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Abstract

As a result of human disturbance and topographic variability, land use mosaics are characteristic of

the transition zone of the Loess Plateau in Shaanxi Province, China. Soils are particularly sensitive to

change when land degradation processes are dominant. An understanding of the influences of environ-

mental variables is required to inform land management and agricultural production. In this study the

relationships between land type, topography and soil properties were analysed for Hengshan County

at two different scales using detrended canonical correspondence analysis. The results show that varia-

tions in soil properties are strongly influenced by topography, land use and vegetation. Slope, eleva-

tion and aspect are also of importance at the county and small catchment scales of analysis. Though

land use type proved to be of lesser importance than topographic factors, ANOVA analysis showed

that there were significant differences in soil organic matter (SOM), total nitrogen (TN), total phos-

phorus (TP), available nitrogen, available potassium and clay %. Areas under vegetables had signifi-

cantly higher SOM and TN content at the catchment scale. The results will enhance our ability to

predict spatial and temporal changes in soils. In addition, it is shown that soil fertility could be

improved by land reform and management in the hilly-gully area.

Keywords: Soil properties, land use, detrended canonical correspondence analysis, landscape, spatial

variation, Loess Plateau of China

Introduction

Spatial variability in soils exists at many scales with different

dominant controlling factors. An understanding of the vari-

ability and distribution of soil nutrients as influenced by site

characteristics including climate, land use, landscape features

and other variables is critical for assessing the effects of

future land use change on soil nutrients (Kosmas et al.,

2000). Soil–landscape relationships result from short and

long-term pedogeomorphic processes (Gessler et al., 2000).

Physical and chemical properties vary according to landscape

position (Ovalles & Collins, 1986; Miller et al., 1988) and

land use (Fu et al., 1999, 2000). Land use and soil manage-

ment practices influence such processes as erosion, oxidation,

mineralization and soil nutrient leaching (Fu et al., 1999,

2000; Hontoria et al., 1999). Slope and altitude attributes

affect soil nutrients through controlling soil water budgets,

and soil erosion and deposition (Qiu et al., 2001a; Tan et al.,

2004). Soil texture, drainage and slope have been reported as

explaining 51% of the variation in SOC in grassland and

54% in crop land (Burke et al., 1989), 50% in forest mineral

soils (Homann et al., 1995) and 65% in upland forests

(Grigal & Ohmann, 1992). The effect of these variables

becomes potentially more important within regions where cli-

matic variation is not distinct.

Variation in soil nutrient status across landscapes is often

analysed using such techniques as regression and geostatisti-

cal analysis (Western et al., 1998, 1999; Qiu et al., 2001b).

However, these methods may not be suitable when large

numbers of variables are involved. In upland gullied areas

such as the Loess Plateau, landforms and landscapes have

such high heterogeneity that geostatistical analysis is not

effective for investigation of soil spatial variability (Zhang &

Oxley, 1994; Qiu et al., 2001b). In such situations, other mul-

tivariate methods are recommended (Zhang & Oxley, 1994).
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Linear methods such as multivariate linear regression and

linear canonical correlation analysis are widely used (Fu

et al., 2004; Ma et al., 2004). Intrinsic methods such as prin-

cipal component analysis using a single soil data set have

been used (Qiu et al., 2001a). However, extrinsic methods

that analyse patterns in one set of variables (environmental

factors or predicators) compared to those in another set of

variables (soil characteristics) would improve the predictive

power of interpolation techniques. Nonlinear methods such

as canonical correspondence analysis (CCA) have been dem-

onstrated to be more robust than linear models in extracting

variation in species abundance in relation to site environmen-

tal factors (Zhang & Oxley, 1994; Qiu et al., 2001b). More-

over, this CCA has been applied in soil-environment research

(Odeh et al., 1991; Qiu et al., 2001a). However, in some

cases, the second axis of CCA may be the second variant of

the first axis, leading to the ‘arch effect’ which reduces the

efficiency of ordination (Hill and Gauch, 1980). Another

nonlinear method which has proved to be effective is

detrended canonical correspondence analysis (DCCA) (Qiu

et al., 2001a). DCCA can remove the ‘arch effect’ and thus

may improve the robustness of ordination.

