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Vegetation degradation impacts
soil nutrients and enzyme
activities in wet meadow

on the Qinghai-Tibet Plateau

Jiangqi Wu'3, Haiyan Wang'?, Guang Li**, Weiwei Ma?, Jianghua Wu?*/, Yu Gong? &
Guorong Xut

Vegetation degradation, due to climate change and human activities, changes the biomass,
vegetation species composition, and soil nutrient input sources and thus affects soil nutrient cycling
and enzyme activities. However, few studies have focused on the responses of soil nutrients and
enzymes to vegetation degradation in high-altitude wet meadows. In this study, we examined the
effects of vegetation degradation on soil nutrients (soil organic carbon, SOC; total nitrogen, TN;
total phosphorus, TP) and enzyme activities (i.e., urease, catalase, amylase) in an alpine meadow in
the eastern margin of the Qinghai-Tibet Plateau. Four different levels of degradation were defined

in terms of vegetation density and composition: primary wet meadow (CK), lightly degraded (LD),
moderately degraded (MD), and heavily degraded (HD). Soil samples were collected at depth intervals
of 0-10, 10-20, 20-40, 40-60, 60-80, and 80-100 cm to determine soil nutrient levels and enzyme
activities. The results showed that SOC, TN, catalase and amylase significantly decreased with
degradation level, while TP and urease increased with degradation level (P <0.05). Soil nutrient and
enzyme activity significantly decreased with soil depth (P <0.05), and the soil nutrient and enzyme
activity exhibited obvious "surface aggregation". The activities of soil urease and catalase were
strongest in spring and weakest in winter. The content of TN in spring, summer, and autumn was
significantly higher than observed in winter (P <0.05). The soil TP content increased in winter. Soil
amylase activity was significantly higher in summerm than in spring, autumn, and winter (P <0.05).
TP was the main limiting factor for plant growth in the Gahai wet meadow. Values of SOC and TN were
positively and significantly correlated with amylase and catalase (P <0.05), but negatively correlated
with urease (P <0.05). These results suggest the significant role that vegetation degradation and
seasonal freeze-thaw cycle play in regulating enzyme activities and nutrient availability in wet
meadow soil.

Soil organic carbon (SOC), total nitrogen (TN), and total phosphorus (TP) are the main nutrients in soil and
are crucial to all biological processes'. On the one hand, vegetation growth and composition depend on the
concentration of nutrients available in the soil>. On the other hand, the chemical composition of the plant resi-
dues and soil nutrient status affect microbial activity and microbial community structure, which in turn affect
the decomposition rate of litter®. Therefore, the nutrient distribution characteristics of soil not only reflect the
nutrient supply status and availability level in soil, but also have a profound influence on the composition of plant
communities, and on the stability and health of ecosystem functions®. However, little is known about how the
vegetation degradation affects the seasonal changes of soil nutrients and enzyme activities in the wet meadow
of the Qinghai-Tibet Plateau.

Soil microorganisms play an important role in soil material transformation and are closely related to soil
fertility and plant nutrition>®. Soil enzyme are the catalyst of soil biological chemical reactions, and directly reflect
soil metabolic demand and soil nutrient availability (one of the effective indexes to evaluate the soil fertility”® and
plant growth). Additionally, plants can directly influence soil microbial composition and diversity by affecting
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rhizosphere secretions and soil oxygen content, and further indirectly affect enzyme activity’. Soil amylase and
urease are the main biocatalysts for decomposition, turnover, and mineralization of soil organic matter, and are
primary regulating factors of the soil carbon and nitrogen cycle!®!!. Catalase can promote the decomposition of
hydrogen peroxide into water and oxygen, and is an important redox enzyme system for soil humus synthesis
and prevention of hydrogen peroxide toxicity to soil enzymes'. These soil enzyme activities are influenced by
soil fertility level and the response of the soil to environmental changes. Therefore, enzyme activity is used as a
sensor to evaluate soil fertility status'® due to the integration of information on microbial status and soil physical
and chemical conditions'*".

Vegetation is a key component of terrestrial ecosystems'®. Vegetation degradation is regarded as a decrease
in biomass or a change in the structure of the vegetation community. Vegetation degradation can be caused by
climate change and human activities, such as climate warming, precipitation change, and overgrazing'’~"°. Vegeta-
tion degradation plays an essential role in changes in soil nutrient and enzyme activities. Previous studies have
shown that vegetation degradation significantly reduced biomass and soil carbon content?*?!. Moreover, vegeta-
tion degradation increased soil nitrite content and the number of ammonia-oxidizing microorganisms, thereby
further exacerbating the risk of soil nitrogen loss?>. This reduction in nutrient inputs decreases the microbial
diversity in the soil and the resistance of the soil to environmental stress*, and has the potential to change the
enzyme activities. However, the response of soil enzyme activity to vegetation degradation in wet meadows and
the relationship between soil nutrients and enzyme activity are not well understood.

The Qinghai-Tibet Plateau (QTP) wetland has an average elevation of 4000 m. It is one of the concentrated
areas of plateau wetland distribution across China. Climate change here has been more significant and advanced
compared with other areas?. In recent years, the mean annual temperature in the QTP has increased at a rate of
0.16 °C per decade®, and at the same time grazing intensity has exceeded the theoretical grazing capacity of the
ecosystem?, resulting in many wetlands that have degraded or disappeared®. For example, the wet meadows
have been transformed into grassland meadows and ultimately sandy meadows at severely deteriorated sites®.
At the same time, vegetation degradation has caused a significant decrease in plant coverage and biomass in wet
meadows, aggravated soil erosion and soil nutrient loss, led to soil degradation, and further affected ecologi-
cal functions®. Studies have shown that vegetation degradation reduces the nutrient input in plant biomass,
resulting in a decline in SOC and TN levels in peatlands®. The research on the vegetation degradation of QTP
wet meadow mainly focuses on greenhouse gas emissions, microbial activity in the root area, and SOC**-2,
Furthermore, several time periods are of special importance and concern for wet meadows in this region, includ-
ing the spring—autumn-winter period when plant growth is slow or non-existent, and lower soil temperatures
affect microbial activity®®. During these periods, the leaching potential of N and P is the greatest, and frequent
temperature changes will affect soil nutrient processes****. However, few have examined how the soil nutrients
and enzyme activities changes in the wet meadows due to vegetation degradation, especially in QTP. Therefore,
in order to better predict soil biogeochemical processes in QTP, the changes in soil nutrients and enzyme activi-
ties under different intensities of vegetation degradation in the QTP wet meadow require further investigation.

Thus, the primary aim of this study was to quantify the distribution of soil nutrients and enzyme activities to
a soil depth of 1 m in a QTP wet meadow and how they are affected by vegetation degradation. Four vegetation
degradation level were selected: primary wet meadows (CK), lightly degraded (LD), moderately degraded (MD),
and heavily degraded (HD). We measured the contents of soil nutrient (i.e., SOC, TN, TP) and enzyme activi-
ties (i.e., catalase, amylase and urease) during the spring-summer-autumn-winter (2018-2019). Three specific
objectives were established: (1) characterize the differences in the soil nutrients and enzyme activities among the
various levels of vegetation degradation; (2) quantify the nutrients and enzyme activities in different soil layers
(0-10, 10-20, 20-40, 40-60, 60-80, and 80-100 cm); and (3) analyze the correlation among soil nutrients and
enzyme activities. We hypothesized that with increasing vegetation degradation degree, (1) the contents of soil
nutrients (i.e., SOC, TN, and TP) will decrease because of the lower litter input and higher nutrients decom-
position after vegetation degradation; (2) the decline in soil nutrients will decrease the enzyme activities (i.e.,
catalase, amylase and urease); and (3) with the increase of soil depth, the effects of vegetation degradation on
soil nutrients and enzyme activities will be weakened gradually because the plant underground biomass (root
system) gradually decreases over depth.

