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Abstract

The Lankaran-Astara region, located in the southeastern part of Azerbaijan, lies within a humid 
subtropical climate zone. In this area, soil acidity (pH) directly affects the growth of both agricul-
tural crops and natural vegetation. Research conducted in the region has determined the pH levels 
of various soil types, their distribution across soil horizons, and their variation with altitude, while 
also examining the influence of soil pH on vegetation and crop productivity. The results indicate 
that the soils are predominantly slightly acidic (pH 5.6–6.5) to nearly neutral (pH 6.6–7.3). Strong 
correlations were observed between pH and key soil nutrients such as humus, phosphorus, and po-
tassium. Soil acidity increases with elevation (pH decreases), and the main species of the Hyrican 
forest develop optimally within specific pH intervals. Anthropogenic factors, particularly the long-
term application of mineral fertilizers, have a lasting impact on the soil acidity regime. These find-
ings provide a scientific basis for sustainable soil management and the improvement of agricultural 
productivity in the region.
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Introduction

The Lankaran-Astara region, located in the 
southeastern part of Azerbaijan, represents one 
of the country’s most unique natural complexes 
(Abdullayeva and Niftiyev, 2022). Distinguished 
by its geographic position, climatic conditions, 
rich biodiversity and fertile soils, this region 
holds strategic importance both ecologically 
and economically (Mammadov, 2015). Situated 
at the intersection of the Lankaran Lowland and 
the Talysh Mountains, the area stands out from 
other parts of Azerbaijan, where its humid sub-
tropical climate has played a decisive role in soil 
formation and the enrichment of the local flora 
(Babayev, 1999).

Bordered by the Caspian Sea to the east and 
the Islamic Republic of Iran to the west and south, 
the region attracts attention due to its favorable 
geographic location (Pashayev and Niftiyev, 
2017). Its southern border stretches for over 150 
km along Iran’s Gilan province, facilitating trade 
and economic cooperation between the two coun-
tries, as well as promoting cultural exchange. The 
customs and border checkpoints located in Astara 
city serve as key transportation hubs between 
Azerbaijan and Iran (Wikipedia, 2025).

Approximately 26% of the Lankaran-Astara 
region is covered by forests, making it one of the 
most forest-rich areas in Azerbaijan (Azerbaijani 
Geographical Society, 2023). A significant por-
tion of these forests is included within the Hirkan 
National Park (Mirzayev and Rustamov, 2020). 
Established in 2004, the park covers a total area of 
40,358 hectares, encompassing parts of the Lankaran 
and Astara districts (Wikipedia, 2024).The Hyrca-
nian forests are rich in Paleogene (Tertiary) relic 
and endemic plant species, including the Persian 
ironwood (Parrotia persica), chestnut-leaved oak 
(Quercus castaneifolia), Caucasian elm (Zelkova 
carpinifolia), Caucasian persimmon (Diospyros 
lotus), Hirkan fig (Ficus hyrcana), and albizia 
(Albizia julibrissin) (Agayev and Haciyev, 2018). 
In July 2019, the Hyrcanian forests were included 
in the UNESCO World Heritage List, confirming 
their global significance (Unesco, 2019).

The chemical properties of soils, particularly 

their acidity (pH), play a key role in the develop-
ment and productivity of vegetation(Gasimov, 
2017). Soil pH directly affects multiple processes, 
ranging from plant nutrient uptake and the activity 
of soil microorganisms to the decomposition of 
organic matter and the mobility of mineral ele-
ments (Ismayilov, 2019; Nasirov, 2017). Based 
on pH values, soil acidity is classified as follows: 
strongly acidic (pH < 4.5), moderately acidic (pH 
4.6–5.5), weakly acidic (pH 5.6–6.5), neutral (pH 
6.6–7.3), and alkaline (pH > 7.3) .

Each plant species develops optimally within 
a specific pH range, and changes in soil acidity 
can significantly affect both crop yields and the 
structure of natural vegetation (Chernova, 2018). 
For example, the tea plant (Thea sinensis) prefers 
weakly acidic soils (pH 5.0–6.0), whereas most 
vegetable crops grow better in near-neutral condi-
tions (pH 6.5–7.0) (Hasanov, 2018). Therefore, 
optimizing soil acidity can substantially enhance 
the productivity of agricultural plants.

The soil cover in the Lankaran-Astara region is 
represented by various types. The main soil types 
include yellow soils (in the Lankaran lowland), 
brown mountain-forest soils (in the foothill and 
mid-mountain zones), dark brown mountain-forest 
soils, meadow-forest soils, alluvial-meadow soils, 
meadow-marsh soils, and mountain-meadow soils 
(Babayev, 2011). Each soil type has distinct mor-
phological structure, physicochemical properties, 
and fertility levels.

