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Terraces, which are distributed worldwide, play a key role in water conservation, vegetation restoration and
agricultural production particularly in dryland mountainous environments. Due to the uncertainties caused by
water balance dynamics and diverse terrace structures, different findings on the soil-water retention effects of
terracing were identified across the globe. To further understand the effect of terraces on soil water retention, a
field experiment was conducted between 2015 and 2019 in the dryland loess hilly region of China. The exper
iment compared the combination of Pinus tabulaeformis with natural slope (PS), zig terrace (PT), and fish-scale pit
(PF). We found that terrace measures can greatly manipulate the hydrological dynamics and compounds.
Compared with the non-terraced treatments, terrace fields reduced runoff (26.9 mm/a for PF and 34.6 mm/a for
PT), increased interception (13.6 mm/a for PF and 12.1 mm/a for PT) and transpiration (14.8 mm/a for PF and
2.4 mm/a for PT) during five years of the experiment. The advantage of terracing in soil water retention was
temporal, mainly during heavy rainfall periods (e.g., June to August). Zig terrace promoted soil infiltration and
transpiration while fish scale pit suppressed evaporation but increased transpiration. The results indicated that
temporal factor and terrace structure were essential in understanding its soil-water retention services.

1. Introduction
Terraces could be termed as horizontal platform, usually built up on
hillslopes and other mountainous regions (Chen et al., 2020a; Wei et al.,
2016). Terraces can change the continuous steep slopes into gentle and
short sloping sections, changing slopes’ micro-topography and influ
encing hydrological regime (Gispert et al., 2017; Xu et al., 2016; Tarolli
et al., 2021), soil water balance (Chen et al., 2020a; Wang et al., 2009)
and biogeochemical cycles (Chen et al., 2020b; Shi et al., 2019). Thus,
terraces are widely used to reserve soil water and nutrients (Guo et al.,
2019; Zhang et al., 2014), conserve soil and relieve flooding or landslide
risks (Wei et al., 2016; Preti et al., 2018; Zhang et al., 2017a; Zhang
et al., 2019), promote vegetation restoration as well was agricultural
productivity (Chen et al., 2017; Rashid et al., 2016; Liang et al., 2019).
In the drylands, vegetation restorations and agricultural activities
are often inhibited by the availability of soil moisture (Feng et al., 2016;
Foley et al., 2011). Terraces are therefore built primarily to harvest
rainwater and to improve soil water storage (Chen et al., 2020a).
Because more soil moisture means better soil condition and stronger

capacity to provide water for vegetation transpiration, soil water
retention is the main indicator of the hydrological functions and services
of terraces.
Soil water retention is affected by changes in interception (Hongfu
et al., 2012), surface runoff (Bai et al., 2019; Guo et al., 2019), and
evapotranspiration (Li et al., 2018; Zhang et al., 2017a). In many cases,
terracing increases both soil water storage and vegetation transpiration
(Zhang et al., 2017a). However, the opposite results were also observed,
which reflected the uncertainties of terracing on soil water retention
(Guo et al., 2019; Lü et al., 2009; Martins et al., 2013). For example, it
was generally believed that terracing can shorten the overland-flow
length and promote infiltration compared with the non-terraced lands
(Tarolli et al., 2021; Yu et al., 2019). However, when the risers or the
vertical walls of terraces fail, terracing will facilitate runoff, leading to
less soil water recharge than natural slopes (Feng et al., 2020; Liu et al.,
2019; Preti et al., 2018). Ran et al. (2020) pointed out that the effect of
terraces on soil water conservation would decrease with time in case of
no terrace being maintained. Evapotranspiration also leads uncertainties
in terracing effects. For example, some studies showed that terraced land
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had lower soil water contents during both wet and dry seasons than
natural slopes (Feng et al., 2018; Li et al., 2015a; Li et al., 2018). Better
vegetation condition in terraced land leads to increasing evapotranspi
ration, and the amount is greater than the amount of water stored when
runoff is inhibited.
All uncertainties discussed above suggest that changes in soil water
balance, temporal fluctuations, and their relation to terrace structures
have not yet fully understood(Chen et al., 2020a; Feng et al., 2020;
Zhang et al., 2017b). To understand the role of terracing in soil water
retention, more hydrological-processes-based, long-termed, and quan
titative studies are necessary(Masselink et al., 2017). In this study, a
five-year continuous observation on soil water balance was conducted to
quantify the uncertainties in soil water retention affected by terracing.
Pinus tabulaeformis terraced forests was selected since such terrace
landscapes are commonly found in the dry loess hilly region of China.
The aim of the study was (1) to evaluate the influence of terraces on
hydrological process of a dryland forest, including the magnitude and
temporal fluctuations; and (2) to investigate the uncertainties in the role
of terracing in soil water retention.

