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Abstract: The response of winter wheat (Triticum aestivum L.) to the application of different rates of
nitrogen (N) and phosphorus (P) on different agro-climatic zones (ACZs) has not been well studied
in Afghanistan. The objectives of this study were to (1) determine the impact of soil and climate on
the responses of wheat to N and P fertilization, (2) quantify the specific N and P response of winter
wheat for different ACZs, and (3) determine the economical application rates of N and P for farmers
for each considered ACZs. This paper evaluates the effects of nitrogen levels (NL) at 35.28, 65, 95,
and 120 kg N ha—! and phosphorus levels (PL) at 0, 50, 70, and 90 kg P,Os ha™?, respectively, in
four locations (L) for two growing seasons (GS), on both yield and quality characteristics of winter
wheat. Soil pH was the main environmental parameter affecting straw yield (SY), grain yield (GY),
protein content (PC), and protein yield (PY). Winter wheat SY, GY, PC, and PY increased significantly
(p < 0.05) with PL rates up to 50 kg P,Os ha~! and with NL rates up to 120 kg N ha~!. NL was the
most important parameter in determining PC, thus showing potential for further improvement in
N management. The highest marginal rate of return was used as an index for the farmers to accept
site-specific N and P fertilizer recommendations.

Keywords: NP fertilization; kernel quality; protein yield; Kabul-13 winter wheat variety

1. Introduction

Winter wheat (Triticum aestivum L.) serves as a staple food crop in Afghanistan, fol-
lowed by rice, barley, and maize, respectively. This crop contributes to about 60% of the
total calories of the population’s diet with an annual consumption per capita of about
181 kg [1]. Winter wheat is considered a pivotal factor in improving farmers’ income,
ensuring national food security, as well as creating jobs in Afghanistan [2]. Winter wheat
has occupied about 70% of the total crop cultivation area in Afghanistan, accounting for 76%
of national-cereal production, 49% of agriculture share in GDP, and 13.6% of the national
GDP [1,3]. Winter wheat production in Afghanistan was estimated at around 3.902 million
tons for 2021, which represents a reduction of 25% and 18% compared to 2020 and the
last five-year average, respectively [4]. The average wheat productivity in Afghanistan
is 2.5 t ha~! in irrigated fields, but only 1.0 t ha~! under rainfed conditions. Some major
constraints were identified in the wheat sector of Afghanistan as follows: unfavorable
climate conditions (severe drought), inadequate seed quality, poor field and nutrient man-
agement practices, and invasion of pests and diseases [5]. Moreover, the low quality of
available fertilizers in the local market as well as poor knowledge about the supply of
fertilizers were also found to be major determining factors for the low production [6].
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Due to the above-mentioned factors, winter wheat production does not meet the national
requirement [7] of about 7 million metric tons.

Potential opportunities to improve yield in the wheat sector of Afghanistan may
include proper crop management, the wide use of good quality seeds, and the use of
fertilizers [8]. In particular, nitrogen (N) and phosphorus (P) supply can play a vital role
in plant development and optimal grain yield [9]. In plants, N is a key component of
proteins, enzymes, and chlorophyll, thus affecting photosynthesis, substance synthesis
and distribution, organ construction, and physiological processes [10]. In soil, N is mainly
related to the soil organic matter (OM), as it is a component of OM and is subjected to
transformation via microorganism activity [11,12]. P is involved in cellular respiration
and energy transfer via adenosine triphosphate (ATP) and participates in the formation
of cellular membranes and physiologic processes such as cell division and development
in the roots and the growing tip [10,13]. Soils contain usually high pools of total P, but
a small amount of readily available P. The P availability is mainly influenced by soil pH.
In basic soils, such as those commonly occurring in Afghanistan, available monocalcium
phosphate is shortly immobilized into tricalcium phosphate [14,15]. In these conditions,
crop production losses related to the unavailability of phosphorus often occur [16,17].

The N and P balance represents a big challenge in optimizing local crop production [18].
On the one hand, fertilization increases production costs, but on the other hand, the correct
amount of fertilizer distributed at the right moment can enhance both wheat quality and
quantity [19,20]. Although topdressing N application can maximize both GY and N use
efficiency, attention should be paid to the optimal doses for reducing N volatilization and
leaching [21]. Furthermore, despite P being found to enhance winter wheat quality as well
as quantity, it is necessary to expand the current knowledge regarding optimal dosage,
given the low availability in soil [22,23].

The Ministry of Agriculture Irrigation and Livestock of Islamic Republic of Afghanistan
recommended for winter wheat improved varieties that farmers apply 115 kg N ha~! and
92 kg P,0s5 ha! that can be reduced to 46 kg P,Os ha~! when P fertilizers are not eco-
nomically affordable. However, this recommendation does not take into consideration
differences in climate and soil parameters despite them significantly affect the nutrient use
efficiency and winter wheat productivity [24,25]. In fact, contradictory effects in response
to N and P fertilization on winter wheat have been reported by previous studies in dif-
ferent locations (L) of Afghanistan [26-28]. Conversely, the best N and P levels should be
selected on the basis of growth limits imposed by the different soil and climatic conditions,
which can vary greatly between the 7 agro-climatic zones (ACZ) into which Afghanistan is
divided.

