Environmental factors of spatial distribution of soil salinity on flat irrigated terrain
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Abstract

Inefficient irrigation and the excessive use of water on agricultural land in the Aral Sea Basin over several decades have led to saline soils. The main objective of this paper is to identify the environmental predictors to model the spatial distribution of soil salinity in a highly irrigated landscape. Soil salinity at farm scale was measured in the topsoil (Total Dissolved Solids, TDS) and down to a depth of 1.5 m by electromagnetic conductivity meter (CMv) over a regular grid covering an area of approximately 15 km2 in Khorezm Province, Uzbekistan. Six nested samplings within selected grids were conducted to reveal short-distance variation. Apart from widely-used terrain indices and those acquired from remote sensing, data on distance to drainage channels and long-term average groundwater observations were used to account for local parameters possibly influencing soil salinity. Topsoil salinity (TDS) was seen to be highly variable even at short distances (40 m) compared to average bulk soil salinity (CMv). CMv readings were better correlated with factors obtained from remote sensing and distance to drains than TDS. This might be attributable to the fact that topsoil salts are dynamic in nature, and land management practices (e.g. leaching, cultivation, irrigation) might have contributed considerably to spatial variation. The CMv shows the average amount of salt within a larger soil volume and to greater depth and is less affected by land management than topsoil salinity, which is reflected in the TDS. Most terrain indices showed a low correlation with topsoil and bulk salinity. There was a strong indication that the effects of water management are dominant and tend to outweigh the effects of environmental factors. The very low R2 for relationship of TDS with environmental factors is evidence that taking TDS samples close to the soil surface is not a good way to assess salinity trends in irrigated land. These findings have important implications for salinity survey methods on flat irrigated terrain: CMv seems to be a more reliable predictor than environmental proxy factors, even if the latter are easier to determine.
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Introduction

In Central Asia, agriculture is a major source of income for a large part of the population, and in the arid climate, irrigation is an essential factor. Water supply problems have been exacerbated by recent geopolitical developments in the Central Asian region (cf. for Uzbekistan: Djanibekov et al., 2011); conflicts over water and energy are emerging between up-, mid- and downstream countries, and Afghanistan may want to claim a share of the water of the Amu Darya River (Glantz, 2002; Martius et al., 2009). Thus, future water shortages are to be anticipated, and droughts such as the one the region experienced in 1999-2001 may become more frequent. Salinization affects an estimated 75% of the irrigated land in the Aral Sea Basin (van Dijk et al., 1999). One of the adversely affected areas in the basin is the Khorezm region of Uzbekistan, which is the model area in an ongoing project aimed at providing integrated solutions for land and water management (Martius et al., 2011). Salt leaching is a common practice in the region.
The intricate processes of soil salinization in irrigated arid regions are well understood but difficult to measure, although the latter is becoming easier with the advent of quick appraisal methods. In the developing world, soil salinity surveys at the landscape level still remain the major source of information on salinity distribution, despite their many limitations: conventional soil maps do not delineate all of a field’s inherent variability, nor do they show specific soil attribute variations (Moore et al., 1993; Burrough, 1993). They also inadequately represent the dynamics of soil salinity. The recent development of quantitative methods based on geostatistics and incorporation of environmental variables partly stems from the practical constraints of conventional soil survey methods, which can be criticized as being too qualitative and too focused on soil management and land-use planning (McBratney et al., 2003; Scull et al., 2003; Grunwald, 2006).

For the purpose of characterizing the spatial variability of soil salinity, a conceptual framework which links soil characteristics to certain landscape features can be applied. The theoretical details of this concept can be found in the reviews by Scull et al. (2003) and McBratney et al. (2003). Similar concepts with additional environmental variables were used for salinity studies (Odeh et al., 1998). The use of interpolation techniques to estimate values at unsampled locations offers more opportunities to combine factors which were previously hard to incorporate. Evans and Caccetta (2000) used remote sensing data and landform data obtained by Digital Elevation Modeling (DEM) to predict areas at risk from dryland salinity. Searle and Baillie (1997) developed a salinity hazard map based on topographic indices, soils, geology, climate and vegetation.
There are numerous studies on soil salinity (Roberts et al., 1997; McKenzie and Austin, 1993); however, most of them were conducted on landscapes that had not been extensively altered by irrigation projects, and on large catchments. For the present study an intensive investigation of various aspects of soil salinity in an irrigated terrain setting was undertaken. The main objective of the study was to find environmental predictors to model the spatial distribution of soil salinity in a highly irrigated landscape. The following specific objectives were addressed: (i) to characterize soil salinity at the study site; (ii) to characterize the spatial distribution of salinity; (iii) to identify the best predictors for soil salinity distribution. The study provides baseline data for monitoring soil salinity over the area and environmental parameters to improve salinity estimates.
Materials and methods

