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A B S T R A C T

Microbial biomass and extracellular enzyme activities control the rate of soil organic carbon
decomposition, thereby affecting soil carbon pool. However, seasonal dynamics of soil microbial
properties at different depths of the soil profile remain unclear. In this study, we sampled soils in the
early, middle and late growing season at different soil depths (0–100 cm) in two alpine ecosystems
(meadow and shrubland) on the Tibetan Plateau. We measured plant belowground biomass, soil
properties, microbial biomass and extracellular enzyme activities. We found that soil properties
changed significantly with sampling time and soil depth. Specifically, most of soil properties
consistently decreased with increasing soil depth, but inconsistently varied with sampling time.
Moreover, root biomass and microbial biomass decreased with increasing soil depth and increased
with sampling time during the growing season. However, microbial extracellular enzyme activities
and their vector properties all changed with depth, but did not vary significantly with time. Taken
together, these results show that soil properties, microbial biomass and extracellular enzyme
activities mostly decline with increasing depth of the soil profile, and soil properties and microbial
biomass are generally more variable during the growing season than extracellular enzyme activities
across the soil profile in these alpine ecosystems. Further studies are needed to investigate the
changes in soil microbial community composition and function at different soil depths over the
growing season, which can enhance our mechanistic understanding of whole-profile soil carbon
dynamics of alpine ecosystems under climate change.
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H I G H L I G H T S

•Wemeasured soil variables along the profile
in two alpine ecosystems.

•Most of soil properties decreased with depth
and varied with time.

• Root and microbial biomass decreased with
depth and increased with time.

• Soil enzyme activities decreased with depth
but showed little change with time.

• Soil properties and microbial biomass were
more dynamic than enzyme activities.
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1 Introduction

Soils store more organic carbon than vegetation and atmo-
sphere together, and soil carbon dynamics play an important
role in the global carbon cycle (Lal, 2004; Schmidt et al.,
2011). Soil extracellular enzymes are proteins that are widely
distributed in the soil, which catalyze the mineralization of soil
organic matter and the degradation of macromolecular
organic substances that cannot be absorbed by plants and
microbes into absorbable small molecular substances (Allison
et al., 2010; Sinsabaugh, 2010; Stone et al., 2012; Chen et al.,
2021). Thus, they play a critical and irreplaceable role in soil
carbon and nutrient cycling (Burns et al., 2013; Jing et al.,
2017; Chen et al., 2019).

Soil extracellular enzymes are secreted into the soil mainly
by plant roots and soil microbes (Allison and Vitousek, 2004;
Sinsabaugh and Shah, 2012). Generally, soil enzyme
activities are used to characterize the rate of SOM decom-
position and reflect the transformations of carbon, nitrogen,
and phosphorus by soil microbes. There are many kinds of
extracellular enzymes in the soil, and different extracellular
enzymes have different functions, catalyzing different reaction
stages and jointly maintaining the overall function of the
ecosystem (Sinsabaugh, 2010; Burns et al., 2013). The
enzymes involved in carbon cycling (e.g., BG, β-1,4-glucosi-
dase), nitrogen cycling (e.g., NAG, β-1,4-N-acetyl-glucosa-
minnidase) and phosphorous cycling (e.g., phosphatase) are
widely studied in experimental and meta-analysis studies
(Kittredge et al., 2018; Xiao et al., 2018; Sihi et al., 2019).
Furthermore, the vector properties of soil enzyme activities
(vector angle and vector length) are increasingly used to
characterize the energy and nutrient limitations of soil
microbes (Sinsabaugh et al., 2008; Moorhead et al., 2016;
Jing et al., 2020).

In the process of production, transfer, catalyzation, degra-
dation and inactivation, soil extracellular enzymes are
affected by many biotic and abiotic factors (e.g., soil
temperature and moisture, pH and nutrient availability,
microbial biomass and community composition), which
change greatly across seasons within a year. Therefore,
studying the seasonal dynamics of soil extracellular enzyme
activities can indirectly reflect the comprehensive responses
of soil microbial community structure and function to environ-
mental changes. However, there is no consistent pattern of
the seasonal dynamics of soil enzyme activities (Boerner
et al., 2005; Waldrop and Firestone, 2006; Yao et al., 2011).
Moreover, previous studies on soil enzyme activities and their
seasonal dynamics are mainly focused on the surface soil
( < 20 cm) (Waldrop and Firestone, 2006; Yao et al., 2011),
while those in the subsurface soils (>20 cm) that store more
than half of the soil carbon in the top 1 m have been rarely
measured. Given that environmental factors (e.g., tempera-
ture and moisture), soil properties (e.g., pH, total and available
nutrients), and microbial communities (biomass, composition
and function) all significantly vary with depth along the soil