Koppen-Geiger criteria (Peel et al., 2007). The mean annual precipita
tion in the catchment over the last 50 years is 387 mm, which mostly
falls during summer. The average air temperature is 6.3 ◦ C. The average
pan evaporation is about 1510 mm per year. The soil belongs to Calcic
Cambisol group according to the FAO–UNESCO soil classification, and
was developed on loess parent material (Wang et al., 2010). Due to the
steep topography and the absence of vegetation, soil erosion was once
very severe in Longtan catchment. To restore the ecosystem, afforesta
tion and terracing projects have been implemented extensively in the
catchment since the late 1970s. A meteorological station (AG1000,
Onset Corporation, MA, USA) was installed about 20 m away from the
plot. The following daily meteorological data were automatically
recorded: relative humidity, precipitation, air temperature, potential
evapotranspiration, and wind speed.
2.2. Experimental design
The experiment compared the performance of Pinus tabulaeformis
with natural slope (PS), Pinus tabulaeformis with zig terrace (PT), and
Pinus tabulaeformis with fish-scale pit (PF). The observation period lasted
from spring 2015 to winter 2019. Each treatment was replicated three
times, so there were nine experimental plots in total. The plots were in
14◦ -north-facing slopes, each plot was 10 × 10 m, all in the upslope
position. The fish-scale pit is a semi-circle-shaped pits. In our experi
ment, the height, width, and length (length referred to the orientation
perpendicular to the contour line) of the pit was about 53, 85 and 120
cm respectively. Since the pits were constructed along a slope in a
stagger arrangement like the fish scale, it was thus called fish-scale pit
(Fig. 1a). This arrangement would maximize the harvested rainfall. The
zig terrace was established by changing a previous sloped surface about
2 m long into a 1.5 m terrace surface linking a near-vertical slope. The
underwood modified by the terrace measures was shown in Fig. 1b.
Pinus tabulaeformis was planted in the year 1978. Most of them were
survived, although their growth was slow in recent years. The leaf area

2. Materials and methods
2.1. Study site
The experiments were conducted in Longtan catchment, Dingxi
county (E104◦ 39′ , N35◦ 35′ ) in the western part of the Chinese Loess
Plateau. The terrace structure is dominated by fish-scale pits and zig
terraces (Fig. 1a). The main vegetation types in the catchment are forests
(Pinus tabulaeformis, Platycladus orientalis, and Armeniaca sibirica),
shrubs (Caragana korshinskii) and crops (mainly Solanum tuberosum, Zea
mays). The main growing season mainly lasts from the beginning of May
to the end of October, including for the evergreen trees. The shrubs and
forests are found on the slopes and the crops are found along the
Yongding river. The study site was in BSk climate zone according to

Fig. 1. The location and layout of the three treatments (a) and the schematics (b) of the three treatments. PF: Pinus tabulaeformis combining with fish-scale pit; PT:
Pinus tabulaeformis combining with zig terrace; PS: Pinus tabulaeformis combining with natural slope.
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index (LAI), tree height and diameter at breast height (DBH) were
measured once a year in August. An ACCUPAR LP-80 ceptometer
(Decagon Devices, Inc., Pullman, WA, USA) was used to measure the LAI
in each plot while the DBH was measured by breast diameter ruler.
Other basic information about the plot was listed in Table 1.