Better matching of N and P fertilizers at rates suitable to the local climate and soil type
can increase the productivity of wheat. Thus, the development of recommendations on N
and P fertilization of winter wheat, differentiated according to, soil type, and economic
returns of farmers, could be a potential opportunity to improve winter wheat production
in Afghanistan. Therefore, the objectives of this study were to (1) determine the impact of
soil and climate on the responses of wheat to N and P fertilization; (2) quantify the specific
N and P response of winter wheat for different ACZs; and (3) determine the economical
application rates of N and P for farmers for each considered ACZs.

2. Materials and Methods
2.1. Field Experiment

The experimental fields were set up in Afghanistan, from September 2016 to July 2018
under irrigation, at four locations in different ACZs: Baghlan (BGL), Balkh (BLK), Helmand
(HLM), and Herat (HRT) (Figure 1).
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Figure 1. Map of the agro-climatic zones of Afghanistan with the four study sites: Baghlan (BGL),
Balkh (BLK), Helmand (HLM), and Herat (HRT).

The soil at all locations was alkaline and characterized by low organic matter and
poor nutrient availability, specifically N and P (Table 1). Of the four locations, the highest
available P and N values were detected in BGL, while the lowest were in BLK.

Table 1. Site and soil parameters of the experimental fields in four locations in Afghanistan.

Locations
Characteristic

Baghlan Balkh Helmand Herat
Location acronym BGL BLK HLM HRT
Research station name Poza Eshan Dehdadi Bolan Urdokhan
Latitude (N) 36°09’ N 36°65' N 31°65' N 34°31' N
Longitude (m) 68°64' E 66°95' E 66°96' E 62°27' E
Altitude (m) 510 378 787 927
ACZ ACZ-NE ACZ-N ACZ-SW ACZ-W
pH 7.50 8.12 791 7.60
Organic matter (%) 1.50 1.01 0.63 0.82
Available P (mg P kgfl) 8.50 541 6.12 7.54
Available K (mg K kg_l) 120 117 107 115
Total N (g N kgfl) 1.00 0.61 0.70 0.85
Sand (%) 36.8 18.9 24.7 63.8
Silt (%) 37.6 52.3 53.2 26.0
Clay (%) 25.6 28.8 22.1 10.2
Soil texture Loam Silty loam Silty loam Sandy loam

In this case, 16 treatments were obtained from the factorial combination of 4 nitrogen
fertilization levels (NL) (35.28, 65, 95, and 120 kg N ha~t, namely NL35.28, NL65, NL95,
and NL120, respectively) and 4 phosphorus fertilization levels (PL) (0, 50, 70 and 90 kg P,Os
ha—1, namely, PLO, PL50, PL70, and PL90, respectively). The NL35.28 and PL0 treatments
represented the control for nitrogen and phosphorous fertilization rates, respectively. One
improved winter wheat variety (Kabul-13) was used for this study, originating from the
international maize and wheat improvement center (CIMMYT), with the pedigree of
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WAXWING*2/TUKURU. This wheat variety is resistant to Ug99 and is resistant to most
rust varieties in Afghanistan. Furthermore, this variety was capable of producing an
average grain yield of over six tons per hectare. For these reasons, the winter wheat variety
Kabul-13 is considered the most promising for improving Afghan wheat production in
the coming time. The sowing was performed at a rate of 120 kg seed ha~!. The trail was
arranged in a split-plot design (SPD) with three replicates, where NL was arranged in the
main plots and PL in the sub-plots, respectively. The plot size was 1.5 x 5 m (7.5 m?),
and each plot contained six rows with a spacing of 0.25 m. Four central rows with a net
experimental unit size of 4 m? were considered for the investigation and data collection.
The soil was plowed at a depth of 0.40 m and then harrowed at a depth of 0.10 m in October
2016 and September 2017, for both the first and the second growing seasons (1st GS, 2nd
GS), respectively. The different farm operations, including sowing, fertilizer distribution,
weeding, irrigation, pest and disease control, common wheat harvesting, and threshing,
were carried out manually. In both growing seasons, although no chemicals were used
to control pests and diseases, the plants were healthy, and no damage was observed. P
fertilizer in form of triple superphosphate (P,Os: 46%) was applied at sowing, while the
required N fertilizer was applied in the form of Urea (N:46%) in three applications as
follows: 18% at sowing, 41% tillering, and 41% at stem elongation. In all locations, plots
were irrigated by furrow with riverine water. A total of 500 mm of water was divided
into five applications. Two irrigations were performed in the fall: about 150 mm of water
were distributed before sowing to increase the soil water reserves in the topsoil layer and
to obtain uniform germination. In this case, 50 mm of water was scheduled 21 days after
sowing to favor the crown root initiation. Next, three irrigations (100 mm of water each)
were performed in the spring by distributing water at the booting, at the flowering, and at
the milking stage.

