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INTRODUCTION

Nitrate contamination of surface waters re-
mains one of the most pressing environmental 
problems in agricultural regions of Europe, par-
ticularly under conditions of intensive land use 
and developed drainage systems [1–3]. The main 
source of nitrate input into water bodies is diffuse 
runoff from arable lands, caused by the applica-
tion of mineral nitrogen fertilizers, suboptimal 
timing of their application, and insufficient buff-
ering capacity of agricultural landscapes [3–6, 27, 
28]. As a result, elevated concentrations of NO₃⁻ 
accumulate in surface waters, leading to deterio-
ration of water quality, eutrophication of water 

bodies, and creating potential risks for public wa-
ter supply [29].

The problem of nitrate contamination is par-
ticularly acute in small and medium-sized catch-
ments, where agricultural land use, drainage sys-
tems, and the limited self-purification capacity of 
watercourses coincide [7, 28]. The Vereshchytsia 
River catchment is one such system, characterized 
by a significant proportion of arable lands in the 
land use structure, the presence of a drainage net-
work and ponds, as well as pronounced seasonal 
variability of the hydrological regime. Monitor-
ing studies indicate elevated nitrate concentra-
tions in water during spring floods and autumn 
rainfall periods, suggesting the dominance of dif-
fuse pathways for nitrogen compound migration 
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[8]. Conventional engineering methods of water 
treatment are economically costly and inefficient 
for addressing the problem of diffuse pollution 
within catchments. In this context, modern envi-
ronmental research is increasingly focused on na-
ture-based solutions that rely on natural ecosys-
tem self-regulation processes. One such approach 
involves the establishment of riparian phytofiltra-
tion strips composed of perennial grasses, shrubs, 
and moisture-loving vegetation capable of inter-
cepting surface and drainage runoff and reducing 
nitrate inputs into water bodies [9].

At the same time, the efficiency of conven-
tional grass buffer strips is often limited, as a 
significant portion of the absorbed nitrogen re-
turns to the soil through mineralization of plant 
residues. In this regard, the use of energy willow 
(Salix spp.) as a structural component of phyto-
filtration systems represents a promising alter-
native. Owing to its high biomass productivity, 
well-developed root system, and adaptability to 
waterlogged conditions, energy willow is capable 
of intensively accumulating nitrogen compounds 
from soil and drainage waters. Regular harvest-
ing of aboveground biomass ensures long-term 
nitrogen removal from the catchment ecosystem, 
which fundamentally enhances the environmental 
effectiveness of this approach [10, 11].

Given the above, the scientific substantiation 
and adaptation of the method for creating multi-
layered phytofiltration strips incorporating en-
ergy willow for specific catchment conditions is 
a relevant research task. The aim of this study is 
to develop and assess the efficiency of a nature-
based method for reducing nitrate contamina-
tion of surface waters in the Vereshchytsia River 
catchment through the creation of phytofiltration 
strips composed of perennial grasses, shrubs, and 
moisture-loving vegetation, with emphasis on the 
use of energy willow as the key biofilter.

To achieve this aim, the study involves the 
analysis of spatiotemporal dynamics of nitrate 
contamination, substantiation of the phytofiltra-
tion strip structure, formalization of indicators for 
nitrate load reduction efficiency, and assessment 
of the potential for practical implementation of 
the proposed method.

Theoretical background and ecological 
mechanisms of phytopurification

The migration of nitrates in agricultural 
catchments is a complex, multifactorial process 

determined by the combination of natural condi-
tions and anthropogenic impacts. Within agricul-
tural landscapes, the main pathways for nitrogen 
compound entry into surface waters are surface 
runoff, subsurface infiltration flow, and drainage 
waters from land reclamation systems. Unlike am-
monium forms, nitrates are characterized by high 
mobility in the soil environment, weak adsorption 
by soil colloids, and the ability to be rapidly trans-
ported with water flows, which leads to their ac-
cumulation in watercourses even under relatively 
moderate doses of mineral fertilizer application.

During periods of intense wetting, particu-
larly during spring floods and prolonged rainfall, 
there is a sharp increase in diffuse nitrogen load-
ing, as the soil system loses its buffering capacity 
and excess nitrates are leached beyond the plowed 
layer. Drained lands are particularly hazardous in 
this respect, as drainage channels significantly 
shorten the migration pathway of pollutants to 
water bodies, bypassing the natural zones of bio-
geochemical transformation.

Phytofiltration strips are considered one of 
the most effective nature-based tools for reducing 
nitrate contamination, as they restore the lost eco-
logical function of riparian and floodplain eco-
systems. Their action is based on the combina-
tion of several interrelated mechanisms. First, the 
vegetation cover reduces the velocity of surface 
runoff, promotes the settling of suspended parti-
cles, and increases water infiltration into the soil. 
Second, plant root systems ensure direct uptake 
of nitrates and ammonium forms of nitrogen from 
the soil solution, incorporating them into biologi-
cal synthesis processes.

Biogeochemical processes of nitrogen trans-
formation, primarily denitrification, play an im-
portant role in the functioning of phytofiltration 
strips. In the zone of contact between the soil 
and the root system, under conditions of elevated 
moisture and limited oxygen access, favorable 
conditions are created for the activity of denitri-
fying microorganisms, which reduce nitrates to 
gaseous forms of nitrogen. Thus, a portion of ni-
trogen compounds is not only retained but also 
irreversibly removed from the aquatic and soil 
environment [13, 14].

