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ABSTRACT
Hot water extractable organic carbon (HWOC), the labile carbon component, is often used to
indicate soil organic carbon (SOC) dynamics. Nevertheless, few studies have been carried out in
arid climate areas which affects our full understanding of HWOC. Here, we investigated the
change in HWOC in the topsoil of different ecosystems in the southern part of the Loess
Plateau in the semiarid region of China and compared it with that in other regions. The HWOC
concentrations of the study area (0-10 cm) were 0.27 ± 0.12 g C kg−1 and 0.19 ± 0.04 g C kg−1 in
the natural and agricultural systems respectively, and the HWOC proportions were 1.38 ± 0.38%
and 2.18 ± 0.22%. The HWOC concentration and proportion in the study area were much lower
than the reported data in other areas, which may be affected by drought conditions. Irrigation
could weaken the difference in HWOC between agricultural systems in different regions. Since
HWOC is easily lost due to the impact of the arid climate, the soil carbon balance and carbon
sequestration in arid and semiarid areas are relatively unstable, indicating that soil management
should be improved in combination with water management.
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Introduction

As an important component of soil carbon, labile carbon
stocks are more sensitive than SOC stocks (Bongiorno
et al. 2019), which could greatly affect the balance of
the carbon stock and flow and long-term SOC sequestra-
tion (Wiesmeier et al. 2015). Further understanding of
the complex interplay between labile carbon and the
environment and soil system is key to soil management
(Lehmann et al. 2020; Witzgall et al. 2021). HWOC is
mainly composed of carbohydrates, phenols and lignin
monomers (Landgraf et al. 2006), mainly originating
from soil biomass and root exudates and lysates, which
are present in the soil solution, loosely adsorbed on
mineral surfaces and involved in the short-term
binding of aggregates (Haynes and Francis 1993; Lein-
weber et al. 1995). HWOC is often used as an indicator
of soil because it is appropriate to characterise labile C.

The reported research shows that HWOC varies
greatly in different regions, and even similar ecosystems
can vary several times (Wang and Wang 2007; Spohn
and Giani 2011; Jiang et al. 2017; Bongiorno et al.
2019; Yao et al. 2019; Nguyen-Sy et al. 2020; Bahadori
et al. 2021; Rodriguez et al. 2021). It was found that

the composition of hot water extractable carbon varies
seasonally (Cepáková et al. 2016), and its content is
also affected by climate (Zhou et al. 2013; Zhu et al.
2021). The great differences across regions cannot
entirely be attributed to the differences in ecosystem
types. How different is HWOC content in different eco-
systems. Whether the proportion of HWOC in soils is
similar in different ecosystem types and whether it is
affected by climatic conditions. These problems are
still not clearly understood. The current research is
mostly carried out in humid areas, and there is still a
lack of systematic research on arid areas, which limits
our comprehensive understanding of HWOC.

This paper selects the Loess Plateau in the typical arid
region of China for research. The objectives of this study
are to (1) quantify the level of HWOC concentration in
Chinese arid zone soils, (2) roughly estimate the range
of relative content of HWOC, and (3) evaluate whether
differences in soil HWOC are ecosystem or climate
related. We estimate that HWOC can reflect ecosystem
differences, with climate being an important influence,
thus leading to interregional differences in soil HWOC
between ecosystem types. To address these objectives,
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we investigated the HWOC of woodland, grassland and
arable land on the Loess Plateau of China and compared
the research results across regions. We validated the
differences in HWOC between ecosystems and the
effects of the climatic environment on the change in
HWOC. This study provides HWOC data for soils in
Chinse arid regions and provides suggestions for
improving soil organic C management.

Materials and methods

Site selection

The study area is in Xi’an (34oN, 108oE), the southern
region of the Loess Plateau, China (Figure 1). The study
area belongs to a semiarid area with a mean annual
temperature of 14.3°C and a mean annual precipitation
of 553.5 mm (1988-2017, http://data.cma.cn). The
natural vegetation in the study area is forest grassland.
This area is also an agricultural area with a long
history, where mainly wheat, corn, etc., are planted.
This region was selected for a comparative study of a
natural system and agricultural system under semiarid
climate conditions and an analysis of HWOC change
through comparison with published data from other
regions. The selection criteria of sample sites included
the following factors: a) the original land use mode or

vegetation growth state must have been maintained
for at least 10 years, b) the sample sites must have no
grazing activities or excessive human interference, and
c) the surrounding areas of the sample sites must be
flat without obvious topographic changes. Based on
these criteria, a cropping site that had been cultivated
for 30–40 years, where mainly winter wheat, corn and
vegetation, etc., have been planted, was selected as
the agroecosystem. We chose a 40 m × 15 m sample
plot where corn had grown within the past 5 years.
The compared areas of 5 woodlands and 3 grasslands,
which had been protected by the Department of Conser-
vation for 10 years, were selected as the natural ecosys-
tem. The woodland mainly grows pine, poplar, and
gingko. The grassland mainly grows Zoysia japonica,
Ophiopogon japonicas, and bermudagrass.

