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A B S T R A C T   

Soil C-acquiring enzymes are good indicators for the biological mechanism of soil nutrients and organic matter 
cycles. However, they have been used less frequently to assess the ecological stability and soil C cycle in eroding 
landscapes due to a lack of knowledge of the responses of C-acquiring enzyme activities to soil erosion and 
deposition. In the present study, a 3-year field simulation experiment was conducted to examine the variations in 
the activities of C-acquiring enzymes (β-1,4-xylosidase (βX), β-1,4-glucosidase (βG) and β-D-cellobiohydrolase 
(CBH)) from erosion-deposition plots with different slope gradients (5◦, 10◦ and 20◦) on the Loess Plateau in 
China (2016–2018). The activities of βX, βG and CBH were higher in the depositional plots than in the erosional 
plots, and those differences were enlarged with increasing slope gradients. Compared to the 5◦-erosional plot, the 
activities of βX, βG and CBH respectively declined by 3.2–4.5%, 14.3–37.5% and 12.7–29.1% in the 10◦-and 20◦- 
erosional plots. The βX, βG and CBH activities were 2.2–18.1%, 17.3–32.1% and 14.8–86.2% higher in the 10◦- 
and 20◦-depositional plots than in the 5◦-depositional plot. Moreover, the total soil CO2 emissions from the whole 
erosion-deposition plots decreased as slopes steepened. The displaced runoff and sediment depleted soil mois-
ture, SOC, clay and microbial biomass in the erosional plots but enhanced these resources in the depositional 
plots, which can account for the changes in C-acquiring enzyme activities. The spatial distribution of enzyme 
activities affected soil CO2 emissions in a positive linear function. The sensitive responses of the C-acquiring 
enzyme activities and the controlling effects of C-acquiring enzyme activities on soil CO2 emissions during 
erosion and deposition processes, should be properly considered in assessing the biological mechanism for 
nutrition cycling in regions predominated with fragmented eroding landscapes.   

1. Introduction 

Soil erosion and deposition, as the engine to redistribute soil from 
land surfaces and to influence the biogeochemical cycling of essential 
soil elements, are phenomena observed globally (Berhe et al., 2018; de 
Nijs and Cammeraat, 2020; Kuhn et al., 2009; Lal, 2019). Annually, 
water erosion is estimated globally to redistribute 1–5 Pg carbon (C) 
(Mccarty and Ritchie, 2002; Stallard, 1998; Starr et al., 2001), accom-
panied by the delivery of soil moisture, nutrients, particles and micro-
organisms from eroding sites to depositional sites (Du et al., 2020; Hu 
and Kuhn, 2016; Polyakov and Lal, 2008; Wei et al., 2016; Xiao et al., 

2018). Soil C-acquiring enzymes are important components in soil 
biochemical processes, which are crucial in catalysing the soil C cycle 
(Peng and Wang, 2016; Sinsabaugh et al., 2008; Xu et al., 2017). The 
activities of soil C-acquiring enzymes are highly variable due to envi-
ronmental variables including soil texture (Tietjen and Wetzel, 2003), 
substrate availability (Sinsabaugh et al., 2008) and soil moisture (Alster 
et al., 2013). It is reasonable to assume that soil erosion- and deposition- 
induced spatial variations in hydrologic, pedologic and microclimatic 
conditions are predicted to influence the activities of soil C-acquiring 
enzymes. Such changes in soil C-acquiring enzymes could potentially 
perturb the catalysing and mediating functions of the soil C-acquiring 
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enzymes in ecological processes. However, there is little knowledge on 
the responses of soil C-acquiring enzymes to soil erosion and deposition. 
Therefore, some uncertainties were remained in researching the mech-
anism of biogeochemical processes shifts and ecosystem stability in 
eroding landscapes. 

Several studies have addressed the changes in soil enzyme activities 
subjected to erosion and deposition. Soil enzyme activities are sup-
pressed by erosion while being enhanced by deposition, which related to 
the depleted SOC, soil moisture and microbial biomass in the eroding 
sites and the enrichment of those resources in the depositional sites (Li 
et al., 2015; Moreno-de las Heras, 2009; Nie et al., 2015; Park et al., 
2014; Sarapatka et al., 2018). Of the previous studies above, only 
Moreno-de las Heras (2009) has researched the soil C-acquiring enzyme 
activities in slope lands and demonstrated that the activity of β-1,4- 
glucosidase (βG) was exponentially reduced when erosion exacerbated 
the deficiency in available resources (Moreno-de las Heras, 2009). The 
other soil C-acquiring enzyme activities including β-D-cellobiohydrolase 
(CBH) and β-1,4-xylosidase (βX) have been not investigated for their 
responses to soil erosion. Actually, soil C-acquiring enzyme activities do 
not respond consistently to altered soil conditions. For instance, the βG 
and CBH sorbed to clay particles present low activities (Allison and 
Jastrow, 2006) or can still be chemically active, but the βX adsorption 
produces enhanced enzyme activities (Tietjen and Wetzel, 2003). A 
study across seven biogeoclimatic zones declares that the activity of βG 
is negatively related to the soil moisture, but the activities of βX and CBH 
are not (Brockett et al., 2012). Accompanied by the intense and complex 
variations of soil physicochemical and microbial properties, soil erosion 
may complicate the responses of three C-acquiring enzyme activities to 
soil factors. It is necessary to confirm whether the responses of the ac-
tivities of βX and CBH to soil erosion is consistent with that of the ac-
tivity of βG. Furthermore, it is unclear the effect that deposition has on 
soil C-acquiring enzyme activities. Deposition generally occurs when 
soil erosion happened and is accompanied by changeable runoff, sedi-
ment and soil nutrients (Park et al., 2014; Sagova-Mareckova et al., 
2016). 

