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Application Rate Influences the Soil and Water Conservation 
Effectiveness of Mulching with Chipped Branches

Soil & Water Management & Conservation

Mulching with chipped, pruned branches (MB) is an effective land manage-
ment practice to reduce surface runoff and to control soil water erosion. 
The use of MB has extra advantages such as material availability and a low 
cost compared with other mulching materials, especially in orchards. To 
evaluate the impacts of application rates on the ecological and economical 
effectiveness of MB, a plot-scale soil bin experiment was conducted under 
two representative rainfall regimes. Five treatments were tested: clear cul-
tivation (CC, bare soil without mulching) and four MB application rates of 
0.37, 0.74, 1.11, and 1.48 kg m–2. The application of MB reduced runoff gen-
eration by 15.5 to 78.6% and sediment yield by 40.7 to 98.6% compared to 
CC. From an ecological view, the soil and water conservation performance of 
MB generally decreased with increasing rainfall intensity and application rate 
with an exception of 1.48 kg m–2 under the heavy rainfall. Different mecha-
nisms, such as soil surface coverage, rainfall interception by mulching, soil 
permeability, stability of mulching materials, and rill initiation simultaneously 
affected the effectiveness of MB. From an economical view, this relationship 
was more complex. The present study confirmed the necessity of determining 
the proper mulching application rate in the context of site-specific soil, veg-
etation, and climatic conditions as well as local social status.

Abbreviations: CC, clear cultivation; KE, kinetic energy; MB, mulch made of chipped, 
pruned branches; RSC, ratio of sediment reduction performance to cost; RRC, ratio of 
runoff reduction performance to cost; RRP, runoff reduction performance; SRP, sediment 
reduction performance.

Soil erosion is a major threat to land quality and a potential risk for the sus-
tainable development of agriculture of the world (Keesstra et al., 2016). A 
large proportion of lands in the world are moderately or heavily eroded, in-

creasing the ecological and economical vulnerability (Borrelli et al., 2017). Soil wa-
ter erosion and the accompanied water runoff are expected to grow in the context 
of global climate change since intense storms are supposed to be frequent in the 
future (Borrelli et al., 2017; Marzen et al., 2017; Viola et al., 2016). Mulching has 
been explored and adopted as an effective type of the best management practice 
to reduce runoff loss and water erosion for long history (Brevik and Hartemink, 
2010). A mulch is a layer of materials other than soil or living vegetation applied 
to the surface of bare soil or around existing plants (Prosdocimi et al., 2016b). As 
the threat of soil water erosion is rising worldwide, there is increasing scientific and 
practical demand to deepen the understanding on the processes and mechanisms 
of mulching in preventing soil and water loss (Keesstra et al., 2016).

Mulching prevents runoff and soil erosion by different mechanisms such as pro-
tecting the soil surface from raindrop-introduced splash erosion, sealing, and crust-
ing (Hu et al., 2016), promoting infiltration during rainfall (Gholami et al., 2014; 
Rodrigo Comino et al., 2016), reducing the amount, velocity, and connectivity of 
runoff flow (Cerdà et al., 2016a; Wang et al., 2015) and reducing the available shear-
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ing force of runoff for soil detachment (Rahma et al., 2017; Sadeghi 
et al., 2017). As mulching influences water and soil loss in such a 
complex way, the efficiency of mulch is simultaneously influenced 
by some natural factors such as precipitation regime (Marzen et 
al., 2017; Shi et al., 2013), slope gradient and length (Rodrigo 
Comino et al., 2016; Sadeghi et al., 2017), soil types (Rahma et al., 
2017), and initial soil wetness (Rodrigo Comino et al., 2016), as 
well as some management factors such as mulch materials (Cerdà 
et al., 2016b; Copeland et al., 2009), application rate (Foltz and 
Copeland, 2009; García-Moreno et al., 2013), and pattern (Cai et 
al., 2015). The optimum application rate is a critical management 
factor influencing the effectiveness of mulching. Two aspects must 
be considered to identify the optimized application rate. First is 
the relationship between application rate and the effectiveness of 
water and soil conservation. Some previous studies reported that 
mulching performance is always increasing with application rate 
(Lin et al., 2018; Donjadee and Tingsanchali, 2016; Gholami et 
al., 2016; Lattanzi et al., 1974) while others claimed that after a 
threshold, runoff volume and sediment yield would remain stable 
or even increase with higher application rate (García-Moreno et 
al., 2013; Jin et al., 2009; Rahma et al., 2017). Second, as a kind 
of land management practice, the tradeoff between the efficien-
cy and the cost of mulching should be adequately considered to 
choose proper application rate ( Jabbar et al., 1992; Prosdocimi 
et al., 2016a). After the designed standards of water and soil con-
servation are satisfied, further increase in application rate may be 
economically unfavorable (Meyer et al., 1970). Thus, application 
rate is vital in mulching practice and should be chosen based on 
site-specific soil and climatic conditions as well as local social sta-
tus (Calatrava and Franco, 2011; Prosdocimi et al., 2016b).

