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Abstract: Optimizing the nitrogen (N) timings and rate can improve nutrient uptake, 17 

and nutrient-efficiencies, especially of N in wheat under the changing climate 18 

scenario. Climatic stress in the form of high temperature and drought resulted in the 19 

decreased crop physiology and, ultimately, grain yield. Taking the example of 20 

rainfed wheat, we quantified the impact of N application rates as full and split-dose 21 

at three variable sites of rainfed Pothwar, Pakistan by conducting field experiments 22 

for two years (2013-14 and 201-15). Treatments include, T1 = Control (No fertilizer 23 

applied), full dose of N applied at the time of crop sowing, i.e. T2 = 50 kg N ha-1, T3  = 24 

100 kg N ha-1 and T4 = 150 kg N ha-1 and split application of N at different timings 25 

during different stages of the crop called as split application of N, i.e. T5: Application 26 

of 50 kg N ha-1 (15 kg N ha-1 (Sowing) : 20 kg N ha-1 (Tillering) :15 kg N ha-1 27 

(Anthesis), T6:  Application of 100 kg N ha-1 (30 kg N ha-1 (Sowing): 40 kg N ha-1 28 

(Tillering) : 30 kg N ha-1 (Anthesis) and  T7: Application of 150 kg N ha-1(45 kg N ha-1 29 

(Sowing) : 60 kg N ha-1 (Tillering) : 45 kg N ha-1 (Anthesis). Three study sites include 30 

viz. Islamabad (High rainfall with optimum temperature), University Research Farm 31 

(URF)-Koont (Medium rainfall with moderate temperature), and Talagang (low 32 

rainfall with high temperature). Results showed that the highest stomatal 33 

conductance (0.80 mole m-2 sec-1), net photosynthetic rate (20.07 μmole m-2s-1), 34 

transpiration rate (9.58 mmole m-2s-1), intercellular CO2 concentration (329.25 μmole 35 

CO2 mol-1 air), SPAD values (58.86 %) and proline contents (35.42 μg g-1) were 36 

obtained for split application of N (T6 = Split N100) compared to control and full dose 37 

of N treatments. Among sites, these physiological traits remained highest at 38 

Islamabad and lowest at Talagang, while among years, maximum values of the 39 
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measured parameters were obtained in 2013-14. A similar trend was observed for 40 

crop total N, N efficiencies, and agronomic traits of the crop. Our results suggest that 41 

optimum N application rate and its suitable timings can help to harvest real benefits 42 

of N as in our findings, split dose resulted in the maximum performance of the crop 43 

from physiological parameters to the agronomic traits of the rainfed wheat crop. 44 

 45 

 46 

Keywords: climate; rainfed wheat; N fertilization; split and full N application; 47 

photosynthetic rate; agronomic traits 48 

 49 

 50 

1. Introduction 51 

Rainfed regions occupy 45% of the earth and are home to the 38% of global 52 

production [1]. Climate change in the form of rising temperatures, rainfall 53 

variability, and elevated CO2 showing significant impacts on the productivity of this 54 

region. Since elevated CO2 [eCO2] is one of the documented global changes thus, it is 55 

showing its effects on the plants in the form of reduction in stomatal conductance 56 

(gs), transpiration rate (E), and increased light use efficiency [2,3]. However, this 57 

[eCO2] could help to increase the photosynthesis of crops by increasing the Ribulose-58 

1,5-bisphosphate carboxylase (Rubisco) carboxylation rate and inhibition of its 59 

oxygenation. It has been reported that [eCO2] resulted in a 31% increase in the light-60 

saturated leaf photosynthetic rate and 28% daily photosynthetic carbon assimilation. 61 

However, stress full conditions like low N and drought resulted in the decreased gs 62 

and reduced net photosynthetic rate [4]. A similar trend of decreased gs (20%) was 63 

observed for C3 and C4 species. The decrease in the photosynthesis is more 64 

pronounced under N-limited conditions as less N supply might limit the 65 

development of new sinks and disturbs the source-sink balance in plant growth 66 

under [eCO2] [5,6]. 67 

Dry matter production in plants depends upon the process of photosynthesis. It 68 

is the process in which plants convert light energy into the photoassimilates through 69 

the action of CO2 and water. However, the supply of N is also one of the determinant 70 

factors for the process of photosynthesis. During the light reaction of photosynthesis, 71 

an electron generated is passed to NADP and helps to create NADPH by accepting 72 

hydrogen from the photolysis of water.  This NADPH is then used in the CO2 73 

carboxylation process to generate photosynthate [7]. However, water and nutrient 74 

deficiency, mainly N, could lead to a decreased in the gs, and intercellular CO2 75 

concentration (Ci) due to the reduces transpiration rate (E) resulting in the reduced 76 

photosynthetic CO2 carboxylation rate [8-10]. This reduction in crop physiological 77 

traits could be improved by the application of N as it affects plant adaptation to 78 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 October 2019                   doi:10.20944/preprints201910.0138.v1

Peer-reviewed version available at Sustainability 2019, 11, 6486; doi:10.3390/su11226486

https://doi.org/10.20944/preprints201910.0138.v1
https://doi.org/10.3390/su11226486


abiotic stress [11-13]. The physiological process in plants is significantly affected by 79 

N deficiency, and it is well documented that N deficiency has an impact on the 80 

photosynthetic CO2 assimilation rate. It has been reported that lower levels of N lead 81 

to the deceased CO2 assimilation rate by the leaves leading to the less photosynthetic 82 

yield [14-19]. Furthermore, it has been confirmed that this decrease in the 83 

photosynthetic CO2 assimilation capacity is related to the supply of the N, which 84 

resulted in the decreased Rubisco content and activity of an enzyme (RuBPcase) in 85 

the dark reaction of photosynthesis [20].  86 

A positive correlation between leaves photosynthetic capacity and N contents 87 

have been shown in earlier work [14, 21-23]. Application of N in wheat plants 88 

resulted in the improved properties of photosynthetic pigments and increased net 89 

photosynthetic rate (An) [24-25]. N deficiency could decrease the yield of PSII 90 