The C-acquiring enzymes are crucial for the functioning of the rate- 
limiting step of SOC depolymerization (Ali et al., 2018; Burns et al., 
2013; Conant et al., 2011; Sinsabaugh et al., 2008). A considerable 
proportion of heterotrophic respiration is controlled by enzyme activ-
ities (Ali et al., 2015; Ali et al., 2018). The changeable soil C-acquiring 
enzymes during the processes of soil detachment, transportation and 
deposition would perturb soil CO2 emissions in the eroding landscape 
and further alter the soil C sequestration in terrestrial ecosystems. 
Therefore, the study of the effects of soil C-acquiring enzyme activities 
on soil CO2 emissions during soil erosion and deposition can help to 
distinguish the uncertainty in the erosion- and deposition-induced soil C 
source or sink (Lal, 2019; Van Oost et al., 2007). 

In this study, erosion–deposition plots including the erosional plots 
with three gradients (5◦, 10◦ and 20◦) and the depositional plots, were 
systematically conducted on the Loess Plateau, China. Through 
observing soil C-acquiring enzyme activities, runoff and sediment, we 
aimed to (1) identify the responses of the soil C-acquiring enzyme ac-
tivities to soil erosion and deposition and (2) investigate the effects of 
the soil C-acquiring enzyme activities on soil CO2 emissions in the ero-
sion–deposition plots. 

2. Materials & methods 

2.1. Site description and experimental design 

The study site was established at the Wangdong catchment (35◦13′

N, 107◦40′ E, altitude 1220 m), Changwu, southern Loess Plateau, 
China. The mean annual precipitation was approximately 560 mm, with 
60% of the rainfall occurring in the period from July to September, and 
the mean annual air temperature was 9.4 ◦C (provided by the Shaanxi 
Changwu Agroecosystem National Observation and Research Station). 

The local soil is dominated by loam (Cumulic Haplustoll; the USDA Soil 
Taxonomy System), which originated from the Loess deposits. The local 
landscape is characterized by tableland (remnant flat parts of the 
plateau), slopes (or gullies) and valley bottoms. The relatively flat 
tableland with a gradient <5◦, covers 38% of the total area and has a low 
erosion rate of <100 t km− 2 y–1. The slope lands with ranging from 5◦ to 
50◦ are the main erosional areas, covering 53% of the total area and 
eroding at a rate 100–20,000 t km− 2 y–1. The valley bottom (gradient <
10◦) receives the eroded materials from the tableland and the slopes 
(Wang et al., 2017). 

To simulate the local eroding landscape, a set of erosion–deposition 
plots with east-facing and replicating three times (Fig. 1a, b, c), were 
constructed in April 2014. Detailed information on the ero-
sion–deposition plots, soil preparation and management has been 
described in Du et al. (2020). In brief, the erosion–deposition plots of 
three slope gradients (5◦, 10◦ and 20◦) were constructed and refilled 
with 200 cm-deep soil collected from local farmland. Each plot included 
an erosional plot (500 cm long × 100 cm wide × 200 cm deep) and a 
connected depositional plot (100 cm long × 100 cm wide × 200 cm 
deep). The erosional plots across three slope gradients (5◦, 10◦ and 20◦) 
have been defined as 5◦-erosional plot, 10◦-erosional plot and 20◦- 
erosional plot. In meanwhile, the depositional plots connected with the 
erosional plots across three slope gradients have been defined as 5◦- 
depositional plot, 10◦-depositional plot and 20◦-depositional plot. 

A fourth replicate, marked by the dotted yellow lines in Fig. 1a, b, 
was built for each slope gradient to monitor runoff and sediment during 
the individual rainfall. Patterns of runoff and sediment from different 
slopes have been found to be reasonably consistent over 43 individual 
erosion events during the experimental period of 2016–2018 (Table S1). 
This has confirmed the controlling effects of the slope gradients on the 
erosion processes. Thus it proved that one replicate to monitor soil 
erosional responses was adequate to examine the responses of soil 
enzyme activities to runoff and sediment displacement. Moreover, 
considering the prevalence of the gentle slopes on the tableland of the 
Loess Plateau (Wang et al., 2017), the 5◦ erosion–deposition plots were 
set as the reference plots in this study. 

2.2. Runoff and sediment collection 

After each detectable erosion event, the runoff suspension was 
immediately collected into a cylindrical steel tank placed at the lower 
end of each monitored erosional plot. After recording the suspension 
weight and volume, three well-blended suspension subsamples, 500 mL 
each, were re-sampled from each tank and air-dried to calculate the 
sediment concentration. For more detailed information on the runoff 
and sediment collection and calculation, please refer to Du et al. (2020). 