At physiological maturity, 20 plants were randomly chosen from each experiment unit
to count the tiller number (TN; n) and to measure the plant height from ground level to the
spike peak (PH; m). At harvesting, the above-ground biomass was collected and the weight
of the kernels (GY; kg ha~1 [adjusted to 12% moisture]), the straw yield (SY; kg ha’l), and
the thousand kernel weight (TKW; g 1000 seeds ') were measured for each plot. The whole
meal flour samples (5 mg) were analyzed with a CHNS analyzer (CHN-S Flash E1112,
Thermo-Finnigan LLC, San Jose, CA, USA) to determine total nitrogen percentage and
then converted to total protein percentage (PC, %) by multiplying by 5.7, according to ICC
Standard 167 (2000), as reported in Soofizada et al. (2022) [29]. The protein yield per hectare
(PY, kg ha~!) was calculated as the product of GY by PC.

According to the recommendations of CIMMYT (1988) [30], a partial budget was
calculated as a function of total variable cost (TVC), gross benefit (GB), the net benefit
(NB), and lastly the calculation of the marginal rate of return (MRR). The average market
price for input (fertilizer) at sowing time and for output (GY and SY) at harvest time were
considered. Accordingly, 0.48, and 0.90 US dollars were calculated per kg of N and P, and
269.8 and 126 US dollars were per metric ton of GY and SY, respectively. Meanwhile, on
average one US dollar was equivalent to 72.23 Afghani (AFS). However, for the calculation
of the net revenue (NR) and the percentage of the marginal rate of return (MRR), we applied
the following formula:

NR =TR - TF
_ (n2—nl)
MRR = ®of) x 100

This equation is represented by the following variables as follows: TR = total revenue
(total price gained from GY and SY); TF = the total cost paid for fertilizer; n2 = the higher
level of net revenue; nl = the lower level of net revenue; f2 = the higher level of fertilizer
and f1 = the lower level of fertilizer, respectively.
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2.2. Meteorology Data

According to FAO (1998) [31], all the locations were considered semi-arid, except HLM
which was considered arid. The climatic conditions were further analyzed by collecting
data from the NASA database (https:/ /power.larc.nasa.gov/data-access-viewer/, accessed
on 17 December 2022). Long-term (2001-2020), as well as the 1st and 2nd growing season
(GS), (2017 and 2018) data of the four locations, were elaborated (Figure 2). According
to the long-term data, among the experimental sites, HLM was the location with the
highest average temperature (21.5 °C) and lowest precipitation (rainfall+snow) (93.1 mm).
Likewise, the BLK and BGL regions reported almost similar temperature patterns, but BLK
(178.85 mm) had a lower average annual precipitation than BGL (245.83 mm). Moreover,
HRT was the coldest and wettest of the experimental fields considered, with an average
annual temperature of 14.5 °C, and an average precipitation of 253.95 mm. During the
1st GS, there was a similar temperature pattern compared to that of the long-term, except
for December. The average annual precipitation for the considered locations was not
significantly different from the long-term values, but differences were detected in the
pattern of monthly precipitation distribution. The 2nd GS was completely dry and hot for
all the considered locations. In fact, during August, September, and October of the 2nd GS
no precipitation events occurred, and in HLM only 15 mm of precipitation occurred during
the growing season. For each L and GS, the cumulated precipitation values for the tillering
to grain filling period (P_TGf) were calculated as the accumulation of daily precipitation
in the same period. The growing degree day (GDD) [32] is commonly used to describe
the timing of biological processes [33-35]. The GDD value was daily calculated as the
difference between the daily average temperature (Tavg; °C) and a crop base temperature
(Tb; °C). According to Fabbri et al., (2000) [35] and Saiyed et al., (2009) [36], the Tb was
set to 4 °C. The cumulated GDD values for the tillering to grain filling period (GDD_TGf)
were calculated as the accumulation of daily GDD over the same period.

2.3. Statistical Analysis

Analyses of data were performed utilizing the RStudio version (R 4.1.1.). A multifac-
torial analysis of variance (ANOVA) was performed to determine the main effect of NL
and PL fertilization and their interactions. In the case of significant differences, differences
between means were compared using the Tukey HSD post-hoc test. Significance was deter-
mined as follows: * = 0.05, ** = 0.01, *** = 0.001, n.s. = not significant. A gradient-boosted
regression tree (GBRT) statistical analysis was performed to assess the relative influence of
explanatory variables on the variation of winter wheat agronomic traits (SY; GY; PC; PY).
A correlation matrix was used to check for redundancy among covariates and eliminate
collinear variables, using a threshold of 0.8. The BRT fit was analyzed using a tenfold cross
validation. BRT model was performed using a tree complexity of 5 and a learning rate
of 0.01.
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Figure 2. Walter-Lieth diagram of the study sites. (A) BGL (Baghlan), (B) BLK (Balkh), (C) HLM
(Helmand) and (D) HRT (Herat). The long-term (LT) (2001-2020), average monthly temperature (°C,
black continuous line) and monthly average precipitation (mm, black histograms). The 1st growing
season (1st GS), (2016/2017), average monthly temperature (°C, blue dashed line) and monthly
average precipitation (mm, blue histograms). The 2nd growing season (2nd GS), (2017/2018), average
monthly temperature (°C, red dashed line) and monthly average precipitation (mm, red histograms).