Materials and methods

Studyarea. The Gahaiwet meadow islocated in Gahai-Zecha National Nature Reserve, Luqu County, Gansu
Province, at the northeast margin of Qinghai-Tibet Plateau (33°58'12"-34°32'16" N, 102°05'00"-102°47'39" E).
According to the second National Wet Meadow Survey, the wet meadow area in the reserve is 5.78 x 10* ha, with
the marsh meadow accounting for 88.4% (5.12 x 10* ha) of the total wet meadow area. This region belongs to the
Qinghai-Tibet Plateau climatic zone (alpine cold humid climate area) with average annual temperature of 2.9 °C.
The July maximum average temperature of 12.9 °C is 21.4 °C higher than the January minimum average temper-
ature of —8.5 °C?. In 2018, the precipitation was 770 mm (mainly concentrated mainly from May to September)
and the annual evaporation was 1150 mm. Soil types include mainly dark meadow soil, marsh soil, and peat soil.

Experimental design. Surface vegetation scarcity is the obvious characteristic of wet meadow degradation.
Vegetative cover, dominant species, and biomass were identified as key indicators for assessment of wetland deg-
radation levels®. Vegetation characteristics of the Gahai wet meadow are influenced by groundwater level, dis-
tance from the lake, composition of dominant species, vegetation cover, and aboveground biomass. In the 1950s,
grazing intensity exceeded the theoretical grazing capacity of the ecosystem and led to vegetation degradation®,
with four vegetation degradation levels commonly and widely recognized in other studies for wet meadow on
the QTP*32. These four degradation levels are primary wet meadow (CK), lightly degraded (LD), moderately
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CK 10.5+0.95 25 Carex meyeriana + Potentilla anserina L+ Poa subfastigi- 9% 213334
ata Trin
LD -0.6+1.41 50 Carex moorcroftii + Artemisia frigida Willd + Oxy tropis sp | 86 1378.23
Artemisia sacrorumvar. Messerschmidtiana
MD —407£225 80 Y.R.Ling + Artenisia subulata Nakai 5 347.86
HD —100.6+4.08 120 Low groundwater level, overgrazing, and severe rodent damage led to near zero vegetation coverage

Table 1. General characteristics of sampling sites of the Gahai wet meadow, China. *CK, primary wet meadow;
LD, lightly degraded; MD, moderately degraded; HD, highly degraded.

Figure 1. General characteristics of sampling sites of the Gahai wet meadow, China. CK = primary wet
meadow; LD =lightly degraded; MD =moderately degraded; HD =highly degraded.

degraded (MD), and heavily degraded (HD) (Table 1 and Fig. 1). Three replicated plots of 10 m x 10 m for each
degradation level were established in early May 2013 and maintained for five years until soil sampling. To reduce
potential edge effects, we maintained a buffer zone of at least 5 m between any plots. We collected soil samples
in four different seasons: spring, summer, autumn, and winter*®. These occurred on 20 April (spring), 18 July
(summer) and 25 October (autumn) of 2018, and on 25 January (winter) of 2019.

Soil sampling.  Soil samples were collected in each of the twelve plots after removing dead leaves from the
surface layer (20 April, 18 July, 25 October 2018 and 25 January 2019). Samples were obtained by using an auger
(diameter 50 mm) at seven points in each plot (two points near opposite sides of the plot and three points along
a diagonal across the plot (“Z” pattern). Each of the seven samples collected in each plot was divided into six
sampling intervals (0-10, 10-20, 20-40, 40-60, 60-80, and 80-100 cm) resulting in 4 x 3 x 6 x 7 =504 samples.
Samples (4 x 3 x6="72) from the same soil depth interval were combined to form a mixed soil sample that was
taken back to the laboratory for analysis.

Scientific Reports |

(2020) 10:21271 | https://doi.org/10.1038/s41598-020-78182-9 natureresearch



www.nature.com/scientificreports/

80
Aa
70  [F] 7]
R . 3 CK LD [ MD EA HD
2 60|
=
g s0
s L
s Ab
o
g 40rF ]
g .
80 : Bb
5 30r Bbrnco
3 0t R AR Ad
oo L .
. ::;h _‘;‘:3:,:},.‘ RpB_'e IBe Af Ae
=1 o] 1 R 1
10 - fr] B s e 1
Ak F |
0 1 - sl 1 ] L 1 1 - ht.l 1 1 )
10-20cm 20-40cm 40-60cm 60-80cm 80-100cm
Soil depth

Figure 2. Vertical variation of soil organic carbon under four vegetation degradation levels in the Gahai wet
meadow, China. CK = primary wet meadow; LD =lightly degraded; MD = moderately degraded; HD =highly
degraded. Error bars indicate standard errors of the mean (n=3). Different capital letters (A, B, C, D) indicate
significant differences in SOC due to vegetation degeneration (P <0.05); different lower case letters (a, b, ¢, d, e,
f) indicate significant differences between the soil layers under the same vegetation degradation (P<0.05).

SOC and nutrient analysis. The SOC content was determined by the Walkley-Black potassium dichro-
mate oxidation method?*?. The soil sample (0.1 g, accurate to 0.001 g) was extracted with 7.5 ml of 0.4 M K,Cr,0O,
and 7.5 ml of concentrated H,SO, at 180 °C for 30 min. The soil sample (1 g, accurate to 0.001 g) was digested
with 5 ml of concentrated H,SO, at 400 °C. When the color of the extracting solution became milky white,
heating was stopped and the whole solution was transferred to a 100 ml volumetric flask. 5 ml of the solution
was used to measure total nitrogen with the Semi-Micro Kjeldahl method*. 10 ml of the solution was used to
determine total phosphorus with the Mo-Sb colorimetric method*. All analyses were done within one week of
soil sampling.

Enzyme activity analysis. The urease activities were analyzed using the methods presented by Guan, Yin
and Ge**1. Soil (2 g) was treated with 10 ml urea (10%), 20 ml citrate buffer (1 M, pH 6.7), and 1 ml methylb-
enzene and kept at room temperature for 15 min. The sample was then shaken at 37 °C for 24 h. The solution
was filtered, and 1 ml of the filtrate was mixed with 20 ml distilled water, 4 ml sodium phenolate hydroxide, and
3.0 ml sodium hypochlorite. The NH,*-N was determined 20 min later by Spectrophotometer at 578 nm. Urease
activity was expressed in milligram of NH,*-N per gram of soil released in 24 h.

The amylase enzyme activities were analyzed using the methods presented by Guan and Xie***2. With the
method of 3, 5-dinitrosalicylic acid, the amylase activities were measured using soluble starch as substrate,
respectively. These measurements were expressed as mg glucose (g soil 24 h)™ for amylase activities.

Soil catalase activity was determined by potassium permanganate titration*>**. 40 ml of distilled water and
5 ml (3%) hydrogen peroxide solution were added to 2 g soil, which was shaken for 30 min and then filtered.
We then took 25 ml of the filtrate and titrated it to pink with 0.1 M potassium permanganate. For all enzymes,
three replicates of each subsample were analyzed, and substrate-free and soil-free controls were added for each
sample to account for non-enzymatic substrate hydrolysis.

Statistical analysis. One-way analysis of variance (ANOVA) using SPSS 19.0 software (https://www.ibm.
com/products/spss-statistics) was used to determine relationships between vegetation degradation, soil depth,
seasonal variation and SOC, TN, TP, and enzyme activity. Pearson correlation analysis and linear regression
were used to examine the relationships between soil catalase, invertase, urease, and soil nutrient (i.e., SOC, TN,
TP). Differences in treatment means were analyzed using Duncan’s multiple range test at a significance level of
95% (P<0.05). A repeated-measures ANOVA was used to test the effects of vegetation degradation on nutrient
(SOC, TN, and TP) and enzyme activity (urease, catalase, and amylase) using season as the repeated variable.

