by the authors

The specific richness (S), the Shannon di-
versity (H), the Piélou equitability index (J),
the Simpson index (1-D) and the Perturbation
index (PI) of each station as well of the entire
study area (Table 4) were calculated.

Table 4 presents the ecological indices for
the three study stations and the overall area.
The Shannon index (H), which measures spe-
cies diversity, ranges from 4.2 to 4.37 at in-
dividual stations, reaching a value of 4.6 for
the entire study area, indicating high biodi-
versity and healthy ecosystems that support a
wide range of species. The Pielou equitability
index (J) remains high at approximately 0.94
across all stations, suggesting a balanced dis-
tribution of species. However, for the overall

area, this value decreases to 0.9, potentially
indicating some unevenness in species dis-
tribution. The Simpson index (1-D), which
measures the probability that two randomly
selected individuals will belong to the same
species, shows a low degree of species domi-
nance (ranging from 0.98 to 0.9854), confirm-
ing the floristic diversity of the ecosystems.
The perturbation index (PI), which assess-
es the level of ecological disturbance, varies
from 62% at the Guertoufa station to 65.6% at
the Plateau station. This suggests a moderate
impact of anthropogenic factors, such as graz-
ing and other ecological disturbances, which
create conditions conducive to species with
short life cycles.

Vol. 16, No. 4, 2025
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Table 4. Comparison of indices of biological diversity

Saffalou Plateau Guertoufa Study area
Taxa S 86 93 108 166
Shannon H 4.202 4.246 4.372 4.602
Equitability J 0.9433 0.9368 0.9338 0.9001
Simpson 1-D 0.9816 0.9819 0.9837 0.9854
Perturbation PI 64% 65.6% 62% 63.3%

Source: developed by the authors

It is well documented that Jaccard similar-
ity index is used for comparison between two
sites by evaluating the resemblance, the more it

exceeds fifty percent the more the sites are sim-
ilar. Table 5 show this index performed between
the different sites.

Table 5. Comparison of similarity coefficients between study stations

Jaccard (S) Saffalou- Plateau

Saffalou- Guertoufa Plateau- Guertoufa

29%

37% 45%

Source: developed by the authors

Table 5 presents the results of the Jaccard
similarity index (S) between the three study
stations: Plateau, Guertoufa, and Saffalou. The
Jaccard Index is used to measure the similarity
between two sets, in this case, the floristic com-
positions of each station, where higher values
indicate greater similarity. The results indi-
cate a 45% similarity between the Plateau and
Guertoufa stations, which suggests a moderate
level of floristic overlap. This relatively higher
similarity could imply that these two stations
share several species and may have comparable
ecological conditions or disturbances that allow
similar species to thrive. The similarity between
Saffalou and Guertoufa is slightly lower at 37%,
indicating that while there is still a consider-
able overlap in species, the floristic composi-
tion of Saffalou and Guertoufa is less similar
compared to the Plateau-Guertoufa pair. This

difference could be attributed to variations in
microclimates, soil types, or other ecological
factors influencing species distribution. The
lowest similarity is observed between Saffalou
and Plateau, with a 29% similarity. This signif-
icant difference in floristic composition sug-
gests that these two stations are ecologically
more distinct, with fewer species in common.
The variation in plant communities between
these two stations may be influenced by dif-
ferences in altitude, climate, or other environ-
mental factors, leading to a greater divergence
in species composition.

The determination of species groups
through descending hierarchical classification
are presented in (Table. 6; Fig. 5). According
to the dendrogram of the AHC of the 166 spe-
cies in the study area, it was distinguished two
groups which are well individualized.

Table 6. Comparison of similarity coefficients between study stations

Species number %
Group 1 152 91.56
Group 2 14 8.43

Source: developed by the authors
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Group 2

Dendrogramme
Complete link; Euclidean distance
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ES <
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Figure 5. Dendrogram of groups species in the study area

Source: developed by the authors

Table 6 presents the results of a hierarchi-
cal classification of species observations in the
study area, dividing the species into two dis-
tinct groups. The first group comprises 91.56%
of the species (152 species), while the second
group contains only 8.43% (14 species). This
clear division highlights the dominance of a
large number of species in the study area, with
a smaller subset representing a less frequent or
secondary group of species. Such a classifica-
tion suggests that the plant communities in the
region are structured in a way that a majority of
species belong to one primary ecological group,
while a smaller group of species might be more
specialized or occur under specific environ-
mental conditions.

Figure 5, which is a dendrogram of the
species groups, visually represents this hier-
archical classification. It helps to further illus-
trate the relationship and clustering of species,
showing how closely related or distinct the
different species are based on their ecological
observations. The analysis reveals that the flo-
ra of the study area is dominated by a majority
of common species, while a minority of species
make up a secondary cluster, potentially indi-
cating different ecological niches or environ-
mental conditions. This finding underscores
the variability and complexity of the region’s
plant communities.

The inertia rates of the first three axes are
respectively 28.8%, 8.5% and 5.8% (Table. 7).

Table 7. Eigenvalues and percentage of inertia for the first three axes of the FAC

Variable Factor 1 Factor 2 Factor 3 Communality
Variance 8.632 2.5647 1.7457 12.9425
% variance 0.288 0.085 0.058 0.431

Source: developed by the authors
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The first axis summarizes the maximum
information with an inertia rate of 28.8%,
therefore the interpretation has been carried
on the first factorial axis because the inertia
rates of the other axes (02 and 03) are lower

than 10% and the clouds are therefore very
poorly structured in the factorial plane. The
species having a strong contribution relative
to the eigenvalues of this axis are mentioned
in (Table. 8; Fig. 6).

Table 8. High contribution taxa for axis 1 of the FAC

Positive side of axis 01

Negative side of axis 01

Pistacia lentiscus 4.3023
Phillyrea angustifolia 3.8834
Cistus salvifolius 3.3987
Quercus ilex 3.3201
Lavandula stoechas 3.2365
Ampelodesmos mauritanicus 2.9167
Lobularia maritima 2.8202
Lysimachia arvensis 2.6625
Juniperus oxycedrus 2.6009
Erodium moschatum 2.4924
Rumex bucephalophorus 2.3063
Calicotome spinosa 2.3030
Asparagus acutifolius 2.00301

Stachys ocymastrum -0.7325
Cleonia lusitanica -0.7325
Convolvulus cantabrica -0.7325
Echium plalltagineum -0.7325
Asparagus albus -0.7325
Ferula communis -0.7325
Ammoides pusilla -0.7325
Sanguisorba minor -0.6706
Lysimachia monelli -0.6706
Bituminaria bituminosa -0.6706
Silene muscipula -0.6706
Atractylis cancellata -0.6706
Nerium oleander -0.6706

Source: developed by the authors
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The floristic indicator of species around
this axis (positive and negative side) is con-
sidered as a guiding factor in the diagnosis of

vegetation dynamics. For this, the distribution
of species helps to determine the ecological
factors influencing the vegetation studied. The
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majority of group 1 species settle around the
intersection of the two axes (close to zero) in
the negative side of axe 1 with a low relative
contribution to the values specific to this axis.
The rest of the species of group 1 and the total-
ity of the group 2 species are individualized in
the positive side of axis 1 with an average and
strong relative contribution to the values spe-
cific to this axis.

In terms of specific richness, it was found
that the study area (03 stations) is very rich
in species (166 taxa). Whereas in Tlemcen for
instance in Western Algeria recorded by I. Ben-
mehdi et al. (2013), for a sampling effort five
times larger (150 surveys), there was a smaller
richness (109 taxa). The dominance of families
of Asteraceae, Poaceae, Fabaceae, Cistaceae,
Lamiaceae and Brassicaceae go in the same di-
rection with those of M.D. Miara et al. (2018),
B. Nouar et al. (2020), in which these families
dominate the vegetation cover of the Western
Tellien Atlas of Tiaret. Biologically, the flora
studied is composed of more than half of Thero-
phytes with (51.2%), according to M. Barbero et
al. (1990), thyrophetisation is considered as the
ultimate stage of degradation of the different
ecosystems with the dominance of sub-nitra-
tophilic species linked to overgrazing.

The dominance of the Mediterranean bi-
ogeographic type is a well-established char-
acteristic of the Algerian flora, a phenomenon
that was first highlighted by P. Quézel (2002)
for all North African countries. This dominance
has been further supported by several studies
in various regions and biotopes of Algeria. No-
tably, N. Yahi et al. (2008) and A. Boughani et
al. (2009) demonstrated the prevalence of Med-
iterranean species in different Algerian ecosys-
tems. Similar findings were reported by B. Guit
& B. Nedjimi (2019), who studied Mediterrane-
an flora in the steppes and the Saharan Atlas,
and more recently by B. Taibaoui et al. (2020)
and R. Larbi et al. (2021), who conducted

research in forests and other biotopes across
Algeria. These studies consistently show that
Mediterranean species play a dominant role
in shaping the floristic composition of Algeria,
confirming the widespread distribution and
ecological significance of Mediterranean plant
types in the country.

Based on the results obtained, the Shannon
index (S) is 4.6 for the study area (4.2, 4.24 and
4.37) for Saffalou, Plateau and Guertoufa re-
spectively, according to I. Yabi et al. (2013), this
means a high diversity within the plant group,
indicating that the site conditions are very fa-
vourable to the installation of a large number
of species in almost equal proportions. How-
ever, Pielou equitability (J) is 0.9 for the study
area (0.94) for Saffalou, Plateau and Guertoufa
with the same value (0.93), these values indi-
cate a regularity in species distribution, thus
inducing a relatively uniform spatial structure
(Hachemi, 2015), while the Simpson index (1-D)
is 0.98 for the entire study area and for the three
sites, this reflects a low diversity of stands.

The perturbation index (PI) is in the order
of 63.3% for the whole study area, it varies from
a minimum of 62% (Guertoufa) to a maximum
of 65.6% (Plateau). N. Hachemi (2015) signals
that the importance of this index is propor-
tional to the dominance of chamaephytes and
especially of the therophytes who find their
environment favourable to their development
(sandy substrate, organic matter poverty); this
also reflects a more open environment (Nouar et
al., 2020). The Jaccard index (S) values shows
that the similarity between Plateau-Guertoufa
stations is 45% and between Saffalou-Guertou-
fa is 37%, while the lowest rate is between Saf-
falou-Plateau. In general, this index is less than
50%, it is concluded that the three stations are
different and do not share many common spe-
cies (Yabi et al., 2013).

The majority of species are individualized
in group 1 (152; 91.56%), these species are
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annual and perennial herbs and are located in
the centre (intersection of the axes). The group
2 reunited 14 species (8.43%), it was found
P lentiscus L. (Pi Le) where it is very character-
istic of the order Pistacio-Rhamnetalia alaterni
(Rivas-Martinez, 1974), this order brings to-
gether the pre-forest structures resulting from
an intense degradation of forest formations in
which the mastic tree is often associated with
Quercus ilex (Qu il), Juniperus oxycedrus (Ju ox),
Phillyrea angustifolia (Ph an), Calicotome spi-
nosa (Ca sp), Ampelodesmos mauritanicus (Am
ma), Asparagus acutifolius (As ac) and Lavandula
stoechas (La st).

The positive side brings together 50 species
or 30.12% of the total, essentially a pre-forest
structure species dominated by the tree and
shrub layer composed of P. lentiscus, P. angusti-
folia, Q. ilex, J. oxycedrus, C. spinosa, L. stoechas,
A. mauritanicus, Cistus salvifolius, and the her-
baceous layer of Lobularia maritima, Lysimachia
arvensis, Erodium moschatum, etc.

The current study examined the floristic di-
versity and ecological factors influencing Pistacia
lentiscus plant groups in western Algeria. The re-
sults obtained were compared with those of oth-
er studies on similar topics, providing a broader
understanding of the ecological dynamics and
anthropogenic impacts on local ecosystems.

According to the findings of this study, 116
species, accounting for 69.87% of the nega-
tive side of the floristic spectrum, were iden-
tified, predominantly consisting of annual and
perennial herbaceous species such as Stachys
ocymastrum, Cleonia lusitanica, Convolvulus
cantabrica, Echium plalltagineum, Ammoides
pusilla, Sanguisorba minor, Lysimachia monelli,
and Atractylis cancellata. It was also noted that
species indicative of environmental degrada-
tion, including Asparagus albus, Ferula commu-
nis, Macrochloa tenacissima, and Carduus pyc-
nocephalus, were present (Babali, 2014). These
findings are consistent with those of other

researchers who have observed the dominance
of short-lived species in areas affected by in-
tense anthropogenic activity.

The dynamic gradient of vegetation in this
study revealed a clear distinction between the
positive and negative axes. The positive axis
was primarily occupied by species typical of
pre-forest vegetation structures, while the neg-
ative axis showed a dominance of species with
short life cycles, a result of significant anthro-
pogenic disturbances. This phenomenon aligns
with observations made in earlier studies on
P, lentiscus populations (Benmehdi, 2012; Ben-
mehdi et al., 2013), which also highlighted the
influence of human activities on the vegetation
composition. Similar findings were reported
by K. Cherifi et al. (2011) and S.M. Merioua et
al. (2013), who attributed the degradation of
plant formations in western Algeria to intense
anthropozoogenic actions.

Moreover, the results of the present study
corroborate the broader trend observed in west-
ern Algeria, where anthropogenic pressures
have significantly impacted plant communities,
leading to the predominance of species adapt-
ed to disturbed environments. N. Benabadji et
al. (2014) emphasised the role of such distur-
bances in shaping the floristic structure of the
region, and similar patterns were observed
across various plant formations in the area.
Thus, the observed dominance of short-lived
species in disturbed areas is a consistent find-
ing in the literature, underlining the broader
ecological implications of human activity on
Mediterranean ecosystems.

Conclusions

This study provided an overview of the current
knowledge on groups of Pistacia lentiscus L. and
their dynamics in the Tiaret Mountains through
an analytical and statistical approach. The veg-
etation sampling carried out at the three study
stations based on 30 floristic surveys allowed to
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identify 166 species belongs to 43 families of
which Asteraceae, Poaceae, Fabaceae, Cistace-
ae, Lamiaceae and Brassicaceae constitute more
than half of the flora studied with 51.1% in to-
tal. The life forms of species reveal the domi-
nance of species with a short life cycle with
a large presence of therophytes with 51.2%,
which reflects slightly high rate of disturbance
estimated to 63% overall. The majority of in-
ventoried species are individualised in the first
group with 91.56%, while the second group in-
cludes the rest of the species with only 8.43.
The eigenvalues and percentage of inertia
for the first three axes of the FAC show that first
axis (01) represents 28.8% of the majority of
the information of which 50 species of the total
represented mainly by trees and shrubs are on
the positive side of this axis, while 116 species
dominated by annual and perennial herbaceous

In view of these results, the installa-
tion of short-life cycle plants and pyrophytic
shrubs promotes the outbreak and spread of
forest fires during the summer period, which
have become increasingly frequent in recent
years in Algeria. Therefore, findings shed light
on the therophytic influence of the P. len-
tiscus L. plant community, thus necessitating
the adoption of more appropriate firefighting
strategies within reforestation and forest fire
prevention programs.

Acknowledgements

The authors thank Babali Brahim. PhD in plant
ecology from the Laboratory of Ecology and
Management of Natural Ecosystems, Tlemcen,
Algeria for the confirmation of the identified
taxa.

. Fundin

plants are grouped on the negative side of the 9
same axis. This distribution is the result of eco-  None.
logical factors influencing these plant groups .
. & . . & P . group Conflict of Interest
in particular the opening of the environment
through human practices. None.

References

[1] Atmani, D., Saidene, N., Kilani, D., Bouguellid, G., & Richard, T. (2025). Pistacia lentiscus:
A plant with multiple virtues for use in human medicine as palliative in the treatment
of inflammatory-related disorders. Phytochemistry Letters, 69, article number 103519.

doi: 10.1016/j.phytol.2025.103519.

[2] Barbero, M., Bonin, G., Loisel, R., & Quézel, P. (1990). Changes and disturbances of forest
ecosystems caused by human activities in the western part of the Mediterranean basin.

Vegetatio, 87(2), 151-173. doi: 10.1007/BF00042952.
[3] Benabadji, N., Benabadji Bouchenak-Khelladi, A., Regagba, Z., & Medarbal, K. (2014). Some
Anthropic Aspects in Meridional Region of Sebdou (Oran-Algeria). Open Journal of Ecology,

11(4), 678-692. doi: 10.4236/0je.2014.411058.

[4] Benchiha, W., Aouadj S.A., Megharbi, A., Tamert, A., Lazreg, K., Lazreug N.E.H., & Belkhadem,
A.B. (2024). Antioxidant activity and content of total phenols and flavonoids of aqueous
extracts from leaves of Pistacia lentiscus L. Brazilian Journal of Animal and Environmental
Research, 7(4), e74374-e74374. doi: 10.34188/bjaerv7n4-051.

[5] Benkhettou, A., Taibi, K., Benkhettou, M., Azouzi, B., & Djili, K. (2022). Assessment of
floristic diversity in the arid steppe region of Tiaret, Algeria. Tropical Ecology, 63(3), 463-479.

doi: 10.1007/s42965-022-00226-0.

Vol. 16, No. 4, 2025

Ukrainian Journal of Forest and Wood Science 52


https://doi.org/10.1016/j.phytol.2025.103519
https://doi.org/10.1007/BF00042952
http://dx.doi.org/10.4236/oje.2014.411058
https://doi.org/10.34188/bjaerv7n4-051
https://doi.org/10.1007/s42965-022-00226-0

Nouar et al.

[6] Benmehdi, I. (2012). Contribution a une étude phyto-écologique des groupements a Pistacia
lentiscus du littoral de Honaine (Tlemcen, Algérie occidentale). (Master’s Thesis, University of
Tlemcen, Tlemcen, Algeria).

[7] Benmehdi, I., Hasnaoui, O., Hachemi, N., & Bouazza, M. (2013). Species faithful to Pistacia
lentiscus along the coastline of the Honaine region, Tlemcen Province (Western Algeria).
Mediterranea Series of Biological Studies, 2(24). doi: 10.14198/MDTRRA2013.24.04.

[8] Bouchfara,A.,Zerrad,H.,Ez-zari,A.,Laglaoui, A.,Nechar, M., & Souhail, B. (2025). Antibacterial
and antioxidant activities of Pistacia lentiscus essential oils: Impact of total phenolic content
on antioxidant efficacy. Biocatalysis and Agricultural Biotechnology, 64, article number 103532.
doi: 10.1016/j.bcab.2025.103532.

[9] Boughani, A., Sadki, N., Médail, F., Nedjraoui, D., & Salamani, M. (2009). Floristic and
phytogeographic analysis of a region in the Saharan Atlas of Constantine, the Ghouffi gorges
(Algeria). Acta Botanica Gallica, 156(3), 399-414. doi: 10.1080/12538078.2009.10516166.

[10] Braun Blanquet, J. (1951). The plant associations of Mediterranean France. Paris: C.N.R.S.

[11] Cherifi, K., Mehdadi, Z., Latreche, A., & Bouiadjara, S.E.B. (2011). Impact of anthropozoogenic
action on the forest ecosystem of Mount Tessala (Western Algeria). Science and Planetary
Changes/Drought, 22(3), 197-206. doi: 10.1684/sec.2011.0310.

[12] Convention on Biological Diversity. (1992, June). Retrieved from https:/www.cbd.int
convention/text.

[13] Dobignard, A., & Chatelain, C. (2010-2013). Synonymic index of the flora of North Africa
(Vols. 1-5). Genéve: Conservatoire et Jardin botaniques de la Ville de Genéve.

[14] Executive Decree No. 12-03 “On Establishing the List of Protected Non-cultivated Plant
Species”. (2012, January). Retrieved from https://surl.li/uhwcsa.

[15] Ghezlaoui, S.M.B.E., & Benabadji, N. (2018). Vegetation of the Tlemcen Mountains (Algeria):
Phytoecological aspects. Botanica Complutensis, 42, 101-124. doi: 10.5209/BOCM.61372.

[16] Gordo, B., & Hadjadj-Aoul, S. (2019). Algero-Moroccan floristic endemism in the Ksour
Mountains (Naama, Algeria). Flora Mediterranea, 29, 129-142. doi: 10.7320/FIMedit29.129.

[17] Gounot, M. (1969). Quantitative methods for vegetation study. Paris: Masson.

