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Abstract 
 

Soil ecosystems despite of providing a vast range of value services are expected to face climatic extremes. Assessing the 
resilience degree of such ecosystems is integral in evaluating their functional stability. This study investigated the resilience 
and resistance of potential nitrification activity (PNA) and involved guilds (ammonia-oxidizing bacteria - AOB) upon two 
heat-drought extremes (low (40°C for 24 h) and high (40°C for 48 h)) at 1, 7, 14, 28 days’ intervals across three different soil 
ecosystems (arable, grassland, forest) in lower Himalaya. Results demonstrated that three soils responded differentially to 
heat-droughts (~20–55% decrease PNA) with arable soil showing high resistance (withheld ~55.3% PNA) and low resilience 
(~82–85%). The gene abundances of AOB revealed that the community size was significantly reduced upon the heat-droughts 
(up to 50.1%) and could not ultimately recover showing an incomplete resilience. In contrast to arable, the grassland and forest 
soils were better in resilience with PNA at day 28 observed near to control (93.4 and 91.4%). The correlation analyses showed 
a strong positive relationship of AOB to PNA particularly in arable soil. The high resilience exhibited by grassland and forest 
soils implied that despite of reduction in AOB numbers, functional redundancy might have inferred an increased resilience 
showing that these soils can recover once the stress period is over. This work underlines the functional stability of different 
soils for nitrification potential highlighting the relevance of resilience and resistance perspectives in wake of predicted climatic 
extremes on soil N cycling and associated N losses in lower Himalaya. © 2020 Friends Science Publishers 
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Introduction 

 

Soil ecosystems are important natural capital that not only 

perform various functions crucial for the life on earth but 

also regulate a vast range of value services (Starke et al. 

2019) beside providing the physical support to human 

settlements and urban development (Pereira et al. 2017). 

These ecosystems actually host a wide diversity of 

microbial communities which in turn play vital roles in 

maintaining the overall functioning hence contribute in 

ecosystem stability (Liu et al. 2019). Nutrient cycling and 

their implications are one of the very important services 

provided by the soil ecosystems and the inhabited microbial 

communities. For example, cycling of nitrogen that carries 

various economic and ecological implications is occurred 

through various processes which are mainly driven by the 

microbial communities hosted in soil. 

Nitrogen is among the vital elements in the soil 

ecosystem (Green et al. 2019) where it performs various 

important roles being as a component of enzymes, proteins 

and nucleic acids (Pajares and Bohannan 2016). It is 

necessary for plant productivity thus contributes at great 

scale to the food chain for humans (Zheng et al. 2020) by 

sustaining human existence. Cycling of nitrogen involved 

various important processes including nitrification, 

conversion of ammonia (NH3) to nitrite (NO2‾) and its 

subsequent conversion to nitrate (NO3‾) (Purkhold et al. 

2000) and ammonia oxidizers are considered as the key 

drivers in nitrification (Siljanen et al. 2019) because this 

ammonia oxidation is a rate limiting step where ammonia 

oxidizers are the main actors accountable in these 

transformations (Butterbach-Bahl et al. 2013). In soils, 

nitrification coupled with denitrification is crucial since 

these processes ultimately are the major contributors of 
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atmospheric nitrous oxide emissions (Li et al. 2017) that is 

the most important of the long-lived and powerful 

greenhouse gases involved in ozone-depleting (Brevik 

2013) and collectively nitrification and denitrification may 

cause about 70% N2O losses to overall environment (Paré 

and Bedard-Haughn 2012). Thus, nitrification is an 

important process in estimating the N cycling functioning 

and losses across various soil ecosystems since it carries 

various ecological implications (Ashraf et al. 2019). 
During 21

st
 century the frequency, intensity and 

duration of extreme climatic events are found to be 
increasing substantially (Yeni and Alpas 2017), such as 
those related to bringing the frequent and intense droughts. 
For example, soil heat-drought stresses have been observed 
in different regions (Jha and Srivastava 2018) where these 
may also effect the various processes in different 
ecosystems thus disrupt the associated functions. Pakistan 
also lies in the region which is among the fast temperature 
rising hotspots hence reported as the region that is 
vulnerable to changing climate events (Ullah et al. 2018). 
The greater risk of heat droughts have already witnessed the 
impact of climate change including the severe drought 
period of 2000 and 2009 with rainfall well below than that 
of the usually observed (Webster et al. 2011). As the 
frequencies of extreme heatwaves and droughts are 
increasing (Harrison et al. 2016) and the winter season 
showing increased warming trends, extent of the winter 
season has been reduced on both ends leaving the summer 
extended (Rasul et al. 2012). 

