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Abstract: Soil carbon (C) and nitrogen (N) play a crucial role in determining the soil and environmental quality. In
this study, we investigated the effects of 26 years (from 1984 to 2010) of farmland management on soil organic
carbon (SOC) and soil N in abandoned, wheat (Triticum aestivum L.) non-fertilized, wheat fertilized (mineral fertil-
izer and organic manure) and alfalfa (Medicago Sativa L.) non-fertilized treatments in a semi-arid region of the
Loess Plateau, China. Our results showed that SOC and soil total N contents in the 0—20 cm soil layer increased by
4.29 (24.4%) and 1.39 Mg/hm? (100%), respectively, after the conversion of farmland to alfalfa land. Compared to
the wheat non-fertilized treatment, SOC and soil total N contents in the 0-20 cm soil layer increased by 4.64
(26.4%) and 1.18 Mg/hm?® (85.5%), respectively, in the wheat fertilized treatment. In addition, we found that the
extents of changes in SOC, soil total N and mineral N depended on soil depth were greater in the upper soil layer
(0-30 cm) than in the deeper soil layer (30—100 cm) in the alfalfa land or fertilizer-applied wheat land. Fertilizer
applied to winter wheat could increase the accumulation rates of SOC and soil total N. SOC concentration had a
significant positive correlation with soil total N concentration. Therefore, this study suggested that farmland man-
agement, e.g. the conversion of farmland to alfalfa forage land and fertilizer application, could promote the se-
questrations of C and N in soils in semi-arid regions.
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Soil organic carbon (SOC) stock is an important indica-
tor of the long-term sustainability of agricultural produc-
tion systems. Many attributes of soil characteristics (e.g.
soil structure and physical fertility, microbial activity,
nutrient availability and cycling) that affect agricultural
productivity and ecosystem function are influenced by
the SOC status (Lal, 2002). In addition, changes in soil
carbon (C) have implications for soil C stocks and the
ability to sequester C or mitigate CO, emissions in ter-
restrial ecosystems (Krogh et al., 2003; Wang et al., 2008;
Wiesmeier et al., 2012; Kumar et al., 2013; Deng et al.,
2014a; Song et al., 2014; Yang et al., 2014). Soil C is
also often associated with other major nutrients,
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especially nitrogen (N), and hence influences the
cycling and availability of nutrients for crop and
pasture production. Therefore, enhancing SOC se-
questration in terrestrial ecosystems is an important
strategy for improving soil quality and controlling
the rise in the concentration of atmospheric CO,
(Lal, 2002; Mclauchlan et al., 2006).

Various studies from around the world have shown
that land use or management practices play important
roles in maintaining or building soil C (Mensah et al.,
2003; Mclauchlan et al., 2006; Wang et al., 2008;
Song et al., 2014). It is well documented that the con-
version of farmland to grassland will significantly
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increase soil C sequestration (Mensah et al., 2003;
Chang et al., 2011; Deng et al., 2014a). In addition,
Wang et al. (2009) reported that the conversion of
grassland to cropland resulted in a loss of SOC. From
the above, we can see that the conversion of farmland
to grassland is a good way to increase soil C seques-
tration. However, as food demand increases, espe-
cially in developing countries that have over 850x10°
food-insecure people (Borlaug, 2007), little cropland
can be converted to grassland. Therefore, understand-
ing the long-term effects of farmland cultivation prac-
tices on soil C is also as important as the conversion
of farmland to grassland in the future management of
soil C storage. Johnson et al. (2007) reported that or-
ganic production can also increase SOC compared to
the conventional production systems. A number of
practices associated with organic management of
farmland (e.g. surface mulching, manure application,
fallow length reducing, cover cropping, green manur-
ing and crop rotation) are likely to increase soil C se-
questration (Manna et al., 2005; Mulumba and Lal,
2008; Thorburn et al., 2012; Deng et al., 2014b).
However, there were few studies on the long-term
effects of farmland cultivation vs. the conversion of
farmland to grassland on soil C sequestration.

Most previous studies on the effect of land use or
management practices on SOC were focused on the
surface soil layers (0-30 cm), and relatively little is
known about soil C or nutrient stocks throughout the
soil profile (Thorburn et al., 2012; Dai et al., 2014;
Deng et al., 2014b). The lack of consideration for soil
C changes in the deeper soil layers may be problem-
atic (Baker et al., 2007). The consideration of soil C in
the deeper soil layers is important when comparing
annual crops to perennial grass, such as wheat vs. al-
falfa, because of the greater allocation of roots in the
deeper soil layers in perennial grass, especially in arid
and semi-arid regions.

