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s Abstract. The purpose of this study was to determine the level of ability of the Caspian coastal soils to neutralise 
anthropogenic load based on the assessment of their assimilation and self-purification characteristics. The research 
methodology was based on a comparative analysis of the soils of the Absheron-Khizi and Guba-Khachmaz regions of 
Azerbaijan, where samples were taken from the 0-20 cm horizon, after which different levels of oil load were reproduced 
under model conditions and microbiological, biochemical, and bioindicative parameters were assessed to determine 
the self-purification capacity of ecosystems. The greatest resistance was demonstrated by meadow-forest soils, which 
had a neutral reaction of the environment (pH 7.1-7.4), high humus reserves (70-240 t/ha) and increased biological 
activity, which was confirmed by the carbon dioxide content of 0.65%. Their ability to decompose hydrocarbons was 
1.12 ± 0.08 mg per gram of soil per day, and the mineralisation factor reached 0.52 ± 0.03. Meadow soils with humus of 
35-60 t/ha and a share of oil-degrading microorganisms of 18-22% had lower biodegradation – 0.78 ± 0.05 mg/g×day  
with a mineralisation factor of 0.31 ± 0.02. The most vulnerable soils were grey-brown soils with a minimum organic 
matter stock (24-38  t/ha) and a low proportion of destructors (8-12%); the assimilation capacity did not exceed 
0.34 ± 0.04  mg/g×day with a mineralisation factor of 0.12 ± 0.01. Bioindication tests showed a drop-in germination 
of watercress and alfalfa to 40-45% and a 50% reduction in biomass under conditions of 10% oil contamination. The 
results confirmed that meadow-forest soils were the most resistant, meadow soils were in an intermediate position, 
while grey-brown soils were the most vulnerable to oil pollution. The practical significance of the findings lies in their 
potential to be used by environmental services and agricultural research centres to monitor soil conditions and develop 
bioremediation strategies in the Caspian Sea regions

s  Keywords: bioindication; oil products; toxic effects; biodegradation; sustainability; pollutant; microbial 
communities
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s Introduction
The soils of the Caspian Sea coastal zone play a key role 
in maintaining biogeoecological balance, as they ensure 
the accumulation and transformation of organic matter, 
regulate the quality of surface and groundwater, and cre-
ate conditions for biodiversity conservation. Their assim-
ilation capacity and self-purification ability determine the 
resilience of ecosystems to external stress and form a nat-
ural barrier against anthropogenic pollution. At the same 
time, the long-term impact of hydrocarbon production 
and transportation, the development of industrial facilities, 
and urbanisation processes have led to the accumulation of 
oil products, heavy metals, and other xenobiotics in soils. 
This was accompanied by a change in their physical and 
chemical parameters, a decrease in the activity of microbial 
communities, and a slowdown in mineralisation processes. 
Such changes limit the natural potential of soils to maintain 
the stability of biogeoecosystems and counteract external 
anthropogenic pressure.

The study of the Caspian Sea coastal soils has gradually 
shifted from general descriptions to quantitative analysis of 
their properties. M.P. Babaev et al. (2020) proposed to de-
termine the maximum permissible concentrations (MPC) 
of oil products using indicators of the soil assimilation po-
tential. The researchers showed that this approach helped 
to adapt the standards to concrete soil types, but its univer-
salisation proved impossible due to regional specifics. N. Is-
mailov et al. (2020) substantiated the concept of including 
assimilation capacity in soil and landscape passports, which 
helped to comprehensively consider physicochemical and 
microbiological indicators. Therewith, scientists noted the 
lack of unified field validation methods, which limited the 
practical application of this approach. The current state of 
the soil cover of the coastal strip was analysed by N.T. Al-
iyeva et al. (2023), who revealed the impact of a combina-
tion of climatic and anthropogenic factors on degradation 
processes. The greatest changes were recorded in areas with 
intensive economic use, where the ability of soils to recover 
decreased. M. Ahmadov et al.  (2020) conducted a spatial 
analysis of the content of heavy metals in the coastal sed-
iments of the western Caspian Sea. The results confirmed 
that background levels were exceeded even in areas remote 
from industrial centres, indicating a large-scale nature of 
the anthropogenic impact.

The study of biological mechanisms of soil restoration 
after oil pollution showed that microorganisms and asso-
ciated plant communities play a leading role in stabilising 
degradation processes (Islamzade et al., 2025). Q. Duan et 
al.  (2023) proved that petroleum hydrocarbon pollution 
disrupted growth and gas exchange in sea buckthorn 
plants, while reducing the level of antioxidant defence. The 
researchers emphasised that such changes not only reduced 
bioproductivity but also limited the potential of plants to 
take part in natural soil self-purification. The analysis con-
ducted by G.  Yerulker  et al.  (2023) demonstrated differ-
ences in the structure of microbial communities in areas 
with different degrees of oil contamination. The researchers 

demonstrated that under conditions of high hydrocarbon 
content, microbial communities lost their functional diver-
sity, which complicated the degradation of organic matter. 
X. Sui et al. (2021) covered the prospects of microbial and 
combined bioremediation methods, studying the effective-
ness of combining microbial consortia with phytotechnol-
ogy. The results revealed that integrated approaches accel-
erated the decomposition of hydrocarbons and reduced 
the toxicity of the soil environment. The accumulated data 
were summarised by B. Mekonnen et al. (2024), who sys-
tematised the principles and mechanisms of microbial deg-
radation of petroleum compounds. This review noted that 
the key factor in the effectiveness of bioremediation was the 
adaptability of microbial communities to specific environ-
mental conditions.

The problems of the functioning of the Caspian coast-
al soils should be considered in the context of broader 
environmental challenges that determine the prospects 
for sustainable development of the region. S.  Xenarios  et 
al.  (2025) conducted a comprehensive review of current 
threats, including oil hydrocarbon pollution, degradation 
of coastal ecosystems, and the effects of sea level fluctua-
tions. The results showed that the integration of local soil 
research into the regional policy system is a prerequisite for 
the development of balanced scenarios for natural resource 
management. B. Iskakov et al. (2024) covered the practical 
aspect of environmental safety, assessing the sensitivity and 
vulnerability of the coast to oil spills. The study found that 
the consideration of the soil cover characteristics increased 
the accuracy of environmental risk assessment and enabled 
more informed planning of response measures.