Yellow soils, the predominant type in the 
Lankaran Lowland, have formed under humid 
subtropical climate conditions. Their yellow color 
is due to a high content of iron oxides (mainly 
goethite), and they are subdivided into gleyed, 
podzolized, and glubok semi-types. These soils 
generally have a light mechanical composition, 
high permeability, and good aeration .

Brown mountain-forest soils in the mid-altitude 
zone of the Talysh Mountains (600–1200 m) have 
developed under broad-leaved forests (Mamma-
dov, 2015). They are characterized by high humus 
content (5–10%), good structural formation, and 
high fertility. These soils are widely used for tea 
cultivation, vegetable growing, horticulture, and 
garden crops.
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In recent years, the intensification of agriculture 
in the Lankaran-Astara region, along with the 
extensive use of mineral fertilizers, irrigation, and 
reclamation measures, has significantly affected 
the soil acidity regime (Abbasova-Ibrahimqizi, 
2021). Long-term application of mineral fertilizers, 
particularly physiologically acidic fertilizers, can 
lead to soil acidification, whereas liming practices 
contribute to alkalization. Consequently, changes 
in the optimal soil pH can negatively impact plant 
productivity (Hasanov, 2018).

The main objective of this study is to com-
prehensively investigate the soil acidity regime 
of the Lankaran-Astara region, the natural and 
anthropogenic factors shaping it, and its effects 
on both natural vegetation and agricultural crops, 
as well as to determine measures for optimizing 
soil pH (Gasimov, 2017).

Materials and Methods

Between 2023 and 2025, research was con-
ducted covering the Lankaran-Astara economic-
geographical region, located in the southeastern 
part of the Republic of Azerbaijan. The study 
focused on various soil types distributed across 
the administrative districts of Astara, Jalilabad, 
Lerik, Lankaran, Masally, and Yardimli.

During the study, soils formed under different 
altitudinal zones, geomorphological elements, 
and vegetation formations were examined from 
north to south and west to east. Field research 
was conducted during the growing season (April–
October), employing a route-based survey method 
that covered over 614,000 hectares of diverse 
landscape zones. These routes extended from the 
lowland areas along the Caspian Sea coast through 
the foothills and up to the Talysh Mountains at 
elevations ranging from 200 to 2000 meters.

Selection of soil profiles took into account 
relief features (watersheds, slopes, terraces, gul-
lies), vegetation type (natural forest, shrubland, 
grassland, cultivated areas), the characteristics of 
soil-forming rocks, and the degree of anthropo-
genic influence (Chernova, 2018).

Soil sampling followed standard methodolo-
gies (Agrarian Services Agency, 2025). In each 

profile, samples were collected separately from 
genetic horizons - A0 (forest litter), A1 (humus 
accumulation), A2 (eluviation), B (illuviation), 
and C (parent rock). Using clean tools and gloves, 
1–1.5 kg of soil was collected from each horizon, 
placed into polyethylene bags, and labeled with 
the profile number, horizon, depth, date, and 
geographic coordinates. Samples were stored in 
a dark, cool place until laboratory analysis.

For vegetation studies, geobotanical surveys 
were conducted in 100 m² plots around each 
soil profile. Plant species were identified, and 
their projective cover, abundance, vitality, and 
phenological stage were recorded. Plot sizes 
were 10×10 m for forest species and 1×1 m for 
herbaceous species. Plant height, phenological 
phase, and abundance were assessed according 
to the Drude scale (Dmitriyev, 2019). 

Soil samples were analyzed in laboratories 
following international standards (ISO). The soil 
acidity (pH) was determined using a potentiometric 
method with a Hanna HI 2211 pH meter. Carbonate 
content was measured by the gasometric method, 
and humus content was determined using the I.V. 
Tyurin method (Dobrovolski, 2019). Available phos-
phorus was analyzed using the Machigin method, 
exchangeable potassium by flame photometry, 
and total nitrogen by the Kjeldahl method. Soil 
texture was determined by the Cadastral method 
(pipette method), while bulk density, porosity, 
and field water capacity were measured using 
standard procedures (Agrolab, 2024).

Samples were collected from dominant plant 
species (tea, citrus, forest trees, herbaceous plants) 
at different phases of the growing season. The 
samples were air-dried and stored until chemical 
analysis.

The results were processed using MS Excel 
(2019) and Statistica 10.0 software. Mean val-
ues (M), standard deviation (σ), coefficient of 
variation (V, %), correlation coefficient (r), and 
significance levels (p<0.05; p<0.01; p<0.001) 
were calculated. Relationships between soil pH 
and vegetation cover, productivity, and species 
diversity were determined, and regression equations 
were constructed. For comparison of pH values 
across different soil types and plant formations, 
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analysis of variance (ANOVA) was applied.

Results and Discussion

Comprehensive studies have shown that the 
dynamics of soil pH across different altitudinal 
zones. It is evident that soil acidity increases with 
elevation (pH decreases): while the average pH 
in lowland areas is 6.32, at altitudes above 1500 
m it drops to 5.62 (Table 1).