These extreme events such as droughts and heat waves 
are among the major abiotic stresses that may reduce the 
overall crop productivity thus weaken the food security. 
Moreover, the high temperatures can bring the hydrological 
fluctuations particularly in the mountain ecosystems which 
in turn may disrupt the biogeochemical cycles (Kang et al. 
2019). The mountainous regions comprising a range of soil 
ecosystems including arable, grassland and forest 
ecosystems are among the highly prone areas to be affected 
by the extreme events such as global warming which may 
ultimately lead to the changes in hosted microbial 
communities (Sharma et al. 2020) and thus the associated 
functions. Whether these various ecosystems can withhold 
such future predicted changes to the hosted communities 
and the associated services is yet rarely estimated. 

In this regard, assessing the functional stability 

through investigating the resilience (ability to recover once 

the stress period is over) and resistance (ability to resist the 

change upon any perturbation) parameters (Wittebolle et al. 

2009) in crucial to understand the extent to which various 

soil ecosystems, hosted microbial communities and the 

associated functions may withhold the stresses related to 

extreme climatic events. Uneven precipitations and 

increased temperatures are usually linked to the climate 

change events and thus can also be crucial to be investigated 

in scenario of functional stability perspectives. 
Overall, the biological processes are reported to be 

influenced by increased temperatures where nitrification 

process has also been described as affected by increased 
temperature (Zeng et al. 2014). Moreover, nitrification is 
critical in estimating the overall fate of nitrogen crucial in N 
cycling (Li et al. 2018) where little has been reported how 
soil nitrogen processes respond to the temperature linked 
heat-drought stresses under changing climate (Chen et al. 
2019), studying the nitrification process is crucial in these 
perspectives. This study aimed in assessing the resilience 
and resistance of nitrification potential and the involved 
functional guilds – ammonia oxidizing bacteria against the 
two levels of heat-drought stresses applied at soil 
microcosm level for three different soil ecosystems (arable, 
grassland, forest) in lower Himalaya. The assumption is that 
the arable, in contrast to grassland and forest soil 
ecosystems (the least disturbed in comparison to 
aforementioned ecosystem), being already under the 
influence of human perturbations (relative to other two) 
might have developed an increased microbial community 
resistance and the functional redundancy may help to cope 
with the applied disturbance but also the changing 
environmental factors. We estimated the impact of heat-
droughts on resilience and resistance of potential 
nitrification activity and community gene abundances of the 
ammonia oxidizers across arable, grassland and forest soil 
ecosystems of lower Himalaya. 
 

Materials and Methods 
 

Site description and soil sampling 
 

For this study, we collected the samples from arable, 
grassland and forest soil ecosystems located under similar 
pedoclimatic conditions in Abbottabad, lower Himalaya 
(34

o
14'00.74'' N latitude, 73

o
17'00.68'' E longitude). The 

assumption behind was the fact that arable soils are 
relatively more exposed to the anthropogenic perturbations 
in contrast to grassland and forest thus may have acquired 
relatively better capability to withhold the external 
disturbance. The mean maximum temperature recorded at 
studied area was ~22.76°C while the minimum temperature 
was ~11.41°C. The annual mean precipitation is 166.08 mm 
with annual total precipitation of 1,366.18 mm (Tahir et al. 
2015). The soil sampling site topography was complex 
mountainous terrain with an average elevation of 1714 m. 
Forest soil (34

o
14'00.74'' N latitude, 73

o
17'00.68'' E 

longitude) mainly sandy clay loam was considered as an un-
disturbed ecosystem, grassland soil (34

o
13'54.22'' N latitude, 

73
o
16'39.83'' E longitude) mainly sandy loam was chosen as 

moderately disturbed by human activities while, arable soil 
(34

o
13'45.00'' N latitude, 73

o
16'48.87'' E longitude) mainly 

sandy loam was selected with the above described 
assumption. Soil samples in triplicate from all three arable, 
grassland and forest soils were randomly collected from the 
Ap horizon (0–20 cm). 
 

