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Abstract
In the Right-Bank Forest-Steppe of Ukraine, 6 species, 2 hybrids, 2 varieties and about 10 

cultivars of the genus Forsythia Vahl are cultivated. The phoenology of the species of the genus 
is not sufficiently covered in the literature. The available information is mostly about flowering and 
fruiting periods of individual species, varieties and cultivars at various points of introduction. Due 
to the lack of information on the rhythms of growth and development of plants of most taxa of the 
genus Forsythia in the Right-Bank Forest-Steppe of Ukraine, there was a need to conduct such 
studies. The purpose of the work is to recognize the features in seasonal rhythms of growth and 
development of Forsythia taxa in th Right-Bank Forest-Steppe of Ukraine and to study their con-
sistency with the natural and climatic conditions of this region. The studied objects are within the 
normal limits of 3–4 phoenodata. Only Forsythia ovata Nakai, whose phoenophases are shorter 
than normal, does not fit into this range. 20 % of the research objects are within the normal range 
for all phoenodata, and 93.33 % are within the normal range for 3–4 phoenodata. F. giraldiana Lin-
gelsh., F. ovata ‘Tetragold’, F. suspensa (Thunb.) Vahl, F. suspensa var. fortunei, and F. suspensa 
var. sieboldii, growing in the city of Kyiv, are within the norm for the dates of onset of all phoeno-
phases and have an unused part of the growing season in reserve. In the majority of forsythias 
(86.67 %), the phoenological atypicality indicator is less than 1, which indicates the correspond-
ence of the seasonal rhythms of growth and development of most of the studied forsythias to the 
climatic conditions of the Right-Bank Forest-Steppe of Ukraine.

Key words: phoenodate, phoenological abnormality indicator, phoenology, phoenophase.

1994). Six species, 2 varieties, 2 hybrids 
and 10 cultivars of the genus Forsythia 
grow in the Right-Bank Forest-Steppe of 
Ukraine (Andriienko et al. 2007; Honcha-
renko 2009, 2014).

It is known that fluctuations in the tim-

Introduction

In Ukraine, over the years, 6 species, 2 
varieties, 2 hybrids and more than 10 cul-
tivars of the genus Forsythia Vahl have 
been introduced (Kokhno and Kurdyuk 
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ing of the onset of any phoenophase over 
the years mainly depend on the meteoro-
logical conditions of the year. The differ-
ence in the timing of the onset of the same 
phoenophases in different species during 
the year indicates different rhythms of de-
velopment that have developed in the pro-
cess of phylogenesis (Plotnikova 1971).

The phoenology of Forsythia taxa is 
not sufficiently covered in the literature. 
The available information is mostly about 
the flowering and fruiting periods of indi-
vidual species, varieties and cultivars at 
various points of introduction (Visyulina 
1957, Misnik 1976, Kokhno et al. 1991). 
Some information on the peculiarities of 
the growth and development of forsythia 
in the conditions of the city of Vinnytsia 
(Ukraine) are presented in the works of 
Matusiak and Vargatiuk (2020) and (Ma-
tusiak 2020). Information on the phoenol-
ogy of Forsythia velutina in Korea is given 
in the work of Sung et al. (2021). As there 
is a lack of information on the rhythms of 
growth and development of most Forsyth-
ia taxa in Right-Bank Forest-Steppe of 
Ukraine, we believe it is relevant to study 
these issues and to generalize them.

The purpose of the work is to recog-
nize the features in the seasonal rhythms 
of growth and development of Forsythia 
taxa in the Right-Bank Forest-Steppe of 
Ukraine and to study their consistency 
with the natural and climatic conditions of 
this region.

Material and Methods

The research was conducted with the 
following taxa of the genus Forsythia: F. 
giraldiana Lingelsh., F. × intermedia Zab., 
F. × intermedia ‘Densiflora’, F. × interme-
dia ‘Golden Ranchen’, F. × intermedia 
‘Lynwood’, F. × intermedia ‘Spectabilis’, F. 

ovata Nakai, F. ovata ‘Tetragold’, F. sus-
pensa (Thunb.) Vahl, F. suspensa var. 
fortunei (Lindl.) Rehd., F. suspensa var. 
sieboldii Zab., F. suspensа ‘Decipiens’, F. 
suspensа ‘Variegata’, F. viridissima Lindl., 
F. europaea Deg. et Bald. The research 
objects grow in open ground in the col-
lection plantations of the M. M. Gryshko 
National Botanical Garden of the National 
Academy of Sciences of Ukraine, A.V. Fo-
min Botanical Garden of Taras Shevchen-
ko National University of Kyiv, Nation-
al University of Life and Environmental 
Sciences of Ukraine. The city parks and 
plantings of Kyiv were also surveyed. Re-
search was conducted in 2010–2015.

Phoenological observations were car-
ried out according to the ‘Methodology 
of phoenological observations in botan-
ical gardens of the USSR’ (Lapin 1975). 
For the integral evaluation of each stud-
ied plant based on the complex of all its 
phoenodata, we applied the phoenologi-
cal atypicality (F) and the phoenological 
abnormality (F1) indicators according to 
Zaitsev (1981). The phoenological atyp-
icality indicator or the average standard 
deviation is calculated without taking into 
account the signs of deviations according 
to formula (1), and the phoenological ab-
normality indicator is calculated taking into 
account the signs of deviations according 
to formula (2).

	 ∑ −⋅= ,ntF 1 	 (1)

	 ∑ −⋅= ,ntF 1
1 	  (2)

where: t = (x – M)·σ-1 – normalized de-
viations of features, x – the value of the 
characteristics of an individual, M – the 
arithmetic mean of the characteristic, σ 
– the root mean square deviation of the 
characteristic; n – the number of features 
in this complex.

Statistical processing of the data was 
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carried out according to the method of 
Zaitsev (1984). Six main indicators were 
determined: the arithmetic mean, its error, 
the root mean square deviation, standard 
deviation, the coefficient of variation and 
the indicator of accuracy of the experi-
ment.

Phoenospectra were compiled ac-
cording to the method of Bulygin (1985). 
Field data expressed as ordinary calendar 
dates are difficult to process mathemati-
cally, so they were converted into a con-
tinuous series of numbers in the form of 
the number of days starting from 1 March 
according to the method (Zaitsev 1981).

The phoenodates were statistically 
processed and summarized according to 
the following phoenophases: the begin-
ning of flowering, the end of flowering, 
the appearance of a green cone of leaves 
(vegetative bud break), the beginning and 
end of shoot growth, fruiting and the be-
ginning of abscission. These phoenodata 
also made it possible to determine the 
duration of periods of flowering, growth 
of shoots and vegetation of the studied 
plants.

In total, 720 phoenodates (15 objects 
× 8 phenophases × 6 years) were statisti-
cally processed.

For each phoenophase, there is an 
optimum combination of environmental 
factors, taking into account the qualitative 
difference of the phases. The arithmetic 
mean date of a phoenological phase is the 
typical date of onset of a separate phase, 
and species with their mean phoenodates 
the closest to the general mean are in op-
timal conditions for the realization of the 
corresponding phoenological phase. To 
assess the compliance of phoenodates 
with the general norm of one or another 
phoenophase, standard deviations were 
used.

The phoenological atypicality indicator 

(F) or the average standard deviation, is 
calculated without taking into account the 
signs of deviations and characterizes the 
degree of compliance of the phoenophas-
es of a specific plant of a certain species 
with the environmental conditions in which 
it grows. The closer the F value is to 0, the 
more optimally the phoenology of plants 
of a certain species is following the envi-
ronmental conditions. At the same time, 
the plants not only receive everything nec-
essary for their growth and development, 
but also use the available resources of the 
environment in most rationally during the 
growing season (Zaitsev 1981, 1983).

The phoenological abnormality indica-
tor (F1) is calculated taking into account 
the signs of deviations and characterizes 
the degree of deviation of the phoenodata 
of the research object from the norm (its 
limits from -1 to +1) based on the com-
plex of all phoenodata. This indicator is 
used to assess the degree of plant phoe-
nophase shift of a particular taxon in one 
direction or another compared to others. 
The sign of the indicator shows in which 
direction (late or early onset) the phoe-
nodates of plants of a certain taxon de-
viate. The negative value of the indicator 
(F1) means that the phoenodates of the 
plants of this taxon come earlier than the 
average ones, and these plants fit into 
the vegetation period of the area of their 
growth and, even, some part of the veg-
etation period remains unused. A positive 
value of this indicator demonstrates that 
plants of a certain taxon are late with their 
phoenology compared to the general av-
erage terms, and with a large value of F1, 
it may not even have time to complete the 
seasonal cycle of its growth and develop-
ment during the growing season (Zaitsev 
1981).

Deviations are within the normal range 
if its absolute value is less than 1. If the 
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deviation with the ‘+’ sign is greater than 
1, then the corresponding phoenodata is 
longer than normal; if the deviation with 
the ‘-‘ sign is more than 1, then this phoe-
nodata is shorter than normal in duration.

In accordance with the value of the in-
dicator F1, Zaitsev (1981) created scale to 
assess the mismatch of the phoenology 
of introduced species to the climate of the 
secondary range.

The characteristic of the climate of Kyiv 
is presented according to Vyshnevskyi et 
al. (2023). Observations have shown that 
average air temperatures in Kyiv are high-
er than in the suburbs. In clear weather 

during the day, air temperature in the cen-
tral areas of the city is 2.0–3.0 °C higher 
than in its outskirts. In the evening hours 
of summer, this difference can reach 6.0–
8.0 °С. Data on the average monthly air 
temperature in the city are shown in Ta-
ble 1.

Relative air humidity is highest in win-
ter (primarily in December), lowest – in 
April–August (Table 2).

During 1991–2020, the average annu-
al rainfall in Kyiv was 618 mm. On aver-
age, over many years, the most precipi-
tation occurred in summer, the least in 
January–March (Table 3).

Table 1. Average air temperature in Kyiv by month during 1991–2020, °C.

Monts Annual 
averageI II III IV V VI VII VIII IX X XI XII

3.2 2.3 2.5 10.0 15.8 19.5 21.3 20.4 14.9 8.6 2.6 1.8 9.0

Table 2. Average relative air humidity in Kyiv for 1991–2020, %.

Monts Annual 
averageI II III IV V VI VII VIII IX X XI XII

84 80 72 61 62 64 66 64 71 77 85 86 73

Table 3. Typical rainfall in Kyiv by month for the period 1991–2020, mm.

Indicator Monts SumI II III IV V VI VII VIII IX X XI XII
Average 37 39 40 42 65 74 68 56 58 46 46 47 618

Min 9 12 7 2 25 7 6 3 5 0 5 11 450
Max 59 79 113 123 172 190 153 132 211 110 98 133 805

Among the other factors influencing 
the climate of the city is its terrain, includ-
ing significant differences in elevation be-
tween its left-bank and right-bank parts. 
The left-bank area has a typical height 
of 100–110 m above sea level, while the 
right-bank area ranges from 140 to 160 m. 
The highest points reach elevations of 
195–197  m, whereas the lowest points 
correspond to the level of the Dnipro Riv-
er, approximately 91.5 m.

Results and Discussion

After calculating the standard deviations 
from the arithmetic mean for specific 
phoenophases in the array of species, we 
determined the species whose individual 
phoenophases occur at optimal times (Ta-
ble 4). The phase of ‘flowering bud break’ 
takes place at the optimal time in Forsyth-
ia × intermedia ‘Lynwood’, F. ovata ‘Tetra-
gold’, F. suspensa ‘Decipiens’, F. sus-
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t. pensa ‘Variegata’, F. suspensa var. 

sieboldii. The ‘beginning of flowering’ 
phase occurs at the optimum time in 
F. giraldiana, F. ovata ‘Tetragold’, F. 
suspensa, F. suspensa ‘Variegata’, 
F. suspensa var. fortunei. The ‘end of 
flowering’ phase takes place at the 
optimal time in F. europaea, F. ovata 
‘Tetragold’, F. suspensa, F. suspensa 
var. fortunei, F. suspensa var. sie-
boldii. The ‘beginning of abscission’ 
phase occurs at the optimum time 
in F. europaea, F. × intermedia ‘Lyn-
wood’, F. × intermedia ‘Spectabilis’, 
F. suspensa ‘Decipiens’ and in F. viri-
dissima (Table 4). These forsythias 
have minimum standard deviations 
according to these phoenodata. The 
objects studied by us are within the 
normal limits of 3–4 phoenodata. 
Only F.ovata, whose phoenophases 
are shorter than normal, does not 
fit into this range. Within the normal 
range for all phoenodata lies 20 % of 
the research objects. Within the nor-
mal range for 3–4 phoenodata lies 
93.33 % of them.

The minimum phoenological 
atypicality indicators are observed 
in F. ovata ‘Tetragold’ (0.38), F. sus-
pensa (0.51), F. suspensa ‘Decipi-
ens’ (0.51), F. suspensa ‘Variegata’ 
(0.38), F. suspensa var. fortunei 
(0.41), F. suspensa var. sieboldii 
(0.40). It should be noted that in 
most of the forsythia (86.67 %), the 
phoenological atypicality indica-
tor is less than 1, which shows that 
the seasonal rhythms of growth and 
development of most of the studied 
forsythia correspond to the climatic 
conditions of Kyiv.

According to the value of the 
phoenological abnormality indicator 
(F1), all studied forsythia are with-
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in the normal range, except for Forsyth-
ia ovata (F1 = -2.35) and F. × intermedia 
(F1 = 1.03). Of this series, only F. viridis-
sima does not match the forsythia range 
obtained using the indicator F. The phoe-
nophases of Forsythia ovata take place 
earlier compared to the corresponding 
phoenophases of plants of other taxa of 
this genus, and the phoenophases of F. 
× intermedia take place later (the phoe-
nological phase of ‘flowering bud break’). 
F. ovata fits with excess into the growing 
season. In F. × intermedia, the ‘flowering 
bud break’ phase is observed somewhat 
later compared to plants of other forsythia 
taxa. In general, of the 15 studied taxa of 
forsythia plants, only F. × intermedia and 

F. ovata are not within the normal range 
according to indicators F and F1.

Based on the sign of the indicator F1, 
it can be concluded that F. giraldiana, F. 
ovata ‘Tetragold’, F. suspensa, F. sus-
pensa var. fortunei and F. suspensa var. 
sieboldii, growing in the city of Kyiv, are 
within the norm for the dates of onset of all 
phoenophases and have an unused part 
of the growing season in reserve.

According to the scale of assessments 
of the discrepancy of the phoenology of 
the climate introducers of the secondary 
range following the value of the indicator 
(F1) according to Zaitsev (Zaitsev 1981), 
we divided the research objects into four 
groups (Table 5).

Table 5. Groups of representatives of the genus Forsythia depending on the indicator of 
phoenological abnormality (F1) and their assessment in points.

Group Phoenological abnormality 
indicator F1

Point Species, hybrids, varieties, cultivars

І from -2 to -3 2 F. ovata

ІІ from 0 to -1 4
F. europaea, F. giraldiana, F. × intermedia 
‘Lynwood’, F. suspensa, F. suspensa 
‘Variegata’, F. suspensa var. sieboldii

ІІІ from +1 to 0 5

F. × intermedia ‘Densiflora’, F. × intermedia 
‘Gold Ranchen’, F. × intermedia ‘Spectabilis’, 
F. ovata ‘Tetragold’, F. suspensa ‘Decipiens’, F. 
suspensa var. fortunei, F. viridissima

IV from +2 to +1 6 F. × intermedia

Forsythia ovata plants fit with excess 
into the growing season. Plants of spe-
cies, varieties and cultivars from the sec-
ond group are in the upper half of the 
normal (supernormal) region or optimum 
for the realization of their phoenophases, 
their development cycle meets the re-
quirements of the growing season of the 
place of introduction. Plants of the spe-
cies, varieties and cultivars from the third 
group are in the lower half of the normal 
range (subnormal).

Species with 4–5 points can grow suc-
cessfully in the appropriate introduction 

area. These are all studied plants, except 
of F. × intermedia plants (6 points), the 
phoenological rhythm of which does not 
completely fit into the growing season. 
Due to this, in the conditions of the re-
search region, F. × intermedia plants can 
freeze in severe winters. However, the 
value of the indicator F1 of F. × intermedia 
plants is close to 1.

For plants with 2–5 points, the ratio 
between their needs to satisfactorily over-
come the seasonal processes of growth 
and development and the possibilities of 
the growing season is optimal. Their de-
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velopment cycle corresponds to the grow-
ing season of the place of introduction, 
so they can be successfully cultivated in 
the research region. Our research find-
ings align with those of the study on the 
seasonal rhythms of the development of 
forsythia in the conditions of Vinnytsia ac-
cording to Matusiak (2020).

According to the results of phoenolog-
ical observations in 2010–2015, phoeno-
spectra of the seasonal development of 
introducers of the genus Forsythia in the 
conditions of Kyiv were compiled (figs 1 
and 2).

Vegetation of forsythia in Kyiv begins at 
the end of March with the phase of ‘flow-
ering bud break’. F. ovata (28.03), F. euro-
paea (29.03) are the first to start vegeta-
tion, after 3–6 days, this phase starts in F. 
viridissima (2.04), F. suspensa var. fortu-
nei (4.04), F. suspensa ‘Variegata’ (5.04), 
F. × intermedia ‘Lynwood’ (5.04). The rest 

of the forsythia plants start growing from 
6 April (F. suspensa var. sieboldii) to 12 
April (F. × intermedia). The beginning of 
flowering of representatives of the genus 
Forsythia was noted from 28.03. (the ear-
liest date of the beginning of flowering in 
F.ovata) to 28.04. (the latest date of the 
beginning of flowering in F. viridissima).

Conclusion

Based on the analysis of the results of 
the studies, taxa of the genus Forsythia 
were identified, some of the phoenologi-
cal phases of which occur in optimal time 
frames.

Forsythia giraldiana, F. ovata ‘Tetra-
gold’, F. suspensa, F. suspensa var. fortu-
nei and F. suspensa var. sieboldii, growing 
in the city of Kyiv, are within the norm for 
the dates of onset of all phoenophases 

Fig. 1. Phoenospectrum of seasonal generative development of introducers of the genus 
Forsythia in the conditions of Kyiv.
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and have an unused part of the growing 
season in reserve.

Of the plants of 15 studied forsyth-
ia taxa, only two (F. × intermedia and F. 
ovata) are not within the normal range 
according to indicators of phoenological 
atypicality and phoenological abnormality.

F. ovata fits with excess into the grow-
ing season. Plants of species, varieties 
and cultivars from the second group are 
in the upper half of the normal (supernor-
mal) region or optimum for the realization 
of their phoenophases, their development 
cycle meets the requirements of the grow-
ing season of the place of introduction. 
Plants of the species, varieties and culti-
vars from the third group are in the lower 
half of the normal range (subnormal).

The plants with 4–5 points usually 
grow successfully in the relevant introduc-
tion area. In our case, these are all the 
studied plants, with the exception of F. × 

intermedia, whose phoenological rhythm 
does not completely fit into the growing 
season. Due to this, in the conditions of 
the research region, F. × intermedia can 
freeze in severe winters.
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Abstract
This study aims to examine the impact of silvicultural interventions on the height and diameter 

growth, survival, and canopy structure of naturally regenerated European beech (Fagus sylvatica 
L.) saplings. In a field study, a system of six experimental sites was set up across three areas in 
the West Stara Planina region, selected according to the various types of cutting regimes within 
them. At each area, we chose two experimental sites – one of them with silvicultural intervention 
(Group selection system, Group shelterwood system and Short-term shelterwood system cut-
tings) and the other one – without silvicultural intervention during the last minimum twenty years 
(control). Biometric measurements of sapling number, height, and diameter were taken in 2018 
and 2022, alongside assessments of the leaf area index (LAI). The results showed that cutting 
regimes influence beech regeneration growth patterns. Small canopy gaps (0.111 and 0.125 ha) 
in the Group selection and Short-term shelterwood systems led to similar survival and growth 
changes, selecting resilient individuals and increasing sapling sizes compared to controls, with 
no significant change in LAI. In contrast, the Group shelterwood system, with a larger canopy gap 
(0.555 ha), resulted in similar sapling numbers and sizes to the control but increased LAI over 
four years without sapling size growth. This indicates that larger gaps may have a less stimulating 
effect on beech regeneration compared to smaller gaps.

Key words: canopy, cutting regimes, European beech, gap, leaf area index, regeneration, 
silvicultural intervention, survival.

closed-stand forest tree species (Küppers 
1985, Schütz et al. 2006, Matyssek et al. 
2007), which becomes dominant only as 
late as in the final phase, when a climax 
microclimate has already been created 
(Kostov and Stipcov 2004).

Silvicultural practices significantly al-
ter forest stand structure, leading to gaps 
in the forest canopy and modifications to 

Introduction

European beech (Fagus sylvatica L.) is 
one of the main deciduous broad-leaved 
tree species in the Bulgarian mountains. 
It is widespread between 600 and 1800 m 
a.s.l. (Stefanov and Ganchev 1953), cov-
ering 14 % of the territory of the Bulgarian 
forests. The European beech is a typical 
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the light environment. Consequently, the 
creation of gaps triggers the regeneration 
processes in the understory, impacting 
stand dynamics (Yamamoto 2000). Ac-
cording to Nedyalkov (Kostov 2009), the 
heterogenous structure of beech stands 
is evident across all Bulgarian beech for-
ests, with a more noticeable presence in 
areas where human intervention is mini-
mal. Contemporary studies on the natural 
dynamics of beech forests confirm the no-
tion that small-scale natural disturbances 
have a dominant influence on them. With-
in these created gaps of varying sizes, the 
beech regenerates successfully (Aleksan-
drov and Rafailova 2009). Group selec-
tion system, which mimics the prevailing 
natural disturbance regime, is considered 
a suitable method for managing beech 
stands (Atlegrim and Sjöberg 2004, Alek-
sandrov and Rafailova 2009, Hobi et al. 
2015). Conversely, tree regeneration from 
seeds under a dense canopy may be poor 
(Lukyanets et al. 2022). Nevertheless, 
usually in potential beech habitats, beech 
trees typically regenerate and establish 
themselves effectively across a range of 
stand conditions resulting from various 
silvicultural systems. Natural regeneration 
process in the European beech forests is 
most often successful due to the ability 
of this species to form mono-dominated 
stands (Rafailov et al. 2009) where ma-
ture trees protect the saplings. 

Several studies under controlled con-
ditions suggest that beech seedlings 
can benefit rapidly from canopy opening 
(Tognetti et al. 1997, van Hees 1997, 
Welander and Ottosson 1997). Despite 
that, young European beech trees are 
very sensitive to late spring frost (Dittmar 
et al. 2003, Ammer et al. 2005) and direct 
sunlight (Stefanov and Ganchev 1953). 
Research carried out in several European 
beech stands found a possible 80–90 % 

loss of germination capacity (Bílek et al. 
2009), especially in a wet and not suffi-
ciently cold winter. Such sensitivity risks 
damage for several saplings, especially 
few years after disturbance or forest cut-
ting. The damage incidentally affects indi-
viduals and causes accidental nature of 
mortality, and therefore of natural selec-
tion at this stage of the beech forest devel-
opment. Survived trees have post-stress 
physiological features (Dittmar et al. 
2003), which remain permanent for a long 
time after cutting or disturbances (Wagner 
et al. 2010), especially in the context of 
climatic changes (Silva et al. 2012).

Silvicultural interventions have a signif-
icant impact on the light conditions within 
the understorey, which are fundamental 
determinants of regeneration patterns 
in forest ecosystems (Gao et al. 2014). 
Competition for light and subsequent mor-
tality are the primary processes that sig-
nificantly influence the growth of young 
forest stands (King 1990). As the canopy 
closes, especially in stands generated 
through natural regeneration, the height 
of trees compared to neighbouring trees, 
as well as their position within the canopy, 
determine the amount of light accessible 
to their foliage (Richardson et al. 2001). 
Leaves possess the exclusive ability to 
capture energy, thereby propelling forest 
growth. Foliage exhibits high sensitivity 
to growth conditions prevailing within a 
stand.

Silvicultural practices that create cano-
py gaps influence light availability, which is 
crucial for beech regeneration, highlight-
ing the need to understand how different 
cutting regimes affect sapling growth and 
survival, especially given the substantial 
role of microclimatic conditions in sapling 
survival before canopy assembly.

The aim of this research, within the 
context of forest management in the Bul-
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garian mountains, is to investigate the ef-
fects of different silvicultural interventions 
altering beech regeneration. We hypothe-
sized that differences in regeneration pa-
rameters like height and diameter growth, 
survival, and leaf area index of beech sap-
lings will occur among stands managed 
with various cutting regimes.

Materials and Methods

Site description and field data 
collection

The study was carried out within the Uni-
versity of Forestry’s Training and Experi-
mental Forest Range ‘Petrohan’, located 
on the northeastern slopes of the Western 
Stara Planina Mt. The climate in this re-
gion is characterized as mountainous with 
a moderate continental influence. At an 
elevation of 1450 m, the average annual 
temperature is 4.8  °C, and the average 
annual precipitation, peaking in spring, is 
approximately 1080 mm. At an elevation 
of 700 m, the average annual temperature 
is 8.8 °C, and the average annual precipi-
tation between 600 and 750 mm (Kutchuk-

ova 1983, Koleva and Peneva 1990). The 
soil type is identified as brown acid (eutric 
cambisol) developed on granite, with an 
average depth exceeding 80 cm (Malino-
va and Petrova 2019). Experimental sites 
were set up at different elevations ranging 
from 700 to 1450 m a.s.l. (Fig.1), predom-
inantly within European beech stands. 
Within the beech stands, singular occur-
rences of Acer pseudoplatanus L., Sorbus 
aucuparia L., Acer heldreichii Boiss, and 
Carpinus betulus L. were observed.

The experimental sites were cho-
sen based on their varied silvicultural 
histories. Each study area consisted of 
two (ES) – with silvicultural intervention 
(cutting regimes – Group selection sys-
tem (GSS), Group shelterwood system 
(GShS) and Short-term shelterwood sys-
tem (StSS) (ES-O) and the other one – 
without silvicultural intervention during 
the last minimum twenty years (control)  
(ES-C, Table 1).

In 2011, the canopy of the ES1-O site 
underwent opening through the removal 
of all mature trees aged 120 years within a 
gap measuring 25 × 40 m (0.1 ha), which 
remained unchanged thereafter. In 2013, 
the canopy of the ES2-O site, consisting 

Fig. 1. Map of TEFR ‘Petrohan’ (left) and experimental plot location (right).
Note: Contour lines with 500 m intervals are shown on the right map.
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of 120-year-old trees, was opened in a 
circular gap with a 50  m diameter, sub-
sequently expanded to 80 m (~0.5 ha) by 
2018. The canopy of ES3-O was opened 
by cutting eight mature trees aged 160 
years, evenly distributed across a total 
area of 0.1  ha. Control ES-C sites were 
positioned adjacent to the (ES-O) sites 
within the stands, remaining untouched by 
cutting activities for a minimum of twenty 
years. All control sites are situated in for-
ests dominated by common beech, origi-
nating from seed, with a uniform structure. 
In ES1-C, the mature trees are 140-year-
old with a canopy density of 70  %. In 
ES2-C, the mature trees are 160-year-old 
with a canopy density of 60 %. In ES3-C, 
the mature trees are 160-year-old with a 
canopy density of 70 %.

In both intervention ES and control, 
we assessed the number (N) of beech 
regeneration plants within three random-
ly selected sample plots (2.5 × 4.0  m). 
Stem height (H, cm) was measured us-
ing a tape measure, while the diameter 
of the stem base (D, cm) of the beech 
regeneration plants was measured using 
a calliper. QGIS 3.16 open-source soft-
ware was used to calculate the LAI index. 
The satellite images based on which the 
LAI indices were calculated are from the 

Sentinel-2 satellites, which, in the chan-
nels used to calculate LAI, provide the 
highest resolution of 10 × 10  m for one 
px (D’Odorico et al. 2013). These imag-
es are publicly available at earthexplorer.
usgs.gov, and we’ve only used those for 
August, when it’s the clearest time in the 
region. These measurements were con-
ducted at the onset of the growing season 
in both 2018 and 2022.

Data analysis

The field-collected data, including num-
bers, heights, diameters, and LAI of 
beech saplings across various experi-
mental sites and examined years, un-
derwent the following statistical analy-
ses:1) descriptive statistical analysis and 
2) Shapiro-Wilk test for evaluation of the 
normal distribution. Two Way ANOVA test 
following all pairwise multiple compari-
son procedures (Tukey test) was used for 
tests of significant differences between 
the means among the numbers, biometric 
parameters, and LAI of seedlings at ex-
perimental sites with silvicultural interven-
tions compared to control sites, as well as 
between the two studied years. All statis-
tical calculations were performed with MS 
Excel (Microsoft Corp., Redmond, WA) 

Table 1. Properties of experimental sites.

Experimental site ES1-C ES1-O ES2-C ES2-O ES3-C ES3-O
Latitude, ° ′ ″ 43° 7′ 32″ 43° 7′ 30″ 43° 8′ 22″ 43° 8′ 23″ 43° 9′ 29″ 43° 9′ 27″
Longitude, ° ′ ″ 23° 7′ 25″ 23° 7′ 23″ 23° 8′ 33″ 23° 8′ 37″ 23° 9′ 00″ 23° 8′ 59″
Elevation, m 1439 1450 970 1015 713 718
Aspect, ° from North 74.9/E 105.3/E 276.3/W 251.7/SW 323.7/NW 322.9/NW
Slope, ° 15.0 10.9 24.4 28.9 8.4 6.2
Type of cutting system - GSS - GShS - StSS
Gap size, ha - 0.111 - 0.555 - 0.125
Year of intervention - 2011 - 2013 - 2011

Note: GSS – group selection system, GShS – group shelterwood system, StSS – short-term 
shelterwood system.
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and with specially created visual basic us-
er-defined script.

Results and Discussion

Regeneration and survival

In ES1-O, the number of saplings re-
mained constant throughout the study 
period (Fig. 2). The lack of alterations in 
the sapling amounts seven years after 
GSS cutting, for a period of four years 
(2018–2022) suggests that the regenera-
tion processes following the canopy open-
ing have already decelerated. However, 
upon comparing with ES1-C, it becomes 
evident that, unlike ES1-O, the number 
of saplings in ES1-C has increased since 
the beginning of the study period. Even in 
2022, the number of saplings ES1-C was 
greater than those in ES1-O. The signifi-
cantly higher number of beech individuals 
in the ES1-C compared to those in ES1-O 
can likely be attributed to the shelter pro-
vided to saplings within the closed can-
opy stand, shielding them from adverse 

environmental, such as frost, prevalent at 
the high elevation of 1450 m, as noted by 
Rafailov et al. (2009) in mono-dominat-
ed beech stands. Budeanu et al. (2016), 
Kolář et al. (2017) also state that higher 
elevations (exceeding 1200  m) are not 
favourable to beech growth due to low-
er temperatures and late frosts. As Ste-
fanov and Ganchev (1953), Dittmar et al. 
(2003), and Ammer et al. (2005) indicate, 
beech saplings are very sensitive to late 
spring frost and direct sunlight, and this 
sensitivity is particularly pronounced few 
years after cutting. These factors con-
tribute to an accidental form of mortality, 
which consequently influences the natural 
selection process during this beech forest 
development phase (Dittmar et al. 2003). 
Lukyanets et al. (2022) also observe a 
reduction in the volume of alder stands 
due to poor forest site conditions. This 
implies that the consistent absence of an 
increase in the number of beech saplings 
at ES1-O during the study period may be 
interpreted as a natural selection process 
favouring more adaptable and thus more 
promising individuals.