Site description and sampling design
The survey was conducted on two farms: the research farm (41°35’N, 60°31’E) of the Urgench State University, and the Pahlavon Mahmud private shareholder farm (shirkat) (41°37’N, 60°31’E), south-west of the city of Khiva (Figure 1).
The topography of the land is flat, with elevation points normally distributed and ranging from 88 to 97 m above sea level (mean 92 m). Due to the flat topography the groundwater flow is limited, resulting in a very shallow groundwater table depth which contributes to soil salinity (Ibrakhimov et al., 2007). The salinity type is mainly chloride-sulphate, which is typical for soils in this region (Akramkhanov, 2005). The landscape is dissected by an extensive network of drains and collectors. The soils in the district are classified by the local classification system as desert zone meadow-oasis soils and fit the description of Fluvisols and gleyic calcaric Arenosols.

The sampling campaign was carried out from June to August 2002. Core sampling and electrical conductivity (EC) measurements were done systematically in a 150×200 m regular grid. They were complemented by nested grid sampling with a finer 40×40 m grid in order to reveal short-distance variation. Nested fields were randomly selected within the grid area totaling 6 nests (cf. Figure 1). This design provided 580 grid nodes, of which 452 were sampled; the rest included housing settlements and were therefore omitted.
Field survey and environmental factors

The locations of the grid nodes (in the World Geodetic System 1984) were laid out prior to the sampling campaign and uploaded to a Global Positioning System (GPS) receiver (GPS 12, Garmin International Inc., USA). At each grid node, soil core samples were taken at a depth of 0-30 cm using a split tube sampler with an inner diameter of 53 mm. Samples were analyzed for total dissolved solids (TDS) and texture (pipette method).

The apparent electrical conductivity of the bulk soil was measured in situ using an electromagnetic conductivity meter (CM-138, GF Instruments, Czech Republic). The device allows two measuring modes: the vertical mode (CMv), which provides estimates to a depth of 1.5 m, and the horizontal mode (CMh), which works to a depth of 0.75 m. Since CMv and CMh data are closely correlated (r=0.84), only the CMv results are presented here.
On the basis of existing literature on similar environments and our own local knowledge, we selected and analyzed several environmental variables from the many factors influencing soil salinity (Table 1). The initial approach for this study was the assumption that local terrain serves as a simplified surrogate integrating the numerous landscape processes that influence the total amount of soil salinity. For the arid and semi-arid areas, Salama et al. (1999) related the spatial distribution of saline land and water to its hydro-geomorphology (e.g., topography and hydro-stratigraphy). Florinsky et al. (2000) integrated the concept of accumulation, transition and dissipation zones together with a digital terrain model to map small-scale salinity risk from the large scale maps. Topographic indices are not only important, they are also easy to calculate with modern computers, thus facilitating their use in soil salinity prediction. Additionally, other local environmental factors such as the water network, soil texture, land cover, groundwater table depth and salinity are thought to further improve estimates of soil salinity distribution.

Land cover (cotton, alfalfa, bare (fallow), maize, melon, wheat, no-crop (sandy) and other (i.e. abandoned or marginal)) was recorded during the survey. Proxy data on groundwater table depth (GWT) and its salinity (GWS) were obtained from the observation wells installed in the area by the hydrogeological-melioration expedition (HGME) of the Khorezm Department of Land and Water Resources and the ZEF project (ZEF, 2003). Groundwater table depth and salinity data collected in the month of July from 1990 to 2002 at 45 groundwater observation wells covering a larger area (ca. 90 km2) were averaged and interpolated with ordinary kriging. It was assumed that long-term average data represent the spatial distribution of groundwater table depth and salinity better than single-year observations. In July and August 2002, measurements were obtained for eight observation wells in conservation agriculture trial fields (O. Egamberdiev, personal communication, 2002) and six from irrigation efficiency study fields (I. Forkutsa, personal communication, 2002). It must be stressed that the correlations between salinity and GWS and GWT are for interpolated GWS and GWT.
Elevation data from a 1:10,000 topographic map were obtained to create a Digital Elevation Model (DEM) of the study area. Because a DEM is of primary importance to derive terrain indices, data were obtained from elevation points and contour lines covering an area of approximately 27 km2. The accuracy of interpolation was assessed by using cross validation error statistics including root mean square error (RMSE).