plastic tube was wrapped around and attached to the trunk; the lower
end of the tube was connected to a water tank. During rainfall events,
the stemflow went along the plastic tube and then into the water tank.
Six stems were selected to install this facility to measure stemflow in
each plot. Hereafter, stemflow was deem to be a part of canopy inter
ception, the term “canopy interception” means the sum of canopy
interception and stemflow.
Replicate plots were hydrologically separated from each other by
iron plates; 10 cm was left above the soil surface and the remaining was
imbedded in the 50-cm soil layer. In the lower end of each plot, a
trapezoid collector was installed and joined with a water tank to store
the collected runoff. The surface water runoff during rainfall events was
then stored in the water tank and weighted to measure runoff mass.
The transpiration was measured by sap flow method. An preliminary
investigation was conducted to determine the “main stems” in the view
of diameter at breast height and then six individual trees were selected
to represent the “main stems” of the treatment following the procedure
listed by Zhang et al., 2017b. Sap flow density was calculated based on
the temperature difference between probes by an empirical
pre-calibrated equation (Zhang et al., 2017a). Combined with the
sapwood area and the crown projected area, the sap flow density was
converted into transpiration in the stand level in the form of depth with
millimeter as its unit (Zhang et al., 2017a).
After transpiration was calculated, the remaining factor in Eq. (1)
was evaporation. The distribution of crown shading and ground cover
was heterogeneously distributed, making the direct measurement of
evaporation by micro lysimeter unrealistic and unreliable. So, the
monthly evaporation in the stand level was estimated by Eq. (2) based
on Eq. (1):

2.3. Water balance
The water balance components, including soil water content, inter
ception, runoff, evaporation and transpiration, were conducted monthly
during the growing seasons (1st May to 31st October). During the nongrowing seasons, the cumulative changes of soil moisture was calculated
as the difference between soil moisture at the end of last growing season
and the beginning of the next one. The water balance during the growing
season was described by Eq. (1):
(1)

δS = P − R − I − E − T

where, P, R, I, E, T, and δS are the monthly precipitation, runoff,
interception, evaporation, transpiration and changes of soil water stor
age over the 200 cm depth, respectively. Positive values of δS indicated
an increment of soil water storage over the period. Deep percolation and
drainage were ignored owing to the deep-water table in Chinese Loess
Plateau. Since both terraced and non-terraced sites got the same pre
cipitation (P), the impact of terracing on water balance could be
explained by the four components: R, I, E, and T. Their measurements or
estimations in the present study are as follows:
2.3.1. Soil water content
Soil moisture was measured by the portable time-domain reflec
tometer (TDR) method. Every year before the experimental measure
ment, an oven-drying method was used to collect data. This result was
then used to calibrate the TDR method: A linear regression equation was
established (R2>0.98) to convert the TDR readings to volumetric soil
water content. The soil water content was measured less than every two
weeks at 20 cm intervals to the 200 cm depth during the growth season
(1st May to 31st October). Before and after rainfall events, the mea
surement frequency was increased to about every 2-3 days. For PT and
PS, six random replicated sites were measured to obtain the averaged
soil water content and changes of soil water storage (δS). For the PF
treatment, the soil surface involved both pit area and inter pit area. So,
two measurement sites were located in the pit area and other four were
in the inter-pit area, according to their area proportions. The average
monthly soil water content was calculated using linear interpolation
method.

The variables I, E, T, and δ were measured with six replicates, and R
with three replicates. Their probability density functions were deemed
to be normal. The measured standard deviation was deemed as the
standard deviation of the function. Then one could obtain the proba
bility density functions such as f(T), f(δS) f(R) and f(I). A Monte Carlo
sampling was conducted 10000 times to obtain a population of E and the
mean and standard deviation of E was then computed.
When comparing the accumulative values of these compounds, for
example in Section 4.3, Eq. (2) was used after the accumulative values
were calculated. A Fisher’s least significant difference (LSD) test was
performed in multiple comparison (p = 0.05) of these variables among
treatments, using the software package Matrix Laboratory (R2014b).
3. Results