The efficiency of phytofiltration strips in-
creases significantly when they have a multi-lay-
ered structure. Strips of perennial grasses provide 
a primary hydraulic barrier and soil stabilization, 
shrub vegetation enhances filtration properties 
and promotes organic matter accumulation, while 
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moisture-loving plant species form zones with 
prolonged water retention and active anaerobic 
processes. The combination of these components 
allows covering different nitrate migration path-
ways and increasing the overall stability of the 
system to seasonal fluctuations of the hydrologi-
cal regime [15].

However, conventional phytofiltration strips 
formed exclusively from grass or shrub vegetation 
have a limited potential for long-term nitrogen re-
moval, as after the dieback of aboveground bio-
mass, a significant portion of accumulated com-
pounds returns to the soil through mineralization. 
In this regard, modern research pays particular 
attention to the integration of highly productive 
woody species capable of intensive accumulation 
of biogenic elements into the phytofilter structure.

Energy willow (Salix spp.) in this context is 
considered one of the most promising phytofil-
tration components. Its bioecological character-
istics, including rapid growth, high transpiration 
capacity, and a well-developed root system, en-
sure effective uptake of nitrates from both surface 
and drainage waters. Moreover, the ability of wil-
low to produce significant amounts of biomass 
under conditions of periodic flooding makes it 
suitable for use in riparian and reclaimed zones 
of catchments.

Thus, the theoretical basis for using phyto-
filtration strips incorporating energy willow is 
grounded in the combination of physical pro-
cesses of runoff retention, biological uptake of 
nitrogen compounds, and biogeochemical mech-
anisms of their transformation. It is the integra-
tion of perennial grasses, shrubs, moisture-loving 
vegetation, and energy willow that creates condi-
tions for comprehensive and long-term reduction 
of nitrate loading in agricultural catchments.

Rationale for using energy willow as the key 
phytofilter

Energy willow (Salix spp.) belongs to the 
group of fast-growing woody species widely 
used in short-rotation coppice systems and na-
ture-based environmental technologies [21–23]. 
Its bioecological characteristics make this spe-
cies particularly suitable for use in phytofiltration 
strips designed to reduce nitrate loading in catch-
ments dominated by agricultural land use. Unlike 
conventional grass or shrub plantations, energy 
willow combines high biomass productivity with 
intensive uptake of biogenic elements and the 

ability to function over extended periods under 
conditions of periodic waterlogging.

One of the key advantages of energy willow 
is its well-developed and deep root system, which 
encompasses a significant volume of the soil pro-
file and ensures effective interception of nitrates 
from surface, subsurface, and drainage runoff. 
The root system of willow is capable of penetrat-
ing into zones of active groundwater movement, 
which is particularly important for reclaimed 
territories where the main nitrogen load is trans-
ported through drainage channels. Owing to this, 
energy willow functions as a biological pump that 
removes dissolved nitrogen compounds before 
they reach surface water bodies [21, 22].

The high growth rates and large leaf surface 
area of energy willow result in an increased plant 
demand for nutrients, primarily nitrogen com-
pounds. During the growing season, nitrates are 
actively incorporated into the metabolic processes 
of the plant and accumulated in the aboveground 
biomass. According to summarized research data, 
energy willow plantations are capable of accu-
mulating 80 to 150 kg of nitrogen per hectare 
per year, depending on hydrological conditions, 
planting density, and plantation age [16, 17]. This 
indicator significantly exceeds the correspond-
ing values for conventional grass phytofiltration 
strips, which justifies the inclusion of willow in 
the structure of nature-based purification systems.

A fundamental advantage of using energy 
willow is the possibility of long-term nitrogen 
removal from the catchment ecosystem through 
regular harvesting of aboveground biomass. 
When short-rotation coppice technology is ap-
plied (harvesting every 2÷4 years), the nitrogen 
compounds accumulated in plant tissues are 
physically removed from the phytofiltration sys-
tem, preventing their return to the soil. Thus, un-
like perennial grasses and shrubs, energy willow 
ensures not only temporary retention but also a 
stable reduction in the total amount of nitrogen 
compounds in the catchment [18, 21–23].

An additional factor enhancing the efficiency 
of energy willow in phytofiltration strips is its 
ability to create a specific microenvironment in 
the rhizosphere. Enhanced transpiration and the 
release of organic root exudates stimulate the de-
velopment of microbial communities, particularly 
denitrifying bacteria. This creates conditions for 
the intensification of biogeochemical processes 
of nitrate transformation into gaseous forms of 
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nitrogen, further reducing their concentration in 
soil and drainage waters [19].

Comparative analysis of phytofiltration sys-
tems indicates that the inclusion of energy willow 
in the multi-layered strip structure significantly 
enhances their environmental efficiency and re-
sistance to seasonal fluctuations of the hydrologi-
cal regime. During peak runoff periods, willow 
plantations are capable of receiving excess mois-
ture and nutrients without losing functional stabil-
ity, while during low-flow periods, they maintain 
active nitrogen uptake from deeper soil horizons.

In addition to the environmental effect, the 
use of energy willow in phytofiltration strips has 
important practical significance. The harvested 
biomass can be used as a renewable energy source 
or as feedstock for bioenergy installations, creat-
ing an additional socioeconomic incentive for the 
implementation of this method at the level of lo-
cal communities and land users [23]. The com-
bination of environmental protection function 
with the possibility of economic use of biomass 
increases the acceptability and long-term effec-
tiveness of the proposed approach [20].