Experimental setup and resilience measurements 

 

The triplicate samples collected from soils were brought to 
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laboratory for setting the soil microcosm experiment. For 

every studied soil, 36 soil microcosms in plasma flasks (12 

from every triplicate sample, 36 x 3 soils n=108), having 30 

g of dry soil prepared with sieved at 5 mm size, were placed 

for incubation at room temperature (~25°C) for the time-

period of 28 days (control). At day 0, from each of the three 

experimental units (three soils), 12 out of 36 samples were 

exposed to 40°C for 24 h (low level of heat-drought stress 

treatment) and 12 to 40°C for 48 h (high level of heat-

drought stress treatment). The rest of 12 plasma flasks were 

not exposed to any perturbation and placed at room 

temperature hence considered as control. The replicate of 

such set-up was also prepared for other two soils hence 

samples from all three soil ecosystems were placed under 

low and high heat-drought treatments with control beside 

for a period of 28 days with water holding capacity 

maintained at 70% throughout the experimental time period. 

For assessing the resistance and resilience parameters, the 

samples from the experimental set-up were collected for 

further analyses at regular time intervals i.e. on day 1, 7, 14 

and 28. After the stress period was over, analyses carried out 

at day 1 represented the resistance while the measurements 

recorded at day 7, 14 and 28 depicted the resilience with 

time as shown by the respective functions. The resistance 

and resilience were measured in terms of the percent 

changes, for studied parameters, in stressed samples with 

respect to control where control was considered as 100%. 
 

Soil physicochemical analyses 
 

Soil samples collected from the fields were processed for 

further analyses after homogenizing the soil by removing 

rocks, pebbles, roots, and stalks. Soil physicochemical 

properties including soil moisture, pH, organic matter 

content, soil NO3-N and soil texture were determined. Soil 

pH was determined in 1:5 (w/v) soil: water suspensions with 

a pH meter, after equilibration for 1 h. Soil NO3-N were 

measured following the procedure, briefly, stock solution of 

nitrate was prepared after drying potassium nitrate (KNO3) 

in an oven at 105°C for 24 h. 1 g KNO3 was dissolved in 

water and diluted to 1000 mL. From the stock solution, 

NO3
-
 standards were prepared as 0, 2, 4, 6, 8 and 10 ppm. 10 

g dry soil was mixed with 100 mL distilled water and 

shaken for 1 h. Then the sample was filtered, 50 mL clear 

sample was added with 1 mL 1N HCl and mixed properly. 

The absorbance from the UV visible spectrophotometer was 

read at 220 nm. A regression plot was drawn to determine 

the concentration of nitrate in soil samples. Soil organic 

matter contents were determined by loss on ignition method 

(Nelson and Sommers 1996) while soil texture was 

examined by hydrometric method (Gee and Or 2002). 
 

Potential nitrification activity measurements 
 

The potential nitrification activity (PNA) was determined 

using a widely adopted laboratory incubation method as 

described by Hoffmann et al. (2007). In brief, 4 g soil (fresh 

soil weighing around 2.5 g dry soil) was added to 10 mL 

solution of reagent while these suspensions were put on 

orbital shaker with conditions at 175 rpm. At regular time 

intervals of 1 h, 8 h and 24 h and 48 h, the suspension of 2 

mL was sampled, and the oxidation of ammonium was 

blocked through adding KCl (2 mL) followed by 

centrifugation for 2 min at speed of 3000 rpm. The 

supernatant, about 0.8 ml, was collected and added with 

NH4Cl buffer (1.5 mL) and Diazzo (0.4 mL). The 

absorbance was recorded after 30 minutes using known 

standards (0, 2, 4, 6, 8 and 10 ppm) at the wavelength 530 

nm on Spectrophotometer and the PNA was quantified as 

μg NO2-N per g dw (dry weight) soil per h. 
 