2.3. Sampling and measuring the soil properties 

During the experimental period (2016–2018), the sediment in each 
depositional plot was left to natural deposition. At the end of each 
experimental year, the accumulated sediment depths in the 5◦-, 10◦- and 
20◦-depositional plots were measured, and the results were listed in 
Table S2. The sediment depth exhibited variations between three slope 
gradients. Soil samples from the same depth were collected from each 
erosional and depositional plot, which can help us to solely examine the 
responses of soil C-acquiring enzyme activities to soil erosion and 
deposition, rather than involving the spatial variations in soil conditions 
intrinsic to soil depth. At the end of each experimental year (end of 
November in 2016, 2017, and 2018), the five soil cores, from 0 to 10 cm 
deep, were randomly collected from each erosional and depositional 
plot. Each soil core was collected using a 3 cm auger and then mixed to 
form composite samples. Every composite soil sample was then divided 
into two parts: one part was air-dried to determine the soil physico-
chemical properties, and the other part was preserved at 4 ◦C for assays 
of soil microbial biomass, and soil C-acquiring enzyme activities. 
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Soil physicochemical properties and their assay methods in this study 
have been summarized in Table 1. In detail, soil samples were extracted 
with 60 mL of 0.5 mol K2SO4 to measure the DOC content. The NO3-N, 
and NH4-N were extracted with KCl (1 mol L–1), then their sum was 
defined as the mineral nitrogen (Nmin) in this study. The MBC and MBN 
were determined with conversion factors KC of 0.38 for MBC and KN of 
0.45 for MBN respectively. According to the description outlined by 

Zhang et al. (2015), soil CO2 emission rate was regularly monitored 
approximately every 10 days from April 2016 to November 2018. 

2.4. Assays of soil C-acquiring enzyme activities 

The activities of β-1,4-xylosidase (βX), β-1,4-glucosidase (βG) and 
β-D-cellobiohydrolase (CBH) were measured fluorometrically using a 
200 μM solution of substrates labelled with 4-methylumbelliferone 
(MUB), according to the method outlined in Saiya-Cork et al. (2002). 
The soil suspension was prepared by adding 1 g fresh soil from each 
erosional and depositional plot to 125 mL of 50 mM buffer, followed by 
homogenization for 2 h in a constant temperature shaker. The prepared 
suspensions were continuously stirred while 200 μl aliquots were 
dispensed into the 96-well microplates. The details for the preparation of 
the samples, blank, quench, reference standard and negative control are 
as follows: 50 μl of 200 μM substrate solution was added to 200 μl of the 
sample suspension for each sample well; 50 μl of buffer was added to 
200 μl of sample suspension for the blank wells; 50 μl of standard (10 μM 
4-methylumbelliferone-MUB) was added to 200 μl sample suspension 
for each quench well; 50 μl of substrate solution was added to 200 μl of 
buffer for the negative control wells; 50 μl of standard was added to 200 
μl acetate buffer for the reference standard wells. The prepared plates 
were incubated in the dark at 25 ◦C for 4 h. To stop the reaction, 50 μl of 
0.5 M NaOH was added to each well after incubation. The fluorescence 
was measured using a microplate reader (SpectraMax Gemini, Molecular 
Devices, CA, USA) at excitation and emission wavelengths of 365 nm 
and 450 nm, respectively. The soil C-acquiring enzyme activities were 
corrected for quench and negative controls and expressed in units of 
nmol activity per hour per gram of dry soil (nmol g− 1 dry soil h− 1). 

Fig. 1. Experimental set-up. (a) Photograph of the field experimental settings; (b) layout of the experimental settings of the erosional plots and the depositional plots 
across three slope gradients; (c) detailed design of the profiles of the erosional plots and the depositional plots across three slope gradients (cited from Du 
et al. (2020)). 

Table 1 
Summary of soil physicochemical properties and their assay methods in this 
study.  

Soil physicochemical 
properties 

Abbreviation Assay method 

Soil gravimetric 
moisture 

Soil moisture Oven-dried at 105 ◦C for 12 h to 
achieve a constant weight 

Soil clay (<0.002 mm) Clay Using Mastersizer 2000 (Malvern 
Instruments Ltd., Worcestershire, 
UK) 

Soil bulk density BD Cutting ring (Grossman and Reinsch, 
2002) 

Soil organic carbon SOC K2CrO7-H2SO4 oxidation (Sparks 
et al., 1996) 

Soil dissolved organic 
carbon 

DOC Using a total organic carbon analyzer 
(TOC-VCSH, Shimadzu, Japan) 

Soil total nitrogen TN Kjeldahl method (Kjeldahl, 1883) 
Soil nitrate nitrogen/ 

ammonium nitrogen 
NO3-N/ NH4-N Analyzed by an Auto Analyzer III 

continuous flow instrument (Bran +
Luebbe GmbH, Germany) 

Soil microbial biomass 
carbon/ nitrogen 

MBC/ MBN Chloroform fumigation-extraction ( 
Vance et al., 1987; Brookes et al., 
1985) 

Soil carbon dioxide 
emission rate 

Soil CO2 

emission rate 
Measured by an automated closed 
soil CO2 flux system equipped with a 
portable chamber (20 cm in 
diameter; Li-8100, Lincoln, NE, USA)  
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2.5. Statistical analysis 

The mean daily soil CO2 emission rate was interpolated between the 
measurement dates, the daily cumulative CO2 emission rate calculated 
as following: 

CRs = Rs × 3600 × 24 × 12/106 (1)  

where CRS is the daily cumulative soil CO2 emission rate (g CO2-C m− 2); 
Rs is the average soil CO2 emissions rate (μ mol m− 2 s− 1) at each mea-
surement; 3600 and 24 are the conversion coefficient of time; 12 is the 
molar mass of C (g mol− 1); 106 is the conversion coefficient between 
micromoles and moles. 

The yearly cumulative soil CO2 emission was calculated by summing 
up the daily cumulative CO2 emission rate during April to November of 
each experimental year. 