(Photosystem II) and CO2 assimilation of photosynthesis, resulting in the lower crop 91 

yield [26-28]. However, some earlier work depicted that N deficiency has no effect 92 

on the PSII [29] but has an impact on the return of CO2 assimilation and light-93 

saturated rate of photosynthesis [26]. Lu and Zhang, (2000) [30] studied the effect of N 94 

deficiency on photosynthetic CO2 assimilation, PSII photochemistry, and 95 

photoinhibition in maize under field conditions. Their results showed that N 96 

deficiency resulted in the lesser CO2 assimilation capacity and increased 97 

susceptibility to photoinhibition. N fertilization positive effects on the PSII was 98 

documented by Zhang et al.[31] in their work and reported a higher net 99 

photosynthetic rate in the flag leaf of wheat. Cai et al. [32] concluded that the 100 

photosynthetic response to the N application rate is variable among wheat cultivars. 101 

Similarly, an increase in the total chlorophyll contents of leaves was positively 102 

correlated with the N supply [33-34]. Moran et al. [34] showed that foliar 103 

concentration of photosynthetic pigments has a relationship with N supply, and it 104 

then ultimately leads to the increased physiological traits of plants. Similar results 105 

were depicted by the Shrestha et al.[35] in their studies. They used SPAD meter, a 106 

handheld device for the measurements of chlorophyll, and reported that N-supply 107 

had significant effects on SPAD chlorophyll contents and photochemical reflectance 108 

index (PRI).  109 

Zhong et al. [36] studied the effect of N addition on the sensitivity of 110 

photosynthesis among C3 versus C4 grass species under extreme drought and re-111 

watering conditions. Their results concluded that N addition resulted in an increase 112 

in biomass, but photosynthesis resilience was lower under the drought conditions. 113 

However, faster recovery of photosynthesis was observed due to the N addition. 114 

They further indicated that during drought, the N addition effect on photosynthesis 115 

was asymmetric, and it is more specific for the plants which have different 116 

photosynthetic nitrogen use efficiency (PNUE). Their studies further confirm that N 117 

could be used to mitigate the abiotic stress like drought and could help plants to 118 

build resilience to the climate change. Similarly, N could help to improve the carbon 119 

fixation in crops as it is one of the essential components of amino acids. 120 

Additionally, it has been well documented that N addition improves the proline, 121 
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sugars, and antioxidant enzymes in the plants. Sánchez et al. [37] reported an 122 

increased proline level under adequate N supply.  Similarly, the accumulation of N-123 

containing compounds could lead to the higher survival of plant species under stress 124 

[38]. Burns [39], in their findings, showed that N manipulation could help to 125 

improve plant growth and development. It has been reported that 90% of the 126 

biomass produced by the crops are derived from photosynthesis; thus, Makino et al. 127 
[40] emphasized the design of strategies that could help to improve crop 128 

photosynthesis and grain yield under given N supply. N is the main component of 129 

the plant body and part of biological molecules like protein and enzymes, which are 130 

involved in different metabolic processes in the plants. Thus, deficiency of N could 131 

lead to the overall decline in the physiological traits of crops, e.g., net photosynthesis 132 

(An), stomatal conductance (gs), biomass, and finally, crop yield.  Hence in this 133 

study, we want to see the relationship of different N application rates and methods 134 

on wheat crop physiological traits, biomass ad grain yield under field conditions as 135 

this will be useful for wheat crop management from the perspective of crop 136 

physiological processes. The objectives of the study were (i) to investigate the wheat 137 

crop physiological traits (SPAD chlorophyll contents, stomatal conductance (gs), 138 

stomatal resistance (rs), transpiration rate (E), net photosynthetic rate (An)), crop 139 

total N, N efficiencies and agronomic traits in response to N application rates and 140 

methods under field conditions and (ii) to see the relationship of physiological 141 

characteristics with wheat crop yield only.  142 

 143 

2. Results 144 

 145 

2.1. Crop physiological traits 146 

A significant difference was found for all physiological characteristics against all 147 

treatments. Stomatal conductance (gs) results showed that it remains significantly 148 

higher during 2013-14 as compared to 2014-15. Among sites maximum, gs was 149 

observed for Islamabad followed by URF-koont while it was minimum at Talagang, 150 

i.e., low rainfall and high-temperature location. N treatment's effects on stomatal 151 

conductance revealed that it was maximum at T4 while the minimum was observed 152 

for control treatment among full application of N at sowing. However, among split 153 

N application highest gs were recorded for T6, which was at par with T7 (Table 1). The 154 

interactive effect of YxL was significant on gs while all other interactions were non-155 

significant. The results for stomatal resistance (Rs) was inverse to gs. Among years 156 

the highest Rs (1.05 m2 s mole-1) was observed during 2014-15, while at sites, it 157 

remains high at Talagang, followed by URF-Koont and Islamabad. N treatment's 158 

impacts on Rs revealed that with the application of more N, it decreases significantly. 159 

Lowest stomatal resistance was found for T5 and T6, while the highest stomatal 160 

resistance was observed for control treatment T1. Only YxL interactions were found 161 

significant for stomatal resistance, while all other interactions were non-significant. 162 

Net Photosynthesis (An) results showed that it remains highest for the first year 163 
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compared to 2014-15. Among sites, the maximum An was recorded for Islamabad 164 

while it remained minimum at Talagang. N treatments have shown significant 165 

impacts on An and the highest An was observed for split treatment T6, which was at 166 

par with T7. However, among the full dose application of N maximum, An was found 167 

for T4 while it was minimum for T1. Transpiration rate (E) remained highest during 168 