Real-time Quantitative PCR of community gene 

abundances (amoA) of ammonia oxidizers 
 

Soil DNA extractions were performed for each sample in 

triplicate using the PowerSoil DNA Isolation Kit (MO BIO 

Laboratories), according to the procedure as described by 

the manufacturer. The soil DNA concentrations were 

determined through gel quantification of the extracted DNA 

with known concentrations beside. The community size of 

the gene amoA in ammonia oxidizing bacteria was 

quantified from the extracted DNA through carrying out 

Real-time PCR and the quantitative PCR assays were 

carried out as described by Hafeez et al. (2012). The 

quantification of the genes (amoA) involved in coding the 

enzymes responsible for oxidation of ammonia in bacteria 

was conducted to understand the size of ammonia oxidizers 

(AOB) and the protocol and conditions of thermocycler 

were followed as described by Leininger et al. (2006). In 

this regard, we conducted the independent assays for every 

sample and the average was calculated for further analyses. 
 

Statistical analysis 
 

The obtained data were statistically analyzed adopting the 

analysis of variance (ANOVA) which was performed using 

STATISTICA 10.0. Separation of the means were 

performed using least significant difference of Fisher’s test 

with p<0.05. The relationships among the various 

characteristics including PNA and AOB gene abundances 

were also calculated using Pearson’s correlation. Resistance 

and resilience parameters by calculating the percent changes 

in stressed samples with respect to control where control 

was considered as 100%. The ratio of these stressed samples 

to control was calculated following the indices as explained 

by Souza (1980). 
 

Results 
 

Physicochemical characteristics of various soil 

ecosystems 
 

Soil physicochemical properties including soil moisture, pH, 

NO3-N, organic matter percent and soil texture were 
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determined and the results are summarized in Table 1. Soil 

pH ranged from 7.8, 7.3, 7.1 for arable, grassland and forest 

soil ecosystems, respectively. The nitrate contents an 

indicator of net nitrification were higher for the arable soil 

with average as 8.26 mg kg
-1

 and a non-significant 

difference in soil nitrate contents was recorded for the 

grassland and forest soil (P < 0.05) with values as 7.67 and 

7.92 mg kg
-1

, respectively. Soil textural for the arable and 

grassland soils were sandy loam while forest soil was 

categorized as sandy clay loam and the description of 

various particles distribution deciding the textural classes 

are explained in Table 1. The organic matter content was 

significantly higher (P < 0.05) in forest soil with values as 

9.9% followed by the grassland and arable soil ecosystems 

as 6.6 and 4.15%, respectively. 
 

Comparison of PNA and community size of AOB across 

various soils 
 

Results showed that the initial PNA was found to be high 
for the control treatment at day 1 and it ranged up to 3.6 μg 
NO2-N per g dw soil per h being significantly higher (P < 
0.05) in arable soil ecosystem. In contrast, these differences 
were non-significant (P < 0.05) both in grassland and forest 
soils with mean values as 0.73 and 0.57 μg NO2-N per g dw 
soil per h, respectively (Fig. 1). The samples subjected to 
no-stress showed high PNA for arable soil throughout the 
incubation period followed by forest and grassland soil. The 
size of the AOB in samples from all three soil ecosystems 
was determined through Real-time quantification of 
bacterial amoA genes and the detailed are described in Fig. 
3. The community gene abundances were not significantly 
different at day 1 for the control in all three soils (P < 0.05). 
The high number was recorded as 6.33 x 10

4
 number of 

gene copies per ng DNA for the arable soil followed by 
forest and grassland soils as 4.38 x 10

4
 and 4.03 x 10

4 

number of gene copies per ng DNA, respectively. Pearson 
correlation analyses revealed a positive relationship between 
the PNA and size of the AOB communities which was 
stronger for arable soil (r=0.59, P < 0.05) as compared to 
grassland (r=0.28, P < 0.05) and forest soils (r=0.29, P < 
0.05). 
 