Fig. 2. Regeneration density of beech saplings within experimental sites during  
study period.

Note: The data represent the mean numbers of saplings ± SE. Different letters indicate statis-
tically significant differences in averages among experimental sites with silvicultural interventions 
(O) and control (C), as well as between the two examined years (determined via one-way ANOVA 
using Tukey post hoc tests with an α = 0.05).



226	 A. Marinova and S. Anev

In ES2-O, there was a significant in-
crease in numbers of saplings observed 
over the studied four-year period, begin-
ning five years after GShS cutting. Howev-
er, there were no differences in the num-
ber of saplings in ES2-O and EC2-C in the 
two examination years. The absence of 
differences in sapling numbers between 
ES2-O and the control group suggests 
that the observed sapling growth in 2022 
likely stemmed from favourable environ-
mental conditions conducive to beech 
regeneration in the studied area. These 
conditions appear to stimulate beech re-
generation irrespective of the presence or 
absence of silvicultural intervention.

Seven years after StSS cutting (in 
2018), there were no significant differ-
ences in the number of saplings between 
ES3-O and ES3-C, similar to that ob-
served in the ES1and ES2 in the same 
year. The consistent sapling numbers 
observed in the initial year of the study 
likely result from the transition beyond 
the phase of intensive sapling mortality in 
the early years. However, in ES1-O and 
ES3-O, although there were no changes 
in sapling numbers in 2018 compared to 
their respective controls, a decrease in 
sapling numbers was observed in 2022.
The reduced number of young beech in-
dividuals in ES3-O might also be influ-
enced by damage from an ice disturbance 
(heavy ice on the tree crown) in January 
2021 at ES3. The absence of an increase 
in sapling numbers by the study’s conclu-
sion after both types of cuttings, GSC and 
StSS, which are characterized by small 
gaps in the canopy (in our study, the gap 
size is respectively 0.111 and 0.125 ha), 
resembling the regime of natural distur-
bances in beech forests, could be attrib-
uted to the process of natural selection 
leading to the occupation of the habitat 
from more resilient beech individuals to 

the changed environmental conditions 
post-cutting. Collet and Chenost (2006) 
note that partial cutting of single trees or 
small gaps may result in increased beech 
dominance. In GShS, there was no de-
crease in sapling numbers in 2022. How-
ever, the gap size (0.555 ha) is approxi-
mately five times larger compared to GSS 
and StSS, which is likely to influence the 
rate of regeneration processes occurring 
over time. Although the highest number of 
saplings was found in the count site near-
est to the periphery of the gap, the var-
iation (SE) was small, indicating relative 
homogeneity in this measure across the 
individual count sites.

Biometry

In ES1, there was no difference in height 
between ES1-O and ES1-C in 2018 
(Fig.  3), but the diameter was higher in 
ES1-O (Fig. 4). In 2022, there was an 
increase in both height and diameter in 
ES1-O compared to ES1-C. However, in 
this experimental site, the exhibited height 
of saplings increased over the four-year 
study period, while their diameter de-
creased.

The absence of growth in sapling di-
ameter during the study period, compared 
to the increase in height are probably influ-
enced by the increased intraspecific com-
petition in the stand. Collet et al. (2001), 
Prévosto and Balandier (2007) emphasize 
that interspecies competition affects the 
diameter growth of naturally regenerated 
beech individuals more significantly than 
their height growth. In Collet et al. (2001) 
study diameter growth increased immedi-
ately after the gaps had been opened and 
showed no clear increasing trend in the 
following years. Conversely, height growth 
did not increase immediately after canopy 
opening and increased regularly in the fol-
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lowing years. Nevertheless, the decrease 
in overall thickness over the study period 
suggests that competition has yielded to 
the more advanced individuals.

The steady number of individuals over 
the study period, along with increased 
heights and reduced diameters in ES1-O, 
suggests that, as plants grow larger, they 
require more space. The greater space 
demand likely prevents an increase in the 
number of plants per unit area. Such an 

observation indicates that, at this stage, 
beech individuals that exhibit greater ad-
aptability and resilience to environmental 
changes persist. As highlighted by Evans 
et al. (2003), intra-specific competition for 
space, nutrients, and light arises when 
plants surpass the optimal limit per unit 
area, resulting in diminished plant growth 
and development, ultimately leading to a 
reduction in plant biomass.

In 2022, ES1 and ES3 showed similar 

Fig. 3. Height of saplings within experimental sites during study period.
Note: The data represent the mean height of saplings ± SE. Different letters indicate statisti-

cally significant differences in averages among experimental sites with silvicultural interventions 
(O) and control (C), as well as between the two examined years (determined via one-way ANOVA 
using Tukey post hoc tests with an α = 0.05).

Fig. 4. Diameter of saplings within experimental sites during study period.
Note: The data represent the mean diameter of saplings ±SE. Different letters indicate statis-

tically significant differences in averages among experimental sites with silvicultural interventions 
(O) and control (C), as well as between the two examined years (determined via one-way ANOVA 
using Tukey post hoc tests with an α = 0.05).
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growth patterns, with saplings in the ex-
perimental sites using the cutting system 
being larger compared to those in the con-
trol site. This increase in size corresponds 
with a smaller number of saplings in these 
experimental sites for the same year. This 
suggests that the similar opening of the 
canopy resulting from these cuttings has 
a similar positive impact on the surviv-
al and growth processes of the saplings. 
The survival and growth of saplings in 
ES2 are characterized by the lack of sig-
nificant differences in both the number of 
saplings and growth parameters between 
ES2-O and ES2-C in 2022, distinguishing 
it from ES1 and ES3. From 2018 to 2022, 
in ES2-C there was a notable reduction in 
the heights and diameters of saplings, due 
to the emergence of smaller new individu-
als. Additionally, no increase was evident 
in the growth parameters of the saplings 
in ES2-O throughout the four-year study 
period. These results suggest a less stim-
ulating effect of canopy openings through 
the GShS cutting system on beech regen-
eration growth.

During the studied period, after a trans-
formation into a group-selective stand, the 

number of saplings remained constant, 
their height increased, and their diameter 
decreased, indicating a balance between 
mortality and the emergence of new indi-
viduals. In the group shelterwood system, 
the number of saplings increased at a 
rate like that in the closed canopy control, 
while their height and diameter remained 
unchanged. This suggests that some in-
dividuals died, and new ones emerged, 
with a rapid height growth rate. In the 
short-term shelterwood system, there is 
significant differentiation of social classes, 
many individuals are lost, and this process 
is accompanied by an increase in average 
height and diameter. The intense mortality 
in this system is likely due to the negative 
carbon balance of suppressed saplings.

Leaf area index

Beech saplings had a higher leaf area in-
dex (LAI) in ES1-O compared to ES1-C 
(Fig. 5). Between 2018 and 2022 in 
ES1-C, there is a significant increase in 
the number of individuals, but the LAI re-
mains unchanged. This lack of increase in 

Fig. 5. Leaf area index of saplings within experimental sites during study period.
Note: The data represent the mean LAI of saplings ±SE. Different letters indicate statistically 

significant differences in averages among experimental sites with silvicultural interventions (O) 
and control (C), as well as between the two examined years (determined via one-way ANOVA 
using Tukey post hoc tests with an α = 0.05).
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LAI, despite the rising number of saplings 
in this experimental site, is likely because 
the C-experimental sites reflect the LAI 
of the mother stands. When LAI remains 
constant during the experimental period, it 
suggests that the canopy of mother stand 
has experienced disruptions over the 
years. These disruptions allow more light 
to penetrate, stimulating regeneration and 
thus increasing the number of individuals 
in this experimental site. However, there 
was no observed increase in the index in 
ES1-O over the four-year duration of the 
study, which was also observed in ES3-O. 
The elevated index in ES1-O and ES3-O 
in 2022 indicates the expanded foliage 
of the beech saplings, likely attributed to 
the opening of the canopy and increased 
light penetration, thereby stimulating leaf 
production. Nevertheless, the absence of 
a rise in the index post-GSS and ShSS 
cuttings indicates that small canopy open-
ing (gap size – 0.111 and 0.125 ha) has a 
limited impact on leaf production over the 
years.

In ES2, LAI differs only in 2022 be-
tween ES2-O and ES2-C, with predicta-
ble higher values in EС2-O due to most 
light. On the contrary with ES1 and ES3, 
while the ES1-O and ES3-O LAI showed 
no growth, there was an increase in the 
ES2-O index over the study period. This 
suggests a potentially stronger impact of 
bigger canopy opening (gap size – 0.555) 
due to GShS cutting on the leaf develop-
ment of beech saplings, compared to the 
effect of five times smaller canopy open-
ing resulting from GSS and ShSS cuttings 
on leaf production.

After StSS cutting, in the initial year 
of the study, a reduced LAI was noted in 
ES3-O compared to ES3-C, indicating a 
limited stimulating effect of that cutting on 
leaf production. Conversely, by the study’s 
conclusion, the index had increased in 

ES3-O relative to ES3-C. However, this 
augmentation was likely due to addition-
al canopy opening resulting from damage 
inflicted by the heavy snow in this exper-
imental site. Furthermore, considering 
the absence of an increase in the ES3-O 
index throughout the study period, it can 
be assumed that StSS cutting has a minor 
impact on leaf production.

The results regarding LAI align with 
alterations in growth parameters, as high-
lighted by (Givnish 1982, Niklas 1992), as 
leaf height increases, plants must allocate 
biomass disproportionately to the stem to 
support their weight, thereby reducing the 
proportion of leaf mass in the plant.

Conclusion

According to the initial results of our re-
search, there is a correlation between the 
type of gap opening and the growth of 
beech regeneration. The eco-physiologi-
cal features of European beech, in com-
bination with a wide variation of micro-en-
vironmental factors in its distribution area, 
are prerequisite for a significant variation 
regarding growth and presence of beech 
saplings after cuttings. European beech 
successfully regenerated in all experimen-
tal sites where silvicultural interventions 
occurred, confirming the species’ broad 
ecological adaptability. Nevertheless, 
there are different efficiencies resulting 
from the way the canopy is opened. The 
short-term shelterwood system sets the 
stage for intensive self-healing from an 
early age, which will result in more homo-
geneous future stand. In contrast, the oth-
er two systems maintain conditions that 
preserve heterogeneity in stand structure, 
at least during the early stages of forest 
development. With further research on a 
larger scale, these observations could be 
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used as indicators of young trees’ regen-
eration dynamics and physiological stress 
after forest interventions.

Acknowledgements

The present study was supported by grant 
No NIS-B-1292 ‘Evaluating the damage 
and recovery rate of forests impacted by 
ice storm in the TEFR ‘Petrohan’ through 
remote methods’, University of Forestry, 
Sofia.

References

Aleksandrov N., Rafailova E. 2009. Future 
close to nature management of beech 
foredts as a precondition for improvement 
of their sustainability. Forestry Ideas 37(1): 
160–165 (in Bulgarian, with English sum-
mary).

Ammer C., Albrecht L., Borchert H., 
Brosinger F., Dittmar C., Elling W., 
Ewald J., Felbermeier B., Gilsa H., Huss 
J. 2005. Future suitability of beech (Fagus 
sylvatica L.) in Central Europe: critical re-
marks concerning a paper of Rennenberg 
et al. 2004. Allgemeine Forst- und Jagdzei-
tung 176(4): 60–67.

Atlegrim O., Sjӧberg K. 2004. Selective fell-
ing as a potential tool for maintaining biodi-
versity in managed forests. Biodiversity and 
conservation 13(6): 1123–1133. https://doi.
org/10.1023/B:BIOC.0000018148.84640.fd

Bílek L., Remeš J., Zahradník D. 2009. Nat-
ural regeneration of senescent even-aged 
beech (Fagus sylvatica L.) stands under 
the conditions of Central Bohemia. 55(4): 
145–155. http://dx.doi.org/10.17221/823-
JFS

Budeanu M., Pertritan A.M., Flaviu P., Va-
sile D., Nicu Constantin T. 2016. The re-
sistance of European beech (Fagus sylvati-
ca) from the eastern natural limit of species 
to climate change. Notulal botanical horti 
agrobotanici cluj-napoca 44(2): 625–633. 

http://dx.doi.org/10.15835/nbha44210262
Collet C., Chenost C. 2006. Using competi-

tion and light estimates to predict diameter 
and height growth of naturally regenerated 
beech seedlings growing under changing 
canopy conditions. Forestry 79: 489–502. 
https://doi.org/10.1093/forestry/cpl033

Collet C., Lanter O., Pados M. 2001. Ef-
fects of canopy opening on height and 
diameter growth in naturally regenerated 
beech seedlings. Annals of Forest Science 
58(2): 127–134. https://doi.org/10.1051/
forest:2001112

Dittmar C., Zech W., Elling W. 2003. 
Growth variations of Common beech (Fa-
gus sylvatica L.) under different climatic 
and environmental conditions in Europe – 
a dendroecological study. Forest Ecology 
and Management 173(1–3): 63–78. https://
doi.org/10.1016/S0378-1127(01)00816-7

Evans S.P., Knezevic S.Z., Lindquist J.L., 
Shapiro C.A., Blankenship E.E. 2003. 
Nitrogen application influences the critical 
period of weed control in corn. Weed Sci-
ence 51(3): 408–417. doi: 10.1614/0043-
1745(2003)051 [0408:NAITCP]2.0.CO;2

Givnish T.J. 1982. On the adaptive signifi-
cance of leaf height in forest herbs.The 
American Naturalist 120(3): 353–381. 
http://dx.doi.org/10.1086/283995

Gao T., Hedblom M., Emilsson T., Nielsen 
A.B. 2014. The role of forest stand struc-
ture as biodiversity indicator. Forest Ecol-
ogy and Management 330: 82–93 https://
doi.org/10.1016/j.foreco.2014.07.007

Hobi M.L., Commarmot B., Bugmann H. 
2015. Pattern and process in the largest 
primeval beech forest of Europe (Ukrain-
ian Carpathians). Journal of Vegeta-
tion Science 26(2): 323–336. https://doi.
org/10.1111/jvs.12234

King D.A. 1990. The Adaptive Significance 
of Tree Height. The American Naturalist 
135(6): 809–828. https://www.jstor.org/sta-
ble/2462315

Kolář T., Čermák P., Trnka M., Žid T., Ry-
bníček M. 2017. Temporal changes in the 
climate sensitivity of Norway spruce and 
European beech along an elevation gradi-
ent in Central Europe. Agricultural and For-

https://doi.org/10.1023/B:BIOC.0000018148.84640.fd
https://doi.org/10.1023/B:BIOC.0000018148.84640.fd
http://dx.doi.org/10.17221/823-JFS
http://dx.doi.org/10.17221/823-JFS
http://dx.doi.org/10.15835/nbha44210262
https://doi.org/10.1093/forestry/cpl033
https://doi.org/10.1051/forest:2001112
https://doi.org/10.1051/forest:2001112
https://doi.org/10.1016/S0378-1127(01)00816-7
https://doi.org/10.1016/S0378-1127(01)00816-7
http://dx.doi.org/10.1086/283995
https://doi.org/10.1016/j.foreco.2014.07.007
https://doi.org/10.1016/j.foreco.2014.07.007
https://doi.org/10.1111/jvs.12234
https://doi.org/10.1111/jvs.12234


	 Impact of silvicultural interventions on growth and survival of Fagus sylvatica L. 	 231

est Meteorology 239: 24–33. http://dx.doi.
org/10.1016/j.agrformet.2017.02.028

Koleva E., Peneva R. 1990. Precipitation in 
Bulgaria. Climatic handbook. Bulgarian 
Academy of Science. 169 p. (in Bulgarian).

Kostov G. 2009. Natural dynamics of the 
beechstands.. Collection of reports from a 
national scientific and practical conference 
on management of beech forests. TEFR 
‘Petrohan’, 16–17.06.2009: 11–20 (in Bul-
garian).

Kostov G., Stipcov V. 2004. Teaching aid in 
general forestry. Forest dynamics. Sofia: 
67–76 (in Bulgarian).

Kutchukova M. 1983. Temperatures of air 
andsoil. Climatic handbook. Bulgarian 
academy of science. 440 p. (in Bulgarian).

Küppers M. 1985. Carbon relations and com-
petition between woody species in a Cen-
tral European hedgerow: IV. Growth form 
and partitioning. Oecologia 66(3): 343–
352. https://doi.org/10.1007/BF00378296

Lukyanets V., Rumiantsev M., Tarnopilska 
O., Kobets O., Musienko S., Obolonyk 
I., Bondarenko V., Poznіakova S. 2022. 
Distribution, productivity and natural re-
generation of black alder (Alnus glutinosa 
(L.) Gaertn.) in Ukrainian Polissya. Folia 
Oecologica 49(2): 137–147. doi: 10.2478/
foecol-2022-0016

Malinova L., Petrova K. 2019. Petrohan 
training and experimental forest range 
cambisols classification. Forestry Ideas 
25(1): 147–160.

Matyssek R., Bahnweg G., Ceulemans R., 
Fabian P., Grill D., Hanke D.E., Kraigh-
er H., Osswald W., Rennenberg H., 
Sandermann H., Tausz M., Wieser G. 
2007. Synopsis of the CASIROZ case 
study: carbon sink strength of Fagus 
sylvatica L. in a changing environment 
– experimental risk assessment of miti-
gation by chronic ozone impact. Plant Bi-
ology (Stuttg) 9(2): 163–180. https://doi.
org/10.1055/s-2007-964883

Niklas K.J. 1992. Plant Biomechanics: an 
Engineering Approach to Plant Form and 
Function. The University of Chicago Press 
Ltd, London, UK: 410–415.

Prévosto B., Balandier P. 2007. Influence 

of nurse birch and Scots pine seedlings 
on early aerial development of European 
beech seedlings in an open-field plantation 
of Central France. Forestry 80(3): 253–264. 
http://dx.doi.org/10.1093/forestry/cpm017

Rafailov G., L. Kostov G., Hubcheva V., 
Hristov H., Ivanov V., Bonev T., Gogu-
shev G., Vulkov D. 2009. Guidelines for 
the management of beech forests in Bul-
garia. In: Rafailov G. (Ed.), Collection of 
reports from the national scientific-practical 
conference on the management of beech 
forests. Petrohan: 3–6 (in Bulgarian).

Richards J.D., Hart J. 2011. Canopy gap dy-
namics and development patterns in sec-
ondary Quercus stands on the Cumberland 
Plateau, Alabama. Forest Ecology and 
Management 262(12): 2229–2239. https://
doi.org/10.1016/j.foreco.2011.08.015

Richardson A.D., Ashton P.M.S., Berlyn 
G.P., Mcgroddy M.E., Cameron I.R. 
2001. Within-crown Foliar Plasticity of 
Western Hemlock, Tsuga heterophylla, in 
Relation to Stand Age. Annals of Botany 
88(6): 1007–1015. https://doi.org/10.1006/
anbo.2001.1538

Schütz J.-P., Götz M., Schmid W., Mandal-
laz D. 2006. Vulnerability of spruce (Picea 
abies) and beech (Fagus sylvatica) forest 
stands to storms and consequences for 
silviculture. European Journal of Forest 
Research 125(3): 291–302. https://doi.
org/10.1007/s10342-006-0111-0

Silva D.E., Rezende Mazzella P., Legay M., 
Corcket E., Dupouey J.L. 2012. Does 
natural regeneration determine the limit of 
European beech distribution under climatic 
stress? Forest Ecology and Management 
266: 263–272. https://doi.org/10.1016/j.
foreco.2011.11.031

Stefanov B., Ganchev A. 1953. Dendrology. 
2 ed. Zemizdat, Sofia. 651 p. (in Bulgarian).

Tognetti R., Johnson J.D., Michelozzi M. 
1997. Ecophysiological responses of Fa-
gus sylvatica seedlings to changing light 
conditions. I. Interactions between photo-
synthetic acclimation and photoinhibition 
during simulated canopy gap formation. 
Physiologia Plantarum 101(1): 115–123. 
https://doi.org/10.1111/j.1399-3054.1997.

http://dx.doi.org/10.1016/j.agrformet.2017.02.028
http://dx.doi.org/10.1016/j.agrformet.2017.02.028
https://doi.org/10.1007/BF00378296
https://doi.org/10.1055/s-2007-964883
https://doi.org/10.1055/s-2007-964883
http://dx.doi.org/10.1093/forestry/cpm017
https://doi.org/10.1016/j.foreco.2011.08.015
https://doi.org/10.1016/j.foreco.2011.08.015
https://doi.org/10.1006/anbo.2001.1538
https://doi.org/10.1006/anbo.2001.1538
https://doi.org/10.1007/s10342-006-0111-0
https://doi.org/10.1007/s10342-006-0111-0
https://doi.org/10.1016/j.foreco.2011.11.031
https://doi.org/10.1016/j.foreco.2011.11.031
https://doi.org/10.1111/j.1399-3054.1997.tb01827.x


232	 A. Marinova and S. Anev

tb01827.x
van Hees A. 1997. Growth and morphology 

of pedunculate oak (Quercus robur L.) 
and beech (Fagus sylvatica L.) seedlings 
in relation to shading and drought. Annals 
of Forest Science 54(1): 9–18. https://doi.
org/10.1051/forest:19970102

Wagner S., Collet C., Madsen P., Naüashi-
zuka T., Nyland R.D., Sagheb-Talebi K. 
2010. Beech regeneration research: From 
ecological to silvicultural aspects. For-
est Ecology and Management 259(11): 

2172–2182. https://doi.org/10.1016/j.fore-
co.2010.02.029

Welander N.T., Ottosson B. 1997. Influence 
of photosynthetic photon flux density on 
growth and transpiration in seedlings of 
beech (Fagus sylvatica L.). Tree Physiolo-
gy 17(2): 133–140. https://doi.org/10.1093/
treephys/17.2.133

Yamamoto S. 2000. Forest gap dynamics 
and tree regeneration. Journal of For-
est Research 5(4): 223–229. https://doi.
org/10.1007/BF02767114

https://doi.org/10.1111/j.1399-3054.1997.tb01827.x
https://doi.org/10.1051/forest:19970102
https://doi.org/10.1051/forest:19970102
https://doi.org/10.1016/j.foreco.2010.02.029
https://doi.org/10.1016/j.foreco.2010.02.029
https://doi.org/10.1093/treephys/17.2.133
https://doi.org/10.1093/treephys/17.2.133
https://doi.org/10.1007/BF02767114
https://doi.org/10.1007/BF02767114


FORESTRY  IDEAS, 2024, vol. 30, No 2 (68): 233–243

Its presence has also been reported in the 
basins of Lakes Volvi and Кoronia, and the 
Kerkini Lake in Greece (Kottelat and Frei-
hof 2007, Barbieri et al. 2015, Sapounidis 
et al. 2015). The Thracian barbel prefers 
rivers with gravel and sandy bottoms, but 
it is also found in the littoral zone of lakes 
and reservoirs (Barbieri et al. 2015). Ac-
cording to Sapounidis (2015), its breed-
ing period in the Mesta River is mainly in 
May-June. Males reach sexual maturity in 
their second year, while females in their 
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Abstract
The primary objective of this study was to determine the growth parameters of Thracian barbel 

in the middle zone of the Mesta River within the Aegean basin in Bulgaria. For this purpose, a 
total of 106 fish were caught and examined. The sample was collected by electrofishing along the 
Mesta River. Fish age was determined using scalimetry, while length and mass were calculated 
using scale length-radius and mass-length relationships, respectively. The study identified six 
age groups, with the majority of the sample comprising two and three-year-old fish. The lengths 
ranged from 46 mm to 242 mm. Growth analysis was performed by back-calculating the length 
using the equation L = 3.0858·S+20.759 (r2 = 0.955). Furthermore, a relationship between gut-
ted weight (W) and standard length (L) was established using the equation W = 0.00001∙L2.9799  

(r2 = 0.967).

Key words: linear growth, size and age composition, Thracian barbel, W-L relation.

Introduction

Thracian barbel (Barbus stumicae Kara-
man, 1955) is an endemic species of the 
Balkan Peninsula and of the Aegean wa-
tershed (Kottelat and Freihof 2007). It was 
separated relatively recently as a different 
species from B. cyclolepis Heckel. The 
species has been recorded in the basins 
of the rivers Struma and Mesta, in Bulgar-
ia, Greece and North Macedonia, and also 
in some rivers of the Chalkidiki Peninsula. 
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third and fourth year. In the Mesta River, 
the Thracian barbel reaches a maximum 
fecundity of 14,280 eggs (Kottelat and 
Freihof 2007, Sapounidis et al. 2015). The 
authors established that the main food ob-
jects are the larvae of Chironomidae and 
Ephemeroptera and the adults of Trichop-
tera and Amphipoda. They have also pub-
lished data on the growth rate of the spe-
cies in the Mesta River. Information on the 
growth parameters of the Thracian barbel 
in the Dzherman River and the Dospat 
Dam is given by Dikov and Zivkov (1985). 
Data on linear growth of this species in the 
rivers Mesta and Struma were also pub-
lished by Marinov (1989).

Mesta River is formed by merging of 
two rivers: Bela Mesta River and Cherna 
Mesta River. However, Bela Mesta Riv-
er is considered the main source of the 
Mesta River. Bela Mesta River originates 
from an elevation of 2690  m a.s.l., from 
the Granchar Lake in the west part of the 
Rhodopes Mountains. Near the village of 
Statmos (Greece), opposite the island of 
Thassos, the Mesta River flows into the 
Aegean Sea. There are 39 fish species 
in the Mesta River, 13 of which inhabit 
brackish and salt waters (Economidis et 
al. 2009). Two large reservoirs were built 
in the bed of the Mesta River on the ter-
ritory of Greece – Thisavros and Plata-
novrysi (Economidis et al. 2009) and one 
small dam near the village of Toxotes (Sa-
pounidis et al. 2015). These dams divide 
the Mesta River bed into four distinct parts 
(Sapounidis et al. 2015). The Dospat Dam 
was built along the Mesta River, in the bed 
of the Dospatska River on Bulgarian terri-
tory. Dospatska River flows into the Mesta 
River in Greece outside the Bulgarian part 
of the Mesta River. Therefore, this dam 
has an impact on the outflow of the Mesta 
River in Bulgaria, but not on the river con-
nectivity there.

The purpose of this article is to clarify 
the current status of the Thracian barbel 
population in the Mesta River. For this 
purpose, some of its population parame-
ters were studied and the differences with 
other populations of the species were an-
alysed.

Materials and Methods

The material consists of 106 specimens of 
the Thracian barbel. Fieldwork took place 
in the autumn of 2021 and 2022. Sam-
pling was via electrofishing by the use of a 
SAMUS 725G device with a 12V accumu-
lator and 5–65 Amps with an output of 640 
W. Studied area extends from the con-
fluence of the rivers Cherna Mesta and 
Bеla Mesta and reaches the vicinity of the 
village of Mesta. Study sites were located 
along the length of the area immediately 
following the trout area (Fig. 1, Table 1).

This section of the Mesta River has 
a slope ranging from 6 % to 8 %, and its 
width does not exceed 50  m. Species 
such as Grayling (Thymallus thymallus 
Linnaeus, 1758), Barbel (Barbus barbus 
Linnaeus, 1758), and Bream (Abramis 
brama Linnaeus, 1758) are not naturally 
distributed in rivers of the Aegean water-
shed (Kottelat and Freihof 2007). These 

Fig. 1. Map of Mesta River, where Thracian 
barbel was collected.
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rivers are relatively short (Hristova 2012) 
and have a distinct fish fauna (Stefanov 
2007), which does not align with Huet’s 
ichthyological zonation (Huet 1949, Aarts 
and Nienhuis 2003).

Catch was performed according to the 
EN 14011:2003 instruction (Water quality, 
Sampling of fish with electricity – CEN). 
Upstream electrofishing was used. Spe-
cies’ identification was carried out ac-
cording to the methodological guidance of 
Berg (1948, 1949), Drensky (1951), Kot-
telat and Freyhof (2007).

The linear growth was determined by 
performing a back-calculation of length 
data (L) based on the diagonal oral radi-
us of a scale (S), following the methods 
described by Lea (1910), Zivkov (1980, 
1981), Schneider et al. (2000). For this 
purpose, total length (L, mm) and full 
weight (W, g) were measured. The age 
was determined by counting the number 
of annuli or year marks of scales under 
an Olympus CX 31 light microscope. The 
diagonal oral radius of the scales (S) was 
measured using the divisions of an eye-
piece micrometer. Weight was recorded 
with a digital electronic balance, accurate 
to 0.1 g. The relation can be expressed by 
the following linear equation (1):

	 L = a + b∙S,	  (1)
where: L – the length of fish, cm; S – di-
agonal oral radius of scale (eyepiece mi-
crometre scales divisions); a and b – co-
efficients.

The absolute annual linear increment 
was accepted as a characteristic of the 
growth (Zivkov 1972), calculated by for-
mula (2):
	 t = Ln - Ln-1,	  (2)

where: t – absolute annual linear incre-
ment, mm; Ln – nth year body length; Ln-1 
– the average length for two consecutive 
years, mm.

Growth in length was compared using 
the method proposed by Zhivkov (1999), 
which ranks populations by mean length 
(L) within each age group. Between two 
populations, the one with a larger L val-
ue at the age of the younger population is 
considered to have faster growth.

The determination of weight (W) was 
performed with the weight-length (W-L) 
relationship as described in formula (3) 
by Le Cren (1951). This method has been 
discussed by Schneider et al. (2000), Fro-
ese (2006), Froese et al. (2011). It has 
been widely used in various studies (Zivk-
ov 1981, 1999; Prodanov 1982; Raiko-

Table 1. Mesta River sampling stations in November 2021 and October 2022.

No Location
Geographic coordinates Altitude, 

m a.s.l.
Month/

YearLatitude Longitude
1 In the Cherna Mesta River 42°04’18” N 23°43’33” E 1073 XI/2021
2 In the vicinity of the town Yakoruda 41°59’51” N 23°37’34” E 847 XI/2021

3 In the Belitsa River, the Mesta River’ 
trubutary 41°55’53” N 23°34’20” E 794 XI/2021

4 In the vicinity of village Kraishte 41°54’34” N 23°34’22” E 756 XI/2021

5 Near the confluence of the Glazne Riv-
er with the Mesta River (a) 41°53’04” N 23°34’16” E 748 XI/2021

6 Near the confluence of the Glazne Riv-
er with the Mesta River (b) 41°55’56” N 23°34’23” E 763 XI/2021

7 In the vicinity of village Mesta (a) 41°46’02” N 23°40’25” E 650 X/2022
8 In the vicinity of village Mesta (b) 41°45’45” N 23°40’39” E 649 X/2022
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va-Petrova and Zivkov 1993; Kukushkin 
1997; Belomacheva et al. 2005).
	 W = a∙Lb,	  (3)

where: W – body weight, g; L – standard 
length, mm; a and b – coefficients.

To compare the growth in length be-
tween populations, a method employed 
by Zivkov (1972) was followed in which 
population are ranged based on length at 
the same age.

The condition of a population was 
studied in three ways:

1) by calculating a classical Fulton co-
efficient (Kf) using the equation (4) (Fro-
ese 2006).
	 Kf = 100·W·L -3,	 (4)
where: L – length, mm; W – body weight, g.

2) By calculating the factor Kb using 
Fulton’s equation.  In the case, the coef-
ficient b from equation (3) is used as an 
exponent.

