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Abstract: Over the past century, the inefficient use of reac-
tive nitrogen (Nr) has raised concerns regarding global food
production and planetary sustainability. This study investi-
gates nitrogen (N) losses in tomato production near Kabul,
Afghanistan, aiming to improve nitrogen use efficiency
(NUE) for enhanced food security and environmental protec-
tion. Three fertilizer treatments were tested: (A) animal
manure + ¼ dose of chemical fertilizer, (B) night soil + ¼
dose of chemical fertilizer, and (C) full dose of chemical ferti-
lizer, with sub-treatments varying in N application (25% less,
25% excess, and farmers’ practice). A no-fertilizer control treat-
ment was included. Nitrogen losses through ammonia emis-
sions and nitrate–N leaching were monitored, while nitrogen
balances and NUE were calculated. The findings revealed that
ammonia emissions decreased by 33% in treatment A2 and by
30% in treatment B3 compared to surface application.
However, nitrate–N leaching peaked at 145 kgN ha−1 in A2

and 128 kgN ha−1 in B3, with positive N balances observed
across treatments, the highest being 300 kgN ha−1 in treatment
A. NUE ranged from 30% (A and B) to 55% (control), high-
lighting the widespread overapplication of N in Afghan

agriculture. This study demonstrates that efficient N manage-
ment practices can reduce environmental losses while
maintaining tomato yield, offering a novel pathway toward
sustainable farming in the region.

Keywords: nitrogen loss, animal manure, night soil, NUE,
tomato, Afghanistan

1 Introduction

The availability of reactive nitrogen (Nr) is crucial for sus-
tainable agriculture management, as nitrogen (N) is the
nutrient most required by crops. Globally, approximately
120 Tg of nitrogen is used as fertilizer each year, making it
essential to maintain appropriate N inputs in agricultural
systems to ensure food security. However, in regions like
Afghanistan, where agriculture remains largely tradi-
tional, inefficient use of N presents unique challenges for
both productivity and environmental sustainability. In
these regions, N is often used inefficiently, leading to sig-
nificant losses and environmental damage [1]. Excessive N
loss from agricultural systems damages soil, air, and water
quality, contributes to climate change and ozone depletion,
and threatens biodiversity. The environmental impact of
nitrogen losses, including the degradation of local ecosys-
tems, highlights the need for integrated nitrogen manage-
ment strategies that take into account environmental
sustainability alongside agricultural productivity.

Tomato (Solanum lycopersicum L.) ranks among the top
six vegetable crops in Afghanistan [2]. Mismanagement of N
inputs in intensive tomato production can result in substantial
nitrogen losses through nitrate (NO3) leaching, as well as emis-
sions of ammonia (NH3) and nitrous oxide (N2O). These losses
not only lead to environmental degradation but also incur
economic costs, further burdening farmers in Afghanistan
who often face limited resources and financial constraints.
The economic burden of inefficient N use is particularly perti-
nent in Afghanistan, where access to optimal N management
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practice is limited [3]. Ibukun et al. [3] suggest that reducing N
application may not significantly impact tomato yields, indi-
cating that more efficient N use could provide economic ben-
efits while mitigating environmental harm.

Traditional agricultural practices in Afghanistan have
remained largely unchanged in recent decades, with a focus
on maximum production at the expense of improving
nitrogen use efficiency (NUE). With a population of
41,549,080 people and an annual growth rate of 2.57%, the
pressure to intensify agricultural practices continues to rise
[4]. However, farming methods remain predominantly
conventional, characterized by poor nutrient and water man-
agement [5]. In particular, poorly targeted applications of
inorganic N fertilizers in cherry tomato production have led
to severe environmental degradation [6]. A study using resin-
based extractants revealed significant Nr accumulation, with
NO3–N levels reaching 138 kg ha−1 year−1 and NH4–N levels of
1.9 kg ha−1 year−1 from vegetable gardens [7].

Despite ongoing challenges, there is a limited under-
standing of the magnitude of N losses related to agricul-
tural management practices, such as N source, tillage, and
irrigation [8]. A key gap in the literature is the limited
integration of socio-economic factors influencing the adop-
tion of nitrogen-efficient practices in regions like Afghani-
stan. The integration of socio-economic factors, such as the
affordability and accessibility of nitrogen-efficient technol-
ogies, is essential to understanding how farmers in Afgha-
nistan can be incentivized to adopt better N management
strategies. Quantifying N flows can raise awareness among
farmers and help them reevaluate their N management
strategies, potentially leading to reduced losses [9]. Agri-
culture is recognized as the primary contributor to losses
of NO3, NH4, and NH3, particularly under intensive farming
conditions [10–12]. Therefore, improving N management is
crucial for mitigating these losses.

Afghanistan currently lacks comprehensive data on
reactive-N (Nr) flows in its various forms under both con-
ventional and managed farming systems. This information
is essential for developing sustainable agricultural prac-
tices. This study directly addresses these knowledge gaps
by combining agronomic data with socio-economic insights
to propose actionable N management strategies. The objec-
tives of the study are:
(i) To quantify the fate of applied N fertilizers in a typical

tomato cropping system in Kabul, partitioning N
between the crop and soil, and identifying losses from
the system;

(ii) To quantify the magnitude and timing of N loss across
different pathways and assess crop NUE achieved
through various mitigation options; and

(iii) To develop a partial N budget for the tomato cropping
system in Afghanistan to indicate the magnitude of
changes achieved through management interventions.