Terrain indices were calculated from a 30×30 m raster-based DEM. The grid size of 30 m was chosen because it has proven to be the most suitable for soil-landscape analyses (Park et al., 2009). The following terrain indices were calculated using the software DIGEM 2.0 (Olaf Conrad, Göttingen, Germany): aspect (AS), slope (SL), profile curvature (PROFC), plan curvature (PLANC) (Zevenbergen and Thorne, 1987), divergence/convergence (DC) indices, solar radiation (Solar), flow accumulation (upslope contributing area, UA), wetness (WT), and erosivity (based on universal soil loss equation, LS) (Moore et al., 1993). Additionally, curvature (CURV7) and the terrain characterization indices (TCI) were calculated according to Park et al. (2001).
A 1:10,000-scale agricultural map was used to obtain information on the water network infrastructure, which consisted of irrigation and drainage channels within the sampling area. The layers were digitized and the shortest distance from the sampling points to drains was calculated using ArcView 3.2 (ESRI Inc., USA). The influence of the lakes that can be seen in Figure 1 is difficult to assess; during sampling some of them were in fact dry. For the present analysis, the lakes were not considered as a factor.

Remote sensing parameters were obtained from a Landsat 7 satellite image acquired on July 12, 2002. We correlated salinity data with the normalized difference vegetation indices (NDVI) as well as the transformed normalized difference vegetation indices (TNDVI). Additional indices calculated from these bands are: soil-adjusted vegetation index (SAVI) and ratio vegetation index (RVI), known to delineate reduced reflectance due to salinity (Wang et al., 2002), and soil band ratio (RS57), which is sensitive to clay minerals and is the combination most likely to indicate saline soils (Goossens et al., 1996). Altogether, remote sensing provided 12 variables (including raw band signals; Bands 1-5, 7, and 8) that were included in the analysis.
Data analysis and visualization

The geostatistical analyses were performed in ArcMap 8.3 (ESRI Inc., USA) using the Geostatistical Analyst 8.3 extension. Spatial continuity was modeled by semivariograms. A spherical model was fitted to the experimental variograms. Ordinary kriging was applied as an interpolation method, as it minimizes the influence of outliers on prediction performance and has been widely used (Odeh et al., 1994; Triantafilis et al., 2001). Positively skewed data were log-transformed according to Saito and Goovaerts (2000), who found that log-normal kriging consistently yields the best results compared to other kriging methods.

Correlation analyses were performed in SPSS 11.0 (SPSS Inc., USA). To identify the main factors to determine soil salinity at the study sites, stepwise multiple regression was conducted with 150×200 m grid nodes. To investigate the effect of soil texture, crop type, and field or management unit on soil salinity we used ANOVA analyses for comparing means among clustered locations.
Results and analyses
Summary statistics of soil salinity
The average total dissolved solids (TDS) of 3200 ± 3500 ppm (Table 2) indicate that the topsoil is of low salinity (cf. also the classification of Kaurichev (1989), where 4000 and 7000 ppm correspond to moderately and highly saline soils), but peaks of >30000 ppm are found. Overall, about 43% of all soil samples range between slightly and moderately saline. The coefficient of variation for TDS (109) is high.
The average CMv value 0.50 dS m-1 indicates that the salt concentration over the profile is low to moderate (Bennett et al., 1995). Overall, about 53% of sampling locations showed slight to moderate soil salinity. The coefficient of variation for CMv (66) is small compared to TDS; this is very likely due to the larger volume of soil measured by the device, whereas TDS was measured in a smaller soil sample taken from the top 30 cm layer only.

