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Soil nitrogen (N) mineralization is an important component of the N cycling process in eco-
systems. In this study, we assessed the seasonal patterns of net soil N mineralization and
nitrification using an intact soil core incubation method in the upper 0-10 cm soil layer in
three representative land use types. These included a fenced steppe, an abandoned field
and a crop field in a grassland landscape of Inner Mongolia, China. The study was con-
ducted from September 2004 to August 2005. Our results demonstrate marked seasonal
variations in inorganic N pools, net nitrogen mineralization and net nitrification. Net N
mineralization was higher in the crop field than in the fenced steppe and the abandoned
field. Daily rates of N mineralization and nitrification during the growing season were ap-
proximately twice their corresponding mean annual rates. Accumulative mineralization
and nitrification of N during the growing season accounted for about 90 and 85% of that
measured for the entire year. Rates of mineralization and nitrification were positively cor-
related with soil bulk density, but negatively correlated with soil pH. Net N mineralization
and nitrification were strongly regulated by land use, precipitation, soil water and
temperature.

© 2008 Elsevier Masson SAS. All rights reserved.

1. Introduction

ecosystems (Davidson et al., 1993), and alters N cycling routes.
For example, by enhancing soil net N nitrification, soil N min-

Nitrogen (N) mineralization is a major process supplying min-
eral N to plants in terrestrial ecosystems (Vitousek and
Howarth, 1991). The seasonal pattern of soil N mineralization
may regulate soil fertility (Pastor et al., 1984; Xu et al., 2007)
and affect plant growth (Nadelhoffer et al., 1985; Antil et al.,
2001) and is responsible for variations in primary production
(Burke et al., 1997; Reich et al., 1997; Joshi et al., 2006). Soil N
mineralization also affects trace gas production in natural
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eralization can result in increased nitrate losses (Aber et al.,
1998; Wright and Rasmussen, 1998). The temporal pattern of
soil N mineralization should be documented to gain a better
understanding of the mechanisms underlying the role of N
in the function of a particular ecosystem. Previous studies
on soil N mineralization demonstrate that marked seasonal
and temporal variation can occur in different ecosystems,
such as grassland (Neill et al., 1997; Steltzer and Bowman,
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1998), forest (Pastor et al., 1984; Vitousek and Matson, 1985)
and other ecosystems (Fisk and Schmidt, 1995; Schimel
et al.,, 2004) during both the growing season (van Wijnen
et al.,, 1999; Zhu and Carreiro, 2004) and non-growing season
(Groffman et al., 2001; Schimel et al., 2004). However, we still
lack a consistent conclusion about seasonal patterns of N
mineralization. Some studies have reported that mineraliza-
tion is lower during the growing season than during winter
due to microorganisms immobilizing nutrients during sum-
mer while nutrients are released from lyzed cells of dying mi-
crobes during winter (Nadelhoffer et al., 1991; Schmidt et al.,
1999). Others have found that greater N mineralization occurs
during the growing season than during the non-growing sea-
son due to higher temperature coupled with greater soil mois-
ture in the growing season (Ehrenfeld et al., 1997; Zhu and
Carreiro, 2004). Two peak rates of N mineralization within
a year have also been documented (Mladenoff, 1987; Uri
et al., 2003). These variable results suggest site specificity in
the temporal pattern of soil N mineralization.

Land use change has a great impact on soil N mineralization
by modifying plant composition and abundance and soil phys-
ical, chemical and microbiological characteristics (Rhoades and
Coleman, 1999). It has been widely recognized that cultivation
results in carbon (C) and N losses in temperate soils (Post and
Mann, 1990; Mikhailova et al., 2000; Bronson et al., 2004; Billings,
2006). These losses are caused either by increased rates of N
mineralization, reduced N uptake by plants or increased loss
by leaching and erosion (Vitousek et al., 1979). Increased N min-
eralization following disturbance can be due to changes in
microenvironment and substrate quality. However, changes
in levels of soil C and N and mineralization processes after agri-
cultural abandonment are not well established and may be par-
ticularly site-specific (Compton et al., 1998).

Grassland in Inner Mongolia forms a large part of the con-
tiguous Eurasia steppe. Severe land degradation in the Inner
Mongolia plateau has occurred since the late 1970s, mainly
due to growth of human populations and changes in land
use practices, especially overgrazing and introduction of
crop production. Recent investigation conducted in this region
indicates that more than 42% of the steppe is moderately to
heavily degraded. Productivity has decreased by 36-60% and
more than 60% in the moderately and heavily degraded
steppes, respectively (Tong et al., 2004). Heavy grazing has
decreased soil organic C and N by up to 82% (Barger et al.,
2004; Steffens et al., 2008). To restore degraded ecosystems
and improve ecosystem functioning, new management prac-
tices have been enforced since 2000 including fencing grass-
land to exclude animal grazing and abandoning cropland to
allow grassland to re-establish. Nitrogen will play a key role
in grassland restoration because it is the most frequently
limiting nutrient in this ecosystem. However, to our knowl-
edge, there is no information about how these land use
changes influence N cycling in this area.