2 Materials and methods

2.1 Study area and site selection

A field experiment was established at Shewaki, a typical
peri-urban village located in the south-east of Kabul city
(N: 34°28′45.96; E: 69°12′54.94), at an elevation of
1,767–1,786 m above sea level (m a.s.l.) in the Bagrami
District, Kabul Province of Afghanistan (Figure 1). The pro-
vince receives an average annual precipitation of
300–330 mm, primarily occurring from November to
May, which reflects typical seasonal rainfall variations in
the area. The average annual temperature ranges from 10

Figure 1: Maps of Greater Kabul in Afghanistan showing the location of the selected village, research site. Created by the author using QGIS.
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to 13°C, with a relative humidity of 54% (1957–1977) [13,14].
Summer temperatures (May to August) can exceed 40°C.
From April 2008 to March 2010, the average annual rainfall
ranged from 176 to 346mm, with a relative humidity of
45.3% and an average temperature of 14.8°C reported by
Safi et al. [7]. From January 2020 to May 2021, precipitation
was notably lower at 29 mm, with an average temperature
of 14.15°C, indicating substantially drier and hotter condi-
tions than normal (MAIL, unpublished data).

Cropland in the area is utilized for both subsistence
and commercial farming, while the surrounding open land
is used by pastoralists, allowing their animals to graze
freely within the village. Crop production primarily relies
on inputs such as chemical fertilizers (urea and diammo-
nium phosphate [DAP]), and organic fertilizers like animal
manure [AM] and night soil [NS]. Additional nutrients are
supplied through irrigation water and aerosol dust. The
irrigation system is fed by diverted rivers, boreholes, and
traditional underground “Karez” channels [7]. The average
cultivated area per farm household is approximately 0.6
ha, although some larger households manage irrigated
farms exceeding 2.8 ha. The livestock sector in Shewaki
predominantly comprises cattle (including dairy cows)
and sheep, with goats, donkeys, and poultry also being
raised [7].

The soil at the experimental site was classified as
Fluvisol [15] of alluvial origin, with a texture of 17.28%
sand, 66.06% silt, and 16.66% clay to a depth of 0.15 m
and 19.47% sand, 64.83% silt, and 15.70 % clay at depths
of 0.15–0.30 m. Calcium carbonate (CaCO3) concentrations
were found to be 11% [7].

Prior to the establishment of the tomato crop (cv.
Roma) in July 2021, comprehensive assessments of soil
parameters were conducted across the experimental treat-
ments. Total N levels at both 0.0–0.15 m and 0.15–0.30 m
depths showed consistent values across all treatments,
with no statistically significant differences (Tables 1 and 2).
Similarly, concentrations of organic matter (OM) and organic
carbon (Corg) exhibited uniform trends across the treatment
plots. Furthermore, measurements of available phosphorus
(P), potassium (K), pH, electrical conductivity (EC), and bulk
density (BD) indicated minimal variation across the experi-
mental conditions.

It is noteworthy that Table 3 represents data aggre-
gated for the entire village, encompassing broader soil
characteristics beyond the specific experimental plots.
This preliminary assessment underscores the initial homo-
geneity in soil characteristics before agricultural interven-
tions commenced, providing a foundational baseline for
subsequent comparisons and analyses following tomato
cultivation.Ta
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2.2 Layout of the experiment and
treatments

A tomato (cv. Roma) crop was established in July 2021,
comprising 10 treatments grouped under three different
management approaches. These were compared with an
unfertilized control (Table 4). Each field plot measured
15 m × 1.2 m, featuring one furrow that was 0.5 m wide
and 0.3 m deep, with a distance of 0.8 m between furrows.
N inputs were supplied from three accessible sources: AM
from local animal stables, NS from the city or local toilets,
and a combination of urea and DAP which are widely
adopted for tomato production by farmers at the standard
rate of 250 kg ha−1 urea and 250 kg ha−1 DAP for both urea
and DAP. The N rate was modified to include a ±25% N ha−1

variation in the standard N application, allowing for sub-
treatments within each management group. This resulted
in two approaches: one involving deep placement of ferti-
lizer (2 t ha−1 AM or NS along with a supplemental dose of
±25% urea and ±25% DAP), which was applied by furrow
hoeing 10 cm beneath the crops four weeks after transplan-
tation, in line with the local farmer practice; the other
involving surface application standard dose of (2 t ha−1

AM and NS and 250 kg ha−1 urea and DAP) by broadcasting,
which is the conventional method adopted by farmers. By
testing different N management strategies, the research
focuses on improving nutrient management practices in
a way that benefits local farmers and promotes sustainable
tomato production. The results are intended to offer prac-
tical, environmentally sustainable solutions that could be
adapted to local farming practices while maintaining high
crop yields. Irrigation was performed at 3-day intervals
according to the crop requirement, providing 341 mm per
furrow for each irrigation event.

2.3 N inputs measurement and tracking

Tomato farming, following the spring wheat harvest at
Shewaki village, involved high inputs of biowaste (AM
and NS), irrigation water, and chemical fertilizers. In this
experiment, we adjusted farmers’ N application rates by
±25% of the standard rate and introduced an innovative
deep placement technique at a depth of 10 cm. Treatments
C1, C2, and C3 received higher N inputs of 376, 341, and
307 kg N ha−1, respectively. Other treatments, including
the control, received lower N levels. The N contributions
from irrigation water (199.7 kg N ha−1) and dust
(4.00 kg N ha−1) were kept consistent across all experi-
mental plots (Table 5).Ta
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All nitrogen input samples, including those from bio-
waste, chemical fertilizers, irrigation water, and dust, were
collected during the growing season to ensure representa-
tive data. Irrigation water samples were collected from two
main sources: stream water and borewell water, used
alternately for irrigation throughout the growing season.
We measured the nitrogen content of both stream and
borewell water to determine their nitrogen concentrations
accurately. These samples were analyzed using standard
laboratory protocols (explained in Section 2.4), including
inductively coupled plasma (ICP) spectroscopy, to deter-
mine nitrogen concentrations.

