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Abstract

Geospatial measurements of apparent soil electrical conductivity) @é€recognized as a means
of characterizing soil spatial variability at field and landscape scales. However, inconsistencies in
the measurement and interpretation of field- and landscape-scale geospatia&Tirements have
resulted in data sets that are unreliable and/or incompatible. These inconsistencies are, in part, a con-
sequence of the lack of E&urvey protocols that provide standardized guidelines to assure reliability,
consistency, and compatibility. It is the objective of this paper to apply&@vey protocols to a soil
quality assessment to demonstrate their utility in characterizing spatial variability. The soil quality
assessmentwas conducted on a 32.4-hafield on the westside of central California’s San Joaquin Valley
where a mobile electromagnetic induction (EM) survey was performed following outlined protocols.
The EM survey consisted of E@easurements taken at 22,177 locations in April 2002. A response-
surface sampling design was used to identify 40 sites where soil-core samples were taken at 0.3-m
increments to a depth of 1.2 m. Duplicate samples were taken at eight sites to evaluate the local-scale
variability. Soil samples were analyzed for a variety of physico-chemical properties associated with
soil quality for an arid zone soil. Analysis characterized the soil as montmorillonitic, saline, and sodic

Abbreviations: ANOVA, analysis of variance; CEC, cation exchange capacity; CV, coefficient of variation;
EC,, apparent soil electrical conductivity; EQlectrical conductivity of the saturation extract; EM, electromag-
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ment and prediction software; ESP, exchangeable sodium percentage; GIS, geographic information system; GPS,
global positioning system; IDW, inverse distance weightidg;saturated hydraulic conductivity; SAR, sodium
adsorption ratio; SP, saturation percentage; WSJV, western San Joaquin Valley
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with EC, (electrical conductivity of the saturation extract) varying from 4.83 to 45.3dS ®AR
(sodium adsorption ratio) from 5.62 to 103.12, and clay content from 2.5 to 48.3%. Spatial trends
showed high areas of salinity and SAR in the center of the southern half of the study area. Strong
correlation was obtained between Eéhd the soil properties of the saturation extract {ECI—,
HCO;~, SO2, Na', K*, and Mg*), exchangeable Naand SAR. Other properties were poorly
correlated, including: volumetric water contesg) bulk density Dy), percent clay (% clay), satu-
ration percentage (SP), exchangeable sodium percentage (ESP), Mo;, Gg@€dim, total N, CH

in the saturation extract, and exchangeable catiofis@&*, and M¢*). The spatial distribution of

the poorly correlated properties is not as well represented with a response-surface sampling design
suggesting the need for a complementary stratified random sample design.

Published by Elsevier B.V.
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1. Introduction

The use of apparent soil electrical conductivity @ agriculture has evolved from a
tool for measuring soil salinity to a means of mapping spatial variability of soil physico-
chemical properties for applications in solute transport modeling, soil quality assessment,
and precision agricultureCorwin and Lesch, 2003aHowever, the use of geospatial mea-
surements of EECin agriculture has suffered from problems stemming, in part, from a
lack of standardized procedures. Concerns over consistency, reliability, and compatibility
led to papers bysudduth et al. (2001and Corwin and Lesch (2003egarding accuracy
issues and guidelines, respectively. These papers were the precursors to the development
of ECs-survey protocols by orwin and Lesch (2005bYo demonstrate the utility of these
protocols in characterizing spatial variability, a soil quality assessment was conducted in
the San Joaquin Valley.

The Sacramento and San Joaquin Valleys comprise the Central Valley of California,
which is one of the most agriculturally productive areas in the world. Due to the lack of an
outlet for drainage water in the western San Joaquin Valley (WSJV), continued agricultural
productivity is threatened on hundreds of thousands of hectares. It is estimated that the soil
quality of 300,000 ha in the WSJV may be adversely affected by the presence of shallow
or perched water (0.3—1.5m) and continued deterioration is expected. Reliable, timely, and
cost-effective soil quality assessments are needed to establish inventories of salt-affected
soils in the WSJV and to evaluate temporal changes. An understanding of the extent of the
problem and rate of deterioration is basic information needed to evaluate the severity of the
problem and to make ameliorative recommendations.

A case study of a soil quality assessment for the WSJV usingsti@/ey data to direct
soil sampling is presented to provide comparative soil quality information for the WSJV
and to demonstrate the effectiveness off0rvey protocols in characterizing soil spatial
variability. It is the objective of this paper to present a case study that illustrates the use
of EC4-survey protocols to characterize spatial variability for a soil quality assessment of
saline-sodic soil.
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California

Westlake

Fig. 1. Map showing the geographic location of the Westlake Farm case study site.