Branches chips (also known as wood chips) are a byproduct 
of the pruning of trees. Mulching with chipped branches (MB) is 
a common type of mulching: the branches and large stems from 
pruning are simply cut into segments usually by fodder choppers 
and then applied to the soil surface. The use of MB is globally 
and intensively adopted in many cases such as urban road systems, 
parks, gardens and orchards, for different purposes such as con-
serving soil moisture, moderating soil temperature and suppress-
ing weed growth (Kargar et al., 2015; Cattan et al., 2006; Wang 
et al., 2015; Gholami et al., 2016). In these cases, MB usually have 
unique advantages compared with other mulching types includ-
ing availability of raw materials, simple and inexpensive applica-
tion procedures, weaken competition for soil moisture with trees 
et al. (Calatrava and Franco, 2011; Wang et al., 2015; Jabbar et al., 
1992). For the eroded areas, the primary consideration of MB is 
soil and water conservation (Cerdà et al., 2018; Breton et al., 2016; 
Gholami et al., 2016; Copeland et al., 2009; Cerdà et al., 2016b). 
Although the effectiveness of MB in reducing runoff generation 
and soil water erosion have been widely confirmed (Gholami et al., 
2016; Cerdà et al., 2016b; García-Orenes et al., 2009), the studies 
focused on the proper application rate of MB are still limited. The 
relationship between soil and water conservation benefits of MB 
and its application rate has not yet been fully investigated, especial-
ly under different precipitation regimes. Further, the information 

about the balance between cost and effectiveness of MB is also re-
quired. Thus, there is a need to investigate the proper application 
rate of MB from both ecological and economical aspect.

In this paper, the Chinese loess plateau region, which is well 
known for serious soil water erosion and soil water shortage (Gao 
et al., 2016; Pan et al., 2017a) was selected as the case to investi-
gate these relationships. Since 1999, about 0.8 million hectares of 
orchards (mainly jujube and apple) were established and orchards 
had become the major land use type. In these orchards, bare soil 
and vegetation covers are main types of land management practice. 
Bare soil management leads to great soil erosion and surface run-
off (Huang et al., 2014; Li et al., 2016a; Zhou and Wang, 1992). 
While vegetation covers strongly compete for the limited soil wa-
ter with orchard trees (Huang et al., 2014; Feng et al., 2016). Every 
year, large number of branches chips are produced from pruning, 
making MB a promising and inexpensive alternative of tradition-
al land management practice (Wang et al., 2015). In the present 
study, an experiment using simulated rainfalls was conducted to 
(i) evaluate the efficiency of MB in reducing water and soil loss 
in plot scale, and (ii) identify the ecologically and economically 
proper application rate of MB in the Chinese loess plateau. The 
authors believe that the results would provide useful information 
to optimize the application of mulching with chipped branches in 
the world, especially in the moderately or heavily eroded areas.

MEthods and Materials
Establishment of Experimental Plots

The laboratory experiments were conducted in an ex-
periment station of Institute of Water Saving Agriculture in 
Arid Regions of China, Northwest A&F University, Yangling 
(4°14¢ N, 108°04¢ E), a county in the south Loess Plateau, China 
(Supplemental Fig. S1). Bins (n = 15), 2 m long, 0.8 m wide, and 
0.8 m high, were equipped with surface runoff collectors (Fig. 1). 
The bins were filled with sieved (10-mm square aperture sieve), 
homogenized, air-dried soil (6–10% volumetric water content) 
collected from the top layer (0–30 cm) of a local jujube orchard 
in the late autumn, 2014. The bins were filed by packing soil in 
eight, 10-cm-deep layers to achieve a bulk density of 1.35 g cm-3, 
in accordance with the typical value in traditional local jujube 
orchards (Li et al., 2016b). Each layer was lightly raked before 
packing the next layer to minimize discontinuities between lay-
ers. Each plot was mounted on four wheels to facilitate trans-
portation. The soil is silt loam according to the USDA soil tax-
onomy (USDA, 2010) and contained 10% sand (2–0.05 mm), 
72% silt (0.002–0.05 mm) and 18% clay (<0.002 mm).