Despite these efforts, potential sources of error in
nitrogen estimation were identified due to the research
farm’s location and environmental conditions. During late
spring and rainfall events, plots were irrigated primarily
with stream water, which might have contained elevated

nitrogen concentrations. The stream, flowing through the
middle of the village, was observed to serve as a sanitation
resource for the local population, potentially introducing
additional nitrogen sources. Additionally, stream sludge
that accumulated during winter and spring and subse-
quently dried after rainfall events may have contributed
to nitrogen levels beyond normal expectations.

Analysis of the collected samples and calculations
of nitrogen inputs were performed at the end of the
growing season. While efforts were made to standardize
and monitor nitrogen inputs accurately, these environ-
mental factors and the dual sources of irrigation water
may have introduced variability that was challenging to
quantify. This underscores the need for careful site-specific
considerations in field research and highlights the impor-
tance of acknowledging these potential limitations when
interpreting results.

Table 3: Overall physiognomies of the village and dominated farming system in Shewaki, Kabul, Afghanistan

Socio-economics Characteristics

Household orientation Commercial and subsistence
Number of studied households 212
Agriculture and village area under study (km2) 7.39*
Irrigation type Flood and furrow
Main crops Cereal and cash crops
Other crops grown Potato, summer squash, tomato, maize, clover, onion, etc.
Fertilizers applied DAP, urea, NS, AM
Out-sighted crop nutrients Aerosol dust, rain, and contaminated irrigation water
Soil properties
Soil type (texture) Silt loam
BD (surface and subsurface 0.07 m depth) 1.29–1.43
pH (0.15–0.30 m surface and subsurface) 7.82–7.92
EC (dS m−1) 1.28–1.29
OM 0.15–0.30 m (%) 5.73–5. 37

*Village and fields under study area, measured by Google Earth tools.

Table 4: Layout of the experiment and method of applications

Group Treatment Combination (treatment) Total N kg ha−1 fertilizer + manure Crop Mode of application

A A1 −25% *AM + ¼ urea and DAP 53.15 Tomato Subsurface
A2 +25% AM + ¼ urea and DAP 65.67 Subsurface
A3 2 t AM + ¼ urea and DAP 59.41 Surface

B B1 −25% *NS + ¼ urea and DAP 47.71 Subsurface
B2 +25% NS + ¼ urea and DAP 56.60 Subsurface
B3 2 t NS + ¼ urea and DAP 52.15 Surface

C C1 −25% of urea and DAP 103.13 Subsurface
C2 +25% of urea and DAP 171.88 Subsurface
C3 250 kg ha−1 urea and 125 kg ha−1 DAP 137.50 Surface

Control Control Zero 0.00 Not applied

*AM = animal manure, NS = night soil.
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2.4 Sampling and measurements

Irrigation water samples were collected at each irrigation
event and pooled. To prevent biochemical degradation, one
drop of concentrated (32%) HCl was added to each water
sample before storage in polyethylene (PE) bottles at a
temperature of below <4°C until total N analysis. The N
content of chemical fertilizers, specifically urea (46% N)
and DAP (18% N), was provided by the manufacturers.

Dust samples were collected monthly using three plastic
pans, which were covered with mesh to protect against bird
droppings andmounted on individual iron stands 2m above
the ground. Sampling occurred around the experimental
field from May to November 2021. Samples were filtered,
dried at room temperature, weighed, and sealed in PE zip-
lock bags for later analysis [16].

After harvest of the first, second, third, and final
tomato crops, approximately 300 g of fruit and shoot sam-
ples were collected from five random locations in the field,
pooled, and weighed. The pooled samples were dried at
60°C for 48 h until a constant weight was reached and
then reweighed for moisture content correction. Dried
samples were ground to a particle size of 0.5 mm using a
mill (MPD102, Biobase China) and stored in sealed PE zip-
lock bags until nitrogen analysis [7].

To measure the N-content in manure, five sub-samples
were collected from the manure heap using a 5 cm × 20 cm
soil sampler to a depth of 0.2 m. These sub-samples were
pooled, air-dried at room temperature for 48 h, ground
using a mill (MPD102, Biobase China), and stored in PE
bottles for dry matter (DM) and nitrogen analysis.

For soil property determination, surface (0.0–0.15 m)
and subsurface (0.15–0.30 m) soil samples were collected in
August, prior to cultivation. Five sub-samples from each
experimental plot were pooled, spread on paper, and air-
dried in the shade at room temperature. Roots and crop
residues were removed by passing samples through a
2 mm mesh sieve. Some soil samples were kept in PE con-
tainers at a temperature of below <4°C for NO3 and NH4

analysis in the lab.
Additional samples for soil moisture content and BD

measurement were taken with a 7 cm × 7 cm auger from
both the surface (0.0–0.15 m) and subsurface (0.15–0.30 m)
soil layers. These samples were weighed, dried at 105°C,
and reweighed for moisture content determination [17].

