

  An Analysis of Land Use Change Dynamics and Its Impacts on Hydrological Processes in the Jialing River Basin




An Analysis of Land Use Change Dynamics and Its Impacts on Hydrological Processes in the Jialing River Basin







Water 2014, 6(12), 3758-3782; doi:10.3390/w6123758




Article



An Analysis of Land Use Change Dynamics and Its Impacts on Hydrological Processes in the Jialing River Basin



Tao Zhang 1,*, Xingnan Zhang 1,2, Dazhong Xia 1 and Yangyang Liu 3





1



College of Hydrology and Water Resources, Hohai University, No. 1 Xikang Road, Nanjing 210098, Jiangsu Province, China






2



National Engineering Research Center of Water Resources Efficient Utilization and Engineering Safety, Hohai University, No. 1 Xikang Road, Nanjing 210098, Jiangsu Province, China






3



Changjiang Water Resources Protection Institute, No. 515 Qintai Street, Wuhan 430051, Hubei Province, China









*



Author to whom correspondence should be addressed; Tel.: +86-15-951-875-184.







External Editor: Athanasios Loukas



Received: 1 July 2014; in revised form: 10 November 2014 / Accepted: 25 November 2014 / Published: 4 December 2014



Abstract:

 Land use changes are important aspects of global change and affect regional water cycles, environmental quality, biodiversity and terrestrial ecosystems. To understand the temporal and spatial land use change in the Jialing River Basin and its impacts on the hydrological cycle, land use change models and the variable infiltration capacity (VIC) model were applied separately to the Jialing River Basin. Real change and final change were analyzed to determine the consequences of land use changes and their hydrological consequences. Real change is defined as the total variation during a fixed period, including increases and decreases. Thus, real change is the sum of the absolute values of the decrease and the increase. Final change is defined as the difference between the beginning and end of a given period for a specific factor. Overall, the amounts of settlement and shrub land area changed significantly in the entire Jialing River (with final change rates of 20.77% and −16.07%, respectively, and real change rates of 34.2% and 30.1%, respectively, from 1985 to 1995, as well as final and real change rates of 29.37%, 12.40%, 39.9% and 32.8%, respectively, from 1995 to 2000). Compared with the final change, the real change highlighted the rate of change and the change in woodland area. The land use changes in the Lueyang (LY), Shehong (SH) and Fengtan (FT) subcatchments were more dynamic than in the other subcatchments. The economy, population and macro-policy were the main factors responsible for driving the land use changes. The decrease in woodland area in the LY subcatchment corresponded with an increase in evapotranspiration (ET) and with decreases in the other hydrological elements. Overall, the final changes in the hydrological elements in the LY, SH and FT subcatchments were not significant due to the average and compensation effects. The LY subcatchment was mainly affected by the average effect, whereas the SH and FT subcatchments were affected by the average and compensation effects. The use of real change can increase the detectability of hydrological elements changes caused by land use change in SH and FT. The results of this study provide new insights regarding the examination of the effects of land use changes on hydrological regimes. These results are useful for land use planners and water resource managers.
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1. Introduction

With the intensification of several global issues, including increasing population, food shortages, environmental pollution and climate change, global change has become one of the most popular areas of research, within which land use change is particularly important [1]. To survive and develop, humans have explored new forms of land use, resulting in land use changes.

Many studies have shown that land use changes are closely linked to hydrological processes. The main effects of land use changes on the water cycle are changes in evapotranspiration (ET), changes in the soil’s ability to hold water and changes in the abilities of vegetation to intercept precipitation [2]. In addition, land use change extensively modifies the pathway and the surface roughness and then affects the timing of runoff, which leads to changes in the river flow (for example, flood peak appearance time and volume).

Dunn and Mackay [3], Matheussen et al. [4], Olchev et al. [5], Jin [6] and Mao and Cherkauer [7] have detected changes in ET due to land use changes and have shown that decreases in cover or damage to woodlands result in clear decreases in ET. Andraski [8], Shi and Li [9] and Krause [10] studied soil water variation in the field. Normally, after vegetation is removed, the distribution of roots becomes shallower, the soil porosity (especially the non-capillary porosity) decreases and the soil moisture-holding capacity decreases. Legesse et al. [11], Coe et al. [12], Savary et al. [13] and Schilling et al. [14] have performed related studies regarding the changes in runoff under different land use conditions and have obtained similar results. These authors observed that ET is stronger from woodlands than from other types of land. In addition, forested catchments have greater infiltration rates, which may decrease catchment runoff. Many other researchers have studied the effects of land use changes on river flow [15,16,17,18,19], and most of them have indicated that intensified afforestation will reduce both runoff peak and total runoff volume.

The methods used in these studies primarily included comparative analyses and hydrological modeling. With the development of physically-based and distributed/semi-distributed hydrology models, such as the Systeme Hydrologique Europeen (SHE), Soil and Water Assessment Tool (SWAT) and variable infiltration capacity (VIC) models, more researchers [20,21,22,23] are increasingly utilizing hydrological models to interpret and predict hydrological responses to land use changes. Although these studies provide a feasible method for drawing conclusions or addressing hydrological and water resource problems that result from land use change, they do not focus on land use dynamics.

The Jialing River is an important upstream watershed on the Yangtze River drainage basin, and its surrounding area is undergoing dramatic population growth with rapid economic development. In addition, various land use policies are being developed in this region, including the “Yangtze River Management” project and the return of croplands to forest and grasslands (RCFG), which were implemented in the 1980s and at the end of the 1990s, respectively. The land use dynamics along the Jialing River have changed significantly. Although many researchers [24,25,26,27,28,29] have examined the dynamics of land use change in this area, few studies have assessed the effects of these changes from a hydrological perspective. Thus, it is important to analyze land use changes and their impacts on the hydrological processes in this area.

This study uses land use change models to analyze and evaluate temporal and spatial land use changes. In addition, the VIC model was applied in this study to simulate hydrological elements under different land use types. Finally, this study assesses the impacts of land use changes on the hydrological regimes.

The main objectives of this study are as follows:


	(1)

	To clarify how land use has changed in the Jialing River Basin and to identify hot spots of land use change;



	(2)

	To present a new viewpoint for examining hydrological regime changes due to land use changes.