This trend can be explained by several factors: 
with increasing elevation, precipitation amounts 
rise, lower temperatures slow down the decom-
position  of organic matter, and the steep terrain 
intensifies leaching processes. The coefficient of 
variation (V) in soil pH increases from 8.7% in 
lowland areas to 16.3% in mountainous regions, 
reflecting the greater spatial heterogeneity of soils 
in complex terrains. This increase in variability 
is closely associated with the mosaic nature of 
soil cover in mountainous areas, the diversity of 
relief forms such as slopes, terraces, and valleys, 
as well as the fluctuating microclimatic conditions 
that influence soil formation processes. Steep 
slopes and variable exposures create localized 
differences in moisture, temperature, and organic 
matter decomposition, which collectively con-
tribute to greater heterogeneity in soil chemical 
properties.

These altitudinal pH trends are consistent with 
the findings of Pourbabaei et al. (2020), who 
studied altitudinal gradients in the Hyrcanian 
forests of northern Iran and reported that soil pH 
decreased significantly with increasing elevation, 
with the highest pH values recorded at 100 m 
a.s.l. and the lowest at 1,700 m a.s.l. (Pourbabaei 
et al., 2020).

Similar altitudinal pH patterns were previously 
documented in the Talysh Mountains by Babayev, 
who reported that mountain-meadow soils at el-
evations above 1500 m exhibit pH values 0.5–0.7 
units lower than lowland soils due to intensified 
leaching and organic matter accumulation under 
cooler and wetter conditions (Babayev, 1999; 
Babayev, 2011). Our findings confirm and extend 
these earlier observations with quantitative data 
across a broader range of altitudinal zones.

Comprehensive studies have shown that the soil 
acidity (pH) of the predominant soil types in the 
Lankaran-Astara region is mainly weakly acidic 
to nearly neutral. These values, together with 
the distribution of soils across genetic horizons, 
significantly influence vegetation development 
(Table 2).

As shown in Table 2, the most widespread 
soil type in the Lankaran-Astara region is the 
gray-brown mountain-forest soil, covering 124.6 
thousand hectares. Its upper humus horizon has 
a pH of 5.87 (H₂O), which classifies it as weakly 
acidic. Since the pH is below 6.5, these soils are 
non-calcareous. With increasing depth, the pH rises 
to 6.12, which is attributed to a slight increase in 
carbonates influenced by the parent rock in the 
lower horizons. A similar trend is observed in 
yellow soils, with pH values of 5.92 in the upper 
horizons and 6.20 in the lower horizons.

Meadow-forest soils exhibit relatively higher 
pH values (6.12–6.35), which is explained by their 
formation on alluvial deposits and the influence 
of groundwater. Carbonate content in these soils 
reaches up to 1.2%. The lowest pH values are 
found in meadow-marsh soils (5.68–6.02) and 
mountain-meadow soils (5.72–6.05). In these 
soils, the accumulation of organic acids from 
the anaerobic decomposition of organic matter 
contributes to their relatively higher acidity.

The soil acidity regime is a key factor influenc-
ing nutrient availability and overall soil fertility. 
In the Lankaran-Astara region, studies have 
demonstrated strong and statistically significant 
correlations between soil pH and essential nutri-
ent contents (Table 3). Specifically, humus and 
total nitrogen exhibit a negative correlation with 
soil pH, ranging from -0.43 to -0.81, indicating 
that more acidic soils tend to accumulate higher 
amounts of organic matter and nitrogen. 

Conversely, available phosphorus and potassium 
show a positive correlation with pH (0.41 to 0.78), 
suggesting that these nutrients become more readily 
available to plants in less acidic, near-neutral soils. 
These results highlight a fundamental trade-off in 
acidic soils: as acidity increases, organic matter 
accumulation is promoted, enhancing soil structure 
and water retention, but the bioavailability of key 
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Table 1. Variation of soil pH across different altitudinal zones

Altitudinal belt 
(m)

Soil type Number of 
samples

pH (H₂O) Coefficient of 
variation (V, %)

Acidity class

0–100 (lowland) Alluvial–mead-
ow, meadow–bog

28 6.32 ± 0.15 8.7 Slightly acidic – 
neutral

100–500 (foot-
hill)

Yellow, grey-
brown

32 5.98 ± 0.12 10.2 Slightly acidic

500–1000 (mid-
dle mountain)

Grey-brown, 
meadow–forest

30 5.86 ± 0.14 12.5 Slightly acidic

1000–1500 (high 
mountain)

Mountain mead-
ow, mountain 
forest

18 5.74 ± 0.16 14.8 Moderately 
acidic

>1500 (subal-
pine)

Mountain 
meadow

12 5.62 ± 0.18 16.3 Moderately 
acidic

Table 2. Soil pH values for the main soil types of the Lankaran-Astara region

Soil type Distribution 
area (thousand 
ha)

Horizon Depth (cm) pH (H₂O) pH (KCl) Carbonate 
content (%)