Thus, energy willow is regarded as a key 
structural and functional element of phytofiltra-
tion strips that ensures the integration of biologi-
cal uptake, biogeochemical transformation, and 
physical removal of nitrogen compounds from 
the catchment ecosystem. Its use allows signifi-
cantly enhancing the efficiency of nature-based 
measures for reducing nitrate contamination of 
surface waters and adapting them to conditions of 
intensive agricultural land use.

MATERIALS AND METHODS

The studies were conducted under laboratory 
conditions using model phytofiltration installa-
tions that simulate the process of nitrate-contami-
nated water passing through a soil-plant substrate 
with energy willow (Salix spp.) plantations. The 
aim of the experiment was to determine the abil-
ity of the root system of energy willow to absorb 
and transform nitrogen compounds under condi-
tions of the Vereshchytsia River catchment.

For the experiments, a phytofiltration system 
model was used – laboratory columns (lysimeters) 
of cylindrical shape with a height of 80 cm and a 
diameter of 20 cm, made of inert material (plas-
tic). A drainage outlet for filtrate collection was 
provided at the bottom of the columns (Figure 1).

The columns were filled with substrate layers 
simulating the natural soil profile of the Veresh-
chytsia River catchment:
	• lower drainage layer — gravel (10 cm);
	• middle layer — sandy loam soil (40 cm);
	• upper layer — fertile soil (15 cm).

Energy willow cuttings 20–25 cm in length 
were planted in the upper part of the columns. After 
planting, the plants were grown in the laboratory for 
6 weeks until a stable root system was established.

To ensure uniform experimental conditions, 
all installations were maintained at the same tem-
perature (20–22 °C), lighting (12 hours of day-
light), and substrate moisture.

To simulate nitrate contamination, model 
aqueous nitrate solutions prepared using potas-
sium nitrate (KNO₃) were used. Nitrate concen-
trations in the model solutions were set at levels 
typical of agricultural landscapes [30]:
	• 10 mg/L NO₃⁻ (low contamination);
	• 25 mg/L NO₃⁻ (medium level);
	• 50 mg/L NO₃⁻ (high level).

The initial nitrate concentration in each so-
lution was determined before the start of the 
experiment.

Figure 1. Schematic diagram of the laboratory 
experimental setup



140

Journal of Ecological Engineering 2026, 27(8), 136–148

The model solution was applied to the upper 
part of the column in measured doses, simulating 
water infiltration through the soil-plant system. The 
volume of a single application was 500–1000 mL.

After passing through the substrate and the 
willow root system, the filtrate was collected 
through the drainage outlet at the bottom of the 
installation. Samples were collected at defined 
time intervals:
	• 1 hour after solution application;
	• 6 hours;
	• 24 hours.

A minimum of three replicates were performed 
for each experimental variant. Nitrate concentra-
tions in the input solution and filtrate were deter-
mined by the photometric method using a spec-
trophotometer. The method was based on the for-
mation of a colored nitrate complex with reagents 
followed by measurement of optical density at the 
corresponding wavelength. To improve measure-
ment accuracy, a calibration curve constructed 
from standard nitrate solutions was used. After the 
completion of the experimental series, a portion of 
the plants were removed from the columns to de-
termine nitrogen content in the plant biomass.

Plant tissue samples were dried to constant 
mass at a temperature of 70 °C, after which total 
nitrogen was determined by the mineralization 
method followed by photometric analysis.

The efficiency of nitrate concentration reduc-
tion in water was determined using the formula:

	 𝐸𝐸 = 𝐶𝐶in-𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜
𝐶𝐶in

× 100   (1) 
 
𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑚𝑚⋅𝐶𝐶𝑁𝑁

100  (2) 
 
𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎 = 4.2 ∙ 𝐶𝐶in + 225       (3) 
 
𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏,ℎ𝑎𝑎 = (4,2∙𝐶𝐶in+225)𝜌𝜌

106  (4) 
 
𝐸𝐸 = 𝑎𝑎 ∙ 𝑙𝑙𝑙𝑙(𝜏𝜏) - 𝑏𝑏 ⋅ 𝐶𝐶in + 𝑐𝑐 (5) 
 
𝐸𝐸 = 10.8 ∙ 𝑙𝑙𝑙𝑙(𝜏𝜏) - 0.27 ∙ 𝐶𝐶in + 28.5 (6) 
 
𝜏𝜏𝑓𝑓 = 𝐵𝐵

𝑣𝑣         (7) 
 
𝐸𝐸 = 10.8 ∙ [𝑙𝑙𝑙𝑙(𝐵𝐵) - 𝑙𝑙𝑙𝑙(3600𝑣𝑣)] - 0.27 ∙ 𝐶𝐶in + 28.5   (8) 
 
: 
𝐵𝐵 = 3600𝑣𝑣 ⋅ 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐸𝐸+0.27∙𝐶𝐶in-28.5

10.8 )     (9) 
 

	 (1)

where:	Cin – the initial nitrate concentration in the 
model solution, mg/L; Cout – the nitrate 
concentration in the filtrate after passing 
through the column, mg/L; E – the purifi-
cation efficiency, %.

The obtained results were subjected to statis-
tical processing using descriptive statistics meth-
ods. To assess the relationship between nitrate 
concentration in water, duration of contact with 
the root system, and purification efficiency, cor-
relation analysis was applied using the Spearman 
rank correlation coefficient.