Electromagnetic conductivity readings are influenced by many factors such as soil salinity, texture, temperature and moisture content. In the local conditions soil salinity has a dominant effect on the CM-138 readings and thus the latter can be used as a proxy for soil salinity. This effect is explained by the fact that the clay content in soils in the study area rarely exceeds 20%. The difference between clay content of sandy soils and silt loams contributes little to CM-138 readings. The temperature effect is also minimized by conducting the survey only during the summer period when average soil temperatures of the 1 meter profile are around 25° Celsius (Hendrickx et al., 2002). Although most of the study area was irrigated, soil moisture content in some sampling locations was below 20%, the effect of which on CM-138 readings is unclear (Bennett et al., 1995). This factor could not be quantified, but previous studies indicate that it might have had a minor effect on the analyses (Hendrickx et al., 1992; Rhoades et al., 1990).
The coefficients of variation for ancillary variables such as clay, groundwater table depth and salinity show a moderate to high magnitude of variability (Table 2), with clay content above the ranges typical for published soil studies as summarized by Mulla and McBratney (2000). Although a relatively high clay content is typical for the region, which belongs to the so-called meadow group of soils according to the Russian classification described in detail in Tursunov and Abdullaev (1987), the prevailing low clay content in the study area is explained by the interspersed sandy desert soils. Soil texture is roughly characterized by silt loam (34%), sand (30%), and sandy loam (28%).

Groundwater table depth and salinity were clearly not normally distributed. Locally large values were found. The distribution of clay content was more close to normal.
Spatial distribution of soil salinity
Soil salinity as measured by TDS and CMv were autocorrelated to a distance of 448 m and 571 m respectively (Figure 2). On a small scale however, the variograms show that TDS had a considerable nugget effect, which suggests that. The grid sampling design with nested grids (vs. coarse selective sampling) implemented in this study provided a good way of exploring the spatial structure of soil salinity distribution. The large nugget variance in the TDS variogram could be caused by the small sample support, the soil cores having a diameter of 53 mm only.
The interpolated maps for CMv and TDS are given in Figure 3. Salinity measured by CMv shows two distinct areas of high and low readings. The study area consists of old deposits from the ancient Daudan river (which later became the Amu Darya), with clay and loamy texture (Tursunov and Abdullaev, 1987) bordering Karakum desert sands to the south. Areas with low readings coincide with interspersed sands and higher readings with relatively heavier soils. TDS (Figure 3) did not show these trends so clearly, the highest salinities being measured in the centre of the southern part (Figure 4).
The spatial trend analyses revealed similar patterns for clay and groundwater table depth; they gradually decreased from the north-east to the south-west. The same directional trend was displayed by groundwater salinity, the only difference being that it gradually increased along the north-east to south-west gradient.

Similar spatial trends for measured soil properties and the elevation indicate that one factor is most likely responsible for this effect, i.e. the former course of the Amu Darya river, which formed the existing relief (Tsvetsinskaya et al. 2002) and influenced the soil texture.

Correlation between soil salinity and environmental factors
Table 3 shows the correlation coefficients between soil salinity and environmental factors. In most cases, the correlations were low (<0.5). Of the remote sensing factors only Band 7 and of the terrain indices only UA are included in the table.
TDS had low and non-significant correlation with most terrain indices. This might be attributable to the fact that topsoil salts are dynamic in nature, and land management practices (e.g., leaching, cultivation, irrigation) might have contributed considerably to spatial distribution. On the other hand, terrain indices had a low but significant influence on bulk soil salinity CMv. Moore et al. (1993) emphasized that surface soil properties are most modified by land management and that as a result features of lower horizons in the profile may display greater response to topographic attributes.

Remotely sensed data correlated significantly with both salinity parameters (Table 3), due to the contribution of vegetation cover to reflectance values and the subsequent vegetation indices calculated from band combinations.

Distance to drains (DCOLL) correlated slightly but significantly with TDS. Since the existing drainage network was built to lower the groundwater table, its functionality should be indirectly reflected by changes in soil salinity. Close to the drains, soil salinity should be lower and increase with distance from the drain. However, the spatial distribution of salinity indicates that drainage networks have little influence on topsoil salinity, which can be attributed to high variability of salinity at small scales, irrigation events, or the irregular layout of the drainage network.

However, drain proximity was significantly related to CM-138 readings, and was similar to the effect of terrain attributes. The CM-138 shows the average amount of salt within a larger soil volume and to greater depth, and is less affected by land management than topsoil salinity which is reflected in the TDS.

