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Abstract; Certain aspects of hydrological and environmental response to conservation practices and land use pattern changes
in the Quanjiagou watershed in the hilly and gully loess area were assessed, such as runoff, dynamics of soil moisture and
evaportranspiration. The results showed that soil-water conservation practices and ecological construction had significant
influence on the hydrological and environmental processes of the watershed. Surface runoff was decreased by 36.1% from
1980 to 2000. Soil moisture status varied greatly with different erosion control practices; shrub land, grassland and timber
forestland all had “dry layer” in the soil profile with different thicknesses and depths. There existed great differences in soil
water storages with different landform position. The north-facing slopes had better hydrological environment in the soil than

the south-facing slopes, and gully bottoms were better than hilltops and gentle slopes, better than steep slopes. Forest and
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grass practices played a decisive role in evapotranspiration. The total evapotranspiration reached a maximum in 1991 —

1995, and cumulative evapotranspiration increased by 56. 3mm compared to the start of erosion control.
Key Words: hilly and gully loess area; watershed; ecological construction; hydrological and environmental responses

Serious soil erosion on the Loess Plateau has resulied in a series of environmental problems and atiracted
worldwide attention. In the decades following the founding of new China, officials at all levels of government have
expressed the importance of erosion control on the Loess Plateau. A great deal of research has been conducted and
some successful control examples have emerged. The state listed comprehensive erosion control of the loess plateau as
the key project “ regional comprehensive conirol trial” in 1986 — 1990, and specific experimental areas were set up
in the Hill and Gully region of the Loess Plateau. Research work was conducted surrounding the key issues of soil
erosion, drought and the worsening cycle of eco-economy. A wealth of experience concerning erosion control was
obtained through this project and a great deal of benefits were produced as well''*’. However, the controlling models
based on the bio-engineering practices against soil erosion have brought about a series of hydrological and
environmental problems*’. Regarding a small watershed, water cycling was greatly enhanced, and may lead to
changes in the hydrological cycle and transfer path with the increasing of control degree of water-soil conservation,

d[5.6]

vegetation cover and the productivity of farmlan Meanwhile, the “dry layer” in soil profile appeared

widespread in the Loess Plateau, which resulted in larger fluctuations of crop yield and apple output, vegetation

degradation and even death, furthermore affecting the rehabilitation and reconstruction of vegetation in small

(717 " In recent years, experts and scholars have conducted a lot of research on the hydrological and

[11-3]

watersheds
environmental responses to erosion control practices in small watersheds However, most of the research
focused on the response of individual erosion control practice on the hydro-environment. By dissecting the nearly 20-
year process of soil-water conservation and ecological reconstruction of a typical small watershed, Quanjiagou gully,
the writers evaluated the response of the integrated control practices on soil moisture conditions and hydro-
environment of the small watershed in the hilly and gully areas of the Loess Plateau based on the analyses of runoff
rules, soil moisture status with different land use pattern and evapotranspiration in the valley, etc. The purpose of
the study was to supply the theoretical guideline for rational use of land resources and improving the eco-environment
of the small watersheds in the hilly and gully loess areas.
1 Study site and methods
1.1 Study site

The study site was the Quanjiagou watershed, which is located in Mizhi County, Shaanxi Province. The
watershed is part of the first sub-region of the Loess Plateau — hilly and gully area. The area of the watershed is
5.19 km’. The main gully in the watershed is 4. 13 km long and a second-class tributary of the Wuding River. The
region has a semi-arid, temperate, continental monsoon climate. The mean annual temperature is 8. 4C and the
mean annual precipitation is 425 mm. Over 70% of the annual precipitation is received between June and
September. Loess and paleosol is the predominant soil type in the region, with a deep and thick soil profile of 50 —
100m, and loose and homogeneous soil texture. The soil has superior water infiliration and retention capacity.
Agricultural production is mostly dependent on natural rainfall. Main crops are millet, soybean, potato and corn.
The man-made vegetation includes caragana, poplar, black locust, and alfalfa.