Resistance of nitrification potential and community gene 

abundances of AOB 
 

The resistance of the PNA and AOB gene abundances were 

quantified by comparing soils under heat-droughts to the 

undisturbed controls and the ratio was calculated following 

the indices as explained by Souza (1980). Percent changes 

in PNA and AOB size at day 1 represented the resistance 

while at day 7, 14, and 28 it denoted the recovery over time 

(Fig. 2 and 4). We observed that at day 1, soils varied for 

their response heat-drought stresses. For example, PNA was 

found to be reduced up to 55.3, 46.7 and 37.2% of the 

control upon low level stress for arable, grassland and forest 

soils, respectively (Fig. 2). In contrast, the high level of 

stress resulted in a strong decrease in PNA for all three soils 

with reduction in PNA up to 44.3, 32.4 and 20.0% of the 

control at day 1 for arable, grassland and forest soils, 

respectively (Fig. 2). However, this effect was pronounced 

for the grassland and forest soils while arable soil showed 

better resistance both for low- and high-level stress. 

The response shown by the nitrifying communities – 

AOB was in agreement to the PNA with decrease in number 

of gene copies of AOB communities upon applied stress. 

Table 1: Soil physiochemical properties across various soil 

ecosystems 
 

Soil parameter Arable Soil Grassland Soil Forest Soil 

pH (1:5) 7.6 + 0.01 7.3 + 0.01 7.1 + 0.01  

NO3-N (mg kg-1) 8.26 + 1.4 7.67 + 0.76 7.92 + 1.09  

Organic matter (%) 4.15 + 0.04 6.6 + 0.30 9.9 + 0.06  
Sand (%) 68.1 72.7 61.0  

Silt (%) 24.5 11.1 18.2 

Clay (%) 7.4 16.2  20.8 
Class for texture Sandy-loam Sandy-loam Sandy-clay-loam 
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Fig. 1: Potential nitrification activity in control - without stress 

(white bars) and for the treatments under low (grey bars) and high 

(black bars) levels of perturbations quantified over a period of 28 

days incubation where A stand for arable, G for grassland and 

forest soil denoted by F. Each bar represents the mean of three 

replicates in μg N2O-N per g of dw soil per h 
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Fig. 2: Resilience and resistance shown through percent indices 

calculated for the potential nitrification activity over a period of 28 

days incubation, for both levels of perturbation; low represented 

by ( ) while high level is shown by ( ) levels of heat-drought 

stresses in comparison with samples with no-stress, where A stand 

for arable, G for grassland and forest soil denoted by F 
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Low stress level caused a significant reduction in gene 

abundances of AOB (P < 0.05) which was relatively stronger 

for the grassland soil with reduction up to 50.1% in AOB 

community size at day 1. The arable and forest soils showed 

resistance to this change upon low level of stress however 

the numbers remained up to 76.0 and 73.6% of control, 

respectively. High-stress treatment strongly affected both 

forest and grassland soil and resulted in ~56.4 and ~46.0% of 

reduction in size of AOB, respectively. Results revealed a 

relatively strong impact of high-level heat-drought 

disturbances with severe reduction in number of AOB. 
 

Resilience of nitrification potential and community gene 

abundances of AOB 
 

Significant differences were observed for recovery in PNA 

and size of AOB among three different soil ecosystems (P < 

0.05) and after the stress period PNA was found to variably 

recover at day 7, 14 and 28. Forest and grassland soils 

showed better recovery to both stress levels and recovered 

the PNA near to the initial level after the 28 days. The 

recovery rate for the forest and grassland soils was 91.4 and 

89.20, and 93.4 and 88.6% for low and high level, 

respectively. Relatively low resilience observed in arable soil 

which and could recover up to 85.2 and 82.1% of initial for 

PNA upon the low and high stress, respectively. Overall, 

PNA was high in arable soil at all days and recorded as 1.99, 

2.16 and 2.40 μg NO2-N per g dw soil per h in contrast to 

grassland and forest soil which showed 0.35, 0.42 and 0.7 

and 0.36, 0.46 and 0.67 μg NO2-N per g dw soil per h, for the 

day 7 but also at intervals of 14 and 28 days, respectively 

(Fig. 1). The nitrification rates were strongly decreased upon 

high stress level and found to be 1.87, 1.98 and 2.32 μg NO2-

N per g dw soil per h for arable soil, 0.31, 0.36, 0.68 μg NO2-

N per g dw soil per h for grassland, and 0.15, 0.33 and 0.65 

μg NO2-N per g dw soil per h for forest soil at time interval 

of 7, 14 and 28 days, respectively (P < 0.05) (Fig. 1). 

