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• N addition increased aboveground plant
biomass and decreased species richness.

• N and P enrichment decreased SOC con-
tent in the surface layer by reducing re-
calcitrant organic C content and slow C
pool.

• Microbial biomass and activities of C-
degrading and N-degrading enzymes
were increased after N and P input.

• Activities of cellulase and chitinasewere
positively correlated with CO2 emis-
sions.

• Soil slow C pool had a negative correla-
tionwith activities of cellulase and poly-
phenol oxidase.
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Anthropogenic activities have substantially increased soil nutrient availability, which in turn affects ecosystem
processes and functions, especially in nutrient-limited ecosystems such as alpine grasslands. Although consider-
able efforts have beendevoted to understanding the responses of plant productivity and community composition
tonitrogen (N) andphosphorus (P) enrichment, thenutrient enrichment effects on soil organic carbon (SOC) and
microbial functions are not well understood. A four-year field experiment was established to evaluate the influ-
ence of continuous N and P enrichment on plant growth and SOC content in an alpine grassland of the Qinghai-
Tibetan Plateau. The study included four treatments: Control without addition, N addition, P addition, and N plus
P addition. N addition strongly increased aboveground plant biomass and decreased species richness by promot-
ing growth of the dominant grasses species. In contrast, N and P enrichment significantly decreased SOC, espe-
cially the recalcitrant organic C content in the surface layer (0–10 cm) by reducing the slow C pool and
enlarging the active C pool. Microbial biomass and activities of C-degrading enzymes (β-glucosidase, cellulase
and polyphenol oxidase) and an N-degrading enzyme (chitinase) increased with nutrient inputs. The CO2 emis-
sions during a 300 d incubation periodwere positively correlatedwith the cellulase and chitinase activities, while
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the slow C pool was negatively correlated with the cellulase and polyphenol oxidase activities. Consequently, N
and P enrichment accelerateddecomposition of the recalcitrant C by stimulatingmicrobial growth and increasing
enzyme activities, leading to negative impacts on soil C sequestration. Overall, the results indicate that alpine
grassland soils of the Qinghai-Tibetan Plateau may be changing from a C sink to a C source under increasing N
and P availability, and improvement of alpine grassland management through nutrient inputs should consider
not only the aboveground biomass for grazing, but also the soil C sequestration and ecosystem functioning.

© 2018 Elsevier B.V. All rights reserved.
Carbon fractions
Enzyme activity
1. Introduction

Nitrogen (N) and phosphorus (P) are the twomajor growth-limiting
elements for plants in most terrestrial ecosystems (Elser et al., 2007;
Harpole et al., 2011). In the past century, global N and P inputs to eco-
systems have been greatly increased by human activities associated
with fossil fuel combustion, agricultural fertilization, and dust or ash
production (Galloway et al., 2008; Wang et al., 2015). Unlike the
massive amounts and multiple pathways of anthropogenic reactive N
inputs, sources of atmospheric P are rather limited as it is derived pri-
marily from rock weathering and inputs of dust or ash (Mahowald
et al., 2008). Thus, the unbalanced anthropogenic N and P inputs to
the biosphere cause terrestrial ecosystems tomove towardsmore P lim-
itation (Peñuelas et al., 2013; Li et al., 2016). Increased nutrient avail-
ability has profound impacts on plant productivity and community
composition (Clark and Tilman, 2008; Lebauer and Treseder, 2008;
Bobbink et al., 2010), as well as their associated ecosystem functions
and terrestrial carbon (C) dynamics (Isbell et al., 2013).

As soil C is the largest C pool in the terrestrial biosphere, minor
changes in soil C stocks would result in a significant alteration of atmo-
spheric CO2 concentration and impact the C cycle feedbacks to climate
change (Davidson and Janssens, 2006; Trumbore and Czimczik, 2008).
Soil organic C (SOC) is composed of pools of varying chemical complex-
ity withmean residence times ranging from days to years andmillennia
(Schmidt et al., 2011). SOC is often conceptually divided into two
fractions: labile organic C, which includes easily oxidizable C, dissolved
organic C and microbial biomass C, and recalcitrant organic C. Contra-
dictory effects of N input on SOC content have been reported: some
studies found increases in SOC (Frey et al., 2014; Maaroufi et al.,
2015), while others found decreases (Mack et al., 2004; Ochoa-Hueso
et al., 2013) or insignificant changes (Chen et al., 2015). These differ-
ences arise from differences in the ecosystem types studied, the forms
and rates of N fertilizer used, and the experiment duration (see meta-
analyses: Liu and Greaver, 2010; Lu et al., 2011). Compared with the
well-understood C andN interactions in soil, effects of P on soil C cycling
are less debated and nearly unknown (Bradford et al., 2008; Fornara
et al., 2013; Poeplau et al., 2016). The turnover rates of organic C in
the distinct fractions may respond differently to changes in nutrient
availability (Neff et al., 2002; J.H. Li et al., 2014). Thus, it is pivotal to
understand the dynamics of SOC and its fractions under nutrient
enrichment.

Soil microbes represent a large proportion of the living biomass in
grassland ecosystems and have profound effects on terrestrial C dynam-
ics (van der Heijden et al., 2008; Fierer et al., 2012). Microorganisms
produce extracellular enzymes (hydrolases and oxidases) to degrade
organic C, N, and P from soil (Sinsabaugh et al., 2009). Extracellular en-
zyme activities (EEAs) are good indicators ofmicrobial nutrient require-
ments and soil C decomposition, yet EEAs mostly depend on nutrient
availability (Allison et al., 2008; Sinsabaugh et al., 2009; Burns et al.,
2013). The EEAs responses to N fertilization are contradictory, with
studies reporting increases (Jian et al., 2016; Chen et al., 2017), de-
creases (Sinsabaugh, 2010; Ramirez et al., 2012) or little influence
(Keeler et al., 2009). This blurs our understanding of the mechanisms
driving the soil EEAs response toN addition. Soilmicrobes are often sen-
sitive to N addition (Nemergut et al., 2008; Treseder, 2008; Fierer et al.,
2012;), but little is known about the microbial response to P addition.
Recent studies have shown that P is important for controlling microbial
biomass (Liu et al., 2012), communities (Leff et al., 2015), and activity
(Cleveland and Townsend, 2006; Fisk et al., 2015).

