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Abstract Yak and Tibetan sheep grazing is a common phe-
nomenon on natural grasslands in the Qinghai-Tibetan
Plateau, and large amounts of excrement are directly deposited
onto alpine grasslands. However, little is known about the
effects of excrement return on soil N supply and N retention
capacity. This study investigated the short-term effects of yak
and Tibetan sheep dung on gross N transformation rates de-
termined by 15N tracing technique of alpine steppe (AS) and
meadow (AM) soils at 60 % water holding capacity (WHC)
under laboratory conditions. Cumulative gross N mineraliza-
tion and NH4

+ immobilization over the 21-day incubation
period in AM soil were around 2.8 and 2.0 times as high as
that in AS soil, respectively. Cumulative gross nitrification in
AM soil was 0.96 times higher, while the value of gross NO3

−

immobilization rate was 0.65 times lower than in AS soil,
resulting in higher NO3

− accumulation in AM soil. Dung ad-
dition increased soil gross N mineralization and NH4

+ immo-
bilization rates by 12–35 % and 17–59 %, respectively.
Amending yak and sheep dung decreased gross nitrification
rates by 3–23 % but increased gross NO3

− immobilization
rates by 25–190 %, which led to a decreased net NO3

− accu-
mulation and NO3

− losses risk through leaching. The cumu-
lative CO2 emissions over the 21 days of incubation period
were enhanced by 65 and 120 % for AS and AM soil, respec-
tively. The application of dung stimulated cumulative N2O

emissions, but the stimulation was only significant in AM soil.
In general, yak and sheep dung return has a positive effect on
soil N supply and retention owing to the increase in NH4

+

availability for plant with simultaneously decreasing NO3
−

accumulation in soils.
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Introduction

The Qinghai-Tibetan Plateau, characterized by a high mean
altitude of more than 4000 m above sea level, is the largest
grassland area of the Eurasian continent and also the largest
area of natural grasslands in China (Yue et al. 2010; Lu et al.
2012). Alpine steppe and alpine meadow, the two dominant
vegetation types on the plateau, cover 32 and 30% of the total
area of alpine grassland, respectively (Geng et al. 2012).
Approximately 13 million yaks and 50 million Tibetan sheep
graze on these grasslands (Lin et al. 2009; Dong et al. 2015;
Sun et al. 2015), and large amounts of excrement, containing
plenty of nitrogen (N), corresponding to ca. 75–90 % of the N
intake of grazing animals, are thus directly deposited onto
alpine grasslands. Nitrogen is a limiting factor for plant and
microbial growth; soil available N mainly comes from soil N
supply and atmospheric N deposition in natural grasslands in
the Qinghai-Tibetan Plateau, and the return of excrement is an
important N source. Consequently, understanding the soil N
supply capacity and how the return of excrement affects soil N
supply is important to predict N availability for plant in alpine
grassland. Although it is important to understand N dynamics
following the return of excrement when considering grassland
degradation, climate change, and expansion of livestock, the
effects of yak and Tibetan sheep dung on the N cycling remain
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poorly understood in alpine grassland soils in the Qinghai-
Tibetan Plateau.

Net N mineralization and nitrification rates can be used to
indicate the N supply capacity and N losses risk, respectively
(Rennenberg et al. 2009). However, net N mineralization is
controlled by both gross N mineralization and immobilization
processes, and net nitrification is the result of competition
between gross nitrification and gross NO3

− consumption
(NO3

− immobilization and denitrification) processes. Net rates
have been found to be a poor approximation of the real status
of N cycling in soils (Davidson et al. 1991; Hart et al. 1994),
and it is generally accepted that measuring gross N transfor-
mation rates using 15N isotope techniques is the best approach
to quantify soil N dynamics. However, previous studies main-
ly focused on the effects of yak and Tibetan sheep dung on soil
net N transformation rates and N2O, CH4, and CO2 emissions
(Cai et al. 2013, 2014), and few researchers quantified gross N
transformation rates after the return of yak and Tibetan sheep
dung. Quantifying gross N transformation rates using 15N
tracing experiments may improve our understanding of the
modification of soil N cycling and N availability induced by
dung input (Rennenberg et al. 2009).