The total soil CO2 emissions from the erosion–deposition plots of 5◦, 
10◦ and 20◦ slopes were then calculated as following: 

Rt− i = REro × AEro +RDep × ADep (2)  

where Rt-i is the total soil CO2 emission (g CO2-C y− 1) in the ero-
sion–deposition plots under different slope gradients (i represents slope 
gradient as 5◦, 10◦ or 20◦); REro is the yearly cumulative soil CO2 
emission from a unit area in the erosional plots (g CO2-C m− 2 y− 1); RDep 
is the yearly cumulative soil CO2 emission from a unit area in the 
depositional plots (g CO2-C m− 2 y− 1); the AEro and ADep are the areas 
(m2) of the erosional plot and the depositional plot, and their respective 
values are 5 m2 and 1 m2 in this experiment. 

The differences in the soil C-acquiring enzyme activities and envi-
ronmental factors among the 5◦-, 10◦- and 20◦- erosional plots and their 
depositional plots (mean ± SD, n = 3) were compared by analysis of 
variance (ANOVA) and a Duncan test at a probability of 5% (p = 0.05) 
using the software program SPSS ver. 20.0 (SPSS Inc., Chicago, IL, USA). 
Relationships between runoff and sediment, soil properties and soil C- 
acquiring enzyme activities were tested and quantified using structural 
equation modelling (SEM) method in IBM SPSS Amos ver. 23.0. To test 
for goodness of fit of the model, the non-significant chi-square (χ2) test 
(the model has a good fit when 0 ≤ χ2 ≤ 2 and 0.05 < p ≤ 1.00) and the 
root mean square error of approximation (RMSEA, the model has a good 
fit when 0 ≤ RMSEA ≤ 0.05 and 0.10 < p ≤ 1.00) were used according to 
Delgado-Baquerizo et al. (2015). 

3. Results 

3.1. Soil biogeochemical properties in the erosional and the depositional 
plots 

During the experimental period of 2016–2018, the annual runoff and 
sediment yield generated on the 5◦ slopes were 0.23–0.30 m3 and 2–14 
kg, respectively, which increased by 30–207% and 157–780% on the 
steeper slopes of 10◦ and 20◦, respectively, compared to the 5◦ slopes 
(Table 2). 

The soil physical and biochemical properties presented divergent 
redistributions in the erosional and the depositional plots (Table 3). 
During the experimental period (2016–2018), the contents of Nmin, soil 
moisture, MBC, MBN and clay in the depositional plots were higher than 
that in the erosional plots (p < 0.05, Table 3). When compared to the 5◦- 
erosional plots, soil moisture, MBC and MBN decreased in the 10◦- and 
20◦-erosional plots. In contrast, soil moisture, MBC and MBN increased 
in the 10◦- and 20◦-depositional plots compared to that in the 5◦- 
depositional plots (Table 3). 

3.2. Soil C-acquiring enzyme activities in the erosional and the 
depositional plots 

The soil C-acquiring enzyme activities presented different spatial 

variations in the erosional and depositional plots. Significantly, the ac-
tivities of soil C-acquiring enzymes were higher in the depositional plots 
than that in the erosional plots (p < 0.05, Fig. 2). When compared to the 
5◦-erosional plots, the enzyme activities of βG and CBH decreased by 
14.3–29.2% and 12.7–30.5% in the 10◦-erosional plots, and 20.5–37.8% 
and 15.0–32.7% in the 20◦-erosional plots (p < 0.05). However, βX 
showed no variation among the 5◦-, 10◦- and 20◦-erosional plots. When 
compared to the 5◦-depositional plot, the βX, βG and CBH activities 
increased by 2.2–13.5%, 20.6–28.9% and 33.8–54.8% in the 10◦- 
depositional plot, respectively. The C-acquiring enzymes activities were 
enhanced by 10.0–18.1%, 17.3–32.1% and 14.8–86.2% in the 20◦- 
depositional plot (p < 0.05, Fig. 2). 

3.3. Soil CO2 emissions in the erosional and the depositional plots 

During the experimental period of 2016–2018, the annual cumula-
tive soil CO2 emission appeared to significantly decrease by 20–41 g 
CO2-C m− 2 y− 1 and 37–47 g CO2-C m− 2 y− 1 in the 10◦- and 20◦-erosional 
plots compared to that in the 5◦-erosional plots (288–329 g CO2-C m− 2 

y− 1). Compared to the 5◦-depositional plots (308–360 g CO2-C m− 2 y− 1), 
the cumulative soil CO2 emission increased by 3–19 g CO2-C m− 2 y− 1 

and 25–42 g CO2-C m− 2 y− 1 in the 10◦- and 20◦-depositional plots. 
Furthermore, total soil CO2 emissions decreased with increasing slope 
gradients (Table 4). 

3.4. Responses of soil C-acquiring enzyme activities to environmental 
variables and their controlling effects on soil CO2 emissions 

The SEM model showed a good fit between runoff, sediment, soil 
properties and C-acquiring enzyme activities (χ2 = 0.984, p = 0.473; 
RMSEA = 0.000, p = 0.614; standardized path coefficients are shown in 
Fig. 3). The results showed that the displaced runoff can affect the ac-
tivities of βG and CBH by altering the soil moisture and DOC (p < 0.05). 
Meanwhile, the SOC, TN, clay, MBC and MBN were influenced by the 
sediment displacement, which influenced the enzyme activities of βX, 
βG and CBH (p < 0.05). In total, the model explained the 72%, 92% and 
84% variances in βX, βG and CBH in the erosion–deposition plots, 
respectively (Fig. 3). Furthermore, the activities of βG and CBH in the 
erosional plots were positively correlated to the SOC, DOC, moisture, 
MBC and MBN while the βX activity was only affected by the clay. In the 
depositional plots, the SOC, microbial biomass and soil moisture influ-
enced the C-acquiring enzymes βX and CHB activities, also the clay 
affected the βX activity; meanwhile, soil moisture and MBC were posi-
tively related to the βG activity (Table 5). 