As anticipated, interpolated groundwater table depth (GWT) and salinity (GWS) had high correlation coefficients with soil salinity CMv, but the direction of the influence is somewhat contradictory. The positive correlation of groundwater table depth with soil salinity suggests that salinity was higher when the groundwater table was deeper. This result is counter intuitive and will be explained below.
Tables 4, 5 and 6 show that the salinity estimates (CMv, TDS, and GWS) have the strongest correlation with the field or management unit (Table 4). The upper case letters in the three tables indicate which means are significantly different. For example, in Table 4 there is no significant difference between the mean CMv of field F3 and F4, but these fields are significantly different from the other fields. There is a rather weak correlation with crop type (Table 5) and a fairly good correlation with soil texture (Table 6). This is a strong indication that the effects of water management are dominant and tend to outweigh the effects of environmental factors. This finding has important implications on how to conduct salinity surveys in flat irrigated terrain: the field or management unit seems to be a more important predictor than environmental proxy factors - even if the latter are easier to determine (Hendrickx et al., 1992).

Salt accumulation in the soil depends to a large extent on the capillary flux that carries water and salts from the groundwater table towards the soil surface. Capillary rise is a critical factor for soil salinity that not only depends on groundwater table depth but also on the hydraulic properties of the soil profile (Hendrickx et al., 2003). Table 6 shows that the groundwater table depths of the coarser textures (sand and loamy sand) are significantly shallower than those of the finer textures (silt loam and loam). Yet, the soil salinity of the sand is significantly lower than that of the finer textured soils. This can be explained by the fact that capillary rise in finer textured soil is greater than in a coarse textured soil. For example, the data in Table 6 show that the soil salinities (CMv) of loam and sand are, respectively, 0.69 and 0.50 dS m-1 while their groundwater table depths are, respectively, 131 and 114 cm. Table 5.5 of Hendrickx et al. (2003) implies that in a loam a capillary flux of 0.2 cm/day can occur from groundwater table depths 65 to 130 cm but only 0.04 cm/day from 31 to 115 cm in the sand. This large difference of capillary fluxes explains the unexpected negative correlation between groundwater table depth and soil salinity in this study.
In the local conditions soil salinity has a dominant effect on the CM-138 readings and these can therefore be used as a proxy for soil salinity. This is because the clay content in soils in the study area rarely exceeds 20%. The environmental attributes considered to be the possible controlling factors were selected on the assumption that they are representative of the area and could be easily extracted for the rest of the Khorezm region. The only variable that was discarded was ‘distance from main collector’ (the collector which carries drainage water out of the region), which was initially considered in the analyses. This had the highest correlation coefficient with CMv (0.75), which was unexpected and not representative of other areas of the Amu Darya delta, and led to the decision to drop the variable from further analyses.

The negligible effect of terrain attributes on soil salinity expressed by low correlation coefficients can be considered an artifact of the traditional correlation tools. It is a well-known principle that landform has a significant effect on salinity distribution, and this was confirmed by our own observations in the study area. Indeed, the ordinary correlation coefficient cannot account for the presence of both significant negative and positive correlations existing between two variables at different frequencies (Nielsen et al., 1983).

Best predictors of soil salinity distribution
The data were analyzed by stepwise multiple regression, using a set of remote sensing parameters and terrain indices, groundwater table depth and salinity, distance to collectors, soil texture, and land cover as regressors. The regression with CMv (Table 7) as a dependent variable had rather good fit (R2adj = 48%), and the overall relationship was significant (F=41.5, p<0.01). The regression with TDS (Table 8) as dependent variable was a poor fit (R2adj = 21%), but the overall relationship was significant (F=12.5, p<0.01). Cotton, GWT and no-crop (sandy) land cover were best predictors for both salinity estimates, TDS and CMv. The loamy sand and the rest of the variables did not have significant influence on salinity estimates.
Discussion

The characterization of the spatial distribution of soil salinity by geostatistical analyses shows that topsoil salinity is highly variable, whereas bulk soil salinity to a depth of 1.5 m is less so. Therefore, in studies similar to this one, when interpreting analysis results more emphasis should be given to the CM-138 measurements, because they provide the average of the soil profile salt content and seem to be less affected by disturbances or other human activities.