2.2.2. Measures of compounds in water budget
Canopy interception was calculated as the difference between the
throughfall and the natural rainfall. The throughfall was collected using
six rain gauges, randomly distributed beneath the canopy in each plot. A

3.1. The soil water balance and tree growth of the Pinus tabulaeformis
Between 2015 and 2019, terraced slopes (PF and PT) supported
better vegetation growth than non-terrace slopes treatment (PS). The
tree height in PS was significantly lower than PF and PT (P = 0.05). PS
also had less developed crown, as well as DBH, though the differences
were not statistically significant (Table 1).
The annual rainfall was variable between 2015 and 2019 (Table 2

Table 1
Information about soil, vegetation and topography of the treatments
(mean±SD).
Treatments*

PF

PT

PS

Orientation
Tree height
Leaf area index
Diameter at breast height
Bulk density**

NW
6.15±0.59a***
1.96
8.80±0.46a
1.16±0.03b

N
6.24±0.49a
2.12
9.13±0.34a
1.13±0.03b

NW
6.06±0.57a
1.80
8.83±0.54a
1.21±0.07a

(2)

E = P − f(δS) − f(R) − f(I) − f(T)

Table 2
Rainfall and potential evapotranspiration information during 2015–2019 (mm)

*
PF: Pinus tabulaeformis combining with fish-scale pit; PT: Pinus tabulaeformis
combining with zig terrace; PS: Pinus tabulaeformis combining with natural
slope.
**
The bulk density and soil texture were measured in August, 2018; the other
indicators were measured in October 2019.
***
The letters indicated the results of Fisher’s least significant difference
(LSD) test at a significance level of 0.05.

Years

Annual
Rainfall

Rainfall during the
growth season*

Potential evapotranspiration
during the growth season

2015
2016
2017
2018
2019
Average

328
244
425
626
513
427

281
211
377
572
468
382

572.6
668.9
610.1
546.9
525.4
584.6

*

3

the growth season lasted from May to October.

W. Wei et al.

Agricultural and Forest Meteorology 308–309 (2021) 108544

and Fig. 2). The average annual rainfall during the experiment was 427
mm, 110% more than the long-term annual rainfall (387 mm). When
rainfall amount was compared with potential evapotranspiration, the
year 2016 and 2018 could be considered as a dry year and a wet year,
respectively (Table 2). Most of the annual rainfall (85–91%) fell during
the growing season. The distribution of rainfall from May to October was
14.1%, 15.1%, 23.1%, 25.9%, 12.7%, and 9.0% of the growing-seasonrainfall, respectively.
The initial soil water content was 0.12 in May 2015 (Fig. 3). Over the
five years, soil water was partly replenished in all the three treatments
following the order of PT (20.8 mm/a) > PF (15.9 mm/a) > PS (8.8 mm/
a). Over the five years, water recharge of terraced treatments (PF and
PT) during the growing season was similar (34 mm), while the natural
slope PS was the lowest (7.2 mm). During the four non-growing seasons
(2015–2018), PT (69.5 mm) showed higher water surplus than PF (46.3
mm) and PS (37.0 mm). PT and PF treatments had similar effects on soil
water conservation during the growing season, except during the dry
years of 2015 and 2016 when water deficit was observed during the
growing season (Fig. 3).

Fig. 3. The changes of monthly soil water content (volumetric) during the
observation months. The error bars were the standard deviation of the soil
water content (n = 6). PF: Pinus tabulaeformis with fish-scale pit; PT: Pinus
tabulaeformis with zig terrace; PS: Pinus tabulaeformis with natural slope.