2.5 Physico-chemical analyses

Soil pH and EC at depths of 0.0–0.15 and 0.15–0.30 m were
measured using a portable pHmeter (HI9811-5 Portable pH/
EC/TDS/temperature meter, Hanna, Romania) in a 1:5 soil–
water suspension (5 g of soil and 25 ml of distilled water).
Soil textural classes at the depths of 0.0–0.15 and
0.15–0.30 m were determined using the Hydrometer
method as described in the ICARDA manual for soil, plant,
and water analysis [18].

Total soil N was determined using an Automatic
Kjeldahl Distillation Unit (Model – K9840), following the
method outlined in the ICARDA Manual for soil, plant,
and water analysis [18]. Soil nitrate (NO3) and ammonium
(NH4) were measured by mixing 10 g of fresh soil with

Table 5: Inputs N, P, and K (kg ha−1) via applied manures (animal and NS), che. fertilizers (urea and DAP), and imported NPK via irrigation water and
precipitation of aerosol dust throughout the growing season of the tomato crops

Treatments Total inputs Organic manures Chemical fertilizers Irrigation water Aerosol dust

N kg ha−1 P
kg
ha−1

K kg ha−1 N
kg
ha−1

P
kg
ha−1

K
kg
ha−1

N kg ha−1 P
kg
ha−1

K
kg
ha−1

N kg ha−1 P
kg
ha−1

K kg ha−1 N
kg
ha−1

P
kg
ha−1

K
kg
ha−1

A1 256.85 35.45 140.73 18.78 0.04 2.54 34.38 14.38 0.00 199.70 21.01 137.26 4.00 0.03 0.93
A2 269.37 35.47 142.43 31.30 0.06 4.24 34.38 14.38 0.00 199.70 21.01 137.26 4.00 0.03 0.93
A3 263.11 35.46 141.58 25.04 0.05 3.39 34.38 14.38 0.00 199.70 21.01 137.26 4.00 0.03 0.93
B1 217.03 21.10 140.50 13.33 0.07 2.31 34.38 14.38 0.00 199.70 21.01 137.26 4.00 0.03 0.93
B2 260.29 35.52 142.05 22.22 0.11 3.86 34.38 14.38 0.00 199.70 21.01 137.26 4.00 0.03 0.93
B3 255.85 35.50 141.28 17.78 0.09 3.09 34.38 14.38 0.00 199.70 21.01 137.26 4.00 0.03 0.93
C1 306.82 64.16 138.19 0.00 0.00 0.00 103.13 43.13 0.00 199.70 21.01 137.26 4.00 0.03 0.93
C2 375.57 92.91 138.19 0.00 0.00 0.00 171.88 71.88 0.00 199.70 21.01 137.26 4.00 0.03 0.93
C3 341.20 78.54 138.19 0.00 0.00 0.00 137.50 57.50 0.00 199.70 21.01 137.26 4.00 0.03 0.93
Control 203.70 21.04 138.19 0.00 0.00 0.00 0.00 0.00 0.00 199.70 21.01 137.26 4.00 0.03 0.93

Details of the treatments are A1 (−25% AM + ¼ urea and DAP), A2 (+25% AM + ¼ urea and DAP), A3 (typical farmers’ AM + urea and DAP), B1 (−25% NS
+ ¼ urea and DAP), B2 (+25% NS + urea and DAP), B3 (typical farmers’ NS + urea and DAP), C1 (−25% urea and DAP), C2 (+25% urea and DAP), and C3
(typical farmers’ urea and DAP).
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40ml of calcium chloride (CaCl2 2H2O, 0.0125 mol/l), and
shaking for 1 h. The samples were then filtered using filter
paper (MN 615¼) and analyzed as described below.

Total N in irrigation water samples was analyzed using
the Automatic Kjeldahl Distillation Unit, as described in the
ICARDA manual for soil, plant, and water analyses [18].

Total N from manure and dust samples were also ana-
lyzed using the Automatic Kjeldahl Distillation Unit, following
the ICARDA manual for soil, plant, and water analyses [18].
Adherent sand particles (HCl-insoluble ash) were determined
according to the method of Naumann and Bassler [19].

Total N in crops was determined using the Automatic
Kjeldahl Distillation Unit, ICARDA manual for soil, plant,
and water analyses [18]. Soil organic matter was measured
according to themethod described by Close andMenke [20]. A
conversion factor of 1.724 from OM to Corg was used based on
the assumption that OM contains 58% of Corg [21].

2.6 Estimation of NH3 emissions

NH₃ emissions were quantified using the boric acid trap
method. An acrylic chamber was placed on the soil surface,
allowing ammonia emitted from the soil to pass through a
boric acid solution, which was then drawn through a suc-
tion pump for 30min. The NH3 concentration was deter-
mined by titration with standard sulfuric acid (H2SO4),
assuming that one mole of H2SO4 is required for each
mole of NH3 [22,23]. This method accurately quantifies
ammonia emissions through volatilization. The detailed
procedure provided ensures that the process can be repli-
cated in future studies, offering a reliable means of mea-
suring NH3 flux in agricultural systems.

2.7 Estimation of NO3–N and NH4–N leaching

Given the high intensity of tomato production, 10 out of the
30 plots (middle replication) from the experiment were
selected for leaching studies during the growing season
(August–November). The treatments applied included stan-
dard rates of AM (A), NS (B), and urea and DAP (C).
Leaching losses were estimated using 30 polyvinyl chloride
(PVC) cartridges across the 10 treatments, with three mea-
surements per plot. Each cartridge had a surface area of
19.6 cm2 and was capped with a nylon net at the bottom.