The Qinghai-Tibetan Plateau is the largest plateau in theworld, with
an area of around 2.5 million km2 and an average altitude of 4000 m
above sea level, and is regarded as the third pole (Qiu, 2008). Alpine
grasslands in this area have a SOC stock of 7.4–33.5 Pg (Wang et al.,
2002; Yang et al., 2008), which is, however, particularly sensitive to cli-
mate change and anthropogenic activities (Wang et al., 2012; Liu et al.,
2018). During the past three decades, N deposition in the Qinghai-
Tibetan Plateau has increased to ~10 kg N ha−1 yr−1 (Liu et al., 2013;
Zhu et al., 2016). N and P fertilization have also been applied to promote
grass productivity for grazing and improve the quality of degraded
grasslands (Chen et al., 2013; Liu et al., 2018). To date, however, little
is known regarding the effects of N and P addition on the content and
fractions of SOC and enzyme activities related to C cycling in alpine
grasslands.

An N and P fertilization experiment was established in typical alpine
grassland on the Qinghai-Tibetan Plateau. We hypothesized that N and
P enrichment would promote plant growth in the alpine grassland,
which in turn would increase C input into the soil, with positive feed-
backs on SOC content. The objectives of this study were to (1) evaluate
whether N and P enrichment affected SOC content; and (2) understand
the underlying response mechanisms of SOC to N and P enrichment in
this alpine grassland.

2. Materials and methods

2.1. Site description and soil sampling

A four-year field experiment was established in May 2011 on a typ-
ical alpine grassland at the Haibei Alpine Grassland Ecosystem Research
Station (37°37′N, 101°12′E) in the northeastern Qinghai-Tibetan
Plateau, China. The terrain of the study site is flat and open, with an
elevation of 3220 m a.s.l. and uniform vegetation that had never been
fertilized. The region has a continental monsoon climate, with a mean
annual temperature of −1.7 °C, ranging from a mean monthly
temperature of−14.8 °C in January to 9.8 °C in July, and a mean annual
precipitation of 580 mm, N80% of which occurs fromMay to September
(Fang et al., 2014). The soil is classified asMat-Gryic Cambisol and has a
clay loam texture, with a mean depth of 0.65 m. The dominant
native plant community consists of Kobresia humilis, Festuca ovina,
Elymus nutans, Poa pratensis, Carex scabrirostris, Scripus distigmaticus,
Gentiana straminea, Gentiana farreri, Leontop odiumnanum, Blvsmus
sinocompressus, Potentilla nivea, and Dasiphora fruticose, and all plant
species can be divided into four functional groups: grasses, sedges, le-
gumes, and forbs (Song et al., 2012).

Four treatments were included in the field experiment: control
without fertilization (Control), N amendment (N), P amendment (P),
and combined N and P amendment (NP). A randomized block design
was used to arrange the treatments with four replicates (blocks), and
each plot measured 6 m × 6 m. The blocks were separated by a 2-m-
wide buffer strip, and the plots within each block were separated by a
1-m-wide buffer strip to minimize disturbance from neighboring
plots. The N and P application rate was 100 kg N ha−1 yr−1 as urea
and 50 kg P ha−1 yr−1 as triple superphosphate, respectively. The
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fertilizers were divided into three equal parts and evenly distributed by
hand onto the ground surface in the plots after sunset (for higher mois-
ture) at the beginning of June, July andAugust during the growth season
per year.

Surface (0–10 cm) and subsurface (10–20 and 20–40 cm) soil sam-
ples were collected using a 5-cm-diameter auger on 27 July 2015. Five
soil cores were randomly taken from each plot to make a composite
sample. Sampleswere packed in polyethylene bags, immediately stored
in a cooler with ice packs, and shipped to the laboratory. The samples
were sieved (2 mm), and all visible roots, residues, and stones were re-
moved. The fresh soil was stored at 4 °C and a subsample was air-dried
for the analysis of soil properties.

2.2. Analyses of plant and soil properties

In each plot, a 0.5 m × 0.5 m quadrat was randomly selected to
harvest the plants in the middle of August 2015. All living vascular
plants were sorted into species, and species richness is the number
of plant species per 1 m2 quadrat. For aboveground biomass measure-
ments, shoots were clipped at ground level and sorted into four
plant functional groups. The roots from three replicate soil cores
(0–40 cm) per plot, collected using a 7-cm-diameter soil auger,
were used to measure belowground plant biomass. The aboveground
and belowground biomass were determined after drying in the oven
at 65 °C for 48 h.

Soil pH wasmeasured in a 1:2.5 soil-water suspension after shaking
for 30 min. Soil moisture (%, w/w) was determined by the gravimetric
method after drying at 105 °C for 24 h. Soil total N (TN) content was
measured by the micro-Kjeldahl method (Carter, 1993). Soil was ex-
tracted by shaking for 1 h with 2 M KCl in a 1:5 soil–solution ratio,
and ammonium (NH4

+), nitrate (NO3
−), and dissolved total N (DTN)

concentrations in the extracts were measured on a continuous-flow
autoanalyzer (Skalar San++, Breda, the Netherlands). Dissolved organic
N (DON) was calculated as follows: DON = DTN − NH4

+-N − NO3
−-N.