All data were calculated by using 
MS-Excel 2010. The Past program is also 
used for statistical processing.

Results

Species composition

In the sampling sites, we found five fish 
species – Macedonian trout (Salmo mace-
donicus Karaman 1924), Minnow (Phoxi-
nus phoxinus Linnaeus 1758), Aegean 
dace (Squalius orpheus Kottelat & Econ-
omidis 2006), Thracian barbel (B. strumi-
cae Karaman 1955), and Bleak (Alburnus 
alburnus Linnaeus 1758). However, only 
three specimens of Thracian barbel were 
caught in the vicinity of the town Yakoru-
da and the village Kraishte. In the rivers 
Cherna Mesta and Belishka, we did not 
detect the presence of fish at all. There 
was visible sewage and litters water pol-

lution in both tributaries. Ultimately, most 
of the research material was obtained in 
the section of the Mesta River, located 
between the confluence of Glazne River 
with the Mesta River and the section of 
the Mesta River near the village of Mesta.

Age and size composition

The age of specimens ranged from one 
to six years. In the sample, two and three-
year-old fish were the most abundant, 
comprising 68  % of the overall capture 
(Fig. 2). One-year-old fish were less nu-
merous than those in the following three 
age groups. From the second to the sixth 
year, the number of fish decreased. Five 
and six-year-old fish were relatively few.

The largest specimen was a female of 
242 mm length and 168.7 g weight. Mean 
weight was 24.2 g, and the mean length 
was 122.8 mm. The distribution of fish by 
size classes closely mirrored that of age 
groups. One-year-old fish, ranging from 
40.1 mm to 80.0 mm in size, were scarce. 
More fish were found in the 80  mm to 
170 mm range, which includes two-, three-, 
and four-year-olds. The size classes of 
170.1–180.0  mm and 180.1–250.0  mm, 

Fig. 2. Age structure of the population.
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which include five- and six-year-old fish, 

Fig. 3. Size classes of the Thracian barbel.
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were also less common (Fig. 3).

Growth in length
The relationship between length (L) and 
scale radius (S) was well expressed 
based on linear function (Fig. 4). This al-

lowed a reliable back-calculation of the 
length along the scale radii.

The average lengths calculated this 
way at age are presented in Table 2. The 
study of the individual growth in length 
shows that in the first year the growth was 
the most intense. Fish from the other age 
groups grew by about 22  mm per year 
(with one exception, four-year-old fish). 
The measured real sizes of the fish were 
close to, but smaller than, the theoretically 
calculated ones (Table 2).

The W-L relation was very well ex-
pressed by power function (Fig. 5). As 
with other species of the genera Barbus 
(Rozdina 2009, Kolev and Raikova 2015, 
Kolev 2022), the Thracian barbel shows a 
regular increase in mass with increasing 
length.

We compared our data on the growth 
of the Thracian barbel with those of Ma-
rinov (1989) for the rivers Strumeshnitsa, 
Struma and Mesta (Table 3).Fig. 4. Growth in length.
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Table 2. Back-calculated L of the Thracian barbel in the Mesta River.

Age group n
Mean calculated L, mm at age 1 to 6

L1 L2 L3 L4 L5 L6

I 2 60.9
II 37 67.7 88.0
III 46 70.1 99.1 124.4
IV 10 66.7 94.5 125.7 151.0
V 7 63.0 91.1 120.4 162.7 182.8
VI 4 63.3 91.1 120.4 162.7 192.0 219.8

Mean calculated L, mm 106 65.3 92.8 122.7 158.8 187.4 219.8
Mean observed L, mm 51.5 85.5 131.9 160.3 176.4 207.3
Annual increment, mm 65.3 26.6 28.8 36.6 24.7 27.8

Table 3. Observed mean total length (TL) of the same age from some Bulgarian rivers.

River n
Total body length (TL), mm

Source
TL1 TL2 TL3 TL4 TL5 TL6

Strumeshnica 15 63 96 156 - - - Marinov (1989)
Struma 15 65 119 154 175 - - Marinov (1989)
Mesta 106 52 86 132 161 176 207 Our data (2024)
Mesta 32 71 120 127 - - - Marinov (1989)

We also used more recent data. Since 
these are the calculated standard lengths 
(SL) for comparison we have transformed 
our data. For the Thracian barbel popula-

tion in the Mesta River SL was calculat-
ed as average 82 % of TL. Thus, TL data 
were recalculated as SL (Table 4).

Table 4. Mean calculated SL of the same age from some rivers.

River/Dam n
Length (L), mm at age 1 to 7

Source
L1 L2 L3 L4 L5 L6 L7

Dospat Dam 110 92 125 187 241 257 261 - Dikov and Zivkov (1985)
Dzherman 167 54 90 126 152 167 180 185 Dikov and Zivkov (1985)
Mesta 106 53.5 76.1 100.7 130.2 153.7 180.2 - Our data (2024)
Mesta 185 55.5 79.7 100.9 115.8 - - - Sapounidis et al. (2015)

Growth in weight

The weight-length relationship W-L shown 
in Figure 5 is clearly defined. The expo-
nent b was slightly less than 3, but very 
close to this value, making the difference 

negligible.
The back-calculated masses of the 

Thracian barbel from the W-L relation are 
listed in Table 5. The values of the calcu-
lated and observed masses were closer in 
exception of one-year-old fish. In general, 
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mass gain was slow. Annual growth pro-
gressively increased with age. Two- and 
three-year-old fish doubled their mass 
during the year. From the fourth year on-
wards, however, the annual increment be-
gan to slow down.

Condition coefficients

The condition was evaluated using the 
Fulton (Kf) and the Kb, coefficients derived 
by substituting the exponent n with b from 
equation 7 (as shown in Table 5). Data for 
Fulton coefficient (Kf) was available for 
fish populations of the Mesta River in the 
territory of Bulgaria and Greece. The data 
in Table 6 shows the coefficients Kf calcu-Fig. 5. Length-weight relationship of Thra-

cian barbel in the Mesta River.
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Table 5. Back-calculated gutted body W.

Age group n
Mean calculated W, g at age 1 to 6

W1 W2 W3 W4 W5 W6

I 2 2.1
II 37 2.9 6.2
III 46 3.2 8.9 17.5
IV 10 2.7 7.7 18.0 31.1
V 7 2.3 6.9 15.9 38.9 55.0
VI 4 2.3 6.9 15.9 38.9 63.7 95.3

Mean calculated W, g 106 2.6 7.3 16.8 36.3 59.3 95.3
Mean observed W, g 1.8 6.3 28.5 43.8 59.8 104.0
Annual increment, g   2.6 4.7 9.2 19.7 20.5 31.6

lated from material obtained in November 
therefore they were comparable. In our re-
search, Kb was much lower than Kf.
Table 6. Condition coefficients of the Thra-

cian barbel.

Condition coeffi-
cients Source

Kf Kb

1.011 0.730 Our data (2024)
0.903 - Sapounidis et al. (2015)

Note: Coefficient of Fulton Kf (n = 3) and Kb 
(n = b), measured in November.

Discussion

The analytical discussion will now exam-
ine the growth patterns and mass accu-
mulation of the Thracian barbel, focusing 
on the variations observed in the Mesta 
River in Bulgarian and comparing with 
data available from Greek territory. This 
discussion aims to offer a thorough un-
derstanding of the growth and mass accu-
mulation patterns of the Thracian barbel 
across diverse river systems.

First of all, in order to explore the fish 
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population dynamics, it is important to in-
vestigate the potential factors affecting the 
survival rates and age structure. The low 
number of one-year-old fish suggests poor 
survival rates at a young age. Similarly, 
there is also low number of five- and six-
year-old fish (Fig. 2). The scarcity of older 
fish could be due to both natural mortali-
ty and increased fishing activity (Pravdin 
1965). However, given that the Thracian 
barbel is a popular target for sport fishing 
in this area of the Mesta River, the latter 
explanation seems more plausible.

The size distribution of the fish reflects 
these patterns (Fig. 4). The youngest and 
oldest fish classes have fewer individuals 
compared to other size classes, likely for 
the same reasons mentioned earlier. The 
growth in length is relatively consistent 
across the years (Table 2), with the high-
est growth expected in the first year. The 
rapid growth of one-year-old fish in length 
may be a strategy to evade predators by 
reaching a larger size (Nikolsky 1965).

The study utilised directly reported to-
tal fish lengths (TL) as presented by Ma-
rinov (1989). Discrepancies were noted 
in the lengths measured by the author 
compared to our findings. It was observed 
that fish in the Struma River basin exhibit 
a faster growth in length, likely influenced 
by the larger size and higher flow rate of 
the river (more than twice as high). The 
wider valley of the Struma River, exposed 
to Mediterranean climatic influences, may 
also contribute to this growth pattern. 
However, the limited number of speci-
mens examined by Marinov (1989) may 
have impacted the accuracy of the data. 
Variations in fish length measurements 
were also observed in the Mesta River. 
For instance, one-year-old barbels with an 
average length of 50 mm typically weigh 
around 2–2.5 g, while three-year-old bar-
bel at 100–120  mm length reach about 

52  g in weight. It is only when the fish 
reach a length of 200 mm and are over six 
years old that they approach a weight of 
100 g (tables 3 and 5).

Since only the mean values of L, by 
age, are reported in the literature, a sta-
tistical comparison between them is not 
possible. The assessment of the growth 
of the species in the individual popula-
tions was made according to the method 
proposed by Zivkov (1999). Our research 
findings show that the growth rate of the 
Thracian barbel closely aligns with those 
observed in the Mesta River in Greece 
(Sapounidis et al. 2015). Noticeably faster 
linear growth was reported for the species 
in the Dospat Reservoir (Dikov and Zhivk-
ov 1985). Growth in the dam is especially 
rapid in the first year, with yearlings reach-
ing the length of two-yearlings in the rivers 
probably due to the more abundant food 
there. However, due to the decrease in 
the speed of the water current, the Thra-
cian barbel decreased in the Dospat res-
ervoir and today it is no longer found there 
(Stefanov 2007).

Fulton coefficient values obtained from 
fish in both Bulgarian and Greek territories 
show similarities. Nonetheless, the coef-
ficient Kb, which some authors, such as 
Zivkov (1981, 1999) and Raikova-Petrova 
and Zivkov (1993), consider more reliable, 
appears to be relatively low. This obser-
vation suggests that the Thracian barbel 
does not experience significant fattening 
before the onset of winter.

Conclusion

The comparative analysis of Thracian bar-
bel populations in the Mesta River basin 
indicates a relatively slow growth rate for 
the species. In Dospat Reservoir, the spe-
cies reaches the highest length-by-year 
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values reported in the literature.
This slow growth is reflected in the 

gradual mass accumulation observed 
within the population. Furthermore, the 
findings suggest that the condition factor 
for the Thracian barbel in this region is 
suboptimal. Notably, the population ap-
pears to have limited numbers of large 
and older specimens. Given that fecun-
dity increases with age and size (Raiko-
va-Petrova 1992, Rozdina 2009, Kolev 
2021), it should be expected that the lack 
of larger fish has a negative impact on 
the reproductive potential of the species. 
All of these facts indicate that additional 
conservation efforts may be needed in the 
future, such as regulations in fishing for 
the species in order to maintain the long-
term sustainability of its population in the 
Mesta River.
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Abstract
Global climate change impacts all aspects of human life, including agriculture. Coffee is a 

major export commodity for Lampung Province. El Niño and La Niña can reduce coffee produc-
tion by 80 %. Agroforestry coffee planting pattern is one of the steps to minimize the impact of 
climate change. This research, conducted from November 2022 to March 2023 in West Lampung 
Regency, focused on the Way Tenong, Air Hitam, and Batu Brak sub-districts. A survey method 
was employed, and a sample of 233 coffee farmers was selected through random sampling. The 
samples in this research were divided into three groups, namely monocropping coffee systems 
(MCS), simple agroforestry systems (SAFS), and complex agroforestry systems (CAFS). The 
level of livelihood vulnerability of farm households was analysed using the Livelihood Vulnerability 
Index. Overall, farm households on monoculture coffee farms had higher livelihood vulnerability 
compared to farm households on SAFS and CAFS. Factors significantly affecting the vulnerability 
of coffee farming households to climate change include farmers’ knowledge of climate change, 
drought, rainfall patterns, pest and disease outbreaks, as well as the adoption of SAFS and 
CAFS. Implementing agroforestry systems in coffee farming can help reduce this vulnerability.

Key words: agroforestry coffee farmer, coffee production, Indonesia, West Lampung.

rain. In plantation crops, these changes in 
rainfall patterns and intensity can lead to 
decreased productivity, shifts in flowering 
and harvest seasons, and changes in land 
suitability (Sarvina et al. 2023).

Indonesia ranks as the fourth-largest 
coffee producer globally, with an average 
annual production of 725,680 tons from 

Introduction

In Indonesia, climate change is charac-
terised by changes in average daily tem-
perature, rainfall patterns, rising sea lev-
els, seasonal shifts, and climate variability 
events, such as El Niño and La Niña which 
cause extreme drought and high-intensity 
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2016 to 2020, representing 7.21% of glob-
al coffee output. Lampung Province is a 
key robusta coffee-producing region, con-
tributing 113,739 tons (14.68% of nation-
al production) in 2022. Within Lampung, 
West Lampung Regency is the largest 
producer, accounting for 55,080 tons or 
48.43% of the province’s robusta coffee 
production (Direktorat Jendral Perkebu-
nan 2023).

Coffee is a climate-sensitive plantation 
crop (Bacon et al. 2017). Climate variabil-
ity causes dynamics in coffee production 
(Chengappa and Devika 2016, Pham et 
al. 2019). Changes in climate variabil-
ity as a result of climate change have a 
very significant effect on the growth and 
development of coffee plants, production, 
and economic life of coffee farmers. An in-
crease in the intensity of climate anoma-
lies due to climate change events such as 
El Niño has caused a decrease in coffee 
production by 34.79 %, as well as during 
La Niña, the output of coffee produc-
tion decreased by 98.5  % (Supriadi and 

Pranowo 2015).
Climate change in West Lampung re-

sults in high rainfall variability which caus-
es variations in coffee productivity (Fig. 1). 
When the weather is good, coffee produc-
tivity can reach above 1000  kg·ha-1, but 
when the climate is unfavourable, produc-
tivity drops to 800 kg·ha-1. Resulted in re-
ducing farmers’ income. To reduce the im-
pact of climate change, active efforts are 
needed to anticipate it through mitigation 
and adaptation strategies. Coffee farming 
patterns with agroforestry systems, which 
add trees to the farming system or com-
bine crops and trees, can be a solution to 
address climate change by adopting mit-
igation and adaptation measures (Nan-
dakishor et al. 2022) and help farmers 
earn a sustainable income (Supriadi and 
Pranowo 2015, Meragiaw 2017).

It is common for agroforestry systems 
to alter the risk of drought and flood im-
pacts (van Noordwijk et al. 2016). Trees 
can reduce the consequences of climate 
change, storing carbon in biomass, and 

Fig. 1. West Lampung coffee productivity 2012–2022.
Sources: Badan Pusat Statistik (2022), BPS Provinsi Lampung (2023a, 2023b.)
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soil and reducing atmospheric carbon 
dioxide (Hairiah et al. 2020). In addition, 
agroforestry can reduce land degradation 
(Mohebalian and Aguilar 2018). Agrofor-
estry systems provide options to mitigate 
climate change with the possibility of in-
creased crop yield and provide environ-
mental benefits such as climate change 
adaptation (Coulibaly et al. 2017). Coffee 
agroforestry systems can mitigate project-
ed climate change impacts by modifying 
the microclimate without reducing coffee 
productivity.

Coffee productivity with agroforestry 
systems tends to be more stable over the 
years than with coffee systems without 
shade (Nandakishor et al. 2022). Accord-
ing to Gidey et al. (2020), coffee produc-
tion with agroforestry systems has a high-
er level of resilience in the face of climate 
change. Agroforestry systems can reduce 
the vulnerability of smallholders and act 
as a buffer for their livelihoods (Van Noor-
dwijk et al. 2011, Minang et al. 2015).

In West Lampung Regency, not all 
farmers apply agroforestry systems on 
their coffee plantations. Prasmatiwi et 
al. (2010) reported that based on shade 
plants on coffee plantations, coffee cul-
tivation was categorised into three: 1) 
monoculture or non-agroforestry coffee 
farming, 2) coffee farming with one type 
of intercropping plant or one type of dom-
inant shade plant, and 3) coffee farming 
with complex or multi-strata agroforestry 
systems, namely coffee with various inter-
cropping plants.

Coffee or cocoa plantations may be 
classified into monoculture without shade 
trees, monoculture with specialised shade 
trees (especially legume trees), and poly-
culture with complex shade trees (Somar-
riba and Lachenaud 2013). Pribadi et al. 
(2023) classified coffee plantations into 
monoculture (non-agroforestry), simple 

agroforestry, and complex agroforestry. 
More specifically, Mattalia et al. (2022) 
classified cocoa plantation as monocrop-
ping if cocoa is grown under the sun (with-
out shade tree), SAFS if cocoa is grown 
under 1-3 shade tree species, and CAFS 
if cocoa is grown under more than 3 shade 
tree species.

Research analysing farmers’ vulnera-
bility due to climate change has appeared 
before, reported by Dias et al. (2023), 
Quiroga et al. (2020), and Rahn et al. 
(2014). However, research examining 
whether non-agroforestry (monocropping) 
coffee farmers are more vulnerable to cli-
mate change compared to agroforestry 
coffee farmers has not been conducted. 
This research aims to assess whether 
agroforestry systems in coffee plantations 
can mitigate the vulnerability of farming 
households to climate change in West 
Lampung Regency and to identify the fac-
tors influencing the level of vulnerability 
among coffee farmers.

Method

Field research was conducted from No-
vember 2022 to March 2023. Research-
ers employed a survey-based approach, 
gathering primary data through direct in-
terviews with coffee cultivators. The re-
search respondents were coffee farmers 
in 3 coffee production center sub-districts 
in West Lampung, Indonesia, namely 
Batu Brak, Way Tenong and Air Hitam 
sub-districts. We selected 8 villages for 
the research and a visual representation 
of these sub-districts geographical loca-
tions is provided in Figure 2.

This research included 233 coffee 
farmers, categorised into three groups 
based on the classification adapted from 
Mattalia et al. (2022): (1) monocropping 
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coffee systems (MCS), (2) simple agro-
forestry systems (SAFS), and (3) complex 
agroforestry systems (CAFS). In MCS 
(non-agroforestry system), coffee trees 
are grown alone without any shade. In 
SAFS, they are cultivated with up to three 
shade tree species. In CAFS, coffee trees 
are grown with four or more shade tree 
species. The number of respondents in 
each category is detailed in Table 1.

Table 1. Respondent categories.

Categories
Number 

of respon-
dents

Monocropping coffee systems 69
Simple agroforestry systems 91
Complex agroforestry systems 73
Total 233

Researchers examined the suscep-
tibility of coffee growers using the Liveli-
hood Vulnerability Index (LVI), a frame-
work established by Hahn et al. (2009). 
Vulnerability, as defined by Adger (2006), 
describes how prone individuals or com-
munities are to disruptions in their way of 
life caused by social and environmental 
shifts. LVI methodology evaluates sever-
al crucial factors, including demographic 
characteristics, financial resources, ed-
ucational attainment, consumption pat-
terns, food availability, access to water, 
exposure to natural calamities, and fluctu-
ations in climate conditions.

LVI analysis, as outlined by the Inter-
governmental Panel on Climate Change 
(IPCC) (LVI-IPCC), indicates that vulner-
ability is determined by adaptive capacity, 
sensitivity, and exposure. This framework 
allows respondents to openly assess var-
ious questions related to these factors. 
The indicators used for LVI measurement 
are detailed in Table 2.

The data used in the index calcula-

tion has different units and weights so it 
needs to be standardised to equalise the 
weights using equations (1) to (5) (Hahn 
et al. 2009).

	 ,
SS

SSIndex
minmax

min
sd −

−
=   	 (1)

where: Indexsd is a standardised value of 
each subcomponent, S is the observed 
value of each subcomponent, Smin and 
Smax are the maximum and minimum val-
ues for each subcomponent.

After determining the subcomponent’s 
value, the next step is to calculate the val-
ue of the main component using equation 
(2).
	 ,IndexM ∑= n

1
sd

i n
 	 (2) 

where: Mi is one of the eight main compo-
nents, Indexsd is the sum of the subcom-
ponents, and n represents the number of 
subcomponents within each main compo-
nent.

After calculating the values for each 
main component, they must be averaged 
to determine the overall LVI level using 
equation (3) (Manaye 2024).
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where: LVI is vulnerability of each agrofor-
estry system, determined from the weight-
ed average of the eight main components, 
Wmi is the weight of each main component, 
and Mi is the main component. 

LVI employs a scale ranging from 0 to 
1, where the lower bound signifies mini-
mal vulnerability and the upper bound 
represents maximum vulnerability. In cal-
culating the LVI-IPCC index, researchers 
evaluate three main vulnerability factors 
as outlined by the IPCC: sensitivity, adapt-
ability, and exposure. Although it uses the 
same indicators as LVI, LVI-IPCC index 
integrates them based on their contrib-
uting factors before combining the main 



	 Agroforestry coffee reduces household vulnerability to climate change	 249

components. The value for each contrib-
uting factor is determined using equation 
(4).

	 ,
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=

=
⋅

=
1 mi

1 idmi
d  	 (4) 

where: CFd represents an IPCC defined 
contributing parameter (adaptive capac-
ity, sensitivity, and exposure) for region 
‘d’, Mdi denotes the main component for 
region ‘d’ indexed by i; Wmi is the weight of 
each main component, n is the number of 
main components within each contributing 
parameter.

After quantifying adaptive capacity, 
sensitivity, and exposure, the three con-
tributing parameters are combined using 
equation (5).
	 LVI – IPCC = (ed – ad)·Sd	 (5)
where: LVI – IPCC is for region ‘d’ based 
on the IPCC vulnerability framework. 
In this context, ed denotes the exposure 
score calculated for region ‘d’ (including 
climate variability and natural disaster 
components), Sd denotes the sensitivity 
score (weighted average of the biophys-
ical environment, agriculture, and water 
systems), and ad denotes the adaptive ca-

Table 2. Indicators for measuring vulnerability of farming households.

Parameter Main component Definition Reference

Exposure
Natural disasters 
and climate vari-
ability

Natural disasters experienced by farmers 
in the last decade due to climate variabil-
ity.

Hahn et al. (2009), 
Ho et al. (2022)

Adaptation Socio-demograph-
ics

Farmer traits refer to the attributes of 
farmers, such as age and gender, that 
affect their understanding and reaction to 
climate change impacts.

Hahn et al. (2009), 
Shen et al. (2022)

Education
The attributes of farmers that shape their 
understanding of and reactions to the 
consequences of climate change.

Hahn et al. (2009), 
Shen et al. (2022)

Income
The various sources of revenue for farm-
ers influence their vulnerability to climate 
change.

Hahn et al. (2009), 
Murniati et al. 
(2017)

Consumption

Consumption encompasses the sourc-
es and factors related to farmer’s dietary 
habits, such as rice consumption and sta-
ple food choices, which affect their vulner-
ability to climate fluctuations.

Hahn et al. (2009), 
Murniati et al. 
(2017)

Sensitivity Agriculture

The characteristics of a farm and ele-
ments that affect the resilience of liveli-
hoods to climate change, including farm 
size, shade-producing crops, and crops 
other than coffee.

Hahn et al. (2009), 
Murniati et al. 
(2017)

Water Availability of water for farmers to irrigate 
their fields amid climate change impacts.

Adu et al. (2018), 
Ho et al. (2022)

Food

Food security and the elements influenc-
ing farmers’ susceptibility to climatic shifts 
encompass crop diversification and the 
capacity to preserve crops.

Hahn et al. (2009), 
Adu et al. (2018)
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pacity score (weighted average of assets 
and wealth, social networks, socio-demo-
graphics, and physical assets) (Asfaw et 
al. 2017). LVI – IPCC framework employs 
a scale ranging from -1 to +1, with -1 indi-
cating minimal vulnerability (adaptive ca-
pacity exceeds sensitivity and exposure), 
0 indicating moderate vulnerability (adap-
tive capacity and exposure are balanced), 
and +1 indicating high vulnerability (sen-
sitivity and exposure exceed adaptability) 
(Hahn et al. 2009).

Factors influencing the vulnerability 
level of coffee farmers to climate change 
were analysed using binary logistic re-
gression. This analytical approach exam-
ines the correlation between a binary or 
dichotomous dependent variable (y) and 
independent variable (x) which can be 
quantitative, qualitative, or a combination 
of both (Hosmer and Lemeshow 2000). 
In this research, the dependent variable 
(y) has two categories: ‘not vulnerable’ 
(y = 1) and ‘vulnerable’ (y = 0). The criteria 
for vulnerable and not vulnerable are de-
termined by LVI-IPCC scale of -1 – -0.4 is 
not vulnerable, -0.41 – 0.3 is vulnerable, 
and 0.31  –  1 is highly vulnerable (Hahn 
et al. 2009). The independent variables 
include land area, education, climate 
change knowledge, age, drought level, 
rainfall, pest and disease attacks, number 
of adaptation strategies, simple agrofor-
estry system, and complex agroforestry 
system. The logistic regression equation 
is based on the probability function π(𝑥) 
= E(𝑌|𝑥), where E(𝑌|𝑥) represents the ex-
pected value of Y given x. The interpreta-
tion of this probability function is detailed 
in equation (6).

	 ( ) .
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Then a logit transformation is per-
formed to simplify equation (6) in logit 

form as in equation (7).
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where: β0 is the intercept, βp is the regres-
sion coefficient of p-th variable estimator, 
and x is the estimator variable.

The logistic regression model with pre-
dictor variables is a logit model, where the 
function is a linear function of the param-
eters. In assessing the impact of the inde-
pendent variables on the dependent var-
iable, the Likelihood Ratio (LR) test and 
Wald test are utilised.

Result and Discussion

Characteristics of respondents

The characteristics of coffee farms of 
sampled farmers are shown in Table 3. 
The average land size of MCS is 1.1 ha 
which is similar to land size of SAFS, while 
land size of CAFS is 1.51 ha. In this re-
search, farmers of those three categories 
are the owner of the land. Age of the av-
erage coffee plants in the three categories 
is almost the same, range between 22–23 
years. The number of coffee trees per ha 
of MCS is greater than those of SAFS and 
CASF. In SAFS and CAFS, beside coffee 
trees, there are intercrops including pep-
per (Piper nigrum L.) and banana (Musa 
paradisiaca L.), and shade trees including 
Gliricidia sepium (Jacq.) Walph., Erythri-
na subumbrans (Hassk.) Merr.), Dalber-
gia latifolia Roxb.), and Maesopsis eminii 
(Engl.).

Coffee productivity in CAFS was 
948  kg·ha-1, surpassing that in SAFS 
was 859 kg·ha-1 and in MCS 817 kg·ha-1. 
Farmers typically sell their coffee to village 
intermediaries. The price at which coffee 
is sold varies based on its quality and the 
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selling location. The average selling price 
of coffee was IDR 24,159–24,236 per kg.

Income from agroforestry coffee farm-
ing is derived from two sources: revenue 
from coffee plants and earnings from inter-
cropped plants. In MCS, farmers earned 
intercropping income of IDR 435,628 per 
ha in total. In SAFS, farmers get income 
from pepper plants climbed on gliriside 
plants and banana and chili plants. The 
total revenue of intercropping simple 
agroforestry systems is IDR 2,528,968. In 
the CAFS, farmers get additional income 
from avocado (IDR 267,428), pepper (IDR 
1,201,228), banana (IDR 760,928), cloves 
(IDR 96,285), jengkol (IDR 248,571), pe-
tai (IDR 85,714), durian (IDR 232,857), 
and chili (IDR 113,571). The income of in-
tercropping complex agroforestry systems 
is IDR 3,296,728 per ha.

The average income of coffee farming 
in CAFS was the highest compared to oth-
er systems at IDR 21,247,112. The find-
ings of this research align with Huhasna 
et al. (2021), which indicate that the aver-
age net income from coffee agroforestry 

systems is higher compared to that from 
coffee agroforestry systems with a single 
plant type (monoculture).

Farmer’s knowledge of climate change

Overall, farmers’ insights on climate 
change is mainly linked to the impact of the 
rainy and dry seasons. The most striking 
climate change felt by farmer households 
in the three agroforestry systems is the in-
crease in rainfall. The increase in rainfall 
that was felt by farmers occurred in April 
and May, which amounted to 27.27 % and 
136.09  % (Badan Pusat Statistik 2022). 
The increase in rainfall was felt by farm-
ers, considering that this month was the 
coffee harvest season. Increased rainfall 
can cause flowers, pistils, and fruit to rot 
and hamper the harvest process (Evizal 
et al. 2019). In addition, due to increased 
rainfall, farmers need more time to spend 
drying coffee. Farmers need about more 
than two weeks. As much as 81.16  % 
farmers of MCS felt the increased rainfall 
more than the other two agroforestry sys-

Table 3. Coffee farming profile.

Description
Monocropping coffee 

systems
Simple agroforestry 

systems
Complex agroforestry 

systems
mean max min mean max min mean max min

Land area, ha 1.11 4.00 0.25 1.16 4.00 0.50 1.51 7.00 0.40
Number of coffee 
trees 2552 4000 1250 2472 3000 1000 2390 3100 1000

Age of coffee 
plant, years 23.90 60.00 5.00 22.42 50.00 3.00 23.73 20.00 4.00

Number of in-
tercrops, trees 
per ha

- - - 236 198 584 349 295 669

Coffee price, 
IDR·kg-1 24,159 27,000 21,000 24,016 27,000 21,000 24,236 27,000 21,000

Coffee productiv-
ity, kg·ha-1 817 1350 300 859 1510 467 948 1690 400

Note: 1 IDR = 60,085,037∙1012 € and 1 € = 16,645.3 IDR.
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tems.
The impacts of climate change most 

commonly experienced by farmers in 
monocropping coffee systems as well as 
in simple and complex agroforestry sys-
tems include pests and plant diseases. 
According to Syakir and Surmaini (2017), 
climate change can exacerbate the prev-
alence of coffee pests and diseases, such 
as coffee fruit borer and leaf rust. Addi-
tionally, changes in rainfall intensity are 
among the most noticeable impacts of 
climate change for farmers. In monocrop-
ping systems, 81.16% of farmers reported 
experiencing more significant effects from 
changes in rainfall intensity compared 
to those in agroforestry systems. This is 
because monocropping systems do not 
use shade, so increased rainfall directly 
impacts the coffee plants, potentially re-
ducing flower and fruit production due to 
decreased photosynthesis from increased 
cloud cover. In addition, farmers also ex-
perienced crop failure as a consequence 
of climate change. Most MCS coffee farm-
ers (53.62  %) experienced a production 
decline. In contrast SAFS coffee farmers 
(36.56  %) and CAFS (26.03  %) experi-
enced a production declining. This crop 
failure is due to coffee fruit fall and coffee 
fruit drive disease due to increased rain-
fall. Harvest failure can also refer to the 
percentage of farmers who experienced a 
decreased production.