2. Materials and methods
2.1. Study site description

The study site is located on Westlake Farms, which resides in Kings County on the
westside of California’s San Joaquin Valldyig. 1). The soil at the Westlake Farm site is
part of the Lethent clay loam seridd$DA, 1986, a fine, montmorillonitic, thermic, Typic
Natrargid according t&oil Survey Staff (1999)The site is a 32.4-ha field that has been
prepared as a drainage water reuse study area where forage is grown to feed livestock. Within
the field, eight 4-ha rectangular paddocks (or plots) with dimensions of Y364 m were
laid out with their borders defined by earth beriig( 2). Paddock 1 is in the southern-most
part of the field, with paddock 8 in the north. Further details of the site can be found in
Kaffka et al. (2002)

2.2. Soil quality assessment

The soil quality assessment consisted of four parts: (i) an intensiyesi@ey, (i)
a response-surface sampling design, (iii) soil physico-chemical analyses of soil quality
properties for an arid-zone soil, and (iv) geographic information system (GIS) database
development to visually display maps.

2.2.1. Intensive EM survey
The EG survey followed the detailed survey protocols pertaining to soil quality assess-
ment as described within Part I. The E€urvey was conducted from 8 to 12 April 2002.
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The survey consisted of E@neasurements taken with mobile EM equipment using the
Geonics dual-dipole EM-38 soil electrical conductivity meter. Measurements were taken
roughly 4 m apart. A total of 22,177 EGneasurements were taken across the 32.4-ha
study area. All measurements were geo-referenced with a global positioning system (GPS)
receiver.

2.2.2. Soil sampling design

Utilizing the data from the EM survey and response-surface sampling design software
(ESAPv2.0) developed hiyesch et al. (1995a,b, 20Q@)0-soil sample sites were selected
that characterized the spatial variability in £Both across each paddock and over the
entire field. The sample design was generated from @&ta collected for the entire field
rather than separating the data by paddock. This provided a more reasonable statistical
representation of the field-scale spatial variability, but resulted in a non-uniform number of
sample sites per paddock.

Conceptually, 40 sites were chosen to satisfy the following three criteria: (i) to represent
about 95% of the observed range in the geometric mean EM data, (ii) to represent about 95%
of the observed range in the EM profile ratio data, and (iii) to be spatially distributed across
the eight paddocks in an approximately uniform manner with 4—6 sites within each paddock
(seeFig. 2). More specific details on how a spatial response-surface sampling design can
be used to simultaneously achieve these criteria can be folrasaoh et al. (1995b, 2000)

Mobile EM ECa - Westlake 2002

o Duplicate sites
@ Soil sites
ECa (ds/m)

T ]10-25
[ J2s5-30
I 3.0-40
Bl 20-45
Bl s5-65

(a) 100 0 100 Meters (b)

Fig. 2. Site layout map showing 2002 EM E€urvey measurements including (a) k&ihd (b) EM,, paddock
boundaries with paddock numbers, selected soil-core sites (bull's eye ¢ingleand duplicate soil-core sites

(empty circle,O).
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Soil cores were taken the week following the Eirvey (i.e., 15-17 April 2002). No
irrigation or precipitation occurred during the time between theg E@vey and the soil
sampling. Soil cores were taken at 0.3-m increments to a depth of 1.2m. Within each
paddock, one site was selected where duplicate soil-core samples were taken to establish
local-scale variability. Duplicate soil cores were taken at eight siigs 2). A total of 192
soil samples were taken (160 soil property samples and 32 duplicate soil property samples).
Fig. 2shows the 40 selected soil-core sites and the eight duplicate soil-core sites.

2.2.3. Soil chemical and physical analyses

Various chemical properties related to soil quality for an arid-zone soil were determined
for the 192 soil samples: total C and N, electrical conductivity of the saturation extract
(ECe); pHe; anions (HCQ~, CI-, NO3~, and SQ?") and cations (N§ K*, C&*, and
Mg?*) in the saturation extract; trace elements (B, Se, As, and Mo) in the saturation extract;
CaCGQ; gypsum; cation exchange capacity (CEC); exchangeablgitaMg?*, and C&*;
exchangeable sodium percentage (ESP); and sodium adsorption ratio (SAR). The 192 soil
samples were also analyzed for soil physical properties including SP, volumetric water
content §y), bulk density pp), and clay content. The chemical and physical methods used
for each analysis were from Methods of Soil Analysis Parts 1 aR&g¢ et al., 1982; Klute,
1986, except for total C and N, which were analyzed with a Leco C-N 2000 Analyzer.

Tables 1-4are a summary of all physico-chemical analyses for the 0-0.3, 0.3-0.6,
0.6-0.9, and 0.9-1.2 m depth increments, respectively. Of all the physico-chemical proper-
ties analyzed using the analytical procedures outlined in Methods of Soil Analysis, the most
difficult property to accurately determine was CEC due to the interference caused by gyp-
sum and lime. The recommended method for calcareous and gypsiferous soils yielded the
most realistic results, but still tended to underestimate CEC on about 10% of the samples.
Subsequently, this produced spurious ESP calculations greater than 100%. Nevertheless,
the CEC and ESP results were not eliminated from the database because it was felt that on
a relative basis the information was still useful.