Grey-brown 
mountain for-
est soils

124.6 A1 0–20 5.87 ± 0.12 5.32 ± 0.08 0.0
B 20–60 5.98 ± 0.10 5.41 ± 0.09 0.0
C 60–120 6.12 ± 0.14 5.53 ± 0.11 0.2

Yellow soils 86.3 A1 0–18 5.92 ± 0.09 5.38 ± 0.07 0.0
B 18–55 6.05 ± 0.11 5.47 ± 0.09 0.0
C 55–110 6.20 ± 0.13 5.62 ± 0.12 0.5

Meadow-
forest soils

68.5 A1 0–22 6.12 ± 0.10 5.58 ± 0.08 0.3
B 22–65 6.24 ± 0.12 5.66 ± 0.10 0.8
C 65–120 6.35 ± 0.15 5.74 ± 0.13 1.2

Meadow–bog 
soils

42.1 A1 0–25 5.68 ± 0.14 5.12 ± 0.10 0.0
B 25–60 5.84 ± 0.16 5.26 ± 0.12 0.0
C 60–110 6.02 ± 0.18 5.43 ± 0.14 0.1

Alluvial–
meadow soils

37.8 A1 0–20 6.45 ± 0.11 5.92 ± 0.09 1.8
B 20–55 6.58 ± 0.13 6.05 ± 0.11 2.3
C 55–115 6.72 ± 0.15 6.18 ± 0.13 3.1

Mountain 
meadow soils

29.4 A1 0–15 5.72 ± 0.12 5.18 ± 0.09 0.0
B 15–50 5.88 ± 0.14 5.31 ± 0.11 0.0
C 50–100 6.05 ± 0.16 5.48 ± 0.13 0.2
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Table 3. Correlation coefficients between soil pH and nutrient content

Soil type pH – Humus pH – Total nitrogen pH – Available phos-
phorus

pH – Exchangeable 
potassium

Grey-brown moun-
tain forest soils

-0.68 (p < 0.01) -0.62 (p < 0.01) 0.58 (p < 0.01) 0.54 (p < 0.05)

Yellow soils -0.71 (p < 0.001) -0.65 (p < 0.001) 0.62 (p < 0.01) 0.57 (p < 0.01)
Meadow–forest soils -0.52 (p < 0.05) -0.48 (p < 0.05) 0.71 (p < 0.001) 0.63 (p < 0.01)
Meadow–bog soils -0.81 (p < 0.001) -0.74 (p < 0.001) 0.45 (p < 0.05) 0.41 (p < 0.05)
Alluvial–meadow 
soils

-0.43 (p < 0.05) -0.39 (p < 0.05) 0.78 (p < 0.001) 0.72 (p < 0.001)

Mountain meadow 
soils

-0.75 (p < 0.001) -0.69 (p < 0.001) 0.51 (p < 0.05) 0.48 (p < 0.05)

Note: Statistical significance levels are indicated as p < 0.05, p < 0.01, and p < 0.001 

mineral nutrients such as phosphorus and potas-
sium decreases, potentially limiting plant growth 
and crop productivity. Therefore, understanding 
the relationship between soil acidity and nutrient 
dynamics is crucial for developing targeted soil 
management strategies, including liming, fertil-
ization, and crop selection, particularly in regions 
with diverse topography and heterogeneous soil 
conditions like Lankaran-Astara.

As shown in Table 3, different correlations are 
observed between soil pH and nutrient content. 
A negative correlation with humus and total ni-
trogen (-0.43 to -0.81) and a positive correlation 
with available phosphorus and potassium (0.41 
to 0.78) were recorded. This indicates that as 
soil acidity increases (pH decreases), humus ac-
cumulation intensifies, whereas the availability 
of phosphorus and potassium for plant uptake 
becomes more limited.

The strongest negative correlation was observed 
in meadow-swamp soils (r = -0.81), which is re-
lated to the accumulation of organic matter under 
anaerobic conditions and its slow mineralization. 
The highest positive correlation was found in 
alluvial-meadow soils between pH and phospho-
rus (r = 0.78), indicating that a near-neutral soil 
reaction enhances phosphorus mobility.

The dependence of soil nutrient availability on 
pH is clearly evident in Table 4. In acidic soils (pH 

< 5.5), humus content is at its maximum (4.28%), 
while available phosphorus (12.4 mg.kg-1) and 
potassium (98.6 mg.kg-1) are at their minimum. 
In neutral soils (pH 6.6–7.3), humus content is 
relatively lower (2.64%), but phosphorus (34.2 
mg.kg-1) and potassium (236.8 mg.kg-1) reach 
their highest levels. This indicates that a near-
neutral soil environment is more favorable for 
plant nutrition.

Approximately 58.7% of the region’s soils (299.2 
thousand ha) fall within the optimal pH range of 
5.6–6.5, providing favorable conditions for both 
natural vegetation and agricultural crops.