RESULTS AND DISCUSSION

In the laboratory experiment, the ability of 
the model phytofiltration system using energy 

willow to absorb nitrates from aqueous solutions 
of various concentrations was investigated. The 
averaged results of the experimental studies are 
presented in Table 1.

Analysis of the results showed that the passage 
of the model solution through the soil-plant sub-
strate with the willow root system led to a signifi-
cant reduction in nitrate concentration in the filtrate.

After the solution passed through the column, 
a decrease in nitrate content was observed, the 
magnitude of which depended on both the initial 
concentration and the duration of water contact 
with the soil-plant system.

For the variant with an initial concentration of 
10 mg/L NO₃⁻, as early as 1 hour after infiltration, 
the filtrate concentration decreased on average to 
7÷8 mg/L. After 6 hours, it was approximately 
6 mg/L, and after 24 hours, it decreased to 4÷5 
mg/L. Accordingly, the efficiency of nitrate con-
centration reduction in this variant ranged from 
20÷30% at the initial stage to 50–60% with pro-
longed contact.

In the variant with a medium contamination 
level (25 mg/L NO₃⁻), a similar trend was ob-
served. One hour after solution application, the 
filtrate concentration decreased to approximately 
19÷21 mg/L, corresponding to a purification ef-
ficiency of 15÷20%. After 6 hours, the concen-
tration decreased to 15÷17 mg/L, and after 24 
hours to 11÷13 mg/L. Thus, the overall efficiency 
of nitrate concentration reduction in this variant 
reached 45÷50%.

The most indicative results were obtained 
for the variant with a high nitrate concentration 
(50 mg/L NO₃⁻). At the initial stage (1 hour), the 
filtrate concentration decreased to 40÷43 mg/L. 
After 6 hours, it was approximately 32÷35 mg/L, 
and after 24 hours - 24÷27 mg/L. Accordingly, 
the efficiency of nitrate concentration reduction 
varied from 15÷20% to 45÷48% depending on 
the duration of water contact with the substrate.

The obtained results indicate a clear depen-
dence of purification efficiency on the duration of 
contact between the solution and the root system 
of plants and the soil substrate (Figure 2).

With increasing water residence time in the 
column, a gradual decrease in nitrate concentra-
tion was observed, indicating the combination of 
several mechanisms of their removal.

The first mechanism is physicochemical fil-
tration and partial adsorption of nitrates by the 
soil substrate. Although the nitrate ion is charac-
terized by high mobility in the soil environment, 
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a portion of it may be retained in micropores of 
the substrate or incorporated into microbiological 
transformation processes.

The second and more important mechanism is 
biological uptake of nitrates by the root system of 
energy willow. Active plant growth is accompa-
nied by intensive nitrogen assimilation, which is 
used in the synthesis of amino acids, proteins, and 
other cellular components. Determination of total 
nitrogen content in the plant biomass of energy 
willow was performed to quantitatively confirm 
the mechanism of biological nitrate uptake and to 
assess the role of the plant component in the over-
all water purification process. Table 2 presents the 
results of experimental studies on total nitrogen 
content in the plant biomass of energy willow.

The amount of accumulated nitrogen was cal-
culated using the formula:

	

𝐸𝐸 = 𝐶𝐶in-𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜
𝐶𝐶in

× 100   (1) 
 
𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑚𝑚⋅𝐶𝐶𝑁𝑁

100  (2) 
 
𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎 = 4.2 ∙ 𝐶𝐶in + 225       (3) 
 
𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏,ℎ𝑎𝑎 = (4,2∙𝐶𝐶in+225)𝜌𝜌

106  (4) 
 
𝐸𝐸 = 𝑎𝑎 ∙ 𝑙𝑙𝑙𝑙(𝜏𝜏) - 𝑏𝑏 ⋅ 𝐶𝐶in + 𝑐𝑐 (5) 
 
𝐸𝐸 = 10.8 ∙ 𝑙𝑙𝑙𝑙(𝜏𝜏) - 0.27 ∙ 𝐶𝐶in + 28.5 (6) 
 
𝜏𝜏𝑓𝑓 = 𝐵𝐵

𝑣𝑣         (7) 
 
𝐸𝐸 = 10.8 ∙ [𝑙𝑙𝑙𝑙(𝐵𝐵) - 𝑙𝑙𝑙𝑙(3600𝑣𝑣)] - 0.27 ∙ 𝐶𝐶in + 28.5   (8) 
 
: 
𝐵𝐵 = 3600𝑣𝑣 ⋅ 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐸𝐸+0.27∙𝐶𝐶in-28.5

10.8 )     (9) 
 

	 (2)

where:	m – the dry mass of the plant, g; CN – the 
nitrogen content, %.

The obtained results showed that with in-
creasing initial nitrate concentration, there is a 
statistically significant increase in nitrogen con-
tent in plant tissues from 1.45% to 2.12% of dry 
mass. The total amount of accumulated nitrogen 
increased almost 1.7-fold.