Available P (AP) and total P (TP) in soil were determined with
NaHCO3 extraction and H2SO4–HClO4 digestion, respectively, and
analyzed using the molybdenum blue method (Murphy and Riley,
1962).

2.3. Measurement of soil organic C fractions

SOC was determined by the wet oxidation-redox titration method
(Carter, 1993). Dissolved organic C (DOC)was extractedwith deionized
water in a 1:5 soil-solution ratio and analyzed with a TOC analyzer
(Multi N/C 3000, Analytik Jena, Germany). Recalcitrant organic C
(ROC) was measured as the residual C after 6 M HCl hydrolysis (Paul
et al., 2006). Easily oxidizable C (EOC) was measured as the SOC oxi-
dized in 0.02 M potassium permanganate (Mirsky et al., 2008).
Microbial biomass C (MBC) was determined by the chloroform
fumigation-extraction method (Vance et al., 1987), and calculated as
DOC differences between fumigated and non-fumigated samples di-
vided by a factor of 0.45.

2.4. Enzyme activity analyses

The β-glucosidase (EC 3.2.1.21) activity was measured using the
method of Tabatabai (1994). Briefly, 1 g (on an oven-dried basis) of
fresh soil plus p-nitrophenyl-β-D-glucoside and modified universal
buffer (pH 6.0) were incubated for 1 h in the dark at 37 °C. Then,
0.5 M CaCl2 and 0.2 M trishydroxymethyl aminomethane-sodium hy-
droxide (pH 12)were added. The color intensity of the filtered superna-
tants of p-nitrophenol (pNP) produced was determined using a UV–VIS
spectrophotometer (UV-1800, Mapada Instruments Co., Shanghai,
China) at 410 nm. The procedure of Schinner and von Mersi (1990)
was used to determine the activities of invertase (EC 3.2.1.26) and cellu-
lase (EC 3.2.1.4), using 1.2% (w/v) sucrose solution and 0.7% (w/v) CM-
cellulose solution as substrates, respectively. 1 g (on an oven-dried
basis) of fresh soil plus acetate buffer (pH 5.5) and substrate were incu-
bated for 3 h in the dark at 50 °C. After incubation, the suspensionswere
filtered, and 1 mL of the filtrate was used to estimate the amount of re-
ducing sugars (as glucose) using the 3,5-dinitrosalicylic acid method.
Polyphenol oxidase (EC 1.10.3.2) activity was measured spectrophoto-
metrically using pyrogallol as the substrate (Guan et al., 1986). 1 g (on
an oven-dried basis) of fresh soil and 1% pyrogallol were incubated for
2 h in the dark at 30 °C. After incubation, citrate buffer (pH 4.5) and
ethyl ether were added to extract the reaction product, and the absor-
bance of the organic phase was measured at 430 nm. Chitinase (EC
3.2.1.14) activity was determined according to Rodriguez-Kabana et al.
(1983). 1 g (on an oven-dried basis) of fresh soil plus 1% (w/w) colloidal
chitin suspension and phosphate buffer (pH 6.0) were incubated for
18 h in the dark at 37 °C. After dilution, the amount of N-acetyl-glucos-
amine (NAG) released was determined at 585 nm using the p-
dimethylaminobenzaldehyde method. Acid phosphatase (EC 3.1.3.2)
activity was measured using the method of Guan et al. (1986). 1 g (on
an oven-dried basis) of fresh soil plus disodium phenyl phosphate and
modified universal buffer (pH 6.5) were incubated for 3 h in the dark
at 37 °C. The suspension were centrifuged and filtered, and the buffer
and 0.5 M 2,6-dibromoquinonechlorimide were added to facilitate
color development. The reaction product as phenol was measured at
600 nm.

Enzyme activities were estimated using controls made by mixing
buffer with either soil or substrate solution. The values were corrected
by subtracting the combined absorption values for the sample and
substrate controls from those of the analytical samples. The activities
of invertase and cellulase were expressed in g glucose (GE) released
kg−1 h−1. The activities of β-glucosidase, polyphenol oxidase, acid
phosphatase and chitinase were expressed in mg p-nitrophenol (pNP)
released kg−1 h−1, g purpurogallin (PG) released kg−1 h−1, mg phenol
released kg−1 h−1 and mg N-acetyl-glucosamine (NAG) released
kg−1 h−1, respectively.

2.5. Measurement of soil organic C mineralization rate

SOC mineralization was measured by the CO2 efflux during a 300 d
incubation period under controlled conditions. Fifty grams (on an
oven-dried basis) of the sieved (2 mm) fresh soil was weighed into
1 L glass jars and pre-incubated for 24 h at 25 °C. Soil moisture in the
jars was adjusted to 60% water-holding capacity by adding deionized
water. Lost water in the jar was supplemented every 3 d with mini-
pipettes during the 300 d incubation. All jars were covered with plastic
wrap with needle-punctured holes to maintain aerobic conditions, and
then incubated in the dark at 25 °C. CO2 emission rates were measured
at 1, 2, 4, 6, 8, 10, 13, 17, 21, 25, 30, 38, 45, 57, 71, 84, 119, 149, 177, 204,
234, 264, and 300 d. Tomeasure CO2 emission rates, each jar was sealed
using an airtight butyl rubber stopper perforated in the center and
installed with a Perspex tube. Immediately and 6 h after closure,
20 mL headspace gas of the jar was sampled with an airtight syringe
to measure the CO2 concentration using a gas chromatograph equipped
with a thermal conductivity detector operated at 60 °C (Agilent 7890,
Santa Clara, CA, USA). Standard CO2 was provided by the National Re-
search Center for Certified Reference Materials, Beijing, China. The
rates of CO2 emission were calculated assuming a linear change in gas
concentrations during the 6 h measurement period.