profile (Stone et al., 2015; Balesdent et al., 2018; Hou et al.,
2019), soil enzyme activity should also vary with depth. For
example, it has been shown that soil enzyme activities often
decline with depth because of the decrease in water content,
nutrient level, carbon input, and microbial biomass with
increasing soil depth (Stone et al., 2014). The seasonal
changes of soil extracellular enzyme activities in the surface
soils are well understood, but those in the subsurface soils
remain unclear (Dove et al., 2020). Therefore, studying the
seasonal dynamics of soil enzyme activities at various depths
of the soil profile is important to enhance our mechanistic
understanding of whole-profile soil carbon dynamics under
climate change (Dove et al., 2020).

The Tibetan Plateau is the highest and largest plateau in
the world. As the “third pole of the earth,” the alpine
ecosystems on the Tibetan Plateau have polar characteristics
in many aspects, such as extreme coldness, lack of oxygen,
long sunshine hours, strong radiation, and low precipitation.
The alpine meadow and alpine shrubland are widely
distributed on the plateau, which together cover more than
40% of the total area. The densities of soil organic carbon in
these alpine ecosystems are very high because of long-time
biological carbon sequestration and slow microbial biodegra-
dation (Yang et al., 2008). It is generally believed that the
Tibetan Plateau is particularly sensitive to global environ-
mental change (Piao et al., 2019; Chen et al., 2020). As the
highest and largest geomorphic unit in Asia, the Tibetan
Plateau plays an important role in climate change in Asia and
the world (Zhang et al., 2015). Therefore, studying the
seasonal dynamics of soil properties, microbial biomass and
enzyme activities at different soil depths can help us better
understand the effect of climate change on soil carbon and
nutrient cycling in alpine ecosystems.

In this study, our objective was to explore the seasonal
dynamics of soil properties, microbial biomass and extra-
cellular enzyme activities at different soil depths (0–100 cm,
six layers) in two alpine ecosystems (meadow and shrubland)
on the Tibetan Plateau. Specifically, we hypothesized that 1)
soil properties, root and microbial biomass, and soil enzyme
activities in both alpine ecosystems would change greatly with
soil depth and sampling time during the growing season due
to concurrent changes in temperature, moisture and plant
inputs, and 2) such seasonal variations in these soil variables
would progressively decline with depth along the soil profile of
both alpine ecosystems because seasonal changes in
environmental and biotic factors also decline with depth.

2 Materials and methods

2.1 Site description

The study site was located at the Haibei National Field
Research Station of Alpine Grassland Ecosystems, north-
east of the Tibetan Plateau, Menyuan County, Qinghai
Province, China (37°29′–37°45′ N, 101°12′–101°23′ E,
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3250 m a.s.l.). This area belongs to the typical plateau
continental climate. The warm season (growing season) is
cool and short and is from May to September (5 months),
while the cold season (non-growing season) is very cold and
long and is fromOctober to April (7 months). The mean annual
temperature (MAT) is –1.1°C. The mean temperature of the
hottest month is 9.9°C in July and themean temperature of the
coldest month is –15.2°C in January. The mean annual
precipitation (MAP) is 487 mm (80% of which is distributed in
the plant growing season from May to September). The daily
air temperature and monthly precipitation from April to
October of 2017 were obtained from the Haibei station to
present the micro-climate of the three sampling times of the
growing season in 2017 (Fig. S1). The soil temperature and
volumetric soil water content at different soil depths from June
to October in 2018 (Figs. S2, S3) were obtained from
temperature (custom-made thermistors) and moisture (PR2-
6, Delta-T, UK) probes buried at different depths (0–100 cm) of
the alpine meadow to show the micro-environment at different
soil depths. We did not have such measurements in 2017 or in
the shrubland because these probes were not available until
2018 and were only installed in the meadow.

This region has two main vegetation types: alpine meadow
and alpine shrubland. The soil is classified as Mat-Cryic
Cambisol in meadow and Mol-Cryic Cambisol in shrubland
(Hou et al., 2019). The meadow is dominated by Stipa aliena,
Elymus nutans, Gentiana straminea, Tibetia himalaica, and
Kobresia humilis and other herbaceous plants. The shrubland
is dominated by Potentilla fruticose, Rhododendron simsii,
Salix oritrepha, Kobresia myosuroides, Festuca ovina, Poa
annua, Carex parva, and other herbaceous plants. The two
ecosystems (meadow and shrubland) were about 1 km apart
and were both near the Haibei station.