Results
Vertical and seasonal variation of SOC content under vegetation degradation. The average
SOC content in the 0-100 cm layer of CK degradation level was 18.99%, 25.25%, and 38.01% higher than that
of LD, MD, and HD, respectively. The SOC content decreased with increasing soil depth under the four degra-
dation levels (Fig. 2). The SOC in the 0-40 cm layer accounted for 65.9% (CK), 59.3% (LD), 53.7% (MD), and
54.8% (HD) of the SOC in the 0-100 cm soil profile. The SOC showed significant differences in the 0-40 cm
layer among the four degradation levels (P <0.05).

SOC in the four degraded meadow wetlands showed obvious seasonal variation (Fig. 3), with more pro-
nounced seasonal variation in the topsoil layers (0-10 and 10-20 cm) than in the subsoil layers (20-40, 40-60,
60-80, and 80-100 cm). In the 0-10 cm layer, the SOC of CK and LD showed a "decreasing then increasing"
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Figure 3. Seasonal variation of SOC content under different vegetation degradation levels in the Gahai wet
meadow, China. CK = primary wet meadow; LD =lightly degraded; MD = moderately degraded; HD =highly
degraded. Error bars indicate standard errors of the mean (n=3).

trend with the seasonal changes, while the SOC of MD and HD showed a gradually decreasing trend. In the
10-20 cm layer, the maximum SOC contents of CK and LD occurred in winter, while the maximum SOC con-
tents of MD and HD appeared in summer and autumn. The repeated-measures ANOVA showed significant
interactions between season and vegetation degradation on SOC contents in all sample layers except for the
40-60 cm layer (Table S1).

Changes of soil TN and TP content under vegetation degradation. The TN content of CK soil
in the 0-100 cm soil profile was 14.0%, 13.4%, and 20.6% higher than that of MD, LD, and HD, respectively
(P<0.05, Fig. 4a). The TP content in the 0-100 cm soil profile of the Gahai wet meadow followed the order of
HD>CK>MD >LD (P<0.05, Fig. 4b). TN and TP decreased with increasing soil depth under all four degrada-
tion levels.
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Figure 4. Vertical variation of soil TN (a) and TP (b) content under different vegetation degradation levels in
the Gahai wet meadow, China. CK = primary wet meadow; LD =lightly degraded; MD = moderately degraded;
HD =highly degraded. Error bars indicate standard errors of the mean (n=3). Different capital letters (A, B,
C) indicate significant differences in SOC due to vegetation degeneration (P <0.05); different lower case letters
(a, b, ¢, d, e, f) indicate significant differences between the soil layers under the same vegetation degradation
(P<0.05).

TN and TP for the four degradation levels showed significant seasonal variation (Fig. 5). There were sig-
nificant interactions between season and vegetation degradation in TN and TP for all sample layers (Table S1).
With the change of season, the soil TP content was the lowest in summer and gradually increased in autumn
and winter (Fig. 5b). In contrast, TN content showed a very different variation pattern form than observed for
TP over time (Fig. 5a).

Vertical variation of soil enzyme activity under vegetation degradation. Soil urease activity in
the 0-100 cm soil profile was significantly higher for MD and HD than for CK and LD (Fig. 6a). Soil amylase
activity in the 0-100 cm soil profile of CK was 16.9%, 19.8%, and 32.2% higher than that of LD, MD, and HD
(P<0.05, Fig. 6b). Soil catalase activity in the 0-100 cm soil profile of the Gahai wet meadow followed the order
of CK>LD>MD >HD (Fig. 6¢). With increasing soil depth, soil enzyme (urease, amylase and catalase) activities
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Figure 5. Seasonal variation of soil TN (a) and TP (b) under different vegetation degradation levels in the
Gahai wet meadow, China. CK=primary wet meadow; LD =lightly degraded; MD = moderately degraded;

HD =highly degraded. Error bars indicate standard errors of the mean (n=3).
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Figure 6. Vertical variation of soil urease (a), amylase (b), and catalase (c) for different levels of vegetation
degradation in the Gahai wet meadow, China. CK =primary wet meadow; LD =lightly degraded;

MD =moderately degraded; HD =highly degraded. Error bars indicate standard errors of the mean (n=3).
Different capital letters (A, B, C, D) indicate significant differences in soil urease, amylase, and catalase due to
vegetation degeneration (P <0.05); different lower case letters (a, b, ¢, d, e, f) indicate significant differences
between the soil layers under the same vegetation degradation (P<0.05).
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Figure 7. Seasonal changes of soil urease under different levels of vegetation degradation in the Gahai wet
meadow, China. CK =primary wet meadow; LD =lightly degraded; MD = moderately degraded; HD =highly
degraded. Error bars indicate standard errors of the mean (n=3).

under the four vegetation degradation levels decreased. Urease activity in 0-20 cm layer of CK, LD, MD, and HD
accounted for 42.7%, 34.8%, 28.8%, and 28.7%, respectively, of urease activity in entire 0-100 cm soil profile. Soil
amylase activity in the 0-20 cm soil layer accounted for 55.8.%, 47.2%, 47.7%, and 43.0% of amylase activity in
the 0-100 cm soil layer for CK, LD, MD, and HD vegetation degradation levels, respectively.

Seasonal variation of soil enzyme activity under vegetation degradation. Urease activity
showed obvious seasonal variation under the four vegetation degradation levels (Fig. 7). The repeated-measures
ANOVA showed (except for the 20-40 cm layer) significant interactions between season and vegetation degra-
dation in the urease activity in all sample layers (Table S2). Urease activity for CK and LD in the 0-100 cm soil
profile showed a "down-up-down" change pattern with time, while urease activity of MD and HD showed a
gradual downward trend with time. Urease activity of the 0-10 cm layer showed a "double peak" change pattern
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Figure 8. Seasonal changes of soil amylase under different levels of vegetation degradation in the Gahai wet
meadow, China. CK = primary wet meadow; LD =lightly degraded; MD = moderately degraded; HD =highly
degraded. Error bars indicate standard errors of the mean (n=3).

with time, while urease activity of the 10-60 cm layer decreased with time, and urease activity of the 60-100 cm
layer showed an "up-down" change pattern.

Amylase activity in the 10-20 cm soil layer of CK followed a "single peak" change pattern while the change
pattern in other soil layers could be characterized as having a "double peak". Maximum amylase activity for LD
appeared in summer, and the maximum values in the 0-10, 10-20, 20-40, 40-60, 60-80, and 80-100 cm layers
were 2.29, 2.60, 4.13, 4.45, 5.62, and 6.17 times the minimum values, respectively. Amylase activity in the 0-60 cm
layer for MD increased to the maximum in summer, and the minimum appeared in autumn. Amylase activity
in the 60-100 cm layer was "unimodal", and the minimum occurred in spring (Fig. 8). There were significant
interactions between season and vegetation degradation in amylase activity in all sample layers (Table S2).

Soil catalase activity in the 0-100 cm soil profile showed a "double peak” change pattern over time (Fig. 9) for
all four degradation levels, with the highest activity in spring, a slight decrease in summer, followed by a rise in
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autumn, and with the lowest activity observed in winter. Catalase activity of CK in the 0-100 cm soil profile in
spring was 62.2%, 22.36%, and 308.8% higher than the activity in summer, autumn, and winter, respectively. For
LD, catalase activities in the 0-100 cm soil profile in spring were 49.8%, 43.1%, and 342.3% higher than that in
summer, autumn and winter, respectively. For MD, catalase activities in the 0-100 cm soil profile in spring were
86.3%, 58.3%, and 376.1% higher than in summer, autumn and winter, respectively. For HD, catalase activities in
the 0-100 cm soil profile in spring were 126.5%, 70.1%, and 453.1% higher than in summer, autumn and winter,
respectively. There were also significant interactions between season and vegetation degradation in catalase
activity in all sample layers (Table S2).