2.2.4. GIS and map preparation

All spatial data were entered into a GIS using the commercial software ArcView 3.3
(ESRI, 2002. Maps of the soil physico-chemical properties were prepared by interpolating
the measurements at the 40-sample sites using inverse distance weighting (IDW). At this
particular study site, IDW was selected as the preferred method of interpolation because it
was consistently more accurate than kriging based on the use of the mean squared error as the
main criterion when comparing measured to predicted values for the majority of physico-
chemical properties (data not shown). Maps of,Bteasurements were also prepared.

3. Results and discussion

Fig. 2shows an IDW interpolation at 1-m spacing of all 22,177 EMyB@&@asurements
taken within the study site for both EMand EM,. Statistical correlations performed be-
tween EM, EC, and EG and between EMEC, and EG for various depth increments
(i.e., 0-0.3, 0.3-0.6, 0.6-0.9, 0.9-1.2, and 0-1.2 m) showed that the highest sample cor-
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Table 1
Mean and range statistics for 0-0.3 m sample depth
Soil property Mean Minimum Maximum Range S.D. S.E. Ccv Skewness
6y (m3/m3) 0.19 013 028 015 004 001 1864 045
o (Mgm~3) 1.29 111 152 041 010 002 7.70 029
Clay (%) 359 228 483 255 6.8 11 191 -0.22
EC. (dSnT?) 1143 483 3060 2577 6.06 088 5305 174
pHe 7.67 653 818 165 036 005 466 —-1.80
SP (%) 6463 4838 8015 3177 923 133 1428 004
SAR 2346 562 5950 5388 1440 208 6139 122
ESP (%) 3540 1123 11946 10823 2125 307 6003 166
B(mgL™) 14.21 264 3323 3059 7.35 106 5175 100
Mo (uwgL™1) 63213 15000 329100 314100 59206 8636 9366 270
CEC (mmol/kg) 2044 986 3698 2712 541 078 2647 059
CaCaq (g/kgy 150 004 557 553 111 017 7407 157
Gypsum (g/kg) 3 026 1004 978 213 031 5703 094
Total C (g/kg) 081 030 113 083 020 003 2513 —0.33
Total N (g/kg) Qo7 004 011 007 002 000 2096 —0.03
Anions in saturation extract (mmoHt)
HCO;~ 281 151 597 446 093 013 3292 114
Cl- 1830 314 6368 6054 1438 208 7860 175
NO3z~ nd nd nd nd - - - -
SO> 13167 5891 38370 32479 7576 1094 5754 205
Cations in saturation extract (mmott)
Na* 10954 2505 36829 34325 8138 1175 7429 180
K* 141 056 311 255 052 008 3685 121
ca* 2507 2188 3050 862 231 033 920 062
Mg?* 15.93 910 5430 4519 924 133 5801 326
Exchangeable cations (mmol/kg)
Na* 7.06 193 1911 1719 415 060 5874 101
K* 1.20 069 172 103 027 004 2215 -0.14
cat 59.27 3622 8867 5245 1664 240 2807 029
Mg?* 7.10 397 1012 615 141 020 1992 -0.37

N =48, nd: all samples below detection limits. Detection limit for N@as 0.04 mmol 2.
a N=41.

relation occurred for the composite depth increment 0—1.2 m. The correlation coefficients
between EN) EC; and EG and between EMEC, and EG for the composite 0-1.2m
depth increment are=0.84 andr =0.89, respectively. This indicates that the map of
EMy EC; in Fig. 2b most closely reflects the spatial distribution of root zone salinity.
More specifically, the survey provides a detailed map of the spatial extent and magni-
tude of salinity in the top 1.2m and explicitly shows the degree of spatial variability of
salinity.