The cumulative CO2 emissions from SOC decomposition were fitted
with a double exponential model (Xu et al., 2017b):

Ct ¼ Ca � 1−e−kat
� �

þ Cs � 1−e−kst
� �

ð1Þ

where Ct is the cumulative CO2-C mineralized (% of SOC) by time t; Ca
and ka are the size and mineralization rate constant of the active C
pool in soil, respectively; and Cs and ks are the size and mineralization



Table 2
Effects of N and P additions on the plant biomass and species richness.

Control N P NP

Aboveground biomass
(g m−2)

431 (34)b 662 (20)a 396 (8)b 647 (26)a

Grasses biomass (g m−2) 313 (17)b 482 (42)a 298 (30)b 509 (33)a

Sedges biomass (g m−2) 23.3 (6.2)b 39.9 (5.4)a 4.1 (0.3)c 2.8 (1.9)c

Legumes biomass (g m−2) 8.0 (5.0)a 4.6 (2.8)a 4.1 (0.8)a 0.6 (0.2)a

Forbs biomass (g m−2) 87 (22)a 136 (55)a 90 (28)a 135 (15)a

Belowground biomass
(g m−2)

2065 (232)a 2273 (255)a 2250 (252)a 2333 (230)a

Plant species richness 30.0 (2.5)a 25.3 (1.3)ab 27.3 (2.9)a 19.0 (0.6)b

The values in parentheses represent the standard errors of the means (n = 4). Different
letters within the same row indicate significant differences among treatments at P b 0.05.
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rate constant of the slow C pool in soil (Cs = 100% − Ca), respectively.
The half-lives (T1/2)a and (T1/2)s of the two pools were obtained by di-
viding 0.693 by ka and ks, respectively.

Basal respiration was calculated as the CO2 amount released in the
first 24 h after the pre-incubation divided by the dry mass of soil. The
metabolic quotient (qCO2) was calculated as the ratio of hourly basal
respiration to MBC (Thirukkumaran and Parkinson, 2000).

2.6. Statistical analyses

Statistical analyses were performed using the SPSS 19.0 software
package for Windows (SPSS Inc., Chicago, IL, USA). The data were
checked for normality and homogeneity of variance (Levene's test)
prior to analysis of variance (ANOVA). Statistically significant differ-
ences among treatments were tested using one-way ANOVA followed
by the least significant difference test (LSD) at the 5% level of signifi-
cance. Linear regression models were used to fit the cumulative CO2

emissions or the size of slow C pool to enzyme activities. Pearson corre-
lation analysis was performed to explore the relationships between soil
organic C fractions and enzyme activities and between plant properties
and soil biogeochemical properties.

3. Results

3.1. Soil biochemical properties and plant properties

The continuous four-year application of N andNP increased soil NO3
−

and DON concentrations in the 0–10 cm depth compared with the
Control (Table 1). Similarly, P and NP addition increased soil TP
and AP contents. N and/or P additions decreased soil TN content and
TN/TP. Soil pH was not significantly different across the treatments.

N addition alone or in combination with P substantially increased
aboveground plant biomass, compared with the Control, while P addi-
tion alone did not (Table 2). In contrast, N and/or P additions did not af-
fect belowground biomass. Among the four plant functional groups,
compared with the Control, the addition of N, regardless of P, increased
aboveground biomass of grasses. N addition alone also increased above-
ground biomass of sedges, and in contrast, P addition, regardless of N,
reduced aboveground biomass of sedges. The aboveground biomass of
legumes and forbs was independent of N or P addition. Belowground
biomass was correlated positively with soil DOC, NO3

−, and DON
(Table S1). Aboveground biomass of grasses or forbs was related posi-
tively to soil NO3

− andDONor NO3
− andDOC, respectively. Aboveground

biomass of sedges was correlated negatively with NH4
+, TP, and AP in

soil. Compared with the Control, N addition reduced plant species rich-
ness (Table 2), which showed a negative correlation with soil NO3

− and
DON (Table S1).
Table 1
Effects of N and P additions on the soil biochemical properties and microbial metabolic
quotient in the surface layer (0–10 cm).

Control N P NP

pH 7.21 (0.10)a 7.11 (0.18)a 7.57 (0.17)a 7.13 (0.07)a

TN (g N kg−1) 6.75 (0.10)a 6.08 (0.09)b 5.93 (0.10)b 6.10 (0.08)b

NO3
− (mg N kg−1) 22.3 (1.1)b 40.5 (5.1)a 17.1 (2.4)b 37.7 (5.7)a

NH4
+ (mg N kg−1) 3.7 (0.1)b 3.5 (0.1)b 4.2 (0.0)a 4.1 (0.2)a

DON (mg N kg−1) 33.8 (0.6)b 44.6 (1.5)a 36.4 (2.7)b 46.6 (3.5)a

TP (g P kg−1) 0.79 (0.01)b 0.78 (0.01)b 0.99 (0.01)a 0.96 (0.03)a

AP (mg P kg−1) 7.0 (0.4)b 6.6 (0.5)b 45.3 (0.9)a 46.1 (1.2)a

TN/TP 8.51 (0.09)a 7.85 (0.09)b 5.99 (0.04)c 6.37 (0.26)c

qCO2 (mg CO2-C g−1

MBC h−1)
2.52 (0.14)b 2.39 (0.08)b 2.93 (0.14)a 3.03 (0.09)a

The values in parentheses represent the standard errors of the means (n = 4). Different
letters within the same row indicate significant differences among treatments at P b 0.05.
SOC, soil organic C; TN, total N; NO3