2.2 Experiment design and soil sampling

The soil samples were collected in the early growing season
(Early), middle growing season (Middle), and late growing
season (Late) of 2017 on May 1, August 3, September 23,
respectively. Soil samples were collected using a soil corer
with a diameter of 5 cm from six layers of the soil profile (0–10,
10–20, 20–30, 30–50, 50–70, 70–100 cm) from adjacent plots
(3 by 3 m, with >5 m buffer, 4 replicates) of each ecosystem.
Soil samples collected from two soil cores in one plot were
mixed into one composite soil sample. Then fresh soil
samples were stored at 4°C using a closed cooler covered
with ice-bags and taken back to the laboratory within 24 h after
each sampling. Visible stones were discarded and roots were
picked when all soil samples were sieved through 2 mm sieve.
The roots were dried at 65°C to constant weight and weighed
to obtain belowground biomass (BGB) at different soil layers.
The sieved soil samples were divided into three parts: one
was air-dried for elements concentration and carbon (C) and
nitrogen (N) isotope analysis; one was stored at 4°C for soil
properties and microbial biomass; the other one was stored at
– 20°C for soil extracellular enzyme activity analysis.

2.3 Soil properties analysis

Soil pH was determined in the suspension (1:5, the ratio of soil
to water) after shaking at 200 r min–1 for 30 min with a pH
meter (S210 SevenCompact™, Mettler-Toledo, Switzerland).
Gravimetric soil water content (SWC) was obtained by drying
at 105°C for 48 h. Soil samples were treated with 1 M
hydrochloric acid (HCl) to remove carbonate and then washed
to neutrality with deionized water. Then, the concentration and
isotope value of soil organic carbon (SOC) and total nitrogen
(TN) were only measured once in the late growing season of
2017 (Fig. S4) because there should be little change in these
values within several months of the same year (Boerner et al.,
2005). SOC, TN, δ13C and δ15N were determined through the
Isotope-Ratio Mass Spectrometer (IRMS, Isoprime 100,
Stockport, UK) coupled with an Elementary Analyzer (Ele-
mentar vario, Langenselbold, Germany). The ammonium
nitrogen (NH4

+-N) and nitrate nitrogen (NO3
–-N) were

extracted with 2 M KCl solution in a soil-to-water ratio of 1:5
by shaking at 200 r min–1 for 30 min and filtered through filter
paper. Then the NH4

+-N and NO3
–-N concentrations of filtered

solution were determined by a Continuous Flow Analyzer
(AA3, Bran + Luebbe, Germany). Extractable organic carbon
(EOC) and extractable total nitrogen (ETN) were extracted
with 0.5 M K2SO4 solution in a soil-to-water ratio of 1:4 by
shaking at 200 r min–1 for 30 min, filtered through filter paper,
and analyzed by a TOC analyzer (Multi N/C 3100, Analytik
Jena, Germany). Soil microbial biomass carbon (MBC) and
nitrogen (MBN) were determined by the chloroform-fumiga-
tion-extraction method (Vance et al., 1987) with the extraction
efficiency coefficient 0.45 (Jenkinson et al., 2004).

2.4 Soil extracellular enzyme activity analysis

The frozen soil samples stored at – 20°C were placed into 4°C
for 5 days in order to reactivate soil microbes before assaying
soil extracellular enzyme activity by 96-well microplate
method. Three soil hydrolytic enzymes involved in carbon
cycling (BG, β-1, 4-glucosidase), nitrogen cycling (NAG, β-1,
4-N-acetyl-glucosaminnidase) and phosphorous cycling (NP,
neutral phosphatase) were determined. The incubation time
was 3 h and the Tris buffer pH (8.0) was close to the average
pH of all soil samples (7.8). The 96-well microplates were
quantified to get fluorescence for enzymes by a microplate
reader (Synergy H1M, Biotek, USA). For more details, see
Jing et al. (2017) and Chen et al. (2018).