2. Materials and Methods


2.1. Study Area and Data


2.1.1. Study Area

The Jialing River is the largest branch of the Yangtze River and is approximately 1120 km long. The Jialing Basin covers an area of approximately 160,000 km2 within a geographical range of 29°17'30" N–34°28'11" N and 102°35'36" E–109°01'08" E (Figure 1). This region is located in the subtropical zone and has a humid monsoon climate. It has an annual average daily maximum temperature of 19.4 °C, an annual average daily minimum temperature of 4.3 °C, an average wind speed of 1.1 m/s and an average annual precipitation of 931 mm.

Figure 1. Location of the Jialing River Basin.
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Notes: LMS: Langmusi; PW: Pingwu; GY: Guangyuan; MY: Mianyang; LZ: Langzhong; BZ: Bazhong; WY: Wanyuan; SN: Suining; NC: Nanchong; DX: Daxian; SPB: Shapingba; WD: Wudu; LY: Lveyang; SLB: Sanleiba; JYT: Jinyintai; SH: Shehong; FT: Fengtan; GDK: Goudukou; BB: Beibei.






2.1.2. Materials

Three periods (1985, 1995, 2000) of land use were obtained from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (RESDC) [30]. This dataset was created by the Chinese Academy of Sciences (CAS) at 1-km resolution with the National Land Resource Classification System of China based on land use maps for the 1980s, 1995 and 2000 provided by the National 1:100,000 Land Use Database. The land use type interpretation resolution of the National 1:100,000 Land Use Database is as high as 92.92% according to assessments based on field surveys. These data were first used to analyze the dynamics of land use changes in the study area and were then used to obtain land use change scenarios, using the VIC model to assess the effects of land use changes on subwatershed hydrological regimes. Because the CAS classification system differs from the University of Maryland land cover classification (UMD), which is compatible with the VIC model, the conversion method used by Zhang et al. [31] was adopted. Land use types were reclassified into cropland, woodland, shrubland, grassland, water, settlement and bare ground.



The following data are required for the VIC model:

The digital elevation model (DEM) with a spatial resolution of 3 arc-seconds was obtained from the Shuttle Radar Topography Mission (SRTM) website [32].

Spatial soil data with a resolution of 5 min were obtained from the United States Department of Agriculture (USDA) Agricultural Research Service and were published by the NOAA National Geophysical Data Center in Boulder, CO, USA [33].

The standard forcing data for the VIC model include precipitation (mm), maximum and minimum air temperature (Tmax and Tmin, °C) and mean wind speed (m/s). A series of daily climate data was collected from 14 of the National Meteorological Observatory (NMO) sites located in the Jialing River Basin between 1980 and 1987. In addition, a series of daily precipitation and streamﬂow data from 373 precipitation stations and 8 hydrological stations in the Jialing River Basin between 1980 and 1987 was obtained from the Annual Hydrological Report of the Jialing River Basin. The forcing data series was interpolated onto 4112 divided grid cells using the inverse distance interpolation method.




2.2. Land Use Change Model

Land use change models can be divided into stochastic-empirical models, dynamic models and integrated models [34,35]. Due to their simple structure and easy operation, stochastic-empirical models are widely used to evaluate rates of change, regulation and the other characteristics of the different land use types. In this article, the land use conversion matrix and the land use dynamic degree model were used to analyze land use change processes.


2.2.1. Land Use Conversion Matrix

The transitions among land use types can be described by a conversion matrix that depicts the structural characteristics and the direction of land use changes. This method is widely used by researchers [36] and is expressed in the following form:



Sij=|S11S12S13⋅⋅⋅S1nS21S22S23⋅⋅⋅S2n⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅⋅Sn1Sn2Sn3⋅⋅⋅Snn|



(1)




where n is the number of different land use types and Sij is the area converted from the i-th land use type to the j-th land use type.


2.2.2. Land Use Dynamic Degree Model


Single Land Use Dynamic Degree Model

The single land use dynamic degree model [35] describes the change in the quantity of one land use type during a specified period.
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(2)




here, K is the dynamic degree of one land use type; Ua and Ub are the areas of this land use type at the beginning and end of the study period, respectively; and T is the study period.
For a given land use type, the model only considers the differences in the areas between the beginning and end of the study period and neglects the transition. Consequently, we adopted the following revised version of this equation [37]:
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(3)




where K is the revised dynamic degree of a single land use; Ui and Uo are the areas of the land use type that are converted from one land use type to another land use type; Ua is the area of the land use type at the beginning of the study period; and T is the study period.


Dynamic Degree of Regional Comprehensive Land Use

When considering the process and not the results of land use change, the comprehensive dynamic degree of land use can represent the land use change intensity, which can be used to identify land use change hot spots [35,36]. The dynamic degree of the land use can be calculated as follows:
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(4)




where LUi is the area of the i-th land use type; ΔLUi−j is the area of the i-th land use type that is converted to another land use type; T is the study period; and n is the number of different land use types.




2.3. VIC Model

The large-scale VIC model [38,39,40] was developed by Washington University, the University of California at Berkeley and Princeton University. The key characteristics of the grid-based VIC model include its representation of vegetation heterogeneity, multiple soil layers with variable infiltration and non-linear baseflow.

The VIC model is based on grid cells. In each grid cell, the land surface is described by N + 1 land cover types, where n = 1, 2,…, N represents N different tiles of vegetation and n = N + 1 represents bare soil. The corresponding ET (canopy evaporation, vegetation transpiration and bare soil evaporation) is calculated based on the Penman–Monteith equation. The VIC model was first designed as a 2 soil layer model, which lacks a moisture diffusion process between soil layers and cannot capture the dynamic behavior of the soil moisture content. Thus, Liang et al., added a top thin layer to the VIC-2L [39]. The top two soil layers are designed to represent the dynamic response of soil to the infiltrated rainfall, with diffusion allowed from the middle layer to the upper layer when the middle layer is wetter. The bottom soil layer receives moisture from the middle layer through gravity drainage, which is regulated by a Brooks–Corey relationship for the unsaturated hydraulic conductivity [41].