Apparent soil electrical conductivity data obtained with EM, as opposed to ER, are
particularly useful for sample design because (i) the geometric mean (i.e., sgft [EM
ECa x EMy ECy]) provides a measure of the cumulative E@irough the root zone and
(i) the profile ratio mean (i.e., EMECJ/EM, ECy) provides a means of characterizing
the shape of the EQprofile and thereby a potential means of characterizing the degree
of leaching. Because both EMand EM, EC; measurements are highly correlated with
ECe, the profile ratio reveals general leaching patterns of soluble dzilis 8. Areas
with a profile ratio >1 indicate that the past net flow of water and salts in these ar-
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Table 2
Mean and range statistics for 0.3-0.6 m sample depth
Soil property Mean Minimum  Maximum  Range S.D. S.E. CcVv Skewness
6y (m3/m3) 0.24 017 030 013 003 001 1303 -0.25
ob (Mgm~3) 151 131 172 041 010 002 650 —0.03
Clay (%) 304 218 469 251 4.9 0.8 160 0.82
ECe (dSnTl) 17.46 611 3400 27389 655 094 3748 072
pHe 7.87 663 823 160 033 005 422 —-1.96
SP (%) 6716 5026 8690 3664 1000 144 1489 024
SAR 4031 913 7887 6974 1531 221 3799 008
ESP (%) 81 1126 56790 55664 8404 1213 10399 457
B (mgL™t) 19.06 6.69 3235 2567 6.09 088 3197 Q77
Mo (ugL™t) 57652 22000 178300 156300 37579 5424 6518 194
CEC (mmol/kg) 1714 216 2651 2435 560 081 3269 -0.25
CaCGQ; (g/kgy 157 004 588 584 133 021 84388 158
Gypsum (g/kg) 517 063 1175 1112 304 044 5888 059
Total C (g/kg) 049 019 098 079 019 003 3870 045
Total N (g/kg) 004 003 008 005 001 000 2247 Q070
Anions in saturation extract (mmort)
HCO3™ 2.07 127 350 224 047 007 2274 082
Cl- 30.22 371 8089 7718 1651 238 5465 072
NO3~ nd nd nd nd — - - -
Slee 20518 7599 43980 36381 8577 1238 4180 121
Cations in saturation extract (mmotL)
Na* 19091 4073 42823 38750 9019 1302 4724 086
K* 1.29 042 275 233 049 007 3810 069
cat 2373 1788 2964 1176 222 032 936 059
Mg?* 20.06 1010 6928 5918 1212 175 6042 267
Exchangeable cations (mmol/kg)
Na* 11.04 185 2100 1915 416 060 3769 -021
K* 0.67 020 127 107 024 003 3609 011
cat 72.80 3303 13067 9764 2641 381 3627 041
Mg?* 6.07 358 858 500 147 021 2430 -0.03

N =48, nd: all samples below detection limits. Detection limit for N@as 0.04 mmol L.
a N=41.

eas has been upward, whereas profile ratios <1 have net downward Figw8.shows

that nearly all locations within the field have a net positive downward flow of water.
Profile ratios >1 only exist in small isolated pockets in the southwestern corner of the
field.

The mobile EM survey indicates a large area of very high, B@asurements in the
southwestern portion of the study area that extends through a substantial portion of paddocks
2—4 (Fig. 2). Inaddition, a smaller area of high E€xists in the northeast primarily spreading
through paddocks 6—&igs. 3 and 4andicate that in most locations soil salinity increases
with depth. The ground-truth chemical analysis data show that the salinity profile is inverted
in one small area near the southwest corner as indicated by the higmé&iSurements at
0-0.3 m overlying lower EEmeasurements at 0.3-0.6, 0.6—0.9, and 0.9-1Riq1 {a).
Specifically, inverted salinity profiles occurred at only three soil sample locations in the
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Table 3
Mean and range statistics for 0.6—-0.9 m sample depth
Soil property Mean Minimum  Maximum  Range S.D. S.E. CVv Skewness
6y (m3/m?3) 0.26 020 048 028 005 001 1931 206
ob Mgm—3) 152 116 180 064 012 002 800 -042
Clay (%) 262 25 420 395 6.8 11 259 —0.55
ECe (dSnT?) 22.49 794 3790 2996 696 100 3096 004
pHe 8.04 748 834 086 022 003 268 -0.89
SP (%) 6482 4811 11752 6941 1476 213 2278 161
SAR 5335 1626 9190 7563 1600 231 3000 -0.11
ESP (%) 8174 1333 17919 16586 3657 528 4474 058
B (mgL™1) 2149 1117 3419 2302 584 084 2717 051
Mo (ngL™1) 66163 25200 237200 212000 45151 6517 6824 215
CEC (mmol/kg) 1505 774 2853 2079 504 Q073 3352 Q79
CaCQ; (g/kgp? 1.28 002 683 681 143 023 11203 246
Gypsum (g/kg) @8 110 2359 2249 447 064 6399 143
Total C (g/kg) 037 Q17 081 064 015 002 3976 108
Total N (g/kg) Q04 002 008 006 001 000 3057 246
Anions in saturation extract (mmorit)
HCOz~ 2.24 123 470 348 Q73 010 3247 138
Cl— 47.15 528 9360 8832 2440 352 5174 014
NO3~ nd nd nd nd — - — -
SO~ 26155 9955 47330 37375 8968 1294 3429 052
Cations in saturation extract (mmott)
Na* 26061 6872 49801 42930 9806 1415 3763 032
K* 152 050 308 257 061 009 4003 036
ca* 24.43 2048 2938 889 206 030 843 033
Mg?* 2195 978 5511 4533 970 140 4417 100
Exchangeable cations (mmol/kg)
Na* 1168 199 3115 2916 532 Q77 4555 104
K* 0.37 008 129 122 022 003 5851 209
ca&* 85.69 3250 16094 12845 3261 471 3806 040
Mg?* 4.84 238 7.99 561 154 022 3179 046

N =48, nd: all samples below detection limits. Detection limit for N@as 0.04 mmol L.
a8 N=40.

southwest corner. Ground-truth chemical analysis data confirm that the profile ratio from
the non-invasive EM Egmeasurements is a reliable means of characterizing the general
shape of the Egprofile.