The PVC cartridges were filled with an ion-exchange
resin–sand mixture following the procedure described by
Lang and Kaupenjohan [24], Predotova et al. [25], and Safi
et al. [7]. Cartridges were installed according to the

guidelines of TerrAquat Consultancy (Stuttgart, Germany),
the patent holder of this method, and were buried below
the subsurface layer at a depth of 0.45 m from August to
November 2021.

After the cartridges were removed from the soil, the
resin-sand mixture was separated into five layers (L1–L5) of
approximately 10 mm and stored in a refrigerator until
analysis. For ion extraction, 10 ± 0.5 g of the pooled layer
was placed in 250 ml PE bottles, mixed with 100 ml of
extractant, and shaken horizontally for one hour. Each
sample was extracted eight times; extracts from the first
four, fifth, sixth, seventh, and eighth were pooled. A 20 ml
subsample of each pooled extract was then frozen until
analysis for NO3–N and NH4–N using an ICP Spectrometer
(Model Spectro-Flame, Spectro Analytica Instruments GmbH
& Co. KG, Kleve, Germany). Duplicate samples of the sand
used (10 g each) were extracted similarly and served as
blanks. Nutrient concentrations in the samples were con-
verted to kg ha−1 season−1 (see below). Leaching losses of
N through NO₃–N and NH₄–N were quantified using this
method, which involves collecting leachate samples using
ion-exchange resin–sand cartridges. The methodology
allows for detailed monitoring of nitrogen losses via
leaching during the growing season. While this study mea-
sures nitrogen losses through volatilization (NH₃) and
leaching (NO₃–N, NH₄–N), denitrification, another nitrogen
loss pathway, was not directly measured. However, its
potential role in nitrogen dynamics will be addressed in
future studies.

2.8 Calculations of nutrient balance and
apparent NUEs

For each plot, partial (horizontal) N balances were calcu-
lated based on the quantity of N inputs and outputs (inor-
ganic and organic fertilizers, dust, and irrigation water
applied versus crop biomass harvested) per hectare.
Wherever applicable, crop residues were returned to the
plot and therefore not considered for the calculation of N
outputs. N fluxes were estimated by multiplying the mass
of the material by their N concentrations [26]:

∑=
=

F Q C ,

i

n

i i

1

(1)

where F is the total N removed in the crop (output) over the
period of measurement, n is the number of events (appli-
cation of fertilizer, irrigation water, dust, or harvested crop
product), Qi is the quantity of plant DM at event i, and Ci is
the N concentration in the plant DM at event i.
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The N balance equation for each plot was expressed as

= −P I OΔ ,
N N N

(2)

where ΔPN, IN, and ON stand for each change in the pool,
the input, and the output of N [26].

Applying equation (2) the input flows for N were esti-
mated for dust after sowing (DN, though often negligible),
irrigation water (IWN), and for fertilizer (FN), Similarly, the
output flows were assessed from harvested crops (HN). If
ΔPE is the net change in soil storage of element E (ΔsoilN),
equation (2) can be written as

= + + −D F HΔsoil IW .
N N N N N

(3)

This approach neglected N deposition from rainfall as
it was likely to have been small in Kabul, as well as runoff
from the well-leveled fields, N2 fixation in non-symbiotic
crops that typically ranges from 2 to 5 kg N ha−1 year−1 [27],
and the likely large volatilization of Corg, which unfortu-
nately could not be measured under the local conditions.
Calculations were undertaken for tomato crops from
planting to harvest over 3–4 months [7].

Apparent NUEs were calculated according to Wang
et al. [28] as

=
∑
∑ ×

O

I
NUE 100, (4)

where NUE denotes apparent nutrient use efficiency, O
stands for the nutrient content in harvested crop, and I is
the nutrient input.

Partial factor productivity (PFP) was calculated
according to the following equation:

=PFP

Above ground DM

Total N input in manure or fertilizer

. (5)

2.9 Statistical analyses

Multivariate analyses of variance were performed using
SPSS (Version 23.0, SPSS Inc., Chicago, IL, USA) to assess
the significance of differences among the ten treatments
in terms of nutrient inputs, outputs, horizontal fluxes, use
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Figure 2: Ammonia (NH3) emission kg ha−1 h−1 from the tomato experimental field from typical farmer practice (A3), managed (A2), and control plots
(n = 3) in Shewaki village of Kabul, Afghanistan, in 2021.
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efficiency, and soil chemical properties, including soil pH,
EC, OM, Corg, total N, and plant-available P and K. Physical
properties such as BD and soil texture were also ana-
lyzed [7].

3 Experimental results

3.1 Nitrogen losses

3.1.1 NH3 emission

Average ammonia emissions over the first seven days were
measured in three treatments: managed (A2), typical
farmer practice (A3), and control plots. The emissions
ranged from 0.14 to 0.17 kg ha−1 day−1. The highest emis-
sions were observed in the typical farmer practice treat-
ment (A3) at 0.17 kg ha−1 day−1, followed by the managed
treatment (A2), while the control had the lowest emissions
at 0.14 kg ha−1 day−1 (Figure 2). Peak emissions occurred on

the first day of measurement and gradually declined over
the following days.