2013-14, while the lowest E was recorded for 2014-15. Among sites, the highest E was 169 

recorded for Islamabad, followed by URF-Koont and Talagang. The impact of N 170 

treatments on transpiration rate revealed that it remained highest for split 171 

application of N i.e.T6, which was at par with T7 as well as with T4. However, the 172 

lowest E was observed for the control treatment (T1). A similar trend was observed 173 

for Ci (μmole CO2 mol-1 air) and SPAD chlorophyll contents. However, proline 174 

contents remained maximum for the second year compared to the first year. Among 175 

sites, the highest proline contents were observed at Talagang while it remained 176 

lowest at Islamabad. N addition resulted in the positive effects on proline contents, 177 

and the highest proline was observed for split treatment T6. 178 

 179 

2.2.Crop Total Nitrogen 180 

 181 

Significant variation for crop/biomass total nitrogen (TN) was observed during both 182 

years (2013-14 and 2014-15) at three varying climatic locations under different N 183 

treatments. Both years differed significantly for crop N at the tillering stage. 184 

Maximum TN (2.81 kg ha-1) was observed during 2013-14, while minimum TN (2.68 185 

kg ha-1) recorded during 2014-15 (Table 2). During 2013-14, 5% higher TN was 186 

recorded than 2014-15. At tillering among locations, maximum TN (3.61 kg ha-1) was 187 

recorded at Islamabad, while minimum TN (1.99 kg ha-1) was observed at Talagang. 188 

There was a 44 % variation among study sites for TN at the tillering stage. 189 

Meanwhile, the maximum TN (4.16 kg ha-1) was recorded under T4, while minimum 190 

TN at tillering was recorded under T5 N treatment (1.84 kg ha-1). Under N treatment 191 

T4, 42 % higher TN was registered than T5 at the tillering stage. The interactive effects 192 

of Years x Locations (YxL) and Locations x Treatments (LxT) were highly significant, 193 

while YxT and YxLxT remained non-significant. For interactive effect, YxL 194 

maximum crop TN was accumulated during 2014-15 (3.77 kg ha-1) at Islamabad 195 

while minimum crop TN (1.82 kg ha-1) was recorded during 2014-15 at Talagang 196 

(Figure 1). Maximum TN was recorded at Islamabad under T4 (5.46 kg ha-1), while 197 

minimum TN at tillering was recorded (1.34 kg ha-1) at Talagang under T5 (Figure 1). 198 

Similarly, a significant difference was noted during both years at the anthesis stage 199 

for TN. Maximum crop TN (33.53 kg ha-1) was recorded during 2013-14, while 200 

minimum crop TN (31.51 kg ha-1) was observed during 2014-15. During 2013-14, 6 % 201 

higher N was noted than 2014-15. A significant difference in Crop TN was recorded 202 

at three climatic locations. Higher TN (39.93 kg ha-1) was observed at Islamabad, 203 

while lower TN (23.39 kg ha-1) was recorded at Talagang. The difference in TN 204 

among Islamabad and Talagang was 41 %. Total N also differed under different N 205 
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treatments. Maximum crop TN (44.23 kg ha-1) was recorded under T7, while 206 

minimum TN (17.64 kg ha-1) was observed under T1. There was 88 % higher TN for 207 

T7 compared to T1. The interactive effects YxL and LxT were highly significant while 208 

YxT and YxLxT remained non-significant. For interactive effect, LxT maximum crop 209 

TN was accumulated during 2013-14 (42.71 kg ha-1) at Islamabad while minimum 210 

crop TN was recorded (22.91 kg ha-1) during 2013-14 at Talagang (Figure 1). For 211 

interactive effect, YxL highest crop TN (55.59 kg ha-1) was recorded during 2013-14 212 

under T7 while lowest TN (12.39 kg ha-1) was recorded at Talagang under control N 213 

treatment (Figure 1).  214 

 215 

Meanwhile, significant variation for crop TN was observed during both years 216 

(2013-14 and 2014-15) at three varying climatic locations under different N 217 

treatments at maturity. Both years differed significantly for crop TN at the maturity 218 

stage. Maximum TN (66.42 kg ha-1) was observed during 2013-14, while minimum 219 

TN (62.95 kg ha-1) recorded during 2014-15 (Table 2). During 2013-14, 5 % higher TN 220 

was recorded than 2014-15. At maturity among locations, maximum TN (87.22 kg ha-221 
1) was recorded at Islamabad, while minimum crop TN (43.22 kg ha-1) was observed 222 

at Talagang. There was a 47 % variation among study sites for TN at the maturity 223 

stage. Meanwhile, maximum TN (89.20 kg ha-1) was recorded under T7, while 224 

minimum TN at maturity was recorded under control N treatment (32.91 kg ha-1). 225 

Under N treatment T7, 46 % higher TN was registered than T1 at the maturity stage. 226 

The interactive effects YxL and LxT were highly significant while YxT and YxLxT 227 

remained non-significant. For interactive effect, YxL maximum crop TN was 228 

accumulated during 2014-15 (89.63 kg ha-1) at Islamabad followed by 2013-14 at 229 

Islamabad (84.81 kg ha-1) while minimum crop TN (37.53 kg ha-1) was recorded 230 

during 2014-15 at Talagang (Figure 1). Maximum TN was recorded at Islamabad 231 

under T7 (123.19 kg ha-1), while minimum TN at maturity was recorded (25.55 kg ha-232 
1) at Talagang under T1 (Figure 1).  233 

 234 

2.3.Nitrogen efficiencies 235 

2.3.1. Nitrogen Use Efficiency (kg kg-1) 236 

A significant variation for NUE was observed during both years (2013-14 and 237 

2014-15) at three varying climatic locations under different N treatments. Both years 238 

differed significantly for NUE. Maximum NUE (18.35 kg kg-1) observed during 2013-239 

14, while minimum NUE (16.63 kg kg-1) recorded during 2014-15 (Table 3). During 240 

2013-14, 9 % higher NUE was recorded than 2014-15. Among locations, maximum 241 

NUE (22.96 kg kg-1) was recorded at Islamabad, while minimum NUE (11.31 kg kg-1) 242 

was observed at Talagang. There was a 51 % variation among study sites for NUE. 243 