Therefore, understanding the long-term effects of
the conversion of farmland to perennial grass forage
land and the farmland cultivation on soil C in the
whole soil profile is necessary for the sustainability of
the field ecosystems. In this study, we conducted a
field experiment to examine the differences in soil C
throughout the whole soil profile (0-100 cm) after a
long-term (26 years) farmland management in a

semi-arid area of the Chinese Loess Plateau. The ob-
jectives of this study were to: (1) estimate the distri-
bution of SOC in the 0-100 cm soil profile under four
different farmland management practices (i.e. aban-
doned, planting alfalfa, planting winter wheat with
and without fertilizer); (2) estimate the long-term ef-
fect of the conversion of farmland (winter wheat land)
to alfalfa forage land on SOC sequestration; and (3)
estimate the long-term effect of fertilizer application
on SOC sequestration.

1 Materials and methods

1.1 Study area

The field study site was set up in 1984 at the Changwu
Agro-ecological Experimental Station on the Loess
Plateau, Chinese Academy of Sciences, located in
Changwu county, Shaanxi province, China (107°40'E,
35°12'N; 1,220 m asl). This area is characterized by a
semi-arid climate with a warm summer and a very
cold winter. The annual mean temperature is 9.1°C
and the annual mean open pan evaporation is 1,440 mm.
The 50-year mean annual precipitation is 580 mm,
with 70% of it occurring during June to September.
The SOC concentration, SOC content, soil total N
concentration, soil total N content and bulk density in
the upper soil layer of 0-20 cm measured in April
1984 (at the start of the experiment) were 6.5 g/kg,
16.9 Mg/hm?, 0.62 g/kg, 1.61 Mg/hm*and 1.30 g/em’,
respectively (Huang et al., 2003).

1.2 Experimental design and treatments

The experiment began in 1984 on land that had previ-
ously been cultivated with continuous winter wheat
(Triticum aestivum L.) for at least 30 years. The plot
size was 10.3 mx6.5 m and every two plots were
separated by a 0.5-m strip. All the plots were managed
in the same way each year by the workers of the
Changwu Agro-ecological Experimental Station on
the Loess Plateau from 1984 to 2010. The treatments
selected for this study were: (1) abandoned (control
plots with no cropping); (2) wheat non-fertilized (con-
tinuous non-fertilized wheat-wheat cultivation); (3)
alfalfa non-fertilized (continuous non-fertilized al-
falfa-alfalfa cultivation); and (4) wheat fertilized (con-
tinuous wheat-wheat cultivation with mineral N and P
fertilizer plus farmyard manure). There were three
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plots for each treatment. These plots were considered
to be true replicates. In this study, mineral N fertilizer
was applied as urea and mineral P fertilizer was ap-
plied as superphosphate. The manure (M) was mainly
cow excretion, containing 10.7 g C/kg and 1.16 g N/kg
(equivalent to 87 kg N/(hmz-a) at the application rate
used). Details of the fertilizer applications can be seen
in Huang et al. (2003). Wheat was sown in September
and harvested manually in June next year. Fertilizer
was applied at a single dose 5-7 days prior to wheat
sowing each year. Alfalfa harvesting has lasted for 26
years since being sowed in April 1984. Alfalfa was
also harvested manually, cutting close to the ground,
and all the harvested biomass was removed from the
plots in June and September each year. All wheat and
alfalfa biomass was measured after air-drying. A fuller
description of the experimental station and experi-
mental design was given in Huang et al. (2003).

1.3 Soil sampling and laboratory analysis

Soil samples were taken at three points in each plot.
Litter horizons were removed before soil sampling. At
each point, soil samples was done in 15 soil layers
(5-cm sections from 0 to 50 cm depth and 10-cm sec-
tions from 50 to 100 cm depth) using a soil drilling
sampler (6-cm inner diameter) in June 2010. We then
mixed the same soil layer together to make one sam-
ple in each plot. Thus, there were three replicate soil
samples for each treatment in the same layer. All
samples were sieved through a 2-mm screen, and roots
and other debris were removed. Each sample was
air-dried and stored at room temperature for the de-
termination of soil physical-chemical properties. The
soil bulk density of the 0-20 cm layers in each plot
was measured using a soil bulk sampler with a
5-cm-diameter and 5-cm-high stainless steel cutting
ring (5 replicates) at points adjacent to the soil sam-
pling site. The original volume of each soil core and
its dry mass after oven-drying at 105°C were meas-
ured.