−, nitrate; NH4
+, ammonium; DON, dissolved organic N;

TP, total P; AP, available P; TN/TP, the ratio of TN to TP; qCO2, microbial metabolic quotient.
3.2. Soil organic C fractions

The SOC content at the surface 0–10 cm depth in the Control was
66.7 g C kg−1, and significantly decreased to 57.8–61.7 g C kg−1, a de-
crease of 7.5–13.3%, under N and/or P additions over the four years
(Fig. 1). However, nutrient addition did not affect SOC content in the
10–20 and 20–40 cm depths (hereafter only data at the surface
0–10 cm depth are shown). DOC and EOC contents in soil ranged from
81.2 to 96.7 mg C kg−1 and from 1.43 to 1.78 g C kg−1, respectively
(Fig. 2a and b); there were no significant differences among treatments.
Soil ROC content was 45.5 g C kg−1 in the Control treatment and de-
creased by 8.7–20.1% under the N, P, and NP treatments (Fig. 2c). The
proportion of ROC to SOC decreased from 68.3% under the Control treat-
ment to 61.9–66.0% under the nutrient input treatments. Compared
with the Control, MBC content in the P and NP soil was slightly in-
creased and significantly enhanced in the soil with N addition alone
(Fig. 2d). SOC was positively correlated with EOC and ROC (P b 0.01),
and negatively related to MBC, albeit not significantly (P = 0.113).

3.3. Soil CO2 emissions, C pools, and microbial metabolic quotient

There was a similar temporal pattern of soil CO2 efflux among the
four fertilization treatments during the 300 d incubation, with a CO2

peak on day 2 (Fig. S1). The CO2 efflux peak in the Control treatment
was 83 mg C kg−1 h−1, which was lower than those under N and/or P
additions (P b 0.05). Cumulative CO2 emissions during the incubation
were ranked NP (5.68 g C kg−1) N N (5.15 g C kg−1) N P
(5.06 g C kg−1) N Control (4.64 g C kg−1), which accounted for
Fig. 1. Effects of N and P enrichment on soil organic carbon content in three soil layers.
Vertical bars denote the standard errors of the means (n = 4). Different letters indicate
significant differences among treatments at P b 0.05.



Fig. 2. Effects of N andP enrichment on dissolved organic carbon (DOC), easily oxidizable carbon (EOC), recalcitrant organic carbon (ROC), andmicrobial biomass carbon (MBC) contents in
the surface layer (0–10 cm). Vertical bars denote the standard errors of the means (n = 4). Different letters indicate significant differences among treatments at P b 0.05.
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7.0–9.2% of SOC. Comparedwith the Control, themineralized SOC in nu-
trient input soils was enhanced by 9.0–22.4%. A double exponential
model showed that additions of N and/or P increased the soil active C
pool, and in contrast, reduced the slow C pool (Table 3). The half-life
of the slow C pool was consistently shortened in the nutrient addition
treatments compared with the Control. In addition, amendments of P
(P and NP) increased qCO2 by 16.4–20.5% (Table 1).
3.4. Soil enzyme activities

N and/or P additions altered soil enzyme activities, but the effects
were enzyme type dependent (Fig. 3). Compared with the Control, N
and/or P additions increased the activities of chitinase and cellulase by
17.6–67.6% and 103.8–108.1%, respectively. N amendments (N and
NP) rather than P alone also increased the activity of β-glucosidase by
3.9–27.7%. The polyphenol oxidase activity was 23.3–66.7% higher in
theN, NP, and especially P treatments comparedwith the Control. How-
ever, no remarkable differences in the activities of acid phosphatase and
invertase were found among the treatments. Cellulase activity was neg-
atively correlated with SOC and ROC, and polyphenol oxidase activity
was also negatively correlated with SOC (Table 4). The cumulative CO2

emissions were positively correlated with chitinase and cellulase activ-
ities (P b 0.001) (Fig. 4). The size of the slow C pool linearly decreased
with increasing cellulase and polyphenol oxidase activities (P b 0.001)
(Fig. 5).
Table 3
The sizes and half-lives (T1/2) of soil active C pool (Ca) and slow C pool (Cs) in the surface
layer (0–10 cm).

Treatment Ca (%) Cs (%) (T1/2)a (days) (T1/2)s (years)

Control 3.4 (0.5)c 96.6 (0.5)a 37.7 (2.6)b 19.9 (0.5)a

N 5.5 (0.3)ab 94.5 (0.3)bc 53.5 (5.2)a 14.9 (1.4)bc

P 6.4 (0.2)a 93.6 (0.2)c 61.5 (2.0)a 11.9 (0.2)c

NP 4.9 (0.3)b 95.1 (0.3)b 38.6 (2.1)b 16.5 (2.1)ab

The R2 values of themodel fitting coefficient were always above 0.99. The values in paren-
theses represent the standard errors of the means (n = 4). Different letters within the
same column indicate significant differences among treatments at P b 0.05.
4. Discussion