2.5 Data analysis

All the analyses were performed using the R platform [version
3.5.3] (R Development Core Team, 2018). The vector analysis
of soil enzymatic stoichiometry was used to measure the
relative limitation of carbon and nutrients for soil microbes
(Moorhead et al., 2013, 2016). Thus, the vector length shows
the relative C vs nutrient limitation, while the vector angle
shows the relative P vs N limitation (Jing et al., 2020).
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First, the variations of soil properties (pH, SWC, EOC, ETN,
NH4

+-N and NO3
–-N), root biomass (BGB), soil microbial

biomass (MBC and MBN), soil extracellular enzyme activities
(BG, NAG and NP) and their vector properties (length and
angle) among two ecosystem types, six soil depths and three
sampling times of the growing season in 2017 were obtained
by linear mixed-effects models (lme) (Table 1). The ecosys-
tems types, soil depths and sampling times were designed as
fixed factors. The lme models were fitted by the lme function of
‘nlme’ package. As the focus of this study was the seasonal
variations of root and soil variables along the soil profile which
were quite similar between the two ecosystems (as indicated
by the mixed-effects models, Table 1), we plotted the average
values (and standard errors) of the eight combined samples of
both ecosystems to more clearly show the seasonal and
vertical patterns (Figs. 1–3, S4).

Further, the effects of sampling time on all variables at each
soil depth were determined by ANOVA (Figs. 1–3). The effects
of soil depth on SOC, δ13C, STN, δ15N and C/N measured in
the late growing season were also determined by ANOVA
(Fig. S4). Asterisks indicate statistically significant differences
between different sampling times or soil depths (* P<0.05,
** P<0.01, *** P<0.001).

Finally, the principal components analysis (PCA) was used

to assess the effects of sampling time on soil properties, root
biomass, microbial biomass, and extracellular enzymes at
different soil depths (Fig. 4). The PCA analysis was run by the
prcomp function of ‘ggbiplot’ package. In addition, the
Pearson correlation analysis was used to investigate the
relationships among soil properties, root biomass, microbial
biomass, and extracellular enzyme activities (* P<0.05,
** P<0.01, *** P<0.001) (Fig. 5).

3 Results

3.1 Climatic conditions and soil microclimates at different
depths

Both daily air temperature and monthly precipitation showed a
humped curve from April to October in 2017 (Fig. S1). During
this period, the maximum air temperature was 17.6°C in late
July, while the minimum air temperature was –5.4°C in early
April. The mean monthly air temperature was 4.4°C in May
(Early), 12.0°C in August (Middle) and 6.3°C in September
(Late). During this period, the maximum monthly precipitation
was 115.8 mm in July, and the minimum monthly precipitation
was 42.4 mm in October. The mean monthly precipitation in

Table 1 Responses of soil properties, root and microbial biomass, and soil extracellular enzyme activities in two alpine ecosystems (meadow
and shrubland) at different soil depths (0–10, 10–20, 20–30, 30–50, 50–70 and 70–100 cm) and different sampling times in 2017 (Early, Middle and
Late growing season).

Variables Season Depth Ecosystem Season �
depth

Season �
ecosystem

Depth �
ecosystem

Season �
depth �
ecosystem

Soil properties pH ** *** *** *

SWC ** *** *** ***

EOC ** *** *

ETN *** *

NH4
+-N *** ***

NO3
–-N *** *** *** *** ***

Root and microbial

biomass
Root biomass *** *** * ***

MBC *** *** ***

MBN *** *** ***

Soil extracellular

enzymes
BG *** * *** ***

NAG **

NP *** *** *

Vector length *

Vector

angle
*** ** **

This table shows the results of mixed effects model, and asterisks indicate statistically significant effects (* P<0.05, ** P<0.01, *** P<0.001).

SWC, soil water content; EOC, soil extractable organic carbon; ETN, soil extractable total nitrogen; MBC, soil microbial biomass carbon; MBN, soil

microbial biomass nitrogen; BG, β-1, 4-glucosidase; NAG, β-1, 4-N-acetyl-glucosaminidase; NP, neutral phosphatase.
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Fig. 1 Soil properties at different soil depths and different sampling times in 2017. (A) soil pH, (B) soil water content (SWC), (C)

extractable organic carbon (EOC), (D) extractable total nitrogen (ETN), (E) ammonium nitrogen (NH4
+-N), and (F) nitrate nitrogen

(NO3
–-N). Different colors mean different times of the growing season. Early, early growing season. Middle, middle growing

season. Late, late growing season. Points are mean±standard error (n = 8, averaged across meadow and shrubland). Asterisks

indicate statistically significant differences between different times of the growing season (* P<0.05, ** P<0.01, *** P<0.001).