Correlation analysis established a strong 
positive relationship between initial nitrate 

concentration and accumulated nitrogen (r ≈ 
0.91). Approximation of the data by the least 
squares method yielded a linear dependence of 
the amount of accumulated nitrogen on the initial 
nitrate concentration in water:

	

𝐸𝐸 = 𝐶𝐶in-𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜
𝐶𝐶in

× 100   (1) 
 
𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑚𝑚⋅𝐶𝐶𝑁𝑁

100  (2) 
 
𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎 = 4.2 ∙ 𝐶𝐶in + 225       (3) 
 
𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏,ℎ𝑎𝑎 = (4,2∙𝐶𝐶in+225)𝜌𝜌

106  (4) 
 
𝐸𝐸 = 𝑎𝑎 ∙ 𝑙𝑙𝑙𝑙(𝜏𝜏) - 𝑏𝑏 ⋅ 𝐶𝐶in + 𝑐𝑐 (5) 
 
𝐸𝐸 = 10.8 ∙ 𝑙𝑙𝑙𝑙(𝜏𝜏) - 0.27 ∙ 𝐶𝐶in + 28.5 (6) 
 
𝜏𝜏𝑓𝑓 = 𝐵𝐵

𝑣𝑣         (7) 
 
𝐸𝐸 = 10.8 ∙ [𝑙𝑙𝑙𝑙(𝐵𝐵) - 𝑙𝑙𝑙𝑙(3600𝑣𝑣)] - 0.27 ∙ 𝐶𝐶in + 28.5   (8) 
 
: 
𝐵𝐵 = 3600𝑣𝑣 ⋅ 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐸𝐸+0.27∙𝐶𝐶in-28.5

10.8 )     (9) 
 

	 (3)

The coefficient of determination for this rela-
tionship is R² ≈ 0.83. The obtained equation indi-
cates that with increasing initial nitrate concentra-
tion, there is a proportional increase in nitrogen 
accumulation in plant tissues.

For a plantation area with a planting density 
ρ (plants/ha), the amount of nitrogen removed 
through the biological mechanism can be deter-
mined using the following equation:

	

𝐸𝐸 = 𝐶𝐶in-𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜
𝐶𝐶in

× 100   (1) 
 
𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑚𝑚⋅𝐶𝐶𝑁𝑁

100  (2) 
 
𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎 = 4.2 ∙ 𝐶𝐶in + 225       (3) 
 
𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏,ℎ𝑎𝑎 = (4,2∙𝐶𝐶in+225)𝜌𝜌

106  (4) 
 
𝐸𝐸 = 𝑎𝑎 ∙ 𝑙𝑙𝑙𝑙(𝜏𝜏) - 𝑏𝑏 ⋅ 𝐶𝐶in + 𝑐𝑐 (5) 
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where:	Nbio,ha – the amount of nitrogen removed 
biologically, kg/ha.

At a density of 15,000 plants/ha and a nitrate 
concentration of 25 mg/L, the amount of removed 
nitrogen Nbio,ha ≈ 80÷120 kg N/ha per year, which 
is consistent with literature data [16, 17].

The accumulation of nitrogen in plant tissue 
confirms the importance of biological uptake as 
the leading purification mechanism alongside mi-
crobiological transformation. According to the 
calculations, the share of biological accumulation 

Figure 2. Dependence of nitrate removal efficiency on the contact time of the model solution 
with the soil-plant system and energy willow
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Table 1. Reduction of nitrate concentrations in the model phytofiltration system with energy willow (M – mean 
value (n = 3), SD – standard deviation)

Cin, mg/L Time, h Cout, mg/L
(M ± SD)

Efficiency, %
(M ± SD)

10 1 7.6 ± 0.3 24.0 ± 3.0

10 6 6.1 ± 0.4 39.0 ± 4.0

10 24 4.6 ± 0.3 54.0 ± 3.0

25 1 20.2 ± 0.5 19.2 ± 2.5

25 6 16.1 ± 0.6 35.6 ± 2.8

25 24 12.3 ± 0.7 50.8 ± 3.0

50 1 41.3 ± 0.8 17.4 ± 2.0

50 6 33.6 ± 0.9 32.8 ± 2.4

50 24 25.8 ± 1.0 48.4 ± 2.5

is approximately 55÷65% of the total nitrate mass 
reduction in the system [18, 19].

The third important factor is the microbiolog-
ical transformation of nitrogen in the rhizosphere. 
The root system of willow creates a specific mi-
croenvironment that stimulates the development 
of microorganisms capable of nitrification and 
denitrification processes. As a result, a portion of 
the nitrates may be converted to gaseous forms of 
nitrogen and removed from the system [25, 26].

Analysis of the obtained data also showed 
that the purification efficiency decreases in rela-
tive terms with increasing initial nitrate concen-
tration in the solution (Figure 3).

This indicates the limited absorption capacity 
of plants and the soil substrate within a short con-
tact time. At the same time, even under conditions 
of high concentrations (50 mg/L), the system en-
sured a reduction in nitrate content by nearly half, 
confirming the high potential of using energy wil-
low in phytofiltration technologies.

Thus, the results of the laboratory experi-
ment confirm the efficiency of using soil-plant 
systems with energy willow for reducing nitrate 
concentrations in water. It was established that 
under model experimental conditions, the wa-
ter purification efficiency for nitrates averaged 
40–60% and increased with longer contact time 
between the solution and the plant root system. 

The obtained results indicate the potential of ap-
plying phytofiltration systems with energy willow 
for the purification of drainage and surface waters 
in agricultural landscapes.