4.1. Effects of N and P enrichment on plant growth

N addition alone or in combination with P, but not P addition alone,
increased aboveground plant biomass in alpine grassland ecosystems
on the Qinghai-Tibetan Plateau (Table 2), indicating that N is a key lim-
iting nutrient for plant productivity (Elser et al., 2007; Lebauer and
Treseder, 2008). Compared with the unfertilized plots, the average in-
crease of 53.4% in aboveground biomass under N fertilization was
much higher than the average increase of 29.0% in most ecosystems
across the globe (Lebauer and Treseder, 2008), probably because the
amount of the N addition is higher than the global average. We found
that the rate of increase of vascular sedges biomass was higher than
that of grasses in the N treatment (71.2% versus 53.8%), indicating that
the present N addition level increased sedges growth more efficiently
although sedges biomass only accounted for 6.0% of total biomass in
the alpine grassland ecosystem. In contrast, P addition, regardless of N
addition, suppressed sedges growth. It has been found that plants
with high N uptake competition, such as Molinia, also need high avail-
able P under N amendment comparedwith plantswith low competition
for N, such as Rhynchospora, and low soil P availabilitymore easily curbs
the expansion of Molinia (Limpens et al., 2003). The dominant grasses
species have greater nutrient acquisition ability through advanced
physiological and morphological properties of the roots (Wang et al.,
2012) and high arbuscular mycorrhizal colonization of their roots in
this alpine region (Xu et al., 2011) compared to other plant functional
groups. Thus, we postulated that grasses had a relatively high N uptake
potential compared with sedges, and P addition more efficiently in-
creased the N uptake capacity of grasses, consequently suppressing
the growth of sedges. However, further studies are required to under-
stand the competition between grasses and sedges at increasing N and
P addition levels.

Plant species richness was reduced following N addition and was
negatively correlated with soil NO3

− and DON (Tables 2 and S1). This
suggested that N enrichment stimulated the expansion of nitrophilous
species, which capitalized on the high N supply and competitively ex-
cluded other species (Bobbink et al., 2010). Similarly, Song et al.
(2012) reported that high N addition at 75 kg N ha−1 yr−1 increased



Fig. 3. Effects of N and P enrichment on activities of chitinase (a), acid phosphatase (b), invertase (c), β-glucosidase (d), cellulase (e), and polyphenol oxidase (f) in the surface layer
(0–10 cm). Vertical bars denote the standard errors of the means (n = 4). Different letters indicate significant differences among treatments at P b 0.05.
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aboveground biomass and decreased species richness in an alpine
meadow. This was due to increasing aboveground biomass, coverage,
and litter accumulation of grasses, which resulted in a decrease of
light penetration into the plant canopy, and aggravated light competi-
tion among functional groups, especially between grasses and legumes
(Hautier et al., 2009; J.H. Li et al., 2014). Legume species are less sensi-
tive to soil N because they can acquire additional N by biological N2 fix-
ation in symbiotic association with rhizobia (Song et al., 2012). As such,
reduced growth of legumes under intense light competitionmay lead to
their strong local suppression in this study. Such losses in plant richness,
in turn, have profound impacts on the productivity and stability of eco-
systems (Clark and Tilman, 2008; Isbell et al., 2013).

4.2. Effects of N and P enrichment on enzyme activities

N rather than P addition stimulated β-glucosidase activity, while
the invertase and acid phosphatase activities were less responsive to
N and/or P additions (Fig. 3b–d), which was similar to that observed
by Tian et al. (2014) in an alpine meadow. The invertase activity in
the grassland soil was rather high, and much higher than the 0.3–1.0
and 0.17–0.18 g GE kg−1 h−1 measured in cropland and temperate for-
est soils, respectively (Yu et al., 2012; S.S. Li et al., 2014). Thus, it was
Table 4
Pearson correlation coefficients between soil organic C fractions and enzyme activities in
the surface layer (0–10 cm).

SOC DOC EOC ROC MBC

Chitinase −0.240 0.220 0.002 −0.107 0.341
Acid phosphatase 0.124 0.345 0.334 0.295 −0.314
Invertase 0.011 0.227 0.205 −0.089 0.077
β-Glucosidase −0.376 0.440 −0.212 −0.418 0.620*
Cellulase −0.822** 0.049 −0.478 −0.747** 0.538*
Polyphenol oxidase −0.541* −0.496 −0.245 −0.396 0.258

Bold values indicate significant correlations at *P b 0.05, **P b 0.01. SOC, soil organic C;
DOC, dissolved organic C; EOC, easily oxidized organic C; ROC, recalcitrant organic C;
MBC, microbial biomass C.
likely that high background invertase activity obscured thepotential en-
hancing effect of N addition.

Interestingly, N and/or P additions in the alpine grassland increased
chitinase activity (Fig. 3a), which is involved in degrading organic N
compounds (Sinsabaugh et al., 2009). This was in contrast to the nega-
tive feedback reported by Bragazza et al. (2006) that chitinase activity
decreased with increasing N addition, and by Turner and Wright
(2014) that ten-year P fertilization repressed chitinase activity in a low-
land tropical rainforest. It is possible that N amendment inN-limited soil
relieved repression on microbial growth, which in turn increased
chitinase activity (Chen et al., 2014; Zhang et al., 2014). Zheng et al.
(2015) found that N addition did not affect acid phosphatase activity
in young-growth subtropical forests, and ascribed this to relatively
high intrinsic P availability in the soil. Likewise, relatively high available
P content in the test soil might have resulted in low activity of acid
phosphatase, which in turn could reduce the potential suppressive ef-
fect of P addition, and obscured the potential direct stimulation effect
of N addition. Another possible explanation is that part of phosphatase
is produced constitutively and is easily stabilized by sorption onto clay
surfaces or by interaction with SOC (Olander and Vitousek, 2000;
Turner and Wright, 2014), so phosphatase is insensitive to soil P
availability.