Animal manure can provide ash alkalinity and enhance
mineralization of organic N, and thus increase soil pH (de
Boer et al. 1988; Cai et al. 2015). An increase in soil pH has
been demonstrated to stimulate the oxidation of NH4

+ to NO3
−

via autotrophic nitrification (Ste-Marie and Pare 1999; Cheng
et al. 2013). Thus, it would be expected that excrement N
return may increase the conversion of NH4

+ to NO3
−.

Furthermore, NO3
− immobilization can occur in soils under

high C availability, such as grassland and forest soils (Stark
and Hart 1997; Hatch et al. 2000). It can therefore be hypoth-
esized that excrement N deposition may promote microbial
NO3

− immobilization by providing C source and increasing
soil microbial biomass and activity.

N2O released from soil is primarily produced by biological
processes of nitrification and denitrification (Hutchinson and
Davidson 1993). The rates at which these processes promote
the release of N2O depend on temperature (Lan et al. 2014),
water content (Cheng et al. 2014), C availability (Cheng et al.
2015), and cultivation (Li and Lang 2014). As a type of C
source, the addition of dung to soil may create the ideal con-
ditions for denitrification (enhanced oxygen consumption and
increased labile organic C and N substrate concentrations)
(Granli and Bockman 1994; Lovell and Jarvis 1996).
Furthermore, excrement N return may stimulate nitrification
rates and thus promote N2O emission. However, few studies
have examined the effects of dung return on N2O emission in
alpine grassland soils in the Qinghai-Tibetan Plateau.

In this study, our primary objectives were to quantify gross
N transformation rates and N2O emission in two contrasting
alpine grassland (meadow vs. steppe) soils and to investigate
the short-term effects of yak and Tibetan sheep dung on soil N

availability and N retention capacity in the Qinghai-Tibetan
Plateau grasslands.

Materials and methods

Soil and dung characteristics

The study site was located at Xainza Alpine Steppe and
Wetland Ecosystem Observation Station (N 30° 57′, E 88°
42′, 4675 m above sea level (a.s.l.)) in Northern Tibet. The
average annual air temperature and precipitation in this region
are 0 °C and 300 mm, respectively, with most rainfall occur-
ring from May to September. The average soil temperature at
5 cm in the growing seasons ranged from 10.8 to 18.8 °C in
2013 (Cai et al. 2014). The dominant vegetation is Stipa
purpurea and Kobresia humilis in alpine steppe and alpine
meadow, respectively. The alpine steppe and meadow soils
are mostly equivalent to Cryic Aridisols and Gelic
Cambisols according to the Chinese soil taxonomy, respec-
tively (Cai et al. 2013). The percentages of sand, silt, and clay
in the upper soil layer are 91, 7, and 2 % for alpine steppe soil
and 84, 12, and 4 % for alpine meadow soil, respectively (Lu
et al. 2011). In the autumn of 2012, soil was collected from a
depth of 0–10 cm, air dried, crushed, and sieved (<2 mm) and
then transported to the laboratory. Physical and chemical
properties of soils are shown in Table 1.

Dung collection

Yak and Tibetan sheep dung were collected separately from a
randomly selected subgroup of eight animals of each type on a
camping area adjacent to the soil sampling sites. Grazing an-
imals were enclosed within the camp at night and fresh dung

Table 1 Properties of the alpine steppe (AS) and meadow (AM) soils,
and yak (YD) and Tibetan sheep dung (TSD) used in the incubations (dry
matter basis)

AS AM YD TSD

Bulk density (g cm−3) 1.52 1.19 n.d. n.d.

pH 8.72 8.77 8.02 8.14

Organic C (g C kg−1) 8.84 12.3 409 394

DOC (g C kg−1) 192 267 n.d. n.d.

Total N (g N kg−1) 0.96 1.23 21.8 20.3

Total P (g P2O5 kg
−1) 0.57 0.52 7.27 10.5

Total K (g K2O kg−1) 32.5 27.8 3.66 3.17

C/N ratio 9.21 10.0 18.8 19.4

Exchangeable NH4
+ (mg N kg−1) 4.9 2.5 780 690

NO3
− (mg N kg−1) 4.4 4.0 1180 530

Lignin (%) n.d. n.d. 34.89 33.46

DOC water-soluble organic C, n.d. not determined
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samples were manually collected (directly under the tail of the
animals) into plastic buckets the next morning. The total feces
collected from each type of animal were mixed, the dung
samples were frozen immediately, and samples were
transported to the laboratory as soon as possible. The dung
samples were dried at 60 °C and ground to less than 1 mm.
The composition of the dung from yak and Tibetan sheep is
shown in Table 1.