At the same time, for an objective assessment 
of the obtained results, it is advisable to consider 
them in the context of other approaches to reduc-
ing nitrate loading within catchments. In modern 
water quality management practice, both agro-
nomic measures (optimization of fertilizer ap-
plication rates, regulation of crop structure) and 
landscape-based nature-oriented solutions are 

Figure 3. Dependence of nitrate removal efficiency 
on the initial NO₃⁻ concentration in the model solution 

(after 24 hours of contact)

Table 2. Total nitrogen content in plant biomass

Cin, mg/L Plant dry mass, g N content, % Accumulated N, mg/plant

10 18.4 ± 1.2 1.45 ± 0.08 267 ± 22

25 19.6 ± 1.4 1.78 ± 0.10 349 ± 28

50 21.1 ± 1.6 2.12 ± 0.12 447 ± 35
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employed, including riparian buffer strips, shel-
terbelts, floodplain restoration, and the creation of 
constructed wetland systems.

Studies on the effectiveness of riparian buffer 
strips demonstrate that, given sufficient width and 
a favorable hydrological regime, they can provide 
a substantial reduction in nitrate concentrations in 
surface and subsurface runoff [10, 17, 18, 24]. The 
main mechanisms involved are biological nitrogen 
uptake by plants and microbiological denitrifica-
tion in the soil environment [12, 19, 20]. However, 
the effectiveness of such systems largely depends 
on the strip width, vegetation type, and water ex-
change intensity, and with insufficient contact time 
between water and the root zone, the reduction in 
nitrate concentration may be limited [10, 11, 24].

Floodplain restoration and the rehabilitation 
of natural hydromorphic ecosystems are also con-
sidered effective tools for enhancing denitrifica-
tion processes and reducing nitrogen loading on 
river systems [25]. However, the implementation 
of such measures requires significant territorial 
resources and comprehensive management of the 
hydrological regime. In urban and transformed 
landscapes, an additional constraint is the disrup-
tion of the natural connectivity between ground-
water and surface water, which affects the inten-
sity of nitrogen transformations [26].

Agronomic approaches aimed at reducing ni-
trate leaching from arable lands are a necessary com-
ponent of integrated water resource management 
[27, 28, 31, 32]. However, even under optimized 
fertilization conditions, it is difficult to completely 
prevent diffuse pollution, especially in regions with 
a high proportion of intensive agriculture.

Against this background, the use of energy 
willow as a component of phytofiltration strips 
offers a number of significant advantages. Ac-
cording to long-term studies of short-rotation wil-
low coppice plantations, such stands are capable 
of reducing nitrate concentrations in groundwater 
through intensive nitrogen uptake and the devel-
opment of a robust root system [21, 22, 33]. An 
additional advantage is the possibility of using 
the biomass as an energy resource, which enhanc-
es the economic attractiveness of the technology 
[23]. Unlike grass buffers, where a portion of the 
accumulated nitrogen returns to the soil after veg-
etation dieback, regular harvesting of willow bio-
mass ensures long-term nitrogen removal from 
the catchment ecosystem. The experimental re-
sults obtained in this study (40–60% reduction in 
nitrate concentration depending on contact time) 

are consistent with literature data on the effective-
ness of forest and shrub buffer systems [17, 21, 
24, 34] and confirm that the key factor is the du-
ration of hydraulic contact between water and the 
root zone. At the same time, the implementation 
of the method has a number of limitations. The 
purification efficiency is significantly dependent 
on hydrological conditions, particularly the dura-
tion of water contact with the root zone. Under 
conditions of intensive surface runoff or short wa-
ter residence time in the filtration strip, the degree 
of nitrate concentration reduction may be lower. 
The effectiveness also varies depending on the 
initial contamination level and the seasonal dy-
namics of plant growth, which causes variability 
in performance indicators throughout the year. 
Furthermore, the implementation of phytofiltra-
tion strips requires the allocation of land areas 
and coordination with the existing land use struc-
ture, which may limit application in regions with 
a high intensity of agricultural development.

Thus, compared with engineered water treat-
ment facilities, the proposed nature-based ap-
proach is less energy-intensive and more integrat-
ed into the landscape structure of the catchment; 
however, it requires comprehensive planning and 
consideration of spatiotemporal factors. It should 
be considered as a component of an integrated 
water quality management system that combines 
agronomic, landscape, and biological measures 
for the control of diffuse nitrate pollution.

To quantitatively assess the relationship be-
tween the initial nitrate concentration in the model 
solution (Cin), the duration of water contact with 
the soil-plant system (τ), and the purification ef-
ficiency (E), a correlation analysis was performed 
using the Spearman rank correlation coefficient 
(rs). The choice of the non-parametric method 
was determined by the small sample size (n = 9) 
and the absence of grounds to assume a normal 
distribution of the studied variables.

The calculation results showed the presence 
of a very strong positive statistically significant 
relationship between the duration of solution 
contact with the root system and purification effi-
ciency (rs = 0.95; p < 0.01). This indicates a regu-
lar increase in the degree of nitrate removal with 
increasing water residence time in the phytofiltra-
tion system.

A moderate negative correlation was estab-
lished between the initial nitrate concentration 
and purification efficiency (rs = −0.62; p ≈ 0.08), 
reflecting a tendency for the relative purification 
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efficiency to decrease at high levels of initial con-
tamination. This pattern is consistent with the 
limited absorption capacity of the plant and mi-
crobiological system.