As soil texture largely influences salt content, it could be expected that terrain exerts a similarly strong influence on salinity. The soil texture was determined at each sampling site and was used for statistical analyses; however, such information might be not available at other locations. Nevertheless, there is a large amount of information available on soils, especially where irrigation projects have been established, and this information could be used to improve soil salinity prediction. The lack of variance in soil salinity explained by topography using the correlation technique suggests that there are some other constraints at work that need to be taken into account when considering the results from this analysis. As mentioned before, terrain indices are mostly well pronounced for the topography, following catenary development. The area of the present study is mainly flat, and delineating it into landscape units according to a catena was not possible. However, some catenary distribution of the topsoil salinity was discernable when isolated sections of the study area were considered individually. Figure 4 shows that the lowest points on sandy soils had high TDS values. In contrast, the same sandy soils on a slope (although slopes here are gentle, they have a marked effect) had low TDS values, while heavier soils on the lower slopes had higher TDS values. Nonetheless, confirmation of this micro-catenary effect would require a greater number of samples and study slopes.

Since the research site represents an area of recent land development where various transformations are still under way (e.g., the cropping of areas that were previously unused, the filling in of depressions and converting them into fields), the soil properties are not in the steady state statistical approaches assume, making it difficult to relate soil salinity to landform geometry.

Similarly, estimates of groundwater table depth and salinity are affected by the interpolation technique. This probably increased the error of the groundwater data, the reliability of which on this scale was doubtful from the start. The authors are aware of the errors peculiar to the monitoring procedure of observation wells. Also, the range of change of groundwater table depth and salinity is not very high and thus does not allow inferences to be made. Perhaps groundwater observation data taken for July only was not adequate to quantify the processes that influence salinity. Therefore, no conclusive statements can be made on the direction of the correlation coefficients of soil salinity and groundwater table depth and salinity.

Larger study areas generally show poorer environmental correlation due to the additional heterogeneity of the environmental factors (Park et al., 2009). The use of a large number of variables obtained or calculated from remote sensing or topography would improve the ability of the model to predict soil salinity. However, the danger of multicollinearity exists, and a minor change in one variable could then have a considerable influence on model output.Nevertheless, our study shows that (historic or current) water management overrides the eventually existing correlations between environmental parameters and salinity. Hence, the best advice that can be given at present is that direct estimates of salinity are preferable to indirect estimates based on environmental proxies. Having said this, a second important lesson is that the use of bulk estimation methods, such as the electromagnetic conductivity meter here used in vertical mode (CMv), is to be preferred to direct sampling and laboratory analysis of topsoil salinity, which is not only costly and time-consuming but also provides values that are too localized and therefore of limited use for practical management purposes.

Conclusions

Spatial distribution of soil salinity and influencing factors in the landscape of the Khorezm region were investigated by linking environmental variables to soil salinity. Topsoil salinity was seen to be highly variable even over short distances (40 m) compared to average bulk soil salinity measured by CM-138.

Soil salinity was poorly correlated with terrain attributes. Likely reasons for this poor correlation between terrain attributes and soil salinity are flat topography, land management practices that were difficult to incorporate into this study, or the failure of the correlation tool used to study soil salinity relationship with terrain attributes.

Factors obtained from remote sensing (listed in Table 1) had low but significant correlation coefficients with both salinity of topsoil and measured by the CM-138. Since band signals and calculated indices are mainly an indication of vegetation, the correlation suggests that salinity affects crop growth significantly, band signals and indices can be used as a remote sensing indicator.

Distance to drains is an important factor, especially for the bulk soil salinity of the profile. Correlation was lower for topsoil, which might be due to higher spatial variation of the topsoil salinity.
The very low R2 for relationship of TDS with environmental factors is evidence that it is not possible to predict TDS close to the soil surface from environmental factors in irrigated lands. This study provides evidence that the use of electromagnetic conductivity meters that can be used to provide maps of soil salinity is currently the best option for the management of salinity in flat irrigated terrain.
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Table 1. Sources, types and methods of analysis of environmental parameters for soil salinity in the Khorezm region
	Sources
	Description
	Types of available information
	Analysis

	Field survey
	Samples, laboratory analysis data, field records and CM-138 readings
	Soil salinity (TDS, CMv)
Soil texture

Land cover
	Analysis of variance (ANOVA)

	Hydrogeological-melioration expedition (HGME)
	Network of groundwater observation wells
	GW table depth
GW salinity
GW well location
	Correlation

	Map, 1:10,000 scale
	Agriculture, topographic, geological profile maps
	Drainage canals
Elevation points, DEM, Terrain indices
	Correlation