Exposure index

The purpose of calculating the exposure 
index is to have a closer sense of the im-
pacts of climate change experienced by 
farming households. Based on Table 4, 
MCS coffee farmers have a greater expo-
sure index (0.44) than SAFS and CAFS 
(0.36 and 0.30). A higher exposure in-
dex indicates that coffee SAFS farmers 

in MCS are more vulnerable to climate 
change compared to those in SAFS and 
CAFS. Indicators that influence this are 
the increased risk of landslides and cli-
mate extremes. Climate extremes report-
ed by farmers in the research location re-
fer to increased rainfall and a prolonged 
rainy season. SAFS and CAFS have a 
lower exposure index because the shade 
trees help mitigate the impacts of climate 
change. Additionally, climate change can 
increase the risk of landslides. MCS cof-
fee farming is more vulnerable to landslide 
risk (0.72) than SAFS (0.49) and CAFS 
(0.30). Agroforestry systems play a very 
important role in retaining run-off, which 
significantly reduces the occurrence of 
floods and landslides.

Another impact of increased climate 
extremes due to increased rainfall and 
prolonged rainy seasons is increased pest 
and plant disease attacks. Increased rain-
fall can reduce the ambient temperature, 
making coffee berry borer pests and rust 
disease spread faster. MCS coffee farm-
ers are more susceptible to pests (0.52) 
than SAFS and CAFS (0.48 and 0.38). 
Pests spread more rapidly in coffee farms 
without shade plants. However, the use of 
shade plants in coffee farms can help re-
duce the rate at which pests and diseases 
spread (Rice 2018).

Sensitivity index

The calculation of the sensitivity index 
is intended to evaluate how susceptible 
farm households are to climate change. 
Results of Table 5 show that in the main 
component of agriculture, farm house-
holds on MCS have a higher sensitivity 
(0.23) than farm households on CAFS 
(0.39). This sensitivity is because the av-
erage farm household in MCS does not 
have farms other than coffee. MCS coffee 



	 Agroforestry coffee reduces household vulnerability to climate change	 253

Table 4. Subcomponent, main component, and exposure index values due to climate 
change.

Main  
component Subcomponent

Subcomponent 
value

Main component 
value

MCS SAFS CAFS MCS SAFS CAFS

Natural 
disasters 

and climate 
variability

Households not aware of climate 
change information 0.32 0.18 0.14 0.44 0.36 0.30

Number of drought-affected 
households 0.28 0.27 0.27

Frequency of climate extremes 
increases 0.46 0.51 0.43

Heat and soil drying out early 0.34 0.24 0.25
Crop failure 0.41 0.36 0.33
Landslide risk 0.72 0.49 0.30
Pests and diseases 0.52 0.48 0.38

Exposure index 0.44 0.36 0.30

Table 5. Subcomponent, main component values, and sensitivity of farm households  
to climate change.

Main 
compo-

nent
Subcomponent Subcomponent value Main component 

value
MCS SAFS CAFS MCS SAFS CAFS

Agricul-
ture

Land area cultivated 0.10 0.11 0.15 0.23 0.23 0.39
Percentage of households with 
income other than agriculture 0.65 0.62 0.66

Number of shade plants that 
produce yields 0.10 0.12 0.12

Percentage of households with 
farms other than coffee 0.12 0.16 0.11

Food

Percentage of households that 
grow food crops 0.50 0.52 0.56 0.43 0.42 0.39

Percentage of households that 
have savings 0.04 0.05 0.03

Share of households that never 
store their harvest 0.75 0.70 0.59

Water

Water availability is limited 0.20 0.28 0.06 0.41 0.40 0.26
Using water wisely 0.49 0.47 0.38
Apply irrigation 0.38 0.30 0.23
Number of households with ar-
tificial water sources 0.38 0.35 0.22

Share of households that use 
water not from natural sources 
for household needs

62.32 59.34 41.10

Sensitivity index 0.36 0.35 0.34
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farmers depend solely on coffee farming 
as their main source of income. If both 
quantity and quality of farm production di-
minished due to climate change impacts, 
farm households on MCS are more affect-
ed by other agroforestry systems (Minai et 
al. 2014).

Based on the main component values 
for the food indicator, MCS coffee farmers 
exhibit higher sensitivity (0.43) compared 
to farm households in other agroforestry 
systems (0.42 and 0.39). This higher sen-
sitivity is due to most MCS coffee farm-
ers not storing their crops or planting food 
crops, resulting in a lack of food reserves. 
Consequently, if climate change impacts 
reduce the quantity and quality of farm 
production, MCS coffee farmers are more 
significantly affected in meeting their food 
needs compared to those in SAFS and 
CAFS systems. In the water indicator, the 
sensitivity level of the main component for 
farm households in MCS is higher (0.41) 
compared to those in other agroforestry 
systems, which have sensitivity levels of 
0.40 and 0.26, respectively. This sensitivi-
ty is because most of MCS coffee farmers 
do not have a fixed water source such as 
a well compared to farm households in 
other agroforestry systems. MCS coffee 
farmers mostly rely on rain-fed systems, 
thus vulnerable to droughts and water 
shortages (Gidey et al. 2020).

Adaptability index

Calculating the adaptive capacity index 
is essential for understanding how farm-
ing households make efforts to cope with 
climate change. Based on Table 6, CAFS 
coffee farmers have better adaptability 
(0.42) compared to MCS (0.37) and SAFS 
coffee farmers (0.39). The most influential 
main component for farm households on 
CAFS in adaptability is income. House-

holds in CAFS farms earn more income 
than farm households in other agroforest-
ry systems because most of them have 
income from non-farm sources. Thus, in 
the event of climate change that affects 
their farming activities, complex agrofor-
estry systems farming households still 
have income reserves. According to (Pur-
boningtyas et al. 2018) livelihood diversifi-
cation is one of the economic adaptations 
carried out by farmers.

Livelihood vulnerability of farming 
households using the LVI method

The vulnerability status of farm house-
holds from climate change can be deter-
mined through LVI values formulated by 
Hahn et al. (2009). Table 7 shows that 
MCS coffee farmers (0.46) experience 
natural disasters and climate variability 
more than SAFS (0.38) and CAFS cof-
fee farmers (0.30). Both areas have rel-
atively moderate values because they 
are not disaster-prone areas. The losses 
experienced are economic losses caused 
by climate variability in coffee farming ac-
tivities. Generally, MCS coffee farmers 
have higher livelihood vulnerability than 
in SAFS and CAFS coffee farmers. This 
result is indicated by LVI values of 0.39 
for MCS coffee farmers, 0.35 for SAFS, 
and 0.33 for CAFS. Both regions have 
relatively moderate livelihood vulnerability 
relative to the LVI scale of 0 to 0.5.

Livelihood vulnerability of farming 
households using the LVI-IPCC 
method

The calculation of livelihood vulnerability 
to climate change using the LVI-IPCC in-
volves combining the values of the seven 
main components. A higher LVI-IPCC val-
ue indicates greater livelihood vulnerabil-
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Table 6. Subcomponent, main component values and farmer household adaptation to cli-
mate change.

Main  
component Subcomponent

Subcomponent  
value

Main component 
value

MCS SAFS CAFS MCS SAFS CAFS

Socio-demo-
graphics

Number of female household 
heads 0.01 0.00 0.01 0.24 0.22 0.25

The average age of household 
head 0.47 0.47 0.50

Number of unproductive family 
members 0.25 0.47 0.22

Income
Total household income 0.14 0.17 0.31 0.40 0.39 0.55
Number of households with off-
farm income 0.65 0.62 0.79

Education

Household head education < 9 
years 0.52 0.59 0.42 0.33 0.39 0.31

Number of household members 
with > 9 years of education 0.14 0.18 0.19

Consump-
tion

Amount of household rice con-
sumption per day 0.18 0.21 0.20 0.50 0.56 0.56

Whether or not there is a combi-
nation of staple food consump-
tion

0.96 1.00 1.00

Number of staple food combi-
nations 0.37 0.48 0.49

Index adaptive 0.37 0.39 0.42

Table 7. LVI value, farm household livelihood vulnerability index to climate change.

Main component Main component value
MCS SAFS CAFS

Natural disasters and climate variability 0.46 0.38 0.30
Socio-demographics 0.24 0.22 0.25
Income 0.40 0.39 0.55
Education 0.33 0.39 0.31
Consumption 0.50 0.56 0.56
Agriculture 0.24 0.26 0.39
Food 0.43 0.42 0.39
Water 0.41 0.40 0.26
LVI 0.39 0.35 0.33

ity due to climate variability. According to 
the results in Table 8, farmer households 
in MCS exhibit higher livelihood vulnera-
bility (0.03) compared to those in SAFS 

(-0.01) and CAFS (-0.04). The elevated 
exposure and sensitivity indices (0.44 and 
0.36, respectively), coupled with a lower 
adaptability index (0.37), demonstrate 
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that monoculture coffee systems are more 
severely impacted by climate change and 
less capable of adapting to its effects. 
This limited adaptability in monoculture 
systems makes farmers more vulnerable 
in terms of their livelihoods.

Factors affecting the level of 
vulnerability of coffee farmer 
households

The analysis results in Table 9, show that 
farmers’ knowledge of climate change 
has a negative coefficient and is signifi-
cant at the 1% level. This indicates that 
the vulnerability index for farmer house-
holds with knowledge of climate change is 
0.2186 lower than for those without such 
knowledge. The lack of awareness about 
climate change means that uninformed 
farmers are less likely to implement ad-

aptation strategies during disasters. 
Consequently, farmers who are unaware 
of climate change are more vulnerable 
than those who are informed. The level 
of drought related to climate change has 
a positive coefficient and is significant at 
the 5% level. This means that each unit 
increase in drought severity raises the 
vulnerability index by 1.2922. The direct 
impact of drought on farmers is a reduc-
tion in crop production, which lowers their 
income and increases their vulnerability 
to climate change. Additionally, the lack 
of awareness among farmers about the 
importance of building water reservoirs 
during the dry season hampers their abili-
ty to adapt to climate change.

Rainfall related to climate change has 
a positive coefficient and is significant at 
the 1% level. This indicates that each unit 
increase in rainfall raises the vulnerability 
index by 3.4513. Erratic rainfall significant-
ly impacts household exposure levels, as 
inconsistent rainfall can reduce crop pro-
duction. In fact, 53.62  % of farmers in 
monoculture coffee systems reported a 
decline in yields due to increased rainfall 
associated with climate change.

Table 8. Farm household LVI-IPCC value.

LVI-IPCC parameter MCS SAFS CAFS
Exposure 0.44 0.36 0.30

Adaptability 0.37 0.39 0.42
Sensitivity 0.36 0.35 0.34
LVI-IPCC 0.03 -0.01 -0.04

Table 9. Factors affecting the level of vulnerability of coffee farming households.

Variable Coefficient Std. Error z-statistic Prob. Odds ratio
Constant -0.5791 2.0608 -0.2810 0.7787 0.5604
Land area -0.3217 0.2529 -1.2723 0.2033 0.7249
Education 0.0547 0.0576 0.9508 0.3417 1.0562
Climate change knowledge -1.5205*** 0.4202 -3.6185 0.0003 0.2186
Age -0.0136 0.0143 -0.9549 0.3396 0.9865
Drought level 0.2564** 0.1289 1.9886 0.0467 1.2922
Rainfall 1.2387*** 0.2785 4.4477 0.0000 3.4513
Pest and disease attacks 1.3492*** 0.2874 4.6938 0.0000 3.8544
Total adaptation strategy -0.4486 0.2420 -1.8532 0.0639 0.6386
Simple agroforestry systems -0.8467** 0.4141 -2.0449 0.0409 0.4288
Complex agroforestry systems -0.9850** 0.4665 -2.1117 0.0347 0.3734

Note: *** – significant at the α 1%, ** – significant at the α 5%, * – significant at the α 10%; 
z-statistic is coefficient/std error, Prob. is the probability of error for β0 or β1 predicted separately.
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Pest and plant disease attacks have a 
positive coefficient and are significant at 
the 1% level against climate change. It 
means that every one time increase in pest 
and plant disease attacks will increase the 
vulnerability index by 3.8544. More than 
60 % of farmers in the three agroforestry 
systems experienced increased pest and 
plant disease attacks due to increased 
temperature and rainfall. Increased pest 
infestation and plant diseases make farm-
ers more vulnerable to crop failure.

Simple and complex agroforestry sys-
tems have negative coefficients and are 
significant at the 5% level against climate 
change. It means that the vulnerability 
index of households of simple and com-
plex agroforestry systems is 0.4288 and 
0.3734 lower than that of monoculture 
farmer households. Paudel et al. (2022) 
said that agroforestry practices contribute 
to climate change mitigation and adapta-
tion while reducing their vulnerability to 
climate impacts. This statement is con-
sistent with the LVI-IPCC values (Table 8), 
which indicate that complex and simple 
agroforestry systems are less vulnerable 
to climate change compared to mono-
cropping coffee systems.

Conclusions

Overall, farm households engaged in 
monocropping coffee systems exhib-
it higher livelihood vulnerability (0.03) 
compared to those in simple (-0.01) and 
complex agroforestry systems (-0.04). 
In other words, incorporating agroforest-
ry systems in coffee farming can reduce 
the vulnerability of farm households to 
climate change. The use of shade crops 
plays a significant role in both mitigating 
and adapting to climate change. Factors 
that significantly impact the vulnerability 

of coffee farming households to climate 
change include farmers’ knowledge of cli-
mate change, drought levels, rainfall pat-
terns, pest and plant disease infestations, 
and the use of simple and complex agro-
forestry systems. Climate change leads to 
adverse social, economic, and environ-
mental effects.

To reduce the vulnerability of coffee 
farming households to climate change, it 
is recommended that farmers implement 
a coffee agroforestry system by planting 
shade trees and economically valuable 
plants, such as spices and fruit trees.
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Abstract
Falcataria falcata is valuable species for timber production in Indonesia. Yields from this spe-

cies, however, are reduced by gall rust caused by Uromycladium falcatarium. The aim of this re-
search was to identify whether extracts of Salix babylonica and Clerodendrum paniculatum could 
induce systemic resistance of F. falcata to gall rust. Experiments were conducted at the nursery 
of Vocational College, Universitas Gadjah Mada. Three factors were tested, i.e. plant extract (S. 
babylonica or C. paniculatum), extract concentration (diluted or undiluted), and time of applica-
tion (inoculated one day or seven days after elicitor application). Parameters measure were total 
phenolic compounds and the symptom of gall rust. The total phenolic compounds produced by 
seedlings treated with C. paniculatum extract were significantly lower than other treatments. After 
5 months of observation, gall rust symptoms were only found on seedlings treated with C. panicu-
latum extract, i.e. stiff and bent shoot, stiff and slightly bent with a white stripe on branch, stiff and 
slightly bent leaf stalk, and gall formation.

Key word: Clerodendrum paniculatum, Salix babylonica, total phenolic, Uromycladium fal-
catarium.

(Suharti et al. 2019). This disease was 
identified causing damage to F. falcata 
in Indonesia since 1993 (Rahayu et al. 
2010). It is also present in other countries 
of Southeast Asia, including Malaysia and 
Philippines (Rahayu et al. 2010, 2018; 
Lacandula et al. 2017; Palma et al. 2020; 
Calunsag et al. 2022).

The pathogen causing gall rust of F. fal-
cata is Uromycladium falcatarium Doung-

Introduction

Falcataria falcata (L.) Greuter & R.Rankin 
has been planted widely in Indonesia both 
at industrial plantation forest and commu-
nity forest with an aim to provide wood 
for industry (Dendang and Sudomo 2020, 
Nandini et al. 2023, Yunita et al. 2023). 
Growth of this important tree, howev-
er, can be severely affected by gall rust 
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sa-ard, McTaggart & Shivas (Doungsa-ard 
et al. 2014, Suharti et al. 2019, Rahayu et 
al. 2020). Doungsa-ard et al. (2014) men-
tioned that the morphology of U. falcatari-
um and U. tepperianum (Sacc.) McAlpine, 
which is previously reported as caused of 
gall rust, was similar, but U. falcatarium 
had fewer striae (25–32) than U. tepper-
ianum (30–45). In addition, Rahayu et al. 
(2020) reported that U. falcatarium from 
areas surrounding volcano mountain was 
more virulent than others.

Gall rust can attack plants at all stages 
of growth, from seedlings in the nursery 
to mature stands in the field (Rahayu et 
al. 2020). Corryanti and Novitasari (2015) 
suggested that gall rust may cause up to 
90 % mortality of F. falcata. Moreover, Le-
lana et al. (2024) mentioned that disease 
prevalence in F. falcata, which were plant-
ed around 100 – 500 m from inoculum 
source, reached 100 % seventh year after 
planted. According to Rahayu et al. (2018) 
development of gall rust is more intensive 
in environments with high relative humid-
ity (≥ 90 %), low wind speed (about 30 to 
50 km·h-1), frequent fogs, usually in forest 
growing on steep slopes and surrounded 
by high and dense vegetation.

Several studies have been conducted 
on innovative methods for the control of 
gall rust. Provenance tests were carried 
out to determine whether high resistance 
to U. falcatarium occur in different popu-
lations of F. falcata (Charomaini and Is-
mail 2008, Baskorowati et al. 2012). Plant 
growth promoting rhizobacteria (PGPR) 
and mycorrhiza were tested to improve 
the vigour of F. falcata (Putri and Bramas-
to 2017, Baskorowati et al. 2024). Silvi-
culture practices, such as removing gall 
followed by tar smearing treatment, were 
conducted to control gall reformation (Cip-

ta et al. 2017). Furthermore, mix-planted 
forests were undertaken to manipulate 
the environment to reduce favourability 
for pathogen development (Lestari et al. 
2013, Dendang and Sudomo 2020). De-
spite some effort looking for suitable man-
agement methods, inducible resistance 
of F. falcata against gall rust using plant 
extract elicitors has not been examined.

Induced resistance is a phenomenon 
that stimulates plant to activate resistance 
through the application of elicitors. It is 
wide-ranging and effective in managing 
infections, as numerous resistance trig-
gers disease control ranging from 20 % to 
85  % (Walters et al. 2005). In response 
to elicitors, plants release chemical com-
pounds, such as phenolics, anthocyanins, 
and flavonoids as a defence mechanism 
against pathogen attack (Aguilar et al. 
2023). Furthermore, Putri et al. (2014) re-
ported that F. falcata seedlings attacked 
by pathogens produced higher concen-
trations of total phenolics than those that 
were uninfected.

Hanudin et al. (2016) showed that ex-
tract of Salix sp. effectively suppressed 
white rust disease on Chrysanthemum sp. 
flowers caused by Puccinia horiana Henn. 
Besides, Pandawani et al. (2022) reported 
that leaf extract of Clerodendrum panicu-
latum L. successfully inhibited zucchini 
yellow mosaic virus in Cucurbita pepo L. 
These extracts, therefore, can be exam-
ined in eliciting systemic resistance of F. 
falcata seedlings against gall rust, particu-
larly at the seedling stage, where F. falca-
ta is more susceptible to U. falcatarium in-
fection. Therefore, the aim of the research 
was to determine the effects of plant-de-
rived extracts of Salix babylonica L. and 
Clerodendrum paniculatum when applied 
to F. falcata exposed to gall rust.
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Material and Methods

Experimental design

Experiments were conducted for seven 
months in the nursery of the Vocational 
College, Universitas Gadjah Mada. The 
experiment was laid out in a completely 
randomized design (CRD) with three fac-
tors, elicitor (S. babylonica or C. panicula-
tum), extract concentration (diluted or un-
diluted), and inoculation time of U. falca-
tarium’s teliospores (inoculated one day 
or seven days after elicitor application). 
In total, there were 8 treatment combina-
tions, i.e. diluted S. babylonica extract, in-
oculated one day after extract application 
(DS1); undiluted S. babylonica extract, 
inoculated one day after extract applica-
tion (US1); diluted S. babylonica extract, 
inoculated seven days after extract appli-
cation (DS7); undiluted S. babylonica ex-
tract, inoculated seven days after extract 
application (US7); diluted C. paniculatum 
extract, inoculated one day after applica-
tion extract (DC1); undiluted C. panicula-
tum extract, applied one day after applica-
tion (UC1), diluted C. paniculatum extract, 
inoculated seven days after application 
extract (DC7); undiluted C. paniculatum 
extract, inoculated seven days after appli-
cation (UC7). Each treatment and control 
(control, without extract application) were 
replicated 28 times, 25 plants for disease 
observation and 3 plants for total phenolic 
content measurement.

Extraction of plant

Extractions were carried out following the 
methods of Duriat (2008) and Hanudin et 
al. (2016). Briefly, S. babylonica and C. 
paniculatum fresh mature leaves were 
crushed into 0.01 M phosphate buffer pH 
7.0. The leaves to buffer ratio for diluted 

extract was 1: 1 (w/v, 100 g per 100 ml), 
while for undiluted 2: 1 (w/v, 200  g per 
100ml). Leaf extracts were stored at < 
10 ºC until required.

Inoculation of seedlings

Teliospores of U. falcatarium were collect-
ed from the community forest of Yogya-
karta (7°37’06.6” S 110°27’30.5” E). Six 
weeks old healthy seedlings of F. falcata 
were inoculated with teliospores of U. fal-
catarium using a suspension-drop tech-
nique where 3  mL of spore suspension 
was applied onto each seedling at termi-
nal shoot and leaves using a pipette. In-
oculum density was 2.46·106·mL-1. Treat-
ed seedlings were later placed in plastic 
shade for one month to maintain high hu-
midity.

Analysis of total phenolic contents

To understanding changes in total pheno-
lic contents after application of elicitor ex-
tracts, host plant tissues were analysed at 
1, 3, 5, and 7 days after application. The 
leaf of host plant was separated from the 
twigs and was air dried for about seven 
days at room temperature. As much as 1 g 
air dried sample was extracted with meth-
anol (30 mL) for three days at room tem-
perature. The solution was then filtered 
using Whatman No. 2. Prior the analysis, 
0.5  mL of methanol extract was reacted 
with 2.5  mL of Folin-Ciocalteu reagent 
diluted tenfold. The sample then was al-
lowed to stand for 2 min at room tempera-
ture. To the solution, 2 mL of Na2CO3 solu-
tion (7.5 %) was added and the reaction 
was stood for 30 min. The absorbance of 
the solution was recorded at 765 nm using 
a visible spectrophotometer (model SP-
3000 Nano, Optima, Tokyo, Japan). Total 
phenolic contents were calculated using 
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gallic acid standard as curve calibration in 
unit of mg gallic acid equivalents (GAE) 
per g air dried sample (Diouf et al. 2009).

Statistical analyses

Data were subjected to multi-way analy-
sis of variance (ANOVA) followed by HSD 
tests to determine significant treatments 
effects. All analyses were conducted in R 
with agricolae package.

Result and Discussion

Total phenolic content differed signifi-
cantly with type of elicitor treatment (P < 
0.01), whereas concentration of elicitor 
and time of application had no significant 
effect. The highest concentration of total 
phenolics was found in control seedlings. 
Total phenolic content in seedlings treat-
ed with C. paniculatum extract were sig-
nificantly lower compared to other treat-
ments (P < 0.01). Phenolic concentration 
in seedlings control, treated by extracts of 
S. babylonica and C. paniculatum, were 
4.71, 4.25, and 3.44 mg GAE·g-1, respec-
tively (Fig. 1). The higher concentration of 
phenolics in control seedlings compared 
to those treated with C. paniculatum and 
S. babylonica extracts suggests that the 
untreated plants may rely more on phe-
nolic-based defences as a general stress 
response (Putri et al. 2014), while the elic-
itor treatments likely activate alternative 
defence pathways, potentially resulting in 
different resistance or susceptibility to gall 
rust disease. Previously, it was reported 
that addition the elicitor to the seedlings 
or plants could affect to the number of bio-
active compounds or secondary metabo-
lites, such as phenolics (Shein et al. 2003, 
Al-Khayri and Naik 2020, Santos et al. 
2023). For example, free proanthocyani-

din decreased in Pinus sylvestris L. seed-
ling after treating by mycelium extract of 
Fusarium (Shein et al. 2003), total pheno-
lic and total flavonoid contents of Phoenix 
dactylifera cell decreased after the addi-
tion of pectin, yeast extract, salicylic acid, 
cadmium chloride, and silvernitrate elicitor 
(Al-Khayri and Naik 2020), and total phe-
nolic content of Cereus hildmannianus 
K.Schum. callus cultures decreased af-
ter 8% sucrose treatment (Santos et al. 
2023). Hence, the decreasing of the total 
phenolic contents in this study were in 
agreement with those reported in previ-
ous studies. In the phenylpropanoid path-
way, phenolics and flavonoids are made, 
starting an important enzyme process that 
produce bioactive compounds (Manivan-
nan et al. 2016). However, the addition 
of elicitor with high concentration might 
inhibit the production of these bioactive 
compounds (Ali et al. 2015). Furthermore, 
the addition of elicitor that rich in phenolics 
or antioxidants could inhibit the secretion 
of phenolic compounds (Titov et al. 2006). 

Fig. 1. Total phenolic of F. falcata treated 
by extract of S. babylonica and C. panicu-

latum.
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These facts suggest that the reduction of 
total phenolic content in this study might 
due to high concentration of secondary 
metabolites, such as saponins, alkaloids, 
flavonoids, and terpenoids in C. panicula-
tum extracts (Hafiz et al. 2019, Hebbar et 
al. 2022, Khairuddin et al. 2022).

Total phenolic contents in F. falcata 
seedlings fluctuated over the first week 
after treatment with elicitor extracts 
(Fig. 2). Generally, total phenolic contents 
decreased from the first to fifth days af-
ter application of extracts but increased 
thereafter. Application of both diluted and 
undiluted extracts of C. paniculatum led to 
lower phenolic compound concentrations 
than found in other treatments (P < 0.01).

Antibiotic compounds in plants take an 
important role for defence mechanisms 
against pathogen attack (Chester 1933). 
Phenolic compounds may be amongst 
the preformed chemicals responsible for 
defence (Putri et al. 2014, Mahawer et al. 
2022). Based on the result of this study, 
it appeared that total phenolic contents 
of F. falcata seedlings reduced following 

treatment with C. paniculatum extracts, 
compared to other treatments. This re-
duction in phenolic concentrations may 
be a reason for earlier development of 
gall rust symptoms compared to plants 
in other treatments. Singh et al. (1998) 
mentioned that germination of Ascochyta 
rabiei (Pass.) Labr., pathogen that causes 
blight disease at chickpea, is decelerated 
at higher concentration of malic acid, one 
form of phenolic compounds. Likewise, 
Cagirgan et al. (2011) reported that the 
resistant genotype of chickpea contains 
higher concentration of malic acid than the 
susceptible one. Therefore, the response 
of total phenol content against disease in 
this study agreed with previous studies 
(Singh et al. 1998, Cagirgan et al. 2011, 
Putri et al. 2014, Mahawer et al. 2022, 
Misra et al. 2023, Khanday et al. 2024).

Gall rust symptoms appeared 5 months 
after inoculation (figs 3 and 4). The symp-
toms only emerged at seedling, which 
were applied by diluted and undiluted ex-
tract of C. paniculatum. The part of seed-
lings infected by U. falcatarium were stiff 

Fig. 2. Trend total phenolic of F. falcata after application of elicitors extract.
Note: DS – diluted extract of S. babylonica, US – undiluted extract of S. babylonica, DC – di-

luted extract of C. paniculatum, UC – undiluted extract of C. paniculatum.
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and bent. A white strip appeared on the 
surface of infected branches. Small galls 
formed on the main stem. The symptoms 
observed in this study were similar to those 
reported by Rahayu et al. (2010). Moreo-
ver, Rahayu et al. (2010) explained that in-
fection was indicated by cellular changes 
including misshapen peridem and phloem 
and distorted xylem cells. The gall that 
formed in our research has a green colour, 
and teliospores of U. falcatarium did not 
appear, indicating that the infection is in 
the early stage. In the next stage, the gall 
colour and shape might change due to the 
tumour surface being covered with active 
reddish-brown spores (Rahmawati et al. 
2019) and varying from round to irregular 
shapes (Anggraeni 2009). In addition, we 
found that fungal hyphae were also visi-
ble between the wood cells of F. falcata 
seedlings. According to Rahmawati et al. 

(2019), microscopic observation revealed 
that the structure of wood tissue affected 
by tumour rust disease was scattered and 
irregular.

Conclusions

In the present study, the effects of 
plant-derived extracts of S. babylonica. 
and C. paniculatum to F. falcata seed-
ling resistance against gall rust disease 
were evaluated. The total phenol content 
and gall rust growth were also discussed. 
Total phenol content of F. falcata control 
(4.71 mg GAE·g-1) and treated by extracts 
of S. babylonica (4.25 mg GAE·g-1) were 
significantly higher than treated by extracts 
of C. paniculatum (3.44  mg  GAE·g-1). In 
addition, the gall rust symptoms includ-
ing stiff and bent shoots, stiff and slightly 

Fig. 3. Early symptom at seedling which treated by diluted extract 
of C. paniculatum: (a) stiff and bent shoot, (b) stiff and slightly bent 

branch and white stripe on the infected branch surface.
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bent branches with white stripes, stiff and 
slightly bent leaf stalks, and gall formation, 
were observed only in seedlings treated 
with C. paniculatum extract five months 
after infection. In conclusion, the use of 
plant extract elicitors in this study did not 
appear to induce resistance in F. falcata, 
particularly with C. paniculatum extract.
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Fig. 4. Early symptom at seedling treated by undiluted ex-
tract of C. paniculatum: (a) stiff and slightly bent leaf stalk, 

(b) stiff and slightly bent shoot, (c) gall formation.
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Abstract
In this research, we focused on the following question: What element can be used for phy-

logeography and phylogenetic studies for all species using results of the genome-wide analysis 
(GWA) of numerous model organisms (e.g., Homo sapiens, Mus musculus, Drosophila melano-
gaster)? We especially paid attention to the average mutation rate variation in the DNA fragment 
size across alleles from diverse loci (i.e., related to length-dependent mutation processes). Over 
the past 30 years, all molecular markers have been developed from the fundamentally different 
mechanisms of four mutations: single-nucleotide polymorphisms (SNPs), simple sequence re-
peats (SSRs), insertions–deletions (INDELs), and chromosome aberrations. The challenge is 
to accurately fix the molecular clock for size-variant DNA marker data to uncover the phylogeo-
graphic histories of many plants and animals. In this paper, we provided a lot of examples from 
a Homo sapience to a forest tree from Pinus genus, illustrating the importance of differentiating 
between molecular markers, their origins, and the locus molecular size to better calibrate the 
molecular clock for back-in-time simulation analyses.

Key words: genome analysis, length-dependent mutation processes, molecular clock, phy-
logeography.
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Introduction

Over the past 20–25 years, genome-wide 
analysis (GWA) has enabled the collec-
tion of high-quality genome assemblies 
of diverse species (Rhie et al. 2021). The 
millions of sequences of nucleotide data 
obtained with overall good, effective depth 
and high resolution have been object of 
intensive investigations related to the prin-
cipal, fundamentally different mechanisms 
underlying four mutations: single-nucle-
otide polymorphisms (SNPs), simple se-
quence repeats (SSRs), insertions–dele-
tions (INDELs), and chromosome aberra-
tions. This has, to some extent, changed 
the definition, models, meaning, and 
mutation significance for species evolu-
tion. These molecular markers have been 
used for numerous practical applications, 
such as forensics (Ruitberg et al. 2001), 
paternity testing (Thomson et al. 1999), 
personal medicine (Sturzeneker et al. 
2000), and determination of the time of 
divergence between populations (Gold-
stein and Clark 1995, Stumpf and Gold-
stein 2001). The initial traits of genomic 
data of scientific and practical interest 
are the density, frequency, allele size, 
and mutation rate of molecular markers. 
DNA sequence changes are often stud-
ied using their chromosome position and 
length-dependent frequency. The aver-
age mutation rate per base pair (μbp) is 
observed to be reciprocally proportional 
to the genome size (G) in the base pair 
(bp), as reported by Drake (1991), Drake 
et al. (1998), Lynch (2010), Sanjuan et al. 
(2010), and Sung et al. (2012). In addition, 
the between-species genomic differences 
in all mechanisms underlying principal 
mutations have been confirmed (Krug-
lyak et al. 1998, Dieringer and Schlötter-
er 2003). The results show the following 
differences and similarities: a significant 

difference in the molecular marker density 
and mutation rate between species; and 
a significant observable similarity related 
to length-dependent mutation processes 
among species. Often, genomic studies 
focus on SNPs and from two different 
mutation mechanisms, microsatellites 
and short INDELs. For SNPs, due to the 
nature of DNA change, length-dependent 
mutation processes are not directly appli-
cable. We decided to focus on the similari-
ties between genomic sequence data with 
free access. Next, we present the results 
obtained by different researchers.