Despite the existence of some regional and interna-
tional studies, there are still no comprehensive studies that 
integrate physicochemical and biological criteria for assess-
ing the resilience of Caspian coastal soils to anthropogenic 
stress. The purpose of the present study was to quantify the 
assimilation capacity and self-purification potential of the 
soils of the Caspian Sea coastal zone. For this, it was neces-
sary to solve the following tasks: to analyse the composition 
and properties of soils in the area affected by anthropogen-
ic factors; to assess the level of assimilation capacity and 
self-purification capacity; to compare the results between 
individual sections of the coast to identify spatial differences.

s Materials and Methods
The area and period of the study
The study was conducted within the soil cover of two 
economically significant regions of Azerbaijan  – Absher-
on-Khizi and Guba-Khachmaz. These areas were charac-
terised by a prominent level of anthropogenic pressure due 
to the development of the Siazan oil fields, the proximity of 
industrial facilities in the Absheron Region, and the pas-
sage of the Northern Export Pipeline. The soil cover of the 
territories had a different structure: the Guba-Khachmaz 
Region was characterised by meadow-forest and partial-
ly meadow soils, while the Absheron-Khizin Region was  
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represented mainly by grey-brown soils with an admixture 
of meadow soils. Hydrocarbons were chosen as the key 
indicator of pollution, as their presence in the soil causes 
toxic effects on living organisms and leads to substantial 
changes in the biogeochemical cycle. Considering the ab-
sence of MPC standards for oil and oil products in Azer-
baijani soils, their content was determined as a percentage 
of mass, considering the range of 0.5-10%. The study was 
conducted in 2023-2024, covering the spring (March-May) 
and autumn (September-November) periods, which en-
sured representative sampling under different moisture and 
microbial activity conditions.

Ethical norms
Experimental studies using cultivated and wild plants, in-
cluding the collection of plant material, were conducted 
following institutional, national, and international guide-
lines in the field of bioethics and nature protection. Par-
ticular attention was paid to ensuring that sampling did not 
harm natural populations or disturb the ecological balance 
in the study regions. The study followed the requirements 
of the Convention on International Trade in Endangered 
Species of Wild Fauna and Flora (1973) and the Conven-
tion on Biological Diversity (1992), which guaranteed the 
legality and environmental safety of the experiments.

Soil sampling and preparation
Soil samples were taken at key points along the 0-20  cm 
horizons, which reflect the most active processes of pol-
lutant transformation. The sampling scheme followed 
the principle of uniform coverage of the territory using a 
200×200 m grid. The samples were collected using the “en-
velope” method, resulting in a total weight of 1 kg, which 
was placed in sterile bags and transported to the laboratory. 
There, they were distributed in plastic containers to which 
the required doses of a hydrocarbon pollutant, n-hexade-
cane (a saturated alkane with C16 (16 carbon atoms), were 
added, the choice of which as a model substrate ensured 
reproducibility and controllability of the experimental con-
ditions. A total of 60 soil samples were collected, 30 from 
each site (Absheron-Khizin and Guba-Khachmaz). The 
sampling was performed in three replications, which min-
imised random errors and enabled the calculation of mean 
values and standard deviations for each indicator.

Physicochemical and biotic parameters
A comprehensive assessment of the assimilation capacity of 
soils included the determination of both physicochemical 
and biological characteristics. The acid reaction of the me-
dium (pH) was measured in an aqueous soil-water suspen-
sion (1:2.5) using a Hanna Instruments HI 2211 pH meter 
(Italy). Soil moisture content was determined according to 
the gravimetric method after drying the samples to a con-
stant weight at 105°C in a Memmert UF55 drying oven 
(Germany). Climatic parameters included both precipita-
tion and temperature characteristics. Annual precipitation 
(mm/year) and air temperature data were obtained from 

local meteorological stations equipped with automatic 
Vaisala MAWS201 systems (Finland). The sum of active 
temperatures above +10°C (°C×day/year) was calculated 
by summing mean daily air temperatures exceeding the 
+10°C threshold over the annual cycle. This indicator was 
used to characterise the thermal and energy potential of the 
soil-climate system and its influence on biological activity.

The adsorption capacity of soils with respect to organ-
ic pollutants was determined under laboratory conditions 
using a batch equilibrium method. Air-dried soil samples 
(10 g, sieved through a 2-mm mesh) were equilibrated with 
a model hydrocarbon solution based on n-hexadecane at 
a known initial concentration. The soil-solution suspen-
sions were shaken for 24h at 20 ± 2°C to achieve adsorption 
equilibrium. After centrifugation, the residual hydrocar-
bon concentration in the supernatant was measured spec-
trophotometrically using a Shimadzu UV-VIS UV-1800 
spectrophotometer (Japan). Adsorption of organic pollut-
ants (%) was calculated as the proportion of hydrocarbons 
removed from the solution relative to the initial concen-
tration. The biological component included determination 
of the number of microorganisms capable of assimilating 
petroleum hydrocarbons, performed using the method 
of limiting dilutions on selective media, with incubation 
in a Binder BD 56 thermostat (Germany). The combined 
analysis of physicochemical, climatic, and microbiological 
indicators enabled an integrated characterisation of soil as-
similation capacity.