Soil water content was measured gravimetrically
and expressed as a percentage of soil water to dry soil
weight. Soil bulk density (p; g/cm3) was calculated
using the inner diameter of the core sampler, sampling
depth and the oven dry weight of the composite soil
samples. Soil organic carbon (SOC) was determined
by K,Cr,0,-H,SO, oxidation (Nelson and Sommers,

1996). Soil total N was measured using the Kjeldahl
method (Bremner, 1996). Soil ammonium and nitrate
were extracted by vigorously shaking the sample with
50 mL of 2.0 mol/L KCI for 30 min, filtering the ex-
tract and measuring NH4  nitrogen and NO;™ nitrogen
concentrations using a continuous flow spectropho-
tometer (Skalar 5100, Breda, The Netherlands) by
following cadmium reduction (at A=540 nm) for ni-
trate and cation complexation (at A=660 nm) for am-
monium.

1.4 Calculations and data analysis

SOC and total N stocks were calculated using the fol-
lowing equation:

S=(ECxpxh)/10. (1)
Where, S is the element stock (Mg/hm?); EC is the
element concentration (g/kg); p is the bulk density
(g/cm’); and  is the thickness of the soil layer (cm).

The values of SOC and soil total N stocks for the
0-5, 5-10, 10-15 and 15-20 cm layers were summed
to calculate SOC and soil total N stocks in the top soil
layer of 0—20 cm.

ANOVA analyses were carried out with SPSS 17.0
statistical software package (SPSS Inc., Chicago, IL,
USA) to test the effects of different treatments on soil
bulk density, SOC, soil total N and mineral N.

2 Results

2.1 SOC concentrations in the soil profile

For each of the four treatments, SOC concentrations
were highest in the 0-5 cm soil layer, declined with
soil depths down to the 45-50 cm, and then slightly
increased with depths from 50 to 100 cm (Fig. 1a).
SOC concentrations also showed a greater difference
in the upper soil layer (0—30 cm) and little difference in
the deeper soil layer (30-100 cm) among different
treatments (Fig. 1a). The lowest and highest SOC con-
centrations in the 0-30 cm soil layers were found in
the abandoned and wheat fertilized treatments, respec-
tively. These results indicated that cultivation could
increase SOC concentrations in the upper soil layers.
In addition, different cultivation and management
strategies could also result in different SOC concentra-
tions in the upper soil layers. Compared to the wheat
fertilized treatment and alfalfa non-fertilized treatment,
SOC concentrations in the wheat non-fertilized treat-
ment were significantly lower in the upper soil layers.
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Fig. 1 Average values of (a) SOC (soil organic carbon), (b) soil total N (nitrogen) and (c) soil mineral N concentrations in the soil depths

of 0-100 cm after 26 years of farmland management. Management treatments are abandoned (A), wheat non-fertilized (WNF), alfalfa
non-fertilized (ANF) and wheat fertilized (WF). CV is the coefficient of variation.

This suggested that farmland management, e.g. fer-
tilizer application and the conversion of farmland to
increase the SOC

alfalfa forage land, could

concentrations.
2.2 Soil total N concentrations in the soil profile

For each treatment, soil total N concentrations were
highest in the 0—5 cm soil layer, decreased with soil
depths down to the 3540 c¢m, and then remained con-
stant in the soil layers of 40-100 cm (Fig. 1b). The
concentrations of soil total N in the abandoned and
wheat non-fertilized treatments were not significantly
different, and were significantly lower than those in
the other two treatments (wheat fertilized and alfalfa
non-fertilized) in the 0-25 cm soil layers (Fig. 1b).
There were no significant differences in the total N
concentrations in the 30—-100 c¢m soil layers among the
four treatments.