The observed correlations between soil pH and 
nutrient availability are in good agreement with the 
findings of Havlin et al. 2016 , who demonstrated 
that near-neutral pH conditions (6.5–7.0) maximize 
phosphorus and potassium mobility, while acidic 
conditions favor the accumulation of organic 
matter due to reduced microbial decomposition 
rates (Havlin et al., 2016). Similar patterns have 
been documented in humid subtropical regions 
worldwide, confirming the universality of these 
pedochemical relationships.

These findings are consistent with earlier stud-
ies in the Lankaran lowland by Gasimov, who 
reported that yellow soils with pH values below 
6.0 contain higher organic matter content but lower 
available phosphorus compared to near-neutral 
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alluvial-meadow soils (Gasimov, 2017). Our 
study provides updated correlation coefficients 
that quantitatively confirm these earlier qualita-
tive observations.

There is a strong relationship between soil 
acidity and plant cover. Geobotanical studies have 
shown that the species composition, projective 
cover, and productivity of plant communities 
differ significantly across various pH intervals 
(Table 5).

The results observed in Table 5 indicate that 
the highest species diversity (31.2 species/10 
m²) and projective cover (86.4%) were recorded 
within the pH interval of 6.1–6.5. In this range, 
tree and shrub species such as oak, elderberry, 
hazelnut, hawthorn, rosehip, and other woody 
plants predominate.

Within the pH interval of 5.6–6.0, species 
diversity is relatively high (24.6 species/10 
m²), but acid-tolerant species, such as ironwood 
(Parrotia persica), wild tea (Thea sinensis), and 
barberry (Berberis spp.), are more widespread. 
The lowest species diversity is observed in both 
strongly acidic soils (pH < 5.5) and alkaline soils 
(pH > 7.3).

Table 6 shows that the main species of Hy-
rcanian forests develop optimally within dif-
ferent pH ranges. Sweet chestnut oak (Quercus 
castaneifolia) prefers a pH of 6.2–6.8, ironwood 
(Parrotia persica) 5.8–6.4, and wild tea (Thea 
sinensis) 5.4–6.0. The highest correlation between 
pH and productivity is observed in wild tea (r = 
0.85), while in sweet chestnut oak it is r = 0.82, 
indicating the sensitivity of these species to soil 
conditions.

These optimal pH ranges closely correspond 
with those reported by Kooch et al. (2019) for 
the Hyrcanian forests, who found that Parrotia 
persica occurs across a wide pH range (5.0–7.0) 
but dominantly on slightly acidic to neutral soils 
(Kooch and Bayranvand, 2019).This consistency 
across the Hyrcanian region suggests that these 
species exhibit stable edaphic preferences regard-
less of geographic location.

Earlier phytosociological studies in the Hyrca-
nian forests by Mirzayev and Rustamov noted that 
ironwood (Parrotia persica) dominantly occurs on 

weakly acidic brown mountain-forest soils, while 
chestnut-leaved oak (Quercus castaneifolia) prefers 
deeper, less acidic alluvial soils (Mirzayev and 
Rustamov, 2020). Our results provide quantita-
tive pH thresholds that support and refine these 
earlier ecological observations.

Effect on agricultural crops. The Lankaran-
Astara region includes areas where key agricultural 
crops such as tea, citrus, vegetables, potatoes, and 
cereals are cultivated (Azerbaijani Geographical 
Society, 2023). 

Table 7 shows the optimal productivity ranges 
of the main agricultural crops in the region ac-
cording to soil pH. Tea achieves maximum yields 
at pH 5.4–6.0, citrus at 6.0–6.5, vegetables at 
6.2–7.0, potatoes at 5.8–6.4, cereals at 6.0–7.2, 
and tobacco at 5.8–6.4. Research results indicate 
that the productivity of these crops significantly 
depends on soil pH (Table 7).

The study indicates that tea and potatoes prefer 
more acidic soils, while vegetables and cereals 
perform better in near-neutral soils. In soils with 
pH < 5.5, no agricultural crops except tea yield 
effectively. In alkaline soils with pH > 7.3, potatoes 
and tobacco fail completely, and the productivity 
of other crops decreases sharply.

Table 8 shows that tea plantation productivity 
is directly dependent on soil pH. Productivity is 
high in Masalli (46.8 c.ha-1) and Lankaran (44.6 
c.ha-1) districts because the soil pH is within 
the optimal range (5.84–5.96). In Lerik (28.6 
c.ha-1) and Yardimli (30.2 c.ha-1), productivity is 
lower due to more acidic soils (pH 5.48–5.52). A 
strong correlation between pH and productivity 
(r = 0.79–0.88) was observed across all districts, 
indicating the high sensitivity of tea plants to 
soil acidity.