Correlation between soil nutrients and enzyme activities. Correlations among soil nutrients and
enzyme activities across the four vegetation degradation levels were analyzed at a depth of 0-100 cm (Table 2).
Significantly positive correlations were observed among SOC and catalase, amylase activity (r=0.951, 0.966,
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SOC TN TP Urease Catalase Amylase
SOC 1
™N 0.975* 1
TP —-0.248 -0.158 1
Urease -0.928* —-0.835* 0.300 1
Catalase 0.915* 0.823* —0.430 -0.975* 1
Amylase 0.966* 0.960* -0.280 -0.878* 0.880* 1

Table 2. Correlation between soil nutrients and enzyme activities at a depth of 0-100 cm across the four
vegetation degradation levels. SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus. * indicates
significant correlation at P<0.05.

respectively, P<0.05), and significantly negative correlation was found between SOC and urease (r=-0.928,
P<0.05). TN was negatively correlated with urease (r=-0.835, P<0.05), and significantly positive correlations
were detected among TN and catalase and amylase activity (r=0.823 and 0.960, respectively, P<0.05). In addi-
tion, TP was negatively correlated with all enzyme activities except urease (P> 0.05).

Discussion

Effects of vegetation degradation on soil nutrients. SOC, TN, and TP are very important ecological
factors which can significantly affect the productivity of wetland ecosystems®. This study showed that vegetation
degradation has a significant impact on wetland SOC (Fig. 2). The SOC comes mainly from the humification
process of litter residues and the rhizosphere secretions released from the rhizosphere during plant growth*®4.
Aboveground biomass decreases as vegetation degradation intensifies (Table 1), resulting in a decrease in litter
and the amount of plant residues that can enter the soil, resulting in a decline in the main source of wetland
SOC*#, This result confirmed part of our first hypothesis about SOC dynamics. The SOC content decreases
with soil depth, and it is mainly concentrated in the 0-20 cm layer, which confirmed part of our third hypoth-
esis. Some studies have shown that the vegetation influence on the SOC content was the greatest in the topsoil
(0-20 cm)™. Generally, high SOC content in the topsoil can be attributed to vegetation litter inputs at the sur-
face, and vegetation root decomposition, especially because the maximum wet meadows rooting depth is 20
cm’. Despite having a higher SOC content in the surface, litter availability and the decomposition rate have
been reported to decrease with increasing soil depth®*>?, which leads to a lower SOC content with increasing
soil depth.

Our research showed that the SOC content has complex seasonal changes (Fig. 3), which was consistent
with previous studies®**. The soil SOC content was higher in spring and winter, and lower in summer and
autumn, and mainly concentrated in the surface layer (0-10 and 10-20 cm). These results may be attributed to
the following reasons. On the one hand, higher soil temperature and water content in summer and autumn may
promote the decomposition of soil carbon, resulting in more SOC emitted as CO, or CH, into the atmosphere®®.
On the other hand, surface litter in spring and winter increases the amount of carbon resources returned to the
s0il*”*, resulting in accumulation of SOC, especially in topsoil layers because the maximum rooting depth in
wet meadows is 0-20 cm®'. Moreover, the complex seasonal changes in SOC content may also be affected by soil
properties and enzyme activity®. It may be the reason why we found a significant positive correlation between
SOC content and TN and enzyme activity (Table 2).

Soil TN content in the 0-100 cm gradually decreased with vegetation degradation level (Fig. 4a), which
verified part of our first and third hypothesis about soil TN dynamics. This may be due to the decrease of above-
ground biomass, litter, and soil nutrient content with increasing degradation level, as well as decreases in oxygen
content and microbial biomass that occur with increasing soil depth. On the one hand, these decreases are not
conducive to the development of soil structure, and result in a slowing of nutrient cycling®*¢'. On the other
hand, urease participates in the cycle of organic nitrogen in the soil and makes nitrogen available for plants®.
Plants absorb soil nitrogen during growth, leading to decreased soil TN content. This may be the reason why
we detected the negative correlation between soil TN and urease activity (Table 2). In addition, the litter on the
surface of CK plots increases the source of soil nitrogen under decomposition by microorganisms®. Coupled with
the remediation of plants and root exudates to the soil and environment®*, the CK soil nitrogen accumulation
rate is greater than the plant absorption rate, resulting in significantly higher TN contents in the surface soil of
CK plots than in the other vegetation degradation plots.

Soil TP in the 0-100 cm soil profile with HD was significantly higher than seen for the other three degrada-
tion levels (Fig. 4b), which falsified part of our first hypothesis about soil TP dynamics, but still confirmed our
third hypothesis about vertical change of soil TP dynamics. In the process of plant growth, phosphorus in soil is
absorbed for root growth?. With the decrease of vegetation biomass (Table 1), the content of phosphorus absorbed
decreases®, thereby increasing the content of TP in soil. Additionally, rodent damage is a serious problem for
heavily degraded wet meadows®”. In the process of burrowing, rodents destroy the original structure of the soil®,
thereby increasing soil temperature, and reducing the water content of the soil layer. This may cause serious water
stress for microbial activities and thus reduce microbial activity. As a result, the mineralization and decomposi-
tion rate of soil phosphorus decreased with the decrease of soil microbial activity®, and ultimately could result
in an accumulation of TP in the soil of the HD plot. However, the mechanism of building up a higher TP in the
soil of the CK plot is different. The higher TP content of the CK plot originated primarily from litter and root
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exudates’’, where the return of residue P to the soil is much greater than the P absorbed by plants to support
their growth. Studies have shown that when soil TP becomes the limiting factor, plant root exudates ionize H*
through organic acids or activate insoluble inorganic P in the soil through exchange and reduction to increase
the biological effectiveness of P”!. Because the higher organic carbon content of CK soil provides sufficient energy
for microorganisms, the higher microbial activity increases the decomposition rate of surface litter. The result
is that the phosphorus in the decomposition products of litter is returned to the surface soil by leaching’, and
total phosphorus content of CK soil increases further.

There were obvious seasonal changes of soil nutrients in the four degradation levels. TP content reached
minimum values in summer, rose in autumn, and reached maximum values in winter (Fig. 5b). Plants and soil
organisms normally have a period of vigorous growth during the summer under conditions of increased rainfall
and soil temperature. As vegetation extracts P from the soil for the synthesis of its own substances®, and addi-
tional P is lost due to leaching by rainwater’?, TP content of the soil drops to the lowest values in the summer.
The perennial plants in our plots stopped growing or even withered after autumn, thereby reduceing the rate
of phosphorus absorption in the soil. Litter decomposition increased the source of soil nutrients’, so that TP
content in autumn and winter increased. Changes in TN and TP under the four degradation levels were opposite
(Fig. 5a). The temperature gradually increased in spring, and increases the soil microbial activity, litter decom-
position rate, and soil TN content increased concurrently. In addition, previous studies have shown that soil
nitrogen mineralization is still active in winter”, and the activity of microorganisms such as ammonia-oxidizing
bacteria and ammonia-oxidizing archaea in soil is still high’®, resulting in consumption a significant amount of
TN, and thus a decrease the TN in winter. TP is one of the main factors affecting soil nitrogen mineralization. A
higher TP content in the soil can promote the process of nitrogen mineralization’””8, that increases the amount
of soil nitrogen leaching loss in winter and leads to TN content being the lowest in winter.