Studies on soil-water conservation and integrated control of Quanjiagou watershed began in 1980. The focus of

these studies was the rational utilization of land resources. The Guanjiagou watershed was listed as one of the state
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experimental and pilot areas for comprehensive erosion control on the Loess Plateau from 1986 to 2000. The overall
objective was to create a reasonable eco-system with an improved cycle and efficient agricultural production to ensure
the stability and development of the ecological system. From 1981 to 2000, the course of the Quanjiagou
comprehensive erosion control experimental area can be roughly divided into three stages: the first stage, during
1980 — 1985, was the stage of land use structure adjustment centered on the rational utilization of land resources,
and the main practice was implemented of withdrawing farmlands to plant trees and grasses; the second stage was
during 1986 — 1990 to advance the adjustment of industrial structures focused on the development of artificial
grassland and animal husbandry. Main practices adopted were the construction of basic stable farmlands and raising
crop yields, and also developing livestock ; the third stage was from 1991 to 2000, principally for the consolidation of
the achievements obtained during the early stages and the speeding up of economic development. The key measures
implemented were development of scaled livestock raising and tree crops, and popularisation of agricultural and
practical techniques for high yields. For the resulis of comprehensive erosion control, land use pattern of farmland,
forestland and grassland was adjusted from 14. 8:3.8:1 in 1979 10 1.4:1.3:1 in 1990. Engineering measures used for
soil and water conservation were basically terminated during 1991 — 1995 and 1996 —2000 while biological measures
predominated for comprehensive erosion control of the watershed. Thus vegetation cover was further increased, and
the area of fruit trees enlarged. By the end of 2000, forest and grass cover reached 49. 2% in the experimental and
pilot area with a control degree of 73. 5% , increased by 31.1 and 41. 8 percent respectively compared to the year
1979. Soil and water loss had basically been brought under control, and the ecological environment was continuing
along the trend of upgrading development.
1.2 Methods

Runoff quantity from the watershed in its natural state was calculated with an empirical formula'™*’ established
from a single rainfall event in the watershed. Runoff discharge was monitored at the mouth of the gully with an open
channel flow measurement facility. Automatic rainfall recorders were used for the long-term monitoring of
precipitation at multiple points within the watershed. Eight land use types were determined based on field
investigations in the watershed ; slope farmland, terraced land, dam land, grassland, orchard, forestland, shrub-
land and non-productive land. A 1:5000 land use map for the year 2000 was used to select 32 representative
sampling points on both sides of the gully. There were four sampling points for each of the eight land use types. Soil
samples were collected with a soil corer on April 15 —20, 2003 and April 17 —22, 2004. Samples were collected in
20 cm increments from the soil surface to a depth of 10 m. The soil moisture content was determined by oven-drying
the samples at 105°C until the weight was constant. In addition, a ring knife was used to collect samples in 20 cm
increments from the soil surface to a depth of 1 m for the determination of soil bulk density. The soil moisture content
was used to estimate soil water storage in the watershed.
2 Results
2.1 Runoff and its Characteristics

Runoff and its characteristics depend on rainfall and the underlying horizon conditions in the watershed. If the
nature of the underlying horizon changes, runoff characteristics will be influenced accordingly. Fig. 1 illustrates the
runoff process in which rainstorms took place on August 19, 2001 and August 15, 1982 respectively. Rainfall was
53.0mm and 52.3mm, and lasted for 126 minutes and 120 minutes respectively. The two curves in Fig. 1 indicate
the runoff characteristics at the beginning and end of erosion control respectively. It was clear that the process of
runoff convergence went up sharply with a single asymmetry peak at the early stage of erosion control in the small

watershed. Compared to the process of runoff convergence at the end of control implementation in 2001, it lasted
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longer with a greater flooding peak discharge, and freshet went up fast and down slowly, this being the over-
infiltration characteristic of runoff. As to the small watershed controlled by integrated practices, the process of runoff
convergence was significantly shortened with a smooth flooding peak. Freshet up- and down-lines were basically
symmetrical.