4.3. Effects of N and P enrichment on soil organic C

Previous studies have shown that N and P enrichment enhances SOC
storage in croplands and forestlands (Bradford et al., 2008; Liu and
Greaver, 2010; Lu et al., 2011). Contrary to expectations, the four-year
N and/or P additions reduced the SOC content in the surface layer in
the alpine grassland despite the fact that aboveground plant biomass
was considerably increased (Fig. 1 and Table 2). A similar phenomenon
has been reported in the Alaskan tundra (Mack et al., 2004). In an alpine
meadow, Fang et al. (2014) observed a 4.5% increase in the SOC stock
at a N addition rate of 10 kg N ha−1 yr−1 but a 5.4–8.8% decrease at
20–40 kg N ha−1 yr−1 over five years. They suggested that the re-
sponse of SOC to N enrichment depended on the N addition rate, with



Fig. 4. Relationships between the cumulative CO2 emissions during 300 d incubation and activities of chitinase (a) and cellulase (b) in the surface layer (0–10 cm). Dash-dot lines indicate
the bounds of the 95% confidence intervals for the regression equations.
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a threshold level for changing from C sequestration to C loss at
~20 kg N ha−1 yr−1. Our results revealed that alpine grassland ecosys-
tems on the Qinghai-Tibetan Plateau may become a potential C source
under future scenarios of increasing N and P enrichment.

Hagedorn et al. (2012) reported that N fertilization decreased DOC
concentration and its aromaticity, and the lignin-derived (so-called hy-
drophobic) DOC in amixed beech forest soil. This has been suggested to
be due to alleviated N constraints after N fertilization on microbes and
increased microbial biomass, especially the relative abundance of
copiotrophic bacteria (Bragazza et al., 2006; Cusack et al., 2011;
Ramirez et al., 2012), which in turn shifts substrates towards labile
organic C (Neff et al., 2002; Fierer et al., 2012), resulting in SOC loss.
However, this may not be the case in the present study, because no sig-
nificant discrepancy was found in DOC and EOC contents between the
Control and nutrient input treatments (Fig. 2a and b). We found that
N and/or P additions reduced soil ROC content (Fig. 2c), indicating
that the decrease of SOC in the alpine grassland ecosystem under N
and P enrichment was primarily due to decomposition of ROC.

In general, N addition stimulates the activity of cellulose-degrading
enzymes (Carreiro et al., 2000; Saiya-Cork et al., 2002; Keeler et al.,
2009). A meta-analysis showed that N addition promotes the activity
of hydrolytic C-acquiring enzymes by 9.1%, and a high N addition rate
exhibits a stronger effect (Jian et al., 2016; Chen et al., 2017). In this
study, the cellulase activity was also stimulated by N addition
(Fig. 3e), which is involved in the decomposition of cellulose, a
Fig. 5.Relationships between the size of slow C pool (Cs) and activities of cellulase (a) and polyp
95% confidence intervals for the regression equations.
constituent of recalcitrant C (Keeler et al., 2009; Du et al., 2014). The cel-
lulase activity further showed negative correlations with the size of the
soil slow C pool and ROC content (Fig. 5a and Table 4), which may ex-
plain the increased mineralization of the recalcitrant C after N addition.
N addition simultaneously increased polyphenol oxidase activity
(Fig. 3f), which is responsible for the decomposition of recalcitrant poly-
mers such as lignin and humic acids (Sinsabaugh, 2010), and there was
a negative relationship between polyphenol oxidase activity and the
size of soil slow C pool or SOC content (Fig. 5b and Table 4). Waldrop
et al. (2004) also measured a stimulation effect of N addition on poly-
phenol oxidase activity in a sugar maple-dominant ecosystem with
low lignin in litter.

In contrast, other studies revealed that the activities of lignin-
degrading enzymes often decrease under N enrichment in forests (Zak
et al., 2008; Hobbie et al., 2012), probably due to reduced abundance
of fungi, especially white rot fungi (Carreiro et al., 2000), actinobacteria
(Eisenlord et al., 2013), and even bacteria (Saiya-Cork et al., 2002).
Interestingly, in this study, the activity of chitinase, an enzyme closely
related to fungal growth and activity, was also increased by N addition,
and was positively correlated with cumulative SOC mineralization
(Fig. 4a), as reported by Allison et al. (2009) in boreal forest. It was sug-
gested that the different responses of polyphenol oxidase activity to N
addition arise from site-specific differences in the fungal community.
Ascomycota were found to bemore tolerant of high N relative to the Ba-
sidiomycota (Nemergut et al., 2008), and N amendment stimulated the
henol oxidase (b) in the surface layer (0–10 cm). Dash-dot lines indicate the bounds of the
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growth of the dominant fungi Ascomycota but not Basidiomycota in a
grassland, which had less lignin content in the plant tissue than forest
(Sinsabaugh, 2010; Leff et al., 2015). More importantly, Xu et al.
(2017b) suggested that the activity ofmicrobes, especially fungi,was pri-
marily dependent on the availability of energy resources, especially labile
organic C, and that deficiency or quality decrease of DOCat the later stage
of litter decomposition retarded the fungi growth followingN addition in
a forest soil. In grasslands, Eisenhauer et al. (2012) attributed reduction
of microbial activity to less root growth and exudates. In general, up to
50% of photosynthetic C is delivered to the underground (Liu and
Greaver, 2010). In the present study, it was likely that the increased
aboveground plant biomass under N addition transferredmore labile or-
ganic C, such as litters and exudates, into the soil (Bradford et al., 2008;
Treseder, 2008), which in turn maintained and even increased the mi-
crobial biomass, especially the abundance of fungi, leading to an increase
in the activities of chitinase and polyphenol oxidase (Cusack et al., 2011;
Eisenhauer et al., 2012). An increased abundance of fungi due to N addi-
tion produces more hyphae, which in turn more efficiently penetrate
into soil organic matter and increase the degradation of recalcitrant C
(Sinsabaugh, 2010; Strickland and Rousk, 2010). In this way, part of
the C in the slow C pool was transferred into the active C pool in the N
amendment treatments (Table 3; Du et al., 2014).