Microbiological and biochemical methods
The total number of soil microorganisms was determined 
according to the method of limiting dilutions of soil sus-
pensions, which were sown on meat-peptone agar and in-
cubated at 28-30°C for 5-7 days. Accounting was conducted 
at the beginning of the experiment, as well as on the Days 
5 and 15 after the introduction of hydrocarbon pollutants. 
Uncontaminated samples were considered control samples, 
the number of microorganisms in which was taken as 100%, 
while in experimental samples the result was expressed as 
a percentage of the control. The destructive potential of 
microorganisms was assessed by the photocolourimetric 
method: a suspension of Bacillus and Pseudomonas strains 
was introduced into M9 medium (a mineral minimal me-
dium containing inorganic salts and used for cultivation of 
bacteria in the presence of a single carbon source) with the 
addition of 250 mg/l n-hexadecane, after which changes in 
the substrate concentration were recorded spectrophoto-
metrically. For assessing biological activity, soil respiration 
was quantified as the rate of CO2 release, which served as 
an integrated indicator of microbial metabolic intensity. 
CO2 released during microbial respiration was absorbed by 
0.1 n potassium hydroxide (KOH), after which the remain-
ing alkali was titrated with HCl to determine the amount 
of CO2 fixed in the alkaline solution. This method is con-
sidered reliable, as it enables a direct assessment of the in-
tensity of microbial respiration as one of the key integrated 
indicators of soil biological activity.
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Bioindication experiments
To evaluate the phytotoxicity of soils, the test plants water-
cress (Lepidium sativum L., variety Vita, seeds from Agro-
sel, Romania) and seed alfalfa (Medicago sativa L., variety 
Vega 87, seeds from Eurograss, Germany) were used. In 
model vessels with a soil weight of 1 kg, 30 seedlings were 
sown, maintaining humidity at 60% of the highest moisture 
capacity (HC) and a temperature of 22-24°C under natural 
light. Within 30 days, the key indicators of plant viability 
were considered in three replications: seed germination (%) 
and biomass accumulation (g per 30 seedlings), which were 
determined after drying in a Memmert UF55 drying oven 
(Germany). Background soils served as a control, while a 
decrease in germination or biomass relative to the control 
was interpreted as an indicator of phytotoxicity. The yield 
indicator (t/ha) represents an integral indicator of above-
ground biomass productivity of natural and semi-natural 
vegetation typical of the studied soil types. These values 
were derived by extrapolating experimentally measured 
biomass data using standard conversion coefficients and 
validated against regional statistical reference data.

Calculation of the assimilation capacity
and mineralisation factor
The assimilation capacity of soils was assessed by the lev-
el of bacterial biodegradation of hydrocarbons, which was 
determined according to the following formula:

B = N × K,                                    (1)

where B is the level of hydrocarbon biodegradation; N is 
the number of oil-degrading bacteria (colony forming units 
(CFU) per 1 g of soil), and K is the amount of hydrocarbons 
oxidised by one cell per day (3.76×10-8 mg/cell/day). The 
calculations were performed in three replications, and the 
results were expressed in mg of hydrocarbons per gram of 
soil per day. Additionally, the mineralisation coefficient (Km) 
was used, which was defined as the ratio of the intensity of 
CO2 formation absorbed by a 0.1-normal KOH solution to 
the intensity of oxygen consumption (O2) by soil microor-
ganisms. The measurements were performed using a Shi-
madzu UV-VIS UV-1800 spectrophotometer (Japan) and a 
Testo 310 gas analyser (Germany), which helped to estab-
lish not only the ability of microbial communities to decom-
pose hydrocarbons, but also the degree of completion of the 
process to complete mineralisation of the organic substrate.

s Results
Spatial differences in the physical 
and chemical characteristics of coastal soils
The study of the soil cover of the Caspian Sea coastal areas 
showed substantial differences between the key soil types 
-meadow-forest, meadow, and grey-brown soils, which are 
widespread in the Absheron-Khizin and Guba-Khachmaz 
regions. For a comprehensive analysis, a series of key phys-
ical and chemical parameters were considered that deter-
mine the ability of soils to assimilate pollutants and main-
tain the stability of biogeocoenosystems. The results are 
summarised in Table 1.
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Meadow-forest 7.1-7.4 70-240 2.2-6.15 1.0-1.5 20-30 46.6 570-950 3,600-4,000 29-35 70-75 0.65

Meadow 7.7-8.0 35-60 1.5-2.3 0.4-1.25 20-25 37.6 232-300 3,900-4,600 16-20 60-70 0.18-0.22

Grey-brown 7.7-8.7 24-38 1.0-1.3 0.3-0.5 15.5 30.5 150-300 4,000-4,500 8-18 5-18 0.15-0.19

Table 1. Key physical and chemical properties of soils in the study area  
(average for the spring and autumn period of 2023-2024)

Note: the sum of active temperatures means the number of degree-days with an average daily temperature above +10°C per year, which 
determines the heat and energy potential of the soil and climate system
Source: compiled by the authors

The acidity level ranged within 7.1-8.7. The most fa-
vourable conditions were in meadow-forest soils with indi-
cators of 7.1-7.4, which corresponded to an almost neutral 
environment. It is in this interval that most groups of soil 
microorganisms function optimally, and enzymatic reac-
tions and hydrolysis of organic compounds are activated. 
In contrast, meadow and grey-brown soils were character-
ised by distinctly alkaline pH values (7.7-8.7). In an alka-
line environment, the activity of acid-dependent enzymes 
was inhibited, the mineralisation of organic matter slowed 

down, and, accordingly, the level of natural detoxification 
decreased. This explains why hydrocarbon degradation 
processes in grey-brown soils were much slower, while in 
meadow-forest soils, pollutants decomposed more inten-
sively. Acidity was one of the basic parameters that deter-
mined the differences between the territories: neutral soils 
in the Guba-Khachmaz Region had an advantage over al-
kaline soils in the Absheron-Khizin Region.

The analysis of humus stocks showed a sharp differ-
entiation between soil types. In meadow-forest soils, the 
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the temperature, which was the primary limiting factor 
for soil self-purification.

The soil CO2 content as an integral indicator of micro-
bial respiration showed a clear gradation: 0.65% in mead-
ow-forest, 0.18-0.22% in meadow, and only 0.15-0.19% in 
grey-brown. This meant that the greatest intensity of bio-
logical processes was provided by soils with a high humus 
reserve and sufficient moisture. In grey-brown soils, where 
moisture and organic matter deficits were combined, the 
activity of microbial communities was almost minimal. 
Thus, even in the presence of potential oil-degrading bac-
teria, environmental conditions did not allow them to fulfil 
their metabolic potential. The physical structure of the soils 
confirmed the general pattern. The density of the mead-
ow-forest soils was 29-35%, the density of the meadow soils 
was 16-20%, while the density of the grey-brown soils was 
only 8-18%. Low density combined with a lack of humus 
formed a loose structure that could not effectively retain 
moisture. At the same time, the yield as an integral indicator 
of environmental sustainability ranged within 70-75  t/ha  
in meadow-forest to 60-70  t/ha in meadow and only  
5-18  t/ha in grey-brown. This once again confirmed that 
the degradation of physicochemical parameters was direct-
ly transformed into a loss of productivity.