According to findings by the Suide Water Conservation Station of Huanghe Water Conservancy Committee, the
first sub-region of the Loess Plateau, the hilly and gully loess area, is mostly one of over-infiltration runoff. It was
considered that rainfall (P), rainfall intensity (I) and the early-influenced rainfall ( P,) were the major factors in
the determination of runoff quantity. Hereby runoff empirical formula was established for a single rainfall of small
watersheds!"* , as follows;

R=3.567(P +P,)"*1"®  Pa=P/I"’ (1)

In the formula, R =runoff of a watershed with a single rainfall (m’-km™); P = single rainfall (mm); I =
rainfall intensity (mm h™'); Pa = P/I** early-influenced rainfall. The empirical formula was used to calculate
annual runoff for Quanjiagou watershed, and the calculated values were compared with the monitored values at the
gate of the gully. The results (Fig. 2) showed that the calculated values were coincident with the monitored values.
The maximum runoff occurred in 1987, and after that the annual runoff coefficient ( runoff per mm rainfall) showed

a clearly decreasing trend.
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Fig.1 Process of runoff in Quanjiagou watershed

2.2 Impact of Land Use Structure on Runoff

Statistical information from the Quanjiagou experimental area showed that the land use patiern changed with the
following features; (1) slope farmland and non-productive land decreased obviously while terraced land and forest
and grass land increased greatly; (2) forest and grass cover was raised from 14.65% in 1979 to0 25. 34% in 2001 in
the watershed; (3) land use pattern gradually tended to be rational, with the farmland-woodland-grassland ratio
being adjusted from 14. 8:3.8:1 at the beginning of erosion control to 1.4:1.3:1 in 1990. After 1990, depression in
the livestock raising industry resulted in the decrease of grassland owing to market problems: however economic
forests, mainly apple trees, increased rapidly, therefore still maintaining the increasing trend of the total area of
forest and grass land. A great increase in orchard area resulted in some terraces and slope farmland being converted
into woodland. Meanwhile the area of woodland increased substantially with the withdrawal of slope farmland for
forest and vegetation reconstruction. This meant that hillside farmland, grassland and land difficult to use decreased

accordingly, and forest cover rate increased. By the end of 2001, slope farmland had decreased by 39. 1%, and
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grassland and woodland increased by 196.6% and 165.7% , respectively. Furthermore orchard area increased by 3
times. Control degree, the percentage of the total area of erosion control practices implemented, including terraced
land, dam land, woodland and grassland, compared to the area of productive land in the watershed, increased from
48.9% in 1982 to 73.7% in 2000.

The changes of land use pattern in a small watershed will certainly affect the nature of underlying horizon, and
result in a change of runoff and convergence features in the watershed. Fig. 3 indicates the relation between runoff
coefficient and the evolutionary process of constructing basic farmland (terraced land and dam land) and planting
trees and grasses on the withdrawn slope farmlands from 1981 to 2000. During 1980 — 1985, the area of basic
farmland, forestland and grassland was increased by the rational adjustment of land use pattern in the experimental
area. Biological practices combined with engineering ones were implemented for water and soil conservation during
1980 — 1985, and benefits were being produced by the 1986 — 1990. Runoff decreased to a large extent in the
experimental area as the area of forest and grass increased rapidly on the withdrawn slope farmlands. Runoff
coefficient declined from 242. 3 m’/(km*mm) averaged during 1980 — 1985 to 154. 8 m’/(km’-mm) averaged
during 1996 — 2000, a decrease of 36. 1% . Reduction of land surface runoff indicated that its function was

strengthened by soil and water conservation practices, while hydrological environment was dried on the other hand.
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Fig.3 Basic farmland includes treeaced land and dam land
Control degree is the percentage of the total area of conservative practices implemented, including dam land, treeaced land, grassland and woodland,