Effect of vegetation degradation on soil enzyme activity. Soil enzyme level are an indicator of
microbial metabolism and play an important role in biogeochemistry of terrestrial ecosystems”. We found that
with the increase of vegetation degradation intensity and soil depth, soil catalase and amylase enzyme activ-
ity decreased significantly (Fig. 6b,c), which agreed with our second and third hypothesis about the dynam-
ics of soil enzyme activities. This is likely a result of the decreases in aboveground biomass and soil nutrient
sources that are a consequence of increased vegetation degradation level. Another reason could be the sharp
decreases in SOC (Fig. 2) and underground biomass that occur with increasing soil depth and plant roots. Soil
nutrient availability declines, and microbial activity and reproduction decrease with increasing soil depth®. In
other words, the reduction in SOC content and plant roots with increasing soil depth would frequently cause
decreased enzyme activity®.

Urease activity decreased with increasing soil depth (Fig. 6a). The urease activity was mainly concentrated in
the 0-20 cm layer. Urease activity in this surface layer of CK and LD was significantly higher than that in the MD
and HD wet meadows. This result may be due to the higher aboveground biomass of CK and LD wet meadows,
the higher root growth in the 0-20 cm layer increasing soil permeability, and the higher SOC increasing the
activity of soil microorganisms®2.

Soil amylase activity reached the highest level in summer under all four degradation levels, and there was no
significant difference in soil amylase activity in spring, autumn, and winter (P> 0.05, Fig. 8). This may be due
to the abundant rainfall in summer, and the increase in soil temperature and moisture that increase the speed
of soil carbon cycle and improve the ability of soil microorganisms to metabolize enzymes®. In addition, even
though soil nutrient content is higher in spring, surface soil freezing during spring limits the oxygen content in
the soil, and the aerobic microbial activity decreases®, resulting in lower amylase activity in spring than summer.

Catalase activity in the 0-100 cm soil profile was the highest in spring (Fig. 9) under all four degradation
levels. Compared with summer, the activity of catalase in autumn increased slightly, but there was no significant
difference (n=16, P=0.138). Catalase activity decreased to the minimum in winter. This may be because the
soil began to thaw in spring. The nutrients and intracellular enzymes in the cells of soil organisms (soil animals,
microorganisms, and roots) and plant debris that are lethal to freezing and thawing are released into the soil®>*¢,
and the soil microorganisms start to be activated. However, because the surface freezing restricts the entry of
oxygen into the soil, in order to reduce the toxic effect of soil hypoxia on aerobic microorganisms, the activity
of soil catalase is increased only to a certain extent”. In winter, soil temperatures are low or the soil is frozen,
resulting in decreased soil microbial activity and minimum soil catalase activity.

Soil urease activity showed a fluctuating decrease trend over time (Fig. 7). The variation of soil urease activity
and TN content was consistent in spring and winter, but opposite in summer and autumn (Fig. 5a). Urease (urea
amidohydrolase) supplies nitrogen to plants from natural and fertilizer sources. Plants grow most vigorouslyin
summer. Thus plants require large amounts of nitrogen for their own cell synthesis®. In order to meet the absorp-
tion of soil available nitrogen, the activity of soil urease hydrolysis nitrogen increased. At the same time, soil
urease is involved in urea hydrolysis, while most of the enzyme activity exists in extracellular enzymes®. The
freezing and thawing cycle in spring resulted in the fragmentation of aggregates and the breakdown of microbial
cells, thereby increasing the release of intracellular enzymes to the soil. These actions also increased the contact
area between microorganisms and active organic matter, and the energy substances required for microbial
metabolism. Furthermore, soil urease activity in the 0-10 cm layer increased in autumn, likely due to the lower
soil temperature and active microbial metabolism in autumn caused by the heavy rainfall®'.

Interaction between soil nutrients and enzyme activities. Soil enzymes interact with the soil envi-
ronment to indirectly affect soil nutrient levels. Soil enzymes are the main driver of soil decomposition processes.
Previous studies have shown that increased soil temperature can increase soil enzyme activity?>~*, but there are
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some differences in the temperature sensitivity for different ecosystems and different kinds of soil enzymes®®*”.

Soil carbon turnover and nutrient cycling depend on soil enzyme activity®®. The results of our study showed that
SOC and TN were positively correlated with soil catalase and amylase (P<0.05), and negatively correlated with
soil urease (P<0.05). These empirical findings agree with many other studies that found significant correlations
between soil enzyme activities and soil nutrients such as SOC and soil TN°>!%. At the same time, soil enzymatic
activities can indicate the ecosystem function of the soil because they can reflect the intensity and direction of
various biochemical processes occurring in soil, and also correlate closely with soil fertility'*"!%2. Given that soil
enzymes directly participate in the circulation of material and energy in soil, and in the process of soil metabo-
lism with soil microorganisms, they play an important role in promoting soil evolution and formation, material
circulation, and energy flow'*!%. Soil enzyme activity is affected by a series of biological factors such as micro-
bial biomass and enzyme synthesis and secretion, and by abiotic factors such as pH and substrate availability'*.
Other factors affecting soil enzyme activity include vegetation type, root system, soil animals, litter quality, soil
aggregates, climate, altitude, and human disturbance!*>1%.

Conclusions

In this study, vertical and seasonal variations of soil nutrients and enzyme activities were compared among wet
meadow systems with four levels of vegetation degradation in Qinghai-Tibet Plateau. We found that vegetation
degradation levels significantly affected the vertical and seasonal distribution of soil nutrients (SOC, TN, and
TP) and enzyme activities (urease, catalase, and amylase). Among the four vegetation degradation levels, the
primary wet meadow (CK) had a significantly higher SOC, TN, catalase, and amylase activities throughout the
year. In addition, the greatest differences in soil nutrients and enzyme activities were observed in surface soil,
and considerable variations were also observed in deeper soil layers. The results show that vegetation degrada-
tion reduces soil carbon storage and nutrient cycling capacity. Overall, this study provides valuable information
on the seasonal and vertical dynamics of soil nutrients and enzyme activities in Qinghai-Tibet Plateau and how
they may be affected by vegetation degradation. Moreover, this year-long study suggests that the dynamics of
soil nutrients and enzyme activities in wet meadows highly depends on time and depth and therefore require a
longer timescale for further research to better understand their season dynamics. Further, our findings confirm
the role that vegetation degradation plays in the dynamics of soil nutrients and enzyme activities at alpine wet
meadows. Vegetation degradation will be seen more apparently at alpine wet meadows in the Qinghai-Tibet
Plateau in the future under climate change and more intensified human activities. Therefore, more studies are
needed for us to better understand the dynamics of soil nutrients and enzyme activities and how they would
affect the health and stability of alpine wet meadows in the Qinghai-Tibet Plateau.

Received: 21 August 2020; Accepted: 23 November 2020
Published online: 04 December 2020

References

1. Zhang, Z., Lu, X,, Song, X., Guo, Y. & Xue, Z. Soil C, N and P stoichiometry of Deyeuxia angustifolia and Carex lasiocarpa
wetlands in Sanjiang Plain Northeast China. J. Soils Sediments 9(12), 1309-1315 (2012).

2. Sardans, J. et al. Plant invasion is associated with higher plant-soil nutrient concentrations in nutrient-poor environments. Global
Change Biol. 23(3), 1282-1291 (2017).

3. Aneja, M. et al. Microbial colonization of beech and spruce litter: influence of decomposition site and plant litter species on the
diversity of microbial community. Microb. Ecol. 52, 127-135 (2006).

4. Tilman, D. The resource-ratio hypothesis of plant succession. Am. Nat. 125(6), 827-852 (1985).

5. Li, E et al. Changes in soil microbial biomass and functional diversity with a nitrogen gradient in soil columns. Appl. Soil Ecol.
64, 1-6 (2013).

6. Bowles, T. M., Acosta-Martinez, V., Calderén, F. & Jackson, L. E. Soil enzyme activities, microbial communities, and carbon
and nitrogen availability in organic agroecosystems across an intensively-managed agricultural landscape. Soil Biol. Biochem.
68,252-262 (2014).