3.2. Interception and runoff
The interception was in the order of PF > PT > PS, which was similar
to the order of LAI (Table 1 and Fig. 4). The monthly interception was
positively correlated to monthly rainfall (Fig. 4), and their relationship
could be described by linear regression (P < 0.05). As total rainfall in the
growing season increased, the proportion of interception declined
(Fig. 4). This proportion varied from 0.077 (PS, 2018) to 0.158 (PT,
2019). Over the five years, interception in PS was smaller than that in PT
and PF, but not statistically significant. The runoff occupied a small
percentage of rainwater, following the order of PT (6.0%) < PF (8.1%) <
PS (15.7%) over the five years. In many cases, no runoff was observed in
October and May (Fig. 5). Compared with PS, PF and PT reduced runoff
by 47.8–61.7%; PT performed better than PF (Fig. 5). No apparent
relationship was found between runoff and soil water content (Fig. 6a).
As the increment of rainfall, the scale of runoff increased rapidly
(Fig. 6b).

Fig. 4. The monthly interception and rainfall during the observed periods. The
error bars were the standard deviation of the monthly interception (n=6). PF:
Pinus tabulaeformis with fish-scale pit; PT: Pinus tabulaeformis with zig terrace;
PS: Pinus tabulaeformis with natural slope.

differences among them was greater during the wet months (e.g., August
2017, June 2018, July 2018) (Fig. 7). The transpiration followed the
order of PF > PT >PS. The fish scale pit showed larger T (usually related
to stronger capability of supplying soil water) than PT and PS, especially
during the dry months (e.g., July 2016, August 2016, and August 2015).

3.2. Evaporation and Transpiration
The evaporation (E) and transpiration (T) showed complex re
lationships. The E peaked at July and August in most cases, and declined
rapidly in September and October (Fig. 7 and Table 3). The annual E
were 97.5 mm/a to 226 mm/a and annual E seemed to be positively
related to annual rainfall (Table 3 and Fig. 2). The evaporation (E) and
transpiration (T) occupied large amount of rainfall (Fig. 5 and Table 3).
Both E and T peaked at July or August (Fig. 7). The treatments showed
significant differences in evapotranspiration (ET) patterns. The E of PT
was the largest among the three treatments while the T of PF was the
largest (Fig. 7). The E followed the order of PT > PS >PF and the

4. Discussion
4.1. Interception and runoff
The continuous five observation years allowed us to observe dry and
wet years and to understand the hydrological functions of terracing.
Because the mean annual rainfall between 2015 and 2019 (427 mm/a)
was larger than the long-term mean (387 mm/a), soil water increased in

Fig. 2. The daily precipitation and temperature during the year 2015-2019.
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Fig. 5. The interception, runoff, evaporation, and transpiration during the
observed months. Interception and runoff are processes happened above the
soil profile (above the Y = 0 line). Evaporation and transpiration are processes
related to soil water (below the Y = 0 line). PF: Pinus tabulaeformis with fishscale pit; PT: Pinus tabulaeformis with zig terrace; PS: Pinus tabulaeformis with
natural slope.

Fig. 7. The monthly evaporation (a) and transpiration (b). The error bars were
the standard deviation of the measured transpiration. The error bars of evap
oration were the standard deviation of the Monte Carlo resamples. PF: Pinus
tabulaeformis combining with fish-scale pit; PT: Pinus tabulaeformis combining
with zig terrace; PS: Pinus tabulaeformis combining with natural slope.
Table 3
Evaporation and transpiration during the years 2015–2019 (mm).
Year

Evaporation
PF*
PT

PS

Transpiration
PF
PT

PS

2015
2016
2017
2018
2019
Average

112.7b**
97.5c
131.4b
182.4b
178.2b
140.4

114.6b
108.7b
136.3b
185.3b
191.0ab
147.2

134.9a
120.6a
157.4a
179.8a
172.4a
153.0

126.3b
93.5b
141.8b
161.3b
168.1b
138.2

126.8a
116.8a
155.7a
226.0a
199.9a
165.1

125.1b
94.5b
152.3ab
163.0b
168.2b
140.6

Fig. 6. The monthly runoff amount and its relationship with soil water content
(a), and rainfall amount (b). The error bars were the standard deviation of the
monthly runoff (n = 6). PF: Pinus tabulaeformis with fish-scale pit; PT: Pinus
tabulaeformis with zig terrace; PS: Pinus tabulaeformis with natural slope.