3. Results
3.1. Agronomic Traits and Kernel Analyses

In terms of TN per plant, L was the dominant factor followed by PL and GS, while NL
did not significantly affect GY (Table 2). Additionally, TN was significantly affected by the
interaction GSxL, while no other significant interactions were detected. The highest average
TN was detected in HRT, followed by BLK and HLM, while the lowest average TN was
recorded in BGL (Table 3). Furthermore, the mean TN at PL70 and PL90 was significantly
higher than the control by 10.07% and 9.74%, respectively.
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Table 2. The results of the ANOVA on tiller number (TN), plant height (PH), grain yield (GY), straw yield (SY), 1000 kernel weight (TKW), protein concentration
(PC), and protein yield (PY), by factors including growing season (GS), location (L), nitrogen (NL), and phosphorus (PL) fertilization treatment. The table columns
report the significance as follows: * = 0.05, ** = 0.01, *** = 0.001, ns = not significant, whereas the percent columns show the F value and significant degree.

L TN PH SY GY TKW PC PY
Variation DF (N) (cm) (tha=1) (tha=1) ® (%) (tha=1)
Source

F Sig F Sig F Sig F Sig F Sig F Sig F Sig
GS 1 3.94 * 41.25 i 0.25 ns 138.85 i 45.01 i 364.18 i 103.60 i
L 3 338.07 i 331.19 i 268.57 i 803.29 i 332.71 i 546.52 i 819.50 i
NL 3 0.98 ns 6.79 ook 0.81 ns 55.76 ok 11.61 i 3901.40 i 124.67 i
PL 3 6.78 i 65.37 g 26.70 i 113.47 i 11.25 ook 135.53 i 118.40 i
GSxL 3 130.04 i 47.15 ook 12.49 i 12.53 i 55.14 i 42.07 i 52.86 i
GSxNL 3 0.99 ns 1.25 ns 0.16 ns 0.51 ns 7.56 wox 0.25 ns 2.53 ns
LxNL 9 0.62 ns 3.33 i 1.78 ns 0.95 ns 8.19 i 5.15 i 2.71 **
GSxPL 3 1.07 ns 1.8 ns 0.40 ns 1.77 ns 2.46 ns 1.45 ns 1.72 ns
LxPL 9 1.21 ns 9.94 i 5.94 i 13.86 i 2.77 ** 3.47 i 13.66 i
NLxPL 9 0.42 ns 1.06 ns 0.54 ns 0.56 ns 3.08 ** 0.78 ns 0.28 ns
GSxLxNL 9 0.87 ns 1.34 ns 0.94 ns 0.91 ns 1.55 ns 1.97 * 1.27 ns
GSxLxPL 9 0.86 ns 3.35 ook 3.09 ** 3.74 i 2.03 * 1.69 ns 3.81 ok
GSxNLxPL 9 1.00 ns 0.46 ns 1.06 ns 0.42 ns 2.38 * 0.23 ns 0.47 ns
LxNLxPL 27 1.08 ns 1.13 ns 0.96 ns 0.50 ns 2.26 ** 0.91 ns 0.55 ns
GSxLxNLxPL 27 0.62 ns 0.61 ns 0.53 ns 0.51 ns 1.88 i 0.92 ns 0.51 ns

Residues 256
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Table 3. Mean of tiller number (TN), plant height (PH), grain yield (GY), straw yield (SY), harvest index (HI), 1000 kernel weight (TKW), protein concentration (PC),
and protein yield (PY) parameter results, considering the factors, growing season (GS), location, nitrogen (NL), and phosphorus (PL) fertilization treatment. The
lowercase letter shows the Tukey HSD post-hoc test results, and the value inside parentheses represents standard error.