Tables 1-4are compilations by depth (0-0.3, 0.3-0.6, 0.6-0.9, and 0.9-1.2 m, respec-
tively) of the basic statistical data characterizing significant physico-chemical properties
of soil quality for an arid-zone soil. The mean, minimum, and maximum values indicate
that the soil in the study area is severely saline and sodic with heavy texture at the surface
(0-0.3m), low to very high levels of B, and moderate to high levels of Mo. Typically, water
content increases with depffaples 1-4. Bulk density is the lowest in the top depth incre-
ment (0-0.3 m) with an average value of 1.29 Mghand is stable at 1.51 Mg for the
remaining depths. pttypically averages around 7.9 for all depths and usually falls within
the range of 7.5-8.5. Saturation percentage ranges from 41 to 123% with the greatest range
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Table 4
Mean and range statistics for 0.9—-1.2 m sample depth
Soil property Mean Minimum  Maximum  Range S.D. S.E. CcVv Skewness
6y (M3/md) 0.29 020 051 031 006 001 2084 151
ob (Mgm~3) 151 114 175 061 016 003 1070 -0.85
Clay (%) 233 111 369 258 6.3 11 269 0.08
ECe (dSnTl) 24.30 7.84 4530 3746 814 118 3351 026
pHe 8.03 7.20 836 116 022 003 269 -—-147
SP (%) 6129 4112 12295 8183 1528 220 2493 191
SAR 5746 1651 10312 8661 1796 259 3125 -0.03
ESP (%) 8620 2059 16321 14262 3014 435 3497 054
B (mgL™1) 2171 7.89 3901 3112 659 095 3036 048
Mo (uwgL™1) 72067 24000 299100 275100 45150 6517 6265 311
CEC (mmol/kg) 1489 489 2840 2351 576 083 3869 074
CaCGQ; (g/kgy 1.43 002 503 501 124 019 8667 127
Gypsum (g/kg) 816 088 2695 2607 579 084 6849 146
Total C (g/kg) 039 014 087 073 017 002 4434 093
Total N (g/kg) 003 002 008 006 001 000 3737 226
Anions in saturation extract (mmort)
HCOs™ 2.30 132 365 232 058 008 2524 053
Cl- 55.55 550 10852 10303 2714 392 4886 -0.17
NO3~ nd nd nd nd - — - -
SO 28042 9604 60610 51006 10673 1541 3806 089
Cations in saturation extract (mmotL)
Na* 28602 6857 62216 55359 11693 1688 4088 061
K* 155 038 341 303 070 010 4559 078
cat 24.98 1988 2989 1001 241 035 964 029
Mg?* 2259 784 5096 4312 981 142 4343 092
Exchangeable cations (mmol/kg)
Na* 12.05 307 2178 1871 420 061 3481 -007
K* 0.29 006 079 073 016 002 5559 089
cat 88.03 2614 15860 13247 3702 534 4205 005
Mg?* 4.81 235 938 7.03 180 026 3752 098

N =48, nd: all samples below detection limits. Detection limit for N@as 0.04 mmol L.
a N=43.

occurring at the bottom depth (0.9-1.2 m). The levels of Se and As are very low at all depth
increments.

The general spatial patterns of C{Fig. 4b) and SAR Fig. 5a) tend to be associated
with ECg (Fig. 4a) and like EG, tend to increase with depth (séables 1-% The associ-
ation between salinity (E§ and the soil chemical properties of Cand SAR is reflected
by correlation coefficients determined for Eénd CI~ (r =0.84), and for Eg and SAR
(r=0.97) using values for composite soil cores over the depth of 0-1.2 m.