	Landsat 7 satellite sensors
	Detect earth scene radiation in 3 bands: visible and near (VNIR), short wavelength infrared (SWIR)
	Bands 1-5, 7, 8

Indexes calculated from band ratios: NDVI, TNDVI, SAVI, RVI, RS57
	Correlation


Table 2. Summary statistics of variable parameters that were used for interpolation

Units

Mean

Std. Dev.
CV

Min
Max
N

Elevation


m

92

1.3

1

88
97
4122
Clay


%

8

5

60

0
22
448

Total dissolved solids*
g 100g-1
0.32

0.35

109

0.06
3.46
448

CMv in vertical mode
dS m-1

0.50

0.33

66

0.01
1.92
445

Groundwater table depth
cm

121

31

25

81
262
57

Groundwater salinity
dS m-1

2.9

1.3

45

1.3
6.7
59

* 0.32 g 100g-1 of dry soil = 3200 ppm ≈ 3200 ppm x 640-1 = 5 dS m-1
Table 3. Pearson’s correlation matrix between soil salinity and environmental variables: Upslope contributing Area (UA), Distance to drainage (DCOLL), Groundwater Table depth (GWT) and Groundwater Salinity (GWS). TDS = total dissolved solids, CMv = bulk soil salinity measured with CM-138 in vertical mode (1.5 m deep)



Band 7c
UAc
DCOLL
GWT
GWSc
TDSc
g 100g-1
-0.30a
-0.04
0.10b
0.03
-0.12a
CMv
dS m-1
-0.30a
-0.15
0.46a
0.37a
-0.37a
a correlation is significant at the 0.01 level (2-tailed)

b correlation is significant at the 0.05 level (2-tailed)

c log10 transformed

Table 4. Comparisons of means of CMv, TDS, GWS, and GWT among the six fields. CMv = bulk soil salinity measured with CM-138 in vertical mode (1.5 m deep), TDS = total dissolved solids, GWS = groundwater salinity, GWT = groundwater table depth. The upper case letters indicate which means are significantly different.
	Field
	CMv (dS m-1): R2=0.62; Pr<0.0001
	TDS (g 100g-1): R2=0.18; Pr<0.0001
	GWS (dS m-1): R2=0.97; Pr<0.0001
	GWT (cm): R2=0.97; Pr<0.0001

	ID
	N
	
	AVG
	STD
	
	AVG
	STD
	
	AVG
	STD
	
	AVG
	STD

	F3
	29
	A
	0.81
	0.17
	A
	0.30
	0.16
	D
	2.84
	0.07
	B
	134
	0.8

	F4
	30
	A
	0.83
	0.09
	A
	0.32
	0.16
	E
	2.02
	0.05
	A
	148
	3.3

	F5
	29
	D
	0.46
	0.10
	C
	0.13
	0.11
	B
	3.62
	0.27
	D
	130
	2.0

	F6
	30
	B
	0.62
	0.12
	B
	0.21
	0.08
	D
	2.86
	0.08
	C
	132
	0.6

	IL
	32
	C
	0.54
	0.09
	A  B
	0.28
	0.16
	A
	4.65
	0.07
	E
	120
	6.1

	IS
	31
	C
	0.55
	0.05
	A
	0.33
	0.22
	C
	3.27
	0.14
	F
	95
	1.9


Table 5. Comparisons of means of CMv, TDS, GWS, and GWT among the four crops. CMv = bulk soil salinity measured with CM-138 in vertical mode (1.5 m deep), TDS = total dissolved solids, GWS = groundwater salinity, GWT = groundwater table depth. The upper case letters indicate which means are significantly different.
	Crop
	
	CMv (dS m-1): R2=0.30; Pr<0.0001
	TDS (g 100g-1): R2=0.09; Pr=0.001
	GWS (dS m-1): R2=0.04; Pr=NS
	GWT (cm): R2=0.03; Pr=NS

	ID
	N
	
	AVG
	STD
	
	AVG
	STD
	
	AVG
	STD
	
	AVG
	STD

	alfalfa
	11
	A
	0.94
	0.18
	A  B
	0.20
	0.13
	B
	2.90
	0.05
	A
	135
	0.3

	cotton
	150
	B
	0.63
	0.15
	A
	0.28
	0.17
	A  B
	3.22
	0.89
	A
	125
	18.0

	maize
	7
	B
	0.58
	0.18
	A  B
	0.21
	0.20
	B
	2.92
	0.25
	A
	132
	0.7

	melon
	13
	C
	0.42
	0.08
	B
	0.10
	0.03
	A
	3.73
	0.18
	A
	129
	2.8


Table 6. Comparisons of means of CMv, TDS, GWS, and GWT among the five soil textures. CMv = bulk soil salinity measured with CM-138 in vertical mode (1.5 m deep), TDS = total dissolved solids, GWS = groundwater salinity, GWT = groundwater table depth. The upper case letters indicate which means are significantly different.
	Texture
	