This study investigates the seasonal variations in net soil N
mineralization and nitrification, and the controlling factors of
N mineralization for three contrasting land uses in Inner Mon-
golia, China. Questions that we addressed were: (1) what are
the seasonal patterns of net soil N mineralization and nitrifi-
cation under different land use? (2) Do changes in land use
alter net soil N mineralization and nitrification? (3) What is

the contribution to annual N mineralization and nitrification
during the growing and non-growing seasons?

2. Materials and methods
2.1. Site description

The study was carried out in the permanent plots of the
Duolun Restoration Ecology Research Station, which is located
in Duolun County (42°02'N; 116°16'E; 1344 m a.s.l.), Inner Mon-
golia, China. This area has a typical semiarid monsoon cli-
mate. The growing season is from May to September and
non-growing season from October to April. The mean annual
temperature is 2.1°C, with minimum in January (—16.7 °C),
and maximum in July (24.3 °C). The mean annual precipitation
is 385 mm, of which more than 80% falls between mid-June
and late September (Xu and Wan, 2008). Over the period of
field incubation (September 2004-August 2005), the monthly
soil temperature at 5 cm depth ranged from —10.8 °C in Janu-
ary 2005 to 22.2 °C in July 2005, and the monthly precipitation
peaked in July with 2354 mm and was lowest with only
0.2 mm in January (Fig. 1). The soil is classified as Chestnut
soil in the Chinese soil classification system, which is equiva-
lent to Calcic Kastanozems in the FAO Soil Classification
System, and Calciustolls in the US Soil Taxonomy (United
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Fig. 1 - (A) Soil temperatures (0-5 cm depth, points) and
precipitation (bars), and (B) soil moisture content from
September 2004 to August 2005.
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Table 1 - Soil (0-10 cm) characteristics measured in September 2004 in fenced steppe, abandoned field and crop field (values

are mean + SE). Different letters indicate statistical significance among the land use types at p = 0.05; n = 3 for bulk

density, and n = 5 for other measurements

Fenced steppe Abandoned field Crop field
Soil organic G (g kg™?) 15.26 + 0.58° 20.49 + 0.39° 18.88 + 0.25°
Total N (gkg™) 1.57 + 0.02° 1.91 +0.02¢ 1.67 +0.02°
CN 9.71 + 0.35° 10.72 +0.27° 11.29 +0.18°
NH,-N (ug g% 4.60 +0.16% 6.41 + 0.25° 6.22 +0.25%
NOs-N (ug g% 1.19 + 0.09° 2.23 +0.10° 3.51 +0.36°
pH 7.17 £ 0.04° 6.89 + 0.05° 6.92 + 0.03?
Bulk density (g cm ™) 1.24 +0.01° 1.46 + 0.03° 1.47 +£0.01°

States Department of Agriculture, 2006). Soil properties under
different land uses are presented in Table 1.

The entire region is situated in a typical agro-pastoral
ecotone of China and different land use types coexist in the
study area. We chose the three land use types, i.e., fenced
steppe, abandoned field and crop field for this study. The
fenced steppe was enclosed in 2000 and its dominant plant
species included Stipa krylovii and Artemisia frigida. The aban-
doned field had been left since 2000 and was dominated by
Artemisia scoparia. The crop field had a history of cultivation
with Zea mays and Linum usitatissimum.

2.2. Incubation

Six sampling plots (2 x 2 m each) with separation distances of
10-20 m were randomly placed in each land use type. Net N
mineralization and nitrification were measured monthly by
an intact soil core in situ incubation technique (Raison et al.,
1987). On the first day of each month during the growing sea-
son, a pair of 5.0 cm diameter by 15 cm long PVC tubes were
driven 10 cm into the soil in each plot. One tube was taken
out immediately from the soil for initial inorganic N
(NH4-N + NOs-N) analyses. Another tube was left in the field
for incubation. The top of the tube was covered by a piece of
plastic film with eight 1 mm diameter holes in it. After
30 days of incubation, the tube and soil were retrieved and
transferred to the laboratory for the final inorganic N
(NH4-N + NOs-N) analyses.

During the non-growing season, because of difficulty in
collecting soil samples from frozen soil, seven PVC tubes
were driven into the soil in each plot as described above on
October 12004, and one tube of each plot was removed imme-
diately for initial NH4-N and NO3-N analyses. One of the
remaining tubes was collected from each plot on the first
day of each month from November to April for final NH4-N
and NO3-N measurements.

2.3. Soil analysis

Both initial and field incubated soil samples were sieved
through a 2 mm mesh to remove visible plant material. Inor-
ganic N concentration was measured by extracting 10 g fresh
weight sieved soil with 50 ml of 2 M KCl for 1 h on a reciprocal
shaker. The filtered soil extracts were analyzed for NH4-N and
NO5-N by a segment flow analyzer (Scalar SANP™®, Nether-
lands) at the Institute of Botany, the Chinese Academy of
Sciences.