The soil surface is characterized by a variable infiltration curve, which is expressed as:
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(5)




where i and im are the infiltration capacity and maximum infiltration capacity, respectively; A is the fraction of an area for which the infiltration capacity is less than i; and bi is the infiltration shape parameter, a measure of the spatial variability of the infiltration capacity [39].
The VIC model is widely used for modeling and assessing the effects of land use changes on hydrological processes [7,42,43,44,45].

As in most physically-based hydrologic models, many parameters must be specified in the VIC model. However, most of the parameters can be derived from in situ measurements and remote sensing. Generally, 6 parameters need to be calibrated: bi, Ds, Dmax, Ws, D2 and D3. Detailed information about these 6 parameters is listed in Table 1. This table cites the study of Gao et al. [41].

Table 1. Parameters that need to be calibrated in the VIC model.


	Parameters
	Description
	Range





	bi
	Describes the variable infiltration curve. A higher value gives lower infiltration and yields higher surface runoff.
	0–0.4



	Ds
	Represents the fraction of the Dsmax parameter at which non-linear baseflow occurs. With a higher value of Ds, the baseflow will be higher at lower water content in the lowest soil layer.
	0–1



	Dmax
	The maximum velocity of baseflow for each grid cell.
	0–30



	Ws
	The fraction of maximum soil moisture where non-linear baseflow occurs. A higher value will raise the water content required for rapidly increasing, non-linear baseflow, which will tend to delay runoff peaks
	0–1



	D2/D3
	The thickness of the second/third soil layer. D2 represents the dynamic response of soil to the infiltrated rainfall. D3 characterizes seasonal soil moisture behavior. In general, for runoff considerations, greater soil depths slow down (baseflow dominated) seasonal peak flows and increase the loss due to evapotranspiration. The deeper the soil, the less runoff is generated.
	0.1–1.5










In this paper, calibration was conducted manually using trial and error. The water balance was controlled by the relative error (RE), and the goodness of fit was evaluated with the Nash–Sutcliffe model efficiency coefficient (NSE) [46]. The RE and NSE are defined as follows:
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(6)






NSE=1−∑i=1n(Qobs,i−Qsim,i)2∑i=1n(Qobs,i−Q¯obs)2



(7)




where Qobs,i and Qsim,i are the observed and simulated streamflows, respectively; Qobs and Qsim represent the mean values of the observed and simulated streamflows, respectively; and n is the length of the time series.


2.4. Hydrological Simulation Scheme

In order to detect the impacts of land use changes on the hydrological regime, the simulation results for 1980 to 1987 were used as background values. By holding the hydrometeorological conditions constant and by substituting the land use parameters derived from the land use maps of 1995 and 2000, the VIC model was used again to model the hydrological regimes under different land use scenarios. The hydrological changes that were induced by land use changes in scenarios S1-S0 and S2-S1 are discussed in the following sections. The simulation scheme is shown in Table 2.


Table 2. Hydrological simulation scheme.



	
Land Use

	
Hydrometeorological Conditions

	
Scenario






	
1985

	
1980–1987

	
S0




	
1995

	
S1




	
2000

	
S2






Notes: S1-S0 is the hydrological difference between scenario S1 and S0; S2-S1 is the hydrological difference between scenario S2 and S1.









3. Results

In this paper, two important concepts are defined: real change and final change. Real change is defined as the total variation in a parameter during a fixed period, including its increase and decrease (i.e., the sum of the absolute values of the decrease and increase). Final change is defined as the difference in one factor between the beginning and end of a defined period. These two concepts were first used to analyze land use change and were then used to analyze the changes in hydrological regimes under different land use scenarios.


3.1. Land Use Change

Dynamic land use change was analyzed based on three land use maps for 1985, 1990 and 2000.


3.1.1. Quantitative Analysis of Land Use Change


Final Land Use Change

The final land use changes for the Jialing River Basin are listed in Table 3.


Table 3. Final land use change in the Jialing River Basin.



	
Land Use

	
Area in 1985

	
Area in 1995

	
Area in 2000

	
Change




	
1985–1995

	
1995–2000




	
km2

	
%

	
km2

	
%

	
km2

	
%

	
km2

	
%

	
km2

	
%






	
Cropland

	
74,420

	
46.88

	
73,549

	
46.33

	
74,411

	
46.88

	
−871

	
−1.17

	
862

	
1.17




	
Woodland

	
31,670

	
19.95

	
32,193

	
20.28

	
31,731

	
19.99

	
523

	
1.65

	
−462

	
−1.44




	
Shrubland

	
17,193

	
10.83

	
14,430

	
9.09

	
16,219

	
10.22

	
−2,763

	
−16.07

	
1,789

	
12.40




	
Grassland

	
34,090

	
21.48

	
37,127

	
23.39

	
34,807

	
21.93

	
3,037

	
8.91

	
−2,320

	
−6.25




	
Water

	
652

	
0.41

	
639

	
0.40

	
681

	
0.43

	
−13

	
−1.99

	
42

	
6.57




	
Settlement

	
313

	
0.20

	
378

	
0.24

	
489

	
0.31

	
65

	
20.77

	
111

	
29.37




	
Bare ground

	
400

	
0.25

	
422

	
0.27

	
400

	
0.25

	
22

	
5.50

	
−22

	
−5.21




	
Total

	
158,738

	
100

	
158,738

	
100

	
158,738

	
100

	
-

	
-

	
-

	
-











The land uses in the Jialing River Basin primarily included croplands, woodlands, shrublands and grasslands, which represented more than 99% of the total area during all three periods (1985, 1995 and 2000). Croplands represented the greatest area, followed by the grasslands, woodlands and shrublands.

From 1985 to 1995, the most notable total area changes were observed in settlement, shrublands and grasslands, with change rates of 20.77%, −16.07% and 8.91%, respectively. Although the changes in the croplands and woodlands were larger, their change rates were low due to their large areas. From 1995 to 2000, settlement and shrubland area changed significantly (29.37% and 12.40%), and the change rates of the grasslands, water and bare ground were similar (−6.25%, 6.57% and −5.21%, respectively). From 1985 to 2000, the areas of the croplands, shrublands and water decreased and then increased. In contrast, the areas of the woodlands, grasslands and bare ground increased and then decreased. Furthermore, settlement increased throughout the entire period.

