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ABSTRACT

Soil management matters in semiarid lands are key to have acceptable yields and to preserve diversity. After the major agricultural intensification underwent in the semiarid lands of Monegros, NE Spain, custom tailored tools are needed to reconcile agriculture with habitats conservation. The objectives of this study were to quantify the effect of soil properties of two distinctly colored soils, white patches (WP) and dark patches (DP), dominant in the arid landscape of the central Ebro Basin, Spain on winter cereal grain yield and to prove that superficial soil color could be used as a visual diagnostic criterion for evaluation of agricultural practices in arid lands. Significant differences between WP and DP soils were found in gypsum, carbonate contents, available water holding capacity and infiltration rate. The grain yield ranged from 51 to 5 713 kg ha-1. A significantly lower yield (P < 0.01) and precipitation-use efficiency (P < 0.05) was attained in the WP soils for the three seasons studied. This difference increased with the average rainfall due to the significantly lower soil water infiltration (P < 0.01) and water holding capacity (P < 0.05) found in the gypseous soils. Our results show that mapping the soil surface color at farm scale can be a low-cost tool for optimizing agricultural practices and recovering the natural vegetation. This approach can be advantageous in similar arid or semiarid environments around the world.
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INTRODUCTION

In the central Ebro Basin (NE Spain), where the average annual rainfall is 350 mm, the landscape is undergoing agricultural intensification during the last decades. Land consolidation and intensive plowing have destroyed most of the native vegetation (Domínguez et al., 2013) and irrigation advance is the main threat to the scattered wetlands (Castañeda and Herrero, 2008), some of them having a Ramsar status (Ramsar Convention Secretariat, 2010). Agricultural mechanization has been modifying the landscape since 1957, incorporating unsuitable areas to the usually low-input agriculture. Moreover, the flat overall landscape is advantageous for new on-farm irrigation developments.

The resulting agricultural landscape is characterized by the contrastingly colored areas commonly named blanqueros (white patches, WP) and fosqueros (dark patches, DP), which are known to exhibit different productive behavior. The substrate consists of gypseous materials with interbedding limestones and lutites (Quirantes, 1965). The semiarid conditions in the central Ebro Basin limit the rate of gypsum dissolution. Undulating plains and enclosed saline depressions with specific soils and vegetation (Herrero, 1991; Conesa et al., 2011) are the main landforms in the area, which is traditionally used for dryfarm cultivation. The most common cropping system in the central Ebro Basin is the traditional cereal-fallow rotation, which extends over about 430 000 ha (López et al., 2001) and involves a long-fallow period of 16--18 months running from harvest (Jun.--Jul.) of the first year to sowing (Nov.--Dec.) of the following year. Winter cereals (barley and durum), the only feasible crops, obtain no yield in many years and a mean of 900 kg ha–1 (McAneney and Arrúe, 1993). With Common Agricultural Policy (CAP) subsidies as the main source of income, farmers are compelled to expand the plowed surface in spite of the protection of natural vegetation by European Environmental Directives (Habitats Directives 43/92/CEE and 97/62/CEE) and Ramsar rules. The alternative is the irrigation, currently planned.

The variation in soil quality at farm scale and its association with edaphic features is crucial for land management, both for agricultural and environmental purposes. Soil information and maps at adequate scales are basic tools in decision making and planning. In the absence of soil maps, a feasible shortcut could be mapping the soil features relevant for specific uses. Knowledge of soil color distribution and its relationships to other predictable edaphic properties can make it easier to draw up thematic maps directed at improving management (Marten and Vityakon, 1986).

Some of the limitations of gypseous soils for supporting plant life are due to their low water retention capacity and other hydric or mechanical characteristics, such as irregularities in the moisture distribution in the soil, increases in soil mechanical impedance, plasticity and cohesion in soils when the gypsum content is higher than 250 g kg-1 in non-cemented layers, or cementation of gypsum in the layers within root zone (Poch and Verplancke, 1997; Poch et al., 1998; Herrero and Boixadera, 2002). Quantitative data for soil mapping require expensive and time-consuming soil measurements. Non-conventional soil surveys for agricultural management at farm scale divide the fields into homogeneous regions in terms of color and electrical conductivity (Fleming et al., 2004). Other methods involve predicting maps based on spectral information (Viscarra Rossel and Chen, 2011), although these are more suitable for large areas.