15N tracing experiment

A 15N tracing technique was used to quantify gross N trans-
formation rates through a paired labeling experiment
(15NH4NO3 and NH4

15NO3) (Mary et al. 1998). In total, 180
flasks (3 treatments × 2 labels × 2 soil types × 5 extraction
times × 3 replicates) were employed. Soil samples (20-g
oven-dry weight basis) were pre-incubated in 250-ml flasks
at 30 % WHC and 20 °C in the dark. To prevent loss of soil
water, the flasks were covered with aluminum foil with holes
for aeration. After 7 days of pre-incubation, the soil samples
were given one of the following treatments for alpine steppe
(AS) and meadow (AM): CK, without dung addition; YD, the
addition of yak dung; TSD, the addition of Tibetan sheep
dung. The soil sample for each flask in the dung-treated treat-
ments was mixed thoroughly with ground dung. The applica-
tion rate of dung was equivalent to 100 mg N kg−1 and
1940 mg C kg−1soil. For all flasks, an ammonium nitrate
solution containing either ammonium (15NH4NO3) or nitrate
(NH4

15NO3) labeled with 15N at 10 atom% excess was ap-
plied to the soil at 20 mg N kg−1 soil (oven-dried weight). The
15N-labeled solution was added uniformly over the soil sur-
face with a pipette, and the final soil moisture contents were
adjusted to 60 % WHC using deionized water. Subsequently,
all the flasks were covered with aluminum foil and incubated
at 20 °C in the dark for an additional 21 days. During incuba-
tion, the samples were aerated for 30 min each day to maintain
aerobic conditions inside the flasks, and any lost water was
replaced every 3 days with deionized water as required.

Gas samples (three replicates) were taken from the head-
space of the flasks on days 0, 3, 8, 14, and 21. Before each gas
sampling event, the flasks were opened for 30 min to renew
the atmosphere inside and immediately sealed for 6 h using
rubber stoppers with a silicone sealant. Then, 20-mL gas sam-
ple was collected using a 25-mL gas-tight syringe with a stop-
cock from the headspace of each flask at the end of 6-h incu-
bation, and was injected into pre-evacuated vials (18.5 ml) to
determine the concentration of N2O and CO2. After gas sam-
pling, the flasks were destructively sampled for analysis of
NH4

+, NO3
−, and organic N. Specifically, three flasks were

randomly selected from each labeling type, treatment, and
soil, and the soil was extracted using 100-mL 2-M KCl solu-
tion to determine the concentration and isotopic composition
of NH4

+ and NO3
−. After KCl extraction, residual soil was

washed with deionized water, oven-dried at 60 °C to a con-
stant weight, and ground to pass through a 0.15-mm sieve for
15N analysis of insoluble organic N.

Soil analysis

Soil pH was measured in a slurry with a soil/water ratio of
1:2.5 (v/v) using a DMP-2 mV-pH detector (Quark Ltd.,
Nanjing, China). The soil organic carbon was determined by
wet digestion with H2SO4–K2Cr2O7, while soil organic N was
determined by semi-micro Kjeldahl digestion using Se,
CuSO4, and K2SO4 as catalysts. Exchangeable NH4

+ and
NO3

− concentrations were determined with a continuous-
flow analyzer (Skalar Analytical, Breda, the Netherlands).
Klason lignin content was estimated according to TAPPI stan-
dards (T13wd-74 and T222om-88, respectively) (Tappi
2006).

The isotopic compositions of NH4
+, NO3

−, and insoluble
organic N were measured using an automated C/N analyzer
isotope ratio mass spectrometer (Europa Scientific Integra,
Sercon 20–22, UK). Exchangeable NH4

+ and NO3
−were sep-

arated for 15N measurements by distillation with magnesium
oxide and Devarda’s alloy (Bremner 1996). In detail, a portion
of the extract was steam-distilled with MgO to separate NH4

+

on a steam distillation system. The sample in the flask was
distilled again after the addition of Devarda’s alloy to separate
out the NO3

−. The liberated NH3 was trapped using boric acid
solution. To prevent isotopic cross-contamination between
samples, 25 mL of reagent-grade ethanol was added to the
distillation flasks and steam-distilled for 3 min between each
distillation. Trapped N was acidified and converted to
(NH4)2SO4 using 0.005 mol L−1 H2SO4 solution. The
H2SO4 solution (containing NH4

+) was then evaporated to
dryness at 60 °C in an oven and analyzed for 15N abundance.