These results are consistent with the findings of 
Yan et al. (2020), who conducted a comprehensive 
study on soil pH and nutrient use efficiency in tea 
plantations and reported that tea plants achieve 
optimal growth and maximum yields at soil pH 
5.5–6.0, with productivity declining significantly 
under strongly acidic (pH < 5.0) or alkaline (pH 
> 6.5) conditions (Yan et al., 2020).Our findings, 
therefore, align with the global optimum range 
for tea cultivation.
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Table 4. Soil nutrient content across different pH intervals

pH interval Soil area 
(thousand ha)

Humus (%) Total nitrogen 
(%)

Available 
phosphorus 
(mg.kg-1)

Exchangeable
potassium (mg.kg-1)

< 5.5 (acidic) 38.6 4.28 ± 0.32 0.24 ± 0.03 12.4 ± 1.8 98.6 ± 8.7
5.6–6.0 (slightly 
acidic)

156.4 3.86 ± 0.24 0.21 ± 0.02 18.7 ± 2.2 145.3 ± 12.4

6.1–6.5 (weakly 
acidic)

142.8 3.12 ± 0.18 0.18 ± 0.02 26.5 ± 3.1 187.5 ± 15.6

6.6–7.3 (neu-
tral)

52.3 2.64 ± 0.15 0.15 ± 0.01 34.2 ± 3.8 236.8 ± 18.9

> 7.3 (alkaline) 8.6 2.08 ± 0.12 0.12 ± 0.01 22.6 ± 2.7 178.4 ± 14.2

Table 5. Characteristics of plant communities across different pH intervals

pH interval Dominant plant com-
munities

Number of species 
(per 10 m²)

Projective cover (%) Productivity (cent-
ners.ha-1)

< 5.5 Blackthorn, cornelian 
cherry, ferns, marsh 
grasses

12.4 ± 1.8 65.4 ± 5.2 18.6 ± 2.4

5.6–6.0 Hornbeam, iron-
wood, wild tea, 
medlar

24.6 ± 2.4 78.6 ± 6.8 32.5 ± 3.8

6.1–6.5 Oak, hornbeam, 
hazelnut, hawthorn, 
rosehip

31.2 ± 2.8 86.4 ± 7.2 45.8 ± 4.6

6.6–7.3 Poplar, willow, elm, 
alfalfa, wormwood

18.5 ± 2.2 72.5 ± 6.4 38.7 ± 4.2

> 7.3 Tamarisk, saltwort, 
reed, salt-tolerant 
grasses

8.6 ± 1.2 45.8 ± 5.6 12.4 ± 2.8

The strong dependence of tea productivity on 
soil pH observed in our study corroborates earlier 
investigations in the Lankaran-Astara region by 
Hasanov, who reported that tea yields decline by 
15–20% when soil pH drops below 5.5 or rises 
above 6.0 (Hasanov, 2018). Our district-level 
data from Lankaran, Astara, Masally, Lerik, and 
Yardimli provide a more detailed spatial confir-
mation of these earlier findings.

Seasonal variability: The soil acidity regime 
varies throughout the year. Monitoring results show 

that pH values reach their maximum in summer 
and minimum in winter (Table 9).

Table 9 shows that soil pH exhibits seasonal 
variability across all soil types: it reaches maxi-
mum values in summer and minimum values in 
winter. The amplitude of change ranges from 
0.20 to 0.28. In summer, higher temperatures, 
increased evaporation, and the concentration of 
the soil solution lead to a rise in pH, whereas in 
winter, heavy precipitation and enhanced leaching 
increase acidity (lower pH). The greatest seasonal 
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Table 6. Relationship between dominant forest-forming species and soil pH

Plant species Distribution area 
(thousand ha)

Optimal pH range Observed pH range Correlation 
coefficient (pH–
productivity)

Chestnut-leaved oak (Quer-
cus castaneifolia)

28.6 6.2–6.8 5.8–7.2 0.82

Ironwood (Parrotia per-
sica)

24.2 5.8–6.4 5.4–6.8 0.76

Hornbeam (Carpinus 
betulus)

32.8 6.0–6.6 5.6–7.0 0.71

Caucasian zelkova (Zelko-
va carpinifolia)

12.4 6.2–6.7 5.9–7.1 0.68

Poplar (Populus spp.) 18.6 6.5–7.2 6.0–7.5 0.64
Wild tea (Thea sinensis) 8.2 5.4–6.0 5.0–6.4 0.85

Table 7. Dependence of the main agricultural crops’ productivity on soil pH intervals

Crop Cultivated 
area (thou-
sand ha)

Productivity (centners.ha-1) at different pH intervals Optimal pH 
range

pH range < 5.5 5.6–6.0 6.1-6.5 6.6-7.3 > 7.3
Tea (Thea 
sinensis)

8.4 28.4 42.6 36.8 | 24.5 12.8 5.4-6.0

Citrus 
(lemon, 
orange)

4.2 0 86.4 124.8 112.6 68.4 6.0-6.5

Vegetables 
(tomato, 
cucumber)

12.8 0 156.8 248.6 286.4 168.5 6.2-7.0

Potato 
(Solanum 
tuberosum)

6.6 0 124.6 186.8 156.4 0 5.8-6.4

Cereals 
(wheat, 
barley)

18.4 0 24.8 38.6 42.5 32.4 6.0-7.2

Tobacco 
(Nicotiana 
tabacum)

2.8 0 18.6 24.8 22.4 0 5.8-6.4

fluctuation is observed in yellow soils (0.28) and 
gray-brown soils (0.26), while the most stable 
soils are alluvial-meadow soils (0.20), due to 
the influence of groundwater and a more stable 
hydrothermal regime.