Due to the transitional relationships between the land use types, the total change in the area of one land use type was not obvious. Therefore, real land use change analysis was necessary.



Real Land Use Change

The land use conversion matrix was calculated by using Equation (1), and the results are shown in Table 4 and Table 5.

Table 4. Conversion matrix among the land use types from 1985 to 1995 in the Jialing River Basin (km2).


	Land Use
	Crop
	Wood
	Shrub
	Grass
	Water
	Settlement
	Bare Ground
	Year 1985
	Out





	Cropland
	72,325
	784
	206
	1,015
	16
	74
	0
	74,420
	2,095



	Woodland
	386
	28,299
	885
	2,089
	2
	1
	8
	31,670
	3,371



	Shrubland
	386
	2,116
	13,228
	1,461
	0
	2
	0
	17,193
	3,965



	Grassland
	407
	990
	111
	32,558
	2
	8
	14
	34,090
	1,532



	Water
	28
	2
	0
	3
	618
	1
	0
	652
	34



	Settlement
	17
	2
	0
	1
	1
	292
	0
	313
	21



	Bare ground
	0
	0
	0
	0
	0
	0
	400
	400
	0



	Year 1995
	73,549
	32,193
	14,430
	37,127
	639
	378
	422
	158,738
	11,018



	In
	1,224
	3,894
	1,202
	4,569
	21
	86
	22
	11,018
	-





Notes: “In” indicates the increased area of one land use type that is converted from another land use type during a specific time period, here from 1985 to 1995; “Out” indicates the decreased area of one land use type that is converted into another land use type during a specific time period, here from 1985 to 1995; and real change is the sum of “In” and “Out”. This note applies to the following tables, as well.




Table 5. Conversion matrix among the land use types from 1995 to 2000 in the Jialing River Basin (km2).


	Land Use
	Crop
	Wood
	Shrub
	Grass
	Water
	Settlement
	Bare Ground
	Year 1995
	Out





	Cropland
	72,404
	408
	315
	254
	50
	118
	0
	73,549
	1,145



	Woodland
	736
	28,362
	1,809
	1,278
	1
	7
	0
	32,193
	3,831



	Shrubland
	197
	939
	12,960
	334
	0
	0
	0
	14,430
	1,470



	Grassland
	1,057
	2,011
	1,134
	32,917
	6
	2
	0
	37,127
	4,210



	Water
	7
	2
	0
	2
	624
	4
	0
	639
	15



	Settlement
	10
	1
	1
	8
	0
	358
	0
	378
	20



	Bare ground
	0
	8
	0
	14
	0
	0
	400
	422
	22



	Year 2000
	74,411
	31,731
	16,219
	34,807
	681
	489
	400
	158,738
	10,713



	In
	2,007
	3,369
	3,259
	1,890
	57
	131
	0
	10,713
	-





Notes: “In” indicates the increased area of one land use type that is converted from another land use type during a specific time period, here from 1985 to 1995; “Out” indicates the decreased area of one land use type that is converted into another land use type during a specific time period, here from 1985 to 1995; and real change is the sum of “In” and “Out”. This note applies to the following tables, as well.








Regarding real change, the three largest change rates were 34.2% (settlement), 30.1% (shrubland) and 22.9% (woodland) from 1985 to 1995. Compared to the final change, the change rate of the woodland was highlighted by the real change analysis (final change rate: 1.65%; real change rate: 22.9%). Woodlands had the largest real change area (7265 km2), followed by grasslands (6101 km2) and shrublands (5167 km2). The change in the woodland area was also highlighted by real change analysis (final change area: 523 km2; real change area: 7265 km2). From 1995 to 2000, the settlement change rate was the largest (39.9%), followed by shrublands and woodlands, with change rates of 32.8% and 22.4%, respectively. The ranks of the area changes during this period were the same as those in the previous period (1985–1995), namely, woodland (7200 km2), grassland (6100 km2) and shrubland (4729 km2) (Table 5). The most significant land use transitions occurred among the croplands, woodlands, shrublands and grasslands throughout this period.




3.1.2. Spatial Analysis of Land Use Changes

The spatial changes in land use were analyzed using GIS. Due to the resolution limitations of the pictures, the transition areas that were less than 50 km2 were neglected. The spatial transition results are shown in Figure 2.

Figure 2. Spatial land use changes in the Jialing River Basin: (a) land use changes from 1985 to 1995 and (b) land use changes from 1995 to 2000.
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Notes: G: grass; C: crop; W: wood; S: shrub; T: settlement; Wa: water.






From Table 4 and Table 5 and Figure 2, we obtained a clear picture of the quantity and spatial positions of land use changes. Most of the changes occurred in the Lueyang (LY), Shehong (SH), Fengtan (FT) and Jinyintai (JYT) subcatchments. In the LY subcatchment, the changes mainly occurred in the northeast and corresponded with the conversion of G-W (G, grass; W, wood) and S-W (S, shrub) between 1985 and 1995 and the conversion of W-G and W-S between 1995 and 2000. In SH, the changes occurred in the upper to middle area with the conversion of W-G, S-W and G-W between 1985 and 1995 and with the conversion of G-W, S-W, W-G and G-S between 1995 and 2000. Most changes in the JYT subcatchment occurred in the middle, with the conversion of W-G, S-G, S-W and G-C (C, crop) from 1985 to 1995 and with the conversion of G-W, G-S and W-S from 1995 to 2000. In the FT subcatchment, the changes mainly occurred in the middle area, with the conversion of S-W, W-S, W-G and S-G from 1985 to 1995 and with the conversion of G-W, G-S, S-W and W-G from 1995 to 2000.



3.1.3. Dynamic Analysis of Land Use Change

The dynamic degrees of the single land use were calculated using Equation (3) and are listed in Table 6.

Table 6. Dynamic degrees of the single land use of the Jialing River Basin.