Fig. Sb shows that in general the clay content tends to decrease with depth. The average
% clay for the 0—0.3 m depth increment is 35.9% and gradually decreases to 23.3% at the
0.9-1.2m depth increment (s@ables 1-4 The higher clay content at the surface will
enhance the formation of surface cracks, which will likely serve as conduits for water flow
before the clay swells and closes the cracks. The averages of % sand, % silt, and % clay for
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Fig. 3. IDW interpolated map of the EM E@rofile ratio (i.e., EM/EMy) for all 22,177 EM measurement sites.
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Fig. 5. IDW interpolated maps of (a) SAR and (b) % clay taken at 40 sites for the depths of 0-0.3, 0.3-0.6, 0.6-0.9,
and 0.9-1.2m.

the top 0-1.2 m are 38.6, 32.4, and 29.0%, respectively, classifying the soil as a clay loam.
The silt content tends to remain fairly constant through the root zone with values of 32.8,
31.1, 31.3, and 34.5% for the respective depths of 0-0.3, 0.3-0.6, 0.6-0.9, and 0.9-1.2m.
However, sand content tends to increase with depth with values of 31.3, 38.5, 42.5, and
42.2% for the respective depths of 0-0.3, 0.3-0.6, 0.6—-0.9, and 0.9-1.2 m. The increase in
the sand fraction with depth should be conducive to drainage.

The general spatial patterns of B and Mg, 6a and b, respectively) tend to coincide
in the top two depths (0—0.3 and 0.3-0.6 m). The correlation coefficient between B and Mo
using values for composite soil cores over the depth of 0-1.2m @61 £<0.0001). The
high levels of B in the shallow depths (0-0.3 and 0.3-0.6 m) of the southwest corner of the
field (Fig. 6a) pose a potential threat to continued forage growth at the site. High levels of
Mo in the southwest corner at all depthEd. 6b) define areas where Mo uptake by the
forage crop can pose a threat to ruminant animals. Except for a high mean concentration
at 0-0.3m, Mo tends to increase with depth similar to. E§€2eTables 1-4 The high
levels of B and Mo, particularly near the soil surface (i.e., 0-0.3 m) in the southwest corner,
are areas of concern. In irrigated agriculture, it has been recommended that concentrations
of Mo not exceed 0.01 mg1?! for continuous application on all soils, or 0.05 mg'Lfor
short-term use on soils that react with Méational Academy of Sciences, 19781ore
recently,Albasel and Pratt (1989ecommended a guideline of 0.05 mg'Lmaximum Mo
concentration for saline S& dominated waters used on alkaline soils of the WSJV for
the protection of bovine animals.
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Fig. 6. IDW interpolated maps of (a) B (mgL) and (b) Mo {ug L~1) taken at 40 sites for the depths of 0-0.3,
0.3-0.6, 0.6-0.9, and 0.9-1.2m.

The spatial patterns of K Mg?*, Na', and SQ?~ concentrations in the saturation extract
tend to follow one another (séégs. 7 and Band follow those of Egand CI™ (seeFig. 4).
The concentrations of & Mg?*, Na", and SQ?~ expectantly correlate with ECand
have correlation coefficients of 0.90, 0.74, 0.99, and 0.98, respectively. At shallow depths
(i.e., 0-0.3 and 0.3-0.6 m) concentrations &f, KIg2*, Na', and SQ%~ generally tend
to decrease from southwest to northeast, while the deepest depth sampled (i.e., 0.9-1.2m)
shows a pocket of the field’s highest concentrations occurring near the middle of the southern
half of the field. Concentrations of kK Mg2*, Na', and SQ?~ tend to increase with depth
(seeTables 1-4.

The soil chemistry, particularly in the southern half of the field, is dominated b$8a
which results in a high SAR (i.e., SAR: 50-105). The high SAR causes the soil to be
dispersed, which has a significant influence on the ability of water to move through the
soil. Caution must be taken when irrigating. To enhance the movement of irrigation water
through this soil, irrigation water with an EC >3-4 dS his needed.

Compared to other locations in the WSI¥ejerel et al., 1984; Deverel and Fuijii, 1988;
Deverel and Millard, 1988; Fujii and Deverel, 1989; Fujii and Swain, }98&mple B and
Mo levels are representative, while salinity (§@nd SAR levels are high. However, there
are specific sample locations within the study site with large amounts of B and Mo. From
a global perspective (U.Salinity Laboratory Staff, 1954; Lindsay, 1979; Kabata-Pendias
and Pendias, 1992the salinity, SAR, B, and Mo tend to be above average to high.

Total C and total N are very lowT@bles 1-¥, which is typical of WSJV soils. Soll
organic matter tends to rapidly decompose due to the high year-round temperatures.
In general, NQ~ levels in the saturation extract tend to be extremely low with the
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Fig. 7. IDW interpolated maps of (a){mmol L~1) and (b) Mg+ (mmol L~1) taken at 40 sites for the depths of
0-0.3, 0.3-0.6, 0.6-0.9, and 0.9-1.2m.
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Table 5
Percent local-scale variation of soil properties by depth
Soil property Soil depth increment (m)
0-0.3 0.3-0.6 0.6-0.9 0.9-1.2