At each sampling time, additional soil samples (0-10 cm)
were taken to determine soil moisture content after drying
at 105°C for 24 h. Additional samples of soil (0-10 cm) col-
lected in September 2004 were air dried and sieved for mea-
surements of soil total nitrogen, soil organic carbon and pH.
Total N was analyzed using the Kjeldahl acid-digestion
method with an Alpkem autoanalyzer (Kjektec System 1026
Distilling Unit, Sweden) and soil organic carbon was analyzed
using the H,S04-K,Cr,0; oxidation method (Nelson and
Sommers, 1996). Soil pH was determined by mixing fresh
soil with deionized water (1:2 w/v).

2.4. Calculating net N mineralization and nitrification

During the growing season, N mineralization on a dry mass
basis was defined as the difference in inorganic N concentra-
tions before and after incubation, and net N nitrification as the
difference between NOs-N concentrations before and after
incubation. Total annual net N mineralization and nitrifica-
tion were calculated by summing the net amount of mineral-
ized and nitrified N for all of the incubation periods (Subler
etal., 1998; Trindade et al., 2001). For the non-growing season,
net N mineralization and nitrification rates were calculated
from the month-to-month accumulations of total inorganic
N and NOs-N in the incubated soil cores (Groffman et al,
2001). The conversion of annual net N mineralization and
nitrification rates from soil mass to per area unit was made
using the soil bulk density data.

2.5. Statistical analyses

Two-way ANOVA with incubation time and land use as the
main factors was performed for the response variables:
NH,;-N, NOs-N, inorganic N (NH4-N + NO5-N), net N minerali-
zation and nitrification rates. Difference in N mineralization
between the growing and non-growing season was compared
by paired T-test. One-way ANOVA was used to test the differ-
ences of annual accumulation of mineralized N and turnover
rates among the three land-use types, and a Duncan test was
used to distinguish differences at p =0.05. Relationships
between rates of N mineralization and climate or soil charac-
teristics were tested using Pearson correlation analysis.

All analyses were performed using the SPSS 10.0 statistical
software package (SPSS Inc., Chicago, IL, USA). All results are
reported as mean =+ standard error on a dry soil basis.
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3. Results
3.1. Soil characteristics

The soil characteristics measured at the beginning of the
study under three different land uses are presented in
Table 1. There were significant differences in soil organic C
content and total N among the three land use types
(Table 1). For example, the highest values for both soil organic
C and total N were found in the abandoned field soil (Tablel).
Other parameters such as NH,4-N, NOs-N, C:N, pH, and bulk
density were similar for the soil of the abandoned field and
crop field, but significantly higher than those of soil from the
fenced steppe. The one exception was for pH which was lower
(p = 0.05) in the two disturbed soils (abandoned field and crop
field, Table 1).

3.2 Extractable nitrogen

During the 12-month study, the KCl extractable inorganic N
(NH4-N and NOs-N) pools ranged from 2.56 to 10.27 ug g~ * for
the fenced steppe, 2.07 to 8.39 pg g * for the abandoned field,
and 2.48 to 30.65 ug g~* for the crop field (Fig. 2 and Table 2).
Nitrates were the largest component of the extractable inor-
ganic N pools for the abandoned field and crop field, while
NH,-N and NOs-N were almost equal in the inorganic N pool
of the fenced steppe (Table 2).

Results from two-way ANOVA demonstrate that both land
use and sampling time as well as their interaction had a signif-
icant effect on the extractable inorganic N concentration
(Table 3). However, it is important to note that when the
extractable inorganic N pool was partitioned into NH,4-N and
NOs-N pools, a different land use effect was observed (Table
2, Fig. 2). Over the course of the study, soil NH4-N showed clear
seasonal patterns (Fig. 2A). Amounts of NH,-N increased from
September 2004 and reached maximal values in November in
the abandoned (6.0pug g% and crop fields (5.36ug g ),
whereas the highest values in the fenced steppe (5.21 ug g%
were obtained in December 2004. In contrast to the soil NH,-
N, the NOs3-N concentrations at all sites showed a different
pattern (Fig. 2B) by increasing and peaking in June 2005. Soil
inorganic N in the three land use types showed similar
seasonal trends to NO3-N concentration (Fig. 2C).
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g o —A— Crop field
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Fig. 2 - (A) Temporal variations in soil NH,4-N, (B) NO5-N and
(C) inorganic N concentrations in fenced steppe,
abandoned field and crop field from September 2004 to
August 2005. Values are mean + SE, n = 6.

3.3. Net N mineralization and nitrification

Monthly net mineralization and nitrification rates showed
seasonal variations ranging from —0.093 (immobilization) to
0.98 ug g * and —0.08 (immobilization) to 0.97 ug g * respec-
tively, across all land use types and sampling times (Fig. 3).
Over the sampling period, the rates were higher in the growing

Table 2 - Mean soil NH4-N and NO3-N concentrations, mean net N mineralization and nitrification rates, and organic N

turnover rate from September 2004 to August 2005 for the fenced steppe, abandoned field and crop field (values are
mean * SE, n = 6). Different letters indicate the significant difference among the three land use types at p = 0.05