A meta-analysis of 95 14C-labeled plant studies showed that 5–10%
of photosynthetically fixed C was recovered in soil (Farrar et al.,
2003). In the test alpine grassland, however, increased aboveground
plant biomass as litters and exudates under N enrichment failed to re-
plenish SOC loss. First, previous studies have pointed out that increased
soil-available N may reduce root biomass and exudates in the soil by
25% (Janssens et al., 2010; Chen et al., 2015). Second, increased input
of plant litters in the N-added plots was more easily decomposed than
in the Control plots in the alpine grassland (Knorr et al., 2005). The de-
composition rate of plant residues is strongly associated with the ratio
of S (syringyl) to G (guaiacyl) in lignin (Xu et al., 2017a). This is because
the syringyl units are formed with labile β-O-4 linkages that can be de-
graded quickly, and the guaiacyl units can polymerize to generate recal-
citrant condensed aryl-aryl linkages (Bahri et al., 2006; Talbot et al.,
2012). Enhanced N availability lowered the C:N ratio of plant tissues
in an alpine meadow due to an increase in grasses, which had higher N
utilization efficiency than other species (J.H. Li et al., 2014), and im-
proved litter quality and increased decomposition rates above soil,
thereby resulting in less litter C into SOC (Knorr et al., 2005; Hobbie
et al., 2012). For example, soybean residues with high N concentration
and S/G ratio exhibited a higher decomposition rate compared with
wheat residues (Xu et al., 2017a). Third, Yuan and Chen (2012)
suggested that N addition increases the production of fine root, which
is poor in lignin and suberin. Therefore, N probably increased the per-
centage of fine root biomass, and drove the distribution of root biomass
towards the soil surface (Mack et al., 2004), leading to more rapid
decomposition of roots in the fertilized plots. In this study, we did not
measure the quality and decomposition of plant litters and roots, and
further studies are required to evaluate the contribution of plants to SOC.

Compared with N, the effects of P enrichment on soil C cycling have
rarely been addressed. Keuskamp et al. (2015) observed that P amend-
ment suppressed polyphenol oxidase activity in mangrove peat, as
more tannins and other polyphenolic compounds inhibited microbes
from producing extracellular enzymes. In the present study, P addition
efficiently increased polyphenol oxidase activity (Fig. 3f). Previous stud-
ies found that application of P increased microbial biomass and altered
the microbial community composition by enhancing fungi to bacteria
ratio in forest soils (Liu et al., 2012; Li et al., 2015). Thus, it is likely that
the increased abundance of fungiwas responsible for the enhanced poly-
phenol oxidase activity in the present study; in turn, the increased activ-
ity of polyphenol oxidase might have stimulated lignin decomposition
and supplied more cellulose substrate for cellulase under P addition,
leading to an increase in cellulase activity (Fig. 3e). As with N addition,
enhanced cellulase and polyphenol oxidase activity increases organic C
decomposition in soil (Waldrop et al., 2004; Knorr et al., 2005). It has re-
cently been shown that P amendment can promote heterotrophic respi-
ration not only in P-limited tropical forests (Cleveland and Townsend,
2006; Nottingham et al., 2015) but also in northern hardwood forests
(Fisk et al., 2015), suggesting that the promoting effect of P addition on
heterotrophic respiration is not restricted to P-limited soils. These results
underline that P amendment does indeed promotemicrobial growth and
activity. Poeplau et al. (2016) found a decrease in SOC stocks after long-
term P fertilization despite the fact that more crop residues entered into
soil in Swedish agricultural field experiments. Slightly differently,
Fornara et al. (2013) reported that although P addition increased above-
ground plant biomass, soil C sequestration was not influenced. Thus, the
influence of P amendment on SOC content probably depends on the bal-
ance between the promoting effect of P on plant-derived C input and C
loss by microbial activity in soil. Fisk et al. (2015) proposed that high P
availability stimulated respiratory losses of added leaf litter by alleviating
P limitation on microbial metabolism. In general, P deficiency limits mi-
crobial metabolism, as rates of protein synthesis are restricted by the
high P demands of ribosomes (Hartman and Richardson, 2013). Our re-
sults support the conclusion by Hartman and Richardson (2013) that
qCO2 increases following the addition of inorganic P (Table 1). Thus, P
enrichment caused less efficient microbial utilization of C as indicated
by higher qCO2, thereby resulting in great C losses through respiration
in this study (Thirukkumaran and Parkinson, 2000; Manzoni et al.,
2012). Our results highlight that understanding the interaction between
P availability and soil C dynamics is of paramount importance for linking
P cycling with C turnover in alpine grasslands (Reed et al., 2015), espe-
cially under future scenarios of increasing N addition.

5. Conclusions

Our four-year nutrient enrichment experiment in an alpine grass-
land of the Qinghai-Tibetan Plateau revealed that N addition increased
aboveground plant biomass and decreased species richness mainly
due to the increase in the dominant grasses species. In contrast, N
and/or P additions decreased SOC content in the surface layer
(0–10 cm) by increasing recalcitrant organic C decomposition, but not
in the 20–40 cm layer. The decrease in SOC in response to nutrient en-
richment is uncommon in grassland ecosystems and was attributable
to increases in activities of enzymes responsible for various steps of
SOC decomposition. Microbial biomass and activities of C-degrading
enzymes (β-glucosidase, cellulase and polyphenol oxidase) and an N-
degrading enzyme (chitinase) increased following nutrient addition.
The activities of cellulase and chitinase were positively correlated with
CO2 emissions, and the soil slow C pool had a negative correlation
with cellulase and polyphenol oxidase activities. Our results suggest
that the increase in anthropogenic N and P input alleviated the nutrient
limitation in soils on the Tibetan Plateau andmay shift the alpine grass-
land from a C sink to a potential C source.
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