Meanwhile, maximum NUE (21.72 kg kg-1) was recorded under the T1 while the 244 

minimum NUE was recorded under T7 N treatment (13.395 kg kg-1). Under N 245 
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treatment T1, 38 % higher NUE was registered than T7. The interactive effects viz. 246 

YxL, YxT, LxT, and YxLxT remained statistically non-significant for NUE.  247 

 248 

2.3.2. Nitrogen Uptake Efficiency (NUpE) 249 

 250 

A significant variation for NUpE was observed during both years (2013-14 251 

and 2014-15) at three varying climatic locations under different N treatments. Both 252 

years differed significantly for NUpE. Maximum NUpE (0.41) observed during 2013-253 

14 while minimum NUpE (0.39) recorded during 2014-15 (Table 3). During 2013-14, 5 254 

% higher, NUpE was recorded than 2014-15. Among locations, maximum NUpE 255 

(0.53) was recorded at Islamabad, while minimum NUpE (0.27) was observed at 256 

Talagang. There was a 49 % variation among study sites for NUpE. Meanwhile, 257 

maximum NUpE (0.49) was recorded under T5, while minimum NUpE was recorded 258 

under T4 N treatment (0.32). Under N treatment T5, 35 % higher NUpE was recorded 259 

than T4.  260 

 261 

2.3.3. Nitrogen Utilization Efficiency (NUtE) (kg kg-1) 262 

 263 

A significant variation for (NUtE) was observed during both years (2013-14 264 

and 2014-15) at three varying climatic locations under different N treatments. Both 265 

years differed significantly for N utilization efficiency at the maturity stage. 266 

Maximum NUtE (44.36 kg kg-1) observed during 2013-14 while minimum NUtE 267 

(44.19 kg kg-1) recorded during 2014-15 (Table 3). During 2013-14, 0.3 % higher NUtE 268 

was recorded than 2014-15. At maturity, among locations, maximum N utilization 269 

efficiency (47.09 kg kg-1) was recorded at URF-Koont, while minimum N utilization 270 

efficiency (42.2 kg kg-1) was observed at Talagang. There was a 10 % variation among 271 

study sites for N utilization efficiency at the maturity stage. Similarly, maximum 272 

NUtE (53.99 kg kg-1) was recorded under T2, while minimum NUtE at the maturity 273 

was recorded under T7 (35.16 kg kg-1). Under N treatment T2, 34 % higher N 274 

utilization efficiency was recorded than T7 at the maturity stage. The interactive 275 

effects YxL, LxT, YxT, and YxLxT for NUtE were highly significant (Table 3)  276 

 277 

2.4.Agronomic traits 278 

Results showed that the number of tillers remained non-significant during 279 

both years (2013-14 and 2014-15), while a significant difference was observed at the 280 

three different climatic sites under different N treatments (Table 4). Similarly, 281 

thousand-grain weight (TGW) remained non-significant during both study year. 282 

However, it was significantly different at sites and under different N treatments. 283 

Under N treatment T6, 32 % higher TGW was recorded than T1. The interactive 284 

effects YxL was significant while LxT, YxT, and YxLxT were non-significant. Among 285 

locations, maximum TGW (34.3 g) was recorded at Islamabad, while minimum TGW 286 
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(24.7 g) was observed at Talagang. There was a 28 % variation among study sites for 287 

TGW. Meanwhile, maximum TGW (34.5 g) was recorded under the treatment T6 288 

while the minimum TGW was recorded under control treatment. Significant 289 

variation for the grain yield was observed during both years (2013-14 and 2014-15) at 290 

three varying climatic locations under different N treatments. The highest biological 291 

yield (9380.9 kg ha-1) was recorded for the first year (2013-14) while it was lowest 292 

(8704.7 kg ha-1) for the second year (2014-15). Among locations, biological yield 293 

remained maximum at Islamabad while the addition of N resulted in the maximum 294 

biomass under split application of N, i.e., T6. Maximum grain yield (3001.9 kg ha-1) 295 

was observed during 2013-14, while minimum grain yield (2611.40 kg ha-1) was 296 

during 2014-15 (Table 4). During 2013-14, a 10 % higher grain yield was recorded 297 

than 2014-15. Among locations, the highest grain yield (3957.5 kg ha-1) was recorded 298 

at Islamabad, while the lowest grain yield (1760.6 kg ha-1) was detected at Talagang. 299 

There was a 52 % variation among the study sites for the grain yield. Meanwhile, the 300 

highest grain yield (3517.2 kg ha-1) was recorded under T6, while the lowest grain 301 

yield was recorded under T1 N treatment (1737.8 kg ha-1). For N treatment T6, a 44 % 302 

higher grain yield was recorded than T1. The interactive effects of LxT were highly 303 

significant, while YxL, YxT, and YxLxT were non-significant. The considerable 304 

difference for harvest index was observed during both years (2013-14 and 2014-15). 305 

During 2013- 14, a 6 % higher harvest index was recorded than 2014-15. Among 306 

locations, the maximum harvest index (0.35) was recorded at Islamabad, while the 307 

minimum harvest index (0.25) was observed at Talagang. There was a 29 % variation 308 

among study sites for the harvest index. Meanwhile, the maximum harvest index 309 

(0.32) was recorded under T2, T3, T4, and T7, while the minimum harvest index was 310 

recorded under T1 and T5 N treatment (0.29).  311 

 312 

2.5.Relationship of physiological traits with grain yield 313 

Linear regression analysis was performed to see the relationship between grain 314 

yield and physiological characteristics combined over the years, locations, and N 315 

treatments. The results showed that physiological traits (e.g., gs, Rs, An, E, and SPAD 316 

chlorophyll contents) have a significant relationship with grain yield of wheat 317 

(Figure 2). The regression equation for grain yield with stomatal conductance 318 

showed a positive trend with R2 = 0.98. The equation obtained for grain yield and gs 319 

is presented below: 320 

𝐺𝑟𝑎𝑖𝑛 𝑦𝑖𝑒𝑙𝑑 = −1476.28 + 6518.68𝑔𝑠 321 

The inverse relationship between grain yield and stomatal resistance was observed 322 

with R2 = 0.98. The equation obtained was: 323 

𝐺𝑟𝑎𝑖𝑛 𝑦𝑖𝑒𝑙𝑑 = 5353.31 − 3591.18𝑅𝑠 324 
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A positive, strong association was obtained for net photosynthesis and grain yield 325 