6y (m3/m3) 5.3 59 39 21
b (Mgm—3) 15 17 27 24
Clay (%) 138 204 136 86
ECe (dSnTl) 0.8 16 55 28
pHe 7.1 22 144 91
SP (%) 21 28 5.8 0.9
SAR 10 13 37 21
ESP (%) 50 368 109 158
B (mgL™?1) 9.8 26 33 28
Mo (uwgL™1) 103 0.7 51 31
CEC (mmol/kg) 108 251 99 20
CaCQ (g/kg) 65 141 05 6.4
Gypsum (g/kg) 1® 47 115 5.8
Total C (g/kg) 46 5.7 28 6.6
Total N (g/kg) 48 56 82 12
Anions in saturation extract (mmolt)

HCO;~ 9.3 37 59 50

Cl- 1.6 30 5.2 34

NO3~ - - - -

SO~ 0.9 11 45 23
Cations in saturation extract (mmotL)

Na* 0.9 14 49 25

K* 35 15 51 19

ca* 151 22 57 37

Mg?* 11 23 7.8 39
Exchangeable cations (mmol/kg)

Na* 27 40 438 4.0

K* 6.8 5.6 28 24

ca*t 2.2 0.9 7.7 35

Mg2* 38 14 45 05

NO3~ concentration for the top 0—1.2 m of soil below detection limits for 44 out of 48
samples.

A comparison of the coefficients of variation (CV) for various sample chemical and
physical properties at each of the four depth increments shows a range of spatial variability
with some general qualitative trends (Seebles 1-3. The properties of % CaC{and
Mo consistently have the highest sample CVs. Anions and cations in the saturation extract,
except C&", exchangeable cations, SAR, ESP,¢EB, CEC, and total C have moderate
sample CVs (i.e., CVs ranging from about 30-60). Clay percentage),, SP, and to-
tal N have low sample CVs (i.e., CVs<30) with gHand C&" in the saturation extract
consistently having the lowest sample CVs (CVs<10).

The partitioning of the local- and global-scale variability using one-way ANOVA on
duplicate composite (0—1.2 m) soil samples indicates that the highest local-scale variability
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Table 6
Correlation coefficients between EM E(both EM, and EM,) and soil properties measured over 0-1.2m and
N=40

Soil property EM EC, 95% LCL 95% UCL EM ECy 95% LCL 95% UCL
6y (m3/m3) 0.09 —-0.23 040 013 —-0.20 043
b (Mgm—3) -0.34 —0.59 —0.03 —-0.30 —0.56 002
Clay (%) Q33 001 059 028 —0.04 055
ECe (dSnTl) 0.89" 0.80 094 084™ 0.71 091
pHe 0.40" 0.09 064 043” 0.13 066
SP (%) 022 —-0.10 050 030 —0.02 056
SAR 084" 0.71 091 082" 0.68 090
ESP (%) 028 —0.04 055 030 —0.02 056
B (mgL™?1) 0.43" 0.13 066 040™ 0.09 064
Mo (pgL™1) 0.25 —-0.07 053 010 -0.22 040
CEC (mmol/kg) 037 0.06 062 033 0.01 059
CaCGQ (g/kg) —-0.28 —-0.55 004 —-0.28 —0.55 004
Gypsum (g/kg) a3 —-0.20 043 010 —0.22 040
Total C (g/kg) —0.40" —0.64 —0.09 —-0.29 —0.56 003
Total N (g/kg) -0.21 —0.49 012 —0.08 —-0.39 024
Anions in saturation extract (mmoI‘Ll)
HCO3~ 0.56" 0.30 075 059" 0.34 076
cl- 0.77" 0.60 087 081" 0.66 090
NOs~ - - - - - -
SO2 0.87" 0.76 093 079" 0.63 089
Cations in saturation extract (mmott)
Nat 0.88" 0.78 094 083™ 0.70 091
K* 0.74" 0.55 086 071" 0.51 084
ca*t 0.07 —0.25 038 013 —0.20 043
Mg2* 0.74" 0.55 086 061™ 0.36 078
Exchangeable cations (mmol/kg)
Na* 0.68" 0.46 082 068™ 0.46 082
K* -0.13 —0.43 020 —-0.01 —-0.33 031
ca&* 0.12 -0.21 042 015 -0.18 045
Mg2* 0.14 —-0.19 044 012 -0.21 042

LCL, lower confidence limit; UCL, upper confidence limit.
* Significant atP < 0.05 level.
** Significant atP < 0.01 level.