Generalisation of all parameters allows forming a hier-
archy of the assimilation capacity of the soils of the studied 
area: meadow-forest>meadow>grey-brown. Due to their 
neutral pH, high humus reserves, favourable water balance, 
and considerable bioactivity, meadow-forest soils showed 
the greatest resistance to oil pollution. Meadowlands oc-
cupied an intermediate position: their ability to self-purify 
was less stable due to a lack of moisture and lower organic 
content. The most vulnerable were grey-brown soils, where 
the combination of alkalinity, low organic reserves, and 
limited water-holding capacity contributed to the accumu-
lation of hydrocarbons and slowed their mineralisation. 
The data obtained confirm that spatial differences in phys-
icochemical and biological parameters directly determine 
the ability of soils to self-purify under conditions of anthro-
pogenic load on the Caspian coast.

Biological reactions of soils to oil load
The obtained experimental data showed differences in the 
reactions of soil biota, which is reflected in the generalised 
indicators of the number and proportion of oil-degrading 
crops in Table 2.

humus content was 2.2-6.15% (70-240 t/ha), indicating in-
tensive accumulation of organic residues and a well-estab-
lished cycle of matter. In meadow soils, this indicator was 
twice lower – 1.5-2.3% (35-60 t/ha), while in grey-brown 
soils it stayed at a minimum level – 1.0-1.3% (24-38 t/ha). 
Such dynamics directly influenced the pollution resist-
ance: soils with a high humus content can bind pollutants, 
provide microbial communities with energy sources, and 
maintain their numbers. The degraded grey-brown soils 
with low humus content were virtually devoid of buffering 
properties, making them the most vulnerable to oil loading.

The moisture coefficient reflected the balance between 
the amount of precipitation and evaporation rate. In mead-
ow-forest soils, it reached 1.0-1.5, reflecting relatively sta-
ble moisture conditions. In meadow soils, the indicators 
decreased to 0.4-1.25, and in grey-brown soils  – to criti-
cal 0.3-0.5, which confirmed a constant moisture deficit. 
Analogous trends were observed in the water-holding ca-
pacity: from 20-30 mg/cm2 in meadow-forest soils to only 
15.5 mg/cm2 in grey-brown soils. This meant that biodeg-
radation processes in soils with low moisture content were 
much slower, as water is the medium for most biochemical 
reactions. Thus, the moisture deficit in the Absheron-Khiz-
in Region created further barriers to the self-purification of 
soils from hydrocarbons (Guliyev et al., 2024).

The ability of soils to adsorb organic pollutants var-
ied substantially: in meadow-forest soils it was 46.6%, in 
meadow soils  – 37.6%, and in grey-brown soils  – only 
30.5%. This meant that in areas with grey-brown soils, oil 
hydrocarbons had increased mobility and could migrate 
more quickly to deeper horizons, entering aquifers. Due 
to their high sorption capacity, meadow-forest soils ac-
tually “localised” the pollution in the upper layers, where 
it became available for microbial degradation. The distri-
bution of climatic indicators confirmed these differenc-
es. In the Guba-Khachmaz Region, the average annual 
precipitation was 570-950 mm, which created a relatively 
favourable water balance. In Absheron-Khizin, this fig-
ure did not exceed 150-300 mm against the background 
of evaporation of 1,000-1,200 mm. Another criterion was 
the total heat resource: in meadow-forest soils it ranged 
within 3,600-4,000°C×day/year, while in grey-brown soils 
it exceeded 4,000-4,500°C×day/year. Excessive heat in 
conditions of moisture deficit did not stimulate the activi-
ty of the microbiota, but only intensified degradation pro-
cesses. This confirmed that it was the water regime, not 

Soil type Start of the experiment (0 days) Day 5 Day 15 Share of oil-degradable crops (%)

Meadow-forest 2.1 ± 0.12 2.8 ± 0.15 3.4 ± 0.18 30-35
Meadow 1.5 ± 0.09 1.8 ± 0.11 2.0 ± 0.12 18-22

Grey-brown 0.9 ± 0.07 0.8 ± 0.06 0.6 ± 0.05 8-12

Table 2. Dynamics of the number of microorganisms and the share of oil-degrading crops in soils (CFU×106/g, %)

Source: compiled by the authors

The number of heterotrophs in meadow-forest 
soils increased from 2.1×106   CFU/g to 3.4×106  CFU/g  

(≈1.6-fold increase in 15 days), while the share of oil-de-
grading cultures reached 30-35%. This meant that the 
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microbial community not only stayed viable under the 
influence of the pollutant, but also structurally trans-
formed towards consortia with a pronounced destructive 
potential. In meadow soils, the growth was more modest 
(1.5×106 CFU/g→2.0×106 CFU/g; ≈1.3-fold), and the pro-
portion of oil-degradable forms stabilised at 18-22%, i.e. 
adaptation occurred, but more slowly and less completely. 
In grey-brown soils, a consistent decrease in the total num-
ber was recorded (0.9×106  CFU/g→0.6×106  CFU/g), with 
a minimum proportion of destructors (8-12%), reflecting 
inhibition of microbial activity and low capacity for hydro-
carbon mineralisation.