3.1.2 Nitrate (NO3–N) and ammonium (NH4–N) leaching

Nitrogen leaching was assessed using ion exchange resins
across the experimental plots. The average nitrate (NO3–N)
loss was 96 kg N ha−1 for the season, while ammonium
(NH4–N) losses were much lower at 8 kg N ha−1 for the
entire season. The treatments with the highest NO3–N
leaching were the modified (A2) at 145 kg N ha−1, followed
by the typical treatment (B3) at 128 kg N ha−1. The modified
treatments B2 and C2 had losses of 111 and 103 kg N ha−1,
respectively. In contrast, lower NO3–N losses were
observed in the typical (A3), modified (B1), typical (C3),
and modified (C1) treatments, with leaching amounts of
58, 59, 74, and 78 kg N ha−1, respectively. The control treat-
ment had intermediate NO3–N leaching losses. For NH4–N,
the highest losses occurred in the typical treatment (B3) at
17 kg N ha−1, followed by modified (B1) at 10 N ha−1 and the
control plots at 8 kg N ha−1 (Figure 3).
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Figure 3: Nitrate–N (NO3–N) and ammonium–N (NH4–N) leaching from the typical farmer practice and managed tomato experimental plots in
Shewaki village of Kabul, Afghanistan. Details of the treatments are: A1 (−25% AM + ¼ urea and DAP), A2 (+25% AM + ¼ urea and DAP), A3 (typical
farmers’ AM + urea and DAP), B1 (−25% NS + ¼ urea and DAP), B2 (+25% NS + urea and DAP), B3 (typical farmers’ NS + urea and DAP), C1 (−25% urea
and DAP), C2 (+25% urea and DAP), and C3 (typical farmers’ urea and DAP).
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3.2 N uptake, balance, and NUE

3.2.1 N removal and uptake

Average seasonal N removal varied significantly between
treatments. The typical farmer practice treatments B3 and C3
and control had the highest yields, with values of 141.7, 86.9,
and 91 kgN ha−1, respectively. This was followed by the man-
aged treatments C1, C2, and A2 with yields of 85.9, 75.8, and
75.6 kg N ha−1, respectively. The lowest yieldswere observed in
treatments B2 and A1 at 54.9 and 63.5 kg N ha−1, respectively,
and these differences were statistically significant (p < 0.05).

The highest nitrogen uptake occurred in the typical
farmer practice treatments B3, C3, and A3 and control, with
crop N removals of 142, 87, 78, and 91 kgN ha−1 respectively.
In the modified treatment C1, crop N removal was
86 kg N ha−1. Treatments A1 and B2 exhibited the lowest yields
with 63 and 55 kg N ha−1, respectively, with these differences
also being statistically significant (p < 0.05; Figure 4).

3.2.2 N balance

Throughout the tomato production season, large positive N
balances were noted across all treatments. On average, the
partial balance of N in the modified and typical farmer

practice treatments was 201 kgN ha−1. The modified treat-
ment C2 showed the highest surplus of 300 kg N ha−1, com-
pared to 254 kg N ha−1 in the typical farmer treatment C3. The
control had the lowest N surplus of 112 kg N ha−1 (Figure 5).

3.2.3 NUE

NUE across the treatments that received seasonal applications
of inputs ranged from 20 to 55%. The highest NUEwas observed
in the control (55.10%), while the lowest was in treatment B2 at
20.19%. Generally, the modified treatments demonstrated
higher NUE (49.67%) than the typical farmer practice treat-
ments (32.00%) (Figure 6), with these differences being statisti-
cally significant (p < 0.05). The high levels of N input were
reflected in the analysis of PFP. Reducing N inputs increased
PFP compared to the N plus plot; however, conventional ferti-
lizer management showed similar PFP to the reduced N plot,
albeit inconsistently. Improved PFP with lower applications has
also been reported by Irmack et al. [29] and Chen et al. [30].

3.3 Apparent NUE and PFP

NUE of applied nitrogen sources, including AM, NS, urea,
DAP, irrigation water, and deposited N by aerosol dust,
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ranged from 28 to 55% across the plots. Among the treat-
ments, the control treatment exhibited the highest effi-
ciency (55%), followed by C3 (44%), C1 (29%), and B1 (28%)
(Figure 6). Treatment B2 had the lowest efficiency at 20%.
The NUEs across the treatments were statistically signifi-
cant (p < 0.05). PFP varied between treatment groups, with
lower values (−26%) observed in the N plus treatment and
higher values (36%) in both the minus N and standard N
applications (Figures 7 and 8). The differences in PFP
between treatments were highly significant (p < 0.05).

4 Discussion

4.1 N inputs

This study provides detailed and valuable insights into the
substantial nutrient inputs supporting production in
Kabul’s peri-urban areas and highlights opportunities to
enhance nutrient use efficiency (NUE). The treatments
resulted in widely varying nitrogen inputs, with treatments
C1 and C2 receiving 307 and 376 kg N ha−1, respectively,
highlighting the significant contributions of irrigation
water to N inputs and the need for comprehensive assess-
ments of all N sources in similar studies. Notably, this study
integrates the role of irrigation water in N dynamics, which
has been inadequately addressed in regional studies. These

large N inputs exceed the crop requirements, potentially
leading to high N losses, a positive N balance, and low NUE.
However, the N inputs in this study were substantially
lower than those reported in China by He et al. [31], who
observed conventional farming inputs of 300–900 kg N
ha−1 and over 1,000 kg N ha−1 in greenhouses [32,33].

It is widely recognized that integrated N management
must balance N inputs with crop demands [34–37]. When N
inputs exceed crop demand, significant losses, particularly
through ammonia volatilization and nitrate leaching, can
occur [38,39]. A review by Wei et al. [40], encompassing
290 articles from 1991 to 2022, underscores the critical
importance of implementing robust management strate-
gies to mitigate N losses, thereby advancing agricultural
sustainability and environmental conservation. The extent
of N loss pathways is shaped by the agro-ecological condi-
tions of the experimental site, such as temperature and
soil pH.