Similar seasonal pH dynamics have been docu-
mented by Neina, who explained that increased 

evapotranspiration during summer months concen-
trates soil solutes, temporarily raising pH, while 
winter precipitation accelerates base cation leaching, 
resulting in lower pH values (Neina, 2019). The 
amplitude of seasonal variation observed in our 
study (0.20–0.28) falls within the range reported 
for temperate and subtropical regions.
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Table 8. Soil pH and productivity dynamics in tea plantations

District where 
the plantation is 
located

Area (ha) Soil type pH (H₂O) Productivity 
(centners.ha-1)

Correlation (pH–
productivity)

Lankaran 2,850 Yellow soils 5.84 ± 0.12 44.6 ± 3.8 0.86
Astara 2,460 Grey-brown 

mountain forest 
soils

5.72 ± 0.14 38.4 ± 3.2 0.82

Masally 1,820 Yellow soils 5.96 ± 0.10 46.8 ± 4.2 0.79
Lerik 720 Mountain 

meadow soils
5.48 ± 0.16 28.6 ± 2.8 0.88

Yardymly 550 Mountain 
meadow soils

5.52 ± 0.15 30.2 ± 3.0 0.84

Table 9. Seasonal changes in soil pH (0–30 cm layer)

Soil type Spring (April–
May)

Summer (July–
August)

Autumn (Octo-
ber–November)

Winter (Decem-
ber–February)

Amplitude of 
variation

Grey-brown 
mountain forest 
soils

5.82 ± 0.10 6.04 ± 0.12 5.96 ± 0.11 5.78 ± 0.09 0.26

Yellow soils 5.88 ± 0.09 6.12 ± 0.11 6.04 ± 0.10 5.84 ± 0.08 0.28
Meadow–forest 
soils

6.08 ± 0.11 6.28 ± 0.13 6.18 ± 0.12 6.02 ± 0.10 0.26

Meadow–bog 
soils

5.64 ± 0.14 5.82 ± 0.16 5.74 ± 0.15 5.58 ± 0.12 0.24

Alluvial–mead-
ow soils

6.42 ± 0.12 6.58 ± 0.14 6.50 ± 0.13 6.38 ± 0.11 0.20

Mountain 
meadow soils

5.68 ± 0.13 5.86 ± 0.15 5.78 ± 0.14 5.62 ± 0.12 0.24

Table 10. Soil pH under various land-use types (0–30 cm layer)

Land-use type Number of samples pH (H₂O) Difference from 
natural background

Coefficient of varia-
tion (V, %)

Natural forest (con-
trol)

45 5.94 ± 0.12 – 10.4

Tea plantations 38 5.78 ± 0.15 −0.16 14.6
Citrus orchards 32 6.28 ± 0.16 +0.34 15.2
Vegetable fields 42 6.52 ± 0.18 +0.58 16.8
Cereal fields 36 6.38 ± 0.17 +0.44 15.8
Pastures 28 6.08 ± 0.14 +0.14 12.5
Long-term fallow 
land

24 5.88 ± 0.16 −0.06 14.2
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Table 11. Measures for optimizing soil acidity under different soil-plant conditions

Soil type Crop pH value Problem Recommended 
measure

Grey-brown moun-
tain forest soils

Tea < 5.6 Increased acidity Organic fertilizer, 
dolomite flour

Yellow soils Tea < 5.5 Strong acidity Liming, organic 
fertilizer

Meadow–forest soils Vegetables > 6.8 Alkalization Physiological acid 
fertilizers 

Alluvial–meadow 
soils

Cereals > 7.0 Alkalization Physiological acid 
fertilizers, gypsum 
application

Mountain meadow 
soils

Potato < 5.6 Increased acidity Organic fertilizer, 
wood ash

Meadow–bog soils Natural pasture < 5.6 Increased acidity Drainage, liming

Seasonal pH fluctuations in the region were 
previously noted by Babayev, who observed that 
yellow soils exhibit greater seasonal variability 
compared to alluvial-meadow soils due to their 
lighter texture and lower buffering capacity 
(Babayev, 2011). Our results quantitatively con-
firm this pattern, showing the highest seasonal 
amplitude in yellow soils (0.28) and the lowest 
in alluvial-meadow soils (0.20).