	Period
	Crop
	Wood
	Shrub
	Grass
	Water
	Settlement
	Bare Ground





	1985–1995
	0.45
	2.29
	3.01
	1.79
	0.84
	3.42
	0.55



	1995–2000
	0.86
	4.47
	6.55
	3.29
	2.25
	7.99
	1.04










During each period, the dynamic land use changes of the woodlands, shrublands and settlement were the most active, with 2.29%, 3.01% and 3.42%, respectively, for 1985 to 1995, and with 4.47%, 6.55% and 7.99%, respectively, for 1995 to 2000.

The degrees of the land use dynamics for 1995 to 2000 were larger than those for 1985 to 1995. In addition, the woodlands, shrublands and settlement had the largest increases of 2.18%, 3.54% and 4.57%, respectively.

To reflect the spatial differences in the degrees of land use changes, the dynamic degrees of the single land use were calculated at the subcatchment scale (Table 7). Overall, water and settlement changed most in the Wudu (WD) and LY subcatchments. The most dramatic changes that occurred in the SLB (Sanleiba) were for the croplands, shrublands and settlement for 1985–1995. Between 1995 and 2000, the croplands, water and settlement primarily changed. The woodland, shrubland and grassland areas changed most in JYT. Furthermore, the shrubland and bare ground areas changed significantly in the SH subcatchment, with greater land use changes for the other types of land use relative to the other subcatchments. In the FT subcatchment, woodland, shrubland and settlement were the first three dynamic land use types. The grassland and settlement areas changed more dramatically in the Goudukou (GDK) and Beibei (BB) subcatchments. Throughout the entire catchment, the settlement changes were relatively more dramatic.


Table 7. Degrees of the single land use dynamics by subcatchment.



	
Subcatchment

	
Period

	
Crop

	
Wood

	
Shrub

	
Grass

	
Water

	
Settlement

	
Bare Ground






	
WD

	
1985–1995

	
0.83

	
0.09

	
0.19

	
0.22

	
15.00

	
7.5

	
0




	
1995–2000

	
1.81

	
0.15

	
0.34

	
0.53

	
40.00

	
13.33

	
0




	
LY

	
1985–1995

	
0.63

	
3.06

	
3.68

	
1.57

	
13.33

	
17.14

	
NONE




	
1995–2000

	
1.32

	
5.04

	
11.38

	
3.27

	
20.00

	
23.64

	
NONE




	
SLB

	
1985–1995

	
1.40

	
0.46

	
1.32

	
0.60

	
0.83

	
8.33

	
0




	
1995–2000

	
3.94

	
0.92

	
2.54

	
1.19

	
60.00

	
16.00

	
0




	
JYT

	
1985–1995

	
0.70

	
2.99

	
4.04

	
3.11

	
1.05

	
1.67

	
0.26




	
1995–2000

	
0.97

	
6.50

	
11.01

	
4.56

	
2.35

	
2.22

	
0.50




	
SH

	
1985–1995

	
0.98

	
4.91

	
5.94

	
5.49

	
2.37

	
4.31

	
31.67




	
1995–2000

	
1.94

	
9.59

	
15.31

	
8.34

	
3.06

	
8.99

	
15.20




	
FT

	
1985–1995

	
0.61

	
3.88

	
3.37

	
1.77

	
0

	
3.33

	
NONE




	
1995–2000

	
1.12

	
7.69

	
7.01

	
2.23

	
0

	
4.17

	
NONE




	
GDK

	
1985–1995

	
0.11

	
0.72

	
0.74

	
2.37

	
0.96

	
2.50

	
0




	
1995–2000

	
0.18

	
1.42

	
1.56

	
3.95

	
2.63

	
3.90

	
0




	
BB

	
1985–1995

	
0.13

	
1.95

	
1.34

	
9.73

	
0.34

	
4.12

	
0




	
1995–2000

	
0.25

	
3.47

	
2.83

	
10.54

	
0.21

	
13.49

	
0






Note: NONE, this land use type does not occur in this area.




The degrees of the regional comprehensive land use dynamics (LC) were calculated using Equation (4) and are listed in Table 8.

Table 8. Comprehensive dynamic degrees of land use (%).


	Period
	WD
	LY
	SLB
	JYT
	SH
	FT
	GDK
	BB
	JLJ





	1985–1995
	0.12
	0.44
	0.18
	0.58
	0.79
	0.50
	0.11
	0.08
	0.35



	1995–2000
	0.13
	0.89
	0.40
	1.04
	1.54
	0.97
	0.21
	0.15
	0.68





Note: JLJ: Jialing River Basin.




From 1985 to 1995, the LC of the Jialing River Basin was 0.35%. The land use dynamic change was greater from 1995 to 2000, with LC = 0.68%. At the subcatchment level, comprehensive land use dynamic changes in LY, JYT, SH and FT were greater than the average (0.35%), and the LC in the SH subcatchment was 0.79%. During the period from 1995 to 2000, the LC values of all of the subcatchments were larger than during the previous period (1985–1995). In the JYT and SH subcatchments, the LC reached 1.04% and 1.54%, respectively, which indicated that the land use changed significantly in these subcatchments.

Based on the analysis above, the SH, FT and LY subcatchments were identified as land use change hot spots and were used to explore the impacts of the dynamics of land use changes on the hydrological regimes. Land use changes in the JYT subcatchment, which was not included in hot spots, were obvious. However, because JYT is an internal catchment that is affected by LY, WD and SLB, it was difficult to distinguish the hydrological changes that were only caused by the land use change within its borders.








3.2. Hydrological Response to Land Use Change


3.2.1. Hydrological Modeling Based on the VIC Model

Based on the hydrometeorological data for 1980–1987 as the background climate and by adopting the land use map from 1985, the VIC model was applied to the study area. The period of 1980 to 1984 was used as a calibration period, and the period of 1985 to 1987 was used as a verification period. The simulation results are shown in Figure 3. The VIC modeled the hydrological processes for both the calibration and validation periods with an RE of less than 10% and an NSE of more than 0.9.

Figure 3. Monthly hydrographs for the calibration and validation periods. RE: relative error; NSE: Nash–Sutcliffe model efficiency coefficient. (a) Monthly hydrographs of LY for the calibration period; (b) Monthly hydrographs of SH for the calibration period; (c) Monthly hydrographs of FT for the calibration period; (d) Monthly hydrographs of LY for the validation period; (e) Monthly hydrographs of SH for the validation period; (f) Monthly hydrographs of FT for the validation period.
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Notes: (C), calibration period; (V), validation period.