Conversely, the community size of AOB was less 

resilience in comparison to PNA. Though there was 

recovery in size of the AOB communities at various 

sampling intervals however the resilience could not be 

completed especially for the high stress. After 28 days of 

incubation, arable soil could recover 82.9% of initial AOB 

numbers however the grassland and forest soils showed a 

recovery of up to 87.7 and 92% AOB abundances. 

 

Discussion 

 

We have quantified the impact of two levels of heat-drought 

extremes in arable, grassland and forest soil ecosystems on 

potential nitrification activity which due to subsequent N 

losses is crucial from economic and ecological perspectives. 

We found that arable soil exhibited strong resistance toward 

both levels of heat-drought disturbances however it could 

not fully recover the initial functions at short term. 

Conversely, grassland and forest soils despite of facing a 

strong short-term reduction in nitrification and AOB 

abundances showed better recovery and forest soil 

recovered the PNA almost to unstressed treatment (Fig. 2 

and 4). Arable soils are under long term N fertilization 

hence high nitrification was obvious (Alam et al. 2020) 

however the AOB might have not withheld the applied 

disturbance hence PNA was collapsed at short term. The 

conventional agricultural practices such as heavy 

fertilization in the arable soil might have caused an 

increased ammonium content that serves as substrate for 

ammonia oxidizers. Such increased nitrification rates in 

various soil ecosystems have already been reported 

previously (Alam et al. 2020). Applying stress to the soil 

system and then examining how it responds to the 

perturbation is a standard procedure of studying the stability 

of soil system (Hafeez et al. 2014). The reduction in 

nitrification activity upon heat-drought stress was obvious 

and such reduced N cycling enzyme activities have been 

reported in different soils (Beltz et al. 2020). 

The AOB community size was reduced upon heat-

droughts however the difference between the low and high 

stress was non-significant in arable soil (P < 0.05). The 

stability as observed showed that ammonia oxidizers have 

developed resistance to external perturbation. Earlier such 

resistance by the relevant microbial communities have also 

been reported for a range of studied functions (Beltz et al. 

2020; Fakhraei et al. 2020). Arable soils are generally 

already under anthropogenic perturbations hence enrichment 

of resistant microbial communities is obvious. In addition, 
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Fig. 3: The community gene abundance of nitrifying communities 

quantified through Real-time quantitative PCR of bacterial amoA 

(AOB) in number of gene copes per ng DNA, where A stand for 

arable, G for grassland forest soil denoted by F 
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Fig. 4: Relative change in community gene abundances of AOB 

over a period of 28 days incubation, for both levels of 

perturbation; low represented by ( ) while high level is shown by 

( ) levels of heat-drought stresses in comparison with samples 

with no-stress, where A stand for arable, G for grassland and 

forest soil denoted by F 



 

Zaman et al. / Intl J Agric Biol, Vol 24, No 5, 2020 

 1112 

various soil native physicochemical properties may also 

contribute toward this phenomenon. Earlier, Tan et al. 

(2020) unraveled the key drivers of bacterial community 

assembly in arable soils and suggested that the mean annual 

precipitation and soil pH are the major environmental factors 

that may shape the hosted soil bacterial communities. In 

addition, the increased PNA could also be associated to high 

soil nitrogen and organic matter in respective soils since 

many of these characteristics are found to influence the 

nitrification in a range of studies (Amoah-Antwi et al. 2020). 