*
PF: Pinus tabulaeformis combining with fish-scale pit; PT: Pinus tabulaeformis
combining with zig terrace; PS: Pinus tabulaeformis combining with natural slope
**
The 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:
each treatment was compared only with the other two treatments at the same
year.

all treatments over the five years (Fig. 3). Soil water in the terraced
treatments (PF and PT) was greater than in natural slope (PS), similar to
previous studies (Bai et al., 2019; Mügler et al., 2019; Wei et al., 2019).
The monthly interceptions increased linearly with the monthly rainfall,
indicating that the canopy interception capability was not saturated in
most cases in our experiment (Fig. 4). Yin et al. (2015) conducted
interception research on Pinus tabulaeformis in artificial plantation in the
Loess Plateau, they reported that the interception was not saturated even
after 60 mm rainfall, backing the current results. However, the inter
ception of Pinus tabulaeformis observed in the present study and in (Yin
et al., 2015) was less than many other trees and even shrubs that having
less biomass (Jian et al., 2019; Zhang et al., 2017b). Pinus tabulaeformis
have needle-shaped and hydrophobic leaf, as well as pendent branches,
which lower their interception ability (Li et al., 2017; Llorens et al.,
1997).
As interception increased, runoff yield decreased. The overall runoff

during the five years followed the order of PS > PF > PT, their per
centage in rainfall were 15.7%, 8.1% and 6.0%, respectively. Based on
our measurement and observation, this difference could be attributed to
the runoff connectivity influenced by the structure of the terraces: by
putting a very thin needle into the soil surface during some typical
rainfall events, we estimated the runoff depth distribution along the
surface flow (Couper et al., 2002; Zaimes et al., 2004). The coefficient of
variability of runoff in PS, PF and PT were 16.4%, 35.7% and 62.6%,
respectively, indicating different extents of flow discontinuity and
increased resistance by terracing (Camporese et al., 2010; Masselink
et al., 2017; Thompson et al., 2010). As zig terrace and fish scale pit alter
infiltration, they produce less runoff than PS (Feng et al., 2020). Our
results also indicated that such difference played more significant roles
with the increment of rainfall amount (Fig. 6), which was supported by
former studies (Jencso and McGlynn, 2011; Yang and Chu, 2015). No
apparent relationship was detected between runoff and soil water
5
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content, indicating that the majority of runoff was formed in the infil
tration excessed scenario, which could be seen commonly in the dryland
loess hilly region of China (Taguas et al., 2010; Yu et al., 2019).

separated. Therefore, the difference between terraced and natural slope
is calculated as follows:
′

′

′

′

′

δS − δS = (R − R ) + (I − I) + (E − E) + (T − T)

4.2. Evaporation and transpiration

(3)

where letters with prime refer to natural slope.
The trend of soil water storage was similar between the terraced and
natural slopes: soil water storage increased over the five years (Fig. 3).
For the five growth seasons, the cumulative advantages of PF and PT
were 26.1 mm and 27.1 mm respectively (Fig. 8), which were both
significantly higher than PS (Table 4). The terracing measures simulta
neously manipulated the four hydrological compounds. Statistically,
terracing significantly reduced runoff (Table 4). Terracing measures
promoted rainfall interception though these improvements were not
significant (Table 4). PF showed higher plant water supply as transpi
ration while PT significantly enlarged evaporation (P = 0.05) (Table 4).
Their contributions in sustaining soil water advances were quantified by
Eq. (3). Terraces reduced runoff (26.9 mm/a for PF and 34.6 mm/a for
PT), expanded interception (13.6 mm/a for PF and 12.1 mm/a for PT)
and transpiration (14.8 mm/a for PF and 2.4 mm/a for PT). The soil
water retention depended on the eventual results of these compounds
but not a specific one (Fig. 8a). The advantage for PT was formed by
trapping surface runoff. But for PF, trapping runoff and saving evapo
ration were both the reasons for this advantage. The hydrological pro
cesses were controlled by the structure of terrace to a great extent.