3.2.2. Hydrological Changes under Different Land Use Scenarios

The calibrated VIC model was used to simulate the hydrological process of different land use scenarios (1985, 1995, 2000) with the same background climate (1980–1987).



Because, in a subcatchment, one hydrological element may increase in one place and decrease elsewhere, which are caused by land use in-and-out conversion, this adds difficulty to the detection of the variation of this element in the whole subcatchment scale if the magnitudes of increase and decrease are similar. We call this phenomenon the “compensation effect”. To eliminate this effect, the real change concept was introduced here again.


Final Change

The ET, surface water generation, baseflow, soil water content and canopy interception in the LY, SH and FT subcatchments are listed in Table 9.


Table 9. Hydrological regimes for the 1985, 1995 and 2000 land use scenarios.



	
Subcatchment

	
Hydrological Elements

	
S0

	
S1

	
S2

	
S1-S0

	
S2-S1




	
mm

	
mm

	
mm

	
mm

	
mm






	
LY

	
ET

	
444.1

	
442.1

	
444.2

	
−2.0

	
2.1




	
RS

	
158.6

	
159.5

	
158.6

	
0.9

	
−0.9




	
Bf

	
50.8

	
51.7

	
50.7

	
0.9

	
−1.0




	
Sw

	
168.7

	
169.6

	
168.7

	
0.9

	
−0.9




	
W

	
35.4

	
35.7

	
35.4

	
0.3

	
−0.3




	
SH

	
ET

	
336.0

	
335.2

	
335.4

	
−0.8

	
0.2




	
RS

	
355.6

	
356.1

	
356.0

	
0.5

	
−0.1




	
Bf

	
199.9

	
200.3

	
200.1

	
0.4

	
−0.2




	
Sw

	
122.2

	
122.3

	
122.3

	
0.1

	
0




	
W

	
41.2

	
41.0

	
41.0

	
−0.2

	
0




	
FT

	
ET

	
568.1

	
568.4

	
568.1

	
0.3

	
−0.3




	
RS

	
552.2

	
552.2

	
552.3

	
0

	
0.1




	
Bf

	
239.2

	
239.0

	
239.1

	
−0.2

	
0.1




	
Sw

	
209.6

	
209.5

	
209.6

	
−0.1

	
0.1




	
W

	
44.2

	
44.0

	
44.1

	
−0.2

	
0.1






Note: Bf: baseflow; ET: evapotranspiration; Rs: surface water generation; Sw: soil water; W: canopy interception. The same abbreviations are used in the following tables.




In the S1-S0 scenario, increases in the baseflow, surface water generation and soil water contents occurred in LY with a variation of approximately 1 mm. In addition, the ET decreased by 2 mm. In Scenario S2-S1, the baseflow, surface water generation and soil water content decreased by approximately 1 mm, and the ET increased by 2.1 mm. All of the hydrological elements in the SH and FT changed little in Scenarios S1-S0 and S2-S1. However, the land use changed extensively during these periods. (The reasons for this change will be discussed in the next section.)





Real Change

We got real change by three steps. Firstly, we processed the VIC modeling outputs (ET, Rs, baseflow, SW and W) into grid format (Figure 4 and Figure 5). Then, the “Raster Calculator” Tool of ArcGIS 9.2 [47] was used to get the absolute value of each grid of the outputs. Finally, we got the average value of each subcatchment (LY, SH and FT) by using the “Zonal Statistic as Table” Tool of ArcGIS 9.2.

Figure 4. Differences in the hydrological elements in Scenario S1-S0: (a) change in evapotranspiration; (b) change in surface water generation; (c) change in baseflow; (d) change in soil water; and (e) change in canopy interception.
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Figure 5. Differences in the hydrological elements in Scenario S2-S1: (a) change in evapotranspiration; (b) change in surface water generation; (c) change in baseflow; (d) change in soil water; and (e) change in canopy interception.
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The real change of the hydrological elements is shown in Table 10.


Table 10. Real change of the hydrological elements under different land use scenarios.



	
Subcatchment

	
Scenario

	
Et

	
Rs

	
Baseflow

	
SW

	
W




	
mm

	
mm

	
mm

	
mm

	
mm






	
LY

	
S1-S0

	
2.4

	
1.1

	
1.1

	
1.1

	
0.4




	
S2-S1

	
2.4

	
1.1

	
1.2

	
1.1

	
0.4




	
SH

	
S1-S0

	
1.6

	
0.8

	
0.9

	
0.3

	
1.2




	
S2-S1

	
1.4

	
0.7

	
0.8

	
0.3

	
1.1




	
FT

	
S1-S0

	
5.8

	
2.4

	
3.4

	
0.9

	
0.5




	
S2-S1

	
5.5

	
2.2

	
3.2

	
0.9

	
0.5











As shown in Table 10, the real changes in the hydrological elements in the hot spots were more significant than the final changes (Table 9). In LY, the real change was slightly larger than the final change. The real change in SH was clearly greater than the final change. The greatest difference between the real change and the final change occurred in FT (S1-S0: ET, Rs and baseflow changed by 5.8 mm, 2.4 mm and 3.3 mm, respectively, and by 5.5 mm, 2.2 mm and 3.2 mm for S2-S1, respectively). Real change is the sum of increase and decrease. It represents all of the variations related to one hydrological component. Thus, it is a figure that reflects the change in the whole area, eliminating the compensation effect, but not a figure that represents the quantity of change of the whole area. Accordingly, real change can be used as an index to detect actual changes in the magnitude of the hydrological elements in a catchment.