The synchronous analysis of time slices showed that 
already on Day 5, meadow-forest soils had a positive trend 
(2.8×106 CFU/g), while meadow soils were just beginning 
to recover (1.8×106 CFU/g), and grey-brown soils showed 
a decline (0.8×106 CFU/g). This discrepancy was consistent 

with the previously identified physicochemical determi-
nants: greater humus reserves, better moisture conditions, 
and closer to neutral pH in meadow-forest soils supported 
greater growth rates and catabolic activity of microbial con-
sortia; while alkalinity, lack of organic matter, and moisture 
in grey-brown soils limited hydrolytic and oxidative pro-
cesses. Accordingly, in meadow-forest soils, biodegrada-
tion managed to move to the mineralisation stage, while 
in grey-brown soils, intermediate (partially oxidised) prod-
ucts accumulated. The dynamics of the number of micro-
organisms in soils of different types revealed clear spatial 
and temporal differences. Within 15 days of observation, 
meadow-forest soils showed a stable increase in popula-
tions, while meadow soils showed a moderate increase, and 
grey-brown soils showed a gradual decrease (Fig. 1). This 
allows tracing the dependence of biological activity on the 
physical and chemical characteristics of the environment.
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Figure 1. Dynamics of the number of microorganisms in the soil
Source: compiled by the authors

The greatest biotic potential was preserved in mead-
ow-forest soils, where the number of microorganisms in-
creased from 2.1×106 CFU/g to 3.4×106 CFU/g. The mead-
ow soils had a more restrained dynamics, reaching only 
2.0×106  CFU/g on Day 15, reflecting a limited ability to 
self-purification. In grey-brown soils, the number of bacte-
ria decreased from 0.9×106 CFU/g to 0.6×106 CFU/g, which 
showed their extremely low resistance to oil pollution. This 
distribution confirmed the key role of organic matter and 
moisture regime in the development of assimilation capac-
ity (Kozyatnyk et al., 2015; 2017).

The bioindication experiments showed a clear depend-
ence of the growth parameters of watercress and alfalfa on 
the concentration of oil pollutants in the soil. In the control 
samples, plants maintained high germination and biomass 
rates, while a gradual suppression of these characteristics was 
observed with increasing pollution levels. Particularly pro-
nounced changes were recorded at a concentration of 5-10%, 
when the viability and productivity of both species were 
markedly reduced. Comparison of the two crops showed 
that watercress was somewhat more resistant to the toxic 
load, while alfalfa showed a faster biomass decline (Table 3).

Concentration, % Germination rate  
of watercress (%)

Watercress biomass 
(g/30 seedlings)

Alfalfa germination 
rate (%)

Alfalfa biomass  
(g/30 seedlings)

0 (control) 95 ± 2 12.5 ± 0.6 93 ± 3 15.2 ± 0.7
0.5 90 ± 2 11.8 ± 0.5 89 ± 2 14.6 ± 0.6
5.0 70 ± 3 8.9 ± 0.4 65 ± 3 10.2 ± 0.5

10.0 45 ± 4 6.1 ± 0.3 40 ± 4 7.8 ± 0.3

Table 3. Results of bioindication experiments with test plants

Source: compiled by the authors

Bioindication tests showed that the impact of oil load 
on plants was clearly dose-dependent. Already at a min-
imum concentration of 0.5%, a slight inhibition of seed 
germination of both crops was observed (a decrease of 5-7 

percentage points), while the weight of seedlings stayed al-
most unchanged. This indicated a certain resistance of the 
initial growth processes to a mild toxic effect, probably due 
to the buffering properties of the soil and compensatory 
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mechanisms of the seeds. At a concentration of 5%, sub-
stantial deviations from the control values were already de-
tected. For watercress, germination decreased by a quarter 
(from 95% to 70%) and biomass by almost a third (from 
12.5 g to 8.9 g), indicating inhibition of both germination 
and further growth. For alfalfa, the effect was even more 
pronounced: a 28 percentage point drop in germination 
(from 93% to 65%) and a one-third decrease in biomass 
(15.2  g→10.2  g). These results emphasise that alfalfa is a 
more sensitive crop to the toxicity of petroleum products, 
which can be explained by the specifics of its root system 
and the need for a greater amount of available nutrients. 
The maximum load (10%) had a sharply inhibitory effect 
on both crops. In watercress, germination was more than 
halved (from 95% to 45%), and biomass decreased by 51% 
(12.5 g→6.1 g). In alfalfa, the decline was even more criti-
cal: germination dropped to 40% (57% below the control), 
and biomass decreased by 48.7% (15.2 g→7.8 g). These dy-
namics indicated that under conditions of high oil pollu-
tion, the soil had lost its ability to ensure normal plant de-
velopment even in the short term (De Carolis et al., 2013). 
Comparison between the crops showed that watercress 
demonstrated relatively higher resistance: at 10%, it main-
tained greater germination and biomass than alfalfa. At the 
same time, alfalfa proved to be more indicative of toxicity, 
as its response to medium doses (5%) was more acute. This 
allows recommending the combined use of both crops in 
bioindication tests: watercress as a more tolerant species, 
reflecting the overall stability of the system, and alfalfa as a 
sensitive bioindicator of early negative changes (Peruzzo et 
al., 2018; Fedoniuk et al., 2022).

Comparison of the data in Table 1 and Table 2 showed 
that the level of phytotoxicity was closely related to the 
proportion of oil-degrading microorganisms: in mead-
ow-forest soils with high microbial activity, the negative 
effects were much weaker, while in grey-brown soils with 
a low proportion of degraders, even moderate concentra-
tions caused a sharp decrease in germination and biomass. 
This confirmed the key role of microbial communities as 
the principal regulator of soil assimilation capacity and a 

determining factor of ecological resistance to oil load (Ar-
menio et al., 2019).

The regional context complemented the interpreta-
tion: the spatial contrasts established earlier (meadow-for-
est soils typical of the wetter Guba-Khachmaz sector were 
contrasted with the aridised grey-brown soils of the Ab-
sheron-Khizin area) explained why the same oil concen-
trations had different biotic responses. In the first case, the 
microbiota operated under better moisture and substrate 
conditions, and therefore the restructuring in favour of 
oil-degrading consortia was faster, and phytotoxicity was 
recorded at a lower level. In the second case, alkalinity, 
moisture deficit, and low humus stock limited both bacte-
rial and plant subsystems, which increased the toxic effect. 
Thus, meadow-forest soils had a complete increase in the 
total number of microorganisms and a high proportion of 
destructors, which correlated with a milder phytoreaction; 
meadow soils had intermediate values for both blocks; 
grey-brown soils had a degradation trend in the microbiota 
and maximum inhibition of test cultures. From a practical 
standpoint, this meant that in the planning of bioremedi-
ation measures, microbial indicators (CFU dynamics and 
the proportion of destructors), together with phytoindica-
tors, should be used as early and valid criteria for opera-
tional monitoring of effectiveness.