Many studies related to soil variability have been carried

out in the Loess Plateau region. Fu et al. (1999, 2000) eluci-

dated land use effects on changes in soil nutrients. Qiu et al.

(2001a,b) focused mainly on soil moisture variability in rela-

tion to topography and land use. Relationships between soil

characteristics and site variables at different scales have been

under-researched in the Loess Plateau. In order to gain a

better understanding, we selected Hengshan County and

within that, a small catchment as a study region; DCCA was

used to analyse soil–land cover–landscape relationships. The

objectives were to: (a) reveal soil variation under different

land uses and to characterize the relative importance of each

environmental factor (e.g. land use and topography) on soil

properties; (b) compare the results of different scales and

consider the implications for land use management.

Materials and methods

Study area

The Loess Plateau is located in the mid-upper reaches of the

Yellow River and extends between 35�–41�N and 102�–
114�E, has an area of 0.63 million km2 and a population of

82 million (He et al., 2003). The plateau is characterized by

hilly terrain with an elevation between 1000 and 1600 m and

a semi-arid climate with an annual precipitation between 400

and 600 mm (e.g. Tang & Chen, 1991; Zhang et al., 2002).

The area has been substantially degraded (Shi & Shao,

2000). Hengshan, located between 36�31¢–37�20¢N and

108�52¢–109�26¢E in the transition zone of the Loess Plateau

and covering an area of 2951 km2, is a typical area charac-

terized by a semi-arid climate and a gullied upland loess

landscape. The average annual precipitation is 562 mm and

the mean annual temperature is 8.6 �C, but with great vari-

ability within seasons as well as between years. The area is

mostly at an elevation of between 1200 and 1500 m. Soils in

Hengshan County, formed on deep and loose loess sedi-

ments, have a rather homogenous silty loamy texture and are

weakly resistant to erosion. The soil is classified as a Calcic

Cambisol according to the FAO-UNESCO soil classification.

The soils are developed on loess but have been intensively

used. The Zhujiagou catchment (36�31¢–37�20¢N and

108�52¢–109�26¢ E) is situated in the northern part of Heng-

shan County. The catchment has an area of 3.5 km2 and

occurs at an altitude between 1000 and 1350 m, though there

is much variability (Figure 1).

The natural vegetation in the study area has been des-

troyed by long-term human activities. Dominant land use

types are crop land, shrub land, grassland, forest and vegeta-

bles. Crops grown are mainly beans (Phaseolus valgaris),

maize (Zea mays L.) and millet (Panicum miliaceum). Vegeta-

bles are mainly potatoes (Solanum tuberosum) and radish

(Raphanus sativus). Land management for crop land and

vegetable land includes a pre-sowing nitrogen fertilizer appli-

cation of 50 kg ha)1 as anhydrous NH3 and about

2000 kg ha)1 of pig, goat or cattle manure or in a mixed

form. The forest is dominated by Locust trees (Robinia pseu-

doacacia L.) but these have only been established since the

policy ‘change farmland to forest’ was implemented in 1998.

The grassland and areas of shrub are regarded as wasteland

and are mainly covered by secondary vegetation as a result

of grazing or firewood cutting. The grassland is mainly cov-

ered by annuals such as sweet wormwood (Artemisia annua

L.), annual fleabane (Erigeron annuus Pers.) and sandy nee-

dlegrass (Stipa glareosa p. Smirn). The shrub land is mainly

composed of little-leaf peashrub (Caragana microphylla) and

Sandthorn (Hippophae rhamnoides L.).

Soil sampling methods and processing

In 2004, 254 locations were selected in Hengshan County

and 82 in the Zhujiagou catchment respectively (Figure 1).

The number of sampled sites on sloping crop land, grassland,

forest, shrub land and vegetables was 44, 12, 14, 7, 5 at the

catchment scale and 162, 33, 26. 17 16 at the county scale.