compared to the total productive land area in the watershed

However, rainfall was up to 447. 6mm during the flood season in 1987, and runoff occurred twice. Rainfall that
brought about runoff was 100. 6 mm and averaged 50. 3 mm each time, the largest in recent years. So runoff
coefficient was greatest, up to 1351.7 m’/(km*-mm), in recent years. The experimental area suffered the most
serious rainstorm of once every 50 years on June 7, 1991. It received 47.3 mm of rainfall within 17 minutes. Runoff
discharge was up to 25 m’/s. at the highest flood peak at the mouth of the gully, and runoff coefficient reached
1253.9 m*/(km*™mm). This means that we still have a long way to go to control water and soil loss in the Loess
Plateau.

2.3 Soil Moisture Conditions under Different Conservation Practices

Erosion control practices have affected the formation of runoff, and the storage and transfer of soil moisture. In

particular, soil moisture condition has tended to dry up and the hydrological environment of soil to deteriorate
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because of the intensive usage of soil water by forest and grass vegetation.

Soil moisture under the different erosion control practices was monitored for two consecutive years. Soil moisture
characteristics in 0 — 1000 cm soil profile ( Fig. 4) and soil moisture status under different conservation practices
(Table 1) showed that among the conservation practices, soil moisture was the largest in soil-saving dam land,
ranging from 6. 62% at 1.40m depth to 19.2% at 8.20m depth in soil profile, with an average soil moisture content
of 8.98% in 0 — 300 cm soil profile; slope caragana land had the worst soil moisture conditions, ranging from
3.35% at 5.20m depth to 6. 71% at 10. 20m depth in soil profile, and average soil moisture content was only
4.97% in 0 —300cm soil profile, lower than the wilting moisture (5.7% ). Soil moisture contents under different
conservation practices were in order; soil-saving dam land > slope farmland > terraced farmland > terraced

orchards > locust land > poplar land > alfalfa land > caragana land.

Soil moisture (%)
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Fig.4 The soil moisture under various control practices

Rainfall principally influences the soil moisture condition in 0 — 300cm depth™* '’ and soil moisture is
relatively stable below 300 cm. Fig. 4 shows that soil moisture under the conservation practices was lower than that
of slope farmland except terraced orchards above 1.75m soil profile and soil-saving dam land, which indicated that
the trees and grasses accelerated the depletion of soil water. Compared to the wilting humidity of the corresponding
land type there was no “dry soil layer” in slope farmland while “dry soil layer” was in 400 —460cm depth in apple
orchard, with an average soil moisture content of 4. 72% ; “dry soil layer” was in 280 — 600cm depth in alfalfa
land, with an average moisture content of 4. 18% ; it was in 220 —350cm depth to locust land and poplar land, with
an average moisture content of 4.22% and it was in 0 —960cm depth in caragana land, with an average moisture
content of 4.33% . The reason for the formation of “dry soil layer” was the over-depletion of soil moisture resulting
from intensive water absorption by trees and grasses: soil water could not be fully recharged or restored, so that soil
was being dried day after day and “dry soil layer” was eventually formed. Due to relatively low water consumption by
apple trees and annual crops, soil water could be recharged and restored by rainfall in slope farmland and terraced
orchard so that input and output of soil water was basically balanced, and soil water was generally in the status of

dynamic equilibrium.
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Table 1 Soil moisture regime under different erosion control practices

Depth Caragana land  Poplar land Alfalfa land Terraced orchard Locust land Terraced Daml Slope
(em) (20 a) (23 a) (10 a) (12 a) (26 a) farmland and farmland
0 ~100 4.73 6.88 6.28 7.56 7.93 7.76 8.47 6.83
100 ~ 200 5.29 5.94 5.64 7.53 9.36 7.61 8.38 7.17
200 ~300 4.97 4.34 4.49 6.69 4.59 7.36 9.64 8.81

0 ~300 4.97 5.48 5.27 7.10 7.06 7.59 8.98 7.82
0 ~200 5.08 6.17 5.68 7.53 8.53 7.70 8.59 7.12