[18] Guit, B., & Nedjimi, B. (2019). Floristic diversity of Mount Guerouaou (Sehary Guebli, Djelfa
region, Algeria) in relation to site parameters. Ecologia Mediterranea,45(2),45-61.doi: 10.3406/
ecmed.2019.2088.

[19] Hachemi, N. (2015). Contribution to the study of therophytisation of the matorrals of the
Tlemcen Mountains: Ecological and cartographic aspects (Tlemcen, Western Algeria). (Doctoral
dissertation, Abou Bakr Belkaid University of Tlemcen, Tlemcen, Algeria).

[20] Khennouf, H., Chefrour, A., Corcket, E., Alard, D., & Véla, E. (2018). Dune vegetation of the
Jijel coastline (Algeria): Proposal of a new important plant area. Revue d’Ecologie (Terre et Vie),
73(3), 345-362.

[21] Larbi, R., Meddour, O. S., Bouxin, G., & Meddour, R. (2021). Floristic and phytogeographical
diversity of the cedar forest of the Ait Ouabane massif (north-eastern slope of Djurdjura
National Park, Algeria). Lejeunia, Revue de Botanique. doi: 10.25518/0457-4184.2384.

[22] Maamar, B., Nouar, B., Soudani, L., Maatoug, M., Azzaoui, M., Kharytonov, M., Wiche, O., &
Zhukov, O. (2018). Biodiversity and dynamics of plant groups of the Chebket El Melhassa
region (Algeria). Biosystems Diversity, 26(1), 62-70. doi: 10.15421/011810.

Vol. 16, No. 4, 2025 Ukrainian Journal of Forest and Wood Science 53


https://dspace.univ-tlemcen.dz/handle/112/2295
https://dspace.univ-tlemcen.dz/handle/112/2295
https://doi.org/10.14198/MDTRRA2013.24.04
https://doi.org/10.1016/j.bcab.2025.103532
https://doi.org/10.1080/12538078.2009.10516166
https://www.scirp.org/reference/referencespapers?referenceid=943082
https://doi.org/10.1684/sec.2011.0310
https://www.cbd.int/convention/text
https://www.cbd.int/convention/text
https://www.tela-botanica.org/2012/01/article4811/?utm_source
https://www.ecolex.org/details/legislation/decret-executif-no-12-03-du-10-safar-1433-correspondant-au-4-janvier-2012-fixant-la-liste-des-especes-vegetales-non-cultivees-protegees-lex-faoc110463/
https://doi.org/10.5209/BOCM.61372
https://doi.org/10.7320/FlMedit29.129
https://www.scirp.org/reference/referencespapers?referenceid=882447
https://doi.org/10.3406/ecmed.2019.2088
https://doi.org/10.3406/ecmed.2019.2088
https://theses-algerie.com/1700599111748713/these-de-doctorat/universite-abou-bekr-belkaid---tlemcen/contribution-%C3%A0-l-%C3%A9tude-de-la-th%C3%A9rophytisation-des-matorrals-des-monts-de-tlemcen-aspects-ecologique-et-cartographie-tlemcen-alg%C3%A9rie-occidentale-
https://theses-algerie.com/1700599111748713/these-de-doctorat/universite-abou-bekr-belkaid---tlemcen/contribution-%C3%A0-l-%C3%A9tude-de-la-th%C3%A9rophytisation-des-matorrals-des-monts-de-tlemcen-aspects-ecologique-et-cartographie-tlemcen-alg%C3%A9rie-occidentale-
https://www.semanticscholar.org/paper/La-v%C3%A9g%C3%A9tation-dunaire-du-littoral-de-Jijel-%3A-d%E2%80%99une-Khennouf-Chefrour/5fb640fa06f3dfb1d1f92d783102b94000ab1526
https://www.semanticscholar.org/paper/La-v%C3%A9g%C3%A9tation-dunaire-du-littoral-de-Jijel-%3A-d%E2%80%99une-Khennouf-Chefrour/5fb640fa06f3dfb1d1f92d783102b94000ab1526
https://doi.org/10.25518/0457-4184.2384
https://doi.org/10.15421/011810

Diversity and floristic analysis of Pistacia lentiscus L...

[23] Merioua, S.M., Seladji, A., & Benabadji, N. (2013). Anthropozoic impact on the floristic
biodiversityin the area of Beni Saf (Algeria). Open Journal of Ecology, 3(3), 254-264. doi: 10.4236/
0je.2013.33029.

[24] Miara, M.D., Ait Hammou, M., Rebbas, K., & Hamdi, B. (2018). Floristic diversity of forest and
pre-forest environments of the western Tellian Atlas of Tiaret (NW Algeria). Evaxiana: Annual
Electronic Journal of the Botanical Society of the Centre-West, 4, 34-58.

[25] Miara, M.D., Hadjadj-Aoul, S., & Decocq, G. (2020). Phytosociological diversity and dynamic
series of the vegetation in the Western Tell Atlas of Tiaret (NW Algeria). Ecologia Mediterranea,
46(1),97-116. doi: 10.3406/ecmed.2020.2102.

[26] Moussaoui, S., Mokrani, E.S., Kabouche, Z., Guendouze, A., Laribi, A., Bradai, N., Bensouici, C.,
Yilmaz, M.A., Cakir, O., & Tarhan, A. (2025). Evaluation of polyphenolic profile, antioxidant,
anti-cholinesterase, and anti-alpha-amylase activities of Pistacia lentiscus L. leaves. Natural
Product Research. doi: 10.1080/14786419.2025.2471836.

[27] Nouar, B., Hasnaoui, O., Maamar, B., Soudani, L., & Oliver, W. (2020). Edaphic characterization
of maquis bio-resources of the Tiaret Mountains (West Algeria). PONTE International Journal
of Sciences and Research, 76(2). doi: 10.21506/j.ponte.2020.2.8.

[28] Quézel, P. (2002). Reflections on the evolution of the flora and vegetation of the Mediterranean
Maghreb. Paris: Ibis Press.

[29] Quézel, P., & Santa, S. (1962-1963). New flora of Algeria and the southern desert regions
(Vols. I-1I). Paris: Centre National de la Recherche Scientifique.

[30] Safa, O., Bouacha, M.I., Soudani, L., Azzaoui, M.S., & Chafaa, M. (2022). Fire risk mapping
in the Sdamas Chergui forest in Tiaret region, Algeria. International Journal of Ecosystems &
Ecology Sciences, 12(2). doi: 10.31407/ijees12.246.

[31] Saidi, A., & Keifa, A. (2024). Floristic diversity of vascular plants in the Mimouna Forest
(North-western Algeria). Biodiversity: Research and Conservation, 73, 13-22. doi: 10.14746/
biorc.2024.73.2.

[32] Solomou, A.D. (2025). Mediterranean Basin. In Terrestrial biomes. Global biome conservation
and global warming impacts on ecology and biodiversity: Volume 2 (pp. 147-154). Amsterdam:
Elsevier. doi: 10.1016/B978-0-443-36569-0.00009-4.

[33] Souddi, M., & Ghezlaoui-Bendi-Djelloul, B.D. (2020). Bioclimate and diversity of Tamaricaceae
in Oranie, West Algeria. Environmental and Experimental Biology, 18(3), 193-205. doi: 10.22364/
eeb.18.20.

[34] Taibaoui,B.,Douaoui, A., & Bouxin, G. (2020). Floristic diversity of the southern Algiers steppe:
The case of the Djelfa region (Algeria). Lejeunia, Journal of Botany, 203. doi: 10.25518/0457-
4184.2265.

[35] Vargas, P. (2020). The Mediterranean floristic region: High diversity of plants and vegetation
types. In Encyclopedia of the world’s biomes (pp. 602-616). Amsterdam: Elsevier. doi: 10.1016/
B978-0-12-409548-9.12097-4.

[36] Yabi, I., Biaou, F.Y., & Dadegnon, S. (2013). Plant species diversity within agroforests based
on cashew trees in the commune of Savalou, Benin. International Journal of Biological and
Chemical Sciences, 7(2), 696-706.

[37] Yahi, N., Djellouli, Y., & de Foucault, B. (2008). Floristic and biogeographical diversity of cedar
forestsin Algeria. Acta Botanica Gallica, 155(3),389-402.doi: 10.1080/12538078.2008.10516119.

Vol. 16, No. 4, 2025 Ukrainian Journal of Forest and Wood Science 54


https://doi.org/10.4236/oje.2013.33029
https://doi.org/10.4236/oje.2013.33029
https://www.sbco.fr/articles-evaxiana/04/Collectif,%202018%20–%20Diversité%20floristique%20des%20milieux%20forestiers%20et%20préforestiers%20de%20l’Atlas%20tellien%20occidental%20de%20Tiaret%20(N-O%20Algérie)%20–%20Evaxiana%204,%2034-58.pdf
https://www.sbco.fr/articles-evaxiana/04/Collectif,%202018%20–%20Diversité%20floristique%20des%20milieux%20forestiers%20et%20préforestiers%20de%20l’Atlas%20tellien%20occidental%20de%20Tiaret%20(N-O%20Algérie)%20–%20Evaxiana%204,%2034-58.pdf
https://doi.org/10.3406/ecmed.2020.2102
https://doi.org/10.1080/14786419.2025.2471836
https://doi.org/10.21506/j.ponte.2020.2.8
https://www.sudoc.abes.fr/cbs/DB=2.1/SRCH?IKT=12&TRM=070956537
https://www.sudoc.abes.fr/cbs/DB=2.1/SRCH?IKT=12&TRM=070956537
https://www.scirp.org/reference/referencespapers?referenceid=1735919&utm_sourc
https://doi.org/10.31407/ijees12.246
https://doi.org/10.14746/biorc.2024.73.2
https://doi.org/10.14746/biorc.2024.73.2
https://doi.org/10.1016/B978-0-443-36569-0.00009-4
http://doi.org/10.22364/eeb.18.20
http://doi.org/10.22364/eeb.18.20
https://doi.org/10.25518/0457-4184.2265
https://doi.org/10.25518/0457-4184.2265
https://doi.org/10.1016/B978-0-12-409548-9.12097-4
https://doi.org/10.1016/B978-0-12-409548-9.12097-4
https://scispace.com/pdf/diversite-des-especes-vegetales-au-sein-des-agro-forets-a-11jkhsz0jg.pdf
https://scispace.com/pdf/diversite-des-especes-vegetales-au-sein-des-agro-forets-a-11jkhsz0jg.pdf
https://doi.org/10.1080/12538078.2008.10516119

Nouar et al.

[38] Youcefi, M.N., Bouhoun, M.D., Kemassi, A., & El-Hadj, M.D.O. (2020). Relationship between
topography and the distribution of matorral plant species in the Saharan Atlas: Case of Djebel
Amour, Algeria. Acta Ecologica Sinica, 40(3), 237-246. doi: 10.1016/j.chnaes.2019.05.010.

[39] Zemmar, N., M’hammedi Bouzina, M., Ababou, A., Belhacini, F., & Hadidi, D. (2020). Analysis
of the floristic diversity of an ecosystem in the southern Mediterranean. The case of the Bissa
forest, Chlef (Algeria). Botanica Complutensis, 44, 19-28. doi: 10.5209/bocm.64447.

OuBepcudikauia Ta pnopmncTtuuHUM aHanis rpyn Pistacia lentiscus L.
(Anacardiaceae) y perioHi TiapeT (3axiaHuin Amxup)

Benbracem Hyap

Kanaupat HayK 3 eKosorii pocyine
VHiBepcuTeT AxMenma 3ab6aHu
P.O. Box 48000, Paiton Bypmapisi, m. Penitan, AJsKup
https://orcid.org/0000-0002-3502-127X

Xiuam Beppa6a

Kaugupar Hayk 3 Giosmorii
VHiBepcuret I6H XangyHa
BP 78, Aiskupcbka gopora, M. TiapeT, Ajkup
https://orcid.org/0000-0002-1416-145X
Benuoxpa Maamap
ITpodecop
VuiBepcuret 161 XangyHa
BP 78, AiskupcbKka mopora, M. TiapeT, Akup
https://orcid.org/0000-0002-6014-4837
Cig Axmen, Ayask
Kanpupat HayK 3 eKonorii pocyine
VuiBepcureT AxMema 3abaHu
Paiton Bypmapisi, m. Penitan, Amxup
JlabopaTopist eKoJorii Ta ypaBIiHHS MPUPOTHUMM €KOCUCTEMAMMU
VuiBepcuret A6y Bekp Benkain
BP 119, Byn. A6i Aex A6menbkpim, 22, M. TrnemceH, AJKUD
https://orcid.org/0000-0002-5081-5844
Moxamen, Amin Hyap
Marictp
VuiBepcuret 161 XangyHa
Apkupcbka mopora, BP 78, m. Tiapet, Alskup
https://orcid.org/0009-0000-7854-3249

AHoTaiis. MeToI0 11bOTO JOUTIIKeHHsT Oy/I0 BUBUEHHS Ta aHami3 rpyn Pistacia lentiscus L., sxi
3yCTpiuamThcsl B perioHi TiapeT. BUKOPUCTOBYIOUM aHATITUYHMUI i CTATUCTUUHMUII MiAXOOU IO
dbnopuctuHMx iHBeHTapu3alliil, TpoBemeHMX Yy Iiii MicieBocTi, 6yau BuOGpaHi Tpu CTaHIIii
(Caddany, Ilnato ta T'epryda) MpoTIroM ONMTMMAIbHUX BereTalliifHUX Ce30HIiB 3 GepesHs IO
yepBeHb Mixk 2015 ta 2018 pokamu. Byno inenTudikoBano 166 BumiB, siki Hanexatb 10 131 pomy
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Ta 43 poauH, 3 IKMX MepeBaskalTh aHrpocrepmu (98,2 %). Hait6inbi peacTaBaeHUMM POAHAMMU
6ynu Asteraceae, Poaceae, Fabaceae, Cistaceae, Lamiaceae Ta Brassicaceae, 3 TakMMu BiICOTKOBUMU
criiBBigHOIIeHHsIMU: (15,1 %, 10,8 %,9 %,6 %, 5,4 % 14,8 %) BinnoBigHo. Biomoriunmnii criekTp dopu
mepeBakHo ckiaganu tepoditu (51,2 %), B TOi yac SIK rpyra cepen3eMHOMOPChKUX BUIIB Oyia
nmobpe npencrasieHa (54,8 %) MOpiBHSAHO 3 iHIIMMM TpyniaMu. PoO3paxyHKM eKOJIOTiUHUX iHIeKCiB
roKasasu, o ingekc [lleHHOHa BKa3ye Ha BUCOKY pisHOMaHiTHicTb (H=4,6), iHgeKkc piBHOMipHOCTi
[Tlieny (J =0,9) Bkasye Ha pery/sipHicTh y posmnonini Bunis, a inpekc Cimrcona (1-D = 0,98)
Bifjo6paskae HM3bKY Pi3HOMAHITHICTb CTOSTHOK. 3arajibHuii iHgekc mopyuieHHs (P1=63 %) Bkasye Ha
BiIKpUTiCTh cepenoBuina. Kpim Toro, koedirieHT mogi6Hocti Ikkapaa (S) 3anuiaBcs meniie 50 %
Y BCiX KOMIIO3ULISIX MK CTaHI[iSIMM, 1110 CBiIUMTB IIPO reTeporeHHiCTh PIOPUCTUYHOTO CKIAAY IUX
cTaHIiit. ArmoMepaTtuBHa iepapxiuyHa kinacudikallist BUsIBUIa MO BUIIB HA IBi OCHOBHI IPyIn:
91,56 % i 8,43 %. ani ¢akTopHMil aHai3 BiAmoOBigHOCTI Bimo6pa3uB BiIKPUTTS cepemoOBUIN Ha
JIOCTTiIPKeHUX TEPUTOPISIX Ta ITOCEeTeHHS BUJIiB 3 KOPOTKUM XXUTTEBMUM LIMKJIOM, 1110 aJaNTYIOThCS 10
MiCIlIeBMX MOCYIIIMBMUX YMOB. OTpUMaHi pe3y/ibTaTy HafaloTh AiarHO3 CTaHY POCIMHHOTO ITOKPUBY
TiJ] BIUTMBOM €KOJIOTiYHMX (HaKTOPiB i MOXKYTb OYTV BMKOPUCTAHI JTiCIBHMKAMM IS TTIOKPAIl€HHSI
YIIPaBIiHHS, 3aXUCTY Ta BiTHOBIEHHS LIMX MIPUPOLHUX TEPUTOPIii

KimouoBi c©r1oBa: MacTuKOBi gepeBa; GaopucTuyHe 6araTcTBO; eKOJIOTiuHi dakTopu;
TepodiTisallisi; MoCyInMBicTh
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Abstract. Given the growing environmental challenges and the imperative for successful
afforestation initiatives, there is an increasing demand for enhancing seedling growth and quality
through natural treatments. This study was conducted to evaluate the effects of salicylic acid and
humic acid on the physiological and biochemical attributes of Acacia cyanophylla seedlings. The
experiment was carried out in the nursery of the tourist village of Nineveh forests, where seedlings
were sprayed with salicylic acid (0, 200, 400 mg- L) and humic acid (0, 1, 2 g per seedling) to assess
their effects on selected physiological and chemical traits. The results showed that spraying with
salicylic acid at 200 mg-L™* had a significant impact on carbohydrate content, protein percentage,
total chlorophyll content of leaves, and relative moisture content. Similarly, humic acid at 2 g per
seedling produced the highest significant increases in these traits. As for the bilateral interaction
between salicylic acid and humic acid, the results showed that spraying with salicylic acid at
200 mg-L™* in combination with humic acid at 2 g per seedling resulted in the highest values for
most of the studied traits. This combined application significantly enhanced seedling growth and
overall physiological vigor. Foliar application of salicylic acid at 200 mg-L* resulted in a marked
increase in chlorophyll content, thereby promoting photosynthetic efficiency, while humic acid
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application markedly improved leaf water retention, substantially augmenting the seedlings’
tolerance to environmental stress. Collectively, these results indicate that the integrated use of
salicylic acid and humic acid represents a promising and effective approach for enhancing seedling
quality and vigor, particularly in the context of afforestation programs

Keywords: foliar spraying; physiological traits; chemical composition; seedling quality;

photosynthetic pigments; afforestation

Introduction

Trees are integral to ecosystem stability and
serve as a critical defence against environmen-
tal degradation by counteracting desertifica-
tion, attenuating the effects of climate change,
curbing soil erosion, and enhancing air quality.
Beyond their ecological functions, forest trees
supply vital resources - including fuelwood,
fodder, medicinal compounds, and materials
for construction. As a result, strategically de-
signed afforestation and reforestation initia-
tives have emerged as central pillars in global
strategies to promote environmental sustaina-
bility and resilience. The effectiveness of these
initiatives hinges critically on the availability of
high-quality seedlings characterised by robust
physiological performance and heightened tol-
erance to abiotic stresses — outcomes that can
only be achieved through the implementation
of evidence-based nursery cultivation and
management practices.

According to O. Kosanin et al. (2023) the
presence of trees in natural forests or their culti-
vation is one of the most important factors that
affect the ecosystem and resist desertification,
global warming, dust storms, a source of fuel,
medical materials, animal feed, and building ma-
terials, prevent soil erosion, and reduce the de-
structive effects of flood seasons. Well-planned
tree planting projects are an important element
in global efforts to improve environmental and
humanitarian conditions, but tree planting must
be in accordance with well-thought-out scien-
tific plans to overcome environmental problems

facing the climate and the environment.
K.D. Holl & P.H.S. Brancalion (2020) noted that
one of the species that is preferred for cultiva-
tion is Acacia cyanophylla, which belongs to the
leguminous family. It is a thornless, evergreen,
dangling, fast-growing shrub with branches up
to 7 meters high and can reach 10 meters. Its
leaves are thick, smooth, waxy and blue-green.
The lower leaves are larger than the upper leaves,
the flowers are bright golden-coloured, spheri-
cal, clustered every 3-5 of them in a cluster.