According to a previous survey, pruning produces MB at a 
rate about 0.37 to 1.50 kg m-2 a-1 (air-dried, 25°C, 50% relative 
humidity), depending on the planting density, stand age, prun-
ing strategy, and other factors of the local jujube orchards. So, 
five treatments with different MB application rate levels were se-
lected in the experiment: clear cultivation (CC, bare soil without 
mulching) and MB at 0.37, 0.74, 1.11, and 1.48 kg m-2. Each 
treatment was replicated three times in a completely random-
ized design. The applied jujube branches were obtained from the 
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autumn pruning of the jujube orchard in the year 2015 (1 Nov. 
2015). At the end spring of 2016, the branches were cut into 5- 
to 10-cm long pieces on site in the local jujube orchard by fodder 
choppers and transported to the experiment station, and finally 
uniformly mulched on soil surface (about 2-cm thick) in the soil 
plots at the given application rate before the simulated rainfall 
(Fig. 1). The diameter of chipped branches ranged from 0.2 to 
2.0 cm. A photo of the employed chipped jujube branches was 
shown in Supplemental Fig. S2. Ground coverage (the ratio of 
soil surface area covered by mulches to the total area of soil sur-
face) of MB treatments were determined by analyzing photos 
with ImageJ software (US National Institute of Health).

Rainfall Regimes and Measurements
All the simulated rainfall was generated by a needle-type rain-

fall simulator. The rainfall simulator consists of three parts: (i) a 
raindrop producer, (ii) a rainfall intensity adjustment/control ap-
paratus, and (iii) the water supply device. According to previous 
studies, median raindrop diameter (D50), dropping height (H), 
kinetic energy (KE), and rainfall uniformity (U) can greatly influ-
ence the processes of runoff generation and soil erosion (Iserloh 
et al., 2012; Zhou and Wang, 1992). The D50, KE, and U values 
of the current simulated rainfalls were 2.2 mm, 17.7 J m-2 mm-1, 
and 86%, respectively (measured by a laser precipitation monitor; 
Thies Clima, Germany). In Yangling, the mean D50 and KE of 
natural erosive rainfalls are about 2.0 mm and 24.1 J m-2 mm-1, 
respectively (Wu et al., 2011). According to the field survey in the 
orchards, during the erosive rainfalls the mean D50 and KE were 
about 2.6 mm and 19.2 J m-2 mm-1, respectively, under the jujube 
trees’ crown. Thus, the D50 and KE of the simulated rainfalls were 
110 and 74% of those of the local natural rainfalls and 85 and 92% 
of those of the throughfall. More detailed information about the 
rainfall simulator can be found in Pan et al. (2017b) and Huang et 
al. (2014). For soil and water conservation purposes, accumulated 
KE is usually employed as a standard to evaluate the rainfall erosiv-
ity (Hu et al., 2016; Neumann et al., 2017; Vaezi et al., 2017). In 
the Chinese Loess Plateau, rainfalls with accumulated KE higher 
than 1200 J m-2 will lead considerable soil erosion and are thus de-
fined as ‘common erosive rainfall’. While rainfalls with accumulat-
ed KE higher than 2000 J m-2 are defined as ‘extreme erosive rain-
fall’ because serious soil erosion will occur (Wu et al., 2011; Zhou 
and Wang, 1992). The typical duration of erosive rainfalls is about 
30 to 100 min (Zhou and Wang, 1992). Based on these thresholds 
and the kinetic energy of the simulated rainfall, two representative 
precipitation regimes were selected in the present study: (1) light 
rainfall, 60 min with a constant rainfall intensity at 80 mm h-1; 
(2) and heavy rainfall, 60 min with a constant rainfall intensity at 
120 mm h-1. The light and heavy rainfall have accumulated KE at 
1416 and 2124 J m-2 respectively and thus represented the typi-
cal ‘common erosive rainfall’ and ‘extreme erosive rainfall’ on the 
Chinese Loess Plateau. For each treatment, the light rainfall was 
applied on 4 May 2016 while the heavy rainfall was applied on 13 
May 2016. Before each simulated rainfall, the branches mulches 
(in all the four MB treatments) and top 5-cm soil layer (in all of the 