. L. TN PH SY GY TKW PC PY

Variation Source Obs. (N) (N) (cm) (tha1) (tha 1) () %) (tha-1)
35.28 9% 5.14 (0.21) 91.98 (0.87) b 7.06 (0.24) 3.89 (0.14) d 36.94 (0.46) be 1134 (0.02) d 0.4 (0.02) c
NL 65 9% 5.30 (0.22) 93.70 (0.76) ab 7.18 (0.24) 428 (0.15) c 36.77 (0.45) ¢ 12.00 (0.03) ¢ 0.52 (0.02) b
(kg N ha1) 95 % 536 (0.22) 93.54 (0.78) ab 721 (0.23) 456 (0.15) b 37.83(0.61)ab 1243 (0.03) b 057 (0.02) ab
120 9% 5.19 (0.21) 94.16 (0.80) a 733 (0.22) 476 (0.16) a 38.60 (0.64) a 1274 (0.03) a 061 (0.02) a
0 % 491(021)b 8946 (0.86) c 626 (021) b 362 (0.13)d 36.35 (0.50) b 11.96 (0.06) b 0.44 (0.02) b
PL 50 9% 516 (021)ab  92.81 (0.81)b 7.30 (0.23) a 441 (0.15) c 37.84 (0.53) a 12.16 (0.06) a 0.54 (0.02) a
(kg P,Os ha™1) 70 9% 546 (0.23) a 94.94 (0.67) a 7.56 (0.23) a 4.60(0.16) b 37.64 (0.56) a 12.20 (0.06) a 0.57 (0.02) a
90 % 5.44(0.22) a 96.17 (0.71) a 7.64 (0.24) a 486 (0.15) a 3831 (0.59) a 12.20 (0.06) a 0.60 (0.02) a
BGL 9% 3.63 (0.09) c 95.38 (0.55) b 8.09 (0.13) b 5.95 (0.09) a 32.72 (0.24) ¢ 12.36 (0.06) a 0.74 (0.01) a
L BLK 9% 494 (0.18) b 86.92 (0.48) d 418 (0.12) ¢ 2.95 (0.09) d 41.68 (0.45) a 11.85 (0.06) b 0.35 (0.01) d
HLM % 454(013)b 8938 (0.76) c 7.94(0.16) b 341 (0.07) ¢ 41.16 (049) a 12.05 (0.05) b 0.41 (0.01) ¢
HRT 9% 787(015a  10171(0.36)a 8.56 (0.18) a 518 (0.12) b 3459 (0.26) b 1226 (0.06) a 0.64 (0.02) b
s 15t GS 192 534 (0.18) a 92.18 (0.53) b 7.16 (0.15) 467 (0.11) a 38.37 (0.47) a 12.04 (0.04) b 0.57 (0.01) a
2nd GS 192 5.15(0.12) b 9451 (0.60) a 7.22 (0.18) 407 (0.11) b 36.70 (0.28) b 1222 (0.04) a 0.50 (0.01) b
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The L was the principal factor affecting average PH, followed in decreasing order
by PL, GS, and NL, respectively. Additionally, average PH was significantly affected by
two order interactions, in particular GSxL, LxPL, and LxNL. The average PH significantly
increased as PL and NL rates increased, with the highest average PH values being measured
at NL120 and PL90. The highest average PH was measured in HRT, followed in decreasing
order by BGL, HLM, and BLK, respectively. Lastly, the average PH measured in the second
GS was significantly higher than that measured in the first GS.

SY was firstly affected by L and secondly by PL, while the remaining principal factors
did not significantly influence SY. The same two interactions, GSxL and LxPL, showed
a significant influence on SY. The results indicated that the lowest SY was measured at
PLO. Instead, SY at PL90, PL70, and PL50 was higher than the control by about 18.06%,
17.19%, and 14.25%, respectively. Furthermore, results indicated that L strongly influenced
SY. The highest SY was recorded in HRT, followed in decreasing order by BGL, HLM, and
then BLK, which showed the lowest SY. It was found that SY increased significantly as the
PL increased in BLK, whereas in BGL, no significant increment was detected (Figure 3).
The phosphorous fertilization significantly increased the straw production in HRT with
respect to the control, while no significant difference in SY was detected between the PL
fertilization rate from 50 to 90 kg P,Os ha~!. In HLM, the highest SY was measured in PL
at70 kg P,0O5 ha—1.

ANOVA results indicated that GY was mainly affected by L, followed by GS, PL, and
NL. As regards the second-order interaction, only GSxL and LxPL significantly affected
GY. The results indicated that the nitrogen rate at 65, 95, and 120 kg N ha~! significantly
increased GY by 9.11%, 14.69%, and 18.28%, respectively, compared to the lowest N rate
(NL35.28). Furthermore, the mean GY values significantly increased by 17.91%, 21.30%,
and 25.51%, for PL50, PL70, and PL90, respectively, compared to the lowest P rate (PLO).
The highest average GY was measured in BGL, followed in decreasing order by HRT, HLM,
and BLK, respectively. The average GY measured at the harvest of the 2nd GS was 12.8%
lower than that measured in the first GS. It was found that GY increased significantly
as the PL increased in BLK and HRT, whereas no significant increment was detected in
BLK (Figure 3). In HRT, the phosphorous fertilization significantly increased the grain
production with respect to the control, while no significant difference in GY was detected
between the PL fertilization rate from 50 to 90 kg P,O5 ha~l.