Table 2 Soil water storage under different control practices

Soil water storage in 0 ~300cm( mm)

Precipitation
Measure date ( mm) Slope Dam Terraced Terraced Timber Shrub Grass
land land land orchard land land land
2004-04-17 ~22 534.0 310.1 384.0 416.1 293.3 257.3 222.6 224.9
2003-04-15 ~20 276.6 338.3 339.9 248.1 179.8 179.7 195.5
Water storage change( mm) 500.5 488.3 457.8 488.8 456.5 491.1 504.6

Water storage in soil was the result of dynamic equilibrium of rainfall infiltration and evapotranspiration. Water
storage was estimated for 0 —3 m soil profile under different conservation practices by use of average soil bulk density
in 0 —1 m soil. By analysis of the variability of soil water storage within a full year under the main control practices
(Table 2), it was indicated that water depletion was the greatest in artificial grassland, and yearly soil water
consumption accounted for 94. 5% of the total precipitation. The next was shrub, and water consumption was 92.0%
of the annual precipitation. Timber forests used up the least soil water, and water consumption was 85. 5% of the
annual precipitation. Annual water consumption in terraced land was close to forestland, although the terrace had a
high water storage capacity: however lateral evaporation took place on the walls of terraces. The above facts showed
that over 85% of the recharged water into soil was evapotranspirated and only less than 15% of annual precipitation
was stored in soil even if it was a bumper year of rainfall. If it was a drought year, the increment of soil water would
be less or even a negative increment.

The spatial distribution of soil moisture (Table 3) indicated that the north-facing gentle slope land and the
terraced land in the gully bottom had the largest soil water storage while orchard and alfalfa land had the lowest.
Generally hydrological environment of north-facing slope was better than that of south-facing slope, and gully bottoms
were better than hilliops and gentle slopes were superior to steep slopes. The intensive evapotranspiration was the

main reason for the difference of soil water storage.

Table 3 Soil moisture condition in different micro-land position in growing season

. S-facing N-facing S-facing N-facing S-facing N-facing S-facing
Position
slope slope terrace terrace steep slope steep slope gentle slope
Water slorage 960 1200 1035 1155 840 1110 915
(m®/hm?)
. N-facing Man-made Slope Slope in Plat land
Position gentle slope plat land alfalfa land gully head Dam land in gully Orchard
Water storage
1305 1095 780 1005 1155 1065 780

(m®/hm?)

2.4 Comprehensive Erosion Control and Total Evapotranspiration

The conservation practices changed the characters of underlying horizon , and land use pattern change influenced
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the total evapotranspiration of the watershed. It was difficult to measure evapotranspiration, so the amount of
evapotranspiration for the whole watershed was estimated by water balance method in this study. Rainfall infiltration
was generally not down beyond the rooted depth ( within 3 m depth) in soil profile under the annual precipitation of
400 mm whereas the watershed was covered with thick loess soil, and the deep groundwater was not involved in the
soil water cycle. In addition, there was no irrigation implemented. The impact of the yearly change in soil water
storage on cumulative evapotranspiration was neglected in this study (partially offset in the cumulative process) .
Yearly evapotranspiration and cumulative evapotranspiration were calculated with the following equation;
E=YE +AW
E, =P -R (2)
In the equation, E = cumulative evapotranspiration, E; = yearly evapotranspiration, P = annual precipitation,
R = annual runoff, AW = difference of soil water storage before and after erosion control practices were implemented.
The average soil water storage before control in the watershed was calculated for the top 3 m soil with the data in table
2 supposing that all land was slope farmland before conirol. The average soil water storage after conirol in the
watershed was calculated by summing up the product of water storage of each type of land multiplied by its area
weight. And AW was —12. 5mm by calculation based on the data in table 2 and 3. Theoretical evapotranspiration
was estimated with formula (2) on the basis of the runoff values calculated with empirical formula (1) under the
natural conditions in the watershed. Measured evapotranspiration was calculated with formula (2) based on the
runoff data measured at the mouth of the gully. The impact of comprehensive erosion control on hydrological
environment of soil was calculatied by the difference between the theoretical evapotranspiration and the measured
evapotranspiration plus the difference of soil water storage before and after conirol. Table 4 indicates the cumulative
variability of precipitation and evapotranspiration from 1982 to 2000. It indicated that evapotranspiration was closely
related to precipitation, accounting for 95. 7% — 99. 9% of the total rainfall in the watershed. The total
evapotranspiration at the early stage of artificial erosion control (1982 — 1985) was close to that under natural
control. However the total evapotranspiration was being increased with the advancing of artificial control, and both
the area of forestland and grassland and evapotranspiration reached the maximum in 1995 and the total cumulative
evapotranspiration increased by 56. 3 mm. The emphases of artificial control were shifted to livestock raising for
better income during 1995 — 2000, mainly including caged chicken raising and scaled hog raising. Therefore the
total area of woodland and grassland was kept stable, and the total evapotranspiration was not increased and its