(R2 = 0.99). The regression equation for this relationship is: 326 

𝐺𝑟𝑎𝑖𝑛 𝑦𝑖𝑒𝑙𝑑 = −5614.79 + 433.27𝐴𝑛 327 

Transpiration rate outcomes revealed that with the increase in transpiration rate, 328 

grain yield of wheat crop increases significantly (R2=0.98). The equation obtained for 329 

this trend is: 330 

𝐺𝑟𝑎𝑖𝑛 𝑦𝑖𝑒𝑙𝑑 =  −3490.54 +  833.24𝐸 331 

A similar pattern was observed for Intercellular carbon dioxide concentration and 332 

SPAD chlorophyll contents with R2 values of 0.98 and 0.97, respectively. The model 333 

equations were: 334 

𝐺𝑟𝑎𝑖𝑛 𝑦𝑖𝑒𝑙𝑑 =  −6828.66 +  32.06𝐶𝑖 335 

𝐺𝑟𝑎𝑖𝑛 𝑦𝑖𝑒𝑙𝑑 =  −1501.84 +  74.45 SPAD𝑐ℎ𝑙𝑜𝑟𝑝ℎ𝑦𝑙𝑙 𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠 336 

3. Discussions 337 

Climate extremes in the form of rainfall variability, drought, and rise in 338 

temperature are the primary abiotic stressor affecting wheat crop physiological 339 

traits, crop total N, N efficiencies, and agronomic characteristics. Consistent with 340 

previous findings, our results showed that the physiology of wheat crop decreases 341 

under stress (water, temperature, or nutrient); however, this stress could be 342 

managed by the application of N[8]. Stomatal conductance (gs) could be the critical 343 

determinant of crop yield and productivity as it balances cop CO2 uptake and water 344 

loss. It impacts on the total rate of photosynthesis and water use during the crop 345 

growing period. Ahmed et al. [46], in their works, concluded that crop physiological 346 

traits have a strong association with prevailing climatic conditions. Higher 347 

temperatures and lower availability of water resulted in the decline in the 348 

physiological characteristics like gs, An, and E while an increase in the stomatal 349 

resistance. However, they suggested that change in the sowing date could be an 350 

option to mitigate the effect of climatic variables on crop physiological traits while 351 

we recommend here the addition of N as a split application could build resilience in 352 

the crop physiological traits. Since N helps in the process of photosynthesis, thus, its 353 

addition could be beneficial for the crop. Higher photosynthetic rates lead to the 354 

higher biomass production and grain yield. Yu et al. [47] reported that 355 

photosynthesis and transpiration are interdependent upon each other, and 356 

improvements of one are linked with the development of others. We also got the 357 

same trend for both photosynthesis and transpiration rate, and higher values for 358 

both parameters were obtained under split application of N. Therefore, the 359 

management of N by applying at the proper time with proper amount could help to 360 

improve the physiology of wheat crop. Kimball et al. [48] reported reduced stomatal 361 

conductance (33-50%) and transpiration rate (20-27%) with the change in the 362 

microclimate of the crop. Our results of N addition and its relationship with 363 
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photosynthetic capacity was at par with the earlier findings in which they concluded 364 

that N addition could help to replenish the negative effect of stress by building 365 

resilience in the physiological traits of the crop [14, 21-23]. Like our work, the 366 

increased net photosynthetic rate (An) was observed due to the application of N [34]. 367 

Gyuga et al. [49] reported that N greatly influences photosynthetic processes, and 368 

deficiency of N leads to the declined photosynthesis. Similarly, Abid et al. [50] in 369 

their findings concluded that management of N nutrition could build drought 370 

tolerance in wheat by maintaining higher photosynthetic activities and antioxidative 371 

defense system during vegetative growth periods. A primary driving force for dry 372 

matter production in photosynthesis; thus, its management through the optimization 373 

of N could help to improve dry matter production in the plant. A positive 374 

correlation between leaves photosynthetic capacity and N contents have been shown 375 

in earlier work [14, 21-23]. Application of N in wheat plants resulted in the improved 376 

properties of photosynthetic pigments and increased net photosynthetic rate (An) 377 

[24-25]. Similarly, the fitness of plants could be determined by the indicators like 378 

chlorophyll contents and photosynthetic rate. Thus, moderate stress (drought or 379 

nutrients) could decrease the photosynthesis, mainly due to the stomatal limitations 380 

[51-53]. Hence, we suggest here that the application of N in split dosage tackle this 381 

limitation. Variability in the SPAD chlorophyll contents due to the temperature and 382 

water stress were reported in the earlier work, and they suggested the use of suitable 383 

genotypes and optimum sowing time to provide suitable environmental conditions 384 

to the crop [54]. CO2 is an important ecological factor for plant matter, being directly 385 

involved in photosynthesis; however, its optimum fixation is linked with stomatal 386 

traits and chlorophyll contents in the leaves [55]. Proline is a vital stress defender, 387 

and, in our findings, it has been revealed that N addition resulted in the increased N 388 

compound, i.e., proline (Table 1). Improved tolerance in plants was observed due to 389 

the accumulation of proline under water and temperature stress [56-60], which 390 

resulted in the improved crop physiological processes. The role of antioxidants like 391 

proline in plant drought tolerance was well-reviewed by Laxa et al. [61]. Higher 392 

survival of plant under stress have a strong link with the accumulation of N-393 

containing compounds, and their concentration has been increased due to the 394 

addition of N as reported in our studies [37-38]. 395 

Lu et al. [30] reported that reduced N supply could lead to the severe plant 396 

growth and lower grain yield. The addition of N could help to increase total N in a 397 

plant as elaborated in our findings (Table 2). A similar conclusion was made by 398 