7. Caldwell, B. A. Enzyme activities as a component of soil biodiversity: a review. Pedobiologia 49(6), 637-644 (2005).

8. Wang, B. et al. Changes in soil nutrient and enzyme activities under different vegetations in the Loess Plateau area Northwest
China. CATENA 92, 186-195 (2012).

9. Singh, D. K. & Kumar, S. Nitrate reductase, arginine deaminase, urease and dehydrogenase activities in natural soil (ridges with
forest) and in cotton soil after acetamiprid treatments. Chemosphere 71(3), 412-418 (2008).

10. Blagodatskaya, E., Blagodatsky, S., Khomyakov, N., Myachina, O. & Kuzyakov, Y. Temperature sensitivity and enzymatic mecha-
nisms of soil organic matter decomposition along an altitudinal gradient on Mount Kilimanjaro. Sci. Rep. 6, 22240 (2016).

11. Yao, Y., Shao, M., Fu, X., Wang, X. & Wei, X. Effects of shrubs on soil nutrients and enzymatic activities over a 0-100 cm soil
profile in the desert-loess transition zone. CATENA 174, 362-370 (2019).

12. Bartkowiak, A. & Lemanowicz, J. Effect of forest fire on changes in the content of total and available forms of selected heavy
metals and catalase activity in soil. Soil Sci. Ann. 68(3), 140-148 (2017).

13. Chen, S. K., Edwards, C. A. & Subler, S. The influence of two agricultural biostimulants on nitrogen transformations, microbial
activity, and plant growth in soil microcosms. Soil Biol. Biochem. 35(1), 9-19 (2003).

14. Baum, C., Leinweber, P. & Schlichting, A. Effects of chemical conditions in re-wetted peats on temporal variation in microbial
biomass and acid phosphatase activity within the growing season. Appl. Soil Ecol. 22(2), 167-174 (2003).

15. Stursova, M. & Baldrian, P. Effects of soil properties and management on the activity of soil organic matter transforming enzymes
and the quantification of soil-bound and free activity. Plant Soil 338(1-2), 99-110 (2011).

16. Peng, F, Quangang, Y., Xue, X., Guo, J. & Wang, T. Effects of rodent-induced land degradation on ecosystem carbon fluxes in
an alpine meadow in the Qinghai-Tibet Plateau, China. Solid Earth. 6(1) 303-310 (2015).

17. Liljedahl, A. K. et al. Pan-Arctic ice-wedge degradation in warming permafrost and its influence on tundra hydrology. Nat.
Geosci. 9(4), 312-318 (2016).

18. Tietjen, B. et al. Climate change-induced vegetation shifts lead to more ecological droughts despite projected rainfall increases
in many global temperate drylands. Global Change Biol. 23(7), 2743-2754 (2017).

Scientific Reports|  (2020) 10:21271 https://doi.org/10.1038/s41598-020-78182-9 natureresearch



www.nature.com/scientificreports/

19.

20.

21.

22.

23.

24.
25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

40.

41.

42.

43.

44.

45.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

Hao, L. et al. Quantifying the effects of overgrazing on mountainous watershed vegetation dynamics under a changing climate.
Sci. Total Environ. 639, 1408-1420 (2018).

Wen, L. et al. The impact of land degradation on the C pools in alpine grasslands of the Qinghai-Tibet Plateau. Plant Soil
368(1-2), 329-340 (2013).

Zhang, W., Xue, X., Peng, E, You, Q. & Hao, A. Meta-analysis of the effects of grassland degradation on plant and soil properties
in the alpine meadows of the Qinghai-Tibetan Plateau. Glob. Ecol. Conserv. 20, €00774 (2019).

Che, R. et al. Increase in ammonia-oxidizing microbe abundance during degradation of alpine meadows may lead to greater
soil nitrogen loss. Biogeochemistry 136(3), 341-352 (2017).

Zhang, Q. et al. Distribution of soil nutrients, extracellular enzyme activities and microbial communities across particle-size
fractions in a long-term fertilizer experiment. Appl. Soil Ecol. 94, 59-71 (2015).

Liu, X. & Chen, B. Climatic warming in the Tibetan Plateau during recent decades. Int. J. Climatol. 20, 1729-1742 (2000).
Wu, P. et al. Impacts of alpine wetland degradation on the composition, diversity and trophic structure of soil nematodes on the
Qinghai-Tibetan Plateau. Sci. Rep. 7(1), 837 (2017).

Li, B., Dong, S. C,, Jiang, X. B. & Li, Z. H. Analysis on the driving factors of grassland desertification in Zoige wetland. J. Soil
Water Conserv. 15, 112-115 (2008).

Zhang, Y. et al. Alpine wetland in the Lhasa River Basin China. J. Geogr Sci. 20(3), 375-388 (2010).

Wu, J. Q. et al. Vegetation degradation along water gradient leads to soil active organic carbon loss in Gahai wetland. Ecol. Eng.
145, 105666 (2020).

Liu, L. E. et al. Water table drawdown reshapes soil physicochemical characteristics in Zoige peatlands. CATENA 170, 119-128
(2018).

Ma, W. W. et al. Greenhouse gas emissions as influenced by wetland vegetation degradation along a moisture gradient on the
eastern Qinghai-Tibet Plateau of North-West China. Nutr. Cycl. Agroecosys. 112, 335-354 (2018).

Yang, Z. et al. The linkage between vegetation and soil nutrients and their variation under different grazing intensities in an
alpine meadow on the eastern Qinghai-Tibetan Plateau. Ecol. Eng. 110, 128-136 (2018).

Alhassan, A. M. et al. Response of soil organic carbon to vegetation degradation along a moisture gradient in a wet meadowon
the Qinghai-Tibet Plateau. Ecol. Evol. 8, 11999-12010 (2018).

Li, Z. et al. Dynamics of soil respiration in alpine wetland meadows exposed to different levels of degradation in the Qinghai-
Tibet Plateau China. Sci. Rep. 9, 7469 (2019).

Bechmann, M. E., Kleinman, P. J., Sharpley, A. N. & Saporito, L. S. Freeze-thaw effects on phosphorus loss in runoff from
manured and catch-cropped soils. J. Environ Qual. 34, 2301-2309 (2005).

Joseph, G. & Henry, H. A. Soil nitrogen leaching losses in response to freeze-thaw cycles and pulsed warming in a temperate
old field. Soil Biol. Biochem. 40, 1947-1953 (2008).

Ren, J. et al. Shifts in soil bacterial and archaeal communities during freeze-thaw cycles in a seasonal frozen marsh Northeast
China. Sci. Total Environ. 625, 782-791 (2018).

McGill, W. B. & Figueiredo, C. T. Total nitrogen. In Soil Sampling and Methods of Analysis (ed. Carter, M. R.) 201-211 (Canadian
Society of Soil Science/Lewis Publishers, Boca Raton, 1993).

Lu, R. K. Soil and Agricultural Chemistry Analysis Method (China Agriculture Science and Technique Press, Beijing, 2000).
Guan, Y. S. Soil Enzyme and Research Method 309-313 (Agricultural Press, Beijing, 1986).

Yin, R., Deng, H., Wang, H. L. & Zhang, B. Vegetation type affects soil enzyme activities and microbial functional diversity
following re-vegetation of a severely eroded red soil in sub-tropical China. CATENA 115, 96-103 (2014).

Ge, G. et al. Soil biological activity and their seasonal variations in response to long-term application of organic and inorganic
fertilizers. Plant soil. 326(1-2), 31 (2010).

Xie, X. et al. Response of soil physicochemical properties and enzyme activities to long-term reclamation of coastal saline soil
Eastern China.. Sci. Total Environ. 607, 1419-1427 (2017).

Cao, J,, Ji, D. & Wang, C. Interaction between earthworms and arbuscular mycorrhizal fungi on the degradation of oxytetracycline
in soils. Soil Biol. Biochem. 90, 283-292 (2015).

