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Abstract: To understand the differential effects of altitudinal gradient on soil inorganic nitrogen
concentration and associated ammonia-oxidizingbacteria (AOB) and archaea (AOA), intact soil cores
from a primary coniferous forest were in situ incubated in an alpine forest at a 3582-m altitude (A1)
and transplanted to subalpine forests at a 3298-m altitude (A2) and 3023-m altitude (A3) on the eastern
Tibetan Plateau. Transplant cooled the soil temperature of A2 but warmed the A3 soil temperature.
Both AOA and AOB were found at the three altitudes. Compared to A1, A2 had greater AOA and
AOB abundance, but A3 showed lower AOA abundance in organic soil. The AOA abundance was
negatively correlated with ammonium concentration at all three altitudes, but AOB showed the
reverse trend. Our results suggested that the soil nitrogen process responded differentially to soil
core transplanting at different altitudes.

Keywords: alpine forest; ammonia-oxidizing bacteria; ammonia-oxidizing archaea;
ammonium; nitrate

1. Introduction

Ongoing climate change, characterized by warming winters, snow cover decline and extreme
weather events, is changing the processes of terrestrial ecosystems in cold biomes. Until now, direct
soil warming and snow removal experiments along latitudinal and altitudinal gradients have been
widely used to understand the effects of climate warming on soil processes [1–4]. However, different
soil processes have been observed during cold winters in many areas, and increasing air temperatures
in the winter have led to soil cooling [5–7]. Therefore, direct soil warming experiments cannot fully
reflect the impact of climate warming on soil processes in cold regions. In the alpine-gorge area, the
duration and depth of seasonal snow cover, seasonal freeze-thaw cycles, and temperature vary along
the altitudinal gradient within a small range [8], which provides an ideal platform for investigating
the effects of warming, snow cover decline, and seasonal freeze-thaw cycles on soil processes.

As a main limiting factor for plant growth and net primary productivity, soil nitrogen availability
and its responses to global environmental changes are crucial in terms of understanding how an
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ecosystem will be affected by climate change [9,10]. The changes of environmental factors, such as
temperature, water, and soil freezing, may consequently affect plant, soil and microbial processes and
nutrient losses, and thus influence soil nitrogen process [6,11]. In high altitude and latitude regions,
different elevations can lead to a continuous change in environmental factors, such as temperature,
precipitation, and freeze-thaw characteristics [12–14], and the consequence of these factors may affect
the soil nitrogen dynamics. To fully understand the nitrogen cycle under climate change scenarios, it is
necessary to investigate the changes in soil nitrogen pools at different altitudes.

Ammonia oxidation is the first and rate-limiting step of nitrification, which plays a crucial role in
the global nitrogen cycle [15]. Along with ammonia-oxidizing bacteria (AOB), ammonia-oxidizing
archaea (AOA) have also been detected in extreme environments, such as deep marine areas, hot
springs, and soils [16–19]. The active expression of AOA and AOB genes also has been detected in
alpine areas [4,20–22]. In cold biomes, the seasonal soil freeze-thaw cycles create extreme conditions
for soil microorganisms [23]. The dramatic temperature fluctuations lead to seasonal variations in the
abundance and structure of AOA and AOB communities in alpine areas [4,23,24]. Although previous
studies have documented that warming decreases the abundance of ammonia oxidizing bacteria
and archaea under nitrogen fertilization [24] and the temperature influences the ammonia oxidizer
population [25], the responses of AOA and AOB abundance to altitudinal gradient in both organic and
mineral soils remain poorly understood.

The Tibetan Plateau is one of the most sensitive areas to global climate change [26]; it has
experienced pronounced warming in recent decades that is expected to increase by 2.6–5.2 ◦C
by 2100 [27]. Alpine forests in the upper reaches of the Yangtze River and the eastern Tibetan
Plateau play important and irreplaceable roles in conserving water and soil, harboring biodiversity,
sequestering atmospheric carbon dioxide, and indicating climate change [28]. As the area is affected
by low temperatures and frequent geological disasters, the forest soils are characterized by a thick
organic soil and a thin mineral soil [29]. However, how the inorganic nitrogen concentration and
ammonia-oxidizing microbial community in both the organic and mineral soils respond to different
altitudes remains unknown.

In this study, an altitudinal gradient experiment in combination with soil core transplanting was
conducted to investigate the changes of soil nitrogen processes and the related ammonia-oxidizing
microbial community (AOA and AOB) at different altitudes. We hypothesized that soil core
transplanting might (1) increase the soil temperature at the two lower altitudes and (2) enhance
the soil inorganic nitrogen concentration and related microbial abundance.