In the present study, TKW was mainly affected by L, followed by GS, NL, and PL, the
sole factor affecting HW (Table 2). Furthermore, TKW was affected by all the second-order
interactions except GSxPL. BLK and HLM locations featured the highest TKW values,
followed by HRT, and lastly BGL, which showed the lowest TKW value. The nitrogen
fertilization increased the TKW. The TKW was increased by 2.35 and 4.30% in NL95 and
NL120, respectively, compared to the control. No significant difference in TKW values was
detected between NL65, NL95, and NL120, although all of the latter were significantly
higher than the control. The average TKN value measured in the 1st GS was significantly
higher than that measured in the 2nd GS.

According to the ANOVA, the PC was significantly dominated by NL, followed by L,
GS, and then PL, respectively. On the contrary, L was the dominant factor for PY, followed
in decreasing order by Gen, NL, PL, and GS. As regards the second-order interaction, PC
and PY were significantly affected by GSxL, LxNL, and LxPL. The results indicated that PC
significantly increased as the N rate increased. In particular, the NL65, NL95, and NL120
treatments increased the average PC by 5.8%, 9.6%, and 12.3%, respectively, compared to
the control. Similarly, the NL65, NL95, and NL120 treatments increased the average PY by
18.1%, 29.5%, and 38.6%, respectively, in comparison to the control. PC and PY significantly
increased between PLO and PL50, while no further significant increase between PL50 and
the other two PL levels was detected. The highest average PC was determined in BGL, with
the lowest recorded in BLK. The average PC determined in BGL and HRT was significantly
higher than that determined in HLM and BLK. The average PC determined in the 1st GS
was higher than that determined in the 2nd GS, while the opposite was detected for the
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average PY. In HLM and HRT, the PC increased as NL significantly increased from NL35.28
to NL120 (Figure 4). In contrast, in BGL and BLK, the PC increased as NL increased from
NL35.28 to NL95, but no further significant increment was detected between NL95 and
NL120. In BLK and HRT, the PY increased significantly as the PL increased, while in BLK
no significant increment was detected (Figure 3). In HRT, the phosphorous fertilization
significantly increased protein production with respect to the control, while no significant
difference in PY was detected between the PL fertilization rate from 50 to 90 kg P,Os ha~1.
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Figure 3. From top to bottom, the effect of phosphorous fertilization level (PL) at the four locations
(BGL: Baghlan; BLK: Balkh; HLM: Helmand; HRT: Herat) on (A) the straw yield (SY), (B) grain yield
(GY) and (C) protein yield (PY). Lowercase letters represent significant differences between PL levels
within the same locations, and uppercase letters represent significant differences between locations
within the same PL level according to the Tukey HSD post hoc test results.

Soil pH was negatively correlated to OM, Av_P, Av_K, and Tot_N (Table 4). Whereas,
OM, Av_P, Av_K, and Tot_N were positively correlated to each other. GDD_TGf correlation
with P_TGf was significant and negative. GDD_TGf was negatively correlated with OM,
Av_P, Av_K, and Tot_N, while positively correlated with pH. On the opposite, P_TGf
was positively correlated with OM, Av_P, Av_K, and Tot_N, while negatively correlated
with pH. The correlation of GY, PC, and PY with pH was significant and negative, while
the correlation with OM was significant and positive. SY was negatively correlated with
pH, while no significant correlation with OM was detected. The correlation of both Av_P
and Tot_N with SY, GY, PC, and PY was positive and significant. Conversely, Av_K was
positively correlated with GY and PY, negatively correlated to SY, and not significantly
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correlated to PC. Both GDD_TGf and P_TGf were not significantly correlated to SY and PC.
Further, GY and PY were negatively correlated to GDD_TGf, while positively correlated to
P_TGf. The correlation of GY, PC, and PY with NL and PL were significant and positive.
SY was positively correlated by PL, while no significant correlation with NL was detected.
NL and PL were not significantly correlated to any soil and climatic parameters.

NL (kg N ha') = 3528 m65 m95 m120

16
14 ) . bA @A ) a8 aB . bABaB - bA 3A
d d
12 = g T . =B
10
X
o 8
a
6
4
2
0
BGL BLK HLM HRT

Figure 4. The effect of nitrogen fertilization level (NL) at the four locations (BGL: Baghlan; BLK:
Balkh; HLM: Helmand; HRT: Herat) on the protein concentration in grain (PC). Lowercase letters
represent significant differences between PL levels within the same locations, and uppercase letters
represent significant differences between locations within the same PL level according to the Tukey
HSD post hoc test results.