To quantitatively describe the established 
trend, a generalized empirical mathematical mod-
el was constructed that approximates the effect of 
contact duration and initial concentration on puri-
fication efficiency:

	

𝐸𝐸 = 𝐶𝐶in-𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜
𝐶𝐶in

× 100   (1) 
 
𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑚𝑚⋅𝐶𝐶𝑁𝑁

100  (2) 
 
𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎 = 4.2 ∙ 𝐶𝐶in + 225       (3) 
 
𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏,ℎ𝑎𝑎 = (4,2∙𝐶𝐶in+225)𝜌𝜌

106  (4) 
 
𝐸𝐸 = 𝑎𝑎 ∙ 𝑙𝑙𝑙𝑙(𝜏𝜏) - 𝑏𝑏 ⋅ 𝐶𝐶in + 𝑐𝑐 (5) 
 
𝐸𝐸 = 10.8 ∙ 𝑙𝑙𝑙𝑙(𝜏𝜏) - 0.27 ∙ 𝐶𝐶in + 28.5 (6) 
 
𝜏𝜏𝑓𝑓 = 𝐵𝐵

𝑣𝑣         (7) 
 
𝐸𝐸 = 10.8 ∙ [𝑙𝑙𝑙𝑙(𝐵𝐵) - 𝑙𝑙𝑙𝑙(3600𝑣𝑣)] - 0.27 ∙ 𝐶𝐶in + 28.5   (8) 
 
: 
𝐵𝐵 = 3600𝑣𝑣 ⋅ 𝑒𝑒𝑒𝑒𝑒𝑒 (𝐸𝐸+0.27∙𝐶𝐶in-28.5

10.8 )     (9) 
 

	 (5)

where:	E – the purification efficiency, %; τ – the 
contact duration, h; Cin – the initial nitrate 
concentration, mg/L; a, b, c – empirical 
model coefficients.

Based on the regression estimation for the ex-
perimental data, the following approximate equa-
tion was obtained:
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The coefficient at the logarithm of time is pos-
itive (a > 0), which confirms the increasing nature 
of the relationship; however, the logarithmic form 
of the function reflects a gradual decrease in the 
rate of efficiency increase with increasing contact 
time. This is consistent with the biological nature 
of the process, as the intensity of nitrate uptake 
over time transitions to a saturation regime.

The negative coefficient at Cin (b > 0 in the 
negative term) characterizes the decrease in rela-
tive purification efficiency with increasing initial 
loading, which corresponds to the experimentally 
established trend.

The coefficient of determination of the model 
is R² ≈ 0.89, which indicates a high level of agree-
ment between calculated and experimental values 
and allows the model to be used for predictive 
assessment of phytofiltration system efficiency 
within the studied parameter range.

The obtained results confirm that the deter-
mining factor in the formation of purification ef-
ficiency is the duration of water contact with the 
root system, while the influence of initial con-
centration has a limiting character. The practical 
significance of the established mathematical rela-
tionship lies in the possibility of using it for the 
engineering substantiation of phytofiltration strip 
parameters, particularly for determining the mini-
mum required hydraulic contact time and predict-
ing the expected level of nitrate load reduction.

Practical aspects of implementation

The conducted laboratory studies showed 
that the use of energy willow is characterized by 
a high efficiency of nitrate absorption from the 
aquatic environment. The obtained results indi-
cate significant potential for using energy willow 
as a biological filter for reducing diffuse nitrogen 
contamination of surface waters.

To transfer these results to field conditions, the 
hydrological parameters of surface runoff must be 
taken into account. The main indicator determin-
ing the effectiveness of the phytoprotective strip 
is the contact time of water with the plant root 
system τf (s), which depends on the strip width B 
(m) and the surface runoff velocity v (m/s). Then 
the actual contact time:
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To create a field model of purification ef-
ficiency, we substitute Equation 7 into the base 
model (6) and after certain mathematical transfor-
mations, we obtain:
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	(8)

Analysis of Equation 8 showed that the puri-
fication efficiency increases with increasing strip 
width and decreases with increasing runoff veloc-
ity. From Equation 8, a relationship was derived 
that allows determining the minimum width of 
the phytofiltration strip to achieve a given purifi-
cation efficiency:
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	 (9)

Using the obtained Equation 9, the phytofil-
tration strip width was calculated as a function of 
the initial nitrate concentration in water and sur-
face runoff velocity to achieve a purification effi-
ciency of 50%. The calculation results in graphi-
cal form are presented in Figure 4.

Analysis of the obtained relationships (Figure 
4) shows that there is a direct functional relation-
ship between the surface runoff velocity and the 
required width of the phytofiltration strip. With 
increasing water flow velocity, the minimum strip 
width required to ensure the specified level of pu-
rification increases. This is explained by the fact 
that at higher water flow velocities, the contact 
time with the soil-plant system decreases, and 
accordingly, the intensity of biological uptake 
and microbiological transformation of nitrates is 
reduced. Under such conditions, to compensate 
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for the reduction in hydraulic contact time, the 
filtration path length must be increased, i.e., the 
width of the phytofiltration strip. According to 
the graph, at low surface runoff velocities (on the 
order of 0.001–0.005 m/s), typical of gently slop-
ing areas of the agricultural landscape or areas 
with dense vegetation cover, a relatively small 
strip width of approximately 8÷10 m is sufficient. 
Under such conditions, the water moves slowly, 
ensuring adequate contact time with the plant root 
system and active nitrate uptake processes.

As the runoff velocity increases to values of 
approximately 0.01÷0.02 m/s, typical of areas 
with a steeper slope or sparser vegetation cover, 
the required phytofiltration strip width increases 
to 12÷15 m. This reflects the need to increase the 
biological filter area to maintain purification ef-
ficiency at the 50% level.