2.3 Soil mineral N concentrations in the soil profile

For each of the four treatments, soil mineral N con-
centrations were highest in the 0-5 cm soil layer, de-
creased with soil depths down to the 3540 cm, and
then slightly changed with depths from 40 to 100 cm
(Fig. 1c). There were no significant differences ob-

served in the soil mineral N concentrations in the same
soil layer among the abandoned, wheat non-fertilized
and alfalfa non-fertilized treatments. However, soil
mineral N concentrations in the upper soil layers (015
cm) under the wheat fertilized treatment were sig-
nificantly higher than those under the other three
treatments (abandoned, wheat non-fertilized and
alfalfa non-fertilized), and this significant differ-
ence disappeared in the soil layers of 15-100 cm
(Fig. 1c).

2.4 Relationship between SOC and soil N

SOC concentration had a significant positive correla-
tion with soil total N concentration (Fig. 2) and soil
mineral N concentration (Fig. 3). The slopes of the
relationship between SOC and soil total N concentra-
tions in the abandoned and wheat non-fertilized treat-
ments (6.1739 and 8.1096, respectively) were higher
than those in the wheat fertilized and alfalfa
non-fertilized treatments (4.5807 and 3.2674, respec-
tively; Fig. 2b). This result indicated that, for the
abandoned and wheat non-fertilized treatments,
smaller changes of soil total N concentrations would
result in larger changes of SOC concentrations at the
lower soil total N concentration levels. However, this
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phenomenon was not found in the relationship between
SOC and soil mineral N concentrations (Fig. 3b).

3 Discussion

3.1 Effect of the conversion of farmland to alfalfa
forage land on SOC and soil total N

Significant differences in SOC contents among dif-
ferent treatments indicated that SOC can be increased
by the conversion of planting winter wheat to alfalfa.
The results showed that SOC content in the surface
soil layer (0-20 cm) in alfalfa land was 24.4% greater
than that in wheat-wheat rotation land (Table 1). This
suggested a considerable accumulation of organic C in
soils following the conversion of farmland to alfalfa
forage land. This result is consistent with the findings

in other areas and ecosystems. For example, Deng et
al. (2014b) reported that soil C always increased in the
top soil layer with the number of planting years in-
creased. Su (2007) reported that SOC increased by
35% (05 cm soil layer) following the conversion of
cropland to alfalfa land for 4 years in an area of
Northwest China near the present study area. Mensah
et al. (2003) found that soil C increased by 52.7% fol-
lowing the conversion of farmland to grassland for
5-12 years in east-central Saskatchewan, Canada.
Malhi et al. (2003) observed a 114% increase in soil C
(05 cm soil layer) in a 30-year-old alfalfa field com-
pared to an adjacent cultivated field in Canada.

Our results also showed that total N content in the
soil increased by 1.39 Mg/hm”in the top soil layer of
0-20 cm after the conversion of wheat land to alfalfa
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Table 1 Soil bulk density, SOC and soil total N in the 0—20 cm soil depth under different treatments in 2010

Treatment Soil bulk d}ensity SQC SOC contfnt Annual accumulatior21 rate Soil tqtal N Soil total N ,
(g/em’) concentration (g/kg) (Mg/hm?) of SOC (Mg C/(hm®+a)) concentration (g/kg) content (Mg/hm®)
A 1.34+0.03" 5.89+0.53° 15.79+1.08° -0.043 0.52+0.077° 1.39+0.19°
WNF 1.28+0.04° 6.86+0.25° 17.56+1.10° 0.025 0.54+0.011° 1.38+0.10°
ANF 1.294+0.04° 8.47+1.34* 21.85+2.14* 0.190 1.074+0.351* 2.78+0.58"
WF 1.26+0.05° 8.81£1.01° 22.20+1.87° 0.200 1.015+0.028* 2.56+0.16"

Note: SOC, soil organic carbon; N, nitrogen. A, abandoned; WNF, wheat non-fertilized; ANF, alfalfa non-fertilized; WF, wheat fertilized. Different lowercase

letters indicate significant differences at P<0.05 level among different treatments.

land for 26 years (Table 1). This result agrees with the
finding of previous research (Su, 2007). Su (2007)
reported that soil total N content in the top soil layer
of 0-5 cm was significantly increased following the
conversion of cropland to alfalfa forage land within a
relatively short time period (4 years).

3.2 Effect of fertilizer application on SOC and soil
total N

Application of fertilizer in wheat farmland over 26
years resulted in the increases of SOC and soil total N
contents (4.64 and 1.18 Mg/hm’, respectively; Table
1). The result is in agreement with the finding of
Glendining and Powlson (1995) that SOC and total N
contents in arable soils can be increased by adding N
fertilizer.