N2O concentrations were determined with a gas chromato-
graph (Agilent 7890, Santa Clara, CA, USA) equipped with a
63Ni electron capture detector (ECD) operated at 300 °C.
Separation was performed using a stainless-steel column
packed with 80/100 mesh Porapak Q at 65 °C. The injection
port was maintained at 100 °C. The carrier gas was argon (Ar)
gas and contained 5 % CH4 at a flow rate of 40 mL min−1.
CO2 concentrations, meanwhile, were determined with a gas
chromatograph (Agilent 7890, Santa Clara, CA, USA)
equipped with a thermal conductivity detector using a column
packed with Porapak Q (80/100 mesh). The temperatures of
the column oven, injector, and detector were 40, 100, and
300 °C, respectively.

Calculations and statistical analysis

Cumulative CO2 and N2O emissions were calculated using
linear interpolation across sampling intervals. The FLUAZ
model (based on the 15N-tracing technique) was employed
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to calculate gross N transformation rates (Mary et al. 1998).
This model combines a numerical method (Runge–Kutta al-
gorithm, 4th order) for solving the differential system given by
the N and 15N mass equations and a nonlinear fitting pro-
gram (Haus-Marquardt algorithm) for optimizing the N
rate parameters by minimizing the differences between
observed and simulated N and 15N data (amounts and
isotopic excesses of NH4

+ and NO3
−). Measurements of

insoluble soil organic 15N were also considered to be
much more reliable in preparing 15N balances. The op-
timal fit of the experimental data was calculated by
minimizing the mean weighted error (MWE) criterion,
which is a function of the difference between simulated
and measured variables and the experimental variance of
the measured variables. In this way, the measured vari-
ables with the largest experimental variability had the
lowest weight in the optimization procedure (Mary et
al. 1998). The main N transformations considered in
FLUAZ included the following: nitrification, mineraliza-
t ion , and immobi l iza t ion of NH4

+ and NO3
− .

Cumulative gross N transformations over the 21-day in-
cubation period were estimated based on linear extrapo-
lation between the periodically measured time points.

The difference in variables between soil types and among
treatments was evaluated by paired t test and one-way
ANOVA followed by a least significant difference (LSD) test,
respectively. All statistical analyses were performed using
SPSS 13.0. All results are reported on a soil dry weight basis.

Results and discussion

Soil inorganic N concentrations and 15N enrichments

Exchangeable NH4
+ concentrations rapidly decreased during

the first 8 days of incubation and then remained almost con-
stant for AS soil, but exchangeable NH4

+ concentrations in
AM soil rapidly increased during the first 3 days of incubation
and gradually decreased afterward (Fig. 1). In contrast, NO3

−

concentrations increased during the whole incubation period
for both AS and AM soils, and the values in dung-treated
treatments were significantly lower than those in CK treat-
ments for both soils at the end of incubation (P<0.001), im-
plying a decreasing net nitrification rate or an increasing NO3

−

consumption after dung addition. In the 15NH4
+-labeled sam-

ples, the 15N enrichments of exchangeable NH4
+ gradually

declined (Fig. 2a), and the 15N enrichments of NO3
− increased

during the whole incubation period in AM soil while in-
creased during the first 8 days of incubation and then
remained almost constant in AS soil (Fig. 2b). In the
15NO3

−-labeled samples, the 15N enrichments of exchange-
able NH4

+ slightly fluctuated (Fig. 2c), and the 15N enrich-
ments of NO3

− declined over time for both soils (Fig. 2d).