The objective of this study was to quantify the effect of soil properties of two distinctly colored soils dominant in the arid landscape of the central Ebro Basin on winter cereal grain yield. This would allow using the mapping of soil surface color at farm scale as a low-cost tool for optimizing agricultural practices in arid lands.

MATERIALS AND METHODS

Site description and crop management

Monegros is located in the central Ebro Basin, NE Spain (41º 26′ N, 0º 10′ W), one of the more arid regions in Europe (Herrero and Snyder, 1997). The rainfall displays high inter-annual and seasonal variability, with an annual mean of 355 mm, ranging from 175 mm to 535 mm in the last 30 years. The mean annual reference evapotranspiration (ET0) is 1 255 mm (Faci and Martínez-Cob, 1991). The scarcity of rain results in a considerable hydrous deficit during 9 months every year, with the maximum mean monthly deficit (170 mm) in July. The mean annual temperature is 14.4 ºC, and the absolute maximum and minimum recorded in the area since 1985 are 45 and -15 ºC, respectively.
In the study area, the Zaragoza Gypsum Formation (Quirantes, 1978) forms a gently undulating plain of about 350 km2 with near-horizontal gypsum-rich strata containing interbedded limestones and lutites (Salvany et al., 1996). The water table is shallow near the topographic lows with an average total dissolved solids of 5 g L-1 (Samper and García-Vera, 1998). Gypsic horizons occur either at the surface or in the deep soil profiles, which range from 25 to 150 cm in depth (Castañeda et al., 2010). The most common soils are Typic Calcigypsids, Typic Haplogypsids, and Typic Haplocalcids (Soil Survey Staff, 2010) or Calcisols, Gypsisols, and Solonchaks (IUSS Working Group WRB, 2007). The saline depressions scattered in the low-lying positions of the agricultural landscape were traditionally uncultivated due to the substrate composition and the local groundwater discharge (Castañeda and García Vera, 2008). Some depressions host temporary wetlands, while others have been incorporated into farms in the last few decades, as noted by Castañeda and Herrero (2008).

The prominent visual contrast between soil surface of white and dark patches (Fig. 1), often within the same agricultural plot, makes these patches an outstanding feature of this flat agricultural landscape. Moreover, these colored patches show differences in crop development.
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Fig. 1  Persistence of distribution of white and dark patches after almost 80 years of agricultural use: (a) 2006 orthophotograph showing crop- or fallow-free leveled plots with a uniform quadrangular shape; (b) 1927 photomap with smaller plots adapted to the underlying relief, still visible and stressed by the concurrent distribution of the white patches, natural vegetation, and contour lines; (c) the white material in relatively high topographic positions (arrows) brought and spread downwards by plowing; and (d) the differences in cereal development (May 2008) stressing the distribution of color patches.

Agricultural practices applied by the farmers are the same throughout the area and crop yields are limited by rainfall distribution and soil nutrients. Dry farming of winter cereals (barley and durum) using a cereal-fallow rotation, which includes a long-fallow period of 16--18 months between sowing and harvest, was the crop management used in all studied fields. A conventional tillage system, which consists of moldboard plowing to a depth of 30--40 cm in late winter or early spring followed by secondary tillage with a sweep cultivator to a depth of 10--15 cm in late spring, was implemented during the fallow period. A conventional seeder was used for the sowing. The average sowing rate was 170 kg ha-1 for durum and 180 kg ha-1 for barley. The use of fertilizer was not common except for occasional liquid manure in the rainiest years; sometimes an 8:15:15 N:P:K grade fertilizer was broadcast in no-till farming plots at a rate of 35 kg ha-1. In the driest years, when no yield was expected, farmers did not apply herbicide as they usually did. This was the case for the dry winter and spring of 2008.

There are no soil and water conservation practices in the area but two optional agri-environment measures in the frame of Natura 2000 Protecting Nature Policy: the leaving of stubbles and the establishment of wildlife corridors (alfalfa) to provide food for birds.