is for the properties of ESP, % clay, and CEC, while the lowest is for SAR, afichNa
SO42~ in the saturation extracTéble §. The local-scale variability of ESP is the highest at
17.1%, which indicates that 17.1% of the variability of the entire 32.4-ha field can be found
within 1 m. At the other extreme, the local-scale variability of SAR is only 2%. It should be
noted that the local-scale variability includes variation in reproducibility in methodology.
Correlations between EM EQneasurements (both EMand EM, EC,) and various
soil sample properties show that ECI—, SO42—, Na', K, and Md¢* in the saturation
extract; and SAR are highly correlatad>0.7), while pR, B, and CEC are less positively
correlated, but still significant at tHe< 0.05 level able §. A modest positive correla-
tion exists between EM ELand exchangeable NaThese correlations suggest that the
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ECs-based sample design utilized in this study will provide the best spatial representation
for these sample properties, whereas a grid, random, or stratified random sample design
probably would have been better for the remaining properties. Because many of the prop-
erties correlated to E{are also those of greatest significance for arid zone soil quality, the
sample design is not compromised, but sample design modifications would likely improve
the spatial characterization of the poorly correlated propertiesiy;enp; % clay; SP; ESP;

Mo; CaCQ; gypsum; total N; C&" in the saturation extract; and exchangeable @™,

and Mg*).

Extremely lowKs values are typical of soils in the WSJV and are a primary soil quality
factor for evaluation. Saturated hydraulic conductivity had been measured at the study site in
a soil property assessment conducted in 1€39in et al., 200R Both field and laboratory
measurements dfs were made. Field measurements ranged from 0.49 to 1.79¢mh
while laboratoryKs ranged from 0.003 to 0.05 cnh. The discrepancy was attributed to
the difference in the soil volume measured, which introduced anisotropic effects, and to the
difference in the vertical location of the soil being measured. Neverthédgss low and
considered an important factor to the soil's managenteatwin et al., 2003

4. Summary and conclusions

The protocols outlined in part | provide detailed steps for conducting apsttey
that provides a priori spatial information about soil physico-chemical properties crucial to
soil quality, particularly of arid zone soils. From this spatial information, a soil sample
design is developed that reflects the spatial patterns, but minimizes clustering of samples.
The methodology lends itself to assessing spatio-temporal change in soil quality since the
rapid, reliable measurement of E@rovides an intensive spatial database for comparative
analysis.

To demonstrate the protocols, a case study (part 1l) was presented of a soil quality
assessment. The soil quality assessment was conducted on a research site located in the
WSJV, which is representative of land in the vicinity that has been taken out of agricultural
productivity because profitable crop yields were unobtainable due to poor soil quality. To
conduct the soil quality assessment, outlined protocols for conducting a field-scale EC
survey were used with a response-surface sampling design strategy adaptedsobnet
al. (1995b, 2000)

The site was found to have elevated levels of soil salinity and sodicity, and sporadically
high levels of the trace elements B and Mo in the southwest corner. Even though the site has
limited agricultural prospects, it is suited for the production of adapted salt-tolerant forage
crops, if adequate infiltration and leaching can be maintained, and excessive amounts of
trace elements do not accumulate in forages. The soil quality information that was obtained
can be used in comparison to other arid locations throughout the world and to direct and
evaluate appropriate management to assure sustainability and profitability.

Several factors are important to manage and sustain the agricultural viability of the study
site based on the characterized soil variability and quality. Foremost are the restricted water
flow and high soil salinity. Water flow is restricted by the low hydraulic conductivity of the
predominantly montmorillonitic clay soil and the influence of dispersion on infiltration due
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to Na" accumulation. High salinity levels limit the site to only the hardiest salt-tolerant crops

of which salt-tolerant forages are the most suitable. Due to elevated levels, the management
of salinity, SAR, B, and Mo levels are long-term chemical concerns. Sustainability at the
site depends on maintaining a leaching fraction that prevents the accumulation of excessive
salinity, N&', B, and Mo to prevent the occurrence of toxic effects upon forage and grazing
livestock, and yet low enough to meet the objectives of minimizing drainage volumes and
the dissolution of additional salts and minerals. Particular concern with respect to salinity,
infiltration and permeability, and trace elements can be focused on the middle of the southern
half of the field where Eg, Na*, B, and Mo are at their highest levels.

The response-surface sampling design has strengths and limitations, which became ap-
parent, but the utility of this approach to assess soil quality of an arid zone soil was demon-
strated. The response-surface sampling design provides a practical means of assessing arid-
zone soil quality at field scale when the soil quality properties are correlated with EC
At the Westlake Farm site the correlated properties (i.eq; BC, HCO3~, SO42—, Na',

K*, and M¢* in the saturation extract; exchangeable"N8AR; pHs, B, and CEC) in-

clude many soil properties associated with soil quality of arid zone soils, particularly in the
WSJV. However, a number of soil properties (i&., pp; % clay; SP; ESP; Mo; CaCf{)
gypsum; total N; C&" in the saturation extract; and exchangeabfe €&£*, and Md*)

did not correlate well with EEmeasurements. As a result, the spatial distribution of these
poorly correlated properties would not be well represented with a response-surface sam-
pling design. This suggests that a combined and random (or stratified random) sampling
design using geo-referenced f@easurements is necessary for this site.
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