The GBRT model provided the relative contribution of each parameter on SY, GY,
PC, and PY (Figure 5). Among the parameters, the management parameters were the
most influential (having altogether 41.6% relative contribution to SY). NL was the most
influential parameter in SY production, followed by PL, pH, and GDD_TGf. The relative
contribution of NL, PL, pH, and GDD_TGf was 22.1%, 19.4%, 18.9%, and 14.8%, respectively,
while the relative contribution of OM, Av_P, and P_TGf was lower than 10%. The relative
contribution of soil, climate, and management parameters to GY was 46.7%, 22.5%, and
30.8%, respectively. In particular, pH was the most important parameter affecting GY,
followed by Av_P, PL, GDD_TGf, and NL. The relative contribution of Av_P, PL, GDD_TG,
and NL on GY was 26.25%, 15.9%, 15.6%, 15.1%, and 15.1%, respectively, while the relative
contribution of OM and P_TGf was lower than 10%. The range between the two leading
parameters was high (58.5%), with NL being the most dominant parameter in explaining PC
variability (relative contribution = 70.2%), followed by pH (relative contribution = 11.7%).
PL and GDD_TGf explained the 7.5% and 6.9% of the PC variability, while the percentage
of the relative contribution of OM, Av_P, and P_TGf was lower than 2%. Soil, climate, and
management parameters contribute to explain the 46.1%, 20.3%, and 33.6%, respectively,
of PY variability. pH was found to have the highest contribution in explaining the PY
variability (27.5%), followed in decreasing order by NL, PL, Av_P, and GDD_TGf, with
18.5%, 15.2%, 14.8%, and 13.4%, respectively. The relative contribution of OM and P_TGf
was 3.8% and 6.9%.
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Table 4. Correlation between soil parameters (including: pH, organic matter (OM), available phosphorous (Av_P), available potassium (Av_K), total nitrogen

(Tot_N), climatic parameters (including growing degree days (GDD_TGf) and precipitation amount (P_TGf ) cumulated between tillering and grain filling), and

agronomic traits (including grain yield (GY), straw yield (SY), protein concentration (PC), and protein yield (PY)). The values reporting the correlation significance

are as follows: *** = 0.001, ns = not significant.
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Figure 5. The relative contribution (%) of predictor parameters for the boosted regression tree model
(BRTM) of straw yield (SY), grain yield (GY), protein concentration (PC), and protein yield (PY)
shown in (A-D), respectively. Measured and predicted annual SY, GY, PC, and PY by the BRTM
model using predictors shown in (a—d), respectively.

3.2. Partial Economic Analyses

The results indicated that a farmer distributing 90 kg P,Os ha~! can gain an increase
of about 1089, 398, 254, and 208 US$ in net profit as compared to PL0O, at HRT, HLM, BGL,
and BLK, respectively (Supplementary Table S1). Further, by distributing 120 kg N ha~!,
farmers can gain an increase by about 408, 335, 202, and 195 US$ in net profit, as compared
to the NL35.28, at HRT, BLK, HLM, and BGL, respectively. Additionally, this study found
that by invest of 1.4 US$ (1 kg P), a farmer can obtain a net profit of 15, 4.1, 2.8 and 2.1 US$,
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at HRT, HLM, BGL and BLK, respectively. In addition, a farmer can obtain net profit of 5.7,
5.4,2.1, and 2 US$, by invest of 0.7 US$ (1 kg N), at HRT, BLK, HLM, and BGL, respectively.

The marginal rate of return due to N and P fertilization at each level was greater than
100% at all Ls (Figure 6), but the response to fertilization was found to differ according to
L. Subsequently, in BGL the highest MRR was obtained from NL95 and PL70, indicating
that in BGL the highest rates of N and P were not the best choices from an economic point
of view. Nevertheless, in BLK, NL65, as well as PL90, showed the highest MRR. A similar
result was evident in HLM, where NL65 showed the highest MRR for the N rate, and PL90
for the P rate, respectively. In HRT, NL120 and PL50 showed the highest MRRs for N and P
rates, respectively.

BGL W BLK M HLM MHRT

B

Ml

NL35.28

T
NL65 NL95 NL120 PLO PL50 PL70 PL90

Figure 6. Partial budget analysis of bread wheat produced in relation to the application of nitrogen
(NL) and phosphorus (PL). The histogram of (A,B) represent the net revenue (NR, $US) of NL and PL
application, respectively. The histogram of (C,D) represent the marginal rate of return (MRR, %) of
NL and PL application, respectively.

4. Discussion

As reported by Hashimi et al., (2020) [37], Afghanistan’s soils are formed under arid
and semi-arid climatic conditions and are characterized by sub-alkaline to alkaline pH,
high in calcium carbonate, but low in OM content. Further, deficiencies of Tot_ N and Av_P
are widespread in Afghanistan soils [38,39]. Our results indicate that the soil and climate
conditions in Afghanistan can affect winter wheat SY, GY, and PY, as much as N and P
fertilization.

Since the plots were irrigated in the 4 L, the P_TGf effect on winter wheat growth
was marginal as compared to the effect of GDD_TGf and other soil and management
parameters. This result suggested that irrigation softens the effects of high GDD_TGf and
P_TGf shortage during the growing season. However, as suggested by Zaveri and Lobell
(2019) [40] any increase in irrigation access should also be accompanied by sustainability
considerations to avoid groundwater depletion and surface water scarcity during drought
periods. In general, the results can be useful for Afghan agriculture given that irrigated
agriculture is the mainstay of food security and income for the majority of the rural
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population in Afghanistan [41]. In fact, as reported by Kawasaki et al. (2012) [42], the
agricultural output in irrigated agriculture is twice or three times larger than that in rainfed
one. However, our results can support the farmer’s decision in irrigated land under arid
climates, such as those of Afghanistan, while they should be evaluated with caution in
areas where farmers can only rely on rainfall for water.