Experimental design and soil physicochemical properties determinations
The colored patches to be sampled were identified in fallow-free plots by using a Quickbird satellite image from Jul. 2007, and in complementary summer orthophotographs (0.5 to 1 m per pixel) from Jun. 1999, Aug. 2006, and Jun. 2009, furnished by PNOA ©Spanish Geographical Institute. Sixteen agricultural plots, ranging from 2 to 70.4 ha in size (median = 14.7 ha), were selected for sampling the white and dark patches they contained. Thirty-six soil samples were collected; nineteen of them represented WP soils, and seventeen were DP soils. At least one WP-DP pair was representative of each plot, and the same soil management practices. The physicochemical properties of the soils at 0--10 cm depth were measured. Additional measurements of soil water infiltrations were done at the soil surface crust.

The collected soil samples were air-dried at room temperature for one week and then dried for two weeks at < 40 ºC in order to avoid the release of the constitutional water of gypsum. After grinding and sieving (2 mm), the Munsell color of the moist soil samples was determined in the lab (Soil Survey Staff, 1993). The gypsum content was determined by thermogravimetry following the method of Artieda et al. (2006), and a Bernard calcimeter was used for calcium carbonate equivalent (CCE) determination. The soil salinity was expressed by the electrical conductivity (EC) of the saturated paste extract (United States Salinity Laboratory Staff, 1954, 1969). The organic carbon was determined by an improved chromic-acid digestion and spectrophotometric procedure (Heanes, 1984), and the results transformed to organic matter (OM) by multiplying by the factor 1.724.

Soil surface crust and subsurface soil layers (0--10 cm) are affected most by the soil management performed. The dry soil bulk density ((b) within 0--10 cm soil layer was determined by the core method (Grossman and Reinsch, 2002), with core dimensions of 50 mm diameter and 50 mm height. The soil samples were dried at 50 ºC for 48 h and weighed in order to calculate soil bulk density. This sampling was also used to determine the prior volumetric water content needed to calculate soil hydraulic properties. One measure of (b was carried out per sampling site.

The available water content of the 2-mm grinded soil samples was estimated using ceramic pressure plates (Richards, 1965) as the difference between the gravimetric water content at field capacity (-33 kPa) and wilting point (-1 500 kPa).

The soil hydraulic properties of soil surface crust were measured in the field using a tension disc infiltrometer (Perroux and White, 1988) with a base radius (R) of 50 mm. The infiltration measurements were taken on open areas without vegetation cover, in white and dark patches. A thin layer of commercial sand (80--160 (m grain size) was used to ensure good hydraulic contact between the base of disc and soil surface. Only infiltration measurements at soil saturation conditions, which last up to 15 min, were conducted. The soil hydraulic conductivity (K) and sorptivity (S) at saturation were calculated from transient cumulative infiltration according to Vandervaere et al. (2000). The final soil water content, needed to calculate soil hydraulic properties, was sampled from the upper centimeters of the soil just after removing the disc infiltrometer from the soil surface. Two replications were performed per sampling site. The three-dimensional steady state infiltration flux on soil surface crust, q3D (mm s-1), estimated when infiltration time tends to infinite, was calculated according to Haverkamp et al. (1994):
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where ( is a constant with a value of 0.75 (Vandervaere et al., 2000), K is the soil hydraulic conductivity, S is the soil hydraulic sorptivity, R is the base radius of 50 mm, and (0 and (f are the soil volumetric water content under the disc infiltrometer just before starting and at the end of the infiltration measurements.

Rainfall, ET0 and crop yield
The rainfall distribution was recorded during three consecutive cropping seasons (Oct.--Jun.) of 2007--2008, 2008--2009, and 2009--2010. The records of the daily rainfall and reference evapotranspiration (ET0) were available from the Valfarta Agrometeorological Station (MAGRAMA, 2003) located 13 km away from the area. ET0 was calculated by SIAR using the FAO-56 Penman-Monteith method. For each season, three rainfall periods from different crop growth stages (Zadok et al., 1974) were considered: 1) from emergence to leaves (Oct.--Feb.), 2) from tillers to the flag leaf and booting (Mar.--Apr.), and 3) from heading and flowering to maturity (May--Jun.).

The winter cereal was harvested at the agricultural plots where the soil samples were collected. Six sites were harvested in 2008, 14 in 2009, and 23 in 2010, totaling 43 that yielded the data representative of WP and DP soils. Some plots were harvested in two of the years of the experiments. The cereal was cut at local harvesting dates: Jul. 1 (2007--2008), Jun. 9 and 16 (2008--2009), and Jun. 17 (2009--2010). At each site, wheat and barley samples were obtained by cutting plants 2 cm above the soil surface from three 0.25 m2 plots. Plants from three rows were taken. Plants were threshed in the lab to separate the grain. The yield of grain was determined by directly weighing the grain. Precipitation-use efficiency (PUE), defined as the grain yield divided by harvest-to-harvest water use (Jones and Popham, 1997) and expressed in kg ha−1 mm−1, was also calculated.