Surface soil samples (0–20 cm) were collected to determine

soil organic matter (SOM), total nitrogen (TN), total phos-

phorus (TP), total potassium (TK), available nitrogen (AN),

available phosphorus (AP), available potassium (AK), pH,

water content and soil texture. In addition, land use type,

vegetation cover and slope, aspect and location of each sam-

ple site were recorded. SOM was determined by the K2Cr2O7

titration method after digestion (Nelson & Sommers, 1975).

TN was determined by the semi-micro Kjeldahl method and

TP by colorimetry after wet digestion with H2SO4 and

HClO4 (Parkinson & Allen, 1975). AN was determined by
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the Cornfield method (alkaline hydrolysable nitrogen) (Liu,

1996). AP and AK were extracted with a 3% (NH4)2CO3

solution. After filtration, the solution was measured by ICP-

AES (Liu, 1996). TK was determined by atomic absorption

spectrometry (Liu, 1996). Time domain reflectometry was

used to measure soil moisture. Soil texture was determined

using a Bouyoucos hydrometer in a soil suspension of 50 g

of soil in 1 L of H2O. To improve the precision of the
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results, every sample was analysed three times and an aver-

age calculated.

Statistical methods

We used DCCA for direct gradient analysis as we were

mainly interested in the relationships between soil character-

istics and influencing factors. Qualitative data have to be

coded before analysis. We used dummy variables (presence

or absence) to represent the five land use types. Aspect was

recorded by degrees from north and the results were trans-

formed using the cosine function. The data were then stan-

dardized [0, 1] using the extreme value standardization

method (Fu et al., 2004). Slope (�), elevation (m) and veget-

ation cover (%) were expressed as measured values. The soft-

ware program Canoco 4.0 was used for data processing

(Centre for Biometry Wageningen, 1998). Monte Carlo per-

mutation tests were conducted to assess the effectiveness of

the canonical axis in showing these relationships and to

determine the significance of a specific attribute. One-way

analyses of variance (ANOVAs) procedures were used to

compare the effects of different site variables on soil proper-

ties between land uses. The ANOVA analysis was conducted

using the SAS program (SAS Institute, 2001).

Results and discussion

Soil property variation under different land uses

at different scales

There were statistically significant differences in SOM, TN,

TP, AN, AP and clay content between the five land use types

(Table 1). Significance differences were found in TN and TP

between land uses at the 1% level at the county scale, but at

the 5% level for the catchment scale. At the catchment scale,

land under vegetables had the greatest SOM and TN con-

tents whilst at the county scale, the largest values occurred in

crop land soils. Land under vegetables had the largest AN

and clay contents at both scales. Moreover, the sequences

from high to low values in order of soil properties were dif-

ferent at the two scales. SOM, TN, TP, TK, AN, AP, AK of

the soils under all land uses in this region are very low com-

pared with other areas in China. For the loessic soil, soil tex-

ture, especially clay content, has a significant influence on

the SOM. Clay can store more organic matter by forming

humus–clay complexes with organic matter (Tang & Chen,

1991). Reduction in clay content, for example from erosion,

results in the loss of SOM.

The variation in soil properties implies an effect of land

use on nutrient distribution. The study area lies near the

transition zone from the Loess Plateau to the sandy

region. The SOM very much depends on additions such as

returned vegetable material or organic manure. Higher soil

nutrient contents in the vegetable land and crop land sug- T
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gest that local tillage with organic matter application

improves land quality. Furthermore, the lower SOM con-

tents in grassland, shrub land and forestsoils can be attrib-

uted to the fact that these land uses are usually sited on

slopes with good drainage and low susceptibility to erosion

whilst cultivated land occurs mainly in areas of soil depos-

ition. In the Loess Plateau, the cultivation of sloping land

is a major factor associated with soil and water erosion

(Shi & Shao, 2000). However, the smallest levels of soil

nutrients were found in forest soils. Reforestation can

degrade or improve soil fertility in various ways and there

has been little consistent scientific evidence (Binkley, 1995).

Since the introduction in 1998 of the policy of ‘change

farmland to forest,’ large areas of crop land have been

transformed to afforested land but the decrease in soil fer-

tility has been overlooked.