Integral indicators of assimilation capacity
and self-cleaning ability
The integral characteristics of soils were essential for deter-
mining their ability to counteract oil pollution. While the 
previous parameters (pH, moisture, humus content, num-
ber of microorganisms) helped to characterise individual 
properties of the soil system, the integral coefficients re-
flected the generalised response of the soil to the complex 
impact of pollutants. In the present study, the key criteria 
were the level of bacterial biodegradation of hydrocarbons 
and the mineralisation coefficient, which helped to quanti-
fy the intensity of microbial decomposition and the degree 
to which the process was brought to complete mineralisa-
tion of organic substrates (Table 4).

Soil type Assimilation capacity (mg of hydrocarbons/g×day) Mineralisation coefficient (Km)
Forest-meadow 1.12 ± 0.08 0.52 ± 0.03

Meadow 0.78 ± 0.05 0.31 ± 0.02
Grey-brown 0.34 ± 0.04 0.12 ± 0.01

Table 4. Integral indicators of soil assimilation capacity and mineralisation (mean values ± SD)

The results showed that the assimilation capacity var-
ied substantially depending on the soil type. The greatest 
values were recorded in meadow-forest soils (1.12  mg/
g×day), which corresponded to their favourable structure, 
high humus content, and neutral acidity. This provided mi-
crobial communities with sufficient energy and nutrient 
substrates for active hydrocarbon oxidation. In meadow 
soils, the integrated index was almost one and a half times 
lower (0.78 mg/g×day), which was consistent with the data 

Source: compiled by the authors

on lower humus reserves and moisture deficit. The lowest 
level of assimilative capacity was demonstrated by grey-
brown soils (0.34 mg/g×day), where a combination of alka-
line environment, low organic saturation, and unfavoura-
ble hydrothermal conditions limited the catabolic potential 
of microbial communities.

Comparison of mineralisation coefficients (Km) con-
firmed the general trend but helped to draw additional con-
clusions. In the meadow-forest soils, the Km was 0.52, which 
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indicated the ability of microbial communities not only to 
decompose petroleum hydrocarbons but also to bring the 
process to the formation of the final mineralisation prod-
ucts – CO2 and H2O (water). In meadow soils, this coef-
ficient was twice as low (0.31), reflecting incomplete min-
eralisation: some hydrocarbons accumulated in the form 
of intermediate metabolites that can have a toxic effect on 
soil biota and vegetation. In the grey-brown soils, the Km 
was only 0.12, which actually meant inhibition of microbial 
processes and retention of the bulk of pollutants in the soil 
matrix without substantial biochemical decomposition.

The analysis of integral indicators revealed spatial dif-
ferences between the study areas. In the Guba-Khachmaz 
Region, where climatic conditions provided a relatively 
better balance between precipitation and evaporation, the 
B and Km values were consistently greater, especially in 
meadow-forest soils. Here, hydrocarbon biodegradation 
reached 1.15 mg/g×day, and the mineralisation coefficient 
exceeded 0.5, reflecting effective self-purification of ecosys-
tems. In contrast, in the Absheron-Khizinsky district, due 
to moisture deficit and high levels of anthropogenic load, 
a decrease in both integral indicators was observed: the 
assimilation capacity ranged within 0.28-0.92  mg/g×day, 
and the Km did not exceed 0.3. This confirmed the greater 
vulnerability of this region to oil pollution and the limited 
possibilities for natural soil recovery.

A comparison of the results with previous analyses 
showed their internal logic. Where high humus reserves, 
favourable water regime, and activity of microbial com-
munities were previously recorded (meadow-forest soils 
of the Guba-Khachmaz district), the integral coefficients 
confirmed maximum resistance to anthropogenic load. In 
contrast, in the grey-brown soils of the Absheron-Khizin 
district, which were characterised by a deficit of organ-
ic matter, high alkalinity, and low moisture, the values of 
B and Km were minimal, which was consistent with their 
inability to effectively self-purify. The mineralisation coef-
ficient reflected not only the overall intensity of hydrocar-
bon destruction, but also the quality of this process. In soils 
with a low Km, decomposition occurred mainly to interme-
diate organic products that could accumulate and reduce 
environmental safety. On the contrary, at high Km values, 
mineralisation was reduced to final stable compounds, 
which reduced the risk of secondary pollution. Thus, the 
integral indicators helped not only to quantify the level of 
self-cleaning, but also to draw conclusions about its effec-
tiveness and completeness.

The total interpretation helped to build a hierarchy of 
soil stability based on integral parameters: Meadow-for-
est>Meadow>Grey-brown. This gradation confirmed the 
previous data and demonstrated that it was the combina-
tion of physical, chemical, and biotic properties that deter-
mined the ability of soils to withstand oil load. In terms of 
practical environmental conclusions, this meant that addi-
tional bioremediation measures were needed in the Absher-
on-Khizin Region, while in the Guba-Khachmaz Region 
the natural potential of the soils was still relatively high.

s Discussion
The results showed that the assimilation capacity of soils 
varied substantially between regions. Bioindication ex-
periments confirmed a concentration-dependent drop in 
germination and biomass of test plants. The comprehen-
sive assessment showed that meadow-forest soils had the 
greatest assimilation capacity due to their y neutral pH 
(7.1-7.4), high humus reserves (70-240 t/ha), and increased 
biological activity (biogenicity) (CO2 0.65%). Grey-brown 
soils, on the other hand, were characterised by alkalinity 
(pH 7.7-8.7), minimal humus (24-38 t/ha), and a low pro-
portion of oil-degrading microorganisms (8-12%), which 
substantially reduced their ability to self-purify. Analogous 
spatial contrasts were discussed by K. Pachikin et al. (2021), 
who showed that soil degradation on the northern Caspian 
coast was accompanied by loss of humus, profile compac-
tion, and a decrease in buffering capacity.