Fig. 2 Root and soil microbial biomass at different soil depths and different sampling times in 2017. (A) Plant belowground

biomass (BGB), (B) soil microbial biomass carbon (MBC), and (C) soil microbial biomass nitrogen (MBN). Different colors mean

different times of the growing season. Early, early growing season. Middle, middle growing season. Late, late growing season.

Points are mean±standard error (n = 8, averaged across meadow and shrubland). Asterisks indicate statistically significant

differences between different times of the growing season (* P<0.05, ** P<0.01, *** P <0.001)
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Early, Middle and Late growing season (i.e., the three
sampling times) was 83.6 mm, 115.8 mm and 85.8 mm
respectively.

According to our measurement of soil temperature at eight
different soil depths (5, 10, 20, 30, 40, 60, 80 and 100 cm) of
alpine meadow in the growing season of 2018, soil tempera-
ture of the profile showed a humped curve from June to
October (Fig. S2). In general, soil temperature decreased with
increasing soil depth, and the mean soil temperature had the
maximum values at 5 cm depth and the minimum values at
100 cm depth. However, after early September, the tempera-
ture of subsurface soils (30, 40, 60, 80 and 100 cm) showed a
convergent pattern. Therefore, the temporal patterns of soil
temperature during the growing season varied with soil depth.
Specifically, the temperature of surface soils (5, 10 and 20 cm)
had larger temporal fluctuation during the growing season
compared with the temperature of subsurface soils (30, 40,
60, 80 and 100 cm).

We also measured soil moisture at six different soil depths
(10, 20, 30, 40, 60 and 100 cm) of alpine meadow from June to
October, 2018 (Fig. S3). Interestingly, soil moisture showed
somewhat different patterns compared with soil temperature.
Volumetric soil water content declined with depth from 10 to

40 cm, and then increased from 40 to 100 cm. Moreover, the
water content of surface soils (10 and 20 cm) varied greatly
with time during the growing season, likely following rainfall
events. However, the water content of deep soils (30, 40, 60
and 100 cm) were relatively stable throughout the growing
season.

3.2 Plant and soil properties

Most of the plant and soil properties were affected by season,
and soil depth had strong effect on all plant and soil properties
in both ecosystems, while a few plant and soil properties were
affected by ecosystem (Table 1). All plant and soil properties
had the same pattern that they decreased with increasing soil
depth in all three seasons, except soil pH (Figs. 1, 2A). Soil pH
increased with depth in all seasons, but did not vary
significantly with season at all soil depths (Fig. 1A). Season,
depth, and ecosystem had significant effects on soil water
content (SWC, Table 1) which had maximum values in the
early growing season and varied strongly across seasons in
surface soils (10–30 cm) (Fig. 1B). Season, depth and their
interaction, and ecosystem had significant effects on below-
ground biomass (BGB, Table 1) which had maximum values in

Fig. 3 Soil extracellular enzyme activities, and their vector lengths and angles at different soil depths and different sampling

times in 2017. (A) β-1, 4-glucosidase (BG), (B) β-1, 4-N-acetyl-glucosaminidase (NAG), (C) neutral phosphatase (NP), (D) vector

length, and (E) vector angle. Different colors mean different times of the growing season. Early, early growing season. Middle,

middle growing season. Late, late growing season. Points are mean±standard error (n = 8, averaged across meadow and

shrubland). Asterisks indicate statistically significant differences between different times of the growing season (* P<0.05,

** P<0.01, *** P<0.001).
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the late growing season (Fig. 2A). Extractable organic carbon
(EOC) was affected by season, depth and ecosystem
(Table 1). EOC varied significantly across seasons in surface
soils (0–20 cm), and had greatest values in the middle growing
season (Fig. 1C). However, ETN was only affected by depth
and varied significantly across seasons in deep soils (50–100
cm) compared with surface soils (Table 1). Ammonium
nitrogen (NH4

+-N) was strongly affected by season and
depth, while nitrate nitrogen (NO3

–-N) was strongly affected
by season, depth, their interaction, and ecosystem (Table 1).
NH4

+-N in all soil depths and NO3
–-N in surface soils

(0–50 cm) varied significantly with season (Fig. 1E, 1F). For
NH4

+-N, the maximum values were in the early growing
season and the minimum values were in the middle growing
season (Fig. 1E).