2. Materials and Methods

2.1. Site Description

This study was conducted at the Long-term Research Station of Alpine Forest Ecosystems in the
Miyaluo Nature Reserve (102◦53′–102◦57′ E, 31◦14′–31◦19′ N, 2458–4619 m a.s.l.), which is located
in Li County, western Sichuan, China (Figure 1). This is a transitional area situated between the
Tibetan Plateau and the Sichuan Basin. The mean annual temperature is approximately 3 ◦C, with
maximum and minimum temperatures of 23 ◦C (July) and −18 ◦C (January), respectively. The annual
precipitation is approximately 850 mm. The forests consist of conifers and natural mixed hardwoods
depending on the altitude and are mainly dominated by Minjiang fir (Abies faxoniana Rehd. et Wils.),
Dragon spruce (Picea purpurea Mast.), and Red birch (Betula albosinensis Burk.). The forest soils are
classified as Cambisols [30]. Seasonal soil freezing and thawing are observed in this area [31].
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Figure 1. Location of experimental sites in this study. 
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Air temperature at 2 m height in the study site and soil temperatures (5 and 20 cm depths) were 
recorded at three locations using buried Thermochron iButton DS1923-F5 Recorders (Maxim/Dallas 
Semiconductor Corp, Sunnyvale, CA, USA) every hour between May 2010 and April 2011. 

2.3. Soil Incubation 

A 3 × 3 m sampling plot was randomly selected in a representative primary conifer alpine forest 
dominated by Minjiang fir at 3582 m. The basic properties of the organic and mineral soils are 
shown in Table 1. After clearing plants and fresh litter from the ground, Polyvinyl Chloride (PVC) 
cylinders (20 cm in length, 5 cm in diameter) were inserted into the soil to take undisturbed soil 
cores; forty-five soil cores were taken from this plot in May 2010. These soil cores were divided into 
three groups (fifteen cores in each group) and incubated in the 3582-m (A1, in situ incubate), 3298-m 
(A2) and 3023-m (A3) altitude sites. 

Table 1. The basic properties of the soil organic layer and mineral soil layer in the eastern Tibetan 
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2.4. Sample Collection 

One incubated soil core was retrieved from each sampling plot during the early growing season 
(EGS, 24 May to 12 August 2010), late growing season (LGS, 12 August to 17 October 2010), onset of 
the freezing period (OFP, 17 October to 23 December 2010), freezing period (FP, 23 December 2010 to 
3 March 2011), and thawing period (TP, 3 March to 19 April 2011). Soil samples of the organic and 
mineral soils were collected in each plot [32]. All soil samples were hand-sorted to remove gravel 
and coarse roots. The samples were stored in freezer boxes, transported to the laboratory within 24 h, 
and stored at −20 °C. Soils were sieved through a 2-mm mesh before chemical analysis. 

2.5. Inorganic Nitrogen Concentration 

Ammonium ( +
4NH ) and nitrate ( 3NO  ) concentrations in the extract were measured using 

indophenol-blue and phenol disulfonic acid colorimetry. A 10-g soil sample from each soil core was 
taken, to which 50 mL 2 M KCl at room temperature was added. The mixture of soil and extractant 
was shaken for 1 h. After shaking, the soil suspension was filtered (Whatman filter paper, 12.5 cm 

Figure 1. Location of experimental sites in this study.

2.2. Temperature Monitoring

Air temperature at 2 m height in the study site and soil temperatures (5 and 20 cm depths) were
recorded at three locations using buried Thermochron iButton DS1923-F5 Recorders (Maxim/Dallas
Semiconductor Corp, Sunnyvale, CA, USA) every hour between May 2010 and April 2011.

2.3. Soil Incubation

A 3 × 3 m sampling plot was randomly selected in a representative primary conifer alpine forest
dominated by Minjiang fir at 3582 m. The basic properties of the organic and mineral soils are shown
in Table 1. After clearing plants and fresh litter from the ground, Polyvinyl Chloride (PVC) cylinders
(20 cm in length, 5 cm in diameter) were inserted into the soil to take undisturbed soil cores; forty-five
soil cores were taken from this plot in May 2010. These soil cores were divided into three groups
(fifteen cores in each group) and incubated in the 3582-m (A1, in situ incubate), 3298-m (A2) and
3023-m (A3) altitude sites.

Table 1. The basic properties of the soil organic layer and mineral soil layer in the eastern Tibetan forest.