five treatments) were removed and new branches mulches and soil 
were then applied and repacked. The top soil layer was replaced 
because the soil surface conditions would likely change (such as 
bulk density, porosity, and hydraulic conductivity) after the for-
mer natural rainfalls. New packed top soil and MB ensured more 
comparable soil and mulching conditions between the two rainfall 
events. Before the rainfalls, a sprinkler was used to spray water on 
the soil surface to ensure that all treatments had similar soil mois-
ture contents, in the range of 10 to 12%. The slope gradient of the 
plot was constant at 15° during the rainfalls.

Data Measurements and Treatments
During the rainfall events, surface water runoff was manually 

collected from the runoff collector (Fig. 1) into a graduated cylin-
der approximately every minute. The time to runoff (Tr), defined 
as the time delay from the start of rainfall to runoff formation at 
the runoff collector, was recorded by a stopwatch. The amount of 
runoff collected by the graduated cylinder was measured. The col-
lected runoff was then oven dried at 105°C and then weighed to 
determine the yield of sediment. All the chipped branches in each 
plot were immediately and carefully collected and weighed after 
the rainfall event. Since the chipped branches have been weighted 
before the rainfall when determining the application rate, inter-
ception of mulching was calculated from the mass difference of 
chipped branches before and after rainfall. Water infiltration was 
then calculated according to the water balance principle, ignoring 
evaporation and surface ponding:

INF P R INT = - - 			    [1]

where INT, P, R, INF are the interception (mm), precipitation 
(mm), runoff (mm), and infiltration (mm), respectively. In this 
paper, these components were expressed as depth, by dividing the 
volume by the projected area of the soil surface (1.55 m2).

Fig. 1. Photograph of an experimental plot with mulching application 
rate at 1.48 kg m-2.
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Two metrics were used to represent the performance of MB 
compared with CC. The runoff reduction performance (RRP) 
and sediment reduction performance (SRP) were as:

CC MB

CC

R R
RRP 100%

R
-

= × 	  [2]

CC MB

CC

S S
SRP 100%

S
-

= × 	  [3]

where RCC, RMB, SCC, and SMB are mean runoff depth from 
CC (mm), mean runoff depth from the MB treatment (mm), 
mean sediment yield from CC (kg), and mean sediment yield 
from the MB treatment (kg), respectively.

As the cost is mainly determined by the application rate, 
two metrics were used here to represent the economic efficiency 
of applying MB to control runoff generation and soil erosion: 
ratio of runoff reduction performance to cost (RRC) and ratio 
of sediment reduction performance to cost (RSC):

RRP
RRC

AR
= 	  [4]

SRP
RSC

AR
= 	  [5]

where AR is the application rate of MB (kg m-2). Since RRP 
and SRP have no unit, RRC and RSC are in the unit of m2 kg-1. 
Thus, RRP and SRP indicate the runoff and soil erosion control 
performance in unit application rate in the MB treatments.

A Fisher’s least significant difference (LSD) test was 
performed to test the significance differences (p = 0.05) be-

tween means, using the software package MATLAB (R2014b, 
MathWorks, Inc.).

Results
Table 1 summarized the ground coverage and Tr. When the 

MB application rate was below 1.11 kg m-2, the ground cover-
age increased with application rate while almost all the soil sur-
face was covered by branch mulches when the application rate 
was at 1.48 kg m-2. Table 2 illustrated the water budget during 
the rainfall events. In the present experiment, interception ap-
peared to be a negligible component in the water budget (less 
than 0.6% of the precipitation in all the treatments). In each 
rainfall event, a statistically significant decline in runoff was 
detected with the increase of application rate in most cases 
(Table 2). Correspondingly, an opposite trend was detected in 
infiltration (Table 2). Apart from the condition between 1.11 
and 1.48 kg m-2 in the light rainfall, infiltration showed a rapid 
rising trend with the increment of application rate (Table 2). For 
the MB treatments, RRP ranged from 15.5 to 78.6% and gener-
ally increased with the application rate (Fig. 2a). Under the same 
application rate, higher RRP was observed in the light rainfall 
than that in heavy rainfall (Fig. 2a). In the light rainfall, Tr was 
257 ± 28 s and 301 ± 22 s in MB at 1.11 and 1.48 kg m-2, re-
spectively. In the remaining treatments, Tr was less than 119 s 
irrespective of rainfall intensity (Table 1).