Forest and grassland soils being least disturbed in 

comparison to arable soils showed low nitrification rates 

(Fig. 1). Earlier, net nitrification rates in the cultivated soils 

were recorded significantly higher than in the uncultivated 

soil (Wang et al. 2019) showing that the addition of fertilizer 

or input through cultivation associated organic matter 

contribute in increased microbial enzyme activities through 

provision of suitable substrates. High resistance exhibited by 

arable soil indicates the favorable micro-environment for 

AOB as compared to grassland and forest soils. These 

nitrification rates are described to be influenced both by 

abundance and composition of ammonia oxidizing 

communities but also due to the abiotic factors (Di et al. 

2009). 

Correlation analyses between the various soil edaphic 

factors, nitrification potential and AOB showed variable 

relationship among these parameters. For example, the 

correlation between the PNA and the AOB was relatively 

less strong for grassland and forest soils implying that 

beside AOB there were the factors contributing in observed 

resilience. Organic matter contents were significantly 

higher (P < 0.05) in forest and grasslands and were 

positively correlated to PNA (r=0.56, r=0.21, P < 0.05) 

which along with the community composition might have 

contributed to strong recovery in PNA. Since its not only 

the number but also the microbial diversity which is crucial 

in estimating a function (Liu et al. 2019) in agreement to 

functional redundancy concepts (Upton et al. 2018). 

The relatively week correlation between AOB to 

nitrification for the forest soil indicates that the AOB were 

not solely driving the PNA. Similar observations were 

recorded by Taylor et al. (2019) whereas Hafeez et al. 

(2012) reported the inverse. Likewise, AOB contributed to 

nitrification in a different environment in paddy soil (Wang 

et al. 2019). Nitrification is better at moderate temperature 

however high temperatures inversely effects the specific 

function (Tan et al. 2018). For example, soil N contents 

stimulate the nitrification that may increase under moderate 

warming conditions and through promoting microbial 

growth in certain environments (Dan et al. 2019). In 

addition, increased temperatures to a certain range may have 

a positive correlation with nitrification (Troy and Tang 

2011), and this may result in gradual increase in nitrification 

only up to ~30°C (Taylor et al. 2017) in certain 

environments. Beyond, it may shift the community selection 

and change the rate of function as assumed in this case. The 

optimum temperature recorded for nitrification can also be 

~31°C with AOB being nitrifiers (Chen et al. 2019). 

Diverse range of microbes drive ecosystem functions 

and are as targeted by specific genes encoding certain 

enzymes (Liu et al. 2019). Recovery in AOB size and PNA 

showed the degree of resilience in these soils and can be 

attributed to high stoichiometric flexibility of 

microorganisms as observed previously by Guillot et al. 

(2019) upon droughts. Such recovery to associated 

denitrification against similar heat-droughts is observed by 

Hafeez et al. (2014). Moreover, reduced AOB size may be 

linked to the observation where irreversible stoichiometric 

changes are found because of the combined drought and 

heat (Guillot et al. 2019) since the heat stress along with 

increasing temperature may cause reduced moisture, and the 

droughts may leave a prolonged effect on bacterial 

communities ( Vries et al. 2018). Generally, community 

gene abundances and microbial community composition are 

supposed to be less resistant than specifically the AOB 

communities during drought (Thion and Prosser 2014). The 

recovery is also obvious through microbial adaptations in 

soils especially upon heat-droughts (Hafeez et al. 2014). 

The results validate the resistance and resilience of soil 

microbial communities against drought with and without 

heat stress (Guillot et al. 2019). The findings are based on 

short term perturbations and considering the functional 

redundancy concepts, the microbial communities may 

recover to initial state implying a strong resilience post 

disturbances (Huang et al. 2020). 
 

Conclusion 
 

The resilience and resistance of nitrification potential and 

ammonia-oxidizing bacteria upon two different levels of 

heat-droughts were investigated across arable, grassland and 

forest soils of lower Himalaya. Variable response of 

nitrification activity and community gene abundances of 

AOB were observed. Arable soil under anthropogenic 

perturbations showed high resistance but relatively low 

resilience. The grassland and forest soils exhibited high 

resilience and recovered PNA similar to unstressed soils 

despite the reduction in size of AOB. This study sets an 

ecological understanding about the soil functional stability 

for N cycling that is crucial in plant productivity and 

environmental quality perspectives under various climatic 

extremes in lower Himalaya. 
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