A. Kheloufi et al. (2019) reported that Aca-
cia cyanophylla is highly valued for ornamen-
tal landscaping, particularly in gardens, urban
green spaces, and roadside plantings, due to its
attractive yellow inflorescences and persistent
evergreen foliage. The authors also emphasised
the species’ broad geographical distribution,
noting its presence in numerous Arab coun-
tries. Furthermore, their study indicated that
mature plants exhibit moderate tolerance to
salinity and drought stress, primarily propagate
via seeds, and possess limited capacity for veg-
etative propagation. F. Marzialetti et al. (2019)
observed that Acacia cyanophylla is native to
Australia and is extensively cultivated for mul-
tiple purposes, including firewood production
and environmental applications such as sand
dune stabilisation and windbreak establish-
ment. In efforts to improve afforestation suc-
cess under field conditions, the application of
plant growth-regulating compounds has gained
increasing research attention.
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Salicylic acid — a naturally occurring plant
hormone present in trace amounts in plant
tissues — plays a critical role in plant defense
against pathogens and in adaptation to vari-
ous abiotic stresses, including drought, heavy
metal toxicity, extreme temperatures, and os-
motic stress. As demonstrated by N.N. Pari-
har & V. Shelar (2023), salicylic acid functions
as an effective growth regulator, positively
influencing a range of physiological and bi-
ochemical processes such as seed germina-
tion, respiration, vegetative growth, flowering,
and photosynthetic activity. A. Dauletbay et
al. (2024) examined the properties, structure,
and agricultural uses of humic substances and
found that these compounds substantially en-
hance soil fertility by improving soil structure,
boosting cation exchange capacity, modulating
soil pH, and promoting the activity of beneficial
soil microorganisms. L.P. Canellas et al. (2020)
reported that humic substances function as
chemical priming agents in plants, affecting
cellular metabolism — particularly in cell walls,
membranes, and the cytoplasm. Their research
demonstrated that humic acids increase pho-
tosynthetic efficiency, respiration rates, and
protein synthesis through hormone-like ef-
fects. Additionally, K. Ampong et al. (2022)
confirmed that humic acids indirectly promote
plant growth by enhancing nutrient availability
and uptake, primarily by stimulating microbial
activity in the rhizosphere, thereby facilitating
the absorption of essential mineral nutrients.

Based on the importance of this plant spe-
cies in forests as well as gardens or in the af-
forestation of roads, the impact of both salicylic
acid and humic acid on the vitality and pro-
ductivity of Acacia cyanophylla seedlings was
decided to be investigated in this study. The
goal of this study was to evaluate the effects of
salicylic acid and humic acid on the physiolog-
ical and biochemical attributes of Acacia cyan-
ophylla seedlings, particularly focusing on their

influence on seedling growth, stress tolerance,
and overall vigor.

Materials and Methods

The experiment was carried out in the area of
the tourist village inside the forests of Nineveh
at the intersection of a latitude of (36°22’42”")
north, a longitude of (43°70’60”’) east, and at an
altitude of 219 m above sea level. For the peri-
od from (September 2024 to September 2025),
laboratory analyses were conducted within the
Development Laboratory of the Forestry Sci-
ence Department. The study site was chosen to
establish a young tree on an area of 2 dunums
within the tourist village, where cleaning oper-
ations were carried out for the study site of tree
waste, jungle and wood pieces scattered within
the site and regular modification and levelling
of the land. The jungle was controlled with
specialised pesticides to eliminate it. Planting
sites for seedlings and the drilling corps were
planned within the site at equal distances and
depths of more than 50 cm according to the
field experiment scheme. An organised distil-
lation network was extended on the drilling.
Distillation nozzles were placed at each hole
and the distillation system was connected with
the water source (artesian well) within the site.
Planting of seedlings was carried out at the be-
ginning of the ninth month and regular main-
tenance and watering operations continued
throughout the study period.

The seedlings were brought from the Umm
Al-Rubaieen nursery of the Department of Hor-
ticulture and Garden Engineering in the Farms
District, which is one of the government nurs-
eries affiliated with the Ministry of Agriculture.
The seedlings were one year old with consist-
ent and equal lengths and diameters and were
planted in black polyethylene bags with a diam-
eter of 10 cm and a length of 30 cm per bag. The
height of the seedlings inside the bag was about
70 cm. The seedlings were planted from seeds
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sourced from a number of growing trees inside
the nursery. The seedlings were brought to the
study site with a number of (324 seedlings), and
the seedlings were planted inside the pits des-
ignated for them. Watering and cleaning opera-
tions for the bush were carried out on a regular
basis throughout the study period.

Experimental factors:

Factor I: Salicylic acid (400,200,0) mg-L;

Factor II: Humic acid (2,1,0) g- L.

The experiment comprised nine treatment
combinations, each including six seedlings,
arranged in three replications according to a
randomised complete block design (RCBD).
Statistical analysis was performed using SAS
software (version 9.0), and treatment means
were compared using Duncan’s multiple range
test at a significance level of P<0.05 (Dafaal-
lah, 2019). The evaluation of seedling response
to the applied treatments was based on the
assessment of selected physiological and bi-
ochemical parameters related to water status,
photosynthetic capacity, and metabolic activ-
ity. Accordingly, relative leaf water content,
carbohydrate concentration, total protein per-
centage, and total chlorophyll content were
determined using standard analytical methods.

Relative moisture content of leaves (%).
The moisture content of the leaves was estimat-
ed according to M.R.B. Siddique et al. (2000),
where 20 leaves were weighed for each seedling
in the experimental unit, and they were direct-
ly wet with a sensitive scale with a sensitivity
of 0.01. Their wet weight was recorded, then
they are immersed in distilled water for 16-18
hours at room temperature 23-25°C and under
low lighting conditions in order to saturate the
leaves with distilled water. Their swell weight
is recorded in the case of saturation Turgid
Weight, then the leaves are dried in the oven
at a temperature of 70"+ 1 and until the weight
was fixed and the dry weight was recorded, then
the relative moisture content of the leaves was
calculated for each transaction A.G. Konings et

al. (2021) according to the following mathemat-
ical relationship:

relative water content of the leaves =
wet weight—dry weight of the leaf
= e E T S TER x100. (1)
turgid weight—weight of the leaf

Estimation of carbohydrate content of
leaves (mg - g! dry weight). The content of
carbohydrates in the leaves was estimated ac-
cording to the method of M. Dubois et al. (1956)
by taking a weight of 0.1 g of dry leaves, where
they were crushed in a ceramic mortar and add-
ed 10 ml of distilled water, then the solution is
taken and placed in a test tube and placed in a
centrifuge for 15 minutes at a speed of 3,000 cy-
cles/minute, after which the filtrate is taken
and a distilled water mechanism is added for
the purpose of completing the volume to 10 ml,
then it was taken 1 ml of the solution and add
1 ml of phenol at a concentration of 5%, then
add 5 ml of concentrated sulfuric acid H,SO,
and leave the sample for (15) minutes, then
put in a water bath at a temperature of (25-30)°
for a period of 20 minutes , after which the ab-
sorption is read using a spectrophotometer at
a wavelength of 488 nm, and the readings are
dropped on the standard curve of glucose sugar
to obtain the concentration of carbohydrate as
mentioned by D. Herbert et al. (1971):

Carbohydrates (mg/g) =
__ Volume of extract usedxTotal extract volume XRead device 2
- Sample weightx1000 -(2)

Estimating the percentage of total pro-
tein in the leaves. Total protein content in
the leaves was determined by weighing 0.1 g
of dried leaf material, which was finely ground
using a ceramic mortar. The sample was mixed
with 10 mL of distilled water and centrifuged
for 15 min at 3,000 rpm. The supernatant was
collected, and distilled water was added to ad-
just the final volume to 10 mL. From this extract,
1 mL was taken and mixed with 20 pL of a ready-
to-use analysis kit (Fortress Diagnostics, UK).
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Protein determination was based on the Biuret
method, which relies on the formation of a vio-
let-coloured complex resulting from the reaction
between proteins and copper ions in an alkaline
medium. The intensity of the colour, proportion-
al to protein concentration, was measured spec-
trophotometrically at a wavelength of 550 nm,
following the method described by C.A. Burtis &
E.R. Ashwood (1999). The reagents used included
a Biuret reagent composed of sodium hydroxide
(200 mmol-L1), copper sulphate (18 mmol-L™?1),
and sodium potassium tartrate (32 mmol - L),
as well as a standard protein solution prepared
at a concentration of 6 g per 100 mL. Total pro-
tein concentration was calculated according to
the following equation:

Total protein (g dL™!)=Total protein (g/dl)
A sample

standra X Standard concentration,  (3)

where A represents absorbance intensity and
1dL=100 mL.

Estimation of total chlorophyll content
in leaves (mg- g! soft vegetable fabric). Chlo-
rophyll a and b and total chlorophyll were es-
timated based on the Mackinney. Leaves were
taken from the developing top of three samples
of Acacia cyanophyll seedlings and then cut to
facilitate the estimation process. Then a weight
of 0.2 g of healthy soft green leaves was taken.
The leaves were crushed by a ceramic mortar
and then acetone 12 ml was added to the con-
centration (80%). After that, they were placed in
the centrifuge for 5 minutes at a speed of 3,000
cycles/minute for the purpose of separating the
leachate from the precipitate. The leachate was

then taken and the absorbency was read at wave-
lengths 645, 663 nm by the spectrophotometer.
The following equations were used to calculate
the amount of chlorophyll in the leaves calcu-
lated on the basis of (mg- g wet weight).

Total Chlorophyll=[20.2 (D645) +
+8.02 (D663)] xV/1000x W, 4)

where V = final volume of leachate after com-
pletion of separation by centrifuge, D = read
the photodensity (absorptivity) of the extracted
chlorophyll, W = mild weight in g. All research
procedures involving plant material were con-
ducted in compliance with international ethical
standards and relevant regulations, in accord-
ance with the principles of the Convention on
Biological Diversity (1992).

Results

Relative moisture content of leaves (%). The
results of Table 1 regarding the relative mois-
ture content of the leaves showed significant
differences between the concentrations of hu-
mic acid according to Duncan’s test. Where the
concentration was recorded 2 g- L The highest
moral increase in this characteristic amounted to
74.74% while the concentration recorded 0 g-L!
The lowest moral value reached 72.21% with a
moral difference of 2.53%. As for the concentra-
tions of salicylic acid, Duncan’s test showed sig-
nificant differences between the concentrations
and gave the concentration 400 mg- L. The high-
est intangible value of 76.99% compared to the
concentration of 0 mg- L, which gave the lowest
rate of 71.63% with a moral difference of 5.36%.

Table 1. The effect of spraying with salicylic acid and humic acid and the overlaps between them
in the relative moisture content of the leaves (%)

Salicylic acid concentrations mg-L! Effect of humic
0 200 400 acid mg-L-!
Humic acid 0 69.73 1 75.58d 77.35b 72.21b
concentrations 71.64h 7723 ¢ 73.88 e 74.24 a
LT -1
mg-L 2 73.55 78.18 a 72.52 g 74742
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Table 1, Continued

Salicylic acid concentrations mg-L!

Effect of humic

0

200 400 acid mg-L™!

Effect of salicylic acid

mglL 71.64

76.99 a 74.58b

Note: numbers with similar letters for individual factors and their overlaps do not differ significantly between

them according to Duncan’s polynomial test at a probability level of 0.05

Source: developed by the authors

As the bilateral overlap between the con-
centrations of salicylic acid and the concen-
trations of humic acid showed, Duncan’s test
indicated significant differences between the
concentrations in this characteristic, and
between the overlap between salicylic acid
200 mg - L! and humic acid 2 g-L! has the
highest significant value among the overlaps
of the factors and gave the highest signifi-
cant value of 78.18% compared to the treat-
ment of the overlap of salicylic acid 0 mg-L!
and humic acid (0 g- L, which recorded the

lowest rate of 69.73% with a moral difference
of 8.45%.

Estimation of the carbohydrate content of
leaves (mg-g! dry weight). The results of Table 2
showed the effect of humic acid concentrations, as
they differed significantly in the effect on the leaf
content of carbohydrates and reached the highest
rate at the concentration of 1 g-L!, which amount-
ed to 25.00 mg- L! dry weight for the lowest in-
tangible value found at the concentration Omg- L
dry weight, which amounted to 24.07 mg- L' dry
weight with a moral difference of 0.73%.

Table 2. The effect of spraying with salicylic acid and humic acid and the overlaps between them
in the characterisation of the leaf content of carbohydrates (mg-g-! dry weight)

Salicylic acid concentrations
e g L Effect of humic
acid g-L!
0 200 400

Humic acid 0 21.841i 24.77 e 25.62 ¢ 24.07b
concentrations 1 22.60h 25.75b 24.82d 24.39b
gLt 2 23.33 g 26.96 a 24.73 f 25.00 a

Effect of salicylic acid 29.59 ¢ 2582 a 25.05b

mg-L1 . . .

Note: numbers with similar letters for individual factors and their overlaps do not differ significantly between
them according to Duncan’s polynomial test at a probability level of 0.05

Source: developed by the authors

With regard to the effect of salicylic acid,
the data of Table 2 of the Duncan’s test showed
significant differences between the concen-
trations and the concentration of 400 mg- L,
the highest moral increase of 25.02 mg-L!dry
weight compared to the comparison treatment
with a concentration of 0 mg- L' dry weight,
which gave the lowest rate of 22.59 mg-L!dry
weight with a moral difference of 2.43%. Table 2
of the Duncan’s test between the concentrations

of salicylic acid and the concentrations of humic
acid showed that there were significant differ-
ences between the concentrations in this inter-
ference ,and between the interference between
salicylic acid 200 mg-L! and humic acid 2 g-L!
recorded the highest moral increase among the
interactions of the factors, which amounted to
26.96 mg- L' dry weight compared to interfero-
metric treatment salicylic acid 0 mg-L'and hu-
mic acid 0 g-L!, which recorded the lowest rate
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of increase, amounting to 21.84 mg- L of dry
weight with a moral difference of 5.12%.
Estimating the leaf content of total
proteins (%). Table 3 indicates that there
are significant differences between the con-
centrations of humic acid in the character of
the leaf content of proteins according to the
Duncan’ test. Where the concentration was
recorded 1 g-L!The highest moral increase in
this characteristic amounted to 6.40% while
the concentration recorded 0 g-L! The lowest

moral value was 6.08% with a moral difference
of 0.32%. As for the concentrations of salicyl-
ic acid, Duncan’s test showed Table 3 that the
concentration is 200 mg- L' and concentration
400 mg - L'recorded the highest rates, respec-
tively 6.44 and 6.45%, but they did not differ
significantly between them, but they outper-
formed the comparison treatment with a con-
centration of 0 mg- L, which gave the lowest
increase of 5.17% with a moral difference of
1.27 and 1.28%.

Table 3. The effect of spraying with salicylic acid and humic acid and the overlaps
between them in the character of the leaf content of total proteins (%)

Salicylic acid concentrations mg-L! Effect of humic
0 200 400 acid g-L"
Humic acid 0 5.65h 6.18 e 6.39 ¢ 6.08b
concentrations 1 5.361i 6.24d 6.77b 6.12a
gLt 2 6.11g 6.92a 6.17 f 6.40 a
Effect of salicylic acid 517b 6.45 a 6.44 a
mg-L

Note: numbers with similar letters for individual factors and their overlaps do not differ significantly between
them according to Duncan’s polynomial test at a probability level of 0.05

Source: developed by the authors

Between the bilateral overlap between the
concentrations of salicylic acid and the concen-
trations of humic acid, the Duncan’s test Table 3
showed significant differences between the
concentrations in this characteristic ,and the
overlap between salicylic acid 200 mg- L' and
humic acid 2 g- L' has the highest significant
value among the overlaps of the factors, which
amounted to 6.92% compared to the treatment
of the overlap with salicylic acid 0 mg- L and
humic acid 0 g- L, which recorded the lowest
rate of 5.65% with a moral difference of 1.27%.

Estimation of the total chlorophyll con-
tent of leaves (mg-g! soft weight). The results
of Table 4 regarding the total chlorophyll con-
tent of the leaves indicated that there are sig-
nificant differences between the concentrations
of humic acid according to the Duncan’s test,
where the concentration was recorded 1 g- L.
The highest moral increase in this characteristic
amounted to 1.48 g-L! g soft weight while the
concentration was recorded 0 g-L!with a mini-
mum intangible value of 1.30 g-L! of soft weight
with a significant difference of 0.18%.

Table 4. The effect of spraying with salicylic acid and humic acid and the overlaps
between them in the character of the total chlorophyll content of the leaves (mg-g-! soft weight)

Salicylic acid concentrations .
mg- L Effect of humic
acid mg-L!
0 200 400
0 1.221 1.38 f 1.46b 1.35¢
Humic acid 1.33h 146 ¢ 1.45d 1.41b
concentrations g-L
2 1.34¢ 1.60 a 1l44e 146a
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Table 4, Continued

Salicylic acid concentrations
0 mg-L! Effect of humic
acid mg-L!
200 400
Effect of sahc_?/hc acid 130D 1482 1452
mg-L

Note: numbers with similar letters for individual factors and their overlaps do not differ significantly between
them according to Duncan’s polynomial test at a probability level of 0.05

Source: developed by the authors

The Duncan’s test (Table 4) showed that the
concentration is 200 mg- L' and concentration
400 mg - L' recorded the highest rates, respec-
tively 1.44 and 1.48 mg- L' of soft weight, but
they did not differ significantly between them,
but they outperformed the comparison treat-
ment with a concentration of 0 mg- L, which
gave the lowest increase of 1.30 mg- L' of soft
weight and a significant difference of 0.14, 0.18,
respectively. The bilateral overlap between the
concentrations of salicylic acid and the con-
centrations of humic acid in the Dunkin’s test
Table 4 showed that there are significant dif-
ferences between the entries in this trait ,as
the overlap between salicylic acid 200 mg- L
and humic acid 2 g- L' gave the highest sig-
nificant value between the overlaps of the fac-
tors and gave the highest significant value of
1.60 mg - L! soft weight compared to interfero-
metric treatment salicylic acid 0 mg-L! and hu-
mic acid 0 g-L!, which recorded the lowest rate
of 1.22 mg- L' of soft weight with a significant
difference of 0.38%.

The results showed that spraying with
humic acid had a significant impact on the
physiological and chemical qualities of Acacia
cyanophylla seedlings as clear differences were
recorded between the transactions, indicating
that the seedlings were affected by spraying
with humic acid. It was found that the spraying
was at a concentration of 2 g-L! led to a signif-
icant increase in the rates of the studied traits
(relative moisture content, carbohydrate per-
centage, total protein percentage, leaf content

of LeRovell). The data also showed that the spray
was 0 mg-Lled to a decrease in the rates of the
studied traits. This is attributed to the fertilisa-
tion processes with humic acid in plants, which
increases chlorophyll in the leaves and encour-
ages growth, increases the size of cells, and veg-
etative properties. The effect of humic acid due
to its containment of oxygen, hydrogen, carbon,
and nitrogen in varying proportions and with
light molecular weights when used for plants,
plays an essential role in feeding plants, which
is reflected in photosynthesis, increased pro-
teins, increased carbohydrates, and respiration.
In addition, humic substances contribute to
raising the internal levels of plant hormones,
such as oxines and gibrilins, by stimulating
their formation or preventing their decompo-
sition. The reason behind the increase in veg-
etative growth indicators and plant chemical
content may be that humic substances increase
the proportion of oxygen-rich solid compounds
in cells. The results are consistent with those
reported by F.S. Al-Marsoumi (2019), who in-
vestigated the foliar application of three con-
centrations of humic acid (0, 1, and 2 g-L™*) on
seedlings of the ‘Qalb al-Thawr’ mango cultivar
(Mangifera indica L.). The findings revealed that
the 2 g-L™! concentration significantly outper-
formed other treatments across two consecu-
tive growing seasons, yielding the highest val-
ues for plant height increase (47.9 and 39.1 cm),
stem diameter (4.68 and 9.24 mm), leaf num-
ber (65.8 and 89.3 leaves - plant™), and branch
number (4.33 and 7.83 branches), while the
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control treatment produced the lowest values
for all measured traits. These findings also align
with the study conducted by F.S. Al-Marsoumi
& M.E.A. Al-Hadethi (2020) on one-year-old
mango seedlings Mangifera indica L., in which
foliar application of humic acid at concentra-
tions of 0, 1, and 2 mL - L™ significantly en-
hanced leaf nutrient content. Specifically, the
2 mL-L™! treatment resulted in the highest leaf
nitrogen content (1.403% and 1.743%), potassi-
um content (0.520% and 0.463%), iron content
(190.6 and 235.3 ppm), and zinc content (44.46
and 51.38 ppm) during the two consecutive
seasons, respectively.