Both sediment yield rate and sediment concentration ap-
parently decreased with the increment of application rate except 
under the condition of 1.48 kg m-2 (Table 3). Sediment yield 
rate generally declined more dramatically than sediment concen-

Table 1. Average and standard deviation of ground coverage (the ratio of soil surface area covered by mulches to the total area of 
soil surface) and time to runoff.

Treatment†

Light rainfall Heavy rainfall

Coverage Time to runoff Coverage Time to runoff

% s % s
CC, 0 kg m-2 – 34 ± 11 – 25 ± 11

MB1, 0.37 kg m-2 33.3 ± 4.2 58 ± 14 31.7 ± 3.4 37 ± 12

MB2, 0.74 kg m-2 62.0 ± 3.6 93 ± 20 61.2 ± 5.6 61 ± 17

MB3, 1.11 kg m-2 96.3 ± 3.8 257 ± 28 96.7 ± 2.9 89 ± 14
MB4, 1.48 kg m-2  >99.9 301 ± 22  >99.9 108 ± 19
† CC, clear cultivation (bare soil without mulching); MB, mulching with chipped branches at four different rates.

Table 2. Average and standard deviation of the components in water budget during the rainfalls (n = 3).

Rainfall Treatment† Interception Runoff Infiltration

–––––––––––––––––––––––––––– mm ––––––––––––––––––––––––––––
Light rainfall CC, 0 kg m-2 – 57.4 ± 1.2 a‡ 22.6 ± 1.2 a

MB1, 0.37 kg m-2 0.157 ± 0.017 b 38.2 ± 1.2 b 41.6 ± 1.2 b
MB2, 0.74 kg m-2 0.273 ± 0.017 b 31.2 ± 1.1 c 48.5 ± 1.1 c
MB3, 1.11 kg m-2 0.373 ± 0.039 c 13.8 ± 1.3 d 65.8 ± 1.3 d
MB4, 1.48 kg m-2 0.440 ± 0.029 a 12.3 ± 0.4 d 67.3 ± 0.4 d

Heavy rainfall CC, 0 kg m-2 – 102.6 ± 1.4 a 17.4 ± 1.3 a
MB1, 0.37 kg m-2 0.177 ± 0.021 bc 86.7 ± 3.3 b 33.1 ± 3.2 b
MB2, 0.74 kg m-2 0.293 ± 0.019 bc 63.8 ± 2.8 c 55.9 ± 2.8 c
MB3, 1.11 kg m-2 0.380 ± 0.030 bc 52.4 ± 1.6 d 67.2 ± 1.5 d
MB4, 1.48 kg m-2 0.483 ± 0.029 bc 46.0 ± 3.3 e 73.6 ± 3.3 e

† CC, clear cultivation (bare soil without mulching); MB, mulching with chipped branches at four different rates.
‡ �Lowercase letters indicate the results of Fisher’s least significant difference (LSD) test at a significance level of 0.05. The LSD test was 

independently conducted between the rainfalls: each treatment was compared only with the other four treatments in the same rainfall regime.
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tration (Table 3). In the light rainfall, increasing application rate 
of MB from 1.11 to 1.48 kg m-2 only resulted in slightly soil 
loss while in the heavy rainfall, a raising trend of soil loss was 
observed (Table 3). Like RRP, SRP decreased with rainfall in-
tensity (Fig. 2b). When increasing application rate from 1.11 to 
1.48 kg m-2, the raising trend of SRP slowed down in the light 
rainfall and reversed in the heavy rainfall (Fig. 2b).