	CMv (dS m-1): R2=0.48; Pr<0.0001
	TDS (g 100g-1): R2=0.19; Pr<0.0001
	GWS (dS m-1): R2=0.30; Pr<0.0001
	GWT (cm):

R2=0.48; Pr<0.0001

	ID
	N
	
	AVG
	STD
	
	AVG
	STD
	
	AVG
	STD
	
	AVG
	STD

	silt loam
	45
	A
	0.82
	0.15
	B C
	0.31
	0.17
	B
	2.45
	0.53
	A
	141
	8.7

	loam
	3
	B
	0.69
	0.21
	A B
	0.42
	0.18
	A
	3.12
	1.32
	A B
	131
	17.9

	sandy loam
	73
	B
	0.62
	0.14
	C
	0.26
	0.13
	A
	3.53
	0.97
	B
	129
	8.8

	loamy sand
	8
	B C
	0.57
	0.11
	A
	0.47
	0.23
	A
	3.28
	0.19
	D
	100
	12.8

	Sand
	52
	C
	0.50
	0.08
	C
	0.20
	0.17
	A
	3.46
	0.28
	C
	114
	17.8


Table 7. Results of stepwise multiple regression analyses with CMv as dependent variable. Distance to drainage (DCOLL), Groundwater Table depth (GWT), Groundwater Salinity (GWS), Profile Curvature (PROFC), Slope (SL).



Beta
SE b
Standardised beta

Constant


130.02
28.63

Silt loam (texture)

0.21
0.03
0.29**
DCOLL


0.0004
0.0001
0.17**

GWT


0.002
0.001
0.09*

GWSc


-0.68
0.14
-0.22**

Solar


-18.15
4.01
-0.18**

PROFC


-1112.98
431.09
-0.09**

SL_rad


-23.03
8.66
-0.09**

Cotton (cover)

0.12
0.03
0.18**

Alfalfa (cover)

0.17
0.06
0.11**

No-crop (cover)

-0.20
0.05
-0.15**

** correlation is significant at the 0.01 level (2-tailed)

* correlation is significant at the 0.05 level (2-tailed)

c log10 transformed

Table 8. Results of stepwise multiple regression analyses with TDS as dependent variable. Groundwater Table depth (GWT), Erosivity (LS).



Beta
SE b
Standardised beta
Constant


1.95
0.78
Band 5c


-1.53
0.34
-0.24**
Sand (texture)

-0.57
0.10
-0.36**
Sandy loam (texture)
-0.24
0.08
-0.15**

GWT


-0.01
0.00
-0.11*
LSc


-0.12
0.05
-0.11*

Wheat (cover)

0.49
0.14
0.17**
Cotton (cover)

0.19
0.08
0.12*

No-crop (cover)

0.52
0.15
0.17**

Bare (cover)

0.50
0.19
0.12**
Other (cover)

0.90
0.20
0.21**

** correlation is significant at the 0.01 level (2-tailed)

* correlation is significant at the 0.05 level (2-tailed)

c log10 transformed

Figure Captions

Figure 1 Farm scale sampling layout with irrigation and drain network, lakes, main collector and settlements overlaid on Landsat image (July 12, 2002)

Figure 2 Semivariograms of CM-138 vertical mode reading measured at the soil surface and TDS
Figure 3 Interpolated maps of CM-138 in vertical position (CMv) and total dissolved solids (TDS) overlaid over an elevation of the study area. Note that the elevation is exaggerated compared to the other two dimensions of the graph. Area represents 3×4 km.
Figure 4 Extruded values of total dissolved solids (blue columns; g 100g-1) differentiated by clay content (darker areas = more clay; %) both overlaid on elevation. Extreme values of TDS (extruded columns) coincide with local depressions within lighter areas (sandy). Note that elevation is exaggerated in comparison to the other two dimensions of the graph. Area represents 3×4 km.
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