average difference stabilized at about 56 mm, close to the total cumulative evapotranspiration in 2000. It showed that

Table 4 The total evapotranspiration from sixth five-plan to ninth five-plan

Yeur 6th 5-year plan 7th 5-year plan

1982 1983 1985 1987 1988 1989 1990 1991
Precipitation 442 859.5 1389.2 1898.7 2381.1 2723.4 3188.1 3706.9
Measured evapotranspiration 440.6 854.7 1379.3 1867.1 2349.5 2689.5 3153.1 3660. 1
Theoretical evapotranspiration 438.2 854 1378.9 1862.2 2336.7 2675.8 3139 3640
Difference 2.4 0.7 0.4 4.9 12.8 13.7 14.1 20.1
Year 8th 5-year plan 9th 5-year plan

1993 1994 1995 1996 1997 1998 1999 2000
Precipitation 4096.2 4537.7 4986.3 5378.1 5726.5 6139.7 6408 6789.1
Measured evapotranspiration 4038.9 4474.3 4917.3 5302.8 5649.9 6062.7 6329.4 6710.1
Theoretical evapotranspiration 4021.3 4454.4 4873.5 5259.7 5606. 6 6019.7 6285.1 6666. 1
Difference 17.6 19.9 43.8 43.1 43.3 43 4.3 4
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forest and grass practices played a decisive role in the total cumulative evapotranspiration in the watershed.
3 Conclusion

Erosion control practices and the change of land use pattern in the hilly and gully loess area have had a great
impact on the hydrological environment in the watershed through integrated analysis of runoff, soil water storage and
evapotranspiration observed for nearly 20 years. Results showed: (1) reduction of surface runoff. Compared to year
1980 — 1985, the rumnoff out of the watershed decreased by a great margin and runoff coefficient was reduced by
36. 1% during 1996 — 2000 with the withdrawal of slope farmland and rapid increase in forest and grass area; (2)
soil moisture status varied with different ecological control practices. Soil moisture content of the land with erosion
control practices was lower than that of slope farmland apart from terraced orchards and soil-saving dam land. In
consideration of wilting moisture of corresponding land types, shrub land, artificial grass land and timber forest land
all had “dry soil layer” with different thickness and depth in soil profile, and the thickness was 960 cm, 320 cm and
130 cm respectively; (3) great spatial and temporal variability in soil water storage with different control practices.
In the bumper year of precipitation, terraced land and timber forestland had the best soil water storage while artificial
grassland had the worst. There was also a significent difference in soil moisture status at different landform positions.
Generally the north-facing slopes had better soil hydrological environment than the south-facing slopes, and the gully
bottoms were better than the hilltops and the gentle slopes better than the steep slopes; (4) forests and grasses
played a decisive role in evapotranspiration. The total evapotranspiration reached its maximum from 1991 to 1995,
and the cumulative evapotranspiration increased by 56.3mm, which was inseparable from the increase in forest and

grass area.
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