Moreover, pH, SWC, EOC, ETN, NO3
–-N and NH4

+-N of
soils were used to indicate soil properties with PCA. According
to the PCA results, soil properties changed significantly with
season (Fig. 4A). Soil pH, SWC, EOC, ETN and NO3

–-N were
more associated with PC1 that explained 56.0% of total
variation, while NH4

+-N was more related to PC2 that
explained 21.9% of total variation (Fig. 4B). Interestingly, soil

Fig. 4 Principal components analysis (PCA) of soil properties (A, B), root and microbial biomass (C, D), and soil extracellular

enzyme activities (E, F) (A, C, E are mean±standard error, n = 8) at different soil depths and different sampling times in 2017.

Different colors mean different times of the growing season. Different size of points mean different soil depths. Early, early growing

season. Middle, middle growing season. Late, late growing season.
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pH had a negative relationship with other soil properties
(Fig. 4B).

Soil depth had significant effect on soil organic carbon
(SOC), total nitrogen (TN), SOC to TN ratio (C/N), δ13C and
δ15N (Fig. S4). Soil nutrients, such as SOC and TN, declined
with increasing soil depth (Fig. S4a, S4b). But, soil δ13C
increased with soil depth (Fig. S4c). Soil δ15N showed a
different pattern compared with soil δ13C, increasing first and
then declining with soil depth (Fig. S4d). Soil C/N had the
same pattern with SOC and TN (Fig. S4e).

3.3 Soil microbial biomass and enzyme activity

The effects of season, depth and their interaction on soil
microbial biomass carbon (MBC) and nitrogen (MBN) were
highly significant (P<0.001, Table 1). Both MBC and MBN
decreased with soil depth and had the maximum values in
Late growing season, followed by Middle growing season and
Early growing season (Fig. 2B, 2C). Additionally, they varied
significantly with season in surface soils, especially at 0–30
cm for soil MBC and 0–50 cm for soil MBN (Fig. 2).

All soil enzymes (BG, NAG and NP) were affected by depth,
while only NP was affected by season (Table 1). Activities of

all soil enzymes decreased with soil depth, but did not vary
with season at most of the soil depths except BG in deep soils
(30–100 cm) and NP in surface (0–10 cm) and deep soils (30–
100 cm) (Fig. 3).

The vector lengths of soil enzymes did not change with
season or ecosystem (Table 1), suggesting that the relative C
vs nutrient limitation for soil microbes did not change
significantly with season or ecosystem (Fig. 3D). In contrast,
the vector angles of soil enzymes were significantly affected
by season and depth, and the interaction of season and
ecosystem (Table 1). Vector angles increased with soil depth,
implying that the relative P vs N limitation for soil microbes
increased with soil depth (Fig. 3E).

BGB, MBC and MBN were used to indicate root and
microbial biomass. The PCA results suggested that root and
microbial biomass changed with season (Fig. 4C). BGB, MBC
and MBN were more related to PC1 which explained 92.0% of
total variation, while PC2 explained 6.5% of total variation
(Fig. 4C, 4D). Moreover, BG, NAG, NP, vector length, and
vector angle were used to represent soil extracellular
enzymes with PCA. According to the PCA results, soil
extracellular enzymes and their vector properties did not
change significantly with season (Fig. 4E). BG, NAG, and

Fig. 5 5Pearson correlations between soil properties, root and microbial biomass, and soil extracellular enzyme activities

(* P<0.05, ** P<0.01, *** P<0.001). SWC, soil water content; EOC, soil extractable organic carbon; ETN, soil extractable total

nitrogen; BGB, plant belowground biomass; MBC, soil microbial biomass carbon; MBN, soil microbial biomass nitrogen; BG,

β-1,4-glucosidase; NAG, β-1,4-N-acetyl-glucosaminidase; NP, neutral phosphatase.
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vector angle were more related to PC1 which explained 38.5%
of total variation, while NP and vector length were more
associated with PC2 that explained 30.6% of total variation
(Fig. 4E, 4F).