Gross N transformation rates

Gross N mineralization rates reached the highest values in the
first time interval (0–3 days) and then decreased for both soils
in all treatments (Table 2). The cumulative gross N minerali-
zation over the 21-day incubation period was around 1.8 times
higher in AM than in AS soil (Figs. 3 and 4). Yak and sheep
dung application into AS soil increased by 30 and 22 % gross
N mineralization rates, respectively (Fig. 3). In AM soil, gross
N mineralization rates were enhanced by 35 % following
sheep dung application and to a lesser extent (12 %) by yak
dung application (Fig. 4). Since the AM and AS soils were
taken from adjacent sites within 1000 m, the climatic, parent
material, topography, time, and organisms could be similar,
and thus the difference in gross N mineralization rates were
most likely associated with the development of different soil
properties under respective dominant vegetation. It has been
reported that the difference in the dominant vegetation type
and associated litter quality can cause different soil properties,
such as soil organic C and N contents, and pH (Sotta et al.
2008; Zhang et al. 2011). Gross N mineralization rates are
positively correlated with soil organic C and N contents, indi-
cating the importance of substrate availability in controlling
mineral N production (Booth et al. 2005). Thus, relatively
higher soil organic C and N contents in AM soil compared
with AS soil (Table 1) could induce greater gross N mineral-
ization rates in AM soil. Likewise, the stimulation of gross N
mineralization following dung addition might be attributed to
organic C supply from dung, or the priming effects of dung on
the decomposition of native soil organic C or the turnover of
microbial biomass N (Shindo and Nishio 2005). Thus, it can
be concluded that the enhanced gross N mineralization rates
following amendment of grazing animals’ dung are of partic-
ular importance for increasing potential plant available N and
alleviating possible N limitation in natural grasslands in the
Qinghai-Tibetan Plateau.

The cumulative gross NH4
+ immobilization over the whole

incubation period in AM soil was approximately twice as high
as that in AS soil without dung application (Figs. 3 and 4). A
review by Booth et al. (2005) found that gross NH4

+ immo-
bilization rates were positively correlated with soil organic C
concentrations. In this study, soil organic C and water-soluble
organic carbon concentrations were significantly higher in
AM than in AS soil (Table 1). As a consequence, the different
amount of available C was responsible for the difference in the
cumulative gross NH4

+ immobilization between AM and AS
soils. Yak and sheep dung application increased gross NH4

+

immobilization rates by ca. 48 % in AS soil (Fig. 3). In AM
soil, gross NH4

+ immobilization rates were enhanced by 59 %
following sheep dung application and to a lesser extent (17 %)
by yak dung application (Fig. 4). Gross NH4

+ immobilization
rates appeared to increase by increasing C availability, as mi-
crobe needed additional inorganic N for growth under
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enhanced C availability (Burger and Jackson 2003). The in-
creasing gross N mineralization and NH4

+ immobilization
rates due to dung application indicate more rapid turnover of
NH4

+ pool in dung-amended soils. Luxhøi et al. (2007) sug-
gested that mineral N in the transition between gross N min-
eralization and immobilization was still available for assimi-
lation by plants. Dung application enhanced microbial immo-
bilization of NH4

+ into soil organic N pool, but this phenom-
enon has been demonstrated to be temporary (Romero et al.
2015). In the long run, dung-induced N immobilization will
re-mineralize with increase of inorganic N.

Gross nitrification rates decreased with incubation time in
AS soil, while the tendencywas reversed in AM soil (Table 2).
The cumulative gross nitrification was 96 % times higher in
AM than in AS soil without dung application (Figs. 3 and 4).
Generally, soil nitrification rates increased by increasing soil
pH (Ste-Marie and Pare 1999). However, our results showed
that there was no difference in pH between AM and AS soils
(Table 1). Thus, the difference in the cumulative gross nitrifi-
cation between AM and AS soils might be controlled by other
factors rather than soil pH. Alternatively, gross nitrification
was strongly dependent on gross N mineralization, indicating
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that NH4
+ availability played an important role in regulating

nitrification rate (Booth et al. 2005). Similarly, our results also
indicated that AM soil, which had greater gross N mineraliza-
tion rate, displayed greater gross nitrification rate in compar-
ison with AS soil.

Not as expected, the application of yak and sheep dung
decreased gross nitrification rates for AS soil by 15 and
23 % (Fig. 3), and for AM soil by 10 and 3 %, respectively
(Fig. 4). In general, mineral and organic amendments often
stimulate nitrification rates (Schimel and Bennett 2004;
Müller et al. 2011). Theoretically, dung application can stim-
ulate autotrophic nitrification due to increasing soil pH by
providing ash alkalinity and enhancing mineralization of

organic N (Ste-Marie and Pare 1999; Cai et al. 2015). In this
study, we did not determine soil pH during the incubation for
all treatments. However, it could be expected that increased
soil pH by dung application did not occur considering that pH
of both soils were alkaline, with pH value (8.7) being signif-
icantly higher than that of both dung (Table 1). Indeed, it is
generally admitted that the nitrification activity is higher in
neutral or slightly alkaline conditions, and the optimum soil
pH for nitrification has been reported to be from about 7.5
to 8.0 (Paul and Clark 1989; Yao et al. 2011). Thus, in
both soils, nitrification might have an optimal pH value
which is lower than that of soil, leading to no stimulation
of nitrification by dung application. Instead, the decline in