Meadow soils occupied an intermediate position be-
tween meadow-forest and grey-brown soils in terms of as-
similation capacity. With an alkaline reaction (pH 7.7-8.0)  
and average humus reserves (35-60  t/ha), they showed a 
share of oil-degrading microorganisms of only 18-22%, 
which ensured a relative ability to self-purification, but 
under conditions of moisture deficit (coefficient 0.4-1.25), 
their biological activity was limited. Such sensitivity of soil 
systems to fluctuations in the water regime shows that that 
even an average level of organic buffering did not guarantee 
stable microbial functioning. A.  Mamataeva  et al.  (2024) 
showed that the accumulation of oil products in medi-
um-buffered environments contributed to the formation 
of toxic metabolites that reduced the overall assimilation 
capacity of ecosystems. Meadow soils have only a partial 
potential for self-purification: their effectiveness was deter-
mined by the balance between average humus levels and 
limited bioactivity in conditions of moisture deficit.

Thus, the results obtained confirm that the combina-
tion of abiotic and biotic characteristics is a key factor in 
the formation of the assimilation potential of soils under 
anthropogenic stress. Bioindicator tests showed that even 
0.5% oil caused the first signs of inhibition, while at 5-10%, 
there was a sharp drop in germination and biomass of both 
crops: germination dropped to 70% and 45% for watercress 
and 65% and 40% for alfalfa, while biomass was almost 
halved. These differences reflected a clear concentration-de-
pendent dynamic of phytotoxicity. The obtained patterns 
are consistent with the data of X. Zhang et al. (2025), who 
showed that hydrocarbon pollution caused a decrease in 
the activity of soil enzymes and a restructuring of micro-
bial communities, which indirectly limited crop growth in 
phytoremediation systems. A.A. Akinsemolu & H.N. On-
yeaka (2025) found analogous effects, focusing on the in-
hibition of the growth of sensitive plant species in coastal 
ecosystems with high organic load. M. Butu  et al.  (2021) 
noted a drop-in biomass on degraded soils with long-term 
anthropogenic impact, emphasising the direct link between 
chronic pollution and the productivity of phytoremedi-
ation. The findings of the study confirm the conclusions 
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of P.  Baltrėnas & E.  Baltrėnaitė (2020), who proved the 
species-specificity of the reactions: different crops reacted 
differently to analogous concentrations of hydrocarbons, 
which explains the sharper decrease in germination of 
alfalfa compared to watercress. The phytotoxic effect was 
not only dependent on the concentration of the pollutant, 
but also on the biological characteristics of the test crops, 
which is key to predicting the environmental consequences 
of oil loading (Hussain et al., 2022).

The assimilation capacity was 1.12  ±  0.08  mg of hy-
drocarbons/g×day in meadow-forest soils, 0.78 ± 0.05 mg/
g×day in meadow soils, and only 0.34  ±  0.04  mg/g×day 
in grey-brown soils, while the mineralisation coefficient 
ranged from 0.52 ± 0.03 to 0.12 ± 0.01. The data obtained 
revealed a clear gradation of ecosystems’ resistance to oil  
loading. A comparison with the literature showed analo-
gous patterns. The high efficiency of biodegradation under 
conditions of balanced pH and sufficient humus fund was 
confirmed by V. Ghisman et al. (2025), emphasising that it is 
the combination of physicochemical and biotic factors that 
ensures maximum resistance to anthropogenic impact. The 
findings of W. Jin et al. (2025) showed that in coastal indus-
trial areas, hydrocarbon risks were reduced precisely where 
the rate of microbial mineralisation was higher, which is 
consistent with the maximum values of Km in meadow-for-
est soils. E. Chapman et al. (2020) emphasised the vulner-
ability of ecosystems functioning on the edge of climatic 
and anthropogenic stresses and pointed to the increased ef-
fects of degradation with a decrease in microbial activity – 
an analogous situation was observed in grey-brown soils. 
Quantitative models by K. Fennel et al. (2022) proved that 
mineralisation parameters can be considered as key predic-
tors of environmental stability, which confirms the value of 
the Km coefficient in this study. Additionally, D.A. Hutchins 
& D.G. Capone (2022) emphasised the role of the nitrogen 
cycle as a limiting factor in bioremediation, which partially 
explains the reduced efficiency in grey-brown soils, where 
the biogenic potential was minimal.

In the Guba-Khachmaz Region, the level of self-pu-
rification processes was the greatest, as evidenced by the 
biodegradation of hydrocarbons in meadow-forest soils 
at 1.15 mg/g×day and a mineralisation coefficient of more 
than 0.5. In contrast, in the Absheron-Khizin district, the 
assimilation capacity was only 0.28-0.92  mg/g×day with 
a Km below 0.3, reflecting a high vulnerability of these 
soils to oil loading. The obtained results were consistent 
with the findings of A. Vaksmaa et al. (2023), who proved 
that microbial communities demonstrate markedly great-
er degradation activity in wet ecosystems, while in dry 
conditions, the decomposition efficiency was sharply 
reduced. The risk analysis conducted by P.O.  Iniaghe & 
E.D.  Kpomah  (2023) showed that a low mineralisation 
factor was directly related to elevated levels of polycyclic 
aromatic hydrocarbons in soils, which confirmed the val-
ue of the data obtained for hazard assessment. M.  Deh-
ghani Darmian  et al.  (2020) demonstrated an analogous 
approach, considering the assimilative capacity as a key  

criterion in controlling pollution in aquatic ecosystems. 
The use of spatial geographic information system tech-
nologies, as described by Y. Wang (2023), helped to rea-
sonably map risks and identify the most vulnerable areas, 
which is especially significant for areas with moisture defi-
cit. Finally, the generalisation by Y.M. Youssef et al. (2021) 
emphasised that the combination of natural and anthro-
pogenic factors always determines the scale of degradation 
processes in coastal regions, which was fully reflected in 
the comparison of the two study areas.