Considering the 4 Ls in this study, soil pH appeared to play a more important role
in affecting GY and PY than other soil (Av_P and OM), climate (GDD_TGf and P_TGf),
and management (NL and PL) parameters. Further, pH was also the main environmental
parameter affecting SY and PC. It is well known that pH influences the activity of microor-
ganisms, enzymes, and the availability of nutrients, and so it plays an important role in
regulating plant growth and yield. In particular, alkaline soils, such as those in BLK and
HLM, generally have reduced availability of Av_P and micronutrients such as boron, iron,
manganese, and zinc. The results suggested that lowering the pH in Afghan alkaline soils
could greatly boost production. However, soils containing carbonate (pH > 7.3) could
require a large number of ameliorants, such as elemental sulfur, to neutralize carbonate
before they can reduce soil pH. Therefore, due to the cost, the application of ameliorants to
acidify soils could be more practical for horticultural crops than for field crops. While in
field crops, such as winter wheat, farmers could overcome lower availability of Av_P and
micronutrients with banded phosphorus fertilizer and chelated micronutrient applications.

P is often the most limiting nutrient for crop yield in Afghanistan. In addition, it
was shown in the present study that P availability was a limiting factor for winter wheat
growth. Our results indicated that winter wheat GY and PY increased significantly with
PL rates (p < 0.05) in the four Ls. This is in accordance with the previous results observed
by other authors [38,39,41]. P was also found positively affect the winter wheat SY, with
SY harvested in PL50, PL70, and PL90 being significantly higher than that in PL0. Despite
the highest SY measured by distributing 90 kg P,Os ha~!, no significant differences were
detected between PL50, PL70, and PL90. Regarding PC and PY, a significant difference
was detected between PLO and PL50, while a further increase in P application did not
significantly affect both quality parameters. Our results indicate that the distribution
of 50 kg P,Os ha~! can be considered an adequate rate so that the availability of P,Os
is not limiting for winter wheat growth. These results were consistent with previous
studies [26,37,40,41].

The present study showed a significant increase in GY with increasing rates of N
application on different Ls. These results are consistent with previous research documenting
significant increases in winter wheat GY to increases in N fertilization rate on different soil
types [29,43-46]. Further, the effect of the N fertilization was shown to be more effective
for quality parameters as compared to the P distribution. The present results for PC and
PY were consistent with those measured in previous studies showing that N fertilization
substantially increased the PC and PY [29,47]. As expected, NL was the most important
factor in determining PC, compared to other considered variables including climate and
soil parameters, showing potential for further improvement in N management. Further,
it should be also noted that the application of urea or ammonium N fertilizer can locally
induce soil acidification by the oxidation of organic compounds, loss of basic cations
through ion exchange, plant uptake, and nitrification of ammonium [48]. In general, this
could have positive effects on alkaline soils such as those in BLK and HLM. Conversely,
attention should be paid to applying animal manure as it may raise the soil pH.

The cost-benefit analysis is crucial to winter wheat growers because they are interested
in observing the increased net benefit from the investment in fertilization. According to the
economic training manual for farmers by CIMMYT [30], an increase in output generally
rises profit as much as the marginal rate of return is higher than the minimum rate of
return, i.e., 50 to 100%. Since the marginal rate of return in all Ls due to N and P application
is higher than 100%, the application of N and P fertilizers can be considered economical.
When considering the net revenue, the highest values were observed at NL120 and PL90
for all Ls. These results were consistent with previous studies, showing for invest of 1 US$
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for N and P in soil, the farmer’s net profit increased up to 6.25 US$ in Afghanistan [49].
However, in each Ls, farmers must choose the N and P fertilization levels according to
the highest marginal rate of return. In fact, the highest marginal rate of return can be
considered a guarantee for the farmers to accept site-specific fertilizer recommendations.

5. Conclusions

From the results of this study, it can be concluded that the high soil pH the main
environmental factor limiting the efficiency of N and P fertilization in irrigated winter
wheat in Afghanistan. Across all four Ls, the application of 50 kg P05 ha~! was sufficient
for winter wheat grain production both in terms of quantity and quality. Given soil pH
above 7.3, to increase the P efficiency it should be applied at planting, banded with or near
the seeds. A significant increase in SY and GY with increasing rates of N application was
found in all Ls. As expected, N fertilization was the most important factor in determining
PC, showing potential for further improvement in N management. However, the optimal
N rates in each Ls should not be calculated on the basis of the highest expected production,
but on the basis of the highest marginal rate of return. Further field trials in different
pedo-climatic conditions should be carried out to improve the understanding of the factors
limiting the N and P fertilization efficiency.
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