Organic Carbon
(g·kg−1)

Total Nitrogen
(g·kg−1)

NH+
4

(mg·kg−1)
NO−3

(mg·kg−1)
Bulk Density

(g·cm−3) pH

Organic soil 138.56 ± 4.04 7.28 ± 0.07 18.73 ± 0.36 140.75 ± 2.73 1.09 ± 0.05 5.6 ± 0.3
Mineral soil 25.03 ± 0.88 1.69 ± 0.03 11.32 ± 1.35 14.04 ± 1.45 1.2 ± 0.03 5.3 ± 0.2

2.4. Sample Collection

One incubated soil core was retrieved from each sampling plot during the early growing season
(EGS, 24 May to 12 August 2010), late growing season (LGS, 12 August to 17 October 2010), onset of
the freezing period (OFP, 17 October to 23 December 2010), freezing period (FP, 23 December 2010 to
3 March 2011), and thawing period (TP, 3 March to 19 April 2011). Soil samples of the organic and
mineral soils were collected in each plot [32]. All soil samples were hand-sorted to remove gravel and
coarse roots. The samples were stored in freezer boxes, transported to the laboratory within 24 h, and
stored at −20 ◦C. Soils were sieved through a 2-mm mesh before chemical analysis.

2.5. Inorganic Nitrogen Concentration

Ammonium (NH+
4 ) and nitrate (NO−3 ) concentrations in the extract were measured using

indophenol-blue and phenol disulfonic acid colorimetry. A 10-g soil sample from each soil core
was taken, to which 50 mL 2 M KCl at room temperature was added. The mixture of soil and extractant
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was shaken for 1 h. After shaking, the soil suspension was filtered (Whatman filter paper, 12.5 cm in
diameter). Soil solutions were kept frozen prior to analysis for ammonium and nitrate using a TU-1901
Analyzer (Beijing Purkinje General Instrument Co. Ltd., Beijing, China).

2.6. DNA Extraction

DNA was extracted from 0.8 g to 1.0 g (fresh weight) of soil using the E.Z.N.A.® Soil DNA Kit
(Omega Bio Inc., Norcross, GA, USA). The extracted DNA was checked on 1% agarose gel, and the
concentration was determined using a Nanodrop® ND-1000 UV-Vis spectrophotometer (Nano-Drop
Technologies, Wilmington, DE, USA).

2.7. Quantification of amoA Genes by Real-Time PCR

The amoA gene cloning and the method to create standard curves were as previously described [21].
The primer pairs Arch-amoAF/Arch-amoAR [33] and amoA-1F/amoA-2R [34] were used for real-time
polymerase chain reaction (PCR) quantification of the archaeal and bacterial amoA genes, respectively.
Real-time PCR was performed using the CFX96 System (Bio-Rad Laboratories Inc., Hercules, CA,
USA) in 25 µL reactions containing 12.5 µL of SYBR® Premix Ex TaqTM (TaKaRa Biotechnology Co.
Ltd., Dalian, China), 0.4 mg·mL−1 of bovine serum albumin, 200 nmol·L−1 of each AOA primer or
400 nmol·L−1 of each AOB primer, and 1 µL of DNA (1–10 ng) as the template. Three analytical
replicates were performed for each soil sample. Amplifications were carried out as follows: 95 ◦C for
1 min followed by 40 cycles of 10 s at 95 ◦C, 25 s at 63 ◦C for AOA or 57 ◦C for AOB, and 1 min at
72 ◦C. The plates were read at 72 ◦C after each cycle. The product specificity was confirmed using a
melting curve analysis (65–95 ◦C, 0.5 ◦C per read with a hold time of 5 s) at the end of each PCR run.

2.8. Statistical Analyses

All statistical tests were performed using the software Statistical Package for the Social Sciences
(SPSS Inc., IBM, Armonk, NY, USA) version 16.0. Data were subjected to one-way analysis of variance,
and significant differences between treatment means for each variable were compared by the LSD post
hoc test at p < 0.05. The relationships between the abundances of AOA and AOB, ammonium and
nitrate concentration at each altitude were tested by Pearson correlation analyses.