Furthermore, the current results are in
agreement with N. Vikram et al. (2022), who
described humic acids as complex organic
compounds derived from the decomposition of
organic matter in soil. These substances play
a pivotal role in regulating various biological
and environmental processes. They improve
soil structure, enhance water and nutrient re-
tention capacity, stimulate plant growth and
beneficial microbial activity, and effectively
modulate nitrogen and carbon cycling — there-
by enhancing the overall efficiency and sus-
tainability of agricultural ecosystems. The
findings also corroborate those of H.M. Ibra-
heem (2021), who evaluated the effect of or-
ganic fertiliser application on the growth of
Pinus pinea L. seedlings. In that study, seed-
lings were foliar-sprayed with four concen-
trations (0, 1, 2, and 3 g-L™1) of organic fertil-
iser. The results demonstrated that all treated
seedlings exhibited significant improvements
in all measured growth parameters compared
to the control. Notably, the 2 g-L™* concentra-
tion was statistically superior across all eval-
uated traits relative to the untreated control.

As for the effect of salicylic acid concen-
trations on some of the vegetative traits stud-
ied for pine protein seedlings, the results of
Tables 1-4 indicate that there are differences

between the concentrations and it has a signif-
icant impact, especially at the concentration
of 400 mg - L' compared to the comparison
treatment. The reason may be that salicyl-
ic acid plays an important role in regulating
physiological and biological processes (Song et
al., 2023), and is considered one of the most
important compounds responsible for promot-
ing plant health and resistance to harmful en-
vironmental conditions. Promotes cell division
and elongation, which contributes to increased
vegetative growth, stimulates metabolic reac-
tions such as protein and carbohydrate synthe-
sis, and increases chlorophyll levels in leaves
and leaf water content, improving photosyn-
thetic efficiency and energy production. Con-
tributes to the improvement of gas exchange by
regulating the opening and closing of stomata,
as noted by J.D. Vashi (2023). It also reduces the
harmful effects of water shortage by regulating
osmotic pressure and increasing drought re-
sistance, and contributes to protecting plants
from high temperatures by promoting an an-
tioxidant system that promotes the movement
of nutrients such as nitrogen, phosphorus,
and potassium towards the aerial parts of the
plant, improving growth and productivity and
interacting with other plant hormones (such
as oxines and gibellins) to regulate vital pro-
cesses These results also consistent with those
reported by A.H. Alalaf & M.M. Ibrahim (2020),
who investigated the foliar application of sal-
icylic acid at three concentrations (0, 200,
and 400 mg-L™') on papaya (Carica papaya L.)
seedlings. The results demonstrated that the
200 mg - L™! treatment significantly enhanced
seedling height increase, while the 400 mg-L™*
concentration yielded the highest values for
vegetative growth parameters and leaf content
of nitrogen, potassium, and phosphorus. In
contrast, the control treatment (0 mg-L™?) re-
corded the lowest significant values across all
evaluated traits.
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These results also align with the study by
S.A.Hussein & H.S.Kanber (2024),whoexamined
the effect of foliar-applied salicylic acid at con-
centrations of 0, 100, and 200 mg-L™* on fig
(Ficus carica L.) seedlings. Their findings indi-
cated that the 200 mg-L! treatment produced
the greatest plant height, leaf area, and leaf
number, suggesting a pronounced growth-pro-
moting effect of salicylic acid on seedling de-
velopment. Furthermore, the present outcomes
are in agreement with J.A. Linné et al. (2025),
who studied the response of seedlings of the
endangered species Cedrela fissilis Vell. to fo-
liar applications of salicylic acid at 100, 200,
and 300 mg- L1, Their results showed that the
200 mg-L™* concentration induced the most fa-
vourable vegetative and root growth responses,
significantly outperforming the other concen-
trations, which yielded comparatively lower val-
ues for the measured parameters. Additionally,
the results corroborate those of L.C. Saracho et
al. (2021), who evaluated the impact of salicylic
acid on Schinus terebinthifolia seedlings sub-
jected to varying irrigation regimes. Using con-
centrations of 0, 50, 100, and 200 mg- L%, they
found that the 200 mg- L™ treatment produced
the highest stem length (20.74 cm) and leaf
area (116.04 cm?), along with the greatest dry
mass accumulation in stems, leaves, and roots.
These parameters were significantly superior to
those observed under lower concentrations or
the untreated control.

The results of this study highlight the sig-
nificant role of salicylic acid and humic acid
in enhancing the physiological and biochemi-
cal properties of seedlings. These compounds,
through their effects on growth regulation and
stress tolerance, improve seedling vigor and
resilience under challenging environmental
conditions. The observed interactions between
salicylic acid and humic acid further emphasise
their synergistic potential in promoting plant
health. Overall, these findings suggest that the
application of these biostimulants can be an

effective strategy for improving seedling estab-
lishment and growth in afforestation projects.

Conclusions

The present study conclusively demonstrates
that foliar application of salicylic acid and hu-
mic acid significantly enhances the physiolog-
ical and biochemical attributes of Acacia cy-
anophylla seedlings under nursery conditions.
The experimental findings revealed that both
growth-regulating compounds, either individ-
ually or in combination, exerted a pronounced
positive influence on key indicators of seedling
vigor, including relative leaf water content,
carbohydrate accumulation, total protein syn-
thesis, and chlorophyll concentration. Notably,
the optimal response was consistently observed
when seedlings were treated with 200 mg- L™
of salicylic acid in conjunction with 2 g-L™!
of humic acid, underscoring the existence of a
synergistic interaction between these two bi-
ostimulants. This combination maximised the
expression of all measured traits, suggesting
that integrated application strategies may offer
superior benefits compared to the use of either
compound alone.

The improvement in relative leaf water con-
tent reflects enhanced cellular hydration and os-
motic adjustment, which are critical for drought
resilience particularly relevant given A. cyano-
phylla intended use in arid and semi-arid affores-
tation projects. The significant increases in car-
bohydrate and protein content further indicate
elevated metabolic activity and improved pho-
tosynthetic efficiency, likely mediated through
salicylic acid’s role in modulating stress-respon-
sive pathways and humic acid’s capacity to stim-
ulate enzymatic and hormonal activity. Moreo-
ver, the elevated chlorophyll levels observed in
treated seedlings correlate with greater pho-
tosynthetic potential and overall plant health,
aligning with established mechanisms by which
humic substances enhance nutrient uptake and
chloroplast function.
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These results collectively affirm that ex-
ogenous application of salicylic and humic ac-
ids serves as an effective cultural practice to
bolster seedling quality prior to out planting.
Given the species’ ecological and ornamental
value particularly in urban greening, roadside
planting, and soil stabilisation initiatives such
pre-planting interventions can significantly
improve establishment success in challenging
environments. Therefore, it is recommended
that nursery protocols for A. cyanophylla incor-
porate foliar sprays of 200 mg-L™* salicylic acid

stress conditions to validate their long-term ef-
ficacy in real-world afforestation programs.
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BnnmB o6po6KM caniuunoBolo KUCIOTOIO Ta 'YMIHOBOIO KUCJIOTOIO Ha
disionoriuHi Ta xiMiuHi akocTi ciaHuUiB Acacia cyanophylla
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AHoTanig. 3 ornsay Ha 3pOCTalovi eKOMOTiuHI BUKJIMKY Ta HeO6XiHICTb YCIMIIHKUX iHiliaTuB 3
03eJIeHEeHHS, 3pOCTA€ MOTUT Ha MTOKPALIEHHS POCTY Ta SIKOCTI CisTHIIiB 3a JJOTTOMOTO0 MTPUPOAHUX
006po6ok. Ile mocrimkeHHs OyI0 TPOBENEHO [IJIA OLiHKM BIUIMBY CaJilMIOBOI KUCIOTH Ta
IryMiHOBOI KMCJIOTK Ha ¢isionoriudi Ta 6ioxiMiuHi XapakTepucTuku CistHIiB Acacia cyanophylla.
EKcriepMMeHT IIpOBOAMBCSI B PO3CAAHMKY TYPUCTMUYHOTO cenmina JiciB Hinesii, me cisHIi
06po6sn caninunosox Kucrotow (0, 200, 400 mr-a71) Ta rymigosoio kucioroio (0, 1, 2 T Ha
CisIHIIST) A1 OI[iHKYM IXHBOTO BIUIMBY Ha o6paHi ¢isionoriuni ta ximiuHi o3Haku. PesymbraTu
[MOKa3asn, 1o 06pobKa CaIilMIOBOI0 KUUIOTOIO Py KoHeHTpalii 200 mr-i~! mana 3HaYHMIT
BIUIMB Ha BMICT BYIJIeBOJiB, BiICOTOK 6ijiKa, 3arajJbHII1 BMiCT X/I0pOGiny B IMCTKAX Ta BiZHOCHMI
BMICT BOJIOTM. AHAJIOTiUHO, T'YMiHOBa KMCJIOTA MpU A03i 2 T Ha CisSHIS MMpuU3Besa 10 HaiBUIIMX
3HAUYHMX 30i/bIIeHb IIMX XapakTepucTuk. lllogo B3aemoii camiimioBoi KMCIOTU Ta T'yMiHOBOI
KUCJIOTM, pe3ylbTaTy IOKasaau, 10 00poOKa CcalilMI0BOI0 KUCIOTOK MpPY KOHIEHTpallii
200 mr-a"! y moeHaHHI 3 TyMiHOBOIO KMCJIOTOIO 2 T Ha CisIHIIS [TPU3BeJia 10 HaBUIIMX 3HaYeHb
IOs1 GinbmiocTi gociimkeHMx o3HaK. Taka KoMOiHOBaHa 00poOKa 3HAYHO IMOKpaliuia picT
cistHIIiB Ta 3aranbHU disiomoriunnii moreHuia. JiuctoBa 06po6Ka CaminIOBO KUCIOTOIO MIPK
KoHueHTpanii 200 mr-a~! cnpuurHMIa MOMiTHE 36ibLIIEHHS BMICTY XJI0POGiNy, 0 CIPUSIIO
M IBUIEHHIO (OTOCUMHTETUYHOI e(DeKTUBHOCTI, TOAi IK 06po6Ka r'yMiHOBOIO KMCJIOTOK 3HAYHO
MOKpaIyaa yTpMMaHHS BOIM BJIMCTKAX, 3HAYHO MiABUIILYIOUM CTilKiCTb CiSIHITiB 10 €KOJIOTiUHOTO
cTpecy. 3arajioM, Iii pe3yabTaTy CBigUaTh, 1[0 iHTerpoBaHe BUKOPUCTAHHS CATIIIMIOBOI KUCIOTHU
Ta TYMiHOBOI KMCJIOTY € TIePCIeKTUBHUM Ta e(eKTUBHUM ITiIXOIOM JIJIsI ITOKPAIeHHS SIKOCTi Ta
SKUTTE3AATHOCTI CisIHITiB, 0COGIMBO B KOHTEKCTI ITPOrpam O3eeHeHHSsI

KniouoBi croBa: jucroBa 06pobka; ¢iszionoriuHi xapakTepucTUMKM; XiMiUYHMIA CKIaf; SKiCTh
CistHITiB; POTOCHMHTETUYHI ITITMEHTH; 03eJIEHEHHS
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Abstract. Invasive alien plant species increasingly threaten the integrity of forest ecosystems
in protected areas, particularly within poorly studied wilderness zones of tropical national
parks. The aim of this study was to assess the spatial distribution and invasion intensity of
invasive alien plant species in the wilderness zone of Gunung Ciremai National Park, West Java,
Indonesia. During the wet season, a comprehensive geographical investigation was conducted
using twelve systematically established plots (20 x 20 m) with nested subplots representing
different growth stages. A total of 18 invasive alien plant species belonging to nine families
were recorded. Hierarchical cluster analysis identified three statistically distinct invasion
intensity zones: a moderately invaded zone (67% of plots) dominated by Panicum maximum
and Isachne globosa; a highly invaded zone (25% of plots) characterised by strong dominance of
the woody legume Calliandra calothyrsus; and a low-invasion zone (8% of plots) with minimal
establishment. Between-cluster Bray-Curtis dissimilarity (0.72+0.18) exceeded within-cluster
values (0.52-0.65), indicating pronounced compositional differentiation. A corridor-based
invasion pattern was supported by a significant decline in invasion intensity with increasing
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distance from trails (R?=0.78, p < 0.001). The study provided the first quantitative spatial
assessment of invasive plant distribution in wilderness zones of Indonesian protected areas
and demonstrated the value of multivariate analyses for identifying invasion hotspots and

informing targeted management strategies

Keywords: biological invasion; Bray-Curtis dissimilarity; cluster analysis; protected areas; spatial

patterns

Introduction

Invasive alien plant species (IAPS) represent
a growing threat to forest ecosystems world-
wide, undermining biodiversity, altering com-
munity structure, and challenging the effec-
tiveness of conservation efforts in protected
areas. Although national parks are established
to safeguard ecological integrity, human activ-
ities such as recreation, trail development, and
landscape modification can facilitate the in-
troduction and spread of invasive species even
in zones designated for strict protection. Wil-
derness areas, often perceived as relatively un-
disturbed, remain particularly vulnerable due
to limited monitoring and the assumption of
natural resistance to biological invasions. As a
result, the spatial dynamics and drivers of inva-
sive plant establishment in these areas remain
insufficiently understood, especially within
tropical forest ecosystems.

K. Utkhamthiang et al. (2025) assessed the
severity and spatial distribution of invasive
plant species along a nature trail within the
Doi Chiang Dao Biosphere Reserve in northern
Thailand. Their study demonstrated that inva-
sion intensity increased in proximity to recre-
ational trails, highlighting the role of anthro-
pogenic disturbance as a key driver of invasive
species spread in protected forest ecosystems.
The authors emphasised the importance of
trail-based monitoring for early detection and
management of biological invasions in conser-
vation areas. Developments in spatial ecology
have enhanced the understanding of invasion

dynamics in protected forests. S.E.N. Pang et
al. (2023) demonstrated that clustering analy-
sis can reveal spatially associated species pat-
terns and invasion hotspots that are not cap-
tured by traditional diversity indices. Likewise,
M. Wang et al. (2024) showed that functional
traits and phylogenetic relationships jointly
shape species distributions through environ-
mental filtering and dispersal limitation. To-
gether, these studies suggested that invasion
patterns in wilderness zones result from com-
plex interactions between anthropogenic dis-
turbance and natural ecological processes rath-
er than from a single driver.

In their review, H.D. Flickinger &
]J.S. Dukes (2024) compared theoretical ap-
proaches to invasion ecology and the shifting
of species ranges induced by climate change.
They provided an overview of existing the-
ories that combine these two aspects, high-
lighting the importance of considering climate
change as a key driver for understanding in-
vasion mechanisms. The paper was signifi-
cant for studies addressing invasive species,
as it bridged the concepts of climate change
and invasion dynamics, which are crucial for
managing forest ecosystems in response to
emerging threats. Climate change adds a lay-
er of vulnerability to montane protected are-
as. A. Poudel et al. (2024) predicted that rising
temperatures will allow highly invasive spe-
cies to colonise higher elevations previously
constrained by climate. Advances in invasion
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detection methodologies have improved spa-
tial assessment capabilities. R. Sengupta &
S.S. Dash (2024) demonstrated that species
distribution modelling can effectively identify
invasion hotspots and support targeted moni-
toring efforts in data-limited regions. P.B. Rak-
goale & S.N. Ngetar (2024) further showed
that integrating remote sensing with machine
learning and deep learning substantially im-
proves the detection accuracy of invasive spe-
cies at landscape scales. I. Kim et al. (2025)
emphasised that native forest structure and
species diversity strongly influence invasive
plant richness and invasion resistance. Despite
these methodological advances, ground-based
field data remain indispensable, particularly in
remote wilderness zones where satellite-based
detection is constrained by dense canopy cover
and complex forest structure.

J. Chen et al. (2024) explored the appli-
cation of ensemble learning algorithms to
improve the performance of forest age pre-
diction models using satellite remote sensing
data. They demonstrated that by combining
multiple learning algorithms, it is possible to
enhance the accuracy of age predictions for
forest ecosystems, which is crucial for forest
management and monitoring. The study ef-
fectively highlighted the potential of remote
sensing data and machine learning techniques
in ecological research, specifically in predict-
ing forest parameters, such as age, which is di-
rectlyrelevant to understanding forest dynam-
ics and ecosystem health. P.E. Hulme (2024)
identified international tourists as significant
biosecurity pathways into national parks, em-
phasising that recreation intensity and visitor
movement patterns are critical factors influ-
encing invasion dynamics alongside physi-
cal infrastructure. Despite growing research
interest, substantial knowledge gaps persist.
Most invasion studies focus on easily acces-
sible areas, leaving wilderness zones largely

understudied, particularly in tropical South-
east Asia. Few investigations apply multivar-
iate spatial analyses to test corridor-invasion
hypotheses using fine-scale data from strict-
ly protected areas. L. Petri & I. Ibanez (2025)
demonstrated that effective invasive species
management can facilitate native plant recov-
ery, underscoring the importance of under-
standing current invasion patterns to inform
restoration strategies. These gaps highlight
the need for integrated spatial assessments
combining field surveys, cluster analysis, and
distance-based modelling in tropical montane
wilderness zones.

The aim of this study was to assess the
spatial distribution, invasion intensity, and
trail-related drivers of invasive alien plant spe-
cies in the wilderness zone of Gunung Ciremai
National Park (GCNP), Indonesia. The objec-
tives were to: (1) document species diversity
across growth stages; (2) detect spatial hetero-
geneity using cluster analysis; and (3) quantify
relationships between invasion patterns and
disturbance gradients. Invasion intensity was
hypothesised to decline with increasing dis-
tance from trails, and clustering revealed suc-
cessional zones.

Materials and Methods

Study site and environmental context. Re-
search was conducted in GCNP wilderness zone,
West Java, Indonesia (6°46’577-6°58’57” S,
108°19°18”-108°29’30” E). GCNP is a 15,500-ha
mountain forest ecosystem on Java’s highest
single volcano (3,078 masl). The study area al-
titude ranged from 928 to 1,040 m with slopes
of 30-65% (Fig. 1). The average annual tem-
perature ranges from 18 to 25°C, with rainfall
distributed across two seasons: a wet season
(November to April) and a dry season (May to
October). Dominant native vegetation includes
Castanopsis argentea, Schima wallichii, and Alt-
ingia excelsa (TNGunungCiremai, n.d.).
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Location of West Java in Indonesia
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Figure 1. Map of research location in the wilderness zone of GCNP, West Java, Indonesia

Source: Tanah Air Indonesia (n.d.)

A maintained trail from the utilisation
zone boundary provides access to the wilder-
ness zone, potentially establishing invasion
corridors through propagule dispersal and
trail-edge disturbance (Barros et al., 2025).
Calliandra calothyrsus plantings in adjacent
agroforestry systems (<500 m distant) provide
propagule sources. Southwest-northeast winds
during the wet season may facilitate seed dis-
persal into the wilderness interior.

Field sampling and data collection. To
counteract the seasonal bias where dry-season
sampling underestimates species richness by
30-40%, surveys were conducted during the
wet season (November-December 2024), when
germination peaks. Twelve observation plots
(20 x 20 m, 0.48 ha total) were systematically
established along transects perpendicular to
main trails, stratified by elevation and trail
distance (0-50 m, 51-100 m, > 100 m) (Fig. 1).
Each plot used a nested subplot design: four
2 x 2 m subplots for saplings (1.5-3 m height,
diameter < 10 cm), one 1 x 1 m subplot for
seedlings (< 1.5 m height), and a whole 20 x 20
m plot for poles (diameter 10-20 cm) and trees

(diameter > 20 c¢m). Environmental variables
measured included elevation (GPS), slope
(clinometer), canopy cover (spherical densim-
eter), and distance to trail. All fieldwork was
conducted in compliance with ethical stand-
ards for biodiversity research and in accord-
ance with the principles of the Convention on
Biological Diversity (1992).