At even higher surface runoff velocities 
(above 0.02÷0.03 m/s), the graph demonstrates a 
sharper increase in the required strip width. In this 
case, the values may exceed 18÷20 m, which is as-
sociated with a substantial reduction in water resi-
dence time in the phytofiltration zone. This trend 
indicates that under conditions of intensive surface 
runoff, phytofiltration efficiency is significantly 
dependent on the spatial parameters of the buffer 
strip. The obtained relationship has important en-
gineering and practical significance, as it allows 
using Equation 9 for preliminary calculation of the 
parameters of riparian phytofiltration strips in real 
agricultural landscapes. In particular, it provides 
the ability to determine the minimum required 
width of energy willow plantations considering 

the hydrological conditions of the territory and the 
projected surface runoff velocity [24].

Thus, the graph in Figure 4 confirms that the 
optimal width of the phytoprotective strip is a func-
tion of hydrodynamic conditions of surface runoff, 
and the efficiency of nitrate load reduction is large-
ly determined by the duration of water contact with 
the soil-plant system. This justifies the feasibility of 
using the obtained mathematical model for design-
ing nature-based purification systems for drainage 
and surface waters in agricultural catchments.

Considering the biological characteristics of 
energy willow and the research results, the design 
of a riparian phytoprotective strip was modeled, 
consisting of three main zones. The first zone is 
represented by grass vegetation with a width of 
3÷5 m, whose primary function is to reduce surface 
runoff velocity and retain soil particles transported 
by the water flow. The second zone consists of en-
ergy willow plantations with a width of 8÷12 m, 
which play the main role in the process of nitrate 
nitrogen uptake and its accumulation in plant bio-
mass. The third zone includes shrub and moisture-
loving vegetation with a width of 3÷5 m, providing 
additional filtration of the water flow before it en-
ters the water body. The proposed system ensures a 
gradual reduction in surface runoff velocity, reten-
tion of suspended particles, and biological uptake 
of nitrates by plants. With this strip configuration, 
the laboratory-established nitrate uptake efficiency 
can translate into field conditions as a reduction in 
nitrate nitrogen concentration in surface and drain-
age runoff by 35÷50%, depending on the intensity 
of water flow, soil type, and vegetation density 
[16–18]. A schematic model of the phytoprotective 
strip with energy willow is presented in Figure 5.

An important practical aspect is the agro-
nomic management of phytofiltration strips dur-
ing the initial stages of their formation. In the first 
years after establishment, it is necessary to ensure 
weed control, maintain optimal water regime, and 
protect young plants from mechanical damage. 
Subsequently, management is limited to periodic 
harvesting of energy willow biomass, which si-
multaneously serves to maintain the high envi-
ronmental efficiency of the system.

An important element of the phytoprotective 
strip functioning is the regular removal of willow 
biomass, which ensures the actual export of accu-
mulated nitrogen from the ecosystem. At an aver-
age energy willow productivity of 10÷15 tonnes 
of dry biomass per hectare per year, the total ni-
trogen removal can be 80÷150 kg N/ha per year, 

Figure 4. Dependence of the required width of 
the energy willow phytoprotective strip zone for 

achieving 50% nitrate removal efficiency at different 
surface runoff velocities v (m/s)
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confirming the environmental feasibility of using 
such plantations to reduce diffuse contamination 
of water bodies.

The obtained energy willow biomass can be 
used as a renewable energy source, particularly 
for the production of thermal energy or biofuel, 
creating an additional economic incentive for 
land users and local communities. The combina-
tion of the environmental protection function with 
the possibility of economic utilization of biomass 
increases the level of acceptance of phytofiltra-
tion strips in agricultural land use practice.

From the perspective of water resource man-
agement, the implementation of phytofiltration 
strips with energy willow should be considered as 
a component of an integrated approach to reduc-
ing diffuse pollution. Their efficiency significantly 
increases when combined with the optimization of 
mineral fertilizer application systems, adherence to 
crop rotations, and the implementation of soil con-
servation technologies [27, 28]. Regulatory and 
institutional support also plays an important role, 
particularly the designation of riparian protective 
strips and the stimulation of environmentally ori-
ented measures at the level of regional programs.

Thus, phytofiltration strips using energy wil-
low represent a practically feasible, scalable, and 
adaptable measure for agricultural catchment con-
ditions that combines environmental efficiency 
with socioeconomic viability. Their implementa-
tion allows not only reducing nitrate loading on 
water bodies but also enhancing the ecological re-
silience of agricultural landscapes in the long term.

CONCLUSIONS

The conducted studies confirmed the efficien-
cy of using energy willow (Salix spp.) as a compo-
nent of phytofiltration systems for reducing nitrate 
concentrations in water. Laboratory experiments, 
performed taking into account the conditions of the 
Vereshchytsia River catchment, showed that the 
passage of water through the soil-plant substrate 
with the willow root system provides a reduc-
tion in nitrate content by an average of 40–60%. 
It was established that the purification efficiency 
increases with increasing duration of water con-
tact with the soil-plant system. The nitrate removal 
process has a complex character and is determined 
by the combination of physicochemical filtration, 
biological nitrogen uptake by plants, and micro-
biological transformation of nitrogen compounds 
in the rhizosphere. Based on the obtained results, 
the parameters of riparian phytofiltration strips 
were substantiated, with widths ranging from ap-
proximately 8 to 20 m depending on surface runoff 
velocities. The obtained results confirm the feasi-
bility of applying phytofiltration strips with energy 
willow to reduce diffuse nitrate contamination in 
the Vereshchytsia River catchment.
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