3. Results

3.1. Air and Soil Temperatures

The temperature dynamics of air and soil at the three altitudes from May 2010 to April 2011 are
shown in Figure 2. Air temperature increased with a decrease in altitude; compared with A1, A2 and
A3 increased by 1.39 ◦C and 2.64 ◦C, respectively. However, the soil annual temperature displayed
different characteristics at different altitudes. Generally, compared to A1, A3 increased by 1.03 ◦C and
1.08 ◦C, but A2 decreased by 0.26 ◦C and 0.25 ◦C in the organic and mineral soils, respectively.
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concentration in both soil layers. With respect to organic soil, A3 had the highest ammonium and 
nitrate concentration during most of the sampling period except for the ammonium concentration 
during the onset of the freezing and thawing periods (Figure 3a,c). However, with respect to 
mineral soil, A3 showed the lowest ammonium concentration during the onset of the freezing 
period and during the freezing period (Figure 3a,c). In both soil layers, A2 had the highest 
ammonium and nitrate concentrations during the early growing season, but a lower ammonium 
concentration during the onset of the freezing period and the thawing period was found in the 
organic soil (Figure 3c). At all altitudes, the change in inorganic N concentration in the soil organic 
layer was more sensitive than that in the mineral soil (Figure 3c). 

 

Figure 2. Daily and annual air and soil average temperatures at different altitudes. A1: 3582-m altitude;
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3.2. Inorganic Nitrogen Concentration

Transplanting soil significantly affected the soil inorganic nitrogen (ammonium and nitrate)
concentration in both soil layers. With respect to organic soil, A3 had the highest ammonium and
nitrate concentration during most of the sampling period except for the ammonium concentration
during the onset of the freezing and thawing periods (Figure 3a,c). However, with respect to mineral
soil, A3 showed the lowest ammonium concentration during the onset of the freezing period and
during the freezing period (Figure 3a,c). In both soil layers, A2 had the highest ammonium and nitrate
concentrations during the early growing season, but a lower ammonium concentration during the
onset of the freezing period and the thawing period was found in the organic soil (Figure 3c). At all
altitudes, the change in inorganic N concentration in the soil organic layer was more sensitive than
that in the mineral soil (Figure 3c).
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greater AOA and AOB abundance at most sampling times, except for the AOA abundance during 
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early growing season and at the onset of the freezing period, but greater abundance was observed 
during other sampling periods. The abundance of AOB and AOA showed significant correlations 
with the ammonium and nitrate concentration, respectively, at 3023 m altitude (Table 2). 

Figure 3. Ammonium (NH+
4 ) and nitrate (NO−3 ) concentrations in (a) organic and (b) mineral soils

and (c) the effect size of soil core transplanting in different periods. The effect size is the average
difference in the ammonium and nitrate concentration at A2 or A3 with respect to the original site (A1),
A2 = (A2 − A1)/A1 and A3 = (A3 − A1)/A1. EGS: early growing season, LGS: late growing season,
OFP: onset of freezing period, FP: freezing period, TP: thawing period. A1: 3582-m altitude; A2: 3298-m
altitude; A3: 3023-m altitude. * indicates a significant difference (p < 0.05) between different altitudes.

3.3. Abundance of amoA Genes

Both archaeal amoA genes (8.15 × 104 to 1.50 × 109 g−1 soil) and bacterial amoA genes (1.11 × 105

to 1.20 × 108 g−1 soil) were detected in the soil at the three altitudes (Figure 4). Compared to A1, A2
had greater AOA and AOB abundance at most sampling times, except for the AOA abundance during
the early growing season in the organic soil and the AOB abundance during the freezing stage in the
mineral soil (Figure 4c). A3 had lower AOA abundance but greater AOB abundance in organic soil
compared to A1. Regarding mineral soil, A3 had lower AOA and AOB abundance during the early
growing season and at the onset of the freezing period, but greater abundance was observed during
other sampling periods. The abundance of AOB and AOA showed significant correlations with the
ammonium and nitrate concentration, respectively, at 3023 m altitude (Table 2).
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Figure 4. (a) Bacterial and (b) archaeal amoA gene copy numbers at different altitudes (mean ± SD,
n = 3) and (c) the effect size of soil core transplanting in different periods. The effect size is the
average difference in the ammonium and nitrate concentration at A2 or A3 with respect to the original
site (A1). A2 = (A2 − A1)/A1 or A3 = (A3 − A1)/A1. A1: 3582-m altitude; A2: 3298-m altitude;
A3: 3023-m altitude. EGS: early growing season; LGS: late growing season; OFP: onset of freezing
period; FP: freezing period; TP: thawing period. * indicates a significant difference (p < 0.05) between
different altitudes.
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Table 2. Correlation analyses among the abundances of AOA, AOB and NH+
4 , NO−3 at

different altitudes.