Soil sampling

Fifty and thirty-three soil cores, 10 cm deep with a 3-cm
diameter, were collected from woodland and grassland,
respectively between September 2018 and August 2019.
The sampling time was monthly. Three samples were
collected from a random selection of sites over each
sample plot. Soil cores from each site were split into
depth increments of 0–5 and 5-10 cm. The three

Figure 1. The location of the study area and the research sites from reported literature. (a) the sites location, XA: Xi’an, Chinese Loess
Plateau, this study; AUS: Australia (Yao et al. 2019); GER: Germany (Spohn and Giani 2011); SC: South China, Hunan (Wang et al. 2007)
and Guangxi (Wang and Wang 2007); SRB: Republic of Serbia (Šeremešić et al. 2013); USA: United States (Rodriguez et al. 2021). The
map of mean annual precipitation (MAP) is from the data in https://psl.noaa.gov/. (b), the location of study site and Chinese Loess
Plateau. (c), the mean annual temperature and annual precipitation of Xi’an, data are cited from http://data.cma.cn.
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samples from each site were combined and homogen-
ised to generate one composite sample per depth per
site. Soil samples were sealed with sterile sample bags
(Nasco Whirl-Pak), kept on ice in the field and stored at
−20°C in the lab until processing. Seventeen soil cores
were collected from the cropping sample plot with the
same method between April and August 2015. The
sampling time was weekly.

Sample analysis

Small stones and plant residues, etc., were removed
manually after the samples were air dried. The samples
were ground with an agate mortar and sieved through
a 2 mm sieve. The samples were acidified to remove
inorganic carbon. One part of each sample was dried
at 105°C for 3 h for SOC analysis, and one part was pre-
pared for HWOC extraction. HWOC extraction was deter-
mined according to the modified method of Ghani et al.
(2003). We optimised the extraction conditions consider-
ing the low background content of SOC in the study area
and the large sample mass for extraction. Two hundred
millilitres of deionised water was added to 50 g of each
sample, which was then shaken and extracted in an 85°C
water bath for 150 min. The supernatant was filtered
through a 0.45 μm cellulose nitrate membrane (What-
manTM) filter after centrifugation at 4000 rpm. The
extract was freeze-dried for 48 h to remove water.

The prepared samples were determined by elementary
C analysis with combustion at 980°C by a Vario EL III ana-
lyzer (Elementar, Germany). Approximately 20 mg of each
prepared sample was weighed in tin vessels and auto-
matically loaded into the combustion oven at 980°C.
The formed CO2 gases were determined by a thermal
conductivity detector (TCD). The standard deviations of
the working standard and duplicate samples were less
than 0.4%. Sample analysis was carried out at the Institute
of Earth Environment, Chinese Academy of Sciences.

Data analysis

The carbon content of the extract was converted into
the HWOC concentration of the soil according to the

sample mass. One-way analysis of variance was used
to analyze the difference in soil carbon between the 0–
5 and 5-10 cm depths of woodland, grassland and crop-
land. The relationships between the SOC and HWOC
fractions were examined using linear regression. The
statistical analysis of data was performed using R
software.

The HWOC proportion in SOC represents the relative
concentration of HWOC.

Referenced HWOC data were chosen from the pub-
lished literature with clear descriptions of the research
site, vegetation, experimental design, sample depth
and extraction method (Table 1). We grouped the
HWOC data into woodland, grassland and arable land
for comparison with this study. When there are multiple
data results in the literature, the average value is taken
to represent this site.

Results

The SOC and HWOC concentrations (0-10 cm) in the
natural system (21.96 ± 3.75 g kg−1 and 0.27 ± 0.12 g C
kg−1, respectively) were higher than those in the agricul-
tural system (8.65 ± 2.06 g kg−1 and 0.19 ± 0.04 g C kg−1,
respectively). The SOC content in grassland was higher
than that in woodland and arable land, and the differ-
ence among the systems was significant (P < 0.05).
However, the HWOC content decreased gradually from
woodland and grassland to arable land (Figure 2). The
difference between the natural system and agroecosys-
tem was significant (P < 0.01), but the difference
between woodland and grassland was not significant.