4. Discussion


4.1. Land Use Change

To reflect the dynamic character of spatial land use changes during a specific period, an in-and-out phenomenon is described in Section 3.1. If only the final change is used in the analysis, the real change will be hidden in the process of land use change. For example, this study found that the woodland area in the Jialing River Basin was 31,670 km2 in the 1980s (land use 1985) and 32,193 km2 in the 1990s (land use 1995), which resulted in a final change of 523 km2 (Table 2). From 1985 to 1995, 3894 km2 of woodlands were converted into other land use types, and 3371 km2 of other types of land use were converted to woodland (Table 3). Therefore, the actual change related to woodlands (real change) was up to 7265 km2. In this paper, both the change rate and the change in the area of woodlands were highlighted. This in-and-out phenomenon directly affected the detectability of changes in the hydrological regimes that were caused by land use changes, because the changes in the hydrological elements were normally expressed as an overall value for a catchment or a statistical unit in which the in-and-out phenomenon existed.

From the analysis in Section 3.1, it is clear that the land use along the Jialing River significantly changed. The forces driving the frequent transfer and conversion primarily included economic, population and macro-policy forces. In pursuit of economic development, humans have engaged in extensive land use changes, including building and grazing. These changes have resulted in reduced croplands and the degradation of grasslands, which have resulted in environmental deterioration, but also in changes in land use type. In addition, farmers have adjusted the structure of agricultural production to increase their income, and more young people in rural areas have sought better jobs in large cities. All of these factors have indirectly affected land use patterns. Since 1980, the rapid economic development of the Jialing River has accelerated the urbanization process, which has resulted in the conversion of cropland to other types of land use and has resulted in a greater amount of land under construction. Population is an important factor that could lead to land use change. A population increase results in greater residential land. From the 1980s to 2000, the area of settlement in the Jialing River Basin increased steadily from 313 km² in the 1980s to 378 km² in 1995 and to 489 km² in 2000. However, additional croplands are required to feed the growing population. Since 1985, due to the continuing population growth in the Jialing River Basin (43.9 million in 1995, 44.8 million in 2000, calculated from 1 km × 1 km grid datasets of population, China), industrial development and the expansion of farming areas inevitably resulted in decreasing woodland and grassland areas. Population pressure and human activities are the main reasons for the dramatic changes in the woodland area. In addition, macro-policy is a factor that cannot be neglected. In the 1980s, the government of the P.R. of China implemented a policy to construct a huge shelter-forest system upstream of the Yangtze River. This project was called the “Yangtze River Management” project. The affected area was approximately 200,000 km2, covering Sichuang, Yunnan, Guizhou and Hubei provinces, and included the Tuo River, Min River, Jialing River, Wu River and the mainstream of the Three Gorges [48]. Since the 1990s, a national policy of returning cropland to woodlands and grasslands (RCFG) has been implemented. Furthermore, maintaining a dynamic balance of arable land is currently a basic land use policy in China. All of these factors contributed to dynamic changes in land use within the Jialing River Watershed.



4.2. Hydrological Response

In LY, woodlands increased by 944 km2 (croplands, shrublands and grasslands decreased by 193 km2, 452 km2 and 303 km2, respectively) from 1985 to 1995. In addition, from 1995 to 2000, 936 km2 of woodlands were converted into croplands, shrublands and grasslands, which increased by 216 km2, 453 km2 and 267 km2, respectively. As the woodland area increased, the ET decreased (S1-S0) and vice versa (Table 9). In terms of the hydrological effects of the woodlands, many researchers [3,4,7] have concluded that harvesting forests or converting them into grasslands or croplands decreases the ET because the canopy interception decreases. However, we observed an increase in the ET in this study. Actually, the effects of land use change on hydrological processes are extremely complex. In addition to the biophysical characteristics of vegetation, such as LAI, albedo, stoma resistance and root distribution, differences in the background climate are also important. Actual ET is similar to potential ET for the humid climate characteristic of the upstream region of the Yangtze River [49]. In addition, the lower temperature, higher moisture and slower air exchange in woodlands will decrease ET [48]. Therefore, a decrease in forestland and shrubland may not result in a decrease in ET. The research institute of the Yangtze River Basin’s planning office has observed the same results in their study of paired subcatchments [49]. Furthermore, a study by Zheng et al. [50] of the Pingtong River, one of the subcatchments in the Jialing River, has supported this conclusion.

In Scenarios S1-S0 and S2-S1, the hydrological regimes did not change noticeably, as we previously mentioned. However, the land use changed extensively. Lahmer et al. [51] applied a GIS-based modeling approach to two river basins and concluded that moderate land use change results in only small changes in various water balance components. Lu Zhixiang et al. [52] also did not detect obvious changes in hydrological elements, even in two of their three studied subcatchments, where land use changed significantly. Take Subcatchment 7 in their study, for example: from 1995 to 2000, the area of cropland decreased 26.94%, while woodland and grassland area increased 8.69% and 18.55%. Land use changes during this period only led to a 0.47- and 1.64-mm increase in ET and water yield and a 2.37-mm decrease in soil water. Thus, the current paper attempts to explain why this change occurred by combining the concepts of real change and final change with the spatial distribution maps (Figure 4 and Figure 5) and statistic distribution tables of the hydrological elements (Table 11, Table 12, Table 13, Table 14 and Table 15).

Table 11. Statistic distribution of ET variation in Scenario S1-S0 (area percentage, %).


	ET
	−89–−30
	−30–−20
	−20–−15
	−15–−10
	−10–−5
	−5–0
	0
	0–5
	5–10
	10–15
	15–20
	20–30
	30–59





	LY
	0.2
	1.6
	1.8
	3.7
	6.5
	22.6
	54.3
	8.9
	0.2
	0.2
	0
	0
	0



	SH
	0
	0.2
	0.3
	2.4
	6.9
	22.7
	53.0
	12.7
	0.9
	0.7
	0.2
	0
	0



	FT
	2.2
	2.5
	2.2
	4.2
	4.7
	10.6
	44.2
	12.3
	6.1
	4.9
	2.0
	2.2
	2.0








Table 12. Statistic distribution of Rs variation in Scenario S1-S0 (area percentage, %).


	Rs
	−27–−20
	−20–−15
	−15–−10
	−10–−5
	−5–−2
	−2–0
	0
	0–2
	2–5
	5–10
	10–15
	15–20
	20–26





	LY
	0
	0
	0
	0.2
	0.4
	9.1
	54.5
	21.3
	8.1
	4.5
	1.4
	0.4
	0



	SH
	0
	0
	0.2
	0.9
	1.7
	11.4
	56.1
	16.9
	10.3
	2.4
	0.2
	0
	0



	FT
	0.5
	1.5
	1.0
	4.4
	7.6
	12.0
	45.5
	11.1
	7.6
	5.2
	1.5
	0.5
	1.7








Table 13. Statistic distribution of baseflow variation in Scenario S1-S0 (area percentage, %).