4 Discussion

We originally expected that soil properties would vary with
season because climate (mainly temperature and precipita-
tion) and plant inputs vary greatly with season in these two
alpine ecosystems. Unsurprisingly, our results showed sig-
nificant variations in soil properties across the three sampling
times during the growing season in these alpine ecosystems
(Figs. 1, 5A). Also, we expected that root biomass, soil
microbial biomass, and soil extracellular enzyme activities
would vary significantly with season given large seasonal
changes in climate and soil properties (Fig. S1). We found that
root biomass and microbial biomass increased with time
during the growing season (Figs. 2, 5C), but soil enzyme
activities did not change significantly with time at all soil layers
(Figs. 3, 4, 5E). Moreover, we hypothesized that the seasonal
variations of soil properties, root and microbial biomass, and
extracellular enzyme activities would progressively decline
with soil depth, because the seasonal variations of driving
factors (e.g., soil temperature, soil moisture and plant inputs)
also decline with soil depth. Our results largely support this
hypothesis as most of the soil and microbial variables (except
enzyme-related variables) had larger seasonal variations in
surface soils compared with those in subsurface soils (Figs.
1–4). Collectively, these results showed that most of soil
properties and root and microbial biomass (but not enzyme
activities and related variables) varied significantly with
season and depth in alpine ecosystems. Moreover, the
seasonal variations of these soil properties were generally
stronger in surface soils than in subsurface soils.

4.1 Changes in soil properties with depth and season

In this study, we determined the effects of soil depth, sampling
season and their interaction on soil properties in both alpine
meadow and shrubland ecosystems. Consistent with the large
variations in soil temperature and moisture with depth (Figs.
S2, S3), we observed that most of the soil properties changed
significantly with depth (Fig. 1, Table 1). Most of soil properties
had decreasing trends with soil depth (Fig. 1, S4), while pH
and δ13C had increasing trends with soil depth. These results
were largely consistent with previous studies in various
grassland and forest ecosystems (e.g., Stone et al., 2014;
Tian et al., 2017; Pries et al., 2018; Hou et al., 2019).

According to the PCA results, soil properties significantly
varied with season (Fig. 5A, 5B). This result was consistent
with our first hypothesis, likely attributed to the variations in air
temperature and precipitation (Fig. S1) as well as soil
temperature and moisture (Figs. S2, S3) over the growing
season. In addition, EOC peaked in the middle growing

season in surface soils (Fig. 1C), possibly due to the input of
root exudates to stimulate microbial decomposition and
nitrogen mining (Zhu et al., 2014; Yin et al., 2018). Soil
available nitrogen (NH4

+-N and NO3
–-N) also varied signifi-

cantly with season (Table 1). Specifically, NH4
+-N varied with

season throughout the soil profile (Fig. 1E), while NO3
–-N

varied with season only in 0–50 cm (Fig. 1F). Among these
soil labile pools of C and N, NH4

+-N showed the largest
seasonal variation, being 3–4 times higher in early vs middle
and late growing season (Fig. 1E). This flush of available N in
soil after thawing in early spring is likely associated with the
turnover of microbial community due to rapid changes in
microclimate in early spring of alpine ecosystems (Bardgett
et al., 2005). This phenomenon has been observed in other
alpine and arctic ecosystems (Schmidt et al., 2007; Sistla and
Schimel, 2013). As soil N availability was the vital limiting
factor to plant growth in alpine ecosystems (Agren et al., 2012;
Kiba and Krapp, 2016), the flush of labile N and the increase of
temperature and light after thawing should stimulate plant
growth and biomass accumulation in these alpine ecosystems
(Wang et al., 2020a).

4.2 Changes in root and soil microbial biomass, and enzyme
activities with depth and season

We found that root and soil microbial biomass, and enzyme
activities significantly changed (mostly decreased) with soil
depth (Table 1, Figs. 2, 3). At this site, soil temperature
progressively declined with soil depth during the growing
season (Fig. S2), and soil water content declined from 10 to 40
cm and then increased to 100 cm during the growing season
(Fig. S3). Moreover, soil properties (such as total and labile C
and N concentration) and root biomass declined with soil
depth (Fig. 1). Therefore, it is not surprising that root biomass
and soil microbial biomass (MBC and MBN) both declined
rapidly with soil depth (Fig. 2), which was consistent with most
of the previous studies in forest and grassland ecosystems
(e.g., Stone et al., 2014; Pries et al., 2018; Hou et al., 2019).
Moreover, soil enzyme activities also declined greatly with soil
depth (Fig. 3A–C). This result is also consistent with previous
studies on the vertical pattern of soil enzyme activities (Stone
et al., 2014; Peng and Wang, 2016; Jing et al., 2017). For
example, Peng and Wang (2016) found that activities of BG,
NAG and LAP all dramatically declined with soil depth (0–100
cm) in temperate grassland ecosystems. In alpine ecosys-
tems of this study, the vector length (microbial C vs nutrient
limitation) did not change significantly with soil depth, while
the vector angle (microbial N vs P limitation) increased with
soil depth. This result is consistent with the pattern reported in
various forest ecosystems in eastern China (Jing et al., 2020).