Moreover, the soil C-acquiring enzyme activities controlled the 
spatial variations of soil CO2 emissions in the erosional and the depo-
sitional plots. Prominently, cumulative soil CO2 emission linearly 
increased with the enzyme activities of βX, βG and CBH in the erosional 

Table 2 
Erosional responses for three slope gradients from 2016 to 2018.  

Year Annual 
rainfall 
(mm) 

Annual 
erosion 
events 

Slope 
(◦) 

Runoff 
(m3) 

Sediment 
yield (kg) 

Erosion 
rate (t 
km− 2 

yr− 1) 

2016 524 10 5 0.27 14 2824 
10 0.58 45 8939 
20 0.58 48 9624 

2017 560 16 5 0.23 2 423 
10 0.30 13 2549 
20 0.34 16 3159 

2018 586 17 5 0.30 7 1489 
10 0.39 18 3632 
20 0.48 27 5499 

Note: annual erosion events were the combined occurrence of runoff generation 
and sediment deposition per year (the data of 2016 and 2017 were cited from Du 
et al. (2020)). 
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Table 3 
Soil properties in the erosional plots and depositional plots across three slope gradients.  

Year Soil properties Erosional plots Depositional plots 

5◦ 10◦ 20◦ 5◦ 10◦ 20◦

2016 SOC (g kg− 1) 8.70 ± 0.06B 8.43 ± 0.06A 8.39 ± 0.00A 8.70 ± 0.08a 8.87 ± 0.13a* 8.83 ± 0.12a* 
DOC (mg kg− 1) 23.03 ± 0.40C 18.66 ± 1.09B 16.21 ± 0.89A 22.98 ± 1.39a 22.02 ± 2.69a* 22.15 ± 0.47a* 
Nmin (mg kg− 1) 1.84 ± 0.05B 1.86 ± 0.08B 1.52 ± 0.06A 2.26 ± 0.03a* 2.72 ± 0.16b* 2.53 ± 0.04b* 
TN (g kg− 1) 0.73 ± 0.02A 0.73 ± 0.08A 0.76 ± 0.06A 0.68 ± 0.02a 0.79 ± 0.04b 0.79 ± 0.04b 
Moisture (m3 m− 3) 0.16 ± 0.00B 0.15 ± 0.00B 0.13 ± 0.01A 0.17 ± 0.00a 0.18 ± 0.00b* 0.20 ± 0.01c* 
MBC (mg kg− 1) 129.25 ± 5.13B 111.30 ± 6.03A 113.06 ± 4.90A 144.80 ± 2.83a* 182.03 ± 5.84b* 180.46 ± 2.49b* 
MBN (mg kg− 1) 6.54 ± 0.37C 5.24 ± 0.21B 4.30 ± 0.31A 12.84 ± 0.82a* 14.56 ± 0.46b* 17.56 ± 0.65c* 
Clay (%) 26.73 ± 0.49A 25.82 ± 0.38A 25.56 ± 0.53A 27.45 ± 0.22a 28.47 ± 0.39a* 28.17 ± 0.98a* 

2017 SOC (g kg− 1) 8.64 ± 0.02B 8.48 ± 0.01A 8.45 ± 0.03A 8.69 ± 0.07a 9.04 ± 0.09b* 8.97 ± 0.04b* 
DOC (mg kg− 1) 23.28 ± 0.05B 22.35 ± 0.20AB 21.93 ± 0.44A 24.33 ± 0.52a* 26.09 ± 1.00a* 25.43 ± 0.49a 
Nmin (mg kg− 1) 1.83 ± 0.01C 1.68 ± 0.01B 1.53 ± 0.08Ab 2.59 ± 0.21a* 2.16 ± 0.17a* 2.44 ± 0.28a* 
TN (g kg− 1) 0.77 ± 0.06A 0.74 ± 0.01A 0.72 ± 0.01A 0.74 ± 0.03a 0.78 ± 0.01a 0.77 ± 0.02a* 
Moisture (m3 m− 3) 0.17 ± 0.00B 0.15 ± 0.00AB 0.14 ± 0.01A 0.16 ± 0.01a 0.18 ± 0.01b* 0.19 ± 0.01b* 
MBC (mg kg− 1) 148.45 ± 1.52C 123.15 ± 3.11B 112.40 ± 4.45A 135.49 ± 2.21a* 158.58 ± 5.03b* 181.52 ± 3.20c* 
MBN (mg kg− 1) 7.12 ± 0.79B 6.01 ± 0.34AB 5.60 ± 0.37A 11.51 ± 1.07a* 14.51 ± 0.46b* 14.49 ± 0.66b* 
Clay (%) 26.12 ± 1.19A 24.68 ± 0.92A 24.93 ± 0.83A 24.04 ± 0.47a 26.68 ± 0.33b* 27.17 ± 0.97b 