Ladha et al. [13] in their work, and they emphasized the management of N to 399 

increase its uptake efficiency. Nitrogen use efficiency (NUE) and agronomic 400 

efficiency (AEN) were evaluated by Srivastava et al. [62] under different N rates (0 401 

(N0), 75 (N75), 100 (N100) and 125 (N125) kg ha−1 and 0 (N0), 60 (N60), 80 (N80) and 100 402 

(N100) kg ha−1)) and sowing scenarios in maize. They concluded that the under 403 

rainfed N rate from N0 to N100 resulted in decreased NUE and AEN. Today wheat 404 
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cultivars require higher input of N, but it resulted in a risk of environmental 405 

pollution. Therefore, the management of N is very important. Guarda et al. [63] 406 

investigated the impacts of different N rates (N0, N80, N160, kg ha−1) on wheat yield 407 

quality and NUE. The results showed that the management of N resulted in 408 

improved plant N uptake, NUE, and grain quality. Nitrogen uptake efficiency is the 409 

measure of how much N is taken up by the wheat crop. Raun and Johnson [64] 410 

reported that to increase NUE, its uptake must be enhanced. Raun et al. [65] 411 

concluded that N fertilization helps to improve NUE in wheat. The results of the 412 

current study depicted that NUpE is affected by N treatments during both the years 413 

at three study sites. Rahimizadeh et al. [66] concluded decreased N uptake efficiency 414 

under increased N rates, which might be due to more N losses.  415 

 Agronomic traits were significantly changed in our findings for all treatments, and 416 

it has been reported that dry matter and grain yield of the plants could be improved 417 

by N fertilization [67]. However, N fertilization should be matched with the crop 418 

demand as, in our case, higher agronomic traits were observed for split treatments 419 

compared to a full application at the time of sowing. Generally, farmers apply N at 420 

the time of sowing or at the earlier growth stages of the crop, which resulted in the 421 

maximum loss of N and lowered crop dry matter and yield. Thus, an integrated soil-422 

crop system management strategy could help to improve grain yield and NUE as 423 

proposed by Meng et al. [67]. Hawkesford et al. [68] reported that 33% of applied N 424 

fertilizer is recovered in the harvested grain. Thus, 67% of N is lost, which could be a 425 

major source of pollutants and should be a major target for crop improvement. 426 

Therefore, agronomic management and crop breeding traits could help to improve 427 

NUE. Furthermore, optimizing the N application rate could be a good option to 428 

minimize N losses and increase crop yield [69]. The relationship of grain yield with 429 

crop physiological traits showed that stomatal conductance could be the major 430 

determinant of the grain yield (Figure 2). Since global temperature and frequent 431 

occurrence of drought could maximize N losses, thus new avenues for improving 432 

crop productivity must be exploited [70-71].  433 

 434 

4. Materials and Methods 435 

4.1. Study sites, treatments, plant material, and experimental design  436 

 437 

Field experiment was carried out during wheat growing season of 2013-2014 and 438 

2014-2015 at three variable climatic locations of Pothwar i.e. low rainfall area, 439 

Talagang (32.55°’N, 72.25°’E), medium rainfall area, URF-Koont (32.93°’N, 72.86°’E) 440 

and high rainfall area, Islamabad (33.40°’N, 73.10°’E) [41] (Figure 3). Urea 441 

((𝑁𝐻2)2𝐶𝑂) (46% N) fertilizer was applied as full at the time of sowing and split 442 

doses (sowing, tillering, and anthesis). Treatments include, T1= Control (No fertilizer 443 
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applied), full dose of N applied at the time of crop sowing, i.e. T2 = 50 kg N ha-1, T3 = 444 

100 kg N ha-1 and T4 = 150 kg N ha-1 and split application of N at different timings 445 

during different stages of the crop called as split application of N, i.e. T5: Application 446 

of 50 kg N ha-1 (15 kg N ha-1 (Sowing) : 20 kg N ha-1 (Tillering) :15 Kg N ha-1 447 

(Anthesis), T6:  Application of 100 kg N ha-1 (30 kg N ha-1 (Sowing): 40 kg N ha-1 448 

(Tillering) : 30 kg N ha-1 (Anthesis) and  T7: Application of 150 kg N ha-1(45 kg N ha-1 449 

(Sowing) : 60 kg N ha-1 (Tillering) : 45 kg N ha-1 (Anthesis). Each treatment was 450 

replicated three times Weed control was done manually. A field experiment was laid 451 

out using a randomized complete block design (RCBD). The plot size was 5 x 6 m2 in 452 

which one wheat cultivar (Pakistan-13) was sown on 15th November for two years 453 

with a row to row distance of 25 cm. The one-meter path was maintained to isolate 454 

treatments. Pedigree/parentage of sown cultivar is PTSS02B00132T-0TOPY-0B-0Y-455 

0B-38Y-0M-0SYMEX94.27.1.20/3/SOKOLL//ATTILA/3*BCN, and it was released in 456 

the year 2013 for the rainfed conditions of Punjab Pakistan. 457 

 458 

4.2.Physiological traits measurements 459 

Wheat physiological traits which includes gs (Stomatal Conductance), Rs 460 

(Stomatal resistance) (m2 s mole-1), Net Photosynthetic rate (An) (μ mole/m2/s) , E 461 

(Transpiration rate) (mmole m-2 s-1)  and Ci (Intercellular CO2) (μmole CO2 / mol air)  462 

was measured with Infra-red gas analyser (IRGA) at anthesis (Zadok 60) stage of 463 

wheat by putting leaf into chamber and adjusting its leaf area and when value 464 

became constant it was recorded. The averages of five samples were taken as 465 

measured by Long and Bernacchi [42]. Similarly, chlorophyll contents were 466 

measured by using a SPAD chlorophyll meter. The chlorophyll contents were taken 467 

from the top, middle, and base of leaves, and then the average value was used to 468 

represent SPAD chlorophyll contents. Proline Content (μg g-1) was measured by 469 

taking fresh leaves (0.5 g) from plants at the flag leaf stage from each plot. The 470 