Data analysis. To comprehensively charac-
terise species diversity and spatial structure of
invasive alien plant communities, a set of com-
plementary diversity and distribution indices
was applied. Species diversity was quantified
using the Shannon-Wiener index (H’; Eq. 1),
where pi represents the proportion of individ-
uals of species i relative to the total number of
individuals (IV); Simpson’s dominance index (C;
Eq. 2), calculated as the sum of squared spe-
cies proportions (Zpi?); Evenness (EH; Eq. 3),
expressed as the ratio of H' to the natural log-
arithm of species richness (In S); species rich-
ness (R; Eq. 4), defined as the total number of
species (S); and Margalef’s index (Dmg; Eq. 5),
which standardises species richness by sample
size using the total number of individuals (NV):
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H'=-Xpi In pi, 1)
C=2pi?, (2)
EH=H'/In S, 3)
R=S, 4)
Dmg=(S-1)/In N. (5)

Spatial distribution patterns were assessed
using Morisita’s index (I5; Eq. 6), where q de-
notes the number of sampling units, x is the
number of individuals per sampling unit, Zx? is
the sum of squared individuals across all units,
and N is the total number of individuals:

Is=q[2x* - NJ/IN(N - 1)]. (6

Values of I§<1,=1,and >1 indicate uniform,
random, and clumped distributions, respective-
ly. Importance values (IV =RF + RD + RDo) in-
tegrated relative frequency (RF), defined as the
proportion of sampling units in which a species
occurred relative to the total frequency of all
species; density (RD), calculated as the num-
ber of individuals of a species divided by the
total number of individuals across all species;
and dominance (RDo), expressed as the contri-
bution of a species to total community domi-
nance, typically based on basal area or canopy
cover relative to all species.

Cluster analysis. Hierarchical cluster
analysis, using Ward’s linkage with Bray-Curtis
dissimilarity (Bray & Curtis, 1957; Borcard et
al., 2018), was used to reveal spatial invasion
patterns in the tropical forest community

(Pang et al., 2023). Ward’s method minimised
within-cluster variation, thereby producing
compact clusters suitable for identifying in-
vasion gradients (Borcard et al., 2018). The
optimal number of clusters was determined
based on dendrogram structure, ecological in-
terpretability, and comparisons of within- and
between-cluster dissimilarity. For each clus-
ter, mean abundance, species richness, domi-
nant species composition, and frequency were
calculated. Analysis of Similarity (ANOSIM)
with 999 permutations was applied to assess
the statistical significance of cluster separa-
tion. Kruskal-Wallis tests followed by post hoc
Dunn’s tests were used to examine relation-
ships between clusters and environmental fac-
tors, including elevation, slope, canopy cover,
and distance from trails. Linear regression
analysis was used to evaluate relationships be-
tween invasion parameters and distance from
trails. All analyses were conducted using R ver-
sion 4.3.0, with the vegan package for commu-
nity ecology analyses and the cluster package
for hierarchical clustering.

Results and Discussion

Composition and diversity of invasive alien
plant species. A total of 18 IAPS from 9 fam-
ilies (421 individuals) were documented across
12 plots (Table 1). Poaceae was most diverse (4
species, 55.6%), followed by Fabaceae (2 species,
30.9%) and Asteraceae (3 species, 4.5%). Pani-
cum maximum showed the highest importance
value (106.54%), followed by C. calothyrsus
(92.87%) and Isachne globosa (60.02%). These
three species comprised 86.5% of the total IAPS
abundance, indicating strong dominance.

Table 1. List of invasive alien plant species recorded in the wilderness zone of GCNP

No | Scientific name Family Growth Origin Reference
stage
Mexico & the -
L . X S. Setyawati et al. (2015),
1 | Ageratina riparia Compositae U Carlbbea}n $.S. Tjitrosoedirdjo et al. (2016)
(West Indies)
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Table 1, Continued

No

Scientific name

Family

Growth
stage

Origin

Reference

Ageratum
conyzoides

Asteraceae

Tropical & South
America

S. Setyawati et al. (2015)

Bidens pilosa

Asteraceae

Southern Africa

S. Setyawati et al. (2015),
S.S. Tjitrosoedirdjo et al. (2016)

Calliandra
calothyrsus

Fabaceae

Se., Sa.,
P,T

Central America &
Mexico

S. Setyawati et al. (2015),
S.S. Tjitrosoedirdjo et al. (2016)

Centrosema
pubescens

Fabaceae

Central & South
America

S. Setyawati et al. (2015)

Chromolaena
odorata

Asteraceae

Central & South
America

S. Setyawati et al. (2015),
S.S. Tjitrosoedirdjo et al. (2016),
Regulation of the Minister of
Environment and Forestry of the
Republic of Indonesia
No. P.16/MENLHK/SETJEN/
OTL.0/1/2016 (2016)

Clidemia hirta

Melastomataceae

South America

S. Setyawati et al. (2015),
S.S. Tjitrosoedirdjo et al. (2016),
Regulation of the Minister of
Environment and Forestry of the
Republic of Indonesia
No. P.16/MENLHK/SETJEN/
OTL.0/1/2016 (2016)

Cyperus rotundus

Cyperaceae

India / Africa

S. Setyawati et al. (2015)

Isachne globosa

Poaceae

South Asia

S. Setyawati et al. (2015)

10

Lantana camara

Verbenaceae

Central America

S. Setyawati et al. (2015),
S.S. Tjitrosoedirdjo et al. (2016),
Regulation of the Minister of
Environment and Forestry of the
Republic of Indonesia
No. P.16/MENLHK/SETJEN/
OTL.0/1/2016 (2016)

11

Melastoma
malabathricum

Melastomataceae

Asia

S. Setyawati et al. (2015), S.S.
Tjitrosoedirdjo et al. (2016)

12

Mikania
micrantha

Asteraceae

Central & South
America

S. Setyawati et al. (2015),
S.S. Tjitrosoedirdjo et al. (2016),
Regulation of the Minister of
Environment and Forestry of the
Republic of Indonesia
No. P.16/MENLHK/SETJEN/
OTL.0/1/2016 (2016)

13

Mimosa pudica

Fabaceae

Tropical & South
America

S. Setyawati et al. (2015),
S.S. Tjitrosoedirdjo et al. (2016),
Regulation of the Minister of
Environment and Forestry of the
Republic of Indonesia
No. P.16/MENLHK/SETJEN/
OTL.0/1/2016 (2016)
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Table 1, Continued

Growth

No stage

Scientific name Family

Origin Reference

14 | Piper aduncum Piperaceae U, Se., Sa.

S. Setyawati et al. (2015),
S.S. Tjitrosoedirdjo et al. (2016),
Regulation of the Minister of
Environment and Forestry of the
Republic of Indonesia
No. P.16/MENLHK/SETJEN/
OTL.0/1/2016 (2016)

South America

15 | Solanum torvum Solanaceae U

Antilles / Caribbean

S. Setyawati et al. (2015)

Stachytarpheta

16 . . .
jamaicensis

Verbenaceae U

S. Setyawati et al. (2015),

Tropical America S.S. Tjitrosoedirdjo et al. (2016)

Synedrella

17 nodiflora

Asteraceae U

Central & South

America S. Setyawati et al. (2015)

18 |Panicum maximum| Poaceae U

S. Setyawati et al. (2015),
Regulation of the Minister of
Environment and Forestry of the
Republic of Indonesia
No. P.16/MENLHK/SETJEN/
OTL.0/1/2016 (2016)

Tropical Africa

Note: U - Understorey; Se — Seedling; Sa. — Sapling; P — Pole; T — Tree

Source: developed by the authors

Growth stage analysis revealed the fol-
lowing distribution: seedlings (162 individu-
als, 38.5%), saplings (115, 27.3%), poles (92,
21.9%), and trees (52, 12.4%). C. calothyrsus
demonstrated successful reproduction across
all stages (seedlings 36, saplings 41, poles 28,
trees 25), indicating established reproducing
populations. Most grass species occurred pri-
marily as seedlings and saplings, suggesting
recent colonisation or recruitment limitation.
C. calothyrsus establishment across all growth
stages has critical management implications.
Mountain invasions are anticipated to increase
as thermal barriers decrease. F. de Vries et
al. (2023) investigated upward range expansion
specifically in tropical mountain systems. They
found that invasive plant species exhibited
significantly faster altitudinal migration rates
(15-30m per decade) than native species (5-10m
per decade), creating novel community struc-
tures at high altitudes. Their study demonstrat-
ed that invasive species often possess broader
thermal tolerances and greater phenotypic
plasticity, enabling them to rapid exploit new,

suitable habitats. I. Nasihin et al. (2024) applied
species distribution modelling to predict the
range dynamics of C. calothyrsus in the GCNP.
They projected continued upward expansion,
with a potential increase in suitable habitat
of 26.93%. The current findings of established
reproductive populations at all growth stages
(seedlings to trees) at 900-1,400 m elevation
confirm that C. calothyrsus has successfully
breached historical thermal barriers and estab-
lished self-sustaining populations in the GCNP
mountain wilderness zone, validating the cli-
mate-invasion predictions from this study. The
findings reveal internal seed sources within
the wilderness zone, potentially accelerating
invasion through local dispersal. B. Zhang et
al. (2023) conducted a comparative analysis
of dispersal rates between invasive and native
plant species across different life forms and
ecological contexts. Their study demonstrated
that anthropogenic dispersal vectors (human
foot traffic, equipment transportation, vehi-
cle movement) facilitate the spread of inva-
sive species at rates 50-100 times faster than
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natural dispersal mechanisms (wind, animal
vectors, gravity). Specifically for invasive her-
baceous and woody plants in protected areas,
B. Zhang et al. documented that trails and rec-
reational infrastructure create dispersal path-
ways that enable rapid range expansion, with
the invasion front advancing 10-50 meters per
year along the corridor compared to 1-5 meters
per year in undisturbed areas. Their findings
emphasise that once invasive species establish
a propagule source near a trail, they can rapidly
colonise surrounding areas through anthropo-
genic and natural dispersal, creating acceler-
ating invasion dynamics. The Documentation
of a reproductive population of C. calothyrsus
in Cluster 2 plots (adjacent to the trail) serv-
ing as a seed source for Cluster 1 plots (at an
intermediate distance) confirms B. Zhang’s et
al. corridor-facilitated invasion model. The
presence of an established internal seed
source within the wilderness zone, coupled

with persistent visitor traffic on the trail, sug-
gests that invasion expansion will continue
and potentially increase without targeted in-
terventions to remove the propagule source
and disrupt anthropogenic dispersal pathways.
Population viability analysis would determine
if populations are self-sustaining (requiring
containment strategies) or propagule-limited
(enabling local eradication through barriers
and source control).

Diversity indices showed moderate to high
plot diversity (Table 2, 3). The Shannon-Wie-
ner index ranged from 0.82 to 1.98 (mean
1.42 + 0.35), indicating spatial heterogene-
ity. Simpson’s dominance (0.23-0.67, mean
0.41%+0.13) indicated 3-4 species typically dom-
inated each plot. Evenness values (0.51-0.91,
mean 0.73 £ 0.12) showed relatively balanced
distributions, though some plots displayed sin-
gle-species dominance. Species richness ranged
from 2 to 6 per plot (mean 4.1+1.3).

Table 2. Diversity indices and spatial distribution patterns of invasive alien plant species
in the understorey (ground vegetation) of the wilderness zone of GCNP

Species Density (ind/m?2) Frequency H C Distribution (Morisita)
Panicum maximum 45.3 0.83 0.37 | 0.07 Clumped (1.85)
Isachne globosa 38.7 0.75 0.36 | 0.04 Clumped (1.92)
Chromolaena odorata 28.5 0.67 0.28 | 0.05 Clumped (1.65)
Ageratum conyzoides 22.1 0.58 0.24 | 0.04 Clumped (1.58)
Lantana camara 12.4 0.42 0.12 | 0.01 Uniform (0.85)
Other species (12 spp.) 53 - - - Variable

Source: developed by the authors

Table 3. Diversity indices and spatial distribution patterns
of invasive alien plant species across woody growth stages in the wilderness zone of GCNP

Growth Stage No. Spp. Dominant Species 154 C Distribution
Seedling (<1.5 m) 2 C. calothyrsus 0.23 | 0.49 Clumped (1.78)
Sapling (1.5-5 cm DBH) 2 C. calothyrsus 0.27 | 04 Clumped (1.68)
Pole (5-20 cm DBH) 1 C. calothyrsus 0.28 | 0.46 Clumped (1.55)
Tree (>20 cm DBH) 1 C. calothyrsus 0 1 Uniform (0.92)

Note: DBH - diameter at breast height
Source: developed by the authors
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Spatial distribution patterns (Morisita’s
index) demonstrated predominantly clumped
distributions: P. maximum (I§ = 1.84), I. globo-
sa (I5=2.13), and C. calothyrsus (I6 =3.47) all
showed significant aggregation (p < 0.05). Only
Lantana camara (I6=1.12) approached random
distribution. Clumped patterns likely reflect
vegetative reproduction, limited seed disper-
sal, and microhabitat preferences, with impor-
tant implications for targeted control efforts.
Wet-season sampling addresses significant
temporal bias in Indonesian invasion studies.
M. Belayhun et al. (2024) conducted comparative
wet- and dry-season surveys in Ethiopian pro-
tected areas. They documented that wet-season
surveys detected 30-40% more invasive species
than dry-season inventories, particularly an-
nual forbs and recent colonisers that complete
their life cycles during high-rainfall periods.
Their findings emphasized the importance
of seasonal timing in invasion assessments,
as many herbaceous invasive species remain
dormant or inconspicuous during dry periods.
Wet-season sampling methodology aligns with
M. Belayhun’s et al. recommendations and suc-
cessfully documented species such as M. pudica
and grass seedling cohorts during peak rainfall,

14

providing baseline data on species that would
likely be overlooked in dry-season inventories.
This temporal approach has important implica-
tions for control timing, as interventions tar-
geting reproductive stages during wet seasons
may be more effective than those targeting
dry-season stages. Documentation of M. pudica
and grass seedling cohorts during high rainfall
provides baseline data on species that may be
overlooked in dry-season inventories, with im-
plications for control timing.

Spatial invasion patterns and corri-
dor-based invasion dynamics. Hierarchical
clustering identified three statistically distinct
groups of invasion intensity (Fig. 2; ANO-
SIM R=0.68, p=0.001), aligning with patterns
observed in other tropical forests (Pang et
al., 2023). The stated hypothesis was supported
by the results, as invasion intensity significant-
ly declined with increasing distance from trails
(R%=0.78, p <0.001), and hierarchical cluster
analysis identified three distinct invasion inten-
sity zones. Between-cluster dissimilarity (mean
0.72 £0.18) significantly exceeded within-clus-
ter dissimilarity (Cluster 1: 0.52 +0.21; Cluster
2:0.65+0.31; Kruskal-Wallis x2=18.3, p<0.001),
confirming compositionally distinct zones.
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Figure 2. Hierarchical cluster analysis of invasive species composition

Source: developed by the authors

This work provides the first comprehen-
sive spatial analysis of invasive plants within an

Indonesian wilderness zone. The hierarchical
cluster analysis reveals highly spatially stratified
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invasion intensity, with three zones differing
in species composition, abundance, and func-
tional groups. This spatial heterogeneity has
significant management implications: spatial
targeting based on invasion intensity mapping
can enhance resource allocation, whereas uni-
form strategies may be ineffective. P. Courtois et
al. (2023) developed spatially explicit manage-
ment models for protected areas and demon-
strated that stratified management approach-
es based on invasion intensity zones achieved
3-5 times greater cost-effectiveness than uni-
form interventions. Their work showed that con-
centrating resources on high-invasion hotspots,
while maintaining surveillance in moderate-in-
vasion zones, prevented both species spread
and resource waste. Hierarchical cluster analysis
provides precisely this type of spatial stratifi-
cation, identifying three distinct management
zones that enable targeted resource allocation.

Compared with P. Courtois’s et al. framework,
Cluster 2 (high invasion, 25% of plots) repre-
sents priority intervention zones where imme-
diate control efforts are expected to yield the
greatest return. In contrast, Cluster 1 (moderate
invasion, 67% of plots) requires sustained moni-
toring rather than intensive intervention.

Cluster 1: Moderate invasion -
grass-dominated assemblages. Eight plots
(67%: Plots 1, 2, 3,5, 6,7, 11, 12) showed inter-
mediate invasion intensity (37.5*11.5 ind/plot)
and the highest diversity (4.6* 1.1 species/plot;
Figs. 3-5). P. maximum (136 individuals, 45.3%)
and I. globosa (90, 30.0%) predominated, with C.
calothyrsus contributing 13.0% (39 individuals).
Co-dominance without competitive exclusion
suggests an early to intermediate stage of in-
vasion. Plots occurred at intermediate trail dis-
tances (mean 85+ 25 m) with moderate canopy
openness (45 12%).
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Compositional features suggest an inter-
mediate invasion stage with implications for
succession. The shift from grass-dominated
to woody-dominated assemblages may repre-
sent a successional sequence. B.A. Bradley et
al. (2024) investigated invasion succession
dynamics in disturbed forest ecosystems and
found that shade-intolerant grasses typical-
ly colonise immediately following disturbance
events, creating dense herbaceous layers. Their
research demonstrated that these early-stage
grass invasions can facilitate subsequent woody
invasions by modifying microclimatic condi-
tions and soil properties. The observations of
C. calothyrsus seedlings co-occurring beneath
P. maximum and I. globosa grass cover in Clus-
ter 1 plots support this facilitation hypothesis,
suggesting that current grass-dominated plots
(Cluster 1) may transition to woody-dominated
assemblages (Cluster 2) without intervention.
Management implications depend on invasion
pathways. If grass-to-woody succession is con-
firmed, early grass control may prevent woody
invasion. However, if functional groups invade
independently along different gradients, simul-
taneous management is required. M. Wang et
al. (2024) demonstrated that functional traits
and phylogeny jointly regulate species’ spatial
distribution patterns, with environmental filter-
ing and dispersal limitation as the primary driv-
ers of community assembly. Their application
of partial constrained correspondence analysis

successfully partitioned variance among these
mechanisms, revealing that environmental fil-
tering accounted for 45-60% of compositional
variation in tropical forests, while dispersal lim-
itation accounted for 25-35%.

Cluster 2: High invasion - Callian-
dra-dominated woody invasion. Three plots
(25%: Plots 4, 9, 10) exhibited the highest in-
vasion intensity, dominated by C. calothyrsus.
Mean abundance was 38.3+23.5 ind/plot (range
14-61), with high variability reflecting differ-
ent successional stages. Mean species richness
(3.7 + 1.5 species/plot) was significantly lower
than Cluster 1 (p=0.04), indicating competitive
exclusion. C. calothyrsus comprised 81 individ-
uals (70.4%) with 100% frequency, demonstrat-
ing complete dominance. Secondary species
included I. globosa (13, 11.3%), Ageratina ripar-
ia (9, 7.8%), and Piper aduncum (4, 3.5%). Spe-
cies composition indicates advanced invasion,
as C. calothyrsus has established reproductive
populations across growth stages and begun
excluding other species. Plots occurred nearest
trails (mean 45+ 15 m) with the highest canopy
openness (62 = 18%; significantly greater than
Cluster 1, p=0.02).

C. calothyrsus dominated plots near trails
empirically validate corridor-based invasion
models proposed for protected areas globally.
P. Szilassi et al. (2021) analysed country-scale
spatial data. They found that road networks,
railways, watercourses, and ecological corridors
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provide interconnected pathways for biolog-
ical invasion, with protected areas showing
edge effects extending up to 200 meters from
infrastructure. Quantitative results of current
study strongly support these corridor-inva-
sion models: C. calothyrsus dominance (70%)
occurs exclusively within 60 meters of trails,
declining to zero beyond 150 meters (R%=0.78,
p <0.001). This represents one of the first em-
pirical tests of corridor-invasion hypotheses in
tropical montane wilderness zones, extending
P. Szilassi’s frameworks to Southeast Asian pro-
tected areas. The transparent invasion Gradient
(70% dominance near trails declining to 0% at
>150 m) demonstrates that trails are active in-
vasion channels concentrating disturbance and
propagule pressure. A. Barros et al. (2025) inves-
tigated mechanisms of trail-mediated invasion
in protected forests. They identified four pri-
mary pathways: (1) seed transport via footwear,
equipment, and vehicles, (2) canopy opening
during trail construction and maintenance cre-
ating light gaps, (3) altered microclimate along
trail edges with increased temperature and re-
duced humidity, favouring invasive species,
and (4) soil disturbance, reducing native plant
competitiveness while creating establishment
opportunities for ruderals. Their experimental
tracking demonstrated that a single hiker can
transport 100-300 seeds per kilometre, with
propagule loads increasing substantially in in-
vaded areas. The field observations of current
study confirm these mechanisms operating in
GCNP wilderness zones: trail-adjacent plots
(Cluster 2) show evidence of regular distur-
bance (compacted soils, canopy gaps), explain-
ing the 70% C. calothyrsus dominance, while
plots beyond direct trail influence (Cluster 1, 3)
retain greater native plant cover and lower in-
vasion intensity. The quantitative relationship
(R?=0.78) suggests even modest trail distance
increases (50-100 m) could substantially reduce
invasion risk. K. Utkhamthiang et al. (2025) ex-
plained that trails function as invasion corridors

in protected areas, with recreational activities
facilitating the dispersal of invasive species
through contaminated footwear and equipment.
Their documentation of trail-mediated invasion
patterns in Doi Chiang Dao Biosphere Reserve
confirmed that spatial management strategies
controlling propagule sources near trails can ef-
fectively reduce invasion intensity.