In the present experiment, E and T occupied large percentage of
water budget irrespective of treatments. When compared with PS, PF
tended to have larger T and T/ET while PT tended to have larger E and
smaller T/ET. This was a noticeable evident showing that the water
usage pattern could be changed with the structure of terracing, in
accordance with former studies (Feng et al., 2018; Yu et al., 2019).
Based on soil water content, the E could be divided into two phases.
When soil is wet and soil water is not limited, the E depends on radiation
input and air turbulence. But after soil water is depleted (not adequate
for E), the E is limited by the soil water in the top soil layers (Lu et al.,
2005). The micro-topography of PT was more complex compared with
PF and PS, raising the resistance and turbulence for air flow (Siriri et al.,
2013; van Dijk et al., 2004). Stronger air turbulence may speed up the
diffusion of water vapor and promote evaporation. Because PT also have
enlarged bare soil surface area, more soil water would be lost as E, which
explained the large E in PT observed in our study and others (Bohluli
et al., 2014; Lü et al., 2009). In the dry periods, the difference between
PT and other two treatments were small due to low soil water avail
ability (Fig. 7a). However, when the soil become wet after rainfall, this
difference became significant. Therefore, E in PT was larger than that in
PS and PF during the wet season (Fig. 7a).
In dry conditions, soil water deficit would suppress T (Parvizi et al.,
2016; Shao et al., 2015; Schwärzel et al., 2020). When soil water is
adequate, the order of T should be the same with LAI since the large leaf
area corresponds to large demand of T. In present research, the LAI
followed the order of PS < PF < PT (Table 1). However, T followed the
order of PS < PT < PF. The discrepancy between these two orders
indicated that the solar radiation interception was not the dominant
factor on the separation of E and T. Instead, the availability soil water
should be the controlling factor of T. During the experiment, soil water
in PF showed the highest variability among the three treatments. Soil
water inside the fish scale pits was apparently 20–30 mm higher than
that outside the fish scale pit within the 200 cm soil depth. In fact, from
the view of soil water, the PF treatments could be horizontally divided
into two sections: the pit zone and the inter-pit zone. During rainfall
event, more pine needles were found in the pit zone than in the inter-pit
zone (Feng et al., 2020; Gispert et al., 2017), which indicated that runoff
from the upslope was trapped and better infiltrated in the pit zone with
changes in micro-topography by terracing (Guo et al., 2019; Wang et al.,
2009). Because the main root zone of the pine was highly concentrated
in the pit zone, the wet soil inside the pit also provided a large amount of
soil water for T (Li et al., 2015b; Sadeghi et al., 2015; Zhang et al., 2016).
During the dry months, the T and E were both restricted by soil water
content for all the treatments, but great distinction of T between PT and
PT also appeared (Fig. 7b). It illustrated that T in PF was relatively better
guaranteed relying on the soil water in the pit zone. It should be noticed
that the high T and T/ET of PS have vital meanings in vegetation sur
viving and yield formation (Clausnitzer et al., 2011): larger T usually
meaning higher net production.

4.3.2. The contribution separation on months
Similar to deriving Eq. (3), from the temporal view, one could get:
′

δS − δS =

10
∑
′
(δSk − δS k )

(4)

k=5

δSk − δSk represented the advantage of terracing over natural slope in
soil water storage during the kth month of the year. According to Eq. (4),
the advantage of terracing over natural slope in soil water storage during
the growth season could be quantitatively assigned to each month, from
May to October.
Terraced lands had more opportunities to trapping runoff and thus
obtain more soil water recharge than natural slopes during the months
with high rainfalls, such as August, July and June (Fig. 8b), similar to a
study by Li et al. (2015a). During months with low rainfall amount, such
as May, September and October, terracing promoted the depletion of soil
water compared with natural slope. Based on the modelling works, the
scale and frequency of heavy storms may increase in the context of
climate change scenario (Li and Jin, 2017; Rodríguez-Carretero et al.,
2013). Therefore, terracing would be beneficial to increase soil
moisture.
′