Li, Q, Liang, J. H., He, Y. Y., Hu, Q. . & Yu, S. Effect of land use on soil enzyme activities at karst area in Nanchuan, Chongging
Southwest China. Plant Soil Environ. 60(1), 15-20 (2014).

Mitsch, W. J. & Gosselink, J. G. Wetland biogeochemistry. Wetlands. 3, 155-204 (2000).

Dijkstra, F,, Cheng, W. & Johnson, D. Plant biomass influences rhizosphere priming effects on soil organic matter decomposition
in two differently managed soils. Soil Biol. Biochem. 38, 2519-2526 (2006).

Zhang, F, Shen, J., Li, L. & Liu, X. An overview of rhizosphere processes related with plant nutrition in major cropping systems
in China. Plant Soil 260(1-2), 89-99 (2004).

Wang, W. et al. Responses of soil nutrient concentrations and stoichiometry to different human land uses in a subtropical tidal
wetland. Geoderma 232-234, 459-470 (2014).

Yan, J. et al. Plant litter composition selects different soil microbial structures and in turn drives different litter decomposition
pattern and soil carbon sequestration capability. Geoderma 319, 194-203 (2018).

Tesfaye, M. A., Bravo, E, Ruiz-Peinado, R., Pando, V. & Bravo-Oviedo, A. Impact of changes in land use, species and elevation
on soil organic carbon and total nitrogen in Ethiopian Central Highlands. Geoderma 261, 70-79 (2016).

Enriquez, A. S., Chimner, R. A, Cremona, M. V,, Diehl, P. & Bonvissuto, G. L. Grazing intensity levels influence C reservoirs of
wet and mesic meadows along a precipitation gradient in Northern Patagonia. Wetl. Ecol. Manag. 23, 439-451 (2015).
Hassan, A. et al. Depth distribution of soil organic carbon fractions in relation to tillage and cropping sequences in some dry
lands of Punjab Pakistan. Land Degrad. Dev. 27, 1175-1185 (2016).

Li, J. et al. Soil labile organic carbon fractions and soil organic carbon stocks as affected by long-term organic and mineral
fertilization regimes in the North China plain. Soil Tillage Res. 175, 281-290 (2018).

Liu, E. et al. Seasonal changes and vertical distributions of soil organic carbon pools under conventional and no-till practices
on Loess Plateau in China. Soil Sci. Soc. Am. J. 79(2), 517-526 (2015).

Wauest, S. Seasonal variation in soil organic carbon. Soil Sci. Soc. Am. J. 78(4), 1442-1447 (2014).

Suyker, A. E. & Verma, S. B. Year-round observations of the net ecosystem exchange of carbon dioxide in a native tallgrass
prairie. Global Change Biol. 7, 279-289 (2001).

Tang, S. et al. Decomposition of soil organic carbon influenced by soil temperature and moisture in Andisol and Inceptisol
paddy soils in a cold temperate region of Japan. J. Soils Sediments. 17(7), 1843-1851 (2017).

Li, Y. et al. Changes of soil microbial community under different degraded gradients of alpine meadow. Agric. Ecosyst. Environ.
222,213-222 (2016).

Luo, W. et al. Plant nutrients do not covary with soil nutrients under changing climatic conditions. Global Biogeochem. Cycle
29, 1298-1308 (2015).

Foote, J. A., Boutton, T. W. & Scott, D. A. Soil C and N storage and microbial biomass in US southern pine forests: influence of
forest management. For. Ecol. Manag. 355, 48-57 (2015).

Lost, S., Landgraf, D. & Makeschin, F. Chemical soil properties of reclaimed marsh soil from Zhejiang Province PR China.
Geoderma 142(3-4), 245-250 (2007).

Scientific Reports|  (2020) 10:21271

https://doi.org/10.1038/s41598-020-78182-9 nature research



www.nature.com/scientificreports/

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

Zhang, L. P, Jia, G. M. & Xi, Y. The soil enzyme activities with age of tea in three gorges reservoir area. Adv. Mat. Res. 989,
1292-1296 (2014).

Manzoni, S., Trofymow, J. A., Jackson, R. B. & Porporato, A. Stoichiometric controls on carbon, nitrogen, and phosphorus
dynamics in decomposing litter. Ecol. Monogr. 80(1), 89-106 (2010).

Chaparro, J. M. et al. Root exudation of phytochemicals in Arabidopsis follows specific patterns that are developmentally pro-
grammed and correlate with soil microbial functions. PLoS ONE 8(2), 55731 (2013).

Bais, H. P,, Weir, T. L., Perry, L. G., Gilroy, S. & Vivanco, J. M. The role of root exudates in rhizosphere interactions with plants
and other organisms. Ann. Rev. Plant Biol. 57, 233-266 (2006).

Hinsinger, P. et al. P for two, sharing a scarce resource: soil phosphorus acquisition in the rhizosphere of intercropped species.
Plant Physiol. 156(3), 1078-1086 (2011).

Peng, J., Li, Y., Tian, L., Liu, Y. & Wang, Y. Vegetation dynamics and associated driving forces in Eastern China during 1999-2008.
Remote Sens-Basel 7(10), 13641-13663 (2015).

Yu, C. et al. Soil nutrient changes induced by the presence and intensity of plateaupika (ochotona curzoniae) disturbances in
the qinghai-tibet plateau, china. Ecol. Eng. 106, 1-9 (2017).

Saggar, S., Parfitt, R. L., Salt, G. & Skinner, M. F. Carbon and phosphorus transformations during decomposition of pine forest
floor with different phosphorus status. Biol. Fert. Soils. 27(2), 197-204 (1998).

Hanson, P. ]., Edwards, N. T,, Garten, C. T. & Andrews, J. A. Separating root and soil microbial contributions to soil respiration:
areview of methods and observations. Biogeochemistry 48(1), 115-146 (2000).

De Feudis, M. et al. Effect of beech (Fagus sylvatica L.) rhizosphere on phosphorous availability in soils at different altitudes
(Central Italy). Geoderma 276, 53-63 (2016).

Huang, W. & Spohn, M. Effects of long-term litter manipulation on soil carbon, nitrogen, and phosphorus in a temperate decidu-
ous forest. Soil Biol. Biochem. 83, 12-18 (2015).

Peng, S. Z., Yang, S. H., Xu, J. Z., Luo, Y. F. & Hou, H. J. Nitrogen and phosphorus leaching losses from paddy fields with different
water and nitrogen managements. Paddy Water Environ. 9(3), 333-342 (2011).

Deng, J. et al. Soil C, N, P and its stratification ratio affected by artificial vegetation in subsoil Loess Plateau China. PLoS ONE
11(3), 0151446 (2016).

Liu, J. et al. Effect of seasonal freeze-thaw cycle on net nitrogen mineralization of soil organic layer in the subalpine/alpine
forests of western Sichuan China. Acta Ecol. Sin. 33(1), 32-37 (2013).

Wang, Y., Wu, Q, Tian, L., Niu, F. & Tan, L. Correlation of alpine vegetation degradation and soil nutrient status of permafrost
in the source regions of the Yangtze River China. Environ. Earth Sci. 67(4), 1215-1223 (2012).

Bauhus, J. & Khanna, P. K. Carbon and nitrogen turnover in two acid forest soils of southeast Australia as affected by phosphorus
addition and drying and rewetting cycles. Biol. Fert. Soils. 17(3), 212-218 (1994).

Mehnaz, K. R., Corneo, P. E., Keitel, C. & Dijkstra, F. A. Carbon and phosphorus addition effects on microbial carbon use
efficiency, soil organic matter priming, gross nitrogen mineralization and nitrous oxide emission from soil. Soil Biol. Biochem.
134, 175-186 (2019).

Acosta-Martinez, V., Cano, A. & Johnson, J. Simultaneous determination of multiple soil enzyme activities for soil health-
biogeochemical indices. Appl. Soil Ecol. 126, 121-128 (2018).