2018 SOC (g kg− 1) 8.61 ± 0.11B 8.30 ± 0.02A 8.31 ± 0.04A 9.20 ± 0.32a* 9.19 ± 0.55a* 8.97 ± 0.75a 
DOC (mg kg− 1) 22.33 ± 3.06A 21.54 ± 1.75A 18.38 ± 1.27A 20.08 ± 1.31a 20.79 ± 0.82a 20.18 ± 0.28a 
Nmin (mg kg− 1) 1.30 ± 0.13A 1.50 ± 0.14A 1.49 ± 0.05A 2.13 ± 0.09a* 2.73 ± 0.12b* 2.29 ± 0.46ab* 
TN (g kg− 1) 0.69 ± 0.03A 0.68 ± 0.02A 0.69 ± 0.01A 0.78 ± 0.05a 0.73 ± 0.04a 0.74 ± 0.04a 
Moisture (m3 m− 3) 0.16 ± 0.00B 0.15 ± 0.01AB 0.14 ± 0.01A 0.17 ± 0.00a* 0.19 ± 0.00b* 0.20 ± 0.00c* 
MBC (mg kg− 1) 132.40 ± 6.95B 124.58 ± 12.73AB 111.5 ± 36.61A 138.68 ± 14.52a 185.05 ± 13.75b* 185.89 ± 17.86b* 
MBN (mg kg− 1) 6.98 ± 0.42C 5.08 ± 0.38B 3.66 ± 0.26A 15.9 ± 1.82a* 14.45 ± 0.66a* 14.6 ± 1.87a* 
Clay (%) 23.52 ± 0.49A 23.50 ± 0.76A 22.40 ± 1.27A 25.47 ± 0.59a* 26.13 ± 1.05a* 27.48 ± 1.34a* 

Note: SOC, soil organic carbon; DOC, dissolved organic carbon; Nmin, soil mineral nitrogen; TN, total nitrogen; MBC, soil microbial carbon biomass; MBN, soil microbial 
nitrogen biomass. Different capital letters indicate significant differences among the erosional plots, and different lowercase letters denote the difference among the 
depositional plots at p < 0.05, ANOVA, respectively. Asterisks represent significant differences between the erosional plots and the depositional plots at p < 0.05. 

Fig. 2. The activities of β-1,4-xylosidase ((a) 2016, (a) 2017 and (a) 2018), β-1,4-glucosidase ((b) 2016, (b) 2017 and (b) 2018), and β-D-cellobiohydrolase ((c) 2016, 
(c) 2017 and (c) 2018)) in the erosional plots and the depositional plots across three slope gradients from 2016 to 2018. Different capital letters indicate significant 
differences among the erosional plots, and different lowercase letters denote the differences among the depositional plots, at p < 0.05 (ANOVA). Asterisks represent 
significant differences between the erosional plots and the depositional plots at p < 0.05. 
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plots, and positively related to the βG and CBH in the depositional plots 
(Fig. 4, p < 0.05). 

4. Discussion 

4.1. Contrasting responses of the soil C-acquiring enzyme activities to 
erosion and deposition 

The contrasting responses of soil C-acquiring enzyme activities, 
decreased in the erosional plots and increased in the depositional plots 
as the slope gradients steepened (Fig. 2), were mainly attributed to the 
runoff- and sediment-induced spatial distribution of the SOC, soil 
moisture, soil particles and microbial properties in the ero-
sion–deposition plots (Table 3 and Fig. 3). Primarily, since the substrate 
supplement causes the microorganisms to secrete enzymes (Allison and 
Vitousek, 2005; Guo et al., 2018; Guo et al., 2019), the 1.9–3.6% SOC 
observed depletion with runoff and sediment displacement (Table 3) 
could account for the great proportion of the decreased enzyme activ-
ities in the 10◦- and 20◦-erosional plots relative to the 5◦-erosional plots, 
confirmed by the positive effect of SOC on the activities of βG and CBH 

Table 4 
Soil cumulative CO2 emission (g CO2-C m− 2 y− 1) in the erosional plots and the depositional plots and total soil CO2 emission (g CO2-C y–1) in the whole ero-
sion–deposition plots from 2016 to 2018.  

Year Soil cumulative CO2 emission in the erosional plots Soil cumulative CO2 emission in the depositional plots Total soil CO2 emission 

5◦ 10◦ 20◦ 5◦ 10◦ 20◦ 5◦ 10◦ 20◦

2016 307 ± 16b 265 ± 19a 259 ± 4a 308 ± 39a 327 ± 36a 349 ± 11a* 1841 ± 115A 1653 ± 127A 1642 ± 29A 
2017 329 ± 6c 309 ± 6b 292 ± 6a 360 ± 19a 371 ± 11a* 385 ± 21a* 2006 ± 48B 1914 ± 23AB 1845 ± 49A 
2018 288 ± 5b 256 ± 5a 250 ± 2a 336 ± 6a* 340 ± 22a* 378 ± 3b* 1777 ± 22B 1620 ± 45A 1627 ± 12A 

Different lowercase letters next to the values of soil cumulative CO2 emission on the erosional plots denote significant differences among the 5◦-, 10◦- and 20◦- 
erosional plots at p < 0.05. Different lowercase letters next to the values of soil cumulative CO2 emission in the depositional plots denote significant differences among 
the 5◦-, 10◦- and 20◦-depositional plots at p < 0.05. Different uppercase letters indicate the significant differences of total soil CO2 emission among the ero-
sion–deposition plots of 5◦, 10◦ and 20◦. Asterisks represent significant differences of soil cumulative CO2 emission between the erosional plots and the depositional 
plots at p < 0.05. The total soil CO2 emission was the sum of soil cumulative CO2 emission in the 5 m2 erosional plots and the 1 m2 depositional plots yearly. 