In this study, the accumulation rates of SOC were
0.025 and 0.200 Mg C/(hm*a) in the non-fertilized
wheat and fertilized wheat treatments, respectively,
after 26 years of continuous cropping (Table 1). The
result showed that fertilizer application could acceler-
ate the accumulation of SOC. However, these values
were lower than those reported previously. Jenkinson et
al. (1992) reported that the rate of increase in the SOC
content was 1.7 Mg C/ (hmz-a) for an experimental plot
treated with 144 kg N/(hmz-a) at Rothamsted of UK.
One explanation for the difference of the increase rate
was that the annual precipitation (580 mm) was lower
and the annual evaporation was higher (1,440 mm)
in our study area than those (710 and 599 mm, re-
spectively) in Rothamsted of UK, indicating that the
loess soil in our study area was drier, resulting in the
lower rates of decomposition. Moreover, the turnover
time (26 years) at our study site was approximately
50% higher than that (approximately 16 years) at
Rothamsted of UK. According to the study of Mann
(1986), the greatest change rate in SOC content oc-

curred in the first 20 years after the land use changed.
The longer turnover time in our study may also result
in a lower accumulation rate of SOC.

3.3 Relationship between SOC and soil total N

In this study, SOC concentration had a significant
positive correlation with soil total N concentration.
Piovanelli et al. (2006) found that SOC was highly
correlated with soil total N under different manage-
ment regimes. In the present study, the dynamics of
soil total N concentrations in each soil layer were con-
sistent with the changes of SOC concentrations among
the four treatments. Zhang et al. (2009) reported that
the intensive tillage and other practices carried out
during the process of land conversion affect not only
the SOC but also the soil total N. Alfalfa, which can
derive N accumulation by symbiotic fixation, is ex-
pected to have a concomitant positive effect on both C
and N added to the soil (Wu et al., 2006). Thus, for the
alfalfa non-fertilized and wheat fertilized treatments, a
higher soil total N concentration would result in a
higher SOC concentration, especially in the upper soil
layer of 0—30 cm (Fig. 1a).

3.4 Distribution of C and N in the soil profile

Due to a lack of data on SOC and soil total N contents
below the surface soil layer (namely 20—100 cm depth)
for 1984, the changes of SOC and soil total N contents
in subsurface soil layer between 1984 and 2010 could
not be calculated. Compared to abandoned treatment,
higher SOC concentration values were observed in the
other three treatments in the upper soil layer of 0—30 cm
(Fig. 1a). However, the differences in the SOC con-
centrations were not obvious in the deeper soil layer
(30-100 cm) in 2010. The difference of SOC concen-
tration between the upper and deeper soil layers can
be explained by the root-decay process. Most plant
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roots are located in the surface soil layer and consti-
tute a main source of surface soil C (Zhou and
Shangguan, 2007). Thus, C is released near the sur-
face soil layer when the roots die, resulting in the in-
crease of SOC in the surface soil layer.

Just like SOC, soil N concentration (total N and
mineral N) in the upper soil layer (0-30 cm depth)
was greater than that in the deeper soil layer (Figs. 1b
and c). Soil N is usually transferred via roots from the
subsurface to the surface soil layers during plant
growth and is released near the surface soil layer when
the roots die, resulting in the increase of soil N con-
centration in the surface soil layer (in this study, the
abandoned land was also cultivated with winter wheat
at least 30 years before 1984). Meanwhile, a higher
soil total N concentration was observed in alfalfa plots
in the 0—10 cm soil layer, indicating that planting al-
falfa is pretty effective for N fixation.

4 Conclusions

In summary, SOC and soil total N were strongly in-
fluenced by farmland management. The conversion of
farmland under a wheat-wheat rotation to permanent
alfalfa forage land could increase both SOC and soil
total N concentrations in the soil depth of 0-30 cm
over a 26-year period in a semi-arid area of the Loess
Plateau. Fertilizer applied to winter wheat could in-
crease the accumulation rates of SOC and soil total N.
SOC concentration had a significant positive correla-
tion with soil total N concentration. Therefore, plant-
ing alfalfa and applying fertilizer can both result in the
increase of soil C storage in the semi-arid regions.
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