Table 2 Gross N rates in the alpine steppe (AS) and meadow (AM) soils amended with yak (YD) and Tibetan sheep dung (TSD) over the 21 days of
incubation

Day Gross N rates (mg N kg−1 day−1)

Gross mineralization Gross NH4
+ immobilization Gross nitrification Gross NO3

− immobilization

CK YD TSD CK YD TSD CK YD TSD CK YD TSD

AS 0–3 1.86 (0.45) 4.06 (0.72) 3.67 (0.50) 1.16 (0.30) 3.93 (0.43) 4.52 (0.47) 1.37 (0.41) 1.02 (0.29) 0.81 (0.34) 0.08 (0.02) 0.26 (0.03) 0.29 (0.03)

3–8 1.29 (0.45) 0.65 (0.32) 0.77 (0.22) 1.80 (0.49) 1.23 (0.29) 0.97 (0.31) 0.74 (0.42) 0.48 (0.18) 0.84 (0.31) 0.30 (0.08) 0.18 (0.04) 0.20 (0.06)

8–14 0.21 (0.18) 0.19 (0.12) 0.11 (0.29) 0.00 (0.36) 0.09 (0.09) 0.00 (0.31) 0.38 (0.45) 0.16 (0.09) 0.02 (0.00) 0.00 (0.15) 0.02 (0.02) 0.00 (0.11)

14–21 00.0 (0.00) 0.10 (0.00) 0.10 (0.00) 0.00 (0.26) 0.00 (0.26) 0.00 (0.27) 0.15 (0.49) 0.43 (0.00) 0.27 (0.32) 0.00 (0.24) 0.45 (0.14) 0.21 (0.13)

AM 0–3 7.31 (0.58) 8.97 (0.63) 9.15 (1.19) 3.17 (0.39) 5.54 (0.48) 5.14 (0.84) 0.18 (0.10) 0.10 (0.10) 0.00 (0.09) 0.09 (0.01) 0.18 (0.02) 0.15 (0.03)

3–8 1.53 (0.35) 1.35 (0.69) 2.61 (0.49) 1.43 (0.58) 2.58 (0.71) 2.86 (0.53) 0.48 (0.27) 0.39 (0.28) 0.08 (0.08) 0.04 (0.01) 0.09 (0.02) 0.06 (0.01)

8–14 0.54 (0.34) 0.42 (0.61) 0.71 (0.32) 1.36 (0.44) 0.00 (0.58) 0.94 (0.44) 0.29 (0.16) 0.91 (0.39) 0.89 (0.22) 0.05 (0.02) 0.00 (0.04) 0.03 (0.02)

14–21 0.64 (0.29) 0.80 (0.46) 0.82 (0.31) 0.05 (0.34) 0.00 (0.46) 0.68 (0.57) 2.45 (0.53) 1.70 (0.63) 2.21 (0.72) 0.01 (0.08) 0.00 (0.11) 0.15 (0.12)

CK indicate without dung addition. Values within brackets represent standard error of the mean (n = 3)

Fig. 3 The cumulative gross rates of microbial N cycling (mg N kg−1)
calculated by FLUAZmodel in the alpine steppe soil (AS) amended with
yak (YD) and Tibetan sheep dung (TSD) during the experiment. CK
indicate without dung addition. Values within brackets represent standard
error of the mean (n= 3)

Fig. 4 The cumulative gross rates of microbial N cycling (mg N kg−1)
calculated by FLUAZ model in the alpine meadow soil (AM) amended
with yak (YD) and Tibetan sheep dung (TSD) during the experiment. CK
indicate without dung addition. Values within brackets represent standard
error of the mean (n= 3)
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gross nitrification rates following dung application could
be due to the competition for exchangeable NH4

+ between
heterotrophic microorganisms and nitrifiers (Booth et al.
2005). Enhanced C availability following dung applica-
tion could stimulate microbial requirement for N (Figs. 3
and 4), with heterotrophic microorganisms becoming
more competitive than nitrifiers for exchangeable NH4

+

and this may have decreased gross nitrification rates in
dung-amended soils.