A generalisation of the results showed that the soils 
differed substantially in terms of their assimilation capac-
ity and resistance to oil load. The most favourable charac-
teristics were recorded in meadow-forest soils with a high 
humus reserve, sufficient moisture, and considerable bio-
logical activity. The meadow soils had an intermediate level 
of self-cleaning, but their efficiency was limited by moisture 
deficit. The grey soils were the most vulnerable, as low hu-
mus and alkalinity contributed to the accumulation of pol-
lutants. Spatial differences between the Guba-Khachmaz 
and Absheron-Khizin districts confirmed the decisive in-
fluence of climatic and anthropogenic factors.

s Conclusions
The analysis of physicochemical characteristics showed that 
meadow-forest soils had the greatest level of environmen-
tal sustainability. The neutral pH of 7.1-7.4, high humus 
reserves of 70-240  t/ha, moisture content of 1.0-1.5, and 
CO2 content of 0.65% ensured active mineralisation and 
recovery processes. In meadow soils, the conditions were 
mediocre: pH 7.7-8.0, humus 35-60 t/ha, moisture content 
0.4-1.25, CO2 0.18-0.22%, which limited the assimilation 
capacity in case of moisture deficit. The worst parame-
ters were found in grey-brown soils: pH 7.7-8.7, humus  
24-38  t/ha, moisture coefficient 0.3-0.5, CO2 0.15-0.19%. 
This indicated a low level of self-cleaning due to a lack of 
organic matter and moisture. Microbiological observations 
confirmed these differences. In the meadow-forest soils, the 
number of microorganisms increased from 2.1×106 CFU/g 
to 3.4×106 CFU/g in 15 days, and the share of oil-degrading 
crops was 30-35%, which reflected a high potential for de-
struction. In meadow soils, the growth was more modest – 
from 1.5×106 CFU/g to 2.0×106 CFU/g with a share of 18-
22%. Grey-brown soils showed a regression: the number 
decreased from 0.9×106 CFU/g to 0.6×106 CFU/g, and the 
proportion of destructors did not exceed 8-12%. This con-
firmed that even in the presence of bacteria, the potential 
of their functioning depends on the organic matter reserves 
and water regime.

The results of bioindication tests showed a high sensi-
tivity of plants to oil load. At a concentration of 5%, germi-
nation of watercress decreased from 95% to 70%, and al-
falfa – from 93% to 65%, biomass decreased from 12.5 g to 
8.9 g and from 15.2 g to 10.2 g, respectively. At 10% oil, ger-
mination dropped to 45% in watercress and 40% in alfalfa, 
and biomass almost halved to 6.1 g and 7.8 g. This demon-
strated that even relatively resistant plant species are unable 



Evaluation of the assimilation capacity...

Ecological Safety and Balanced Use of Resources, 2025, Vol. 16, No. 26666

to withstand elevated levels of pollution, making natural 
recovery impossible without additional interventions. In-
tegral indicators confirmed the general trend. The assimila-
tion capacity in meadow-forest soils was 1.12 ± 0.08 mg/g×-
day with a mineralisation coefficient of 0.52 ± 0.03, which 
indicated that the process had reached stable end products. 
In meadow soils, the corresponding values were 0.78 ± 0.05 
and 0.31 ± 0.02, and in grey-brown soils – only 0.34 ± 0.04 
and 0.12 ± 0.01. This proved that soils with a neutral pH 
and high humus content provide the most effective self-pu-
rification, while alkaline soils with a lack of organic matter 
stay the most vulnerable.

A limitation of this study is not only the lack of long-
term observations, which restricts assessment of the 
long-term dynamics of soil self-purification, but also the 
simplified experimental model of oil contamination. Labo-
ratory experiments used n-hexadecane as a model saturat-
ed alkane, which ensured reproducibility but did not fully  

reflect the complexity and toxicity of real crude oil contain-
ing surfactants, resins, asphaltenes, and other persistent 
components. Therefore, the obtained assimilation and bi-
odegradation indicators should be interpreted as responses 
to a simplified hydrocarbon load rather than to actual oil 
pollution. Future studies should incorporate complex pe-
troleum mixtures and long-term field monitoring to more 
accurately evaluate the self-purification potential of Caspi-
an coastal soils under realistic contamination conditions.
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s Анотація. Метою цього дослідження було визначення рівня здатності прибережних ґрунтів Каспійського 
моря нейтралізувати антропогенне навантаження на основі оцінки їхніх асиміляційних і самоочисних 
характеристик. Методологія дослідження ґрунтувалася на порівняльному аналізі ґрунтів Апшерон-Хизинського 
та Губа-Хачмазького регіонів Азербайджану, де відбір зразків здійснювали з горизонту 0-20  см, після чого в 
модельних умовах відтворювали різні рівні нафтового навантаження та оцінювали мікробіологічні, біохімічні 
й біоіндикативні показники з метою визначення самоочисної здатності екосистем. Найвищу стійкість 
продемонстрували лучно-лісові ґрунти, які характеризувалися нейтральною реакцією середовища (pH 7,1-7,4),  
високими запасами гумусу (70-240 т/га) та підвищеною біологічною активністю, що підтверджувалося вмістом 
вуглекислого газу на рівні 0,65 %. Їхня здатність до розкладання вуглеводнів становила 1,12  ±  0,08  мг на 
грам ґрунту за добу, а коефіцієнт мінералізації досягав 0,52 ± 0,03. Лучні ґрунти з вмістом гумусу 35-60  т/га  
та часткою нафторуйнівних мікроорганізмів 18-22  % характеризувалися нижчим рівнем біодеградації  – 
0,78 ± 0,05 мг/г×добу при коефіцієнті мінералізації 0,31 ± 0,02. Найбільш уразливими виявилися сіроземно-бурі 
ґрунти з мінімальним запасом органічної речовини (24-38  т/га) та низькою часткою деструкторів (8-12  %); 
у цих ґрунтах асиміляційна здатність не перевищувала 0,34  ±  0,04  мг/г×добу при коефіцієнті мінералізації 
0,12 ± 0,01. Біоіндикативні тести засвідчили зниження схожості насіння крес-салату та люцерни до 40-45  % і 
зменшення біомаси на 50 % за умов 10 % нафтового забруднення. Отримані результати підтвердили, що лучно-
лісові ґрунти є найбільш стійкими, лучні ґрунти займають проміжне положення, тоді як сіроземно-бурі ґрунти 
є найбільш уразливими до нафтового забруднення. Практична значущість результатів полягає в можливості 
їх використання екологічними службами та аграрними науково-дослідними центрами для моніторингу стану 
ґрунтів і розроблення стратегій біоремедіації в регіонах Каспійського моря

s  Ключові слова: біоіндикація; нафтопродукти; токсичний вплив; біодеградація; стійкість; забруднювач; 
мікробні угруповання
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