Altitude Abundance of AOB Abundance of AOA NH+
4 NO−3

3582 m

Abundance of AOB 1 0.632 * 0.251 0.445
Abundance of AOA 1 −0.323 −0.163

NH+
4 1 0.478

NO−3 1

3298 m

Abundance of AOB 1 0.777 ** 0.389 0.486
Abundance of AOA −0.093 0.076

NH+
4 0.741 *

NO−3 1

3032 m

Abundance of AOB 1 −0.060 0.677 * 0.392
Abundance of AOA −0.493 −0.772 **

NH+
4 0.420

NO−3 1

AOB is ammonia-oxidizing bacteria, AOA is ammonia-oxidizing archaea, NH+
4 is ammonium, NO−3 is nitrate.

** indicates significant difference at p < 0.01 (two-tailed). * indicates significant difference at p < 0.05 (two-tailed).

4. Discussion

Soil nitrogen cycling is one of the most important ecological processes in forest ecosystems [35].
Previous studies subdivided N cycling into decomposition processes, assimilative processes and
dissimilative processes [36]. The uptake and utilization of ammonium or nitrate by plants and
microorganisms for growth and replication were included in assimilative processes [36]. This soil
core transplanting experiment was used to study the change and relationship between inorganic
nitrogen (ammonium and nitrate) concentration and N-related (AOA and AOB) microorganisms.
The observation in this study indicated that the soil transplant cooled A2 but warmed A3 winter soil
temperature, respectively. This change may be related not only to the air temperature but also to
the winter snow cover. The depth and duration of the snowpack is considered to be the important
indirect effect of winter climate change [37,38]. Our previous study demonstrated that the snow depth
decreased with decreasing altitude in this area [39]. The thickest snow cover in A1 may offer an ideal
combination of moister and warmer soil conditions that can keep the soil warm [39,40]. However, the
thinner and shorter duration of snow cover at A3 had a more sensitive response to solar radiation [41],
which may produce a higher soil temperature.

Soil microorganisms are important drivers of soil quality and ecosystem function. Research
on the spatial variations of AOB and AOA activity and their unique contributions to nitrification is
needed [42]. Changes in environmental factors, such as elevation, N fertilization, temperature, and pH,
may affect ammonia-oxidizing microorganisms in soil ecosystems. A previous study has pointed out
that AOB were significantly higher than AOA during a soil warming and fertilization treatment [24],
but the AOA were more abundant than AOB in a long-term fertilized soil [16]. This suggests that AOA
may be more active than AOB in acidic soils, whereas this may be the opposite in alkaline soil [42].
However, the key factors are still difficult to assess [43]. A study at Mount Everest indicated that
the AOA abundance increased along an altitudinal gradient decrease, whereas that of AOB did not
shift significantly with altitude, suggesting that AOA may be more sensitive than AOB in response to
elevated soil conditions [4]. In this study, we found that the samples at A2 had greater abundance of
AOA and AOB than A1 at most sampling times, except for AOA in the early growing season and AOB
in the freezing period in organic and mineral soils, respectively. Although previous studies have shown
that a lower temperature may prevent microbial activity and even kill certain microbes [21,44], some
tolerant or adaptive species may survive and replicate [45–47], to improve the microbial abundance of
A2. At A3, the abundance of AOA and AOB was inconsistent in organic and mineral soils. In contrast
to a previous study, temperature had a negative correlation with AOB but a positive correlation
with AOA in a temperate beech forest soil [48]. However, AOA and AOB abundance was positively
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correlated with temperature [49]. Increased temperature at A3 resulted in a lower abundance of AOA
and a greater abundance of AOB in the organic soil. This may be affected by the different responses to
the environmental variation of AOA and AOB in alpine areas [4,50,51].

Inorganic N, as a common substrate, influenced AOA and AOB abundance. The concentration of
ammonium in soil has been identified as an important factor driving the relative distributions of AOA
and AOB [52]. In the investigated alpine forest, the abundance of AOA varied almost inversely with
the measured ammonium concentration at all sampling altitudes, while that of AOB varied positively
with ammonium concentration (Table 2), suggesting that ammonium may drive the separation between
AOA and AOB [53]. In this study, the abundance of AOB was higher at A2 and A3 during most of the
sampling period (Figure 4c). Higher ammonium concentration was observed only in the early growing
season and later growing season, likely due to N mineralization over the winter [41]. This result
suggests that inorganic N may determine the distribution of AOA and AOB in alpine forest soils by
providing the substrate for microbial mineralization.

5. Conclusions

In summary, AOA and AOB abundance was recorded in winter in this alpine forest. Although
the soil temperature was cooled at A2, higher microbial abundance was observed at A2. The increased
temperature at A3 decreased the AOA abundance in the organic soil. The concentration of ammonium
was positively correlation with AOB abundance and negatively with AOA abundance.
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