Compared with NH4
+ immobilization, NO3

− immobiliza-
tion rates were considerably low for both soils (Table 2), con-
sistent with the percentage of added 15N recovered in insolu-
ble organic N pools, which was significantly higher in the
15NH4

+ than in the 15NO3
−-labeled samples during the whole

incubation, regardless of grassland and dung types (P<0.001;
Table 3). Gross NO3

− immobilization rates were 65 % times
lower in AM than in AS soil. Thus, higher gross nitrification
rates coupled with lower gross NO3

− immobilization rates was
responsible for higher net nitrification and NO3

− accumulation
in AM soil compared with AS soil (Fig. 1b). Heterotrophic
microbes assimilated less NO3

− than NH4
+ probably because

the reduced energy requirements for NH4
+ assimilation into

microbial cells (Murphy et al. 2003), or because NH4
+ even at

relatively low concentrations (i.e., <1 mg N kg−1 soil), can
decrease microbial NO3

− immobilization (Rice and Tiedje
1989). Microbial NO3

− immobilization occurred in grassland
and forest soils (Stark and Hart 1997; Hatch et al. 2000), while
it was negligible in agricultural soils (Shi and Norton 2000;
Shi et al. 2004). Compared with agricultural soils, grassland
and forest soils are considered N rather than C limited. It is
well established that the NO3

− immobilization depends on the
amount of available C (Recous et al. 1990; Bradley
2001). The addition of glucose, sucrose, and crop resi-
due with high C/N ratio has been demonstrated to

stimulate microbial NO3
− immobilization (Recous et al.

1990; Bradley 2001). Similarly, our results also showed
that the application of yak and sheep dung increased
gross NO3

− immobilization rates for AS soil by 1.9-
and 0.9-fold, respectively (Fig. 3), and for AM soil by
0.3- and 1.5-fold, respectively (Fig. 4), consistent with
our previous hypothesis that excrement N deposition
may promote microbial NO3

− immobilization by provid-
ing C source and increasing soil microbial biomass and
activity. Enhanced gross NO3

− immobilization rates fol-
lowing dung input indicate an important role of mi-
crobes in governing NO3

− concentrations and associated
NO3

− losses risks.
It is generally accepted that the decomposition rate of res-

idue and its effect on soil gross N transformations depend on
residue quality, such as C/N ratio, lignin content, substrate N

Table 3 Percentage of added 15N
recovered as insoluble organic N
pools during the 21 days of
incubation period in two alpine
grassland soils amended with yak
(YD) and Tibetan sheep dung
(TSD)

Labeling type Day Percent recovery of added 15N in non-extractable organic N pool (%)

Alpine steppe (AS) Alpine meadow (AM)

CK YD TSD CK YD TSD

15NH4
+ 0 5.7 (0.2) 5.8 (0.1) 5.5 (0.0) 5.4 (0.3) 5.3 (0.2) 6.1 (0.13)

3 16.5 (1.0) 36.4 (0.7) 34.1 (1.3) 30.1 (0.8) 40.1 (1.2) 39.9 (1.1)

8 18.9 (4.3) 43.8 (10.5) 42.6 (3.4) 46.1 (0.9) 54.9 (0.6) 46.4 (1.7)

14 20.7 (1.8) 35.3 (2.4) 36.0 (3.1 44.2 (1.3) 53.3 (0.7) 51.3 (0.8)

21 22.7 (0.3) 45.1 (1.2) 44.8 (0.1) 53.2 (0.4) 62.5 (1.2) 59.9 (1.8)
15NO3

− 0 2.0 (1.1) 2.2 (0.2) 2.4 (1.0) 3.2 (0.5) 4.0 (0.3) 4.0 (0.2)

3 3.4 (0.3) 4.6 (0.3) 3.6 (0.6) 3.7 (0.1) 4.4 (0.0) 4.1 (0.1)

8 5.2 (1.1) 9.1 (0.1) 6.8 (0.5) 4.2 (0.2) 5.4 (0.6) 5.3 (0.6)

14 4.1 (0.5) 10.5 (0.3) 8.4 (1.9) 4.0 (1.0) 5.2 (0.4) 5.4 (0.8)

21 5.4 (0.9) 21.1 (0.7) 18.0 (1.6) 4.2 (0.4) 7.0 (0.1) 6.4 (0.2)