Short tandem repeats (STRs) or 
SSRs, known as microsatellites, are re-
peats of 1–6-nucleotide motifs. These 
could be mono-, di-, tri-, tetra-, penta-, and 
hexa-nucleotides. A microsatellite can be 
perfect (or uninterrupted), imperfect (or 
interrupted), or isolated (Calabrese and 
Durrett 2003). Strong evidence suggests 
that the mutation rates of SSR/STR loci 
depend on the length of a repeat unit (We-
ber and Wong 1993; Chakraborty et al. 
1997; Schug et al. 1997; Kruglyak et al. 
1998, 2000; Sibly et al. 2001, 2003; Ca-
labrese and Durrett 2003; Dieringer and 
Schlötterer 2003; Lai and Sun 2003; Whit-
taker et al. 2003; Verbiest et al. 2023). This 
dependency has been confirmed in differ-
ent organisms, such as humans, mice, the 
fruit fly, and yeast. The length-dependent 
density of SSRs is often related to point 
mutations, which break up long repeats; 
long microsatellite repeats are the result 
of mutation robustness at the genomic 
level (Kruglyak et al. 1998). Additional fea-
tures of this DNA change include: (1) the 
number of repeat motifs is more abundant 
in noncoding DNA (i.e., non-genic region) 
than in coding DNA (i.e., genic region), (2) 
the microsatellite density differs between 
chromosome pairs, (3) between intergen-
ic versus intronic sequences (Toth et al. 
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2000, Morgante et al. 2002), and (4) be-
tween sex chromosomes and autosomes 
(Bachtrog et al. 2000), and (5) the micro-
satellite frequency decreases from short 
to large repeat motifs (Calabrese and 
Durrett 2003, Dieringer and Schlötterer 
2003). Another particularity of microsatel-
lites is that mutation robustness depends 
on the nucleotide repeat motif composition 
(Schlotterer and Tautz 1992, Chakraborty 
et al. 1997, Bachtrog et al. 2000). Fur-
thermore, SSR interrupted alleles mutate 
less than perfect alleles at the same frag-
ment/allele size (Brinkmann et al. 1998). 
In human paternity testing (pedigree 
analysis), Brinkmann et al. (1998) and 
Makova et al. (2024) also demonstrated 
statistically significant sex differences in 
mutations on the X and Y chromosomes 
for nine loci. Similar results have been re-
ported for humans and other animals by 
Weber and Wong (1993), Ellegran and 
Fridolfsson (1997), and McVean (2000). 
Regarding locus evolution, Garza et al. 
(1995) showed that microsatellites have 
a ‘target length’, that is, short microsat-
ellites have a mutation bias-up, whereas 
longer ones have a mutation bias-down. 
This finding was later supported by Wierdl 
et al. (1997), Harr and Schlötterer (2000), 
and Bhargava and Fuentes (2010). Addi-
tionally, for genome species evolution, in 
silico analysis have shown that microsat-
ellites of a minimum threshed size exist 
for slippage mutations (Rose and Falush 
1998). Some of the more popular micro-
satellite mutation mechanisms include: 
(1) the stepwise mutation model (SMM; 
Ohta and Kimura 1973); (2) the continu-
ous-time Markov chain, which incorpo-
rates length-dependent slippage events, 
also known as proportional slippage (PS; 
Kruglyak et al. 1998); (3) the constant ex-
ponential model (ConExp; Xu et al. 2000); 
and (4) slippage occurs only when the 

length exceeds some threshold K (PSwK; 
Calabrese et al. 2001). In addition, Cal-
abrese and Durrett (2003) proposed four 
additional mutation models: (5) piecewise 
linear bias (PLBias), (6) the asymmetric 
quadratic model (AsyQuad), (7) the asym-
metric linear model (AsyLin), and (8) the 
multinomial model. It is widely accepted 
that the SSR/STR mutation mechanism is 
complex (Lai and Sun 2003).

The second more popular mutation 
mechanism studied in genomic data is 
INDELs. This DNA change consists of 
specific insertions or deletions of ge-
nome bases, from 1 to 10,000 nucleo-
tides. Short INDELs include single bases, 
monometric bases, and multi-bp expan-
sions of 2–15  bp repeat units (i.e., di-
metric, trimetric, tetrametric, pentramet-
ric, hexametric, heptametric, octametric, 
nonametric, and decametric), as shown 
by Mills et al. (2006). INDELs containing 
random DNA sequences of more than 50 
bases are classified as structural variants 
(SVs; Mahmoud et al. 2019, Ebert et al. 
2021). Short INDELs can be compared to 
point mutations and microsatellites. The 
three mutations SNPs, SSRs/STRs, and 
INDELs result from fundamentally differ-
ent mechanisms (Buettner et al. 1999, Hill 
et al. 2003, Yan et al. 2014). Generally, 
genomic data indicate that for all spe-
cies, long INDELs (SVs) are less abun-
dant than short INDELs, microsatellites, 
and SNPs. Studies on genetic variation in 
Homo sapiens, Drosophila melanogaster, 
and Caenorhabditis elegans have shown 
that SVs and chromosome aberrations 
are formed by strong length-dependent 
mutation processes, similar to the afore-
mentioned microsatellites (Berger et al. 
2001, Wicks et al. 2001, Mills et al. 2006, 
Rhie et al. 2023, Hallast et al. 2023).

A database from a large geographic 
region comprises more than 6000 gene 



	 Molecular markers vs. phylogeographic memory dilemma: an example of ...	 275

disorders and chromosome aberrations 
in humans. Known also as abnormalities, 
on average, a frequency of 7.4 per 10,000 
births is responsible for the large numbers 
of phenotypic and congenital anomalies 
(Wellesley et al. 2012). The frequency 
of gene disorders is significantly lower 
compared to INDELs, SSRs, and SNPs. 
Here, the mutation load of gene disorders 
is higher than the mutation changes for 
INDELs, SSRs, and SNPs. The high mu-
tation load in this example of gene disor-
ders is the result of a large DNA fragment 
size with affected coding sequences. For 
example, Zuberi (2013) reported the fol-
lowing chromosome aberrations related 
to length-dependent mutation processes: 
partial terminal zone deletion chromo-
some (1p36), whose frequency is 2 per 
10,000 live births, followed by partial chro-
mosome arm deletion with a frequency of 
1.86 per 10,000 live births; a duplication 
rate with a frequency of 0.70 per 10,000 
live births; a marker chromosome with a 
frequency of 0.43 per 10,000 live births; 
Wolf-Hirschhorn syndrome (4p-) with a 
frequency of 0.20 per 10,000 live births; 
and, if the mutation is in a high-density 
coding DNA region, a frequency of 0.03 
per 10,000 live births, as observed for 
Miller-Dieker syndrome (del 17p13.3). In 
this example, a gradual decline of surviv-
ing frequency is observed for partial chro-
mosome aberration, which results from a 
combination of coding sequencing density 
and chromosome arm fragment size DNA. 
The mutation load’s lethal effect in this 
example is proportional to the affected 
chromosome fragment size and its coding 
DNA density.

Another example of length dependent 
mutation process are aneuploidy and poly-
ploidy. Aneuploidy is an abnormal number 
of chromosomes in a cell, that is, cells 
have one or more chromosomes missing 

or present in surplus. A good example of 
aneuploidy (a karyology phenomenon in 
humans) is the trisomy of chromosome 
13 (Patau syndrome), with a frequency of 
1 per 10,000–20,000 live births, followed 
by chromosome 18 (Edwards syndrome), 
with a frequency of 1 per 3600–8500 live 
births, and chromosome 21 (Down syn-
drome), with a frequency of 1 per 800 live 
births (Greene and Benjamin 2023). In 
aneuploidy example here, the total extra 
chromosome size gradually decreases 
from chromosomes N13 through N18 up 
to N21, while the lethal effect decreases. 
When extra complete sets of chromo-
somes are found, the condition is called 
polyploidy (high mutation charge). In hu-
mans, polyploidy is dangerous; embryo 
development is observed for a few days or 
weeks, but finally, pregnancy is terminated 
by abortion or chirurgical intervention to 
protect the woman from dangerous com-
plications. The condition is also known as 
a partial molar pregnancy or a partial hy-
datidiform mole, with a frequency of 1 per 
1000–1200 births at the zygote stage and 
zero chances of survival (Mahdieh and 
Rabbani 2013, De Franciscis et al. 2019, 
Al Ghadeer et al. 2022). The mutation 
load is high, with a lethal effect. Polyploidy 
is found in amphibians, such as salaman-
ders, frogs, and leeches, and in inverte-
brates, such as clams. In more developed 
animals, only sterile triploid fish, nonster-
ile tetraploid Salmonidae fish, and only 
one tetraploid mammal, the plains visca-
cha rat (Tympanoctomys barrerae), have 
survived. In contrast to humans and other 
animals, plants support aneuploidy and 
polyploidy relatively better. For example, 
some successful cultivars in agriculture 
and forest practice are triploid (seedless 
watermelon, banana, and some Populus 
cultivars). In reality, the initial random mu-
tation pattern is under constant selection 
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pressure from day 1 to reproductive age 
and death. The change in the genetic/ge-
nomic structure follows important steps: 
prezygotic, prenatal, natal, and classes 
of ages. For example, in support of con-
stant selection pressure in the population, 
Korf et al. (2019) reported that in human 
gametes, abnormality rates of 4–5  % in 
sperm and 12–15 % in oocytes have been 
observed, in significant contrast with an 
abnormality rate of 0.07 % in new births. 
The postnatal survival rates in humans 
are inversely related to the affected chro-
mosome fragment. Selection pressure is 
proportional to the DNA fragment size un-
der mutation and explains part of mutation 
robustness at the population level.

Over the past 30 years, molecular ge-
neticists’ laboratories have developed nu-
merous molecular markers from the three 
principal, fundamentally different mutation 
mechanisms (SNPs, SSRs, INDELs), 
which are specific DNA fragments asso-
ciated with certain nucleotide patterns, 
fragment size and locations within the ge-
nome (Grover and Sharma 2016). These 
molecular markers include restriction frag-
ment length polymorphisms, simple se-
quence length polymorphisms (SSLPs), 
amplified fragment length polymorphisms, 
random amplifications of polymorphic 
DNA (RAPDs), variable number tandem 
repeats (VNTRs), SSR microsatellite pol-
ymorphisms, SNPs, STRs, single-feature 
polymorphisms, diversity array technolo-
gy, restriction-site-associated (RAD) DNA 
markers, allele-specific associated prim-
ers, inverse sequence-tagged repeats, 
inter-retrotransposon amplified polymor-
phisms (IRAPs), and sequence-tagged 
sites. More popular existing classifications 
are: (1) variations at the DNA level, such 
as nucleotide changes, including deletion, 
duplication, inversion, and/or insertion; (2) 
modes of inheritance, that is, dominant/

recessive and codominant; (3) allosomal 
and autosomal; and (4) plastids and chro-
mosomes. For example, the four princi-
pal mutation mechanisms in the human 
genome include ~10 million SNPs, ~0.5 
million SSRs, ~0.5 million short INDELs 
(single, mono-metric and multi-bp nucle-
otide repeat expansions), and less than 
0.02 million SVs (long INDELs). Chro-
mosome aberrations, full or partial, have 
a low frequency. The densities of SNPs, 
SSRs, short INDELs, and SVs have been 
confirmed for numerous organisms (Mills 
et al. 2006, Galindo et al. 2009).

We focused on the question, what ele-
ment can be used for phylogeography and 
phylogenetic studies for all species using 
WGA results? We especially focused on 
the average mutation rate variation in 
the DNA fragment size (bp) across al-
leles from diverse loci from SSRs/STRs, 
short INDELs, SVs, and chromosome 
aberrations. First, we analyzed how the 
length-dependent mutation processes 
are manifested in real genomic data. Sec-
ond, we focused on where the length-de-
pendent mutation processes could be 
used for molecular clock calibration for 
size-variant DNA data, such as SSRs, 
short INDELs, and SVs, in phylogenetic 
and phylogeographic studies. The muta-
tion frequency is a well-known fundamen-
tal factor in evolution studies. However, 
the concept of molecular clock calibration 
for size-variant DNA is poorly understood. 
In this study, we proposed a simple model 
for the molecular clock mutation rate list 
of universal principles and discussed how 
it helps compare different molecular clock 
speeds from different molecular markers. 
The forest trees have been less studied at 
genome level generally do to their huge 
total genome size. They have low migra-
tion speed and distance compared to an-
imals. That allows us to make back-time 
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phylogeographic simulation more inter-
esting (Naydenov et al. 2016). More ad-
vanced analyses are from deferent spe-
cies of genera Pinus, Picea, and Populus 
(Kovach et al. 2010, Nystedt et al. 2013, 
Gonzalez-Ibeas et al. 2016, Christenhusz 
et al. 2024). The obtained results have 
shown similar length-dependent mutation 
processes. We also presented a short 
comparative example of empirical data 
with three species: P. nigra Arn., P. syl-
vestris L., and P. halepensis Mill. from the 
Pinus genus (Fig. 1).

Can length-dependent mutation 
processes in population genetics 
improve the precision of phylogenetic 
and phylogeographic hypotheses?

An overview of empirical data on DNA 
mutation frequency, specifically regarding 
length-dependent mutation processes in 
organisms, reveals that each organism’s 
genome contains various mutations with 
differing frequencies. These mutations 
can be roughly categorized into different 
groups at the population level. This cate-
gorization could be used to create a more 
accurate molecular clock for each muta-
tional group, significantly enhancing the 
accuracy of future predictions in phylo-
genetics and phylogeography. Below are 
some suggestions we believe could be 
valuable for future research.

Specific molecular markers and 
molecular clock calibration

Two principal factors are involved in com-
puter data simulations for forward and 
backward molecular clock simulation for 
evolution, speciation, and phylogenetic 
and phylogeographic questions: (1) muta-
tion frequency (Lynch 2010, Bergeron et 
al. 2023, Lynch et al. 2023) and (2) time 

mark molecular clock fixing. For more in-
formation, see Rogers and Harpending 
(1992), Sanderson (1997, 2003), Ho et al. 
(2015), O’Reilly et al. (2015), and Dono-
ghue and Yang (2016).

Mutation frequency

Each of the molecular markers (SNPs, 
SSRs, and long INDELs) has specific 
strengths and weaknesses, so knowledge 
of these molecular markers is necessary 
before using them. For phylogenetic and 
phylogeographic studies, it is important 
to determine the mutation rate (μ) of the 
molecular marker used. The mutation 
rate depends on multiple factors, some of 
which are general, while others are spe-
cifically related to the species biology. The 
more important general factors are the 
molecular marker’s size (bp; i.e., the mo-
lecular mass of the DNA fragments), the 
nucleotide fragment order as the coding 
or noncoding DNA mutation mechanism, 
and the origin of the molecular marker 
(chromosome, mitochondrion, ribosome, 
or chloroplast; Schug et al. 1997; Diering-
er and Schlötterer 2003; Sibly et al. 2001, 
2003; Verbiest et al. 2023). Based on the 
cell structure and morphology, we pro-
posed four universal principles with the 
limit of one species and/or one genus:

(1) Long fragments (chromosome, 
locus, allele) have a proportionally low-
er mutation rate than short fragments 
(Chakraborty et al. 1997, Calabrese and 
Durrett 2003, Whittaker et al. 2003, Mako-
va et al. 2024).

(2) Coding DNA fragments have a 
lower mutation rate than noncoding DNA 
fragments of the same size (Weber and 
Wong 1993; Kruglyak et al. 1998, 2000; 
Lai and Sun 2003).

(3) Molecular markers with a plastid or-
igin generally have a lower mutation rate 
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Fig. 1. An example of the phylogenetic memory of three of the most frequently  
used molecular markers from phylogeographic studies on pines.

Note: The horizontal axis for each chart is time by mutation rate. The time units are different 
for the different molecular markers, and the average time span for each migration wave shows a 
different number of generations for each chart. The results are taken from Naydenov et al. (2014, 
2017, 2023); YBP – years before present; MY – millions of years before present. Figure 1 also 
shows a comparison of the asymmetric migration patterns of the mitochondrial INDELs, chloro-
plast SSRs, and nuclear SSRs for two Mediterranean pines (P. nigra and P. pinaster Aiton). The 
red dashed line connecting the red asterisks is the time mark for the Last Glacial Maximum (LGM 
≈ 27,000 YBP). The horizontal, colored bar in the middle of each chart represents the geological 
time grid: white – Holocene epoch (up to 0.0117 MY), light blue – Pleistocene epoch (between 
0.0117 and 1.806 MY), yellow – Pliocene epoch (between 1.806 and 5.332 MY), and orange 
– Miocene epoch (≥ 5.332 MY). The pine seed radiation molecular markers, INDEL (top) and 
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than chromosomes of the same size due to 
the plastids’ double membranes in plants 
and animals (Toth et al. 2000, Morgante 
et al. 2002). The principal plastids are mi-
tochondria and chloroplasts for plants and 
mitochondria and ribosomes for animals. 
In plant and animal genetics, cell plastids 
are different organelles in the cytoplasm 
and transfer genetic material, which is 
known as cytoplasmic inheritance. Some 
of the genetic material is strictly maternal 
or paternal, but species with mixed sex ex-
ist, too (Reboud and Zeyl 1994, Xu 2005, 
Munasinghe and Agren 2023, Sakamoto 
and Takami 2023).

(4) Among species from different gen-
era up to a high taxonomic level, spe-
cific fluctuations in the mutation rate of 
the same molecular marker are different 
(Drake 1991, Drake et al. 1998, Lynch 
2010, Sanjuan et al. 2010, Sun and Lind 
2022, Lynch et al. 2023). These results 
are due to differences in the genome 
size and probably karyological specificity 
(chromosome number fluctuations and 
size difference). Generally, for the same 
origins and DNA fragment size, species 
with large genome sizes have lower mu-
tation rates than species with small ge-
nomes. The molecular marker ranking 
is important for computer simulations for 
the aforementioned markers, for high-per-
forming wide genome analysis (WGA) 
developed in the past 20 years, and for 
future developments.

Time mark molecular clock fixing

For time mark molecular clock calibration, 
it is necessary to match the aforemen-

tioned universal principles with a time 
mark, such as climatic fluctuations, tecton-
ic history maps, or paleo-records (Rogers 
and Harpending 1992; Sanderson 1997, 
2003; Ho et al. 2015; O’Reilly et al. 2015; 
Donoghue and Yang 2016). Time mark 
molecular clock fixing is closely related to 
the molecular marker ranking. For exam-
ple, it is impossible for molecular markers 
with a high molecular mass difference (bp 
difference) and/or different origins to refer 
to the same historical period. In this con-
text, postglacial migration routes with mo-
lecular markers with a high mutation rate 
difference (i.e., the mutation class, order, 
and origin [MCOO] profile difference) can-
not be described. It is also important to 
mention that paleo-records must be used 
with precaution (Schoonmaker and Foster 
1991, Carrion and Scott 1999, Charles 
et al. 2003, Rohde and Muller 2005), as 
false-positive paleo-botanical artifacts 
could be pollen (Naydenov et al. 2014, 
2017, 2023).

Technically, molecular clock theory is 
well developed, and robust computer pro-
grams, such as LAMARC (Kuhner 2006) 
and MIGRATE (Beerli 1998), exist for 
phylogeographic simulations. These pro-
grams offer numerous hypothetical sce-
narios, often including population sizes, 
migration rates, growth rates, recombina-
tion rates, bottlenecks, and isolation-level 
fluctuations. Multiple rigorous publications 
involving paleo-map projects are avail-
able for tectonic history (Stampfli and 
Borel 2002; Stampfli et al. 2002a, 2002b; 
Blakey 2008). We used those developed 
by Dr. Ron Blakey from Colorado Plateau 
Geosystems (USA; Blakey 2008). For 

nuSSR (bottom), show a low average migration intensity of approximately 10,000 individuals per 
migration wave, but the pollen radiation marker, cpSSR (middle), shows a high average migration 
intensity of approximately 50,000 individuals per migration wave. The three molecular markers 
used show different phylogenetic memories: that of mt-INDEL is the longest, followed by cpSSR, 
and that of nuSSR is the shortest.
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molecular clock calibration for phyloge-
netic analysis, the BEAUti and BEAST 1.7 
(Drummond et al. 2012) and CladeDate 
(Claramunt 2022) programs are used 
more often.

Example: Forest trees and molecular 
markers

Over the past 30 years, many studies have 
discussed molecular-based phylogeogra-
phy using numerous molecular markers 
and the postglacial colonization routes of 
forest trees through the temperate zones 
to the boreal and tundra regions (Jaramil-
lo-Correa et al. 2004, Godbout et al. 2005, 
Naydenov et al. 2007). The main question 
is whether all molecular markers (SNPs, 
SSRs, and large INDELs) can describe 
postglacial migration. The simple answer 
is no. In this paper, we showed that, first, 
the mutation rate significantly differs be-
tween molecular markers by locus/allele 
length-dependent mutation processes 
and that, second, the DNA mutation pro-
cess in plastids versus chromosomes dif-
fers. For example, in the Pinus genus, the 
mitochondrial genome is transmitted ma-
ternally, while that of chloroplasts is trans-
mitted paternally, that is, by pollen (Neale 
and Sederoff 1989). In addition, based on 
our studies on the Pinus genus, we con-
sidered maternally inherited molecular 
markers to be more conservative than pa-
ternal ones of the same size (Naydenov et 
al. 2014, 2017, 2023). Various interacting 
factors directly impact the mutation rate 
μ. We abbreviated the molecular marker 
ranking as MCOO. In short, the molec-
ular mutation–rated difference carries a 
different phylogenetic memory; that is, for 
different contrasting ranges of molecular 
markers, it is impossible to describe the 
same historical migration pattern and phy-
logeographic structures.

For molecular clock calibration for for-
est tree phylogeography and phylogenetic 
analysis, the time mark we must assume 
is that species have a large genome size 
and reproductive age. Conifers have a ge-
nome that is more than three times that 
of humans, and the reproductive age of 
conifers starts from 20 years and reach-
es its maximum effect at 50–60 years for 
P. nigra and P. sylvestris (Dobrinov et al. 
1982, Alexandrov et al. 1988). Based on 
the mutation rate, the time marks to fix 
the molecular clock could be well-known 
global climate change records and tecton-
ic history events. For example, in some 
places in the world, the tectonic history is 
more dynamic and has been well studied, 
such as the Mediterranean basin, which 
allows researchers to try using different 
time marks to fix the molecular clock back 
in time. For coniferous species, the most 
interesting geological period is between 
0.01 and 8 million years (Fig. 1). For the 
Pinus genus, we proposed that mitochon-
drial SNPs (mtSNPs) and nuclear SSRs 
(nuSSRs) should be used for the Pleisto-
cene epoch, chloroplast SSRs (cpSSRs) 
for the Pliocene epoch, and mitochondrial 
INDELs (mtINDELs) for the late Miocene 
epoch (Burban and Petit 2003; Naydenov 
et al. 2014, 2017, 2023). For places where 
it is difficult to find a sufficiently credible 
time mark, it is possible to use a time mark 
comparable to those proposed here for 
coniferous species with similar genome 
sizes. In the future, an open access data 
set must be created with the mutation 
rates for each molecular marker by spe-
cies and genus.

Conclusion

The mutation rate ranking, and the prin-
ciples cited before reflecting that different 



	 Molecular markers vs. phylogeographic memory dilemma: an example of ...	 281

genome elements have different speeds 
of evolution and phylogeographic memo-
ry, which is important to consider for phy-
logeographic research. Phylogenetic and 
phylogeographic memories are valuable 
for research in various fields, including 
plants, animals, and humans. For exam-
ple, understanding the phylogeography of 
forest trees helps identify historical muta-
tion events and their connections to popu-
lation migration dynamics, climate change, 
and the conservation and management of 
biodiversity. In agriculture and livestock, 
these insights can determine the origin 
and period of domestication and guide 
conservation strategies for important ge-
netic lines, which are crucial for a sustain-
able economy. In personalized medicine 
for humans, phylogeographic memory 
is important for identifying diseases, un-
derstanding resistance and parasite vec-
tors, tracing evolutionary timelines, and  
analyzing their relationships with geo-
graphic distribution and social factors. 
This knowledge will aid in supporting fu-
ture health programs and developing new 
medicines.
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Abstract
The article deals with the methodology for detecting and monitoring of wildfires with remote 

sensing data. The development’s purpose is to demonstrate the ways and methods of using 
free satellite data, as well as their practical application. We selected NASA’s largest fire moni-
toring platform, which offers free access and data from the European Space Agency’s Sentinel 
2 satellites, for this purpose. This paper presents an overview of the physical basis for forest fire 
detection and provides a comparative study of the application of various satellite systems and 
equipment in the process of managing forest fire risks.

Key words: Earth observation, forest fire detection, free of charge satellite data.

occur in a number of temperate biomes, 
such as forests, grasslands, etc.

Fires change the physical state of 
vegetation, releasing a number of green-
house gases into the atmosphere. De-
spite the uncertainty associated with cal-
culations and modelling to determine the 
amount of greenhouse gases released 
into the atmosphere, it is assumed that 
the amount of net annual carbon released 
into the atmosphere due to deforestation 
and conversion of tropical forests to agri-
cultural land is about 30 % of the net an-
nual increase in CO2 concentration in the 
atmosphere (Jin et al. 2021).

Due to the distinct attributes of forest 

Introduction

Remote sensing data related to fires is 
one of the main contributions to scientif-
ic and applied research covering various 
scientific disciplines. Fire is an important 
process in most terrestrial biomes. The 
release of gases and aerosols during bio-
mass burning is a major factor in a number 
of chemical reactions and physical pro-
cesses occurring in the atmosphere. Fires 
are a significant and persistent factor in 
the ecology of savannas, tundra, tropical, 
and boreal forests and play a central role 
in deforestation in tropical and subtropical 
regions. Strong and large-scale fires also 
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fires (elevated temperatures, release of 
smoke and gasses, and the generation 
of clouds over the affected region), they 
are readily observable and detectable by 
satellite technologies. The primary aim of 
the study is to outline a methodology for 
the detection, monitoring, and damage 
assessment of forest fires using satellite 
technologies in near real time. The paper 
primarily examines complimentary data 
accessible on official NASA and Europe-
an Commission websites as well as Goo-
gle Earth. Frantzova (2010, 2012, 2014) 
outlines the operational approaches em-
ployed by satellite ground receiving sta-
tions in Bulgaria.

Material and Methods

The physical basis for thermal 
anomaly detection

The law of Planck’s function determines 
the significantly increased amount of ra-
diation in the mid-infrared region of the 
electromagnetic spectrum for the charac-
teristic temperatures of the fire, providing 
the physical basis for detecting thermal 
anomalies. According to Vin’s displace-
ment law, the wavelength of maximum 
electromagnetic radiation for a body with 
an average temperature in the range of 
about 700–800  K is about 3.6–4.1  μm. 
The different phases of the fire (burning, 
smoldering) are characterised by differ-
ent intensity, temperature, and amount 
of gases released into the atmosphere. 
According to Planck’s law, thermal ener-
gy radiation reaches its maximum value 
at temperatures ranging from 500  K for 
smoldering fires to over 1000 K for burn-
ing fires. Fire intensity affects the fire tem-
perature and the spatial extent of the hot 
zone. Measurements in the infrared range 

of the electromagnetic spectrum can dis-
tinguish the processes of smoldering and 
burning, as the temperature of combus-
tion significantly varies between these two 
stages. Based on data from Lobert and 
Warnatz (1993), Marchetti (2020) the tem-
perature in the active fire is between 800 
and 1200  K, possibly reaching 1800  K. 
The smoldering process has a tempera-
ture range of about 850 K and above.

The mid-infrared region of the electro-
magnetic spectrum is most suitable for 
detecting fires, but the high sensitivity of 
the channels of the measuring devices 
in this range of the spectrum also leads 
to the problem of so-called ‘false alarms’ 
when detecting fires. Many anthropogenic 
objects (factories, industrial enterprises, 
thermal power plants, mines, etc.) and 
natural formations under suitable con-
ditions (high temperature of the earth’s 
surface, zenith angle of the sun) have 
the physical characteristics and radiative 
properties of fire. The elimination of ‘false 
alarms’ is carried out after their localisa-
tion and expert judgment. Fire detection 
by satellite methods and tools depends 
not only on the fire temperature but also 
on the size of the fire and the resolution of 
the instrumentation. A fire may occupy a 
pixel with areas not burned, areas smold-
ering, and areas blazing. In low- or medi-
um-resolution satellite imagery, fires can 
have varying temperatures within a single 
pixel, resulting in enormous differences 
in radio-brightness temperature between 
pixels. To ‘see’ a fire of small dimensions, 
its temperature must be extremely high 
(and vice versa). However, due to the high 
sensitivity of the channels in the region of 
the peak of electromagnetic radiation for 
the characteristic temperatures of the fire, 
and most importantly, the extremely high 
difference between the fire and the am-
bient temperature, it is possible to detect 
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thermal anomalies with dimensions small-
er than the equipment’s resolution (Mar-
chetti 2020).

The use of satellite systems to detect 
fires began in early 1980. Theoretically, 
a way to record temperatures in 3.7 and 
11  µm channels was first introduced in 
1981 (Dozier 1981). The first AVHRR at-
tempts to find fires used fixed targets in a 
known area. The same year saw the first 
use of nighttime images from NOAA-6 to 
detect high-temperature industrial sourc-
es in Detroit and (ignited) gas plumes from 
oil fields in the Persian Gulf (Matson and 
Dozier 1981). Thus, it becomes possible 
to detect ignited gas plumes associated 
with North Sea oil fields using NOAA-6 
daytime images (Muirhead and Cracknell 
1984). As a result of these studies based 
on fixed targets, the AVHRR radiometer 
(on board NOAA satellites) began to be 
used to detect forest and field fires using 
thermal imaging in the 3.7–3.9 µm range 
of the electromagnetic spectrum.

Near real time detection and 
monitoring of wildfires using  
the Fire Information for Resource 
Management System (FIRMS)

The Fire Information for Resource Man-
agement System (FIRMS) provides near 
real-time access to satellite imagery and 
data on active fires and hotspots. This 
system helps identify the location, extent, 
and intensity of wildfire activity. It was de-
veloped by NASA’s Earth Science Data 
and Information System (ESDIS) project. 
The platform uses polar-orbiting and geo-
stationary satellite.