Fenced steppe Abandoned field Crop field
Soil water content (%) 9.20 + 0.40° 7.18 +0.31% 7.15 +0.38%
NH,-N (ng g7%) 2.48 +£0.19% 2.24 +£0.21% 2.48 £0.19%
NO5-N (ug g% 2.30 +0.272 3.17 + 0.25° 6.03 +1.13°
Inorganic N (ug g% 4.78 +0.28% 5.41 + 0.26° 8.51 + 1.06°
Net mineralization rate (g m~2 year ) 2.46 + 0.55% 5.00 + 0.62%° 5.50 + 1.35°
Net nitrification rate (g m 2 year ) 2.30 + 0.56% 5.13 + 0.56° 519 +1.18°
N turnover rate (%) 1.27 +0.28% 1.79 +0.222 2.23 +0.54%
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Fig. 3 - Temporal variations in net soil N (A) mineralization
and (B) nitrification rates in fenced steppe, abandoned field
and crop field from September 2004 to August 2005. Values
are mean = SE, n = 6. Different letters indicate statistical
significances at different sampling times at p = 0.05.

season than in the non-growing season (Fig. 3A) and mean
rates during the growing season in the fenced steppe, aban-
doned field and crop field were 2.36, 2.31 and 2.25 times as
much as the annual mean daily rates, respectively. The pat-
terns of net N nitrification rates in the three land use types
were comparable to their rates of mineralization (Fig. 3B).
The highest mean rate was obtained in July 2005 (0.65 ug g*
day™!) and the lowest in January 2005 (-0.02 ug g~ day™?).
Mean net N nitrification rates during the growing season in
the fenced steppe, abandoned field and crop field were 2.09,
2.10 and 2.12 times as much as their annual daily rates, re-
spectively. Overall, net rates of N mineralization and nitrifica-
tion and annual turnover were higher in the disturbed areas
(abandoned field and crop field) than in the fenced steppe, al-
though the N turnover rates were not statistically different
among the three land use types (Table 2).

Apart from significant effects of sampling times on net N
mineralization and nitrification (Table 2), soil bulk density,
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Table 4 - Pearson’s linear correlation coefficient (r)

between soil characteristics and net N mineralization and
nitrification rates (n = 15)

Net mineralization Net nitrification
rate (g m 2 year ) rate (g m 2 year ')

Soil organic C (g kg™ 0.49 0.56*
Total N (gkg %) 0.39 0.47
C:N 0.37 0.40
pH —0.50 —0.57*
Bulk density (g cm ™) 0.53* 0.58*

Significance at *p = 5%.

soil temperature, soil water content and precipitation signifi-
cantly correlated with both soil N mineralization and nitrifica-
tion (Tables 4 and 5). Despite this, soil pH and soil organic
matter quality (including soil organic C, total N, and C:N ratio)
did not affect net N mineralization and nitrification consis-
tently. For example, pH and soil organic C correlated signifi-
cantly with soil N nitrification but not with N mineralization
(Table 4).

3.4.  Accumulative N mineralization and nitrification

As expected, accumulation of mineralized N was higher in the
growing season than in the non-growing season (Fig. 4A), and
mean accumulation of N mineralized in the three land use
types during the growing season accounted for up to 97% of
their annual total fluxes. Nitrate-N produced during the grow-
ing season in the fenced steppe, abandoned field and crop field
represented 87, 87 and 86% of the annual nitrification, respec-
tively (Fig. 4B).

4, Discussion

This study demonstrates clear patterns of seasonal variation
in soil inorganic N pools and both net soil N mineralization
and nitrification in three contrasting land use types in a grass-
land landscape of Inner Mongolia, China. The highest rates of
N mineralization and nitrification were observed in July and
the lowest in January (Fig. 3). The daily rates of mineralization
and nitrification in the growing season were about twice the
annual mean rates. These results are consistent with previous
studies in which significantly higher daily rates of

mineralization and nitrification during the growing season
than those in the non-growing season were reported (Pastor
et al.,, 1984; Maithani et al., 1998; Zhu and Carreiro, 2004).
Higher soil temperature and precipitation could account for
these differences.

Temporal variations in plant growth and soil available N
have been associated with plant composition and plant phe-
nology (Warembourg and Estelrich, 2001). This in turn has
been shown to affect microbial activity and to regulate the dy-
namics of soil N mineralization (Eviner and Chapin, 1997;
Eviner, 2004; Eviner et al., 2006). During the non-growing sea-
son, plant growth was minimal, and uptake of N declined or
ceased at the study sites. During the growing season, how-
ever, plant growth was stimulated by increasing soil tempera-
ture so that the demand for inorganic N increased. The period
of plant uptake followed peak rates of soil microbial produc-
tion of inorganic N and seasonal patterns of N mineralization
matched the variation in plant growth (Eviner and Chapin,
1997; Eviner, 2004). The close coupling of N mineralization
and plant uptake would constitute an important mechanism
for nutrient conservation, implying that biogeochemical attri-
butes such as available N or soil organic matter stocks can re-
main relatively stable.