Fig. 3. Schematic representation of the path analyses used to identify the control of runoff and sediment displacement on C-acquiring enzyme activities. The black 
lines represent significant relationships at p < 0.05. The solid and dashed arrows indicate positive and negative relationships, respectively. The standardized path 
coefficients are embedded within the arrows. The arrow width is proportional to the strength of the path coefficients. R2 indicates the proportion of variance 
explained and appears above every response variable in the model. The final model fit the data well: χ2 = 1.101, p = 0.324, RMSEA = 0.044, p = 0.507. SOC, soil 
organic carbon; DOC, dissolved organic carbon; TN, total nitrogen; MBC, soil microbial carbon biomass; MBN, soil microbial nitrogen biomass. βX, βG, and CBH 
represent β-1,4-xylosidase, β-1,4-glucosidase, β-D-cellobiohydrolase, respectively. 

Table 5 
Pearson correlations between soil C-acquiring enzyme activities and soil 
properties.  

Soil properties Erosional plots Depositional plots 

βX βG CBH βX βG CBH 

SOC 0.22 0.92** 0.71** 0.39* 0.33 0.40* 
DOC 0.13 0.70** 0.75** 0.46* 0.12 –0.22 
Nmin 0.21 0.27 0.06 0.20 0.07 0.05 
TN 0.17 0.12 –0.10 0.34 0.21 0.02 
Moisture –0.03 0.78** 0.60** 0.50** 0.69** 0.67** 
MBC 0.05 0.71** 0.74** 0.63** 0.75** 0.78** 
MBN 0.19 0.85** 0.67** 0.51** 0.29 0.30 
Clay 0.40* 0.38 0.05 0.44* 0.33 0.23 

Note: SOC, soil organic carbon; DOC, dissolved organic carbon; Nmin, soil min-
eral nitrogen; TN, total nitrogen; MBC, soil microbial carbon biomass; MBN, soil 
microbial nitrogen biomass. The βX, βG, CBH represent β-1,4-xylosidase, β-1,4- 
glucosidase, β-D-cellobiohydrolase respectively. Significance levels are repre-
sented as ‘**’ p < 0.01; ‘*’ p < 0.05. 
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(Fig. 3). A similar result was also observed by Moreno-de las Heras 
(2009), who reported that the exponential decreases in enzyme activ-
ities was in accordance with the depletion found in SOC. Conversely, the 
higher SOC concentration in the 10◦- and 20◦-depositional plots 
(Table 3) may enhance the enzyme activities through stimulating the 
microbial activity by the secretion of enzyme versus the lower SOC 
content supporting the lower enzyme activities in the 5-depositional 
plots. Furthermore, a lower microbial biomass was observed in the 
10◦- and 20◦-erosional plots relative to that in the 5◦-erosional plots 
(Table 3), which can probably cause a greater suppression on enzyme 
activities by down-regulating the amount of enzyme produced per unit 
of biomass (Waldrop et al., 2000). Meanwhile, due to the positive cor-
relations between the enzyme activities and the MBC and MBN (Fig. 3), 
the more abundant microbial biomass in the 10◦- and 20◦-depositional 
plots relative to that in the 5◦-depositional plots (Table 3) can be 
responsible for their higher enzyme activities. Additionally, because 
enzymes are easily absorbed on clay particle surfaces (Sollins et al., 

1996), the removal of the clay also resulted in the removal of enzymes 
attached to the clay. Thus the clay particles selectively removed by 
runoff (Table 3) might play a role in reducing the enzyme activities of βG 
and CBH in the steeper erosional plots but have less effect on the βX 
activity in the erosional plots. Moreover, the soil moisture deficiency 
induced by runoff displacement in the erosional plots (Table 3) can 
decrease the enzyme activities of βG and CBH through increasing the 
enzyme immobilization and reducing the diffusion rates (Alster et al., 
2013). It also might suppress the enzyme activities indirectly by inhib-
iting the available substrate diffusion for microbial production (Sardans 
and Peñuelas, 2005) or reducing the enzyme production of the micro-
organisms (Ali et al., 2015). The suppression effect of moisture defi-
ciency on βG and CBH was more prominent in the 10◦- and 20◦-erosional 
plots than in the 5◦-erosional plots. Conversely, soil moisture increased 
by 5.9–18.8% in the 10◦- and 20◦-depositional plots (Table 3) due to the 
input of runoff, which led to a positive effect on the soil C-acquiring 
enzyme activities (Fig. 3). This was consistent with the observation that 

Fig. 4. Pearson correlations between the activities of β-1,4-xylosidase, β-1,4-glucosidase and β-D-cellobiohydrolase and the cumulative soil CO2 emission in the 
erosional plots (A, B, C) and in the depositional plots (a, b, c). 
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increasing soil moisture may highly enhance soil enzyme activities in 
semi-arid regions (Baldrian et al., 2013; Li et al., 2018). Notably, the βX 
activity showed less responses to the erosion-induced variations in soil 
environmental variables (Fig. 3 and Table 5). It suggested that the βX 
activity presented less sensitivity to soil erosion during the experimental 
period. Furthermore, although some of the βX enzyme was removed by 
runoff and sediment, the remaining βX, adsorbed onto particle surfaces, 
can still remain active to prevent enzyme activities from dropping 
severely (Allison and Vitousek, 2005). The βX adsorption producing 
enhanced enzyme activity (Tietjen and Wetzel, 2003) may compensate 
for the erosion-induced reduction in βX activity. Indeed, the active 
proportion of adsorbed βX might serve as a reservoir of potential enzyme 
activity during soil erosion process. 