DCCA analysis and scale comparison

Many authors have used DCCA or CCA to investigate

the effect of environmental variables on soils (Qiu et al.,

2001a; Elke et al., 2004). The results from DCCA can be

displayed in an ordination diagram in which scores of soil

variables are represented by points. Scores for the environ-

mental attributes are indicated as arrows (Figure 2). In

interpreting the ordination diagram, each of the arrows

representing an environmental attribute gives a direction or

axis of variation in relation to the two canonical ordina-

tion axes (usually the first two axes that are extracted

from the soil variables as linear combinations of environ-

mental attributes). Arrows can be extended in both direc-

tions and perpendicular lines drawn from the soil variable

points. The order in which the projected points relate to

the environmental axis indicates the relative importance or

ranking of the weighted means of variables with respect to

the attributes (Qiu et al., 2001a).

Figure 2 shows the ordination of soil properties related to

environmental variables at the catchment and county scales.

It is clear that land use type and topography influence soil

properties. At the catchment scale, the first ordination axis

represents mainly the topographic influence and the second

the land use effect on soil properties (Figure 2a). At the

county scale, the first ordination axis represents the effect of

land use (Figure 2b). The effects of land use or topography

on soil characteristics are different at the two scales. For

example, AN exhibited the highest score at the catchment

scale and soil moisture (SW) was next. At the county scale,

AP and SOM have higher scores than the other soil proper-

ties. At the small catchment scale, SOM, TN and clay con-

tent have negative relationships with slope while they are

positively correlated with crop land and vegetable land. At

the county scale, there are more complicated relationships

between soil and its influencing factors. AN, AK, SW and

clay content correlate negatively with slope and positively

with crop land and vegetation cover. However, there are

some consistent results between the two scales. For example,

AP relates positively to slope, grassland and shrub land. The

results suggest that the variability in these properties is

highly spatially dependent.

Table 2 gives the coefficients of correlation between

DCCA ordination axes and mean and standard deviation of

environmental attributes (land use and topography). The

cumulative percentage variance of soil–environment relation-

ships shows that the first and second axis is 69% and 98%

at the catchment and county scales respectively. Monte Carlo

permutation tests confirmed the overall significance of the

canonical ordination (P < 0.01) and the significance of the

first axes (P < 0.01) (Table 2). This confirms that both axes

jointly represent soil distribution as determined from the

DCCA ordination (Figure 2).

For the different environmental variables, slope, aspect

and elevation may have more impact on soil properties than

land use, but their effect varies according to scale. At the
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Figure 2 Ordination diagram resulting from DCCA on soil charac-

teristics with environmental attributes at (a) catchment and (b)

county scales. AP, available phosphorus, AN, available nitrogen,

AK, available potassium, TP, total phosphorus, TN, total nitrogen,

TK, total potassium, SW, soil moisture, SOM, soil organic matter.
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small scale, elevation shows the largest effect whilst slope is

more important at the larger scale. Slope is a dominant fac-

tor that influences soil erosion and soil nutrient loss. In the

Loess Plateau, many researchers have shown that soil fertility

varies inversely with slope (Qiu et al., 2001a). Our results are

consistent with previous findings as soil properties such as

SOM and TN decrease with increasing gradient. Aspect

influences evapotranspiration and receipt of solar radiation.

High temperature promotes SOM decomposition, thus soils

usually have lower SOM content and lower fertility on slopes

which are more exposed to the sun. Reid (1973), Famiglietti

et al. (1998), Western et al. (1999) and Qiu et al. (2001a)

reported that soil moisture content is inversely proportional

to position and relative elevation. Pierson & Mulla (1990)

found that soils on foot slopes and toe slopes had a higher

SOM content and greater aggregate stability than those on

summit positions. In general, our results showed that soil

water content and soil nutrient levels correlate negatively

with elevation at both scales in the region. Greater nutrient

contents on the lower elevations may result from nutrient

enhancement derived from upper slopes.