RRC and RSC described the efficiency of applying MB to 
control runoff generation and soil erosion and were summarized 
in Fig. 3. In light rainfall, the application rate under which high-
est RRC and RSC were detected was 0.37 kg m-2 while this val-
ue increased to 0.74 kg m-2 in heavy rainfall (Fig. 3). Two peaks 
in the RRC curve were observed in the light rainfall (0.37 and 
1.11 kg m-2, respectively; Fig. 3). Generally, lower application 
rate of MB leaded high RRC and RSC despite of its poor perfor-
mance reducing runoff and sediment.

Discussion
Runoff Reduction Performance

The present study showed that mulch with chipped branches 
had positive effects on water and soil conservation during storms. 
The application of jujube branches mulching changed the water 
budget in the storms (Table 2). Interception by the branches was 
negligible compared to infiltration and runoff. It was also lower 
than the reported values using other mulching materials (Cook et 
al., 2006; Peng et al., 2016). A possible reason was the hydropho-
bic surface of the jujube branches. Unlike other materials, the rain 
drops on the surface of branches were not absorbed but quickly 
connected together and then fell to the soil surface.

Infiltration obviously increased with the presence of MB, and 
showed a positive relationship with the application rate (Table 2; 
Fig. 2a). Since it was less than three months between MB appli-
cation and the simulated rainfalls, the short-term effects of MB, 
such as protecting the soil against sealing, and decreasing the run-
off connectivity should be responsible for the decreased runoff 
amount in MB treatments (Cerdà et al., 2016a; Prosdocimi et al., 
2016a). In the experiment, apparent soil sealing was visually ob-
served in bare soil treatment and the uncovered areas in MB treat-
ments while soil sealing happened to much less extent in the cov-
ered areas (Fig. 4a). In the absence of MB, aggregates broke down 
because of the rain drop impact. Some pores at top soil layer were 
then blocked by smaller soil particles generated from destroyed 
aggregates. As a result, hydraulic conductivity was likely reduced 
(Lu et al., 2017). Mulching protected soil surface from rain drop 
impact and thus likely kept higher original soil hydraulic conduc-
tivity and infiltration capability (Lin and Chen, 2015; Mannering 
and Meyer, 1963; Rahma et al., 2017; Vaezi et al., 2017). Soil 
surface coverage increased with application rate (Table 1). Thus, 
with higher application rate, soil sealing happened to less area 
and more rainfall was converted to infiltration (Table 2; Fig. 2a). 
Over 90% of soil surface was already covered in 1.11 kg m-2 and 
further increases in the application rate made limited changes in 
ground coverage (Table 1). As a result, from 1.11 to 1.48 kg m-2, 
infiltration increased more gently than that in the treatments with 
lower application rate (Table 2; Fig. 2a). This indicated that there 
existed a threshold of application rate after which no significantly 
further reduction of runoff would be obtained which is in accor-
dance with Jordán et al. (2010), Meyer et al. (1970), and Pearson 

Fig. 2. Variations of runoff reduction performance (a) and sediment 
reduction performance (b) with the application rate of mulching.

Fig. 3. Variation of ratio of runoff reduction performance to cost (a, 
RRC) and ratio of runoff reduction performance to cost (b, RSC) with 
the application rate of mulching.

Table 3. Average and standard deviation of sediment yield rate and sediment concentration (n = 3).

Treatment†

Sediment yield rate‡ Sediment concentration§

Light rainfall Heavy rainfall Light rainfall Heavy rainfall

––––––––––––– g m-2 min-1 ––––––––––––– ––––––––––––– g L-1 –––––––––––––

CC, 0 kg m-2 11.59 ± 0.27 34.67 ± 1.25 12.11 ± 0.08 20.27 ± 0.30
MB1, 0.37 kg m-2 4.42 ± 0.15 20.54 ± 0.84 6.93 ± 0.03 14.22 ± 0.10
MB2, 0.74 kg m-2 1.41 ± 0.05 5.98 ± 0.40 2.72 ± 0.04 5.62 ± 0.16
MB3, 1.11 kg m-2 0.25 ± 0.03 2.80 ± 0.06 1.11 ± 0.07 3.21 ± 0.06
MB4, 1.48 kg m-2 0.17 ± 0.01 6.98 ± 1.84 0.81 ± 0.02 9.17 ± 0.82
† CC, clear cultivation (bare soil without mulching); MB, mulching with chipped branches at four different rates.
‡ �Sediment yield rate was calculated by divide the total sediment yield in mass by the product of rainfall duration (60 min) and the projected area 

of the soil surface (1.55 m2).
§ Sediment concentration was calculated by divide the total sediment yield in mass by the total runoff in volume.
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and Beeson (2015) and contrary to Donjadee and Tingsanchali 
(2016), Foltz and Copeland (2009), and Gholami et al. (2016). A 
possible explanation was that the later studies did not involve the 
situation with almost full ground coverage, like the application of 
1.48 kg m-2 in our experiment.