Nitrogen mineralization and nitrification are microbe-
governed processes. Soil temperature has been consistently
reported to control soil microbial processes (Sierra, 1997;
Dalias et al., 2002). Significant correlation between soil tem-
perature and N mineralization observed in this study suggests
that an increase in soil temperature is likely to stimulate soil
mineralization by promoting microbial activity, while lower
rates of mineralization in the non-growing season could be
mainly attributed to lower temperatures which restrain mi-
crobial activities (Schimel et al., 2004), and inhibit soil N min-
eralization (Neilson et al., 2001).

Soil moisture regulates microbial processes and ecological
interactions involved in nutrient cycling, and therefore affects
N transformation (Amador et al., 2005). We observed signifi-
cantrelationships between soil moisture and N mineralization
and nitrification with the maximal rates of net N mineraliza-
tion and nitrification occurring when soil moisture peaked in
July in this study. Soil moisture, N mineralization and nitrifica-
tion shared a similar seasonal variation pattern. These results
agree with previous findings in various ecosystems (Singh
et al., 1991; Morecroft et al., 1992; Clein and Schimel, 1995).

The optimal soil moisture condition for microbial activity
is at approximately field capacity, which corresponds to about

Table 5 - Coefficients of determination (r?) and p-values in parentheses for correlations between net soil N mineralization

parameters and climatic factors (n = 12)

Soil (0-5 cm) temperature (°C) Precipitation (mm) Soil water (%)
Mineralization Fenced steppe 0.23 (0.11) 0.43 (0.02) 0.25 (0.0.009)
Abandoned field 0.24 (0.11) 0.50 (0.01) 0.28 (<0.0001)
Crop field 0.46 (0.02) 0.63 (0.002) 0.13 (0.07)
Mean 0.38 (0.03) 0.66 (0.001) 0.39 (<0.0001)
Nitrification Fenced steppe 0.16 (0.20) 0.39 (0.03) 0.23 (0.002)
Abandoned field 0.19 (0.15) 0.48 (0.01) 0.25 (<0.0001)
Crop field 0.47 (0.01) 0.75 (0.001) 0.09 (0.02)
Mean 0.28 (0.07) 0.61 (0.003) 0.37 (<0.0001)
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Fig. 4 - Comparisons of accumulative (A) mineralized and
(B) nitrified N during the growing season with the non-
growing season (October 2004—-April 2005) in the fenced
steppe, abandoned field, and crop field. Significance
between non-growing season and growing season at

*p = 0.05 and **p = 0.01.

60% of soil pore space filled with water (Linn and Doran, 1984).
Wang et al. (2006) found that soil moisture content limited N
mineralization when the moisture was less than 15% in Inner
Mongolia grassland. Throughout the sampling period, soil wa-
ter content was less than 15% which is below the limit
reported and suggests that N mineralization and nitrification
had been subjected to soil water limitation in our study sites.

Land use types can profoundly impact soil N cycling through
the alteration of abiotic and biotic characteristics of soils and
soil organic matter quality (Rhoades and Coleman, 1999; Mend-
ham et al., 2004). In the study described here, differences in
land use types resulted in variations in soil physical and chem-
ical properties. However, total N, organic C, C:N ratio and pH of
soil did not significantly correlate with N mineralization,

therefore, they are not likely to be useful in explaining the pat-
tern of mineralization among land use types. This again indi-
cates that climatic conditions are a major factor influencing N
cycling in the study area. Differences in inorganic N pools,
such as the dominance of NH4-N in undisturbed steppe and
NOs-N in abandoned and crop fields, suggest variations in mi-
crobial communities and may also explain differences in N
mineralization among land use types. In contrast, net rates of
N nitrification have previously been shown to relate to soil
pH, ammonium supply and soil C:N ratio (Robertson, 1982;
Vitousek et al., 1982; Pastor et al., 1984; Berendse et al., 1998)
and these relationships were confirmed in our study. Given
that disturbed fields are N-limited, higher rates of mineraliza-
tion and nitrification provide more available N to plants, thus
will facilitate vegetation succession in the abandoned field
and enhance crop production in the crop field. Whether and
how land use affects N balance is not clear and represents an
important challenge for ecological research.

Many studies have demonstrated that different seasons
need to be considered to fully account for the N cycling in ter-
restrial ecosystems (Morecroft et al., 1992; Burke et al., 1997;
Maithani et al., 1998; Corre et al., 2002; Eviner et al., 2006). In
particular, N transformations made during the non-growing
season need to be addressed adequately (Henry, 2007).
Throughout the year, mineralization and nitrification during
the non-growing season accounted for about 10 and 15% of
the annual accumulative N. The results suggest N biogeo-
chemical processes during the growing season represent an
absolutely dominant component of annual N fluxes in the
Inner Mongolia grassland ecosystems. The contribution to
annual inorganic fluxes during the non-growing season is
much lower in our studies than in other systems such as about
40% in a taiga forest (Kielland et al., 2006). The lower contribu-
tion from the non-growing season is probably related to dryer
soil and lower temperature and it is often assumed that
microbial activity is minimal during a dry and cold non-
growing season (Eviner et al., 2006).