FIRMS uses data from the Moderate 
Resolution Imaging Spectroradiometer 
(MODIS) and the Visible Infrared Imaging 
Radiometer Suite (VIIRS) to deliver this 
information within three hours of satellite 
observation

Table 1 displays satellite platforms, fire 
monitoring and detection devices, togeth-
er with their associated resolutions appli-

Table 1. Satellite platforms, fire monitoring and detection devices.

Product Sensor (Platform) Source Spatial 
resolution Coverage

Polar orbiting Active Fire 
Detections MODIS (Terra/Aqua) NASA LANCE 1 km <3 hours 

(Global)
Polar orbiting Active Fire 

Detections
VIIRS (Suomi NPP/

NOAA-20) NASA LANCE 375 m <3 hours 
(Global)

Polar orbiting Active Fire 
Detections

VIIRS (Suomi NPP/
NOAA-21) NASA LANCE 375 m <3 hours 

(Global)
True/False Colour Com-

posite Imagery MODIS (Terra/Aqua) NASA GIBS 250 m <3 hours 
(Global)

True/False Colour Com-
posite Imagery

VIIRS (Suomi NPP/
NOAA-20) NASA GIBS 250 m <3 hours 

(Global)

cable for Bulgaria (FIRMS).
FIRMS interface is presented below 

in advance mode (Fig. 1). Every point on 
the map symbolises a thermal anomaly 
discovered by the associated sensor (sat-
ellite), and it is displayed with the colour 
that corresponds to it (red or yellow). The 

detection of fires by satellite observation 
depends not only on the temperature of 
the fire but also on the area affected by 
the fire – the higher the temperature, the 
smaller the area required for its detection 
(smaller spatial resolution).

Daily gridded hotspot according to the 

https://www.earthdata.nasa.gov/learn/find-data/near-real-time/modis
https://www.earthdata.nasa.gov/learn/find-data/near-real-time/viirs
https://www.earthdata.nasa.gov/learn/find-data/near-real-time/viirs
https://www.earthdata.nasa.gov/eosdis/science-system-description/eosdis-components/gibs
https://www.earthdata.nasa.gov/eosdis/science-system-description/eosdis-components/gibs
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global coverage is around 35 for one sat-
ellite, as can be seen on Figure 2; respec-
tively – 120 detected hot spots daily from 
3 satellite with 374  m. resolution (Fig. 3 
and Table 2).

Coordinates link each grid hotspot, 
enabling its visualisation on any platform 
or map. According to the FIRMS, the 
platform is particularly useful for natural 
resource managers, firefighters, and any-

Fig. 1. FIRMS image, 30 Jul 2024. Advanced mode, daily coverage.
Note: 375 m spatial resolution: NOAA-20, NOAA-21, Suomi NPP (red); 1 km spatial: resolu-

tion Terra, Aqua (yellow).

Fig. 2. NOAA-20/ VIIRS, Daily gridded hotspot, spatial resolution – 375 m, July 30 2024.
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one involved in monitoring and managing 
wildfire activity. It offers tools like global 
fire maps, email alerts, and downloadable 
data to support decision-making and re-
source management.

Row satellite images from different 
platform and sensors are available via 
NASA Worldview platform (Fig. 4).

Fig. 3. Daily detected hot spots daily from 3 satellite with 374 m resolution.

Fig. 4. VIIRS True colour, corrected reflectance, row image, July 30 2024, NOAA-21.
Note: We acknowledge the use of imagery from NASA Worldview application (https://world-

view.earthdata.nasa.gov), part of NASA ESDIS.

Table 2. Daily orbits

Satellite Suomi NPP NOAA-22 NOAA-20
Orbits 21 orbits 15 orbits 13 obits
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Sentinel-2, Copernicus Programme

Sentinel-2 is a part of the European 
Space Agency’s Copernicus Programme, 
designed for Earth observation. The mis-
sion consists of three satellites, Senti-
nel-2A and Sentinel-2B, Sentinel-2C, 
which provide high-resolution optical im-
agery. These satellites capture images in 
13 spectral bands, ranging from visible to 
shortwave infrared, with spatial resolu-
tions of 10, 20, and 60 m.

The Sentinel-2 satellite passes over 
Bulgaria approximately two to three times 
per week (about 2 to 3 orbits). Each orbit 
allows the satellite to capture high-resolu-
tion images of different parts of the country.

Sentinel’s orbit and technological char-
acteristics make it unsuitable for detecting 
forest fires in contrast with NOAA satel-

lites. It has great applicability in the moni-
toring and damage assessment.

When working with Sentinel-2 images, 
extremely important activities are those 
related to the analysis, and analysis and 
interpretation of the satellite image. The 
data in the platform FIRMS does not need 
to be analysed and interpreted. They are 
provided ready-made, bound with the cor-
responding coordinates.

For effective wildfire monitoring, it is 
essential to differentiate between a flam-
ing smoldering fire and areas that have 
burnt or not. Tasks of this nature need 
specialised knowledge in the field of re-
mote sensing, and the interpretation of 
images is based on the problem, as out-
lined in the material and methodology. Ex-
amples of such are shown in the figures 
5 and 6.

Fig. 5. Forest fires at Bulgarian-North Macedonia boarder.
Note: Sentilel-2, Band 3, 4, 8; 20 m spatial resolution (active fires are depicted with red sign).
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Finally, one can assess damage with 
very high precision using Google Earth 
(figs 7 and 8).

Table 3 summarises the applicability of 
various satellite platforms in various stag-
es of risk management process.

Fig. 6. Forest fires in Strumyani municipality – image from Sentinel-2, band 8, 11, 12.
Note: Active fires are depicted with red dots, burns areas are visible in brown.

Table 3. Applicability of different satellites platforms to different stages of risk manage-
ment process.

Satellite Instrument Before During After Resolution
NOAA-20 VIIRS 1 3 1 375 m
NOAA-21 VIIRS 1 3 1 375 m

Suomi-NPP VIIRS 1 3 1 375 m
Aqua MODIS 1 2 2 1 km
Terra MODIS 1 2 2 1 km

Sentinel-2 MSI 3 3 3 10, 20, 60 m

Note: 1 – low applicability, 2 – medium applicability, 3 – high applicability. Before – prepared-
ness, risk assessment; During – detecting, monitoring and localizing during the emergency re-
sponse; After – damage assessment, recovery.
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Fig. 7. Forest fires in Strumyani municipality.

Fig. 8. Forest fires in Strumyani municipality, damage in Voden village, satellite image – 
Goggle Earth.
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Conclusions

As the resolution of a satellite improves, 
the acquisition of satellite pictures be-
comes less frequent. Hence, the orbital 
properties of meteorological satellites 
(NOAA), together with the technical at-
tributes of the associated sensor (equip-
ment), make them very appropriate for 
detecting forest fires. In contrast, 375 m 
high-resolution satellites are specifically 
designed for the purposes of monitoring, 
evaluating damage, and implementing 
preventive measures. Consequently, for 
optimal use of remote sensing images for 
detecting and monitoring forest and field 
fires, it is necessary to employ several 
satellite types together with appropriate 
onboard equipment of varying resolutions.
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Abstract
Perennial flowering plants are important parts of the urban green spaces with their beautiful 

flowers, colours and foliage. The purpose of the study was to evaluate the blooming stage and 
vegetative growth parameters for 12 perennials flowering taxa of Digitalis purpurea and Gaillar-
dia sp. in the agro-ecological conditions of Kosovo. During the 2022–2023 growing periods, the 
object of research in our experimental field were totally 12 taxa. The experiment was ′Random-
ized block′ type with four replications and 200 plants for each cultivar. All taxa were studied for: 
beginning and end of the flowering stage, features of petal fusion/ligules per flower head, flower 
opening stage, colour of flowers, dynamic of growth in length of flower stems, diameter of flower 
stems, number of flower stems per plant, fragrance of flowers. Digitalis cultivars and Gaillardia 
sp. have demonstrated high ornamentally and long period with flowers, good growing, leaves 
and flowers of different colours. Because of their good performance, studied taxa deserve more 
important place in public green spaces in the context of greater sustainability in urban landscape 
and should be included in the design and planting structure in Kosovo.

Key words: Gaillardia aristate, Gaillardia pulchella, Gaillardia × grandiflora, perennial flower-
ing plants, vegetative growth parameters.

beds are an important part of urban green 
spaces. Most flower beds in public spaces 
consist of annual, biennial and perennial 
flower species (Poje et al. 2023).

The improvement of living standard 
in the last two decades in the Republic 

Introduction

Green spaces are becoming more import-
ant for the cities due to the increasing pres-
sures of urbanization and climate change. 
Along with trees, shrubs and lawns, flower 
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of Kosovo and the great development 
of various fields of construction (various 
social-cultural objects, city squares, resi-
dential houses, etc.), have influenced the 
increase in the demand for ornamental 
plants and implementing a modern land-
scape architecture (Balaj et al. 2022).

Most of the flower beds in public spac-
es in Kosovo consist of one-year and 
two-year flowers with beautiful colours, 
but to keep their aesthetic view during the 
summer, they require a lot of maintenance 
(Lushi et al. 2009).

Perennial flowering plants are used in 
the design of parks, flower gardens, pri-
vate gardens, green spaces in cities, res-
idential houses, etc. This group includes 
plants that in the climatic conditions of 
Kosovo are of high ornamental value, 
such as Gaillardia aristata Pursh, Digitalis 
purpurea L., Antirrhinum majus L., Lavan-
dula angustifolia Mill., Astilbe × arend-
sii Arends, Solidago virgaurea L. (Dinga 
1988).

Perennial flowering plants are impor-
tant parts of green spaces with their beau-
tiful flowers, colours and foliage (Almas 
and Conway 2016). They have a wide 
variety of colours and growth sizes and 
adapt to almost any landscape situation 
(Witting 1998).

The advantages of the combination of 
perennial plants depend on the diversi-
ty and heterogeneity, to have a beautiful 
appearance in the spaces of the parks, 
as well as to be attractive to their visitors 
(Lindemann-Matthies et al. 2010).

Digitalis purpurea is a member of Plan-
taginaceae family and is short-lived peren-
nial plant growing 1 to 1.5 m in height, with 
bell-shaped flowers that hang down, with 
pink, red, white colours. The flowering pe-
riod starts from late spring to mid-autumn. 
This species is used in gardens combined 
with several types of ornamental plants. 

It is one of the most important medicinal 
plants in the world and is also favoured as 
a garden plant or cut flowers (Qualtrocchi 
2000).

Genus Gaillardia Foug. is a member 
of Asteraceae family G. aristata is native 
to North and South America. Among the 
flowers used for domestic market, gail-
lardia is one of the important commercial 
flowers. Inflorescences are mono and bi-
coloured in red, yellow and rusty brown, 
etc. It is used in the decoration of gardens 
in flower borders combined with other 
types of flowers (Wunderlin 1998).

Gaillardia pulchella Foug. is a short-
lived perennial native to North Ameri-
ca (Eastern and South-central US and 
Mexico). Corollas are usually reddish to 
purplish proximally, yellow to orange dis-
tally, rarely yellow, reddish, or purplish 
throughout. It prefers sandy or calcare-
ous soils, often disturbed places, mostly 
in grasslands or open places, in the range 
0–1800 m a.s.l. Cultivars of G. pulchella 
or of hybrids between G. pulchella and G. 
aristata are used horticulturally (Flora of 
North America 2024).

Gaillardia × grandiflora hort. ex Van 
Houtte is a tetraploid hybrid resulting from 
a cross between perennial G. aristata and 
G. pulchella, inheriting its perennial habit 
from the former and its long flowering peri-
od and rapid growth rate from the latter. It 
is perennial but generally short-lived. The 
stems and leaves are densely hairy. The 
flowers are often bicoloured and daisy-like 
in a wide variety of colour arrangements, 
but usually featuring yellow to orange to 
red rays with maroon to orange banding at 
the petal bases and dark burgundy centre 
disks. There are several cultivars available 
to extend the colour and height availability 
(North Carolina State University 2024).

The purpose of the study was to eval-
uate the blooming stage and vegetative 
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growth parameters for 12 perennials flow-
ering taxa of Digitalis purpurea and Gail-
lardia sp. in the agro-ecological conditions 
of Kosovo.

Materials and Methods

During the 2022–2023 growing periods, 
the object of research in our experimen-
tal field were the following 12 perennial 
flowering taxa: six cultivars of Digital-
is purpurea (‘Polkadot Polly’, ‘Illumina-
tion Flame’, ‘Mountains Mixed’, ‘Rose 
Shades’, ‘Pam’s Choice’, and ‘Excelsior 
Mix’); three cultivars of Gaillardia aristata 
(‘Oranges and Lemons’, ‘Arizona Apricot’, 
and ‘Arizona Sun’); two hybrids – Gaillar-
dia × grandiflora ‘Summer Kiss’ and G. × 
grandiflora hort.; and Gaillardia pulchella. 
Plans of all these 12 taxa were studied for 
the main growth characteristics and flow-
ering stage: beginning and end of flower-
ing stage, features of petal fusion based 
on number of protrusions on the corolla 
edge; flower opening stage, colour of flow-
ers, dynamic of growth in length of flower 
stems (in cm, average value); diameter of 
flower stalk (in mm, average value), num-
ber of flower stems per plant (average) 
and fragrance of flowers. The results of 
the study are presented as an average for 
two growing periods (2022–2023).

The distillation method was used to 
determine the fragrance of flowers. The 
distillation method is a process used to 
extract the aromatic essence from flowers 
and plants. This method involves evapo-
rating water, which extracts the essential 
oils from the plant materials, and then 
condensing the steam to separate the dis-
tilled oils from the water (Tisserad 2004).

The experiment was ′Randomized 
block′ type with four replications and 200 
plants for each cultivar. Plant seedlings 

were produced in greenhouses and then 
planted in the ground in April 2022. Plant 
seedlings were 10  cm tall and had 3–4 
leaves, without flower buds. The planting 
distance between the plants was 30 cm, 
while between the rows was 80 cm. The 
plants were planted in sandy soil and ir-
rigated during the growth period by drip 
irrigation system.

The average monthly temperature 
during the growing period was in April 
(12.2 ºC), May (17.7 ºC), June (19.9 ºC), 
July (23.0  ºC), August (21.9  ºC) and in 
September the average temperature was 
18.9  ºC. The precipitation amount dur-
ing the growing period was 27.3  mm in 
April, 83.0 mm in May, 99.0 mm in June, 
60.0 mm in July, 42.9 mm in August and 
in September the average of precipitation 
was 32.5 mm (HMIK 2022).

For all data, an analysis of variance 
was applied using the statistical package, 
Systat, Genstat, further analysed using 
rang test with a critical level (P-value) of 
5% (Gomez and Gomez 1984).

The study was carried out in the urban 
space in Prizren, Republic of Kosovo, in 
two growing periods from April 2022 to 
October 2023, in an area 1200 m2 (Fig. 1). 
Kosovo is located in the central part of the 
Balkans. It lies between 41°50′58″and 
43°51′42″ of northern geographic latitude 
and between 20°01′3″ and 21°48′02″ of 
longitude.

The municipality of Prizren has an 
area of 627  km2 (5.94  % of the territory 
of Kosovo), which is located in the south-
west of Kosovo with 76 settlements with 
about 175,000 inhabitants. The Prizren 
plain is located at an altitude of 400  m 
a.s.l., where some peaks of Sharri Moun-
tain exceed the height of 2000 m a.s.l.

The climate of the city is moderate but 
extremely diverse in its different parts. In 
the lowlands, due to the influence of the 
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Mediterranean, there are very hot sum-
mers, with an average temperature of 28–
32 °C during July and August and the har-
vests are among the first in South-Eastern 
Europe. In the mountainous regions, the 
climate of the Alps dominates, for this rea-
son snow caps on peeks are visible until 
June.

Results and Discussion

The average results from the two years of 
the study (2022–2023) are shown below.

Flowering stage of Digitalis purpurea 
cultivars

The beginning and duration of flower-
ing were different in the two years of the 
study, this was influenced by different me-
teorological parameters (temperatures 
and precipitation, which were different in 
the two growing periods). Dynamics of 
flowering stage of Digitalis purpurea cul-
tivars during the May–October period was 

analysed. For all studied cultivars flower-
ing stage starts in mid of May and varies 
depending on cultivars. There is also a 
different number of flowers: 5–8 for each 
plant. Number of flowers in May was dif-
ferent depending on the cultivars. The 
highest was achieved at the cultivar ‘Rose 
Shades’ with 8 flowers per plant. The low-
est, with 5 flowers was at the cultivar ‘Il-
lumination Flame’. Number of flowers per 
plant in this study begins to increase in 
June and the highest is achieved at the 
cultivar ‘Polkadot Polly’, 23 flowers per 
plant, while the lowest at the cultivar ‘Il-
lumination Flame’ – 17 flowers per plant 
(Fig. 2).

Maximum number of flowers is 
achieved in July, depending on the cul-
tivars. The peak was achieved at the 
cultivar ‘Rose Shades’ with 48 flowers 
per plant, whereas the lowest number of 
flowers – 44 was observed at the cultivar 
‘Pam’s Choice’. The flowering period ends 
in late October depending on the decrease 
of temperature. The smallest number of 
flowers was achieved at the ‘Illumination 

Fig. 1. Study area.
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Flame’ with 10 flowers per plant and the 
highest at cultivar ‘Excelsior Mix’ with 13 
flowers per plant. 

Similar results concerning the number 
of flowers per plant were reported by Par-
kinson (2003), Pokorny et al. (2005), Bret-
zel and Pezzarossa (2010), Crespel et al. 
(2014).

Similar results were reported by Wolff. 
et al. (2024), for the cultivar ‘Rose Shades’ 
which is famous cultivar for beautiful flow-
ers. The author describes it as a tall plant 
that can reach up to 80–120  cm height 
and produces striking purple or pink flow-
ers on tall spikes.

Flowering stage of Gaillardia sp.

The beginning and duration of flowering 
stage were different in the two growing 
periods (2022–2023), which were influ-
enced by different meteorological factors, 
such as temperatures and precipitation. 
The flowering stage for all taxa in the 
study starts in the mid of May, the number 

of flower heads was different depending 
on the cultivar. The highest was achieved 
at the cultivar G. aristata ‘Oranges and 
Lemons’ with 8 flower heads per plant. 
The lowest with 5 flower heads at the G. 
aristata ‘Arizona Apricot’. The number of 
flower heads per plant begins to increase 
in June and the highest is achieved at 
the cultivar G. aristata ‘Arizona Sun’ 18, 
while the lowest one is observed at G. pul-
chella: 14 flowers per plant. The highest 
was achieved at the G. × grandiflora hort. 
with 32 flower heads per plant, the lowest 
one with 28 flower heads at G. pulchella 
(Fig. 3).

Flowering ends in late October depend-
ing on the decrease of temperature. The 
smallest number of flowers was achieved 
at the G. × grandiflora ‘Summer Kiss’ with 
3 flower heads per plant and the highest 
at cultivar G. aristata ‘Oranges and Lem-
ons’ with 5 flower heads per plant. 

The results of the study for the flow-
ering phase of G. aristata cultivars are in 
accordance with the studies of other au-

Fig. 2. Dynamic of flowering stage for the Digitalis purpurea cultivars.
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thors (Opler and Cranshaw 2008, Süle et 
al. 2023). The flower heads of G. aristata 
‘Arizona Sun’ are radiating, showy, slightly 
solitary, with an outer series of ray florets 
and an inner set of disc florets. There are 
usually 13–17 flowers with yellow rays 
(belt-shaped), with a purple base (eFloras 
2011).

Structure of petal fusion (number 
of protrusions on the corolla edge), 
flower colour and fragrance of 
Digitalis purpurea cultivars

Table 1 shows the visible protrusions on 
the corolla edge, colour and fragrance 
of flowers according to cultivars. Largest 
number of them per flower was record-
ed from the cultivar ‘Rose Shades’ (6.18) 
followed by ‘Polkadot Polly’ (5.18) and 
low number of petals was recorded from 
‘Pam’s Choice’ (4.11). This indicator is 
important especially when plants are per-
ceived close up or used as a cut-flowers. 

The colour of the flowers is different from 
white, red, pink, pink to white. The level 
of fragrance of the Digitalis purpurea culti-
vars was a low.

Number of ligules in the flower heads 
colour and fragrance of Gaillardia sp.

Table 2 shows the number of ligules (or 
ray flowers), flower colour and fragrance 
for the Gaillardia taxa in the study. Largest 
number of ligules per flower was recorded 
from the cultivar G. aristata ‘Arizona Apri-
cot’ (25.45) followed by G. × grandiflora 
hort. (24.32) and low number of ligules 
was recorded from G. × grandiflora ‘Sum-
mer Kiss’ (19.34). The colour of the ligules 
is different from white, red, pink, pink to 
white. Three cultivars of G. aristata (‘Or-
ange and Lemon’, ‘Arizona Apricot’ and 
‘Arizona Sun’), two hybrids – G. × gran-
diflora ‘Summer Kiss’ and G. × grandiflora 
hort., and G. pulchella, had fragrant flow-
ers.

Fig. 3. Dynamic of flowering stage for the Gaillardia sp.
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Table 1. Average number of petals, flower colour and fragrance of Digitalis purpurea culti-
vars.

Digitalis purpurea 
cultivars

Number of protrusions 
on the corolla edge Flower colour Fragrance of flowers

‘Polkadot Polly’ 5.23 Deep-pink apricot Little fragrance
‘Illumination Flame’ 5.18 Orange and cream Little fragrance
‘Mountains Mixed’ 4.26 Peach, rose, white Little fragrance
‘Rose Shades’ 6.18 Rose-white Little fragrance
‘Pam’s Choice’ 4.11 White Little fragrance
‘Excelsior Mix’ 5.45 Rose-white Little fragrance

Table 2. Number of ligules, flower colour and fragrance of Gaillardia sp.

Gaillardia taxa Number of ligules 
per flower heads Flower ligules Fragrance 

of flowers
G. aristata ‘Oranges and Lemons’ 23.33 Soft orange With fragrance
G. aristata ‘Arizona Apricot’ 25.45 Apricot with yellow With fragrance
G. aristata ‘Arizona Sun’ 22.21 Yellow-apricot With fragrance
G. × grandiflora ‘Summer Kiss’ 19.34 Soft apricot-yellow With fragrance
G. × grandiflora hort. 24.32 Yellow-apricot With fragrance
Gaillardia pulchella 23.65 Apricot-yellow With fragrance

Length and diameter of flower stems 
and number of leaves of Digitalis 
purpurea cultivars

The cultivar ‘Polkadot Polly’ produced the 
longest of flower stems (103.5  cm) fol-

lowed by ‘Illumination Flame’ (97.3  cm) 
and ‘Pam’s Choice’ (93.6 cm) (Fig. 4).

The flower stems diameter with the 
highest values was recorded by ‘Pam’s 
Choice’ (6.44 mm), followed by ‘Illumina-

Fig. 4. Length of flower stems of Digitalis purpurea cultivars.
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tion Flame’ (6.13  mm), while the lowest 
values were recorded in cultivar ‘Excelsi-
or Mix’ (5.91 mm). The maximum number 
of leaves per shoots was recorded in ‘Pol-
kadot Polly’ (22.57), followed by ‘Rose 
Shades’ (19.72) and the lowest number 
of leaves was recorded in ‘Mountains 
Mixed’ (15.39). Similar results were also 

reported by (Willis et al. 2000, Niu et al.  
2007).

Statistical results for two years (2022–
2023) are presented in Table 3. Analysis 
of variance confirms that D. purpurea cul-
tivars are statistically different regarding 
the length of flower stalk and number of 
flowers.

Table 3. Analysis of variance of Digitalis purpurea cultivars.

Sources of variation Length of flower stalk Number of flowers per plant
Value F Probability Value F Probability

Year of study 1412.21 0.000 2431.23 0.000
Cultivar 1021.03 0.000 345.26 0.000
Cultivar × Year 23.11 0.000 11. 44 0.000

Length and diameter of flower stems 
and number of leaves of Gaillardia sp.

The cultivars G. aristata ‘Arizona Sun’ 
produced maximum of flower stems 
(60.52 cm) followed by G. aristata ‘Arizo-
na Apricot’ (57.32  cm) and G. pulchella 
(51.64  cm). The flower stems diameter 
with the highest values was recorded by 
G. aristata ‘Arizona Apricot’ (3.58  mm), 
followed by G. × grandiflora ‘Summer 
Kiss’ (3.15 mm), while the lowest values 

were recorded in G. pulchella (2.86 mm) 
diameter (Fig. 5).

The maximum number of leaves per 
shoots was recorded in G. aristata ‘Arizo-
na Sun’ (14.21), followed by ‘Oranges and 
Lemons’ (12.25) and the lowest number 
of leaves was recorded in G. × grandiflora 
‘Summer Kiss’ (11.21). Similar results were 
also reported by (Hermann 1996, Marlowe 
and Hufford 2007, Sonu et al. 2018, Xie et 
al. 2021, Zhuang et al. 2021) in gallardia. 
The G. aristata ‘Arizona Sun’ cultivar are 

Fig. 5. Length of flower stems of Gaillardia sp.
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reported to has masses of beautiful red 
daisy flowers with brick red eyes and yel-
low tips at the ends of the stems from early 
summer to mid fall, green leaves, which 
are most effective when planted in group-
ings (Kazemi and Jozay 2021).

Statistical results for two years (2022–
2023) are presented in Table 4. Analysis 
of variance confirms that there are statis-
tically differences regarding the length of 
flowerstalk and number of flowers of Gail-
lardia sp.

Table 4. Analysis of variance of Gaillardia sp.

Sources of vari-
ation

Length of flower stalk Number of flowers per plant
F value Probability F value Probability

Year of study 14351.41 0.000 2551.47 0.000
Cultivar 1033.22 0.000 324.38 0.000
Cultivar × Year 32.34 0.000 12.79 0.000

Conclusions

From the study and obtained results it is 
proved that the studied cultivars of Digital-
is purpurea and Gaillardia sp. have a very 
good blooming and vegetative growth due 
to favourable climatic  conditions in Koso-
vo, soil and moisture suitable for growth 
and development, which affected the 
growth, quality and colour of the flowers.

These perennial flowering plants and 
their cultivars deserve more important 
place in public green spaces, as their 
greater use is an important step towards 
greater sustainability in the urban land-
scape. The studied Digitalis cultivars and 
Gaillardia sp. differ from each other but 
all of them have demonstrated high orna-
mentality and long flowering period with 
flowers, steady growth, variety of leaves 
and flowers colouring (white, red, yellow, 
pink). The cultivars with the best perfor-
mance are D. purpurea ‘Rose Shades’ 
and G. aristata ‘Arizona Sun’.

Perennial flowering plants are more 
ecologically effective and less expen-
sive to maintain, and are therefore more 
sustainable. For a good architecture and 
sustainability of the urban landscape, we 
recommend the studied cultivars to be 

included in the design and planting struc-
ture in Kosovo.
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Abstract
In this study, we examined the diversity of bird populations in an agricultural environment in 

Northern Algerian Sahara (Ghardaia province) over a period of 9 months. Using the point count 
technique, we collected data on birds at different levels of vertical stratification based on the num-
ber of cultivated plant species. An analysis of variance was used to assess the impact of plant 
strata number and cultivated species number on species richness and bird abundance. During 
this study, 35 bird species belonging to 7 orders and 18 families were identified. The highest 
values of Shannon-Wiener diversity index (H’ = 2.804), Simpson index (D = 0.913), and Margalef 
index (D = 4.761) were observed in the most complex areas. The differences in the number of 
species and abundance were significant between the different levels of complexity in agricultural 
environments, with areas having three vertical plant strata (trees, shrubs, and herbaceous plants) 
and a greater number of cultivated plant species hosting the highest number of bird species and 
displaying high populations.

Key words: agroecosystem, arid environment, diversity index, Ghardaia, vertical stratifica-
tion. 

the most important terrestrial biomes (Fo-
ley et al. 2005). Such man-made ecosys-
tems may comprise a variety of ecological 
conditions and habitats suitable havens 
for various living beings (Eriksson 2021).

The traditional agroecosystems in 

Introduction

Agroecosystems cover about 40  % of 
Earth’s land surface (Allen et al. 2022) 
and cover almost half European Union’s 
surface (Bakış et al. 2021), forming one of 
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the North African arid and semi-arid re-
gions are the most biotically diversified 
in the world, the majority being consti-
tuted of small private gardens (Sellami 
2008). These agricultural lands represent 
semi-natural ecosystems that may be 
very complex and include three layers of 
crops: date palm, fruit trees, and market 
gardening, surrounded by a harsh desert 
environment (Mellink 1991, Selmi 2007). 
The combination of layers of crops in 
these agricultural landscapes has been 
found to have a very peculiar and high 
level of fauna and flora (Tscharntke et al. 
2011, Haggar et al. 2019).

Agriculture is a driver decline in global 
biodiversity and ecosystem degradation 
than any other sector (Foley et al. 2005, 
Muñoz-Sáez et al. 2017), including birds 
(Mellink et al. 2016). According to IUCN 
data about 60 % of birds included in Red 
List are threatened by extinction (John-
son et al. 2011, Piratelli et al. 2019) and 
almost 39 % of farmland bird populations 
have declined (Gianpasquale and Alberto 
2019, Mäkeläinen et al. 2019).

Birds use Saharan agroecosystems for 
resting and feeding during their trans-Sa-
haran migrations (Lavee et al. 1991, Gue-
zoul et al. 2013), and nesting and foraging 
during the breeding season (Mellink 1991, 
Johnson et al. 2011). They play a critical 
role in these ecosystems, including seed 
dispersal and pest control (Mulwa et al. 
2012). Birds in agricultural environments 
are a bioindicator of agricultural sustain-
ability (Kross et al. 2016, Muñoz-Sáez et 
al. 2017).

Several factors influence the struc-
ture of avian communities (richness and 
abundance) in Saharan agroecosystems, 
including landscape composition (Naidoo 
2004, Muñoz-Sáez et al. 2017), habi-
tat change (Shachak et al. 2005, Laube 
et al. 2008, Chillo et al. 2015) crop type 

and their structural heterogeneity (Muñoz-
Sáez et al. 2017).

The present study aims to establish 
the diversity of bird populations in an agri-
cultural environment in Northern Algerian 
Sahara. To achieve the goal, we set our-
selves the following 3 tasks: 1) to describe 
the avian diversity (species richness and 
abundance) of a Saharan agricultural 
landscape; 2) to assess the effects of crop 
change on the spatial distribution of bird 
species and their densities; and 3) the role 
of vertical stratification of vegetation (date 
palm, fruit trees, and market gardening) 
on the aggregation of bird populations.

Material and Methods

Study area

This study was carried out in El-Guerrara 
region (in Central Algeria, north of the Sa-
hara, 600 km south of Algiers). This area 
is located within the geographical position 
of 32°45′70″ to 32°46′30″ northern lati-
tudes and 04°27′ to 04°33′ eastern longi-
tudes (Guergueb et al. 2024). The climate 
is arid, characterised by mild winters and 
hot, dry summers (mean annual tem-
perature 23.27  °C, yearly mean rainfall 
80.10 mm) (Bounab et al. 2024, Nedjar et 
al. 2024).