Contrary to the erosional plots, the depositional plots supported 
greater activities of the soil C-acquiring enzymes (Fig. 2). The runoff and 
sediment carried soil resources to be discharged into the depositional 
plots, which created more favourable soil conditions, with a higher 
moisture, nutrient content and microbial biomass (Table 3). Moreover, 
the carried or displaced soil resources may support greater enzyme ac-
tivities and further stimulate higher microbial enzyme production 
compared to the erosional plots (Sardans and Peñuelas, 2005). The 
differences in soil C-acquiring enzyme activities between the erosional 
plots and the depositional plots increased in the steeper slope gradients 
of 10◦ and 20◦ relative to that difference in the 5◦ gentle slope (Fig. 2). 
The steeper slope gradients reinforced more runoff and sediment 
migration (Table 2) and enlarged the differences in the soil environment 
between the erosional plots and the depositional plots. Therefore, the 
larger variations in the environmental variables at the steeper slopes of 
10◦ and 20◦ (Table 3) led to the greater differences in the soil C- 
acquiring enzyme activities between the erosional plots and the depo-
sitional plots. Our results confirmed that soil environmental heteroge-
neity exerted a critical control on the spatial distribution of soil C- 
acquiring enzyme activities in the eroding landscapes, consistent with 
previous studies (Li et al., 2015; Park et al., 2014; Sarapatka et al., 
2018). 

4.2. The controlling effects of the soil C-acquiring enzymes on soil CO2 
emissions 

In this study, soil cumulative CO2 emissions decreased in the 
erosional plots while increased in the depositional plots, which followed 
the spatial variations in the soil C-acquiring enzyme activities in the 
erosion–deposition plots (Table 4 and Fig. 2). These results suggested 
that soil C-acquiring enzyme activities performed their functions in soil 
CO2 emissions during the erosion and deposition processes. It was evi-
denced by the positive linear relationships between the soil cumulative 
CO2 emissions and the soil C-acquiring enzyme activities in both the 
erosional plots and the depositional plots (Fig. 4). These findings cor-
responded to previous studies of Allison and Vitousek (2005) and Mayes 
et al. (2012), which in that the SOC mineralization responses paralleled 
changes in the activities of the soil C-acquiring enzymes. Based on the 
contrasting variations in the soil CO2 emissions controlled by the soil C- 
acquiring enzyme activities in the erosional plots and the depositional 
plots, the total soil CO2 emissions from the entire erosion–deposition 
plot demonstrated a decreasing tendency as the slope gradients 
increased during 2016–2018 (Table 4). This indicated that the inte-
grated changes in the soil C-acquiring enzyme activities in the erosional 
plots and the depositional plots were important in mitigating total soil 
CO2 emissions in the erosion–deposition plots, which potentially con-
tributes to the SOC sequestration in the eroding landscapes. Similarly, 
Mayes et al. (2012) demonstrated that a shrinking decrease in the 
enzyme activities contributed to the decreased CO2 production and 
resulted in a greater stabilization of soil C. Our results emphasized the 
key role of the soil C-acquiring enzymes in controlling the SOC miner-
alization in the eroding landscape. 

In this study, the activities of three soil C-acquiring enzymes showed 

highly sensitive responses to soil erosion and deposition, accompanied 
by changes in their function in mediating the soil C cycle. During the 
prolonged periods of erosion and deposition, the continued erosion of 
erosional plots transports material that originates from progressively 
deeper in the profile and deposited in a layered way on the lower 
depositional plots (Berhe et al., 2007). Such lateral and vertical redis-
tribution of soil resources over a long time scale would accelerate the 
complexity in the spatial distribution of the soil C-acquiring enzyme 
activities. It may exert the disturbance on the stability of the soil C cycle 
in the eroding landscapes, resulting in a controlling effect of the soil C- 
acquiring enzymes on soil CO2 emissions. Therefore, we should consider 
the variability of soil C-acquiring enzyme activities in assessing the ef-
fect of erosion and deposition on the soil C cycle. 

5. Conclusion 

The soil C-acquiring enzyme activities demonstrated contrasting 
responses to soil erosion and deposition. Specifically, the activities of the 
C-acquiring enzymes decreased with increasing soil erosion and 
increased with deposition. Remarkably, the activity of βX showed less 
sensitivity to soil erosion compared to βG and CBH. Furthermore, 
deposition stimulated higher soil C-acquiring enzyme activities than 
erosion, which was prominent on the steeper slopes. These spatial var-
iations in the soil C-acquiring enzyme activities were triggered by the 
displaced runoff and sediment, and by their derived divergences in soil 
moisture, SOC, clay and microbial biomass. Moreover, the spatial dis-
tribution of the soil C-acquiring extracellular enzyme activities could 
contribute to SOC sequestration by decreasing the soil CO2 emissions in 
the erosion–deposition plots. The spatial distribution of the C-acquiring 
enzyme activities and their controlling effects on soil CO2 emissions 
provide evidence for determining the state and functionality of the soil 
system in the eroding landscape. Soil erosion and deposition in slope- 
scale involve the spatial translocation of soil particles in essential. As 
the important participant of soil erosion and deposition, eroded soil 
particles might contribute to the spatial variations of C-acquiring en-
zymes in different erosional and depositional plots. Understanding the 
activities of C-acquiring enzymes in particle-scale can help to reveal the 
influence mechanism of soil erosion and deposition on soil C-acquiring 
enzyme activities in the eroding landscapes. Therefore, the distribution 
patterns of the activities of C-acquiring enzymes in eroded particles 
should be given an investigation in future studies. 
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