The tradeoff between mulching application costs and water 
and soil conservation benefits is an important issue, especially con-
sidering the wider adoption of MB practice (Cerdà et al., 2018; 
Prosdocimi et al., 2016b). A generally decreasing trend was illus-
trated in RRC curves (Fig. 3a) with two exceptions: 1.11 kg m-2 
in light rainfall and 0.37 kg m-2 in heavy rainfall. Compared with 
other treatments, apparently larger Tr was observed in 1.11 and 
1.48 kg m-2 in light rainfall (Table 1). Many mini dams were 
formed as the branches impeded the flowing of ponded water on 
the soil surface. These phenomena suggested that the connectiv-
ity of surface runoff was delayed and weaken by mulching in these 
treatments, which further promoted infiltration (Cattan et al., 
2006; Cerdà et al., 2016a; Prosdocimi et al., 2016a). For other 
treatments, surface runoff was rapidly connected because of the 
lower application rate and/or higher rainfall intensity (Table 1). In 
other words, runoff inhabitation by the mechanism of hydraulic 
connectivity reduction did not happen in all rainfall and applica-
tion rate conditions after mulching practice. This also explained 
the first exception (1.11 kg m-2 in light rainfall) in RRC curves 
(Fig. 3a). Largest runoff volume was observed in 0.37 kg m-2 un-
der heavy rainfall among all the treatments with mulching. For 
1.11 kg m-2 of MB in light rainfall, parts of mulching branches 
were pushed downslope by the surface runoff flow because of the 
high buoyancy force and shear force leading a damage to the pro-
tection on soil infiltration capacity by mulching covers. While in 
other treatments, mulching materials remained stable. So, the sec-
ond exception (0.37 kg m-2 in heavy rainfall) in RRC curves (Fig. 
3a) would be explained by this unique mechanism.

Soil Conservation Performance
Soil erosion was significantly suppressed by MB from the view 

of both sediment yield rate and sediment concentration (Table 3). 
In MB treatments, soil particle detachment happened to less ex-
tent since the soil surface under mulching covers was protected 
from rain drop impact (Gholami et al., 2014; Gholami et al., 2013; 
Nishigaki et al., 2017). The presence of MB also formed barriers to 
the runoff flow and increased surface roughness. According to Shi 

et al. (2013), with the increase of application rate, less of the energy 
of runoff water flowing over the soil surface (stream power) was 
available to remove and transport soil particles from the erosion 
surface after mulching. Thus, sediment concentration showed a 
negative relationship with application rate (Table 3), in accordance 
with Cerdà et al. (2016a) and Mannering and Meyer (1963). The 
sediment yield rate, which is in proportion to the product of run-
off amount and sediment concentration, would thus be explained 
by both the less runoff amount and lower sediment concentration 
with the increase of application rate (Table 3).

The present study also showed that the efficiency of reduc-
ing soil erosion would not always increase with the application 
rate of MB, such as 1.48 kg m-2 in the heavy rainfall (Table 3; 
Fig. 2b). A possible reason was the occurrence of the early stage 
of rill-erosion: in 1.48 kg m-2 under the heavy rainfall discon-
tinuous rills formed at the down slope (Fig. 4b). The mulched 
branches formed a barrier for the flow of surface runoff. With 
the highest application rate, the runoff in 1.48 kg m-2 had 
more opportunity to flow along individual branches lying on 
the soil surface which could possibly converge or diverge with 
flow from other branches depending on the surface pattern of 
the branches. In the case of convergence, greater turbulence led 
higher risks of rill formation and development. Similar results 
were observed by Rahma et al. (2017) under the application rate 
at 0.8 kg  m-2 of straw mulching. Rill initiation were observed 
in neither 1.48 kg m-2 under light rainfall as the runoff amount 
was less, nor CC, 0.37, 0.74, and 1.11 kg m-2 as there was no/
less barrier for runoff flow. Once rill-erosion started, runoff flow 
became more concentrated and the shear forces would be greater 
than the average runoff amount would suggest (Stehle et al., 
2016; Li et al., 2016a). This extrapolation was also supported by 
Fig. 5, which illustrated the relationship between the cumulative 
runoff and cumulative runoff collected at the runoff collector. 
For 1.11 kg m-2 in heavy rainfall, the linear relationship indi-
cated a transport-limited situation, which is the characteristic of 
interrill erosion. For 1.48 kg m-2 in heavy rainfall, similar trend 
was observed at the early stage. But in the late stage, when the 