The study area is an agricultural land-
scape comprising a 200-hectare mosaic 
of small private fields (Fig. 1). The vege-
tation is dominated by date palms (Phoe-
nix dactylifera L.), along with fruit trees 
such as olive, pomegranate, and orange 
trees. Market gardening is also common, 
featuring various vegetable crops, includ-
ing tomatoes, peppers, and cucumbers.  
Additionally, spontaneous herbaceous 
plants grow naturally in the uncultivated 
spaces.
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Bird sampling

We collected our data between October 
2022 and June 2023, and bird communi-
ties were estimated using the point-count 
sampling method (Bibby et al. 2000). 
Nineteen point count sites were randomly 
distributed to cover the entire study area 
(radius 50 m, each spaced 300 m apart) 
(dos Anjos et al. 2011, Hiron et al. 2013, 
Hamza and Hanane 2021). Each point has 
a bi-monthly visit, between 30 min before 
sunrise and 4 h after (Kang et al. 2015, 
Bouam et al. 2017) to coincide with peri-
ods when birds are most active (Terraube 
et al. 2016). Each point was surveyed for 
10  min (Marsden et al. 2001, Jacoboski 
et al. 2016, Hanane et al. 2019). During 
this period we recorded all birds seen or 
heard (Sweeney et al. 2010, Boesing et 
al. 2018).

To assess the impact of the structural 
complexity of each habitat (defined by the 
number of cultivated species and number 
of vertical strata of vegetation) on avian 

communities, it is necessary to conduct 
a comprehensive inventory of cultivated 
species within a 50 m radius around the 
observation points. These cultivated spe-
cies should be categorised into three ver-
tical strata: trees taller than 2 m (such as 
date palms), shrubs between 50 cm and 
2 m (such as fruit trees), and ground cov-
er under 50 cm (such as crops in market 
gardening).

Data analysis

We categorised the bird species based 
on their trophic guilds (Granivore, Insec-
tivore, Omnivore, Carnivorous) following 
Svensson et al. (2012) and their pheno-
logical status (Wintering, Breeding, Mi-
gration) using the following sources: The 
Sibley Guide to Birds (Sibley 2014), and 
their conservation status was determined 
(LC: Least Concern), (IUCN 2023).

The diversity indices of species, such 
as Shannon-Weiner index (H′) (Speller-

Fig. 1. Study area map with sampling locations. 
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berg and Fedor 2003), Simpson index (D) 
(Simpson 1949), and Margalef index (D) 
(Magurran 1988) have been calculated 
to compare species diversity and abun-
dance among the complexity levels of the 
vertical stratification of the agroecosys-
tem using a one-way analysis of variance 
(ANOVA). In addition, a two-factor ANO-
VA was conducted to test the variations 
in bird richness and abundance based on 
the number of vegetation strata (one stra-
tum, two or three strata) and the number 
of cultivated plant species. The R software 
was used for the analyses.

Results
Species diversity

During the nine months of study, a total of 
35 species was encountered in the differ-
ent surveyed habitats belonging to 7 or-
ders, 18 families, and 27 genera. The or-
der Passeriformes is the most represent-
ed with 12 families and 25 species, fol-
lowed by Columbiformes with 4 species. 
The Coraciiformes have 2 species. The 
Pelecaniformes, Bucerotiformes, Falconi-
formes, and Strigiformes are weakly rep-
resented by one species each (Table 1).

Table 1. Bird phenology status, trophic guild, and conservation status of recorded  
species.

Family Scientific name Ecological status Occupied habitats
PhS TG CS low medium high

Ardeidae Bubulcus ibis (Linnaeus, 1758) M I LC + + +
Falconidae Falco tinnunculus (Linnaeus, 1758) B Cr LC + - +

Columbidae

Columba livia (Gmelin, JF, 1789) B G LC + + +
Streptopelia decaocto (Frivaldszky, 

1838) B G LC + + +

Streptopelia senegalensis (Linnae-
us, 1766) B G LC + + +

Streptopelia turtur (Linnaeus, 1758) B G VU - + +
Tytonidae Tyto alba (Scopoli, 1769) B Cr LC + - -

Meropidae
Merops apiaster (Linnaeus, 1758) M I LC - - +

Merops persicus (Pallas, 1773) B I LC - + +
Upupidae Upupa epops (Linnaeus, 1758) B I LC + + +

Alaudidae

Ammomanes deserti (Lichtenstein, 
MHC, 1823) B I LC + - -

Galerida cristata (Linnaeus, 1758) B G LC + - +
Galerida theklae (Brehm, AE, 1857) M G LC + + -

Hirundinidae Hirundo rustica (Linnaeus, 1758) W I LC + + +

Motacillidae
Anthus pratensis (Linnaeus, 1758) W I LC - + +

Motacilla alba (Linnaeus, 1758) W I LC - - +
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Family Scientific name Ecological status Occupied habitats
PhS TG CS low medium high

Muscicapi-
dae

Cercotrichas galactotes (Temminck, 
1820) B I LC - + +

Ficedula hypoleuca (Pallas, 1764) M I LC - + +
Muscicapa striata (Pallas, 1764) M I LC - + +

Oenanthe leucopyga (Brehm, 1855) B I LC + + +
Oenanthe leucura (Gmelin, 1789) M I LC + + +

Phoenicurus moussieri (Olphe-Gal-
liard, 1852) B I LC - + +

Saxicola rubicola (Linnaeus, 1766) W I LC - + -

Sylviidae
Argya fulva (Desf, 1789) B I LC + + +

Curruca melanocephala (Gmelin, 
1789) W I LC + + +

Acrocephal-
idae

Iduna pallida (Hemprich & Ehren-
berg, 1833) B I LC - + +

Phylloscop-
idae

Phylloscopus collybita (Vieillot, 
1817) W I LC - + +

Phylloscopus sibilatrix (Bechst, 
1793) M I LC - + +

Phylloscopus trochilus (Linnaeus, 
1758) M I LC - + +

Laniidae
Lanius excubitor (Linnaeus, 1758) B I LC + + +

Lanius meridionalis (Temminck, 
1820) B I LC - - +

Corvidae Corvus ruficollis (Lesson, 1831) B O LC + - -

Passeridae Passer domesticus (Linnaeus, 
1758) B O LC + + +

Fringillidae Bucanetes githagineus (Lichten-
stein, MHC, 1823) B G LC + + +

Emberizidae Emberiza sahari (Levaillant, 1850) B G LC + + +

Note: PhS: phenology status, B: breeding, W: wintering and M: migrant; TG: trophic guild, I: 
insectivorous, G: granivorous, O: omnivorous, Cr: carnivorous; CS: conservation status, LC: least 
concern, VU: vulnerable (IUCN 2023); -: absent species, +: present species.

In terms of species recorded by family, 
the most represented families are Musci-
capidae with 18 % of the total number of 
species, followed by the family Columbi-
dae with 12 %, the family Phylloscopidae 
and Alaudidae with 9 %. The families Syl-
viidae, Laniidae, Motacillidae and Merop-
idae, each account for 6 % of the species 
(Fig. 2).

The documented species as a whole 

have different phenological statuses. 
Among them, 60  % are breeding, 23  % 
are migratory, and 17 % have a wintering 
status in the region.

Regarding trophic guilds, Insectivo-
rous represented 65 % (23 species) of the 
total avifauna, Granivorous were listed 
with 8 species (23  %). Omnivorous and 
Carnivorous included 2 species, 6 % of all 
recorded birds.
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According to the BirdLife Red List 
(IUCN 2023), 97  % of reported species 
have a conservation status of LC (Least 
Concern) (Table 1).

Habitat richness

The results of the bird community com-
position parameters (Species richness) 
as well as the analysis of their diversity 
(Shannon-Wiener index, Margalef index, 
Simpson index, and evenness index) are 
represented in Table 2.

Among the 35 species identified in our 

studied agroecosystems, only 20 species 
were observed in the least complex envi-
ronments with a monoculture (one vegeta-
tion layer) during the study. Habitats with a 
more or less high level of complexity with 
two cultivated vegetation layers have a 
bird richness of 27 species. The sites with 
a high structural complexity, combining 
three vegetation layers and larger cultivat-
ed plant species, were the most visited, 
with a total of 30 species (Table 2).

A Venn diagram (Fig. 3) shows that, 
during our study period, three bird species 
were considered exclusive to low structur-

Fig. 2. Species richness and percentage of avian families recorded in El-Guerrara  
agroecosystem.
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Table 2. Avian diversity among studied habitats.

Indicator Low complexity Medium complexity High complexity
Number of taxa 20 27 30
Shannon-Wiener 2.284 2.591 2.804
Simpson 0.861 0.894 0.913
Margalef 3.458 4.192 4.761
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al complexity plots, one species to medi-
um complexity plots, and three species in 
the most complex areas. High and medi-
um complexity areas shared 11 species, 
or 31 % of all species encountered, while 
low complexity areas shared one species 
with medium complexity areas and two 
species with high complexity areas. Final-
ly, 14 species (40 %) were present in all 
three levels of complexity.

In total, we recorded 1592 birds dis-
tributed across the studied zones, with the 
species having the largest numbers of in-

dividuals being the Rock Pigeon (Colum-
ba livia Gmelin, JF; n = 369), the House 
Sparrow (Passer domesticus L.; n = 351), 
the House Bunting (Emberiza sahari J. 
Levaillant; n = 169), and the Tawny Rock 
Thrush (Argya fulva; n = 139). However, 
the different studied habitats were domi-
nated by the same species (Fig. 4).

The application of one-way ANOVA 
test showed highly significant differenc-
es for the number of species (F = 12.47,  
p = 0.000013) and for abundance  
(F = 15.79, p = 0.000001) among the three 

Fig. 3. Venn diagram of species richness among the three levels of crop complexity: 
A) low complexity, B) medium complexity, C) high complexity.
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studied habitats. In order to understand 
the effect of the number of layers and the 
number of cultivated plant species on bird 
richness and abundance, we conducted a 
two-factor ANOVA analysis. The number 
of layers has a highly significant effect 
on bird richness (p=0.0000) and on bird 
abundance (p=0.0000). The crops rich-
ness has a significant effect only on bird 
abundance (p=0.006), and the interaction 
(number of layers-crops richness) has no 
significant effect on either bird richness or 
abundance (Table 3).

Discussion

Our original results on the avian diversity 
of agricultural environments in a Saharan 

region located in the middle of a rocky 
desert show that these environments and 
their structural complexity play a crucial 
role in the species richness, abundance, 
and spatio-temporal occupation of these 
habitats by breeding birds or trans-Saha-
ran migrants, whether during their winter 
stay or their passage through the region.

A total of 35 bird species were record-
ed in the different levels of structural com-
plexity of the agricultural landscape over 
the nine months, representing 10 % of the 
350 species listed by Ledant et al. (1981), 
or 17.24 % of the total number of species 
documented by Chedad et al. (2023) af-
ter five years of study in the same region. 
These results are similar to those men-
tioned by Guerbouz et al. (2024) during 
their survey of bird populations in rural 

Fig. 4. Rank abundance plot, evidencing the most abundant bird species recorded.
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habitats along an urban gradient in the 
city of Ghardaia, during the same period 
(38 species).

The avian richness recorded in our 
study area seems to be more or less com-
parable to that of other studied Saharan 
agroecosystems in Algeria. Guezoul et al. 
(2013) documented 47 species in the oa-
ses of Biskra in 2006, 44 species in the 
oases of Ouargla in 2008, and 33 species 
in the same habitats of Oued Souf region 
in 2009, with a total richness of 59 species 
in this region of the northeastern Algerian 
Sahara.

Ababsa et al. (2013), during their sur-
veys in Ouargla region, mentioned that 
the total richness recorded in Mekhadema 
palm grove is 34 species, while only 28 
species were inventoried at Hassi Ben Ab-
dallah station, with a total richness of 43 
species in the region.

Among the 35 species recorded in the 
surveyed agricultural environment, the 
species with reproductive status are the 
most abundant – 21. This represents over 
50 % of the species with same status re-
ported by Chedad et al. (2023), and sim-
ilar to the results published by Guerbouz 
et al. (2024), collected during the same 

period in the urban gradient of the city of 
Ghardaia. Eight species have a migratory 
status, using the region as a stopover 
during their trans-Saharan migration, and 
six species are wintering in the region.

In the present study, we report the 
dominance of Muscicapidae and Colum-
bidae, representing 30 % of the total num-
ber of species recorded, with 7 and 4 spe-
cies respectively. Furthermore, the order 
Passeriformes is the most represented 
in the study area, with 12 families and 25 
species. The city of Ghardaia hosts 8 spe-
cies from the Muscicapidae family and 4 
species from the Columbidae family, ac-
counting for 25 % of the species encoun-
tered (Guerbouz et al. 2024). In the same 
region, according to Chedad et al. (2021), 
the avian population of the Noumerat 
green belt is dominated by Muscicapidae 
(13 species) and Alaudidae (7 species), 
representing 46.51 % of the total number 
of species. In M’Zab region, Muscicapidae 
(22 species), Scolopacidae (17 species), 
and Anatidae (14 species) represent 26 % 
of all reported species (Chedad et al. 
2023).

The structural complexity of habitats 
studied, due to the number of layers, has 

Table 3. Two-way ANOVA testing variation of number of species and abundance accord-
ing to layers, crops richness and their interaction.

Variable sources Df SS MS F p
Species
Layers 1 110.1 110.14 16.568 0.0000887
Crops richness 1 7.9 7.94 1.195 0.2767
Interaction 1 23.1 23.14 3.480 0.0648
Residuals error 731.2 6.65
Abundance
Layers 1 4098 4098 14.682 0.000212
Crops richness 1 2117 2117 7.584 0.006891
Interaction 1 496 496 1.778 0.185132
Residuals error 110 30704 279

Note: Df is Degrees of Freedom, SS is Sum of Squares, MS is Mean Square.
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a significant effect on species distribution 
and bird abundance. The results indicate 
that habitats with a high level of complex-
ity, characterised by the presence of the 
three vertical layers of crops and a more 
or less high number of cultivated plant 
species (palms, fruit trees, and vegetable 
crops), host the greatest number of spe-
cies, followed by moderately and weakly 
complex areas. These results confirm the 
general trends observed by Ababsa et al. 
(2013), who linked the high avian richness 
of Mekhadema station in Ouargla to the 
great plant heterogeneity of this station, 
as well as the work of Blondel et al. (1973) 
and Blondel (1975), which specified that 
the richness of the avian community is 
closely linked to the physiognomy, vege-
tation form, and number of plant layers.

Conclusion

In conclusion, this study on the avifau-
na of Saharan agricultural environments 
in relation to their structural complexity 
highlights the importance of these en-
vironments for nesting, wintering, and 
trans-Saharan migratory birds during their 
stops in the region. The significant pres-
ence of breeding species in these agricul-
tural landscapes underscores the ecolog-
ical interest of this type of ecosystem for 
birds. Furthermore, the diversity of bird 
species and their abundance are strongly 
influenced by plant heterogeneity and the 
structural complexity of agroecosystems 
in the Ghardaia region.

Agroecosystems play a crucial role in 
biodiversity conservation in Saharan envi-
ronments by providing varied habitats for 
numerous species. By promoting sustain-
able agricultural practices, these systems 
can support local wildlife and flora while 
meeting the food needs of the population.
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Abstract
The Polylepis genus, endemic to the South American Andes, faces significant threats due to 

environmental variations, which jeopardize its growth and survival. This situation underscores the 
urgent need to develop conservation strategies. The present research assesses the influence 
of meteorological variables, such as temperature and humidity, on the growth and adaptation 
of various Polylepis species in the central Peruvian Andes, aiming to optimize reforestation and 
sustainable management practices. The study was conducted in experimental plots at the Santa 
Ana Agricultural Station in Junín, Peru, where Polylepis saplings, obtained from different locali-
ties, were planted. Over two years, phenotypic variables (height and diameter) and meteorolog-
ical variables (precipitation, humidity, temperature, and wind speed) were monitored to evaluate 
the relationship between environmental conditions and plant development. The results showed 
that high humidity negatively affected all species, however wind speed appears to promote plant 
growth by creating an ideal microclimate that reduces soil moisture. Precipitation and maximum 
temperature had limited impact, indicating relative resilience to these factors. It should be noted 
that the species from Huancavelica and Yauyos have been adapting better to local conditions 
compared to those from Cerro de Pasco, which are more sensitive to humidity. These findings 
highlight the importance of considering wind speed and humidity in reforestation planning to im-
prove the adaptability of Polylepis species. We conclude that humidity is the most decisive mete-
orological factor for the growth of Polylepis under specific conditions, emphasizing its relevance 
in planning conservation and reforestation strategies in the Peruvian Andes.

Key words: forest conservation, phenotyping, relative humidity, wind velocity.
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Introduction

Climate change represents significant 
risks to the sustainability of native tree 
plantations, affecting their survival, pro-
ductivity, carbon balance, and water use 
(Cunningham et al. 2015). Consequent-
ly, the ecosystem services provided by 
these trees and their ability to recover 
from environmental changes are impact-
ed (Ortega-Quispe et al. 2024, Rubilar et 
al. 2024). Polylepis Ruiz & Pav. is a ge-
nus unique to the South American Andes 
(Morales-Aranibar and Morales-Aranibar 
2023); nevertheless, 44 of its 47 species 
are included in the IUCN Red List (IUCN 
2024). The fragmentation of Polylepis for-
ests in Peru, caused by human activities, 
threatens the loss of their vegetation cov-
er, making conservation efforts imperative 
to prevent further degradation and protect 
this unique ecosystem (Franco-León et 
al. 2024). However, academics and field 
practitioners, in their attempt to preserve 
and restore these natural ecosystems, of-
ten work independently to conserve and 
understand them (Morales Moreno et al. 
2018).

Understanding different species 
growth rates in a model plantation is fun-
damental to optimize the planting sites 
selection, taking into account the com-
patibility with the environment (Morales 
Moreno et al. 2018). In addition, efficient 
plantation management requires constant 
dynamics monitoring, both at the planta-
tion level as a whole and of each individu-
al tree (Flores Garnica and Reyes Cárde-
nas 2022). The Polylepis genus, one of 
the most representative endemic species 
of our continent, is gaining relevance due 
to its endemism and its crucial role in the 
ecological balance conservation. Among 
the Polylepis studied species are Polyle-
pis incana Kunth, native to South Amer-

ica, which has low germination power 
and slow growth (Canales Gutiérrez et 
al. 2020). In contrast, Polylepis racemo-
sa Ruiz Lopez & Pavon, native to Peru, 
shows faster growth compared to other 
species and spreads more easily (Sego-
via-Salcedo 2011). On the other hand, 
Polylepis sacra T. Boza & M. Kessler has 
a very distinct climatic niche (Boza Espi-
noza and Kessler 2022).

It is important to understand in detail 
these species in relation to the climatic 
variables that affect their growth and sur-
vival in order to know, understand and 
develop more effective strategies for re-
forestation and conservation of our natural 
forests (Acácio et al. 2024). From a tech-
nological perspective, this understand-
ing facilitates the assessment of forest 
regeneration potential at multiple spatial 
scales, allowing the prediction of specific 
scenarios or species behaviour (Bedoya 
et al. 2024, Everingham et al. 2024). This 
information is key to assess the viabili-
ty of species in different ecological con-
texts (Rank et al. 2022), which directly 
benefits the populations that depend on 
these ecosystems for their livelihoods and 
well-being. In addition, commercial forest 
plantations, using native species, provide 
multiple ecosystem services, such as tim-
ber production, carbon sequestration and 
biodiversity support (Ugarte-Guerra and 
Román-Dañobeytia 2020).

Recent forest projections have re-
vealed changes in tree species density 
and composition as a result of tempera-
ture variations (De Fatima et al. 2023, Hsu 
et al. 2024). It is important to emphasize 
that our research, as well as other stud-
ies, has contributed to broaden the knowl-
edge on the ecology and conservation of 
Polylepis (Renison et al. 1991), demon-
strating that these trees present adaptive 
strategies for their survival (Ramos et al. 
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2013). In addition, significant differences 
have been identified between populations 
in the seedling growth range, influenced 
by climatic factors, such as light and tem-
perature (Cai et al. 2016). It is important 
to note that climatic extremes can lead to 
considerable variations in the seedlings 
number continuity between species due to 
their varying sensitivity (Niu et al. 2014).

A key aspect in the high Andean eco-
systems dynamics is how forest species 
respond to environmental conditions and 
historical land use (Schmitt et al. 2023). 
In this regard, research has shown that 
growth rates of various species are influ-
enced both by their intrinsic characteristics 
and by external factors (Bellemare et al. 
2002). A recent study on the growth of four 
native species in Peruvian Amazon plan-
tations highlights that both species-specif-
ic traits and land use history critically influ-
ence development. This interaction is es-
pecially significant for Polylepis species, 
which thrive in extreme altitudes, where 
environmental factors like water availabili-
ty, temperature, and land use impact their 
survival and growth (Ugarte-Guerra and 
Román-Dañobeytia 2020).

Therefore, this work aims to demon-
strate the influence of climatic variables 
on phenotypic characteristics, in order 
to develop conservation and sustainable 
management strategies that will facilitate 
the adaptation of native forest species, 
such as Polylepis. The results of this re-
search will provide concrete evidence that 
significantly contributes to the Sustainable 
Development Goals (SDGs), particularly 
SDG 13 and SDG 15, by evidencing im-
provements in ecosystem management 
in response to climate variations and pro-
moting the conservation of mountain eco-
systems in the Peruvian central.

Material and Methods

The study was conducted in three primary 
phases. In the initial phase, the planting 
of three Polylepis species was completed. 
The second phase focused on the col-
lection of meteorological and phenotypic 
data. Finally, the third phase involved the 
analysis of the collected data (Fig. 1).

The plantation was established in 
demonstration plots managed by the San-
ta Ana Agrarian Experimental Station at-
tached to the National Institute of Agrarian 
Innovation in the Paccha district, Jauja 
province, Junín region, Peru, as seen in 
Figure 2. The Jauja depression is a basin 
formed by Quaternary deposits, located at 
altitudes between 3100 and 3300 m a.s.l. 
(Ccopi-Trucios et al. 2023, Cáceres et al. 
2024). This basin is drained by the Manta-
ro River and two secondary tributaries, the 
Ricrán and Tulumayo rivers. The climate 
of this region is characterized by a dry and 
hot season from April to November, and a 
continuous rainy season from December 
to March. However, the duration of these 
seasons may vary due to various factors 
associated with the Andes and the Ande-
an region.

As shown in Table 1, the study was 
carried out in three plots, where three 
species of Polylepis (P. sacra, P. racemo-
sa and P. incana) were planted. The seed-
lings, 2-year-old and with average size 
of 30  cm total with a black polyethylene 
bag, were obtained from nurseries locat-
ed in three different locations. The climatic 
characteristics of the source nurseries are 
presented based on the average values 
of variables recorded in 2022. This infor-
mation comes from both the producers 
own records and data from the National 
Meteorology and Hydrology Service of 
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Peru, accessed through their official portal 
(SENAMHI 2024).

The soils where Polylepis was plant-
ed have a sandy loam texture, which lim-
its water and nutrient retention, although 
the high sand content (54–58  %) allows 
for good drainage. Organic matter rang-
es between 1.4 and 1.8  %, which con-
tributes to soil fertility, while variations in 
nitrogen (1.4 to 3.0%), phosphorus (0.07 
to 0.15 mg·kg-1) and potassium (13.6 to 
72.5 mg·kg-1) can limit growth. Soil anal-
yses were carried out in the soil and foliar 

laboratory (LABSAF) of the Santa Ana – 
Huancayo Experimental Station.

The seedlings were established on 
December 13, 2021 at the Los Andenes 
site of the Agrarian Experimental Station 
(EEA) and the Masajcancha community in 
Jauja.

Soil preparation was carried out 
through localized tillage during 2021, 
which involved digging 30 × 30 × 30 cm 
holes. In each hole, a substrate composed 
of a mixture of 20 % organic fertilizer and 
native soil was applied, providing essen-

Fig. 1. Flow chart of the research process.
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Fig. 2. Location of the experimental development site.

Table 1. Origin of the plantations.

Provenance Species
Climatic characteristics Number of 

seedlingsTmax, 
°C

Tmin, 
°C

Hum, 
%

Ws, 
m·s-1

P, 
mm·yr-1

Yauyos
Polylepis sacra

25 10 62 2.3 2396.4
235

Polylepis  
racemosa 201

Huancavelica Polylepis  
incana 23 5 73 2.6 750.2 304

Cerro de 
Pasco

Polylepis  
racemosa 20 3 57 3.2 1182.7

246

Polylepis  
incana 222

Note: Provenance in provinces of the central high Andean zone of Peru. The climatic charac-
teristics correspond to the average of each parameter for the year 2022.

tial nutrients and improving the structure 
of the soil to promote plant growth. Seed-
lings, which measured approximately 15 
to 18 cm in height with bare roots, were 

obtained from certified nurseries in each 
collection region.

The design is represented by a dis-
tance of 3  m between horizontal rows, 
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each row contains the seedlings spaced 
2 m apart, which allowed sufficient space 
for root development and efficient man-
agement. Irrigation was carried out by 
flooding during the first six months of the 
dry season, providing uniform and deep 
hydration of the soil during this critical 
establishment stage. During the rainy 
season, irrigation was not necessary and 
measures were taken, such as installing 
a fence with barbed wire to protect the 
plants from small animals, avoiding dam-
age to leaves and tips.

Additionally, weeding was carried out 
every three months to control weed com-
petition. Pest control was implemented 
using natural extracts, helping to reduce 
environmental impact compared to agro-
chemical use. In the second year, forma-
tive pruning was conducted to promote the 
plant’s vertical growth, providing a strong 
structure suitable for future development.

Field activities involved measuring 
tapes, GPS devices, and cultivation tools, 
with safety measures implemented for the 
operators. The evaluations covered two 
years (2021–2022), continuing to date, 
and included measurements taken in 
March and December (rainy season) and 
June (dry season), focusing on height, di-
ameter, shoots, and leaflets.

Meteorological data were obtained 
from the Santa Ana station (2019–2024) 
using a Davis Vantage Pro2 measuring 
device, informing evaluations and allow-
ing for the calculation of averages. Data 
processing was done in RStudio Team 
(2020), applying initial data cleaning and 
the interquartile range (IQR) method to 
handle outliers and ensure quality.

To analyse the relationship between 
climatic variables and phenotypic de-
velopment, Spearman’s correlation was 
used, as it identifies monotonic relation-
ships without assuming a normal distribu-

tion (Rovetta 2020). This method is val-
uable in forestry studies, as it addresses 
irregular or non-linear patterns in climatic 
variables that affect species growth (Men-
divelso 2022, Bocianowski et al. 2024). 
By detecting non-linear relationships, this 
approach clarifies species’ responses to 
climate changes (Allen et al. 2010).

A multivariate regression was conduct-
ed to assess the influence of climate on 
the growth of forest species, focusing on 
phenotypic variables, such as tree diam-
eter and height. The aim was to evaluate 
how temperature, precipitation, and rela-
tive humidity simultaneously affect both 
diameter and height, providing insights 
into the phenotypic responses to climatic 
fluctuations (Pretzsch 2014, Dudenhöffer 
et al. 2018).

A Principal Component Analysis (PCA) 
was conducted to explore the relation-
ships between climatic and phenotypic 
variables across different localities. Ad-
ditionally, scatter plots were created to il-
lustrate the relationships between climatic 
variables (precipitation, wind speed, hu-
midity, and maximum temperature) and 
two phenotypic traits of Polylepis species: 
height and diameter.

Results and Discussion

Table 2 presents descriptive statistics for 
Polylepis from Cerro de Pasco, Yauyos, 
and Huancavelica. Cerro de Pasco has 
an average height (H) of 76.76 cm and a 
diameter (D) of 13.36 mm, with tempera-
tures between 9.4  °C and 12.7  °C and 
average humidity of 73.0 %. Yauyos has 
a greater average height of 89.7 cm but 
a similar temperature range and humidi-
ty. Huancavelica features the highest av-
erage height at 114.6 cm and a diameter 
of 18.7 mm, suggesting more favourable 
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growing conditions. Humidity remained 
relatively constant across all locations, 
underscoring its significance for the phe-
notypic development of the species.

Figure 3 presents the correlation ma-
trix for the three studied localities, where 
it is observed that humidity is negatively 
related to growth in height and diameter 

of Polylepis plants, especially in Cerro de 
Pasco and Huancavelica. This suggests 
that high humidity levels may not be fa-
vourable for the development of this spe-
cies in its new environment. Regarding 
the relationship between height and diam-
eter, a positive correlation is found in all 
localities, being strongest in Huancaveli-

Table 2. Provenance of plantations.

n Indicator H, cm D, cm Tmax, °C Tmin, °C Hum, % Ws, m·s-1 P, mm·h-1

Cerro de Pasco

468

mean 76.7 13.3 11.2 11.0 73.0 1.9 11.5
max 127.0 33.2 12.7 12.6 81.7 2.2 28.2
min 35.0 3.9 9.4 9.2 64.7 1.4 3.0
StD 17.3 5.8 1.3 1.3 6.9 0.3 10.0

Median 76.0 12.8 11.3 11.2 72.8 1.9 7.5
Yauyos

436

mean 89.7 12.2 11.2 11.0 73.0 1.9 11.5
max 135.0 28.2 12.7 12.6 81.7 2.2 28.2
min 28.0 2.8 9.4 9.2 64.7 1.4 3.0
StD 22.20 4.49 1.30 1.31 6.96 0.3 10.0

Median 92.00 11.61 11.31 11.20 72.89 1.9 7.5
Huancavelica

304

mean 114.6 18.7 11.2 11.0 73.0 1.9 11.5
max 192.0 38.2 12.7 12.6 81.7 2.2 28.2
min 54.0 4.4 9.4 9.2 64.7 1.4 3.0
StD 27.7 8.2 1.3 1.3 7.3 0.3 10.0

Median 115.0 18.6 11.3 11.2 72.8 1.9 7.5

Note: n is number of samples, H is height, D is diameter, Tmax is maximum temperature, Tmin 
is minimum temperature, Hum is humidity, Ws is wind speed, P is precipitation. 

Fig. 3. Correlation matrix.
Note: The index (CP, Y, HV) that accompanies the variable represents: CP is Cerro de Pasco, 

Y is Yauyos, HV is Huancavelica.
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ca (0.84), indicating that in this species, 
height growth is closely associated with 
diameter.

On the other hand, extreme temper-
atures (maximum and minimum) have 
minimal influence in Cerro de Pasco and 
Yauyos, while in Huancavelica, a slight 
negative correlation is observed. This 
suggests that the effect of temperature on 
the growth of Polylepis varies according 
to the species’ adaptability. The results 
indicate that the growth of Polylepis is 
affected differently depending on the lo-
cality of origin and species, highlighting 
humidity as a relevant factor, particularly 
in higher-altitude localities, where this var-
iable appears to limit plant development in 
terms of height and diameter.

Figure 4 shows the principal compo-
nent analysis (PCA), illustrating how cli-
matic variables influence the phenotypic 
characteristics (height and diameter) of 
Polylepis species from Cerro de Pasco, 
Yauyos, and Huancavelica. The points 
represent individual observations grouped 
by region, while the ellipses around each 

group indicate the general trend of the spe-
cies in each locality. The Polylepis species 
from Yauyos show a closer association 
with maximum temperature (Tmax) and 
precipitation (P), suggesting that these cli-
matic conditions positively impact height 
(H) growth and diameter (D) development 
in this region. This implies that in Polylepis 
species from Yauyos, height and diameter 
are particularly influenced by temperature 
and precipitation.