Cluster 3: Low invasion - peripheral re-
sistance zone. Plot 8 (8%) had minimal inva-
sion intensity, characterised by a unique compo-
sition: Melastoma malabathricum (2 individuals,
33.3%) and Mimosa pudica (4 individuals, 66.7%),
both of which are rare elsewhere. The location,
at maximum trail distance (> 150 m) with dense
canopy cover (75%) and minimal disturbance,
likely explains the low invasion and the unique
assemblage. This plot represents either an ear-
ly invasion front with low propagule pressure
or a site with environmental resistance. This
peripheral plot demonstrates invasion resist-
ance achievable with minimal disruption. Line-
ar regression showed C. calothyrsus abundance
decreased significantly with trail distance
(R?=0.78, p<0.001), while native plant cover in-
creased (R%=0.65, p=0.002). All Cluster 2 plots
(high invasion) occurred within 60 m of trails,
while Cluster 3 (minimal invasion) was > 150 m
from the nearest trail. This pattern supports
corridor-based invasion where trails are prima-
ry propagule vectors and invasion intensity de-
clines with distance from disturbance sources.
Compositional turnover between clusters, char-
acterised by high between-cluster dissimilari-
ty (0.72), coupled with moderate heterogeneity
within Cluster 1 (0.52), suggests ongoing inva-
sion dynamics with spatial variability in com-
munity assembly. Three distinct zones provide a
spatial framework for prioritising management,
with Cluster 2 requiring immediate attention to
prevent the further establishment and seed pro-
duction of C. calothyrsus.

The findings of current study demonstrate
the effectiveness of integrating diversity indices
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with multivariate spatial analysis, a currently
uncommon approach in Indonesian invasion
ecology. Cluster analysis revealed that C. calo-
thyrsus follows a spatially explicit invasion
pathway, with initial establishment in trail-ad-
jacent plots (Cluster 2) followed by potential
spread to intermediate grass-dominated plots
(Cluster 1). Traditional diversity indices alone
indicated high importance values throughout
the study area but failed to reveal this critical
spatial structure governing invasion dynamics.
These results contribute to growing evidence
that protected areas face mounting threats
from multiple interacting stressors. L. Carnei-
ro et al. (2024) documented accelerating in-
vasion rates across global protected area net-
works, attributing these increases to synergistic
effects among climate change, habitat frag-
mentation, and visitor pressure. Their analysis
demonstrated that protected areas with high
visitation rates experience 2-3 times greater in-
vasion rates than strictly protected zones with
minimal access. The findings of current study
support this pattern, as GCNP’s recreational
trails create invasion corridors penetrating the
wilderness zone. B. Gallardo & L. Capdevila-Ar-
giielles (2024) specifically examined the ef-
fects of climate change on non-native species
in protected areas. They found that warming
temperatures enable invasive species to colo-
nise higher elevations previously considered
thermal refugia, with montane protected areas
particularly vulnerable. This climate-invasion
interaction may explain C. calothyrsus success-
ful establishment at 2,400-2,800 m elevation
in GCNP, elevations historically considered
beyond its range. The economic dimensions of
biological invasions in protected areas warrant
consideration. C. Diagne et al. (2021) quantified
the global economic costs of invasive alien spe-
cies using the InvaCost database. They showed
that damage costs far exceed management ex-
penditures, and that a delayed response leads

to rapidly escalating costs as the invaded area
expands. Similarly, R.N. Cuthbert et al. (2021)
further examined the economic effectiveness
of management timing. They showed that early
intervention and prevention yield significantly
higher economic returns than post-establish-
ment control, as costs increase disproportion-
ately as the invasion spreads. Identification of
three small, highly invasive plots (Cluster 2) as
an immediate management priority is consist-
ent with this economic framework, as contain-
ment at this stage requires relatively modest
investment, whereas allowing spread to 67%
of plots (Cluster 1) would require significantly
greater future expenditure.

Management implications and conser-
vation priorities. Cluster analysis provides a
spatial framework for prioritising interventions
in wilderness zones. A three-tiered manage-
ment approach is recommended:

% Priority 1. Immediate control (Clus-
ter 2): Focus resources on three C. calothyrsus
dominated plots (4, 9, 10) nearest trails. Man-
ual removal of all individuals before Septem-
ber-October flowering should occur annually
for >5 years to exhaust soil seed banks (typical
longevity 3-7 years). These plots serve as seed
sources; their containment is critical. Removed
biomass should be burned on-site or transport-
ed off-mountain to prevent vegetative regener-
ation. Early intervention in limited high-inva-
sion zones is substantially more cost-effective
than a delayed response, as demonstrated by
C. Diagne et al. (2021), who quantified the glob-
al economic costs of invasive alien species using
the InvaCost database and showed that damage
costs escalate rapidly when management is post-
poned, far exceeding early control expenditures.
R.N. Cuthbert et al. (2021) further found that
prevention and early-stage management provide
disproportionately higher economic benefits
than post-establishment control, because costs
increase sharply once invasions spread spatially.
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<% Priority 2. Sustained monitoring (Clus-
ter 1): Implement biannual grass cutting
(pre-flowering April and September) in eight
mixed-composition plots to prevent P. max-
imum and I. globosa seed production. Moni-
tor quarterly for C. calothyrsus seedlings and
remove them immediately. Native plant res-
toration through enrichment planting may
accelerate canopy closure, reducing light for
shade-intolerant grasses while promoting
functional diversity, enhancing invasion re-
sistance. A.R. Ernst et al. (2025) demonstrated
that strategic native tree planting in invaded
grasslands reduced invasive grass cover by 65-
80% within 3-5 years through light competi-
tion, with native seedling survival exceeding
75% when planted during optimal seasons.
I. Kim et al. (2025) investigated relationships
between native species diversity and invasion
resistance, finding that plots with higher na-
tive functional diversity (particularly canopy
tree species) had 40-60% lower invasive plant
richness than species-poor plots. Their work
emphasised that native community restoration
provides long-term invasion resistance superi-
or to repeated invasive removal alone. L. Petri
& 1. Ibanez (2025) examined post-removal re-
covery dynamics. They documented that native
plant recovery success depended critically on
native community features present at the time
of invasive removal, with sites retaining diverse
native propagule banks showing rapid natural
regeneration. Applying these findings to GCNP,
enrichment planting of native canopy species
in Cluster 1 plots could reduce light availability
for P. maximum and I. globosa, while simultane-
ously reducing establishment opportunities for
C. calothyrsus seedlings, providing integrated
management of both grass and woody invaders.

<% Priority 3. Protection (Cluster 3): Main-
tain low-invasion peripheral plot (8) as refer-
ence site through strict access restrictions and
quarterly monitoring. This plot demonstrates

invasion resistance with minimal disturbance.
Remove any detected IAPS immediately. Long-
term monitoring will reveal whether this plot
remains resistant or eventually succumbs to the
pressure of propagules.

Spatial management strategy. Estab-
lish 50-m buffer zones around Cluster 2 plots
for intensive quarterly monitoring. Create
physical barriers to limit seed dispersal along
prevailing wind directions (southwest-north-
east monsoon) if feasible. Restrict trail main-
tenance during C. calothyrsus seed dispersal
(October-December) to prevent propagule
transport. Education programs on boot-wash-
ing and equipment cleaning could substan-
tially reduce accidental propagule introduc-
tion. P.E. Hulme (2024) analysed international
tourists as biosecurity pathways into national
parks and found that visitors inadvertently
transport invasive propagules through contam-
inated footwear, clothing, and equipment. P.E.
Hulme’s research demonstrated that simple bi-
osecurity interventions — including boot-wash-
ing stations, equipment cleaning guidelines,
and educational signage — reduced propagule
transport by 60-85% when compliance exceed-
ed 70%. Implementation costs were modest
(<$5,000 USD per facility), and ongoing main-
tenance requirements were minimal. For GCNP,
installing boot-cleaning stations at the wilder-
ness zone trailhead, combined with interpre-
tive signage explaining invasion threats, could
significantly reduce propagule introduction
rates. Trail infrastructure design also influenc-
es invasion risk. A. Barros et al. (2025) provided
design guidelines for minimising edge effects
while maintaining visitor access, recommend-
ing: (1) minimising trail width to reduce dis-
turbed area, (2) avoiding trail routing through
intact forest that creates new edges, (3) utilis-
ing existing degraded corridors, when possible,
(4) implementing drainage management pre-
venting water-facilitated seed dispersal, and
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(5) conducting regular trail maintenance out-
side peak seed dispersal periods. These design
principles, if applied to GCNP trail manage-
ment, could reduce corridor-mediated invasion
while preserving recreational and ranger access
to wilderness zones.

The findings of this study highlight the
complexity of invasive plant distribution in the
wilderness zone of Gunung Ciremai National
Park, emphasising the role of spatial patterns in
invasion intensity. The identification of three
distinct zones of invasion intensity provides
critical insights into the dynamics of plant col-
onisation and dispersal. The use of multivariate
analyses and seasonal sampling methods has
allowed for a comprehensive understanding of
the invasion process, addressing several gaps in
current research.

Conclusions

This study presents the first quantitative spa-
tial analysis of invasive alien plants in an In-
donesian wilderness zone, identifying three
statistically distinct zones of invasion intensity
that contrast with uniform invasion assump-
tions. Clear spatial structure (between-cluster
dissimilarity 0.72), strong distance-decay with
trails (R?=0.78), and identification of hotspots
dominated by C. calothyrsus (70% in Cluster 2)
demonstrate that sophisticated multivariate
methods detect spatial patterns invisible to
traditional diversity indices. The findings val-
idate corridor-based invasion models for trop-
ical montane protected areas and establish a
replicable methodology for other understudied
wilderness zones. Integration of wet-season
sampling, hierarchical cluster analysis, and
growth-stage assessment addresses multiple
research gaps: the lack of fine-scale spatial data
for tropical protected areas, temporal bias to-
ward dry seasons, the absence of multivariate
approaches in Indonesian invasion ecology, and
insufficient understanding of infrastructure

impacts. These methodological advances, com-
bined with evidence that anthropogenic disper-
sal exceeds natural colonisation, underscore
the urgency of proactive management.

The three-tier management framework,
derived from cluster analysis, provides ac-
tionable, spatially explicit priorities: immedi-
ate control in high-invasion zones, sustained
monitoring in moderate zones, and protection
of peripheral areas. Implementation could
prevent further degradation of the wilderness
zone and serve as a model for other Indonesian
national parks facing similar challenges. As
Southeast Asian biodiversity faces mounting
threats from habitat loss, biological invasions,
and climate change, such evidence-based ap-
proaches become increasingly critical. Spatial
targeting of management resources is both
ecologically and economically justified, as the
financial benefits of early action substantial-
ly exceed the costs of a delayed response. The
prospects for further research include expand-
ing the analysis to other protected areas in
Indonesia and Southeast Asia to compare the
effectiveness of invasion management strate-
gies. Additionally, studying the impact of cli-
mate change on the spread of invasive species
will allow for more accurate predictions of fu-
ture ecological threats.
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Ocepepku iHBas3ii y 30Hax aukKoi npupoaun
TpoNiYHUX HaLliOHaNIbHUX NapKiB

Iur Hacixin

IlokTOp 6io/MOTiYHMX HAYK, JOIEHT
VHiBepcuteT KyHiHraH
45515, Byn. TpyT Hbsik [lieH, 36, M. KyHinraH, [HnoHe3sis
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Anoranis. YykopigHi iHBa3iiiHi pociMHHI BUAYM Bce Gibllle 3aTPOXKYIOTh IIIICHOCTI JTiCOBUX
€KOCUCTEM Y TPUPOAOOXOPOHHUX TEPUTOPisSX, 0CO6IMBO B MAaJOJOCTIAKEHMUX 30HAX AUKOI
MPUPOAY TPOMIUHMX HALiOHAIbHUX IMapkiB. MeTOw IbOrO MOCTIMKEHHS 6YyI0 OIiHUTU
IIPOCTOPOBUIT PO3TONI/I Ta iIHTEHCUBHICTD iHBA3ii Yy>KOPiZHUX POCAMHHNUX BU/IB Y 30HI AMKOI
Ipupoay HalioHanbHOro napky I'yHyHr Umpemaii, 3axigHa SIBa, Inmonesid. Ilig yac gomoBoro
ce30Hy Oy/o MpoBeneHO BcebiuHe reorpadiuHe MOCTIIKEHHS, BUKOPUCTOBYIOUM ABAHAIISATH
CACTEMATMUYHO BCTAHOBIEHMX AinsiHOK (20 x 20 M) 3 migminsgHKamu, 110 NpefCcTaBasioTh Pi3Hi
cragii pocry. Byno 3adikcoBano 18 BuZiB iHBa3MBHUX UYKOPiZHUX POCINH, IO HAIEKATb
0 eB’SITM pOAMH. lepapXiuHmii KiacTepHMUil aHali3 BUSBMUB TPU CTAaTUCTUYHO PisHi 30HU
iHTeHCHMBHOCTI iHBa3ii: momipHO 3apaskeHy 30HY (67 % minsgHOK), mOMiHOBaHy Panicum
maximum Ta Isachne globosa; cvibHO 3apaxkeHy 30HY (25 % HOiNSTHOK), 1[0 XapaKTepU3YEThCS
CUJIBHUM JOMiHYBaHHSIM JepeBHOTO 6060Boro Buay Calliandra calothyrsus; Ta 30HY 3 HU3bKUM
piBHeM iHBa3ii (8 % minsgHOK), 3 MiHiMa/JbHMUM 3aceeHHSIM. BiIMiHHICTh MiX KjIacTepaMu 3a
Bpee-Kepricom (0,72 * 0,18) mepeBuinmia BHYTpilIHboKIacTepHi 3HaueHHst (0,52-0,65), 1o
CBiIUUTh MPO BUPaKeHY KOMIIO3MIIiiiHy audepenmiamnito. ITaTepH iHBa3ii, 3acHOBaHMIT Ha
KOpMIOpax, MiATBepAMBCS 3HAUYHMM 3HMKeHHSIM iIHTeHCUMBHOCTI iHBa3ii 3 BicTaHHIO BiJl CTEKOK
(R2=0,78, p <0,001). TocaigKeHHs CTaa0 MePIIMM KiJIbKiCHUM IIPOCTOPOBUM OL[iHIOBAHHSIM
po3moAiny iHBa3MBHUX POCIAMH y 30HAX AUKOI MPUPOAM iHIOHEe3iliChbKUX MPUPOAO0XOPOHHUX
TEePUTOPIiii Ta TPOLEMOHCTPYBAJIO IiHHICTh 6araTOBUMipHMX aHaTi3iB IJis BUSBIEHHS OCepeaKiB
inBasii Ta dopMyBaHHS LiTbOBUX CTPATEriit yIpaBaiHHSI

KiatouoBi cimoBa: Giosmoriuna iHBasis; mucuminsgpHicte Bpee-Keprica; kiactepHmit aHamis;
MIPUPOIOOXOPOHHI TePUTOPii; TPOCTOPOBI IMaTepHM
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Phenological growth stages of sorboid group...

Abstract. The development of a unified system for monitoring the developmental stages
of sorboid plants within the subtribe Malinae holds significant economic and ecological
importance. The study aimed to develop a comprehensive phenological system for sorboid
plants based on the extended BBCH scale. The research was conducted during 2024-2025 at
the collection sites of the National University of Life and Environmental Sciences of Ukraine
and covered 49 species-level taxa representing the genera Aria, Aronia, Cormus, Hedlundia,
Micromeles, and Sorbus, as well as the nothogenera xAmelasorbus, xArsorbus, xPyraria,
xSorbaronia, xSorbocotoneaster, and xSorbopyrus. The methodology involved regular field
observations of individual plants, with developmental stages documented through systematic
in situ photography throughout the growing season. The development of the extended scale
was based on the principles of the decimal BBCH coding system and incorporated refined
morphological descriptors for both vegetative and reproductive organs. To account for
secondary and tertiary growth cycles observed under recent climatic shifts, a dual-indexing
system was implemented to document successive proleptic shoots. The proposed scale consists
of eight principal growth stages, substantially adapted to reflect the specific biological traits
of sorboid plants. Key modifications include improved descriptors for bud and inflorescence
emergence, a numerical system for recording multiple growth flushes (stages 31-39), and a
redefinition of late-season stages to emphasise structural and physiological markers, such as
leaf fall and winter dormancy, rather than transient optical traits. This standardised coding
system provides high precision for bioclimatic monitoring, winter hardiness assessment, and
the international exchange of scientific data on sorboid genetic resources. The results of the
study can be applied in practice for monitoring the development of sorboid plants in forestry,
horticulture, and biodiversity conservation

Keywords: Aria; Aronia; Cormus; Hedlundia; Micromeles; Sorbus; intergeneric hybrids; nothotaxa;
phenology

Introduction

The subtribe Malinae (Rosaceae) comprises
plants of considerable economic and ecolog-
ical importance. While widely recognised for
including globally important fruit crops, this
group also occupies a prominent position in
forestry and wood-processing industries. Many
species of Malinae are integral components of
natural forest communities, where they play a
vital role in supporting biodiversity as a prima-
ry food source for forest avifauna and wildlife.
From a silvicultural perspective, certain mem-
bers of this subtribe are valued for the technical
properties of their timber. As such, these plants
contribute to both the ecological stability and

the economic potential of forest stands, repre-
senting an important element in sustainable
forest management. They are also valuable as
fruit, ornamental, and medicinal plants.
Within the Malinae, a distinct group of
sorboid plants is identified by their compound
infructescences, bearing multiple fruits. His-
torically, these were unified within a broad cir-
cumscription of the genus Sorbus sensu Hed-
lund. Throughout the 20™ century, taxonomic
opinions diverged from this broad classification
of Sorbus sensu lato to its segregation into the
distinct genera Aria, Chamaemespilus, Cormus,
Micromeles, Sorbus sensu stricto, and Torminalis,
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with Aronia also recognised as a separate genus
(Fay & Rich, 2022a). The validity of such a divi-
sion has been further substantiated by molecu-
lar phylogenetic studies. Species of these genera
interbreed with one another, forming numer-
ous hybridogenous taxa, for which new generic
and nothogeneric names have been proposed.
Nevertheless, M.F. Fay & T.C.G. Rich (2022b)
continued to adhere to traditional concepts of
Sorbus sensu lato.

Such divergent classification systems are
often impractical for professionals working in
botany, forestry, horticulture, ornamental gar-
dening, and nature conservation. Addressing
this, S.L. Mosyakin et al. (2022) proposed the
conservation of the name Aria against Cha-
maemespilus and Torminalis. This proposal,
based on the close taxonomic affinity of these
genera, was subsequently accepted by the Gen-
eral Committee (Wilson, 2024). S.L. Mosyak-
in et al. (2025) indicated that, as a result, only
four generic names: Sorbus sensu stricto, Cor-
mus, Aria, and Hedlundia are retained for the
sorboid species occurring in Western Eurasia,
while most other names of hybridogenous gen-
era and nothogenera have become unnecessary.
A minor addition is the nothogenus xArsorbus
(= Aria x Sorbus), which Z.-H. Feng et al. (2024)
proposed to accommodate a single nothospe-
cies. Furthermore, J.-H. Ma et al. (2023) and
J. Hu et al. (2025) have demonstrated that the
establishment of new genera for East Asian
sorboid species is not molecularly substanti-
ated. J.-H. Ma et al. (2003) employed plastome
phylogenomics to resolve the relationships
among East Asian sorboid species. Their find-
ings confirmed that Micromeles is a monophyl-
etic group, sharing a stable evolutionary history
with Aria, Chamaemespilus, Cormus, Sorbus s.s.,
and Torminalis. By establishing the monophyly
of these six traditional lineages, they provided
the molecular evidence needed to show that
creating additional genera for East Asian taxa

would be redundant, as these species fit clearly
into the existing framework. J. Hu et al. (2025)
expanded upon this by conducting a broad-
er molecular phylogenetic analysis, focusing
on the taxonomic implications for the Maleae
tribe. They reinforced the monophyletic status
of the aforementioned core genera. Their work
highlights that since the current six-group
structure is robustly supported, any further
splitting of East Asian sorboids lacks phyloge-
netic justification.