CK indicate without dung addition. Values within brackets represent standard deviation of the mean (n = 3)
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Fig. 5 Cumulative emissions of CO2 and N2O over the 21 days of
incubation for the alpine steppe (AS) and meadow (AM) soils amended
with yak (YD) and Tibetan sheep dung (TSD). SCK without dung addi-
tion in AS soil, SYD the addition of yak dung into AS soil, STSD the
addition of Tibetan sheep dung into AS soil,MCK without dung addition
in AM soil, MYD the addition of yak dung into AM soil, MTSD the
addition of Tibetan sheep dung into AM soil. Error bars represent stan-
dard deviation for n= 3
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concentration, and lignin/N ratio (Trinsoutrot et al. 2000;
Chantigny et al. 2002; Cheng et al. 2015). In this study, soil
organic C and total N concentrations, C/N ratio, pH, and lignin
content were not significantly different between yak and sheep
dung (Table 1), indicating that the quality of both dung might
be similar. Thus, it could be expected that both dung applica-
tion had the consistent effects on soil gross N transformation
rates. However, our results showed that the effects of yak and
sheep dung application on soil gross N transformation rates
varied with soil type. In AS soil, yak and sheep dung applica-
tion had the similar effects on soil gross rates of N minerali-
zation, nitrification, and NH4

+ and NO3
− immobilization,

whereas sheep dung application caused a greater increase in
gross N mineralization-NH4

+ immobilization rates compared
with yak dung application in AM soil (Figs. 3 and 4).
Therefore, interactive effects of soil type and dung type on
soil N transformations exist in spite of the presence of similar
quality of dung.

Soil CO2 and N2O emissions

The cumulative CO2 emissions, an indicator of microbial ac-
tivity over the 21 days of incubation period, were significantly
higher in AM than in AS soil regardless of dung application
(P<0.001; Fig. 5). The application of dung increased cumu-
lative CO2 emissions for AS and AM soil by 65 and 120 %,
respectively. Similarity, the cumulative N2O emissions over
the 21 days of incubation period were significantly higher in
AM than in AS soil (P<0.05; Fig. 5). The application of dung
stimulated cumulative N2O emissions, but the stimulation was
significant in AM soil alone. N2O is mainly produced by
nitrification and denitrification in soils (Hutchinson and
Davidson 1993). Since the application of yak and sheep dung
decreased gross nitrification rates for both soils (Figs. 3 and 4),
nitrification may not be a measurable source of enhanced N2O
emissions following dung application. On the contrary, dung
addition could provide organic C as the energy source for
denitrification (Chen et al. 2013). In addition, dung addition
might stimulate microbial growth and activity, and thus in-
creasing oxygen depletion with creation of temporary anaero-
bic microsites (Goek and Ottow 1988) with stimulation of
denitrification. This interpretation was partly supported by
the increased cumulative CO2 emissions following dung ad-
dition (Fig. 5).

Conclusions

Our study showed that gross N mineralization and NH4
+ im-

mobilization turnover rates and gross nitrification rates were
generally greater in AM than in AS soil. In contrast, gross
NO3

− immobilization rates were 65% times lower in AM than
in AS soil. Thus, higher gross nitrification rates coupled with

lower gross NO3
− immobilization rates was responsible for

higher net nitrification and NO3
− accumulation in AM soil

compared with AS soil (Fig. 1b). Dung addition increased
gross N mineralization and NH4

+ immobilization turnover
rates, and thus potentially increased plant N availability. The
application of yak and sheep dung decreased gross nitrifica-
tion rates but increased gross NO3

− immobilization rates for
both soils, resulting in a decreased net NO3

− accumulation and
potential NO3

− losses through leaching. In general, yak and
sheep dung return has a positive effect on soil N supply and
retention as a result of increasing NH4

+ availability for plant,
and simultaneously decreasing NO3

− accumulation in soils.
However, the environmental negative effects of enhanced soil
CO2 and N2O emissions following yak and sheep dung return
should be carefully considered. It is noteworthy that this study
was conducted in the laboratory under controlled incubation
conditions, in which incubation temperature was much higher
than that in situ, caution thus should be exercised when ex-
trapolating these results to the field, and further in situ research
needs to be taken into account to confirm our results.
However, this study provided a process-based explanation of
how yak and sheep dung return influence the internal miner-
alization immobilization turnover in alpine grassland soils in
the Qinghai-Tibetan Plateau. Future work should be per-
formed to investigate the microbial community patterns and
the related activity in response to dung return for linking the
observed results with biological function.
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