Poeplau, C., Bolinder, M., Kirchmann, H. & Kitterer, T. Phosphorus fertilisation under nitrogen limitation can deplete soil
carbon, stocks: evidence from Swedish meta-replicated long-term field experiments. Biogeosciences 13(4), 1119-1127 (2016).
Xiao, Y., Huang, Z. G. & Lu, X. G. Changes of soil labile organic carbon fractions and their relation to soil microbial characteristics
in four typical wetlands of Sanjiang Plain Northeast China. Ecol. Eng. 82, 381-389 (2015).

Vergani, C. & Graf, F. Soil permeability, aggregate stability and root growth: a pot experiment from a soil bioengineering per-
spective. Ecohydrology. 9(5), 830-842 (2016).

Wang, X., Yan, B., Fan, B,, Shi, L. & Liu, G. Temperature and soil microorganisms interact to affect Dodonaea viscosa, growth
on mountainsides. Plant Ecol. 219(7), 759-774 (2018).

Ross, D. J. A seasonal study of oxygen uptake of some pasture soils and activities of enzymes hydrolysing sucrose and starch.
Eur. J. Soil Sci. 16(1), 73-85 (1965).

Tierney, G. L. et al. Soil freezing alters fine root dynamics in a northern hardwood forest. Biogeochemistry 56(2), 175-190 (2001).
Koponen, H. T. et al. Microbial communities, biomass, and activities in soils as affected by freeze thaw cycles. Soil Biol. Biochem.
38(7), 1861-1871 (2006).

Brzezinska, M., Wtodarczyk, T., Stepniewski, W. & Przywara, G. Soil aeration status and catalase activity. Acta Agrophys. 5(3),
555-565 (2005).

Tegeder, M. & Masclaux-Daubresse, C. Source and sink mechanisms of nitrogen transport and use. New Phytol. 217, 35-53
(2018).

Bremner, J. M. & Mulvaney, R. L. Urease activity in soils. Soil Enzymes, 149-196 (Academic Press, London, 1978).

Zornoza, R. et al. Assessing air drying and rewetting pretreatment effect on some soil enzyme activities under Mediterranean
conditions. Soil Biol. Biochem. 38, 2125-2134 (2006).

Fernandez, D. P,, Neff, J. C., Belnap, J. & Reynolds, R. L. Soil respiration in the cold desert environment of the Colorado Plateau
(USA): abiotic regulators and thresholds. Biogeochemistry 78(3), 247-265 (2006).

Jing, X. et al. No temperature acclimation of soil extracellular enzymes to experimental warming in an alpine grassland ecosystem
on the Tibetan Plateau. Biogeochemistry 117(1), 39-54 (2014).

Schindlbacher, A., Schnecker, J., Takriti, M., Borken, W. & Wanek, W. Microbial physiology and soil CO, efflux after 9 years of
soil warming in atemperate forest-no indications for thermal adaptations. Global Change Biol. 21(11), 4265-4277 (2015).
Wallenstein, M. D., Mcmahon, S. K. & Schimel, J. P. Seasonal variation in enzyme activities and temperature sensitivities in
Arctic tundra soils. Global Change Biol. 15(7), 1631-1639 (2009).

Kivlin, S. N. & Treseder, K. K. Soil extracellular enzyme activities correspond with abiotic factors more than fungal community
composition. Biogeochemistry 117(1), 23-37 (2014).

Allison, S. D. & Treseder, K. K. Warming and drying suppress microbial activity and carbon cycling in boreal forest soils. Global
Change Biol. 14(12), 2898-2909 (2008).

Brzostek, E. R. & Finzi, A. C. Seasonal variation in the temperature sensitivity of proteolytic enzyme activity in temperate forest
soils. J. Geophys. Res. 117(G1) (2012).

Weintraub, S. R., Wieder, W. R,, Cleveland, C. C. & Townsend, A. R. Organic matter inputs shift soil enzyme activity and alloca-
tion patterns in a wettropical forest. Biogeochemistry 114(1/3), 313-326 (2013).

Wang, B., Liu, G. B., Xue, S. & Zhu, B. Changes in soil physico-chemical and microbiological properties during natural succes-
sion on abandoned farmland in the Loess Plateau. Environ. Earth Sci. 62(5), 915-925 (2011).

Yang, L., Li, T, Li, E, Lemcoff, J. H. & Cohen, S. Fertilization regulates soil enzymatic activity and fertility dynamics in a cucumber
field. Sci. Hortic. 116(1), 21-26 (2008).

Alkorta, I. et al. Soil enzyme activities as biological indicators of soil health. Rev. Environ. Health. 18(1), 65-73 (2003).

Burns, R. G. et al. Soil enzymes in a changing environment: Current knowledge and future directions. Soil Biol. Biochem. 58,
216-227 (2013).

Scientific Reports|  (2020) 10:21271

https://doi.org/10.1038/s41598-020-78182-9 nature research



www.nature.com/scientificreports/

103. Cao, C. et al. Soil chemical and microbiological properties along a chronosequence of Caragana microphylla Lam. plantations
in the Horqin sandy land of Northeast China. Appl. Soil Ecol. 40(1), 0-85 (2008).

104. Hao, Y, Chang, Q. Li, L. H. & Wei, X. R. Impacts of landform, land use and soil type on soil chemical properties and enzymatic
activities in a Loessial Gully watershed. Soil Res. 52(5), 453 (2014).

105. Qi, R. et al. Temperature effects on soil organic carbon, soil labile organic carbon fractions, and soil enzyme activities under
long-term fertilization regimes. Appl. Soil Ecol. 102, 36-45 (2016).

106. Zhang, H., Zeng, Q., An, S., Dong, Y. & Darbousx, E. Soil carbon fractions and enzyme activities under different vegetation types
on the Loess Plateau of China. Solid Earth Discuss. 2016, 1-27. https://doi.org/10.5194/se-2016-137 (2016).

Acknowledgements

We would like to thank all the people who were involved in the field and laboratory work. This research was sup-
ported by the Gansu Agricultural University, Excellent Doctoral Dissertation Cultivation Project (YB2018004),
Collaborative Innovation Team Project of Higher Education Institutions in Gansu Province, China (2018C-16),
Natural Science Foundation of China (41561022, 31860143), Primary Research and Development Plan of Gansu
Province, China (18YFINAO070), and Special Financial Gansu Province, China (GSCZZ-20160909).

Author contributions
Wu JQ and Wang HY wrote the main manuscript text and prepared Figs. 1-6. Li G and Ma WW design of the
work. Wu JH and Gong Y substantively revised it. Xu GR prepared Fig. 7. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-78182-9.

Correspondence and requests for materials should be addressed to G.L. or J.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports |

(2020) 10:21271 | https://doi.org/10.1038/s41598-020-78182-9 nature research


https://doi.org/10.5194/se-2016-137
https://doi.org/10.1038/s41598-020-78182-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Vegetation degradation impacts soil nutrients and enzyme activities in wet meadow on the Qinghai-Tibet Plateau
	Materials and methods
	Study area. 
	Experimental design. 
	Soil sampling. 
	SOC and nutrient analysis. 
	Enzyme activity analysis. 
	Statistical analysis. 

	Results
	Vertical and seasonal variation of SOC content under vegetation degradation. 
	Changes of soil TN and TP content under vegetation degradation. 
	Vertical variation of soil enzyme activity under vegetation degradation. 
	Seasonal variation of soil enzyme activity under vegetation degradation. 
	Correlation between soil nutrients and enzyme activities. 

	Discussion
	Effects of vegetation degradation on soil nutrients. 
	Effect of vegetation degradation on soil enzyme activity. 
	Interaction between soil nutrients and enzyme activities. 

	Conclusions
	References
	Acknowledgements