4.3.3. Insights and suggestions
The present study systemically investigated the impact of terrace
measure on soil water retention based on five years of consecutive field
experiment. Although the observation period was long, the finding was
based on a certain condition with the specific climatological and soil
representability. For example, the role of months depended on its pre
cipitation and potential ET, the results could be only suitable for the
similar climatic zones. The organic carbon, texture, structure, and hy
draulic conductivity of the soil had strong influences on the results(Feng
et al., 2020; Wei et al., 2019). For example, the local runoff trapping in
fish-scale pit would disappear in case of soil with high hydraulic con
ductivity. One should note the specific findings might vary with sur
roundings such as soil types, climatic and hydrological circumstance
(Camporese et al., 2010; Jencso and McGlynn, 2011; Yang and Chu,
2015). In this case, field observations in other climatic zones and soil
conditions might be helpful.
Based on profiling the whole water balance equation, the present
study confirmed three uncertainty sources influencing the role of

4.3. The quantitative analysis on the uncertainties in soil water retention
of terrace lands
4.3.1. The contribution separation on the hydrological compounds
The effect of terracing on soil water retention has been always the
primary issue in the arid and semi-arid areas. It was represented by the
difference in soil water storage between terraced and natural slope
treatments. To analyze the advantage of terracing over natural slope in
soil water storage, the roles of the four components (interception,
runoff, evaporation, and transpiration) in Eq. (1) must be explicitly
6
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Fig. 8. The contributions of interception, runoff, evaporation, and transpiration (a) and the contributions of months (b) for the advantages of terrace in soil water
storage relative to natural slope. For the contributors having positive impacts, their columns are above the Y = 0 line. PF: Pinus tabulaeformis combining with fishscale pit; PT: Pinus tabulaeformis combining with zig terrace; PS: Pinus tabulaeformis combining with natural slope.

manipulated the hydrological compounds. The terrace’s advance in soil
water retention depended on the eventual results of these compounds,
but not a specific one; (ii) the benefit of terracing was temporal. In the
rainfall-concentrated months, terracing promoted soil water retention.
(iii) the zig terrace promoted soil infiltration and evaporation by 34.6
mm/a and 19.8 mm/a, respectively. However, fish scale pit improved
transpiration and suppressed evaporation by 14.8 mm/a and 6.7 mm/a,
respectively. Therefore, the quantification of the effects of terracing on
soil water retention requires a full consideration of all these key factors
such as rainfall, infiltration, evaporation, transpiration, terracing
structure and surface vegetation coverage .

Table 4
The results of the LSD multiple comparison of the variables (P = 0.05).
Treatment

δS**

Runoff

Interception

Evaporation

Transpiration

PF
PT
PS

a
a
b

a
b
c

a
a
b

a
b
a

a
b
b

* PF: Pinus tabulaeformis combining with fish-scale pit; PT: Pinus tabulaeformis
combining with zig terrace; PS: Pinus tabulaeformis combining with natural slope
** δS : changes of soil water storage

terracing in soil water retention. First, there were the unexpected
changes in one or several hydrological processes. For example, the
impact of zig terrace on evaporation and the role of fish scale pit in
transpiration might be ignored without exploring the whole water bal
ance equation. Second, there was the lopsided observation, which usu
ally lasted just a short period. In present case, the terraces depleted soil
water faster during May, September, and October. But during June to
August, opposite results were obtained. Third, the structure of terrace
always plays more fundenmental roles in rainwater re-distributions
(Martins et al., 2013; Rashid et al., 2016). In this case, the rainfall
water harvesting should be improved for PF, perhaps by improving
terrace construction standards. Compared with PT, PF had the potential
to strengthen its capability to suppress runoff. For PT, the function
altering soil water use was weak because its evaporation was so large.
The riser of the terrace might be covered by stones or plastic films. From
the viewpoint of temporal dynamics, the most disadvantageous month
for terracing should be May. So, special attention should be paid to the
soil water conditions in May, and in case of soil water deficit, some
supplementary irrigation or cloud seeding might be necessary (Xu et al.,
2017; Yu et al., 2020).
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