Comparisons between the depth intervals showed
that in natural and agroecosystems, both SOC and
HWOC contents were higher at 0-5 cm (23.39 ± 3.87 g
kg−1 and 0.33 ± 0.12 g kg−1 in natural, and 8.96 ±
2.09 g kg−1 and 0.2 ± 0.04 g kg−1 in agroecosystem)
than at 5-10 cm (20.44 ± 2.94 g kg−1 and 0.21 ± 0.07 g
kg−1 in natural, and 8.33 ± 2.06 g kg−1 and 0.18 ±
0.04 g kg−1 in agroecosystem). There was a significant
difference between the two depths in the natural
system (P < 0.05), but in the agroecosystem, there was
no significant difference (Figure 2). At the 5-10 cm

Table 1. The primary extraction conditions of hot water extractable organic carbon (HWOC).
Site Location Soil/water ratio Temperature Duration Author(s)

AUS Australia 1:5 70 oC 18 h Yao et al. (2019)
GER Germany 5g:25ml — 60 min Spohn and Giani (2011)
GX Guangxi, China 4g:20ml 70 oC 18 h Wang and Wang (2007)
HN Hunan, China 20g:100ml 100 oC 1 h Wang et al. (2007)
HN Hunan, China 1:10 80 oC 16 h Zhang et al. (2009)
SRB Republic of Serbia 10g:40ml 80 oC 16 h ŠermeŠiĆ et al. (2013)
USA United States 3g:30ml 80 oC 16 h Rodriguez et al. (2021)
XA Xi’an, China 50g:200ml 85 oC 150 min This study
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depth, the difference in the HWC content between the
natural and agroecosystems was not significant but
was significant at 0-5 cm (P < 0.01).

The results of the HWOC proportion show that the
relative concentrations of HWOC in the study area
were 1.28 ± 0.36%, 1.09 ± 0.39% and 2.19 ± 0.22% in
woodland, grassland and arable land, respectively
(Figure 4c). In contrast, the HWOC proportion in other
areas ranged from 1-9% (Figure 4d-g). The HWOC pro-
portion of the study was basically in the lower limit of
the variation range.

Discussion

Low HWOC content of topsoil in a natural system
under drought conditions on the Loess Plateau

The content of HWOC in the topsoil of the Loess Plateau
natural system was significantly lower than that in other
regions (Figure 3d, e), which may first be due to the low
background concentration of carbon in the area. Due to
the arid climate, the biomass and SOC of the Loess
Plateau are generally low (Soil Subcenter, National
Earth System Science Data Centre, National Science &
Technology Infrastructure of China (http://soil.geodata.
cn)). As the water-extracted component of SOC, HWOC
showed a significant correlation with SOC (Spohn and
Giani 2011; Yao et al. 2019; Figure 4b), which also
existed in the study area (Figure 4a). The low SOC in
the Loess Plateau will inevitably lead to a low HWOC.

At the 0-10 cm depth, the HWOC of grassland in the
study area (annual average temperature of approxi-
mately 14°C, annual precipitation of approximately
550 mm) was 80% lower than that of Australia (annual
average temperature 21.4°C, annual precipitation
1038 mm). Annual temperature, aridity and precipitation
can express effects on soil C function through litter

incorporation and stability (Eldridge et al. 2020). More-
over, under the influence of root-derived C (Kuzyakov
and Domanski 2000; Jones et al. 2009), the HWOC
content in different ecosystems under drought con-
ditions would be expected to be lower than that in rela-
tively humid areas, which may further lead to regional
differences in HWOC. Unfavourable water conditions
on Loess Plateau are not conducive to SOC accumulation
and labile C formation.

Based on the method of the climate-diagram maps of
Walter et al. (1975), we distinguished the dry and wet
conditions by the ratio of annual precipitation to
annual average temperature, that is, the corresponding
precipitation per degree centigrade. The results
showed that the HWOC content tended to increase
with hydrothermal conditions (Figure 3). The woodland
HWOC of this study was approximately 70% lower
than that of Australia and South China (Zhang et al.
2009; Yao et al. 2019). The results in Europe were ten
times higher than those in this study (Spohn and Giani
2011).

It should also be noted that there are differences in
the extraction conditions of HWOC (Table 1). Assume
the aim that different researchers optimise the extrac-
tion conditions was to obtain the maximum extraction
amount. The referenced HWOC data can be considered
to represent the status of the ecosystem or region at
that time.