Fig. 4. Photographs of sealed and unsealed soil surface areas in one 
of the plot with mulching at 0.74 kg m-2 after heavy rainfall (a) and a 
discontinuous rill formed in one of the plot with mulching application 
rate at 1.48 kg m-2 after the heavy rainfall (b). The branches were 
manually removed before taking the photograph for clarity.

Fig. 5. Relationship between the cumulative runoff and cumulative 
sediment yield collected at the runoff collector in the heavy rainfall. 
For each treatment, the data from one of the three replications 
was shown. MB4 and MB3: mulching with chipped branches at 
application rate: 1.48 kg m-2 and 1.11 kg m-2, respectively.
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runoff rate increased, the relationship seemed to be more ex-
ponential rather than linear. This suggested that a detachment 
limited situation started to be more dominant, which is the 
characteristic of rill erosion. As a result, higher sediment yield 
rate and sediment concentration, and lower SRP were observed 
in 1.148 kgm-2 than that in 0.74 and 1.11 kg m-2 under heavy 
rainfall (Table 3; Fig. 2b). Due to the limited plot length (2 m), 
only the very early stage of rill development was observed. This 
unfavorable influence of high application rate on soil erosion was 
expected to grow when the slope is longer (Rahma et al., 2017). 
Over the long term, high mulching application rates might lead 
higher risk of soil erosion by other reasons such as increasing the 
water repellency (Gao et al., 2017; García-Moreno et al., 2013). 
But this did not likely happen in the present study. The ratio be-
tween soil conservation performance and mulching cost (RSC) 
decreased with application rate (Fig. 3). The only exception oc-
curred when application rate increased from 0.37 to 0.74 kg m-2 
under the heavy rainfall. This was likely because MB failed to 
remain stable under the heavy runoff load and thus introduced 
extra soil erosion (Gholami et al., 2013). The current results sug-
gested that as far as the required soil conservation performance 
could be achieved, lower application rates might be a better op-
tion because higher application rates would be economically un-
favorable and might even lead severer soil erosion.

Summary and Conclusion
Mulching with chipped branches was confirmed as an effec-

tive way to prevent soil and water loss during rainfalls in present 
experiment. It reduced runoff generation by 15.5 to 78.6% and 
sediment yield by 40.7 to 98.6% compared with the bare soil. 
The effectiveness of mulching with chipped branches decreased 
with rainfall intensity and showed complex relationship with its 
application rate. Different factors, such as soil surface coverage, 
interception by mulching, soil permeability, stability of mulch-
ing materials, and rill initiation, played roles in the effectiveness 
of MB. The occurrences and/or extent of occurrences of these 
mechanisms were changed with application rate and precipita-
tion regime. The soil and water conservation effectiveness (RRP 
and SRP) did not always increase with application rate, espe-
cially when the ground coverage of mulching was over 90%. The 
ratios between ecological benefits and costs (RRC and RSC) 
generally showed a declining tendency with the application rate. 
The present results confirmed the necessity of determining the 
optimum mulching application rate and pattern in the context 
of site-specific soil, vegetation, and climatic conditions as well 
as local social status, as pointed out by many former studies ( Jin 
et al., 2009; Mulumba and Lal, 2008; Prosdocimi et al., 2016b).

It should be noted that the current study mainly investigated 
the immediate effects of mulching on initial soil and water loss 
processes. When it comes to larger spatial and temporal scales, 
more factors, such as larger flow rate at downslope, variation of 
soil properties after application of mulching, and decomposition 
of mulching materials (Sadeghi et al., 2017), may need to be fur-
ther considered.
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