	Baseflow
	−31–−20
	−20–−15
	−15–−10
	−10–−5
	−5–−2
	−2–0
	0
	0–2
	2–5
	5–10
	10–15
	15–20
	20–62





	LY
	0
	0
	0
	0.2
	1.0
	8.1
	54.5
	18.7
	10.4
	5.9
	1.2
	0
	0



	SH
	0
	0
	0.2
	0.7
	2.1
	13.9
	52.8
	18.2
	7.9
	4.1
	0
	0
	0



	FT
	1.2
	1.5
	2.0
	7.9
	10.8
	6.4
	44.5
	5.2
	8.1
	7.1
	2.7
	2.0
	0.7








Table 14. Statistic distribution of soil water variation in Scenario S1-S0 (area percentage, %).


	Soil water
	−9–−8
	−8–−6
	−6–−4
	−4–−2
	−2–0
	0
	0–2
	2–4
	4–6
	6–9
	9–15





	LY
	0
	0.2
	0.2
	0.8
	8.1
	54.5
	19.5
	6.5
	5.7
	3.9
	0.6



	SH
	0
	0
	0
	0.3
	15.7
	57.3
	25.1
	1.4
	0.2
	0
	0



	FT
	0.2
	0.2
	2.2
	5.7
	21.1
	44.5
	17.4
	6.4
	2.0
	0.0
	0.2








Table 15. Statistic distribution of interception variation in Scenario S1-S0 (area percentage, %).


	Interception
	−12–−10
	−10–−8
	−8–−6
	−6–−4
	−4–−2
	−2–0
	0
	0–2
	2–4
	4–6
	6–8
	8–10
	10–21





	LY
	0
	0
	0
	0
	0.2
	14.2
	55.9
	24.0
	3.0
	2.2
	0.4
	0
	0



	SH
	0.3
	0.7
	2.9
	2.9
	7.1
	15.0
	52.8
	11.0
	4.3
	1.7
	0.3
	0.3
	0.5



	FT
	0.2
	0.2
	0.5
	0.7
	2.5
	28.7
	47.2
	18.9
	0.7
	0
	0
	0.2
	0


















Change in the hydrological elements in S1-S0 can be used as an example, because in this scenario, the hydrological element changed the most. In Figure 4, we can see that the local hydrological elements changed significantly. ET changed from −89 to 59 mm. The generation of surface water changed from −27 to 26 mm. The baseflow changed from −31 to 62 mm, and the soil water and interception changed from −9 to 15 mm and from −12 to 21 mm, respectively. However, the magnitudes of change in the hydrological components in each subcatchment (LY, SH and FT) were not obvious (Table 9). This finding may be explained by the compensation and average effects.

In LY, the difference between the final change and the real change in the hydrological elements was not great (Table 9 and Table 10), which indicated that compensation effect was not obvious. This outcome resulted from the unique directions of change in LY (Figure 4 and Table 11, Table 12, Table 13, Table 14 and Table 15). There were 36.4% of the grids with decreased ET values. Only in 9.3% of area did ET increase. However, other elements have the opposite variation characteristics. Rs, baseflow, soil water content and interception increased in 35.8%, 36.2%, 36.2% and 29.7% and decreased in 9.8%, 9.3%, 9.3% and 14.4% of the area, separately. Thus, the compensation effect of each element was small. Meanwhile, because many grids exhibited no change (around 54.5% of grids) or small change (ET: 22.6% of grids with a range of [−5–0); Rs: 29.4% of grids with a range of (0–5]; baseflow: 29.1% of grids with a range of (0–5]; soil water content: 31.7% of grids with a range of (0–6]; and interception: 29.3% of grids with a range of (0–6]), the average effect was great. Essentially, little overall change occurred in the hydrological regimes in LY.

SH and FT had more significant real changes than LY. In the SH and FT, positive and negative changes occurred in each element (Figure 4 and Table 11, Table 12, Table 13, Table 14 and Table 15). The compensation effect played an important role that made it difficult to detect the change. The FT showed the largest difference between real change and final change (Table 9 and Table 10). In FT, there was 26.3% of the area with decreased ET and 29.5% with increased ET. The proportions of area for other hydrological components (Rs, baseflow, soil water content and interception) with decreased values were 27.0%, 29.7%, 29.5% and 32.9%, separately. Correspondingly, the area percentages with increased values were 29.5%, 27.5%, 25.8%, 26.0% and 19.9%. The increased area and decreased area were similar. This made it difficult to detect variations that result from land use changes in the hydrological elements.

To detect obvious changes in hydrological components caused by land use change, it is necessary to pay attention to the scale problem. In a large watershed, the compensation and average effects may decrease the detectability.




5. Conclusions

Based on the analysis above, we reached the following three conclusions:


	(1)

	The land use quantities and spatial configuration in the Jialing River Basin changed dramatically due to economic development, population growth and national macro-policy. Settlement and shrubland areas changed significantly, with final change rates of 20.77% and −16.07%, respectively, from 1985 to 1995; real change rates of 34.2% and 30.1%, respectively, from 1985 to 1995; final change rates of 29.37% and 12.40%, respectively, from 1995 to 2000; and real change rates of 39.9% and 32.8%, respectively, from 1995 to 2000. Due to an in-and-out conversion relationship, the actual land use change was hidden in the final change analysis. In the real change analysis, the change rate and change in woodland area were highlighted. These changes were more dynamic in the LY, SH and FT subcatchments;



	(2)

	The decrease in woodland area in the LY subcatchment resulted in greater ET; however, the other hydrological elements decreased;



	(3)

	Although the hydrological elements changed little overall due to the average and compensation effects, they changed significantly at the local scale. Real change analysis can reduce the compensation effects and enhance the detectability of change.





This study considered the concepts of real change and final change and the average and compensation effects, which are important for deeply analyzing land use changes and their impacts on hydrological regimes.
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