5. Conclusions

We documented the seasonal variation patterns in soil inor-
ganic N pools and the net N mineralization and nitrification
in three contrasting land uses. Greater rates of N mineraliza-
tion and nitrification in the disturbed fields suggest that rapid
N turnover is due to the previous or current soil management
practices and indicate that changes in land use alter net soil N
mineralization and nitrification. Net soil N mineralization and
nitrification were also influence by soil moisture, temperature
and precipitation. Rates of mineralization and nitrification
during the growing season were about twice the annual
mean rates. Accumulative mineralization and nitrification
during the growing season accounted for about 90 and 85%
of the annual accumulative N transformed.

Acknowledgements

This study was financially supported by grants from the
Chinese Academy of Sciences under the Key Research Projects



ACTA OECOLOGICA 34 (2008) 322-330 329

(KZCX2-XB2-01, KSCX2-SW-127) and from the National Basic
Research Program of China (2007CB106800). We are grateful
to Professor J.P. Schimel, Dr N. Tremblay and two anonymous
reviewers for providing very helpful comments for improving
the manuscript.

REFERENCES

Aber, J., McDowell, W., Nadelhoffer, K., Magill, A, Berntson, G.,
Kamakea, M., McNulty, S., Currie, W., Rustad, L., Fernandez, I.,
1998. Nitrogen saturation in temperate forest ecosystems:
hypotheses revisited. Bioscience 48, 921-934.

Amador, J.A., Gorres, J.H., Savin, M.C., 2005. Role of soil water
content in the carbon and nitrogen dynamics of Lumbricus
terrestris L. burrow soil. Applied Soil Ecology 28, 15-22.

Antil, R.S., Lovell, R.D., Hatch, DJ., Jarvis, S.C., 2001.
Mineralization of nitrogen in permanent pastures amended
with fertilizer or dung. Biology and Fertility of Soils 33,
132-138.

Barger, N.N., Ojima, D.S., Belnap, J., Shiping, W., Yanfen, W.,
Chen, Z., 2004. Changes in plant functional groups, litter
quality, and soil carbon and nitrogen mineralization with
sheep grazing in an Inner Mongolian grassland. Rangeland
Ecology & Management 57, 613-619.

Berendse, F., Lammerts, EJ., Olff, H., 1998. Soil organic matter
accumulation and its implications for nitrogen mineralization
and plant species composition during succession in coastal
dune slacks. Plant Ecology 137, 71-78.

Billings, S.A., 2006. Soil organic matter dynamics and land use
change at a grassland/forest ecotone. Soil Biology &
Biochemistry 38, 2934-2943.

Bronson, K.F., Zobeck, T.M., Chua, T.T., Acosta-Martinez, V., van
Pelt, R.S., Booker, ]J.D., 2004. Carbon and nitrogen pools of
southern high plains cropland and grassland Soils. Soil
Science Society of America Journal 68, 1695-1704.

Burke, I.C., Lauenroth, W.K., Parton, W.J., 1997. Reginal and
temporal variation in net primary production and nitrogen
mineralization in grasslands. Ecology 78, 1330-1340.

Clein, J.S., Schimel, J.P., 1995. Nitrogen turnover and availability
during succession from Alder to Poplar in Alaskan taiga
forests. Soil Biology & Biochemistry 27, 743-752.

Compton, J.E., Boone, R.D., Motzkin, G., Foster, D.R., 1998. Soil
carbon and nitrogen in a pine-oak sand plain in central
Massachusetts: role of vegetation and land-use history.
Oecologia 116, 536-542.

Corre, M.D., Schnabel, R.R., Stout, W.L., 2002. Spatial and seasonal
variation of gross nitrogen transformations and microbial
biomass in a northeastern US grassland. Soil Biology &
Biochemistry 34, 445-457.

Dalias, P., Anderson, J.M., Bottner, P., ColGteaux, M.-M., 2002.
Temperature responses of net nitrogen mineralization and
nitrification in conifer forest soils incubated under standard
laboratory conditions. Soil Biology & Biochemistry 34, 691-701.

Davidson, E.A., Matson, P.A., Vitousek, P.M,, Riley, R., Dunkin, K.,
Garciamendez, G., Maass, .M., 1993. Processes regulating soil
emissions of NO and N,O in a seasonally dry tropical forest.
Ecology 74, 130-139.

Ehrenfeld, ]J.G., Han, X.G., Parsons, W.F.]., Zhu, W.X., 1997. On the
nature of environmental gradients: temporal and spatial
variability of soils and vegetation in the New Jersey pinelands.
Journal of Ecology 85, 785-798.

Eviner, V.T., 2004. Plant species have unique combinations of
traits that influence ecosystem processes. Ecology 85, 2215-
2229.

Eviner, V.T., Chapin, F.S., 1997. The nitrogen cycle: plant-
microbial interactions. Nature 385, 26-27.

Eviner, V.T., Chapin, F.S., Vaughn, C.E., 2006. Seasonal variations
in plant species effects on soil N and P dynamics. Ecology 87,
974-986.

Fisk, M.C., Schmidt, S.K., 1995. Nitrogen mineralization and
microbial biomass nitrogen dynamics in three Alpine Tundra
communities. Soil Science Society of America Journal 59,
1036-1043.