Regarding the flora of Ukraine, M.M. Fedor-
onchuk (2022) noted that eight sorboid species
occur naturally, one of which is of conservation
concern. Beyond native taxa, a significant num-
ber of sorboid plants have been introduced and
cultivated in the country. Phenology, the study
of recurring biological events and their timing
in relation to biotic and abiotic forces, serves
as a fundamental discipline for understanding
ecosystem dynamics. In the contemporary con-
text of global environmental change, D. Papa-
giannopoulou & T. Tsitsoni (2022) emphasised
that phenological observations provide highly
sensitive indicators of climate-driven shifts
within biota. Beyond its role in bioclimatic
monitoring, phenology remains indispensable
for assessing ecological synchrony, predicting
agricultural cycles, and managing biodiversity
conservation. By integrating long-term obser-
vational data with predictive modelling, this
field offers essential insights into the adaptive
strategies of species and the functional stability
of diverse habitats.

The BBCH (Biologische Bundesanstalt,
Bundessortenamt, and the Chemische Indus-
trie) scale was established to provide a stand-
ardised framework for phenological observa-
tions, offering a detailed description of plant
developmental stages through a consistent
coding system. The system was developed to
encompass a diverse range of taxa, assigning
identical codes to analogous growth stages
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across different species. This framework is
structured into principal and secondary growth
stages, ensuring high precision in bioclimat-
ic monitoring and the international exchange
of scientific data. While initially designed for
major arable crops, the scale has since been ex-
tensively adapted for various horticultural and
silvicultural species, including fruit crops and
forest trees. These adapted scales already en-
compass a significant number of economically
important plants, and the list of taxa for which
BBCH-compliant descriptions are available
continues to expand annually.

This study aimed to establish a standard-
ised phenological framework for sorboid plants
by developing an extended BBCH scale. In do-
ing so, this study addresses a significant gap in
current botanical, horticultural, and silvicultur-
al knowledge, providing a unified tool for the
monitoring of these diverse taxa.

Materials and Methods

The study was conducted at the collection or-
chard of the Educational, Research and Produc-
tive Laboratory of Genetic Resources, Introduc-
tion and Breeding of Rare Fruit and Ornamental
Plants, within the Prof. V. L. Symyrenko Depart-
ment of Horticulture at the National University
of Life and Environmental Sciences of Ukraine
(NULESU). The site was located in the village of
Pshenychne, Bila Tserkva district, Kyiv region
(50°05°17” N, 30°13°04.0” E). This region is sit-
uated within the Forest-Steppe natural zone.
According to the Koppen climate classification
scheme, the area is characterised by a typi-
cal warm-summer humid continental climate
(Dfb). The basis for this research was the ex-
tensive collection of sorboid plants maintained
by NULESU, which represents one of the most
comprehensive genetic repositories of this
group in the region (Mezhenska et al., 2018;
Mezhenskyj, 2019). This collection served as
the primary resource for selecting the 49 spe-

cies-level taxa included in the observations.
Phenological monitoring was conducted during
2024-2025. Visual documentation of the pheno-
logical progression was performed by capturing
sequential images of each growth stage in situ
within the orchard to ensure precise identifica-
tion and standardisation. All research activities
were conducted in accordance with the Con-
vention on Biological Diversity (CBD, 1992) and
relevant Ukrainian legislation. The plant ma-
terial was sourced exclusively from the ex situ
collection maintained at NULESU, and no sam-
pling from natural populations was performed.
Phenological observations were non-destruc-
tive and did not affect plant welfare.

The taxonomic selection for this study was
based on modern generic concepts proposed for
sorboid plants. Firstly, segregated systems sub-
stantiated by molecular phylogenetic evidence
were adopted, as established by C.S. Camp-
bell et al. (2007) and J.H. Sun et al. (2018). This
approach aligned the sample selection with
current evolutionary data, ensuring that the di-
versity of the Malinae was represented through
distinct generic entities rather than a broad
traditional circumscription. Furthermore, the
taxonomic framework of this study incorpo-
rated the proposal by A.N. Sennikov & A. Kurt-
to (2017) regarding the establishment of the
hybridogenous genera for sorboids. The sub-
sequent nomenclatural refinements suggested
by S.L. Mosyakin et al. (2022; 2025) were also
followed, which simplify the system of sorboid
genera in Europe through the conservation of
the name Aria. This also included the recogni-
tion of the established nothogenus xArsorbus,
as proposed by Z.-H. Feng et al. (2024). The sys-
tematic treatment of Eurasian taxa belonging
to Micromeles, followed by L.O. Mezhenska et
al. (2018). This classification has gained ro-
bust support from the molecular phylogenet-
ic studies of J.-H. Ma et al. (2023) and ]. Hu et
al. (2025), which demonstrated that the alter-
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native establishment of several new genera
for East Asian sorboid species, as proposed by
K. Rushforth (2018, 2019), was not supported
due to polyphyly. Consequently, the selected
taxa encompassed the full range of both gener-
ic and hybridogenous entities recognised with-
in the group.

A complete list of the investigated taxa
and their abbreviations used in the figures
is provided in Table 1. In this work, it was
adopted the classification of S.L. Mosyakin et

al. (2022; 2025), which subsumes the sorboid
genera Aria, Torminalis, Chamaemespilus, and
the hybrids between them (hybrid genera and
nothogenera) into a single genus, Aria. Con-
sequently, a total of 49 species-level taxa were
included in the observations, representing all
genus-level sorboid plants: Aria, Aronia, Cor-
mus, Hedlundia, Micromeles, and Sorbus. This
also encompassed the nothogenera: xAmelaso-
rbus, xArsorbus, xPyraria, xSorbaronia, xSorbo-
cotoneaster, and xSorbopyrus.

Table 1. Sorboid taxa included in the investigation

Taxon Abbreviation
xAmelasorbus jackii Rehder ASj
xA. raciborskiana Browicz & Bugala ASr
Aria adeana (N. Mey.) Mosyakin, Fedor. & McNeill Aad
A. albovii (Zinzerl.) Mezhenskyj Aal
A. bristoliensis (Wilmott) Mosyakin, Fedor. & McNeill Abr
A. buschiana (Zinzerl.) Mezhensky Abu
A. chamaemespilus (L.) Host Ach
A. devoniensis (E.F. Warb.) Mosyakin, Fedor. & McNeill Ade
A. edulis (Willd.) M.Roem. Aed
A. fedorovii (Zaikonn.) Mezhenskyj Afe
A. latifolia (Lam.) M. Roem Ala
A. pannonica (Karpati) Sennikov & Kurtto Apa
A. subfusca (Ledeb. ex Nordm.) Mosyakin, Fedor. & McNeill Asf
A. torminalis (L.) Beck Ato
A. sudetica (Tausch) Beck Asd
Aronia arbutifolia (L.) Pers. Aar
A. melanocarpa (Michx.) Elliott Ame
A. xprunifolia (Marshall) Rehder Apr
xArsorbus thuringiaca (Nyman) Z.H. Feng & Su Liu ASt
Cormus domestica L. Cdo
Hedlundia borbasii (Jav.) Sennikov & Kurtto Hbo
H. hostii (]. Jacq. ex Host) Mosyakin, Fedor. & McNeill Hho
H. hybrida (L.) Sennikov & Kurtto Hhy
H. intermedia (Ehrh.) Mosyakin, Fedor. & McNeill Hin
H. kuznetzovii (Zinserl.) Mezhenskyj Hku
H. liljeforsii (T.C.G. Rich) Mosyakin, Fedor. & McNeill HIi
H. mougeotii (Soy.-Will. & Godr.) Sennikov & Kurtto Hmo
H. takhtajanii (Gabrielian) Mezhenskyj Htk
H. tamamschjanae (Gabrielian) Mezhenskyj Htm
H. teodori (Liljefors) Sennikov & Kurtto Hte
Micromeles alnifolia (Siebold & Zucc.) Koehne Mal
M. megalocarpa (Rehder) Mezhenskyj Mme
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Table 1, Continued

Taxon Abbreviation
xPyraria irregularis (Miinchh.) C.A.Wimm. PAi
xSorbaronia fallax (C.K.Schneid.) C.K.Schneid. subsp. fallax SAf
xS. f. subsp. mitschurinii (A.K.Skvortsov & Maitul.) Stalazs SAm
xS. kovalevii Mezhenskyj SAk
xSorbocotoneaster pozdnjakovii Pojark. SCp
xSorbopyrus kurjanovii Mezhenskyj, nom. nud. (= Sorbus aucuparia L.x Pyrus communis L.) SPk
Sorbus americana Marshall Sam
S. xarnoldiana Rehder Sar
S. aucuparia L. Sau
S. commixta Hedl. Sco
S. commixta Hedl. x S. monbeigii (Cardot) N.P.Balakr. Scm
S. decora (Sarg.) C.K.Schneid. Sde
S. koehneana C.K.Schneid. Sko
S. maderensis (Lowe) Dode Sma
S. rehderiana Koehne Sre
S. sambucifolia (Cham. & Schlecht.) M.Roem Ssa
S. serotina Koehne Sse

Note: abbreviations are used in figures
Source: developed by the authors

The development of the phenological cod-
ing system for sorboid plants was based on ex-
isting BBCH scales established for other mem-
bers of the Malinae. Specifically, the framework
drew upon the descriptors for Malus domestica
(Meier et al., 1994; Martinez et al., 2019), Pyrus
communis (Meier et al., 1994), Eriobotrya ja-
ponica (Martinez-Calvo et al., 1999), Cydonia
oblonga (Martinez-Valero et al., 2001), and Cra-
taegus germanica (Atay, 2013). Due to the spe-
cific biological traits of sorboid taxa and recent
extreme climatic shifts, the standard scale was
significantly adapted and expanded. Further-
more, the technical descriptions were revised
for stylistic and grammatical clarity to ensure
international standardisation.

Results and Discussion

The standard BBCH scale for pome fruit (Mei-
er et al., 1994; Meier, 2001) was substantially
adapted to reflect the biological characteristics

of sorboid taxa and their developmental dy-
namics under changing climatic conditions.
The proposed version consists of eight prin-
cipal growth stages and forty-five secondary
stages (Table 2). The primary modifications
involve morphological refinements of bud and
inflorescence descriptions, the introduction of
a numerical system for recording multiple poly-
cyclic (proleptic) growth flushes, and the redef-
inition of several late-season stages based on
physiological rather than purely visual criteria.
Detailed justification for these adjustments is
provided in the subsequent sections, grouped
by principal growth stages.

The onset and duration of phenologi-
cal stages in plants are primarily determined
by the air temperature regime. Due to global
warming, significant deviations from the long-
term climatic norm are being observed. This
was particularly evident during the 2024-2025
period (Table 3).
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Table 2. BBCH growth stages of sorboid plants

Code Stage, description

Principal growth stage 0: Leaf bud development

00 Dormancy: lieaf buds and the thicker inflorescence buds closed; covered by brown, reddish-
brown, or olive-coloured scales

01 Beginning of leaf bud swelling: bud visibly swollen; bud scales elongated with light-coloured
patches

03 End of leaf bud swelling

07 Beginning of bud burst: first green leaf tips just visible

09 Leaf tips visible: leaf tips approx. 5 mm above bud scales
Principal growth stage 1: Leaf development

10 First leaves visible: green leaf tips 10 mm above bud scales; first leaves separating

11 First true leaves unfolded

15 Most leaves unfolded; full size not yet reached

19 First leaves fully expanded
Principal growth stage 3: Shoot development

31 Beginning of shoot growth: axes of developing shoots visible

32 Shoot approx. 20% of final length

35 Shoot approx. 50% of final length

39 Shoot reach approx. 9Q% pf final length: the terminal bud has begun to form; shoot tip remains
herbaceous and non-lignified
Principal growth stage 5: Inflorescence emergence

51 Inflorescence bud swelling: bud scales elongated with light coloured patches.

52 End of bud swelling: light coloured, bud scales visible

53 Bud burst: leaf tips enclosing flower clusters visible

54 First leaves separating: leaf tips 10 mm above scales

55 Flower bud visible (still closed)

56 Green bud stage: individual flower separating

57 White/pink/red bud stage: flower stalks and petals elongating

58 Early balloon stage: individual flowers enlarged but remain closed

59 Balloon stage: petals forming a hollow ball (just before opening)
Principal growth stage 6: Flowering

60 First flowers open (sporadic)

61 Beginning of flowering: appox. 10% of flowers open

63 Appox. 30% of flowers open

65 Full flowering: at least 50% of flowers open

66 Beginning of flower fading: first petals fading or beginning to fall

67 Flowers fading: at least 50% of petals fallen, withered or brown, flowers no longer functional

69 End of flowering: all petals fallen, withered or brown (often still attached).
Principal growth stage 7: Development of fruit

71 Fruit set: ovary growing; abscission of unfertilised or defective ovaries may occur

73 Second fruit fall (facultative)

75 Fruit approx. half final size

77 Fruit approx. 70% final size

79 Fruit reached final size
Principal growth stage 8: Maturity of fruit

81 Beginning of ripening: first appearance of specific colour

85 Advanced ripening: increase in intensity of specific colour

87 Fruit ripe for picking: typical size and specific colour reached
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Table 2, Continued

Code Stage, description
89 Fruit rip? for consgmption : optimum flavour and firmness reached..
(In certain taxa, this stage is attained only after the process of bletting)
Principal growth stage 9: Senescence, beginning of dormancy
90 Fruit overripe: fruit abscission begins; remaining fruits lose turgor and undergo shrivelling

91 Shoot growth completed: terminal bud set; foliage still fully green

Beginning of leaf discolouration: onset of leaf yellowing or reddening characteristic

92 of the species

93 Beginning of leaf fall: the abscission layer formed; first leaves start to drop

95 Advanced leaf fall: approx. 50% of leaves fallen; significant discolouration of remaining foliage
97 End of leaf fall: all leaves fallen (marks the start of winter dormancy)

99 Winter dormancy: full metabolic rest

Note: in the event of secondary or tertiary growth flushes (proleptic growth), stages 31-39 recorded with
corresponding sequence indices (e.g., 31-1I, 39-1I); in the event of secondary or tertiary flowering flushes
(off-season bloom), stages 60-69 are recorded with corresponding sequence indices (e.g., 61-1I, 65-1I)

Source: developed by the authors based on U. Meier et al. (1994), and U. Meier (2001)

Table 3. Comparison of mean temperatures in Kyiv

Month / Indicator (f})i;’;f‘;g;(;’)fll‘c 2024, °C 2025, °C
January -3.2 -2.6 +2.1
February -2.3 +2.9 -3.7
March +2.5 +4.8 +74
April +10.0 +12.8 +11.1
May +15.8 +16.3 +13.6
Average annual temperature +9.0 +11.4 +10.4

Source: data of the B. Sreznevskyi Central Geophysical Observatory

In 2024, the mean temperature in Febru-
ary was positive rather than negative, which is
atypical for the regional climate. Furthermore,
January and March 2025 were the warmest on
record, with 26 temperature records document-
ed during this period. Such substantial thermal
anomalies and the resulting extension of the
growing season necessitated the adaptation
of the BBCH scale. While Table 2 presents the
complete extended BBCH scale for sorboid
plants, the specific biological and methodo-
logical rationale for key modifications requires
detailed explanation. The following subsec-
tions address these adaptations systematically,
grouped by principal growth stages.

Principal growthstage 0-3 (Fig.1). Accord-
ing to U. Meier et al. (1994) and U. Meier (2001),
in the BBCH scale for pome fruits, both closed
leaf buds and inflorescence buds are designat-
ed by the same code 00 within principal growth
stage 0. However, while principal growth stage
0 further describes leaf bud development, a sep-
arate principal growth stage 5 (inflorescence
emergence) is allocated for the development
of inflorescence buds. Principal growth stages
1 and 2 follow stage 0 and describe the devel-
opment of leaves and shoots, whereas principal
growth stages 6 and 7 follow stage 5 to describe
the development of flowers and fruits. Among
the investigated taxa, Sorbus sambucifolia
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and xSorbocotoneaster pozdnjakovii consistently
exhibit the earliest onset of bud swelling, bud
burst, and leaf development, whereas these
stages occur noticeably later in Aria adeana
(Fig. 1b), A. bristoliensis, A. edulis, A. pannonica,
Cormus domestica, Hedlundia liljeforsii (Fig. 1a),
H. takhtajanii, H. tamamschjanae, xSorbopyrus
kurjanovii, Sorbus americana, S. koehneana, and
several other taxa, reflecting pronounced inter-
specific variation in growth rhythm.

The standard BBCH definition of stage 39
in pome fruits (“Shoots reach about 90% of final
length”) primarily reflects linear growth and
does not adequately distinguish between tem-
porary growth cessation and the onset of struc-
tural maturation. A physiological criterion was
therefore introduced in this study: the initia-
tion of terminal bud formation while the shoot
tip remains herbaceous and non-lignified.
This modification allows clear differentiation

L]

p. Stage 19/61 (SCp) q. Stage 31 (SAf)

r. Stage 32 (Aal)

between the mid-summer pause in elongation
(stage 39) and the definitive completion of
shoot growth in autumn (stage 91).

Stage 39 describes the mid-summer cessa-
tion of linear growth and is functionally distinct
from stage 91 (“shoot growth completed”) by the
presence of a soft, herbaceous tip, as opposed to
the fully lignified wood and dormant bud set
observed in autumn. To account for the dynam-
ic nature of vegetative development, the BBCH
scale was adapted to record multiple growth
flushes. While the first flush typically concludes
in mid-summer (stage 39-I), subsequent prolep-
tic growth (secondary and tertiary flushes) was
documented by repeating the stage 3 sequence
with Roman numeral indices. This differenti-
ation is particularly important for assessing
winter hardiness, as late-season flushes (e.g.,
stage 39-III) often fail to reach full lignification
before the onset of dormancy (stage 91).

s. Stage 35 (AS))

t. Stage 39 (Ato)

Figure 1. BBCH growth stages for leaf bud, leaf, and shoot development of sorboid plants

Source: authors’ photo
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Principal growth stage 5-6 (Fig. 2). The
developmental stages of inflorescence buds
in sorboid plants closely parallel those of leaf
buds, particularly during swelling and bud burst
(Fig. 2a-Fig. 2d). However, the horticultural term
“mouse-ear stage” (codes 10 and 54), common-
ly applied to pome fruits, is inappropriate for
sorboid taxa and was therefore excluded. In-
stead, the neutral and morphologically accurate
designation “first leaves visible” was adopted,
ensuring clarity and reproducibility in phenolog-
ical observations. Stage 57 was refined to “white/
pink/red bud stage”, capturing the interspecific
variation in petal colouration and enhancing the
accuracy of early floral coding for diverse taxa

b. Stage 51 (Cdo) c. Stage 52 (Ala)

p. Stage 63 (Ach) g. Stage 65 (Hhy)

r. Stage 66 (Aar)

(Fig. 31). To improve the resolution of early floral
development, an “Early balloon stage” (stage 58)
was introduced prior to the standard “balloon
stage” (stage 59), characterised by enlarged but
still closed individual flowers (Fig. 2m). Stage 60
marks the sporadic opening of the first flowers,
while the beginning (stage 61) and full flowering
(stage 65) were defined as approximately 10%
and at least 50% of flowers open, respectively
(Fig. 2n, Fig. 2q). Although most sorboid species
exhibit white petals, pink-flowered taxa include
Aria chamaemespilus and its derivatives A. sudet-
ica and Hedlundia hostii, underscoring the orna-
mental value of this phenological phase within
the Malinae (Fig. 2.36).

s. Stage 67 (Sau) t. Stage 69 (Abu)

Figure 2. BBCH growth stages for reproductive development and flowering of sorboid plants

Source: authors’ photo

Flower senescence is initiated at stage 66,
when the first petals fade or abscise (Fig. 2r).
Stage 67 (“flowers fading”) corresponds to the

loss or withering of at least 50% of petals, and
stage 69 (“end of flowering”) is reached once
all petals have fallen or fully withered, even
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if a few remain temporarily attached (Fig. 2s,
Fig. 2t). This standardised approach provides
a reliable framework for comparing flowering
dynamics across taxa and for guiding manage-
ment decisions in fruit production, ornamental
horticulture, and phenological research.
Principal growth stage 7-8 (Fig. 3a-Fig. 30).
Fruit development in sorboid plants occurs at
various times depending on the genotype. This
phase, like other phenological phases, is strong-
ly influenced by environmental conditions.
Although 2024-2025 were generally warmer
than average, May 2025 proved to be colder
than normal, which somewhat slowed the rap-
id plant development that had commenced in
March. Consequently, the early onset of vege-
tation did not result in early fruit ripening. The
fruits of sorboid plants exhibit great diversity
in colouration. Most species possess light or
dark red and red-orange fruits, which occur in
xAmelasorbus, Aria (Fig. 3k), xArsorbus, Hed-
lundia (Fig. 31), Micromeles, xSorbocotoneaster,
xSorbopyrus, and Sorbus (Fig. 30). While the
fruits of xAmelasorbus jackii are typically dark
red, the accession in the collection produces
dark blue fruits, suggesting a possible back-
cross with Amelanchier. White fruits are found
in Sorbus koehneana and a collection accession
of S. maderensis (Fig. 3m), while white fruits
with a pink blush are characteristic of S. xar-
noldiana ‘Maiden Blush’. Yellow fruits occur in
S. commixta x monbeigii ‘Joseph Rock’ and one
of the accessions of S. decora. Cormus domes-
tica and xPyraria irregularis possess a yellow
ground colour with a blush of varying inten-
sity as an overcolour. Black fruit colouration
is typical of Aronia melanocarpa, xSorbaronia
fallax subsp. mitschurinii, and some accessions
of x8. fallax subsp. fallax (Fig. 3n), though the
latter also includes burgundy-fruited culti-
vars. Dark purple fruits are found in Aronia
xprunifolia and xSorbaronia kovalevii (Fig. 3p),
while brown fruits are characteristic of Aria

devoniensis, A. torminalis, and Micromeles meg-
alocarpa. At the early stage of fruit growth, the
abscission of unfertilised or defective ovaries
may occur (stage 71) (Fig. 3c, Fig. 3d). Stage
73 (“second fruit fall”), while typical of pome
crops, is less pronounced in sorboid plants.
The ovary and young fruits are green; there-
fore, the appearance of specific colouration
indicates the beginning of ripening (stage 81),
which gradually increases in intensity. Ripe
fruits (stage 87) (Fig. 3m-Fig. 30) reach full size
and acquire typical colouration and flavour. Ac-
cording to O. Raspé et al. (2000), most Sorbus
species are characterised by bitterness due to
specific glycosides, primarily parasorbic acid,
which reduces their palatability to the point of
being inedible in their raw state.