Samples were normalized in ten ml of three percent sulfosalicyclic acid (C7H6O6S) 471 

and then filtered. Stress amino acid, Proline (C5H9NO), estimated 472 

spectrophotometrically following the ninhydrin method [43]. 473 

 474 

4.3.Crop Total Nitrogen  475 

 The amount of N in the plant was determined at tillering, anthesis, and maturity 476 

stages. The one-meter square area was used to take plant samples. Nitrogen contents 477 

from plant samples were determined after oven drying at 65oC for 48 hours. After 478 

drying, samples were ground by using Wiley Mill, and samples were placed in 479 

plastic bottles to determined N contents. The sample of 2 g in 30 to 50 mL of acid 480 

and approximately 100 mL sodium hydroxide (NaOH) solutions were used. The TN 481 

was measured after wet digestion using the Kjeldahl procedure [43]. 482 

 483 
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4.4.Nitrogen efficiencies 484 

Rahimizadeh et al. [44] procedure was used to determined Nitrogen Uptake 485 

Efficiency (NUpE), Nitrogen Utilization Efficiency (NUtE), and Nitrogen Use 486 

Efficiency (NUE). 487 

NUpE =  
𝑁𝑇

𝑁𝑠𝑢𝑝𝑝𝑙𝑦
 488 

Where  489 

NUtE =  
𝐺𝑌

𝑁𝑇
 490 

NUE =  
𝐺𝑌

𝑁𝑠𝑢𝑝𝑝𝑙𝑦
 491 

  492 

Where NT = Total plant N uptake, GY = Grain yield, and Supply = Sum of soil N content 493 

at sowing and N fertilizer. 494 

 495 

4.5. Agronomic traits 496 

At physiological maturity, total numbers of fertile tillers were counted from an 497 

area of one m² from each plot. Furthermore, a sub-sample of thousand grains from 498 

each treatment was weighed using a digital weighing balance. The biological yield 499 

was measured by harvesting one m2 area per plot, and it will be converted to get the 500 

final yield in kg ha-1. Grain yield was calculated by harvesting a one m2 area per plot, 501 

and it was converted to get final yield in kg ha-1. Finally, harvest index (HI) was 502 

measured using the following formula. 503 

 504 

𝐻𝑎𝑟𝑣𝑒𝑠𝑡 𝑖𝑛𝑑𝑒𝑥 (𝐻𝐼) =
𝐺𝑟𝑎𝑖𝑛 𝑦𝑖𝑒𝑙𝑑

𝐵𝑖𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝑌𝑖𝑒𝑙𝑑⁄ × 100 505 

 506 

4.6.Statistical Analysis 507 

The significance of the effects of years, locations, and N treatments at the 0.05 508 

level was determined by a three-way analysis of variance (ANOVA) using SPSS 19.0 509 

software (SPSS, Inc., Chicago, IL, United States). Means obtained were compared by 510 

LSD at 0.05% level of significance. 511 

 512 

5. Conclusions 513 

Crop physiological traits, total N, and N efficiencies have a significant strong 514 

relationship with crop dry matter and grain yield. Since crop yield is the most 515 

commonly used indicator; thus,  it needs to be improved by considering the 516 
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interaction of N addition with crop physiology such as stomatal conductance, net 517 

photosynthetic rate, and transpiration rate. Optimum N application rate and its 518 

timings can help to harvest real benefits of N as in our findings split dose resulted to 519 

the optimum physiological traits, i.e., gs, An and E. Improvement in the stomatal 520 

conductance through the management of N under stress could be the key 521 

determinants of crop yield as it balances the  cop CO2 uptake and water loss. 522 

Similarly, a split application of N resulted in the higher N efficiencies, i.e., NUE, 523 

nitrogen uptake efficiency, and nitrogen utilization efficiency at all sites for two 524 

years. Thus, the idea of Hawkesford et al.[68]  to recover maximum applied N 525 

fertilizer is possible through its split application during different stages of the crop. 526 

Furthermore, a split application of N resulted in the maximum agronomic traits, and 527 

a significant combined strong relationship was obtained between grain yield and 528 

crop physiological parameters. The results showed that T6 = Split N100 could be used 529 

to get optimal returns from N. However, in the future, we will be further using 530 

quadratic plateau model approach to build the relationship between N methods and 531 

rates. This will ultimately help us to optimize crop physiological traits and grain 532 

yield under different sets of N scenarios at these variable field sites. 533 
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 789 

Table 1. Physiological traits of wheat for two years, at three variable sites and under 790 

different nitrogen treatments; * p≤0.05; ** p ≤ 0.01; *** p≤ 0.001; NS = Non-significant. 791 

 792 

  

gs  

(mole m-2 

sec-1) 

Rs 

(m2 s 

mole-1) 

An 

μmole 

m-2s-1 

E 

(mmole 

m-2s-1) 

Ci 

(μmole CO2 

mol-1 air) 

Chlorophyll 

contents 

(SPAD) 

Proline 

Content 

(μg g-1) 

Years (Y) 

2013-14 0.65a 0.73b 18.70a 7.52a 298.41a 54.672a 30.77b 

2014-15 0.50b 1.05a 16.24b 6.32b 272.60b 45.56b 38.25a 

Study Sites/Locations (L) 

Islamabad 0.67a 0.66c 18.88a 7.95a 317.79a 51.80a 27.85c 

URF-Koont 0.56b 0.87b 16.77b 6.89b 290.12b 46.79b 33.86b 

Talagang 0.46c 1.07a 15.55c 6.13c 252.60c 40.29c 40.13a 

Nitrogen Treatments (T) 

T1=N0 0.60c 0.71a 15.25c 6.82c 290.79d 44.51d 27.97d 

T2=N50 0.73b 0.56b 17.50b 8.15b 310.18c 48.39c 29.52c 

T3=N100 0.78a 0.49c 18.10b 8.75b 318.33b 54.55b 32.15b 

T4=N150 0.79a 0.48c 19.49a 9.22a 320.23b 57.28a 33.82b 

T5=Split N50 0.73b 0.56b 17.52b 8.15b 310.19c 54.39b 30.74c 

T6=Split N100 0.80a 0.48c 20.07a 9.58a 329.25a 58.86a 35.42a 
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T7=Split N150 0.80a 0.48c 19.79a 9.31a 325.27a 58.88a 35.42a 