Effects of irrigation on the HWOC of
agroecosystem topsoil on the Loess Plateau

The SOC and HWOC contents of arable land in the study
area were also lower than those in other regions (Figure
3c, f). For example, the HWOC was 50% lower than that
in Australia; however, this difference was obviously

Figure 2. The carbon content of the topsoil of the study area. (a) soil organic carbon (SOC) content at 0-5 cm and 5-10 cm, (b) hot
water extractable organic carbon (HWOC) content at 0-5 cm and 5-10 cm. The box shows the mean value and ±1σ standard deviation
range, and the whisker shows the outlier data.
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smaller, except for the USA, than that in the natural
system (Figure 3). This result may relate to the impact
of land management on the agricultural system. The
Loess Plateau is highly vulnerable to drought. Farmland
on the Loess Plateau depends on irrigation, which is also
the most common and important human impact mode
in the global agricultural system. Physico-chemical pro-
tection of SOC from decomposers is limited in arid
soils (Doetterl et al. 2015). Irrigation weakens the
impact of climatic conditions on the agricultural
system (Delgado-Baquerizo et al. 2017) and partially
offsets the low HWOC content caused by drought. The
influence of lower precipitation on the agricultural
system HWC in arid areas and the difference from
humid areas also weakened. High precipitation in
southern Florida is favourable for carbon accumulation
and high HWOC values in everglades agricultural areas
(Rodriguez et al. 2021, Figure 3f). At the 0-5 cm and 5-
10 cm depths in the study area, the stable soil moisture
and HWOC content of cultivated soil and the signifi-
cantly reduced soil moisture and HWOC content of
woodland and grassland supported this.

Irrigation, fertiliser application and tillage affect SOC
and HWOC (Ghani et al. 2003; Šeremešić et al. 2013; Bon-
giorno et al. 2019). Since there is no description about
agricultural tillage in all five studies from arable land,
tillage was considered to have no effect. AUS, GER and
the USA were considered to have no fertilisation
because it’s not clear in the literature. For the studies
with fertiliser application (SRB and HN), we chose the
results from the blank control to get close to the
natural state for comparison. Fertiliser application may
lead to a certain uncertainty in the comparison of
arable land HWOC across regions, and the comparison
of different ecosystem types in the same region may
not be greatly affected.

Ecosystem differences in the HWOC content on
the Loess Plateau

The order of the changes in HWOC content showed that
in the Loess Plateau, woodland was higher than grass-
land and arable land (Figure 3). The difference in
HWOC content between natural and agricultural
systems is mainly due to the different C input/output
equilibrium processes. On the one hand, the allocated
C beneath the ground is higher for natural systems
than for agricultural ecosystems (Kuzyakov and
Domanski 2000; Pausch and Kuzykov 2018), and the
underground input of root C contributes more to SOC
accumulation than to the aboveground input of leaves
and residues (Schmidt et al. 2011; Delgado-Baquerizo
et al. 2017). On the other hand, organic matter input

will increase labile C fractions (Bongiorno et al. 2019).
The crop straw in the study area was removed for feed
processing. The crop harvest also greatly reduces the C
input of the arable land soil, which destroys the C
balance and expands the difference with the natural
system. The SOC content was significantly lower than
that in the natural system (P < 0.01), and the HWOC
content was also significantly lower than that in the
natural system (P < 0.01) (Figure 3).

The relationship between HWOC and soil moisture in
the study area shows that the difference in soil moisture
also influences the HWOC. No direct correlation was
observed between soil moisture and HWOC in woodland
and arable land in this study. The weak correlation in
grassland showed that there was a certain connection
between them. We suggest that this may be related to
farmland irrigation and the redistribution of water by
the deep roots of woodland trees. There is evidence
that the extracted organic carbon from topsoil varies
greatly under different water conditions (Singh et al.
2021). The higher wetland HWOC than upland in Austra-
lia (Yao et al. 2019) and the high HWOC in peat soil
(Rodriguez et al. 2021) show the influence of water
change. On the Loess Plateau, the soil moisture of the
arable land (23.02 ± 4.21%) was significantly higher
than that of the natural systems (13.84 ± 3.08%) (P <
0.01). The relatively dry topsoil of the natural system
may limit the ability of HWOC to migrate with water.
The shallow root distribution makes herbaceous plants
vulnerable to soil moisture, which has little correlation
with SOC but a weak correlation with HWOC. Upward
hydraulic redistribution of deep roots of the trees
(Brooks et al. 2002) and agricultural irrigation weakens
the correlation with water in woodland and arable
land, also leading to more accumulation of HWOC in
the surface soil (Figure 2b). This also explains why the
depth difference in HWOC in this study was more signifi-
cant in the natural system. The soil moisture was signifi-
cantly different between the two depths in the natural
system. However, in the agricultural system, there was
no significant difference in soil moisture and HWOC
content between the two depths.