Stages 87 and 89 correspond to harvest
maturity and consumer ripeness for pome
fruits, respectively. However, for autumn and
winter apple and pear varieties, stage 89 is a
commercial characteristic rather than a phe-
nological phase. In summer varieties, harvest
maturity and consumer ripeness coincide,
whereas for autumn and winter varieties,
consumer ripeness occurs significantly later,
potentially even during the following grow-
ing season. This stage is determined using a
complex of chemical and physical methods
(starch-iodine test, flesh firmness, and solu-
ble solids content). Some species within the
Malinae, such as medlar (Crataegus german-
ica), produce fruits that are entirely inedible
at stage 87 due to their hard flesh and intense
astringency caused by phenolic compounds
(Atay, 2013). They become palatable only af-
ter a ripening process called bletting, during
which the macerated flesh acquires a delicate
consistency and sweet flavour. This process
can occur either on the tree or during storage
after harvest. A similar progression towards
consumer ripeness is characteristic of sorboid
plants such as Cormus domestica.
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o |
g. Stage 91 (Apa

o
B

r. Stage 9 (As)

d. Stage 71 (Asd)

-

Figure 3. BBCH growth stages for fruit development, ripening, and senescence of sorboid plants

Source: authors’ photo

Principal growth stage 9 (Fig. 3p-Fig. 3t).
At stage 90, the fruit enters the phase of senes-
cence. The formation of an abscission layer in
the stalk causes many fruits to fall naturally.
For those that remain on the tree, the primary
characteristic is shrivelling — a visible contrac-
tion of the skin and flesh caused by significant

moisture loss and the breakdown of cellular
structures. At this stage, the fruit’s internal tis-
sues lose their commercial quality, typical tex-
ture, and flavour profile entirely. xSorbaronia
fallax plants produce black fruit that ripen in
August and remain on the branches throughout
autumn and winter. Although they shrivel and
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lose some moisture, they retain their value due
to their high phenolic compound content. It is
essential to distinguish between the enzymat-
ic maceration of the mesocarp at stage 89 and
physiological degradation at stage 90 (Fig. 3p).
For Crataegus germanica and Cormus domesti-
ca, the breakdown of cellular structures during
bletting is a functional requirement for achiev-
ing consumer ripeness (stage 89), resulting in
a palatable, sweet, and soft texture. Conversely,
the degradation observed at stage 90 is a symp-
tom of senescence, characterised by shrivelling
and desiccation. While bletting represents the
peak of organoleptic quality for these species,
stage 90 marks the irreversible loss of commer-
cial and culinary value due to uncontrolled tis-
sue breakdown and moisture loss.

By renaming the standard BBCH stage 95
(“50% of leaves discoloured”) to “advanced leaf
fall” and stage 97 (“all leaves fallen”) to “end of
leaf fall”, the monitoring focus shifts from tran-
sient optical changes to the tangible loss of bi-
omass and the definitive cessation of the tree’s
assimilatory functions. This modification en-
sures higher precision in recording the transi-
tion to winter dormancy, particularly in sorboid
taxa where defoliation often occurs concurrent-
ly with, or even precedes, total chlorophyll deg-
radation. While phenological observations are
inherently visual, focusing on leaf fall rather
than discolouration enhances the methodolo-
gy by replacing a subjective optical assessment
with a quantifiable structural event. For sorboid
plants, where autumnal pigmentation can be
prolonged and variable, defoliation serves as a
more definitive proxy for the completion of the
physiological growth cycle.

The vegetative cycle was considered com-
plete once the plants reached stage 97 (Fig. 3s,
Fig. 3t). However, it is worth noting the oc-
casional occurrence of marcescence, where
withered leaves are retained on the branches
throughout the winter dormancy period. While

this phenomenon can serve as a distinctive tax-
onomic or adaptive marker for certain sorboid
taxa, it was recorded as a supplementary quali-
tative observation rather than a formal pheno-
logical phase, as it represents a deviation from
the typical physiological defoliation sequence.
It was concluded that there is no requirement
to introduce a separate BBCH code for leaf per-
sistence. Instead, the completion of the vege-
tative cycle is recorded at stage 97, with the
occurrence of marcescence noted as a supple-
mentary qualitative attribute (e.g., marked as
“97 m”). This approach avoids overcomplicat-
ing the phenological scale while ensuring that
this distinctive taxonomic trait is accurately
documented without distorting the primary
data on the cessation of growth.

In the standard BBCH scale, stage 99 is
traditionally defined as “harvested product”.
However, for sorboid taxa, this definition intro-
duces significant chronological and biological
inconsistencies. In many fruit-bearing species,
the harvest maturity occurs well before the
completion of leaf senescence (stages 95-97).
Following a strict numerical sequence would
incorrectly place the harvest at the absolute
end of the physiological cycle. Principal growth
stage 9 is fundamentally dedicated to senes-
cence and dormancy. While harvesting is an
agricultural operation, it does not necessarily
align with the plant’s physiological entry into
rest. In several sorboid species, fruits persist
on the branches throughout the winter. In
such cases, “harvested product” is an irrelevant
marker for the plant’s natural biological pro-
gression. Consequently, stage 99 has been rede-
fined as “winter dormancy”. This shift ensures
that the scale reflects the definitive cessation
of metabolic activity and the attainment of full
seasonal rest, providing a logically consistent
conclusion to the annual vegetative cycle.

The proposed coding system is applicable
across a wide range of sorboid genera and their
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hybrids, enabling comparative phenological anal-
yses across climatic gradients and management
regimes. This framework provides a standard-
ised basis for forest introduction trials, orchard
management, winter hardiness assessment, and
integration of phenological datasets in broader
ecological and climate-oriented research.

The scale for pome fruits, developed by
U. Meier et al. (1994) for Malus domestica and
Pyrus communis, was incorporated into the
BBCH Monograph (Meier, 2001) with minor
amendments and additions. In the work of
R. Martinez et al. (2019), dedicated to one of
Malus domestica cultivars, this scale is present-
ed with certain adjustments and refinements
in the descriptions of some secondary stages.
The authors explicitly discard terms such as
“mouse-ear stage”, “T-stage”, and similar hor-
ticultural expressions in their descriptions.
The use of the “fruit set” description for both
stage 69 (belonging to the principal growth
stage “flowering”) and stage 71 (principal
growth stage “fruit development”) introduces
conceptual ambiguity. They also discard stage
87 “fruit ripe for picking”, noting that apples be-
come suitable for harvesting and consumption
only at stage 89. Stage 99 is absent from their
scale; the phenological sequence concludes at
stage 97, defined as “winter rest period”. All
leaves fallen”. The results of this study, despite
the biological differences shown between the
apple fruit and pears, essentially coincide with
those obtained by U. Meier (1997) for the phe-
nological stages of pome fruits. The sequential
progression of the main stages of growth indi-
cates that reproductive development partially
overlaps with vegetative growth.

R. Martinez-Valero et al. (2001) described
the phenological stages of the quince tree us-
ing the BBCH General Scale in combination
with a previous phenological coding system
for fruit trees by another author. They defined
the secondary stages of the Principal growth

stage “flowering” in a manner that differs from
the standard BBCH scheme. While in the BBCH
scale the opening of the first flowers and the
beginning of flowering are marked by codes 60
and 61 respectively, and codes 62 and 65 indi-
cate the opening of 20% and 50% (full flowering)
of flowers, in quince the “petals visible” stage is
marked with code 61, “petals begin to separate”
with code 62, and “open flowers” with code 65.
There are also discrepancies between the cod-
ing of the “fruit reached final size” stage, which
corresponds to code 79 in the BBCH scale, while
R. Martinez-Valero et al. marked it with code 78.
In their system, complete leaf fall is interpreted
as the end of vegetation and the onset of win-
ter dormancy and is coded as 93, whereas in the
standard BBCH scale, this code denotes only
the beginning of leaf fall.

For sorboids, the original descriptions were
systematically revised, and several new sec-
ondary stages were introduced to provide finer
resolution of inflorescence development and
shoot maturation. Specifically, the introduc-
tion of stage 58 “early balloon stage” and the
redefinition of stage 39 allow for a more precise
discrimination between closely related pheno-
logical events compared to the baseline scale.
While our study introduces several morpho-
logical refinements and additional stages for
sorboid plants, E. Atay (2013) adhered strictly
to the standard BBCH scale for medlar, without
introducing any morphological refinements or
adjustments. He also fully accepted stage 89
“fruit ripe for consumption: fruit have typical
taste and firmness” without addressing the spe-
cific physiological features of the onset of con-
sumer ripeness in medlar fruits.

The description of the phenological stag-
es of the loquat tree was established accord-
ing to the BBCH scale by J. Martinez-Calvo et
al. (1999). The loquat tree differs from other
pome fruit tree species in that it has persistent
leaves and three flushes of growth per year;
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flowering occurs during autumn and winter,
and fruit harvest occurs during spring. Consid-
ering that the loquat, as a subtropical plant, has
differences in growth and development com-
pared to plants of the temperate zone, three
mesostages (1-3) were used, corresponding
respectively to autumn, spring, and summer
growth. Mesostage 0 is used for the generative
phase. The authors demonstrated the advan-
tages of applying the BBCH scale over other
scales, which allowed loquat varieties to be
better characterised. In J. Martinez-Calvo et
al. (1999), repeated vegetative growth phases
within a single growing season are accounted
for by subdividing the vegetative phase into
mesostages corresponding to the seasons of
the year. Three mesostages (1-3) are used to
represent autumn, spring, and summer growth,
respectively. Within each mesostage, the com-
plete sequence of codes of principal growth
stage 0 (010-019, 020-029, 030-039) is repeat-
ed, describing identical morphological events
of bud development (dormancy, swelling, and
bud burst). Thus, in loquat, growth repetition
is formalised through seasonal segmentation
rather than by distinguishing biologically inde-
pendent growth flushes. The same morpholog-
ical stage is assigned different codes depending
on the season in which it occurs, which is ap-
propriate for a species with a clearly expressed
seasonal growth pattern.

In contrast, in the BBCH-based scale devel-
oped for sorboid plants, a fundamentally dif-
ferent principle of scale adaptation is applied.
In the event of secondary or tertiary growth
flushes, the base BBCH code remains un-
changed, while growth repetition is recorded by
introducing sequential cycle indices (e.g., 31-1I,
39-11, 31-III). This approach enables the docu-
mentation of biologically independent growth
flushes, irrespective of the calendar season in
which they occur. This distinction has impor-
tant functional and adaptive implications,

particularly for assessing shoot maturation and
winter hardiness. While preserving the univer-
sality and comparability of the BBCH scale, this
approach simultaneously extends its descrip-
tive capacity for polycyclic growth in woody
plants under changing climatic conditions. The
same coding principle is also applied to cases of
off-season flowering.

Conclusions

The extended BBCH scale developed in this
study provides a comprehensive, standardised,
and biologically justified framework for the
detailed description of phenological growth
stages across the diverse sorboid group. By as-
signing identical codes to analogous principal
and secondary growth stages, the scale facili-
tates high-resolution bioclimatic monitoring
and ensures terminological consistency, com-
parability, and reproducibility in international
scientific communication. The proposed frame-
work fills a critical methodological gap, as no
unified BBCH-based system previously existed
for sorboid taxa.

Significant modifications were introduced
to account for the unique developmental dy-
namics of sorboids, most notably their capac-
ity for repeated proleptic shoot growth flushes,
which have direct implications for plant sta-
bility, winter survival, and management under
variable climatic conditions. The introduction
of secondary growth indices (I, II, IIT) provides
a concise diagnostic tool for recording late-sea-
son growth flushes that often remain insuffi-
ciently lignified, thereby enabling an objective
assessment of frost susceptibility, shoot die-
back risk, and long-term structural quality. The
replacement of subjective optical criteria (leaf
discolouration) with clearly identifiable struc-
tural and physiological markers, such as leaf
fall and terminal bud formation, substantially
improves the operational clarity and consist-
ency of phenological observations. Renaming
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stage 97 to “end of leaf fall” and stage 99 to
“winter dormancy” aligns the BBCH framework
with functionally meaningful phenological
thresholds, facilitating accurate identification
of the completion of assimilatory activity and
the onset of dormancy.

The explicit distinction between harvest
maturity (stage 87) and consumer ripeness
(stage 89) is particularly important for sorboid
species with physiologically delayed fruit palat-
ability, such as Cormus domestica, and prevents
the conflation of biological phenological phases
with purely agronomic or technological criteria,
thereby preserving the conceptual and physio-
logical integrity of the BBCH system. Further-
more, the clear separation of consumer ripeness

integrated horticultural, silvicultural, and or-
namental plant planning, as well as for the as-
sessment of adaptive responses of woody per-
ennials to ongoing climate change.

Furthermore, the indexing approach and
morphological refinements established in this
study provide a methodological template for
the future adaptation of BBCH scales for other
underutilised or taxonomically complex woody
perennials. Future research should focus on the
practical validation of this scale across broad-
er geographic ranges to quantify the correla-
tion between specific secondary stages and the
adaptive capacity of sorboid hybrids to extreme
weather events.
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Phenological growth stages of sorboid group...

®deHonorivHi ¢pasm pocTy pocniMH cop6oigHoi rpynu NiaTpmn6n
Malinae (Rosaceae) 3a wkanoi BBCH
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AHoranig. Po3po6ka yHipikoBaHOI cucTeMu AJjisT MOHITOPUHTY CTafliii PO3BUTKY cOp6OimHUX
pocnuH miaTpubu Malinae Mae BeuKe eKOHOMiuHe Ta eKOJOTiuHe 3HaueHHs. MeToio
IOCTiIKeHHST 6Y/I0 PO3POGUTH KOMILIEKCHY (DeHOMOTiuHy cucTeMy AJist COpOOITHUX POCIMH Ha
ocHOBIi po3mupenoi mwkanu BBCH. JoctigskeHHS TpoBoawmiocs mpotsrom 2024-2025 pokiB Ha
KOMeKUifiHux ainsgHkax HanioHasbHOTO YHiBepcuTeTy 6iopecypciB i MpMpOIOKOPUCTYBAHHS
VKpainu i oxoroBasio 49 TakCOHIB Ha PiBHI BUIiB, 10 TPeACTaBISIIM poau Aria, Aronia, Cormus,
Hedlundia,MicromelesiSorbus,aTakoxk HoTopoau xAmelasorbus, xArsorbus, xPyraria,xSorbaronia,
xSorbocotoneasterta xSorbopyrus. MeTomomnoris nepeg6avasna peryisipHi MoaboBi CIIOCTePEKeHHST
33 OKPEMMMM POCIMHAMM, & CTafii PO3BUTKY AOKYMEHTYBAJIMCS 32 IOMIOMOTO0 CUCTEeMaTUYHOI
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Mezhenskyj et al.

($hoT03710MKM Ha MiCIli TPOTATOM yChOTO BereTalriiiHoro nepiomy. Po3po6ka po3mmupeHoi mKammu
6asyBajiacs Ha MPUHIMIIAX JeCATKOBOI cucteMy KomyBaHHst BBCH i Bkiouasa BIOCKOHAIEH]
MOpdoorivuHi JecKpUIITOPH SIK IJISI BereTaTUBHMX, TaK i JJsS penmpoAyKTUBHUX opraHiB. 1106
BpaxyBaTM BTOPUMHHI Ta TPETMHHI LIMKJIM POCTY, SIKi CIIOCTEPITalOThCsi B yMOBAaxX OCTaHHIX
KJIIMaTUYHUX 3MiH, OYJI0O BIIPOBAKEHO CUCTEMY IMOABiMHOI iHAeKcallii AJIsT JOKYMeHTYBaHHS
MOCIiAOBHUX MPOJENTUUHMX aroHiB. 3alIpOTIOHOBAHA IIKaja CKIaAanacs 3 BOCbMU OCHOBHUX
cTajiii pocry, SIKi CYTTEBO ajamnToBaHi Ijs BimoOpaxkeHHS crenudiuaux O6iomorivamx
ocobmmBocTeit copboiguux pocauH. KaodoBi 3MiHM BKIIIOYaAM BAOCKOHAJIEHI HeCKPUIITOPU
IJIST TIOSIBY GPYHBOK i CYIIBiTh, YMCIOBY CUCTEMY IJISI PeeCcTpaliii MHOKMHHUX CIajaxXiB pPOCTY
(crapii 31-39) Ta nmepeocMMC/IeHHS CTaAiii Mi3HBOTO CE30HY 3 METOI0 aKIeHTYBaHHS yBaru Ha
CTPYKTYpHUX i Dizionmoriynmx mapkepax, TakMx SIK OMaJaHHS JIMCTS i 3MMOBMIL CIIOKiif, a He Ha
TUMYaCOBUX ONITUUHMX O3HaKax. LI cTaHJapTH30BaHa CYCTeMa KOAYBaHHS 3a6e31euye BUCOKY
TOYHiCTh 6GiOKJIiIMaTMUYHOTO MOHITOPMHIY, OLIiHKM 3MMOCTIMiKOCTi Ta Mi>KHApOZHOrO OOMIiHY
HayKOBMMM TaHUMM IPO TEHETUYHi pecypcy COpOOIgHMX POCAMH. Pe3yiabTaTu JOCTiIsKeHHS
MOKHa BUKOPUCTOBYBATM HaA MPAKTUIL M MOHITOPUHTY PO3BUTKY COPOOITHUX POCIUH Y
JIiCOBOMY TOCIIO[IapCTBi, CafiBHUIITBI Ta Mpu 36epeskeHHi 6i0pisHOMaHITTS

KniouoBi cimoBa: Aria; Aronia; Cormus; Hedlundia; Micromeles; Sorbus; mixpomosi ribpummu;
HOTOTKCOHM; heHOOoTis
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