Groffman, P.M., Driscoll, C.T., Fahey, T.J., Hardy, J.P., Fitzhugh, R.D.,
Tierney, G.L., 2001. Effects of mild winter freezing on soil
nitrogen and carbon dynamics in a northern hardwood forest.
Biogeochemistry 56, 191-213.

Henry, H.A.L., 2007. Soil freeze-thaw cycle experiments: trends,
methodological weaknesses and suggested improvements.
Soil Biology & Biochemistry 39, 977-986.

Joshi, A.B., Vann, D.R., Johnson, A.H., 2006. Litter quality and
climate decouple nitrogen mineralization and productivity in
Chilean temperate rainforests. Soil Science Society of America
Journal 70, 153-162.

Kielland, K., Olson, K., Ruess, R.W., Boone, R.D., 2006.
Contribution of winter processes to soil nitrogen flux in taiga
forest ecosystems. Biogeochemistry 81, 349-360.

Linn, D.M., Doran, J.W., 1984. Effect of water-filled pore space on
carbon dioxide and nitrous oxide production in tilled and
nontilled soils. Soil Science Society of America Journal 48,
1267-1272.

Maithani, K., Arunachalam, A., Tripathi, R.S., Pandey, H.N., 1998.
Nitrogen mineralization as influenced by climate, soil and
vegetation in a subtropical humid forest in northeast India.
Forest Ecology and Management 109, 91-101.

Mendham, D.S., Heagney, E.C., Corbeels, M., O’Connell, A M.,
Grove, T.S., McMurtrie, R.E., 2004. Soil particulate organic
matter effects on nitrogen availability after afforestation with
Eucalyptus globulus. Soil Biology & Biochemistry 36, 1067-1074.

Mikhailova, E.A., Bryant, R.B., Vassenev, LI, Schwager, SJ.,

Post, C.J., 2000. Cultivation effects on soil carbon and nitrogen
contents at depth in the Russian Chernozem. Soil Science
Society of America Journal 64, 738-745.

Mladenoff, D.J., 1987. Dynamics of nitrogen mineralization and
nitrification in hemlock and hardwood treefall gaps. Ecology
68, 1171-1180.

Morecroft, M.D., Marrs, R.H., Woodward, F.I., 1992. Altitudinal and
seasonal trend in soil nitrogen mineralization rate in Scottish
Highlands. Journal of Ecology 30, 49-56.

Nadelhoffer, K.J., Aber, ].D., Mellilo, J.M., 1985. Fine roots, net
primary production, and soil nitrogen availability: a new
hypothesis. Ecology 66, 1377-1390.

Nadelhoffer, K.J., Giblin, A.E., Shaver, G.R., Laundre, J.A., 1991.
Effects of temperature and substrate quality on element
mineralization in six arctic soils. Ecology 72, 242-253.

Neill, C., Piccolo, M.C., Cerri, C.C., Steudler, P.A., Melillo, ].M.,
Brito, M., 1997. Net nitrogen mineralization and net
nitrification rates in soils following deforestation for pasture
across the southwestern Brazilian Amazon Basin landscape.
Oecologia 110, 243-252.

Neilson, C.B., Groffman, P.M., Hamburg, S.P., Driscoll, C.T.,
Fahey, T.J., Hardy, J.P., 2001. Freezing effects on carbon and
nitrogen cycling in northern hardwood forest soils. Soil
Science Society of America Journal 65, 1723-1730.

Nelson, D.W., Sommers, L.E., 1996. Total carbon, organic carbon,
and organic matter. In: Sparks, D.L., Page, A.L., Helmke, P.A.,
Loeppert, R.H., Soltanpour, P.N., Tabatabai, M.A., Johston, C.T.,
Sumer, M.E. (Eds.), Methods of Soil Analysis, Part 3 Chemical
Methods. Soil Science Society of America, Madison WI, pp.
961-1010.

Pastor, J., Aber, ].D., McClaugherty, C.A., Melillo, J.M., 1984.
Aboveground production and N and P cycling along a nitrogen



330 ACTA OECOLOGICA 34 (2008) 322-330

mineralization gradient on Blackhawk Island, Wisconsin.
Ecology 65, 256-268.

Post, W.M., Mann, L.K., 1990. Changes in soil organic carbon and
nitrogen as a result of cultivation. In: Bouwman, AF. (Ed.),
Soils and the Greenhouse Effect. Wiley, New York, pp.
401-407.

Raison, RJ., Connell, M.J., Khanna, P.K., 1987. Methodology for
studying fluxes of soil mineral N in situ. Soil Biology &
Biochemistry 19, 521-530.

Reich, P.B., Grigal, D.F., Aber, ].D., Gower, S.T., 1997. Nitrogen
mineralization and productivity in 50 hardwood and conifer
stands on diverse soils. Ecology 78, 335-347.

Rhoades, C.C., Coleman, D.C., 1999. Nitrogen mineralization and
nitrification following land conversion in montane Ecuador.
Soil Biology & Biochemistry 31, 1347-1354.

Robertson, G.P., 1982. Factors regulating nitrification in primary
and secondary succession. Ecology 63, 1561-1573.