Anthropogenic effects: Intensive agriculture, 
the use of mineral and physiologically acidic 
fertilizers, irrigation, and land reclamation mea-
sures in the region significantly affect soil acid-
ity. Table 10 compares soil pH under different 
land-use types.

Table 10 shows that compared to natural for-
est soils, soil pH decreases by 0.16 units in tea 
plantations (increased acidity), while in citrus 
orchards it increases by 0.34 units, in vegetable 
fields by 0.58 units, and in cereal crops by 0.44 
units (more alkaline). These changes are mainly 
related to the type and dosage of applied fertil-
izers. In tea plantations, physiologically acidic 
fertilizers (ammonium sulfate, ammonium nitrate) 
lead to soil acidification, whereas liming and al-
kaline fertilizers in citrus orchards and vegetable 
fields raise pH. The highest coefficient of varia-
tion (16.8%) was observed in vegetable fields, 
which is explained by the variability in fertilizer 

application and irrigation regimes.
The acidifying effect of long-term nitrogen 

fertilizer application observed in tea plantations 
is consistent with the findings of Barak et al. 
(1997), who reported that long-term application 
of ammoniacal nitrogen fertilizers resulted in 
a 16% loss of cation exchange capacity (CEC) 
and significant increases in exchangeable acidity 
in agricultural systems (Barak et al., 1997).Our 
results confirm that anthropogenic land manage-
ment practices exert a measurable influence on soil 
acidity regimes, highlighting the need for careful 
fertilizer selection and pH monitoring.

The impact of agricultural practices on soil pH 
in the Lankaran-Astara region has been previously 
highlighted by Gasimov, who noted that long-term 
tea cultivation leads to progressive soil acidifica-
tion, while liming in vegetable fields increases pH 
(Gasimov, 2017). Our comparative analysis across 
different land-use types (Table 10) provides updated 
quantitative estimates of these anthropogenic pH 
shifts, with tea plantations showing a 0.16 unit 
decrease and vegetable fields a 0.58 unit increase 
relative to natural forest soils.

Optimization of soil acidity: The study 
shows that soils in the region generally meet crop 
requirements, but in some areas (tea plantations 
and mountainous regions) acidity increases, while 
in vegetable and cereal fields alkalization occurs. 
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Therefore, various measures should be applied to 
optimize the soil acidity regime (Table 11).

The recommended measures in Table 12 were 
developed taking into account the specific condi-
tions of the region. In tea plantations, where soil 
acidity increases, it is recommended to apply 
organic fertilizers along with dolomite flour or 
lime materials. In vegetable and cereal fields, 
where alkalization occurs, the use of physiological 
acidifying fertilizers (such as ammonium sulfate) 
is recommended, and in severe cases, gypsum 
application is appropriate.

Conclusions

Comprehensive studies have shown that the 
soil acidity regime in the Lankaran-Astara region 
is mainly characterized by weakly acidic (pH 
5.6–6.5) and near-neutral (pH 6.6–7.3) reactions. 
pH values vary across different soil types: gray-
brown mountain-forest soils 5.87–6.12, yellow 
soils 5.92–6.20, meadow-forest soils 6.12–6.35, 
meadow-swamp soils 5.68–6.02, alluvial-meadow 
soils 6.45–6.72, and mountain-meadow soils 
5.72–6.05.

Soil acidity consistently increases with elevation 
(pH decreases). While the average pH in lowland 
areas is 6.32, in zones above 1500 m it drops to 
5.62. Strong correlations exist between soil pH 
and nutrient content: a negative correlation with 
humus (r = -0.43 to -0.81) and positive correlations 
with phosphorus (r = 0.45 to 0.78) and potassium 
(r = 0.41 to 0.72). Approximately 58.7% (299.2 
thousand ha) of the region’s soils fall within the 
optimal pH range of 5.6–6.5.

There is a close relationship between soil acidity 
and vegetation. The highest species diversity (31.2 
species/10 m²) and projective cover (86.4%) were 
recorded at pH 6.1–6.5. Among the main species 
of the Hyrcanian forests, chestnut-leaved oak (Q. 
castaneifolia) thrives at pH 6.2–6.8, ironwood (P. 
persica) at 5.8–6.4, velvet tree (Al. julibrissin) at 
6.0–6.6, and wild tea (T. sinensis) at 5.4–6.0. Ag-
ricultural crop yields are also strongly dependent 
on soil pH: optimal ranges are 5.4–6.0 for tea, 
6.0–6.5 for citrus, 6.2–7.0 for vegetables, 5.8–6.4 
for potatoes, and 6.0–7.2 for cereals.

Soil acidity exhibits seasonal variability: pH 
reaches maximum values in summer and minimum 
values in winter, with a fluctuation amplitude of 
0.20–0.28. Anthropogenic impacts, especially long-
term mineral fertilizer application, significantly 
influence the acidity regime. In tea plantations, 
physiological acidifying fertilizers reduce pH 
by 0.16 units, whereas liming in vegetable fields 
increases pH by 0.58 units. 
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