Results from this study showed elevated (NH3) emis-
sions, averaging 0.17 kg N ha−1 day−1, with typical farmer
practices showing the highest emissions, and the control
plots showing the lowest emissions (0.14 kg ha−1 day−1)
(Figure 2). These values are linked to site-specific factors,
including high daytime temperatures and a soil pH
exceeding 6.5. Management adjustment could lower NH3

losses to approximately 0.15 kg N ha−1 day−1. These losses
are comparable to those reported by Personne et al. [41],
who found NH3 fluxes ranging from an emission peak of
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54,300 NH3 ng m−2 s−1 on the day of slurry application (with
a median during the first 24 h of 5,990 NH3 ng m−2 s−1) to a
deposition flux of −600 NH3 ng m−2 s−1 (with a median
during the last period of −16 NH3 ng m−2 s−1). Rochette
et al. [42] also demonstrated that incorporating urea in
bands in dry acidic soils can increase NH3 volatilization
compared to broadcasting followed by incorporation.

Leaching losses were high in both managed and
typical experimental plots. Factors for high leaching rates
include the high permeability of the sandy soil, flood irri-
gation, and excessive N application beyond plant uptake.
The use of biowaste, such as AM and NS, contributed to N
in the soil, but leaching was also influenced by low OM
content, reducing the soil’s N retention capacity.
Improper management of biowaste could exacerbate
leaching, emphasizing the need for improved handling
practices. A decrease in leaching was observed with
altered management practices. Even the control plots
exhibited relatively high levels of leaching, likely reflecting
the significant N inputs received through irrigation water.
Leaching values 68.9–138, 5.9, and 32 are consistent with
findings from Safi et al. [7], Predetova et al. [25], and Strok
et al. [43], respectively. High N leaching, which has

contributed to elevated groundwater-N levels in Kabul,
was previously documented by Houben et al. [44,45].

4.2 Nutrient outputs and partial balances

Crop N removal and yield showed no significant responses
to most N treatments, likely due to elevated background N
levels from irrigation water, which may have provided
sufficient N for crop growth. Additionally, N leaching,
observed in both managed and typical plots, likely resulted
in the loss of applied N before plants could use it. High N
leaching, may have reduced fertilizers efficiency, limiting
their effectiveness in boosting yields. While N is critical for
plant growth, other nutrients, such as phosphorus, potas-
sium, and micronutrients, may have been limiting in this
study, reducing N treatment’s impact on yield. External
factors, such as water stress, temperature fluctuations,
and climatic conditions during the growing season, could
have constrained plants’ ability to fully utilize available N.
Excessive N, particularly under non-ideal climatic condi-
tions, may also lead to nutrient imbalances that limit crop
growth. The limited OM in the experimental plots reduced
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N retention, diminishing the soil’s capacity to support
improved yields despite biowaste inputs.

These observations align with findings by Ibukun et al.
[3], who noted minimal effects of N application rates on
biomass production. Similarly, Benard et al. [46] reported
only a slight decrease in commercial fruit yield with
reduced N supply (−7.5%) but observed improved fruit
quality due to reduced vegetative growth and increased
fruit DM content. Tao et al. [6] also found no significant
effect on cherry tomato yield with increasing N levels from
160 to 320 kg N ha−1.

Addressing these factors in future studies to improve
yield outcomes, optimizing irrigation practices, it will be
essential to account for the N content in irrigation water
and adjust fertilizer applications accordingly. Using preci-
sion irrigation methods and monitoring N levels in the
irrigation water can help tailor fertilizer applications
more accurately to meet crop demands without overap-
plying N. Future studies could focus on enhancing soil
OM content through the addition of compost or cover
crops. Improved soil structure and better N retention
would help reduce N losses via leaching and increase N
availability to plants over time. Addressing potential
nutrient imbalances also will be important. Fertilizer
applications should not only focus on N but also ensure
that other limiting nutrients are adequately supplied to the
crops. Soil testing and nutrient profiling can help in
making more informed decisions regarding balanced ferti-
lization. Environmental conditions, particularly water
availability, should be closely monitored. Future studies
could incorporate climate-controlled setups or focus on
regions with more stable weather patterns to better under-
stand the interaction between N inputs and crop yields.

To improve yield outcomes, future studies should opti-
mize irrigation practices and consider N content in irriga-
tion water. Using precision irrigation and monitoring N
levels can help tailor fertilizer applications more accu-
rately. Future studies should also focus on enhancing soil
OM content through the addition of compost or cover crops
to reduce N losses via leaching and increase N availability
over time. Fertilizer applications should focus on balancing
N and other limiting nutrients to support optimal crop
growth. Monitoring environmental conditions and consid-
ering the effects of climate on N inputs and crop yields
should be a priority in future research.

Throughout the tomato production season, the average
total positive partial N balances were 201 kg N ha−1, with
managed treatments C2, C1, and A2 showing higher sur-
pluses (up to 254 kg N ha−1) compared to typical farmer
practice treatments. Notably, the control treatment