Schimel, J.P., Bilbrough, C., Welker, ].M., 2004. Increased snow
depth affects microbial activity and nitrogen mineralization in
two Arctic tundra communities. Soil Biology & Biochemistry
36, 217-227.

Schmidt, 1.K., Jonasson, S., Michelsen, A., 1999. Mineralization
and microbial immobilization of N and P in arctic soils in
relation to season, temperature and nutrient amendment.
Applied Soil Ecology 11, 147-160.

Sierra, J., 1997. Temperature and soil moisture dependence of N
mineralization in intact soil cores. Soil Biology & Biochemistry
29, 1557-1563.

Singh, R.S., Raghubanshi, A.S., Singh, J.S., 1991. Nitrogen
mineralization in dry tropical savanna: effects of burning and
grazing. Soil Biology & Biochemistry 23, 269-273.

Steffens, M., Kolbl, A., Totsche, K.U., Kégel-Knabner, I., 2008.
Grazing effects on soil chemical and physical properties in
a semiarid steppe of Inner Mongolia (P.R. China). Geoderma
143, 63-72.

Steltzer, H., Bowman, W.D., 1998. Differential influence of plant
species on soil nitrogen transformations within moist
meadow Alpine tundra. Ecosystems 1, 464-474.

Subler, S., Parmelee, R.W., Allen, M.F., 1998. Earthworms and
nitrogen mineralization in corn agroecosystems with different
nutrient amendments. Applied Soil Ecology 9, 295-301.

Tong, C., Wu, J., Yong, S., Yang, J., Yong, W., 2004. A landscape-
scale assessment of steppe degradation in the Xilin River
Basin, Inner Mongolia, China. Journal of Arid Environments
59, 133-149.

Trindade, H., Coutinho, J., Jarvis, S., Moreira, N., 2001. Nitrogen
mineralization in sandy loam soils under an intensive double-

cropping forage system with dairy-cattle slurry applications.
European Journal of Agronomy 15, 281-293.

United States Department of Agriculture, 2006. Keys to soil
taxonomy, tenth ed. Natural Resources Conservation Service,
United States Department of Agriculture, pp. 310.

Uri, V., Lohmus, K., Tullus, H., 2003. Annual net nitrogen
mineralization in a grey alder (Alnus incana (L.) moench)
plantation on abandoned agricultural land. Forest Ecology and
Management 184, 167-176.

van Wijnen, H.J., van der Wal, R., Bakker, J.P., 1999. The impact of
herbivores on nitrogen mineralization rate: consequences for
salt-marsh succession. Oecologia 118, 225-231.

Vitousek, P.M., Gosz, J.R., Grier, C.C., Melillo, J.M., Reiners, W.A.,
Todd, R.L., 1979. Nitrate losses from disturbed ecosystems.
Science 204, 469-474.

Vitousek, P.M., Gosz, J.R., Grier, C.C., Melillo, ].M., Reiners, W.A.,
1982. A comparative analysis of potential nitrification and
nitrate mobility in forest ecosystems. Ecological Monographs
52, 155-177.

Vitousek, P.M., Howarth, R.W., 1991. Nitrogen limitation on land
and in the sea: how can it occur? Biogeochemistry 13,
87-115.

Vitousek, P.M., Matson, P.A., 1985. Disturbance, nitrogen
availability, and nitrogen losses in an intensively managed
loblolly pine plantation. Ecology 66, 1360-1376.

Wang, C.H., Wan, S.Q., Xing, X.R., Zhang, L., Han, X.G., 2006.
Temperature and soil moisture interactively affected soil net
N mineralization in temperate grassland in Northern China.
Soil Biology & Biochemistry 38, 1101-1110.

Warembourg, F.R., Estelrich, H.D., 2001. Plant phenology and
soil fertility effects on below-ground carbon allocation for
an annual (Bromus madritensis) and a perennial (Bromus
erectus) grass species. Soil Biology & Biochemistry 33,
1291-1303.

Wright, R.F., Rasmussen, L., 1998. Introduction to NITREX and
EXMAN projects. Forest Ecology and Management 101, 1-7.

Xu, W., Wan, S., 2008. Water- and plant-mediated responses of
soil respiration to topography, fire, and nitrogen fertilization
in a semiarid grassland in northern China. Soil Biology &
Biochemistry 40, 679-687.

Xu, Y., Li, L., Wang, Q., Chen, Q., Cheng, W., 2007. The pattern
between nitrogen mineralization and grazing intensities in an
Inner Mongolian typical steppe. Plant and Soil 300, 289-300.

Zhu, W .X., Carreiro, M.M., 2004. Temporal and spatial variations
in nitrogen transformations in deciduous forest ecosystems
along an urban-rural gradient. Soil Biology & Biochemistry 36,
267-278.



	Seasonal variations in nitrogen mineralization under three land use types in a grassland landscape
	Introduction
	Materials and methods
	Site description
	Incubation
	Soil analysis
	Calculating net N mineralization and nitrification
	Statistical analyses

	Results
	Soil characteristics
	Extractable nitrogen
	Net N mineralization and nitrification
	Accumulative N mineralization and nitrification

	Discussion
	Conclusions
	Acknowledgements
	References