In contrast, the Polylepis species from 
Cerro de Pasco and Huancavelica appear 
more closely associated with relative hu-
midity (Hum). In these species, humidity 
seems to play a more significant role in 
the development of height and diameter. 
This suggests that, in climates where hu-
midity is the dominant factor, height and 
diameter growth patterns may differ from 
those observed in environments more 
influenced by temperature and precipita-
tion. Overall, this analysis indicates that 
climatic variables have a differentiated 
impact on height and diameter develop-
ment across regions, highlighting the im-

Fig. 4. Principal component analysis (PCA).
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portance of considering specific environ-
mental conditions in each locality to fully 
understand the phenotypic development 
of Polylepis species.

Multivariate regression analysis  
of climatic effects

Table 3 reveals the impact of climatic vari-
ables on Polylepis species native to Cerro 
de Pasco. The intercepts present signifi-
cant t-values, with 15.149 for height and 
17.028 for diameter. These results indi-
cate that the evaluated climatic conditions 
have a significant influence on the growth 
of the species, evidencing a strong rela-
tionship between environmental factors 
and the phenotypic development of Pol-
ylepis.

Precipitation positively affects plant 
growth, which is shown in equation (1), 
with a 1-unit increase in precipitation pro-
ducing increases of 0.58 units in height 
and 0.26 units in diameter, and an in-
crease in 1 unit in wind speed resulting in 
increases of 8.93 units in height and 2.17 
units in diameter. In contrast, a 1 unit in-
crease in humidity results in decreases of 
1.59 units in height and 0.67 units in diam-
eter, suggesting that excessive humidity 
can inhibit growth. Maximum temperature 
was excluded from the model due to its 

non-significant relationship.
The multivariate equation for the Cerro 

Pasco complex is expressed as follows:
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(1)

where: H is height, m; D is diameter, cm; 
P is precipitation, mm; Ws is wind speed, 
m·s-1; Hum is humidity, %.

The effect of climatic variables on 
Polylepis species from Yauyos is demon-
strated by significant t-values of 7.482 for 
height and 13.863 for diameter, as shown 
in Table 4. These results emphasize the 
strong impact of climatic conditions on 
species growth, highlighting the correla-
tion between environmental factors and 
the phenotypic development of Polylepis.

Climatic variables influence plant 
height and diameter (equation 2). A 1-unit 
increase in precipitation leads to increas-
es of approximately 0.27 units in height 
and 0.17 units in diameter, indicating that 
higher precipitation supports growth. Wind 
speed also positively impacts growth, with 
increases of 10.08 units in height and 1.23 
units in diameter for each unit increase in 
speed. In contrast, a 1-unit increase in hu-
midity results in decreases of 0.98 units in 

Table 3. Multivariate regression with seedlings from Cerro de Pasco.

Indicators Estimate Std. Error t-value Pr (>|t|)

Height

Intercept 168.80989 11.14313 15.149 < 2e-16
P 0.58045 0.06989 8.305 1.11e-15

Ws 8.92997 2.32553 3.84 0.00014
Hum -1.5861 0.1184 -13.397 < 2e-16

Diameter

Intercept 55.30394 3.24786 17.028 < 2e-16
P 0.26286 0.02037 12.903 < 2e-16

Ws 2.16762 0.67781 3.198 0.00148
Hum -0.67257 0.03451 -19.49 < 2e-16

Note: Pr is p-value associated with a t-test; the variables mentioned: P is precipitation, Ws is 
wind speed, Hum is humidity.
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height and 0.46 units in diameter, suggest-
ing that high humidity may hinder growth. 
Maximum temperature was excluded from 
the model, indicating it has no significant 
influence.

The multivariate equation for the Yauy-
os set is expressed as follows:
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 	 (2)

The climatic variables influence on 
Polylepis species from Huancavelica (Ta-
ble 5), indicating significant t-values of 
16.07 for height and 21.256 for diameter. 
These results suggest that the analysed 
climatic variables substantially impact 

species growth, reflecting a strong rela-
tionship between environmental condi-
tions and the phenotypic development of 
Polylepis.

Plant height and diameter are influ-
enced by climatic variables (equation 3). 
A 1-unit increase in precipitation results 
in increases of approximately 1.23 units 
in height and 0.43 units in diameter, in-
dicating that higher precipitation enhanc-
es growth. Wind speed also positively 
impacts growth, with increases of 10.02 
units in height and 0.95 units in diameter 
for each unit increase in speed. In con-
trast, a 1-unit increase in humidity leads to 
decreases of 3.06 units in height and 1.13 
units in diameter, suggesting high humid-
ity may negatively affect growth. Maxi-

Table 4. Multivariate regression with seedlings from Yauyos.

Indicators Estimate Std. Error t-value Pr (>|t|)

Height

Intercept 138.7598 18.5468 7.482 4.14e-13
P 0.2716 0.1163 2.335 2.00e-02

Ws 10.0777 3.8706 2.604 0.00954
Hum -0.9788 0.1971 -4.967 9.80e-07

Diameter

Intercept 41.5395 2.99651 13.863 < 2e-16
P 0.17287 0.0188 9.197 < 2e-16

Ws 1.22651 0.62536 1.961 0.0505
Hum -0.46088 0.03184 -14.476 < 2e-16

Note: Pr is p-value associated with a t-test; the variables mentioned: P is precipitation, Ws is 
wind speed, Hum is humidity.

Table 5. Multivariate regression with seedlings from Huancavelica.

Indicators Estimate Std. Error t-value Pr (>|t|)

Height

Intercept 304.9475 18.9704 16.07 < 2e-16
P 1.2312 0.119 10.35 < 2e-16

Ws 10.0154 3.959 2.53 0.0119
Hum -3.0624 0.2016 -15.19 < 2e-16

Diameter

Intercept 94.85085 4.4624 21.256 < 2e-16
P 0.43108 0.02799 15.401 < 2e-16

Ws 0.94664 0.93128 1.016 0.31
Hum -1.13473 0.04741 -23.933 < 2e-16

Note: Pr is p-value associated with a t-test; where: P is precipitation, Ws is wind speed, Hum 
is humidity.
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mum temperature was excluded from the 
model, indicating it does not significantly 
impact this dataset. These results under-
score the importance of understanding 
climatic influences on plant phenotype for 
optimizing agricultural practices and im-
proving crop yields.

The multivariate equation or the Huan-
cavelica set is expressed as follows:
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Scatter plots in figures 5a, 5b and 5c il-
lustrate the relationships between climatic 
variables – precipitation, wind speed, hu-
midity, and maximum temperature – and 
two phenotypic characteristics of Polylep-
is species: height and diameter. Each plot 
includes a trend line showing the linear fit 
and a coefficient of determination, indicat-
ing the strength of the correlation between 
climatic and phenotypic variables.

The results show that humidity is the 
climatic variable most strongly correlated 
with the phenotypic growth of Polylepis 
species, particularly diameter, while pre-
cipitation and maximum temperature have 
a less significant impact. The figures indi-
cate that humidity significantly influences 
the diameter and height. However, both 
precipitation and maximum temperature 
exhibit poor correlations with these traits, 
suggesting that other factors may contrib-
ute to their variability.

Discussion

The study found varied responses to cli-
mate changes in different locations, show-
ing that these plants exhibit unique be-
haviours depending on their environment 
while growing. These results are consis-

tent with previous research analysing how 
Polylepis adapts to different conditions at 
high altitudes in the Andes.

For instance, the Polylepis species 
from Cerro de Pasco appear to benefit 
from the winds in their environment. We 
found that the vertical growth of these 
plants has a positive relationship with 
wind speed (r = 0.47), suggesting that the 
winds help them grow taller. This finding 
aligns with that of Marcora et al. (2021), 
who observed that in Andean ecosystems, 
wind can create microclimates that reduce 
humidity around plants, which is beneficial 
in poorly drained soils, such as the study 
site, which had a clayey, compact texture 
and high water saturation.

However, humidity is another impor-
tant factor for these species, as their 
height and diameter growth significant-
ly decrease in very humid environments 
(with negative correlations of r = -0.52 
and r = -0.60, respectively). Cáceres et al. 
(2021) also observed this effect, indicat-
ing that high-altitude species like Polyle-
pis can experience developmental issues 
in high-humidity conditions, as they may 
be at a greater risk of fungal diseases and 
water stress.

The Polylepis plants from Yauyos, 
on the other hand, displayed more neu-
tral responses to temperature variations. 
The near-zero correlation between their 
height and maximum temperature (r = 
-0.02) suggests that these species are 
more tolerant of temperature fluctuations, 
likely due to thermal adaptation mecha-
nisms similar to those described by Allen 
et al. (2010). They found that mountain 
plants develop cellular structures that 
allow them to withstand a wide range of 
temperatures. However, similar to the 
Cerro de Pasco species, the Yauyos spe-
cies are also negatively affected by high 
humidity, with negative correlations in 
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height (r = -0.28) and diameter (r = -0.53). 
This pattern is commonly seen in studies 
of high-altitude plants, where excessive 
humidity can hinder growth (Boza Espi-
noza et al. 2019).

The Polylepis plants from Huancavel-
ica exhibited a behaviour similar to the 
Cerro de Pasco plants regarding wind 
(positive height correlation, r = 0.50). 
However, they are also highly sensitive 
to humidity, as indicated by strong neg-
ative correlations with height (r = -0.58) 
and diameter (r = -0.69). Previous stud-
ies, such as that by Rovetta (2020), found 
that many forest species in the region are 
highly susceptible to humidity, especially 
in areas with intense rainfall. Interesting-
ly, these species showed a slight positive 
correlation with precipitation (r between 
0.22 and 0.28 for height and diameter), 
suggesting that they benefit from a mod-
erate amount of water without reaching 
excess levels. This aligns with findings by 
Carabajo-Hidalgo et al. (2023), who em-
phasized the importance of maintaining a 
balanced water regime to provide healthy 
growth without creating stress conditions 
for the plants.

A principal component analysis (PCA) 
further confirms these patterns, group-
ing species according to their climate 
responses: Cerro de Pasco is primarily 
associated with wind adaptability, Yauy-
os with a more balanced and tolerant 
response, and Huancavelica with a high 
dependence on precipitation and marked 
sensitivity to humidity. These findings sug-
gest that moderate wind and precipitation 
levels favour the adaptation of these spe-
cies in their new environments, while ex-
cessive humidity is a common barrier to 
growth across all evaluated species (Boza 
Espinoza et al. 2019). These insights are 
essential for understanding the ecological 
needs of each species, helping to inform 

effective management and conservation 
strategies in Andean habitats.

Conclusion

The comparative analysis of Polylepis 
populations from Cerro de Pasco, Huan-
cavelica, and Yauyos, planted in Huan-
cayo, reveals that wind speed and relative 
humidity are the most influential climatic 
factors in the phenotypic development of 
these species. Wind speed appears to 
promote plant growth by creating an ideal 
microclimate that reduces soil moisture, 
while high humidity tends to inhibit this 
same process. Precipitation and max-
imum temperature, on the other hand, 
show minimal influence, indicating that, 
under high Andean conditions, these vari-
ables do not play a key role in modulating 
the Polylepis phenotype. These findings 
underscore the importance of consider-
ing the specific environmental conditions 
of the populations’ origin when evaluating 
the phenotypic response of species in 
new environments.

References

Acácio V., Dias F., Ferreira M., Rodríguez 
P., Matias H., Caldeira M. 2024. Effects 
of shrub species dominance and diversity 
on oak seedling survival in Mediterranean 
woodlands: The interplay of abiotic condi-
tions and plant traits. Forest Ecology and 
Management 555, 121713. 9 p. https://doi.
org/10.1016/j.foreco.2024.121713

Allen C.D., Macalady A.K., Chenchouni H., 
Bachelet D., McDowell N., Vennetier 
M., Kitzberger T., Rigling A., Breshears 
D.D., Hogg E.H. (Ted), Gonzalez P., Fen-
sham R., Zhang Z., Castro J., Demidova 
N., Lim J.H., Allard G., Running S.W., Se-
merci A., Cobb N. 2010. A global overview 

RETRACTED



336	 K. O. Quispe, B. C. Torres, M. M. Damas, J. O. Ramos, L. E. Pinedo, I. F. Torres et al.

of drought and heat-induced tree mortality 
reveals emerging climate change risks for 
forests. Forest Ecology and Management 
259(4): 660–684. https://doi.org/10.1016/j.
foreco.2009.09.001

Bedoya L., López F., Cortés A. 2024. Climate 
Change Responses of High-Elevation 
Polylepis Forests. Forests 15(5), 811. 20 p. 
https://doi.org/10.3390/f15050811

Bellemare J., Motzkin G., Foster D.R. 
2002. Legacies of the agricultural past in 
the forested present: an assessment of his-
torical land-use effects on rich mesic for-
ests. Journal of Biogeography 29(10–11): 
1401–1420. https://doi.org/10.1046/j.1365-
2699.2002.00762.x

Bocianowski J., Wrońska-Pilarek D., 
Krysztooak-Kaniewska A., Matusiak 
K., Wiatrowska B. 2024. Comparison 
of Pearson’s and Spearman’s correlation 
coeecients values for selected traits of Pi-
nus sylvestris L. Research Square, Poznan 
University of Life Sciences. 20  p. https://
doi.org/10.21203/rs.3.rs-4380975/v1

Boza Espinoza T.E., Kessler M. 2022. A mon-
ograph of the genus Polylepis (Rosace-
ae). PhytoKeys 203: 1–274. https://doi.
org/10.3897/phytokeys.203.83529

Boza Espinoza T.E., Quispe R., Kessler M. 
2019. Taxonomic reevaluation of the Polyle-
pis sericea complex (Rosaceae), with the 
description of a new species. Systematic 
Botany 44(2): 324–334. https://doi.org/10.1
600/036364419X15562052252225

Cáceres Y., Lachmuth S., Schrieber K., 
Marcora P., Renison D., Hensen I. 2021. 
Germination responses of two key moun-
tain tree species to single and combined 
fire-related stresses: does elevational ori-
gin matter? Flora 280, 151832. https://doi.
org/10.1016/j.flora.2021.151832

Cáceres Y.Z., Torres B.C., Archi G.C., 
Mallqui R.Z., Pinedo L.E., Trucios D.C., 
Quispe K.O. 2024. Analysis of Soil Quali-
ty through Aerial Biomass Contribution of 
Three Forest Species in Relict High Ande-
an Forests of Peru. Malaysian Journal of 
Soil Science 28: 38–52. https://www.re-
searchgate.net/publication/381433845

Cai N., Xu Y., Chen S., He B., Li G., Li Y., 

Duan A. 2016. Variation in seed and seed-
ling traits and their relations to geo-climatic 
factors among populations in Yunnan Pine 
(Pinus yunnanensis). Journal of Forestry 
Research 27(5): 1009–1017. https://doi.
org/10.1007/s11676-016-0228-z

Canales Gutiérrez Á., Ruth Y., Vilca H. 
2020. Germination power of Polylepis in-
cana with application of different water 
treatments [Poder germinativo de Polyle-
pis incana con aplicación de diferentes 
tratamientos de agua]. Revista Cubana de 
Ciencias Forestales 8(3): 495–506. http://
scielo.sld.cu/scielo.php?script=sci_arttex-
t&pid=S2310-34692020000300495

Carabajo-Hidalgo A., Sabaté S., Crespo P., 
Asbjornsen H. 2023. Brief windows with 
more favorable atmospheric conditions ex-
plain patterns of Polylepis reticulata tree 
water use in a high-altitude Andean for-
est. Tree Physiology 43(12): 2085–2097. 
https://doi.org/10.1093/treephys/tpad109

Ccopi-Trucios D., Barzola-Rojas B., 
Ruiz-Soto S., Gabriel-Campos E., Or-
tega-Quispe K., Cordova-Buiza F. 2023. 
River Flood Risk Assessment in Commu-
nities of the Peruvian Andes: A Semiquan-
titative Application for Disaster Prevention. 
Sustainability (Switzerland) 15(18), 13768. 
15 p. https://doi.org/10.3390/su151813768

Cunningham S.C., Cavagnaro T.R., Mac Na-
lly R., Paul K.I., Baker P.J., Beringer J., 
Thomson J.R., Thompson R.M. 2015. Re-
forestation with native mixed-species plant-
ings in a temperate continental climate ef-
fectively sequesters and stabilizes carbon 
within decades. Global Change Biology 
21(4): 1552–1566. https://doi.org/10.1111/
gcb.12746

De Fatima V., De Almeida T., Martins S., 
Faustino I., Jacovine L., Albuquerque 
T., Oliveira K., Da Rocha S. 2023. Influ-
ence of meteorological variables on the 
initial growth of seedlings of native forest 
species in vegetation restoration plantings. 
Scientia Forestalis 51, e3952. 12 p. https://
doi.org/10.18671/scifor.v51.13

Dudenhöffer J.H., Ebeling A., Klein A.M., 
Wagg C. 2018. Beyond biomass: Soil feed-
backs are transient over plant life stages 

RETRACTED

http://scielo.sld.cu/scielo.php?script=sci_arttext&pid=S2310-34692020000300495
http://scielo.sld.cu/scielo.php?script=sci_arttext&pid=S2310-34692020000300495
http://scielo.sld.cu/scielo.php?script=sci_arttext&pid=S2310-34692020000300495


	 An approach to the impact of weather variables on the growth of Polylepis species...	 337

and alter fitness. Journal of Ecology 106(1): 
230–241. https://doi.org/10.1111/1365-
2745.12870

Everingham S.E., Offord C.A., Sabot 
M.E.B., Moles A.T. 2024. Leaf morphologi-
cal traits show greater responses to chang-
es in climate than leaf physiological traits 
and gas exchange variables. Ecology and 
Evolution 14(3), e10941. 16 p. https://doi.
org/10.1002/ece3.10941

Flores Garnica J.G., Reyes Cárdenas 
Ó. 2022. Proceso de georreferenciación 
estándar de arbolado en una plantac-
ión forestal comercial. Revista de Ge-
ografía Agrícola 69: 81–94. https://doi.
org/10.5154/r.rga.2022.69.04

Franco-León P., Navarro Guzman M.A., 
Oyague Passuni E., Ignacio Apaza J., 
Jove Chipana C. 2024. Fragmentation, 
birds, and conservation of the ‘Polylepis’ 
Forest in Southern Peru. Cuadernos de 
Investigación Geográfica 50(1): 179–199. 
https://publicaciones.unirioja.es/ojs/index.
php/cig/article/view/5823

Hsu H.-W., Stuke M., Bakker J.D., KIM S.-H. 
2024. A time-to-event analysis for temper-
ature dependence of seed germination in 
four conifers: Ecological niche and envi-
ronmental gradients. Forest Ecology and 
Management 562, 121972. https://doi.
org/10.1016/j.foreco.2024.121972

IUCN 2024. IUCN Red List of Threatened Spe-
cies. Version 2023. https://www.iucnredlist.
org/species/ (Downloaded on 11 Novem-
ber 2024).

Lara W., Bravo F., Sierra C.A. 2015. meas-
uRing: An R package to measure tree-
ring widths from scanned images. Den-
drochronologia 34: 43–50. https://doi.
org/10.1016/j.dendro.2015.04.002

Marcora P.I., Tecco P.A., Ferrero M.C., 
Ferreras A.E., Zeballos S.R., Funes G., 
Hensen I. 2021. Are populations of Polyle-
pis australis locally adapted along their el-
evation gradient? Neotropical Biodiversity 
7(1): 246–256. https://doi.org/10.1080/237
66808.2021.1940049

Mendivelso F. 2022. Prueba no paramétri-
ca de correlación de Spearman. Re-
vista Médica Sanitas 24(1). https://doi.

org/10.26852/01234250.578
Morales Moreno L.V., Fuentealba B., Se-

villano C.S., Gómez M.I., Segovia-Sal-
cedo M.C., Renison D., Green D., Auc-
ca C., Hensen I. 2018. Opportunities to 
bridge gaps between science and practice 
in restoration of Polylepis ecosystems. Ec-
ologia Austral 28(1): 291–300. https://doi.
org/10.25260/EA.18.28.1.1.529

Morales-Aranibar L., Morales-Arani-
bar C. 2023. Maps of the Distribution of 
Polylepis Forests in Southern Peru. In: 
Beskopylny A., Shamtsyan M., Artiukh V. 
(Eds), XV International Scientific Confer-
ence ‘INTERAGROMASH 2022’. Lecture 
Notes in Networks and Systems, vol 574. 
Springer, Cham: 3009–3018. https://doi.
org/10.1007/978-3-031-21432-5_332

Nazarnia N., Schwick C., Jaeger J.A.G. 
2016. Accelerated urban sprawl in Mon-
treal, Quebec City, and Zurich: Investi-
gating the differences using time series 
1951–2011. Ecological Indicators 60: 
1229–1251. https://doi.org/10.1016/j.ecol-
ind.2015.09.020

Niu S., Luo Y., Li D., Cao S., Xia J., Li J., 
Smith M.D. 2014. Plant growth and mor-
tality under climatic extremes: An overview. 
Environmental and Experimental Botany 
98: 13–19. https://doi.org/10.1016/j.envex-
pbot.2013.10.004

Ogana F.N., Holmström E., Aldea J., Lizinie-
wicz M. 2024. Growth response of Pinus 
sylvestris L. and Picea abies [L.] H. Karst 
to climate conditions across a latitudinal 
gradient in Sweden. Agricultural and Forest 
Meteorology 353, 110062. 11 p. https://doi.
org/10.1016/j.agrformet.2024.110062

Ortega-Quispe K., Ccopi-Trucios D., Lo-
zano-Povis A., Llanos-Del-Pino A., 
Gabriel-Campos E., Cordova-Buiza F. 
2024. Sustainable Management of Waste-
water Sludge Through Composting with 
Effective Microorganisms: Enhancing the 
Growth of Tecoma stans. Organic Farming 
10(2): 108–119. https://doi.org/10.56578/
of100202

Paredes J. 1994. Geología del cuadrán-
gulo de Jauja. Ingemmet. Bol. 48. Se-
rie A. Lima. 150  p. https://hdl.handle.

RETRACTED



338	 K. O. Quispe, B. C. Torres, M. M. Damas, J. O. Ramos, L. E. Pinedo, I. F. Torres et al.

net/20.500.12544/168
Pelster D.E., Kolka R.K., Prepas E.E. 2009. 

Overstory vegetation influence nitrogen 
and dissolved organic carbon flux from the 
atmosphere to the forest floor: Boreal Plain, 
Canada. Forest Ecology and Management 
259(2): 210–219. https://doi.org/10.1016/j.
foreco.2009.10.017

Pretzsch H. 2014. Canopy space filling and 
tree crown morphology in mixed-spe-
cies stands compared with monocultures. 
Forest Ecology and Management 327: 
251–264. https://doi.org/10.1016/j.fore-
co.2014.04.027

Rank R., Maneta M., Higuera P., Holden 
Z., Dobrowski S. 2022. Conifer Seed-
ling Survival in Response to High Surface 
Temperature Events of Varying Intensi-
ty and Duration. Frontiers in Forests and 
Global Change 4, 731267. 9 p. https://doi.
org/10.3389/ffgc.2021.731267

Renison D., Morales L., Cuyckens G.A.E., 
Sevillano C.S., Cabrera Amaya D.M. 
1991. Ecología y conservación de los bos-
ques y arbustales de Polylepis: ¿qué sabe-
mos y que ignoramos? Ecología austral 
28(1): 163–174. https://doi.org/10.25260/
EA.18.28.1.1.522

Rovetta A. 2020. Raiders of the Lost Correla-
tion: A Guide on Using Pearson and Spear-
man Coefficients to Detect Hidden Correla-
tions in Medical Sciences. Cureus 12(11), 

e11794. 7 p. doi: 10.7759/cureus.11794
RStudio Team 2020. RStudio: integrated de-

velopment for R. RStudio.  Inc., Boston, 
MA. http://www.rstudio.com/ 

Rubilar R.A., Valverde J.C., Barrientos G., 
Campoe O.C. 2024. Water and Tempera-
ture Ecophysiological Challenges of For-
ests Plantations under Climate Change. 
Forests 15(4), 654. 18  p. https://doi.
org/10.3390/f15040654

Schmitt S., Hérault B., Derroire G. 2023. 
High intraspecific growth variability despite 
strong evolutionary heritage in a neotropical 
forest. bioRxiv 2022.07.27.501745. 33  p. 
https://doi.org/10.1101/2022.07.27.501745

Segovia-Salcedo M.C. 2011. Los riesgos de 
la reforestación de los páramos con es-
pecies exoticas:el caso de Polylepis rac-
emosa. Proyectas Andinas Páramo 4(1). 
4  p. https://www.researchgate.net/publica-
tion/264383781

SENAMHI 2024. National Meteorology and 
Hydrology Service of Peru. https://www.
senamhi.gob.pe/site/descarga-datos/ 
(Downloaded on 12 November 2024).

Ugarte-Guerra J., Román-Dañobeytia F. 
2020. Tasas de crecimiento de cuatro es-
pecies nativas en plantaciones forestales 
comerciales en cuatro regiones de la Am-
azonía peruana. Revista Forestal del Perú 
35(3): 44–55. https://doi.org/10.21704/rfp.
v35i3.1600

RETRACTED



	 Acknowledgment to reviewers ...	 339

Acknowledgement to reviewers of the manuscripts
submitted to Forestry Ideas in 2024:

Burhanuddin Adman – Research and Development Institute for Natural Resources 
Conservation Technology, Balikpapan, Indonesia

Marjan T. Andreevski – Ss. Cyril and Methodius University, Institute of Agriculture, 
Skopje, North Macedonia

Olena Andreieva – Polissia National University, Zhytomyr, Ukraine
Svetoslav Anev – University of Forestry, Sofia, Bulgaria
Dwi Priyo Ariyanto – Universitas Sebelas Maret, Surakarta, Indonesia
Nexhat Balaj – University for Business and Technology, Prishtina, Kosovo
Milan Barna – Institute of Forest Ecology, Slovak Academy of Sciences, Zvolen, Slo-

vakia
Liliana Baskorowati – National Research and Innovation Agency, Bogor, Indonesia
Oleksandr Bayura – Uman National University of Horticulture, Uman, Ukraine
Ettayib Bensaci – University of M’Sila, M’Sila, Algeria 
Tatiana Erika Boza Espinoza – National Research Institute on Glaciers and Mountain 

Ecosystems (INAIGEM), Huaraz, Peru
Victor Busov – Michigan Technological University, Houghton, MI, USA
Matjaž Čater – Slovenian Forestry Institute, Ljubljana, Slovenia
Violeta Dimitrova – University of Forestry, Sofia, Bulgaria
Lachezar Filchev – Space Research and Technology Institute, the Bulgarian Academy 

of Sciences, Sofia, Bulgaria
Fitriani Fitriani – Lampung State Polytechnic, Bandar Lampung, Indonesia
Ángel Canales Gutiérrez – National University of the Altiplano of Puno, Peru
Süleyman Gülcü – Isparta University of Applied Science, Isparta, Turkey
Pouya Hassandarvish – University of Malaya, Kuala Lumpur, Malaysia
Muhammad Helmi – Raden Rahmat Islamic University, Malang, Indonesia
Yuliati Indrayani – Mulawarman University, Samarinda, Kalimantan Timur, Indonesia
I Nengah Surati Jaya – Bogor Agricultural University, Bogor, Indonesia
Zlatka Kabatliyska – University of Forestry, Sofia, Bulgaria
Dmitrii Kaplun – Saint Petersburg Electrotechnical University ‘LETI’, St. Petersburg, 

Russia
Galina Koptsik – Moscow Lomonosov State University, Moscow, Russia
Heidi Kratsch – College of Agriculture, Biotechnology & Natural Resources, University 

of Nevada, Reno, USA
Stefan Kuzevic – Technical University of Kosice, Kosice, Slovakia
Ababsa Labed – Larbi Ben M’Hidi University, Oum El Bouaghi, Algeria
Ganis Lukmandaru – Gadjah Mada University, Jakarta, Indonesia
Mihajlo Marković – University of Banja Luka, Banja Luka, Bosnia and Herzegovina
Diethart Matthies – University of Marburg, Marburg, Germany
Mikhailo Vasylovych Matusiak – Vinnytsia National Agrarian University, Vinnytsia, 

Ukraine
Boyan Milchev – University of Forestry, Sofia, Bulgaria
Budi Mulyana – University of Sopron, Sopron, Hungary



340

Budi H. Narendra – Ministry of Environment and Forestry, Bogor, Indonesia
Diana Natalia – Tanjungpura University jl. Prof. Dr. Hadari Nawawi, Pontianak, Indone-

sia
Teodor Nedelin – University of Forestry, Sofia, Bulgaria
Ned Nikolov – Colorado State University, Fort Collins, CO, USА
Petia Simeonova Nikolova – Swiss Federal Research Institute WSL, Birmensdorf, 

Switzerland
Nataliia Nuzhyna – Taras Shevchenko Kyiv National University, Kyiv, Ukraine
Lucas Prado Osco – University of Western Sаo Paulo, Limoeiro, Brazil
Oleksandr Stepanovych Ostapchuk – Uman National University of Horticulture, Uman, 

Ukraine
Samuel Arung Paembonan – Hasanuddin University, Makassar, Indonesia
Nora Polláková – Slovak University of Agriculture in Nitra, Nitra, Slovakia
Dzhamal Rakhmetov – M. M. Grishko National Botanical Garden, National Academy of 

Sciences of Ukraine, Kyiv, Ukraine
Jiří Remeš – Czech University of Life Sciences in Prague, Prague, Czech Republic
Arfa Agustina Rezekiah – Lambung Mangkurat University, Banjarmasin, Indonesia
Melya Riniarti – Lampung University, Lampung, Indonesia
Mark Jun Rojo – Central Mindanao University, Maramag, Bukidnon, Philippines
Desislava Rozdina – Sofia University ‘St. Kl. Ohridski’, Sofia, Bulgaria
Katarzyna Rubinowska – University of Life Sciences in Lublin, Lublin, Poland
Andi Salamah – University of Indonesia, Depok, Indonesia
Fusun Balik Şanli – Yildiz Technical University, İstanbul, Turkey
Argyrios Sapounidis – Hellenic Fisheries Research Institute, University of Ioannina, 

Greece
Netty Demak H. Sitanggang – Institut Pertanian Bogor, Bogor, West Java, Indonesia
Dariusz Sochacki – Warsaw University of Life Sciences, Poland
Svein Solberg – Norwegian Institute of Bioeconomy Research, As, Norway
Anta Sparinska – Bulduri Agri-Food Technical School, Jūrmala, Latvia
Dimitar Stoykov – Institute of Biodiversity and Ecosystem Research, BAS, Sofia, Bul-

garia
T. Trimanto – Purwodadi Botanic Garden, Indonesian Institute of Sciences, Pasuruan, 

Indonesia
Evgeni Tsavkov – University of Forestry, Sofia, Bulgaria
Zoya M. Tsymbalyuk – M.G. Kholodny Institute of Botany, National Academy of Scienc-

es of Ukraine, Kyiv, Ukraine
Nikolina Tzvetkova – University of Forestry, Sofia, Bulgaria
Tomàs Artés Vivancos – European Commission, Joint Research Centre, Ispra, Italy
Edi Wardiana – Research Center for Horticultural and Estate Crops, National Research 

and Innovation Agency, Bogor, West Java, Indonesia
Christine Wulandari – Lampung University, Bandar Lampung, Indonesia
Ridwan Yahya – Kyoto University, Japan
Pınar Arslan Yüce – Cankiri Karatekin University, Cankiri, Turkey
Latiffah Zakaria – University Sains Malaysia, Pulau Pinang, Malaysia
Muta Harah Zakaria – University Putra Malaysia, Selangor, Malaysia
Vesna Židovec – University of Zagreb, Zagreb, Croatia