The ordination diagrams suggest that crop land mainly

occurs on gentle slopes whilst grassland and shrub land are

more on the intermediate and comparatively steep slopes at

both scales. Though land use types have lower scores in the

ordination diagrams, vegetation cover has a higher score and

seems to have a larger effect on soil properties at both scales.

On the Loess Plateau, sufficient plant cover can reduce soil

erosion before the start of the rainy season. Moreover, sur-

face straw has the effects of reducing evaporation and retain-

ing soil quality. Forest shows a negative correlation with

most soil properties at both scales and the results confirm

that reforestation in the study region may cause soil degrada-

tion. Furthermore, the grassland and shrub land show less

effect on soil properties than the crop land.

Many authors have found that land use is affected by

topography, climate and elevation. Pan et al. (1999) empha-

sized a physical determinism behind land use patterns. Chen

et al. (2001) found strong impacts of slope on land use, but

only a weak influence of aspect. In the Loess Plateau, land

use structure was also affected by human factors, such as dis-

tance from villages, access difficulty or proximity to roads as

well as by socio-economic and policy forces (Fu et al., 2000;

Zhang et al., 2004). Besides the important influence of socio-

economic factors, land cover changes in the study areas took

place within the relatively stable physical constraints of the

landscape. Topography as an inherent factor of soil forma-

tion also influences potential land use, though land use also

has potential for modifying soil properties. In the study

region, slope, land use and cover are also major factors in

influencing soil fertility, so terrace construction, strip crop-

ping and other land use rearrangements are needed to foster

soil improvement. On the Loess Plateau, legume-based rota-

tion systems such as pea–winter wheat–winter wheat–millet

can help to overcome the problem of micronutrient deficien-

cies (Wei et al., 2006). In addition, rational and reorganized

land use structures are needed on slopes to retain soil fertility.

Fu et al. (1999) indicated that sloping farmland–grassland–

forest or terrace–grassland–forest from valley floors to hill

summits have a better capacity to maintain soil nutrients.

Table 2 Coefficients of correlation between

DCCA axes, mean environmental attributes

and SD

Environmental variables Scale Mean SD Axis 1 Axis 2

Elevation (m) Catchment 1160.17 50.37 0.234 )0.006
County 1150.41 95.24 0.000 0.160

Aspect Catchment – – 0.511 )0.335
County – – 0.139 0.455

Slope (�) Catchment 15.13 8.27 0.151 0.153

County 13.22 8.79 0.058 0.430

Crop land Catchment – – )0.040 )0.216
County – – )0.226 )0.288

Grassland Catchment – – 0.471 0.269

County – – 0.827 0.415

Forest Catchment – – )0.271 0.558

County – – 0.018 1.194

Shrub land Catchment – – 1.014 1.060

County – – 0.890 0.084

Vegetable land Catchment – – )0.521 )0.437
County – – )0.726 0.274

Vegetation cover (%) Catchment 0.449 0.275 )0.044 )0.460
County 0.496 0.241 )0.715 )0.012

Cumulative % variance Catchment – – 53.5 69.0

County – – 95.9 97.9

DCCA, detrended canonical correspondence analysis; SD, standard deviation.
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Conclusions

Field investigation and subsequent statistical analysis have

determined relationships between landscape features, land

use types and soil properties in an upland gullied area in the

Loess Plateau. Variations in soil characteristics at two scales

were studied at 82 locations in a small catchment and at 254

at a county level. Significant differences for major soil prop-

erties such as SOM, TN, TP, AN, AP and % clay between

land uses were found. Land under vegetables has the highest

SOM and TN content at the catchment scale whilst this

applies to crop land at the county scale. Further investiga-

tion using DCCA established spatial correlations between

environmental variables including slope, elevation, aspect

and soil properties. The results also demonstrate that soil

variations are not random. Vegetation cover and crop land

have a large effect on soil properties. Soil properties have

positive or negative correlations with slope, aspect and eleva-

tion. Overall there are similarities at the two scales in the

effects of landscape parameters on soils and the results indi-

cate that landscape attributes have a strong influence on par-

ticular soil properties; land improvements such as terrace

construction and alternation of cropping systems provide

ways to improve soil fertility.
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