demonstrated the lowest surplus at 112 kg N ha−1, sug-
gesting a potential underutilization of N in this scenario.
These findings differ from those observed in a wheat field
on similar soil, where managed treatments resulted in a
net positive N balance, highlighting potential N leakage
from farmers’ fields [7]. We observed a discrepancy in
the N balance between the tomato production system
and the wheat field on similar soil, which warrants further
examination. Several factors could explain this variation:
tomatoes, being a fruiting crop, have distinct N uptake
patterns and nutrient demands compared to wheat. The
high N demand for vegetative growth in wheat, versus
the fruiting stage of tomatoes, likely leads to different N
utilization efficiencies. This disparity may contribute to
differences in N uptake and retention between the two
systems. Soil conditions such as OM content, microbial
activity, and permeability play a significant role in N
cycling. The root structures and water requirements of
tomatoes differ from those of wheat, affecting how N is
absorbed from the soil and how much is retained or lea-
ched. These factors could lead to varied N balances
between the two crops. The timing, form, and application
rates of N fertilizers used for each crop are different, influ-
encing the available N in the soil during the critical growth
stages. Tomatoes and wheat might also respond differently
to the same N sources depending on their growth stages
and N uptake capacity. These findings highlight the need
for crop-specific N management strategies. Future studies
should focus on optimizing N application for each crop to
enhance NUE and minimize environmental impacts. Tai-
lored N management practices could ensure better yields
while reducing nitrogen losses.

The positive N balance observed here is lower than
those reported by Khai et al. [26] in Hanoi, Vietnam; yet,
it exceeds averages typically seen in organic farms and
intensive irrigated subtropical farming systems [26]. This
discrepancy may stem from significant inputs such as AM,
NS, N in irrigation water, aerosol dust, and condensed
sewage water, which contribute to higher N surpluses in
the system. Partial nutrient balances are valuable indica-
tors for assessing the sustainability of agricultural systems.

Seasonal NUE varied across treatments, ranging from
20 to 55%, with the control treatment showing the highest
NUE and treatment B2 the lowest. Overall, managed treat-
ments achieved higher efficiency (49.67%) compared to
typical farmer practices, in line with findings by Safi
et al. (submitted for publication) in wheat production.
This suggests that better management practices can lead
to improved NUE, potentially reducing N losses and
improving sustainability in the region’s agriculture system.
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4.3 Future implications and
recommendations for optimizing N use
in Kabul’s tomato production

To optimize NUE and reduce N losses in Kabul’s tomato
production system, several strategies informed by global
research can be explored. First, green ammonia-based fer-
tilizers offer a solution to excessive N applications, helping
to minimize N losses, optimize NUE, and reduce ammonia
emissions, as suggested by Koestoer et al. [47]. Precision
irrigation systems, utilizing IoT-based technologies, can
address N leaching, particularly in Kabul’s sandy loam
soils, while also improving water use efficiency, which is
crucial for the region’s arid climate [48]. Additionally,
incorporating soil amendments like biochar can enhance
N retention, reduce leaching, and promote better nitrogen
uptake, benefiting soil fertility and tomato production [49].
It is also essential to adopt a balanced nutrient manage-
ment approach, ensuring that other nutrients such as phos-
phorus and potassium are considered alongside N to opti-
mize crop growth and NUE [50,51]. Finally, customized N
management strategies should be tailored to the specific N
needs of different crops, taking into account growth pat-
terns, nutrient demands, and local environmental condi-
tions, as suggested by Koestoer et al. [47], to improve NUE
and promote sustainable agricultural practices.

5 Conclusions

The study identified substantial nutrient inputs supporting
tomato production following wheat in the peri-urban areas
of Kabul, Afghanistan. However, the heavy reliance on
external N sources poses both potential benefits and chal-
lenges. Excessive N inputs can lead to significant N losses
and reduced NUE, underscoring the need for careful bal-
ance between N inputs and crop demands to minimize
losses, particularly through ammonia volatilization and
nitrate leaching. Soil type and drainage conditions also
play key roles in N loss dynamics. The results indicate
that effective management practices can help mitigate
NH3–N losses, as demonstrated by modified treatments
that reduce N losses. Nonetheless, high N leaching from
tomato crops after wheat rotation presents environmental
challenges. Additionally, tomato yield showed no signifi-
cant response to the N treatments, likely due to elevated
N levels from irrigation water. These findings highlight the
complexities of managing N in peri-urban agriculture,
where the combination of high irrigation water N and bio-
waste inputs can influence soil nutrient balance. Despite

these complexities, the study observed a positive average
partial N balance, suggesting that more N is retained
within the system than lost. Given the average soil pH in
Afghan soils, is typically above 8, and the specific site near
Kabul where groundwater may no longer be suitable for
drinking, the long-term impacts of high N inputs on soil
health are particularly concerning. The alkaline pH of the
soil in the region may affect the bioavailability of certain
nutrients and could exacerbate nutrient imbalances over
time, leading to reduced soil fertility. Furthermore, the
contamination of underground water sources, a critical
issue in Kabul’s peri-urban areas, may compound the chal-
lenges of water management and soil health. Further
exploration of the long-term impacts of high N inputs on
soil health and crop productivity in Kabul’s peri-urban
areas is crucial for developing sustainable N management
strategies. Soil acidification, although not as prevalent in
high-pH soils, may still occur in localized areas due to the
continuous application of N fertilizers. This could lead to a
decrease in soil pH, impacting nutrient availability and
microbial activity. Additionally, excessive N inputs might
disrupt the balance of essential nutrients, leading to defi-
ciencies or toxicities that can compromise crop produc-
tivity over time. Future research should aim to quantify
the long-term effects of N fertilization on soil properties,
crop yields, and environmental sustainability, particularly
in areas where water contamination is already a major
concern. By addressing these concerns, we can improve
N management practices, reduce the risks of soil degrada-
tion, and enhance agricultural productivity in peri-urban
areas of Kabul.

Overall, these findings highlight the complexities of N
management in Kabul’s peri-urban agricultural settings
and underscore the importance of integrated, site-specific
approaches to enhance agricultural sustainability.
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