Activity of topsoil of the Loess Plateau indicated
by HWC proportion

The HWOC proportion in SOC could be used to compare
activity between regions and ecosystems because it
could avoid the order of magnitude difference in labile
content (Bongiorno et al. 2019; Bahadori et al. 2021). In
other regions, the HWOC proportion of the agricultural
system was not higher than that of the natural system
(Figure 4d-g). This may be because woodlands and
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Figure 3. Comparison of soil organic carbon (SOC) and hot water extractable organic carbon (HWOC) contents between the study area
and literature reports. (a) SOC content of woodland, (b) SOC content of grassland, (c) SOC content of arable land, (d) HWOC content of
woodland, (e) HWOC content of grassland, and (f) HWOC content of arable land. P/T is the ratio of annual precipitation to annual
average temperature, which represents the corresponding precipitation per degree centigrade. AUS: Australia; GER: Germany; SC:
South China, Hunan and Guangxi; SRB: Republic of Serbia; USA: United States; XA: Xi’an, Chinese Loess Plateau. Error bars show
1σ standard deviation. XA, AUS, HN and USA were 0-10 cm, and GX, SRB and GER were 0-20 cm.

Figure 4. Hot water extractable organic carbon (HWOC) content and HWOC proportion. (a) HWOC and soil organic carbon (SOC) con-
tents of the study area in 0-10 cm, (b) HWOC and SOC contents from the literature reports, (c) HWOC proportion of the study area, (d),
(e), (f), (g) and (h) HWOC proportion from the literature reports. AUS: Australia; GER: Germany; SC: South China, Hunan and Guangxi;
SRB: Republic of Serbia; USA: United States; XA: Xi’an, Chinese Loess Plateau. Error bars show 1σ standard deviation.
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grasslands usually contain more nonhumic particulate
organic matter that can be easily extracted by water
(Bahadori et al. 2021). In topsoil, it was 1-6% in agricul-
tural systems in Europe (Bongiorno et al. 2019) and
about 2.5% and 1.3% in natural and agricultural
systems in Australia, respectively (Bahadori et al. 2021).

However, on the Loess Plateau, the HWOC of the agri-
cultural system was higher than that of the natural
system (2.19 ± 0.22% and 1.20 ± 0.38%, respectively).
We suggest that this may be because of the alleviation
of soil drought through irrigation and the disturbance
reduction by no-tillage which resulted in a correspond-
ing increase in labile C (Bongiorno et al. 2019). It was
found that in the everglades agricultural area, the
HWOC proportion of peat soil was significantly high
(Rodriguez et al. 2021), and natural peatland soil and
even compost contained much more HWOC (Heller
and Weiß 2015; Kalisz et al. 2015).

The HWOC proportion of woodland was significantly
higher than that of grassland (1.28 ± 0.36% and 1.09 ±
0.39%, respectively, P < 0.01) (Figure 4c). This result, con-
sistent with other areas, can be attributed to the high
productivity characteristics of woodland vegetation sup-
ported by rapid nutrient cycling in topsoil.

On the arid Loess Plateau, the concentration and pro-
portion of HWOC is generally low compared with other
regions. Nevertheless, in the agricultural system, the
difference in the HWOC proportion weakened and was
significantly higher than that in the natural system.
This is different from the relatively high HWOC pro-
portion of natural systems in other regions. This may
be due to the alleviation of soil drought through irriga-
tion. On the arid Loess Plateau, drought and land use
change led to great SOC loss (Zhang et al. 2015) and
limited the physico-chemical protection of SOC (Doetterl
et al. 2015); as a result, the erosion risk of the area could
have a great impact on the soil labile component. Soil
management improvement should focus on strengthen-
ing water use efficiency. For the wide arid area in north-
ern China, improving soil properties and preventing
degradation are very important for the long-term
carbon storage of regional soil. Due to the limited
research data and the differences in HWOC extraction
methods, there is still a certain uncertainty in the com-
parative analysis of this study. Obtaining more detailed
data classification to reduce uncertainty is important
for a comprehensive and accurate understanding of
HWOC and is worth further research.
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