Interactions 

YxL *** *** *** *** NS NS *** 

YxT NS NS NS NS NS NS NS 

LxT NS NS NS NS NS *** NS 

YxLxT NS NS NS NS NS NS NS 

 793 

 794 

 795 

 796 

 797 

 798 

 799 

 800 

 801 

 802 

 803 

 804 

Table 2.  805 

Crop total N (kg N ha-1) at tillering, anthesis and maturity stages of wheat crop 806 

during two years at three study sites under seven nitrogen treatments with 807 

significance of their interactions; * p≤0.05; ** p ≤ 0.01; *** p≤ 0.001; NS = Non-808 

significant. 809 

  
Crop N at Tillering 

(kg N ha 1) 

Crop N at Anthesis 

(kg N ha 1) 

Crop N at Maturity 

(kg N ha 1) 

Years (Y) 

2013-14 2.81a 33.53a 66.417a 

2014-15 2.68b 31.51b 62.95b 

Study Sites/Locations (L) 

Islamabad 3.61a 39.93a 87.22a 

URF-Koont 2.64b 34.25b 63.60b 

Talagang 1.99c 23.38c 43.22c 

Nitrogen Treatments (T) 

T1=N0 2.11e 17.64f 32.91e 

T2=N50 2.87c 25.64e 48.60d 
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T3=N100 3.54b 31.61d 64.17c 

T4=N150 4.16a 36.62b 75.32b 

T5=Split N50 1.84f 33.70c 63.81c 

T6=Split N100 2.17e 38.18b 78.74b 

T7=Split N150 2.52d 44.23a 89.20a 

Interactions 

YxL *** *** *** 

YxT NS NS *** 

LxT *** *** *** 

YxLxT NS NS *** 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

 817 

 818 

 819 

Table 3. Wheat nitrogen use efficiencies (Nitrogen use (kg kg-1), Utilization and 820 

uptake efficiencies) crop during two years at three study sites under seven nitrogen 821 

treatments with significance of their interactions; * p≤0.05; ** p ≤ 0.01; *** p≤ 0.001; NS 822 

= Non-significant. 823 

Years (Y) NUE NUtE NUpE 

2013-14 18.35a 44.18b 0.41a 

2014-15 16.63b 44.35a 0.39b 

Study Sites/Locations (L) 

 

ISLAMABAD 22.96a 43.53b 0.53a 

URF-Koont 18.22b 47.08a 0.39b 

Talagang 11.31c 42.20c 0.27c 

Nitrogen Treatments (T) 

T1=N0 21.72a 52.78b 0.41bc 

T2=N50 20.03b 53.98a 0.37d 

T3=N100 16.49c 46.33c 0.35de 
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T4=N150 13.48d 41.38d 0.32e 

T5=Split N50 20.03b 40.84e 0.49a 

T6=Split N100 17.31c 39.42f 0.43b 

T7=Split N150 13.39d 35.15g 0.38cd 

Interactions 

YxL NS *** *** 

YxT NS NS *** 

LxT NS *** *** 

YxLxT NS NS *** 

 824 

 825 

 826 

 827 

 828 

 829 

 830 

 831 

 832 

 833 

 834 

 835 

Table 4. 836 

Agronomic traits of wheat crop during two years at three study sites under seven 837 

nitrogen treatments with significance of their interactions; * p≤0.05; ** p ≤ 0.01; *** p≤ 838 

0.001. 839 

  No of tillers m-2 
1000 grain weight 

(gm) 

Biological yield  

(kg ha-1) 

Grain yield 

(kg ha-1) 

Harvest 

index 

Years (Y) 

2013-14 222.4NS 31.3NS 9380.9a 3001.9a 0.32a 

2014-15 212.7 30.7 8704.7b 2611.4b 0.3b 

Study Sites/Locations (L) 

Islamabad 236.5a 34.3a 10450.1a 3957.5a 0.35a 

URF-Koont 226.9a 33.9a 8578.2b 2830.8b 0.33b 

Talagang 189.2b 24.7b 7042.4c 1760.6c 0.25c 

Nitrogen Treatments (T) 
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T1=N0 184.5c 23.5c 5992.4c 1737.8c 0.29c 

T2=N50 205.8b 28.1b 8140.6b 2605b 0.32a 

T3=N100 218.8ab 31.7a 9275.9a 2968.3a 0.32a 

T4=N150 229.3a 33.1a 10942.8a 3501.7a 0.32a 

T5=Split 

N50 
221.1ab 31.6a 8982.7b 2605b 0.29c 

T6=Split 

N100 
234.4a 34.5a 11345.5a 3517.2a 0.31b 

T7=Split 

N150 
229.1a 34.3a 10976.3a 3512.4a 0.32a 

Interactions 

YxL *** NS *** NS *** 

YxT NS NS NS NS *** 

LxT NS *** NS *** *** 

YxLxT NS NS NS NS *** 

 840 

 841 

 842 

 843 

 844 

 845 

 846 

 847 

 848 

 849 

 850 

 851 
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Figure 1. Crop total nitrogen (TN) Kg N ha-1 at tillering, anthesis and at maturity 852 

stages for years x locations (YxL) and Locations x Treatments (LxT) interactions  853 

 854 

 855 

 856 

 857 
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 858 

 859 

Figure 2. Relationship between physiological traits of wheat with grain yield 860 

combined over years, locations and Nitrogen treatments. 861 

 862 

 863 

 864 

 865 

 866 

 867 

 868 
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 870 

 871 

Figure 3. Climatic variables (Temperature (Tmax and Tmin) and Rainfall) during 872 

wheat crop growing season for two years at three study sites (DOY=Days of year)  873 
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