Interestingly, we observed that the seasonal variation of
microbial biomass (MBC and MBN) progressively declined
with soil depth (Fig. 2, Table 1), but the seasonal variations of
most of soil enzymes (including total activity and vector
variables) were relatively constant throughout the soil profile
(Fig. 3, Table 1). This result was also confirmed by the PCA
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analysis (Fig. 4), and partly supported our second hypothesis.
Not surprisingly, given large seasonal variations in climate,
plant input and soil nutrient availability, soil microbial biomass
showed large variations with time during the growing season,
particularly in the top 0–30 cm (Fig. 2) (Bardgett et al., 1999).
Additionally, soil MBC and MBN had maximum values in the
late growing season, likely due to higher soil water content
and plant input to soil (Devi and Yadava, 2006).

Yet, soil enzyme activities were little changed by season at
different soil depths, while only NP was affected by season
(Table 1). There were inconsistent results regarding the
seasonal trends of soil enzymes among previous studies.
For example, all enzyme activities had higher values in winter
than in summer in Mediterranean ecosystems (Waldrop and
Firestone, 2006). However, the activities of BG and NAG did
not change with season in temperate forest and turfgrass
ecosystems (Boerner et al., 2005; Yao et al., 2011). Despite
their diverse sources and life cycles, measuring the potential
activity of soil extracellular enzymes is a widespread method
to characterize the potential ability of soil microbes for soil
carbon and nutrient mineralization (Burns et al., 2013). In our
study, we only detected minor seasonal variations in soil
enzyme activities at various depths of the soil profile,
suggesting that the potential enzymatic activity of soil
microbial community remained largely stable over the growing
season, despite significant changes in climate, soil properties,
root and microbial biomass in these alpine ecosystems.

4.3 Controls of the seasonal dynamics in microbial biomass
and enzyme activities along the soil profile

Pearson correlations were used to determine the relationships
between soil properties (including pH, SWC, EOC, ETN,
NH4

+-N and NO3
–-N), root and soil microbial biomass

(including BGB, MBC and MBN), and soil extracellular
enzyme activities (including BG, NAG, NP, vector length and
vector angle). Soil MBC and MBN were closely correlated with
most soil properties and BGB (Fig. 5). Soil enzymes (BG,
NAG and NP) also showed some correlations with soil
properties and microbial biomass (Fig. 5). Overall, soil
properties were closely linked to soil microbial biomass and
enzyme activities (but to a lesser degree) across three
seasons and six depths in these alpine ecosystems (Fig. 5).
This result was consistent with previous studies in forest
ecosystems (e.g., Yang et al., 2010; Wang et al., 2020b). In
this study, the large changes in climate, soil properties, and
root biomass likely led to significant changes in microbial
biomass (but not extracellular enzyme activity) during the
growing season, and such seasonal variations appeared to
diminish with increasing depth of the soil profile in these alpine
ecosystems. Further studies should investigate the changes
in microbial community composition and functioning (by
amplicon sequencing or metagenomics) to better characterize
the responses of soil microbial community to changes in biotic
and abiotic variations over the growing season at various
depths of the soil profile in these alpine ecosystems.

5 Conclusion

In this study, we investigated the changes in climate variables,
soil properties and microbial community (biomass and
enzyme activities) with time during the growing season for
the whole soil profile of two alpine ecosystems on the Tibetan
Plateau. The results showed that soil properties changed
significantly with time and soil depth, likely due to changes in
climate variables and plant inputs. Moreover, both root
biomass and microbial biomass increased with time during
the growing season and decreased with soil depth. However,
microbial enzyme activities and vector properties mostly did
not vary significantly with time or soil depth. Collectively, these
results show that soil properties, microbial biomass and
enzyme activities mostly decline with increasing depth of the
soil profile, and soil properties and microbial biomass are
generally more variable during the growing season than
enzyme activities across the soil profile in these Tibetan alpine
ecosystems. These results have important implications for
better understanding whole-profile soil microbial activities and
carbon dynamics of alpine ecosystems under climate change.
Future studies could further investigate changes in microbial
community composition and function by advanced techniques
(e.g., amplicon sequencing, metagenomics) to better under-
stand how changing environments affect whole-profile soil
microbial communities and carbon dynamics in the alpine
ecosystems on the Tibetan Plateau.
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