Statistic analyses

The differences in mean composition between WP and DP soils were evaluated with Student’s t-test and Mann-Whitney U-test. The distributions of yield, OM, EC, and gravimetric water content at wilting point were normalized using their base-10 logarithm values. The Pearson correlation and ANOVA were also performed between different soil features.
RESULTS
Distribution of color patches

The orthophotographs examined showed the arrangement of most WP following medium-scale landscape features related to the underlying geological structures and lineaments (Fig. 1b). The field survey showed that WP frequently occurred in relatively high landscape positions (Fig. 1a), at the summit and on the middle slopes of the undulating landscape. Most DP occupied low landscape positions, similar to the non-cropped saline wetlands scattered across the agricultural landscape.

The spatial resolution of the Quickbird satellite image (pixel = 2.4 m × 2.4 m) was well suited for the size of the agricultural plots in the area. ISODATA (iterative self-organizing data analysis) classification of the Quickbird image allowed the automatic identification and delimitation of WP in crop- or fallow-free plots (Fig. 2). The mean percentage of the WP surface extent in our sampled plots was 21%, ranging between 5% and 71%. According to the geological materials, these satellite-derived white areas may include carbonate and gypsum-rich soils (Lindberg and Smith, 1973; De Vries, 1991; Drake, 1997). Their spectral discrimination involves forthcoming works.
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Fig. 2  Distribution of white patches as delimited in two plots using iterative self-organizing data analysis (ISODATA) classification of Quickbird satellite image (in background), with the sampled white patches (WP) and dark patches (DP) sites indicated.
The Munsell color hue of WP and DP soils was similar whereas Munsell color values were significantly different (P < 0.001), with median Munsell color values of 6 and 4 for WP DP, respectively (Table I). 

TABLE I

Munsell color of soil samples from white and dark patches (WP and DP, respectively)
	WP soil No.
	Munsell color
	DP soil No.
	Munsell color

	WP1
	10YR 6/2
	DP1
	10YR 4/2

	WP2
	10YR 5/3
	DP2
	10YR 3/2

	WP3
	10YR 6/4
	DP3
	10YR 4/3

	WP4
	10YR 6/2
	DP4
	10YR 4/4

	WP5
	10YR 6/3
	DP5
	10YR 4/3

	WP6
	10YR 7/3
	DP6
	10YR 3/4

	WP7
	10YR 7/3
	DP7
	7.5YR 4/2

	WP8
	10YR 7/3
	DP8
	10YR 5/3

	WP9
	10YR 7/4
	DP9
	10YR 4/4

	WP10
	10YR 6/2
	DP11
	10YR 4/4

	WP11
	10YR 8/3
	DP11
	10YR 5/2

	WP12
	10YR 6/3
	DP12
	7.5YR 5/6

	WP13
	10YR 6/2
	DP13
	10YR 4/2

	WP14
	5YR 6/4
	DP14
	10YR 4/3

	WP15
	10YR 7/2
	DP15
	7.5YR 4/4

	WP16
	7.5YR 5/1
	DP16
	10YR 4/6

	WP17
	10YR 6/3
	
	

	WP18
	10YR 5/3
	
	

	WP19
	10YR 7/4
	
	


Contrasting soil properties between WP and DP 

In the 0--10 cm surface layer of the selected experimental sites, the gypsum ranged from 20 to 860 g kg-1 and CCE ranged from 90 to 610 g kg-1, with average values of 270 and 330 g kg-1, respectively. Gypsum content > 400 g kg-1 only occurred in the WP soils, and gypsum content > 250 g kg-1 occurred at 38% of the sites studied. The sum of gypsum plus CCE presented an average value of 600 g kg-1, and this sum of > 400 g kg-1 occurred in 78% of the samples. Organic matter was a minor component, ranging from 6.7 g kg-1 to 25 g kg-1 (Table II).

TABLE II

Statistics of the main soil properties for white patches (WP) and dark patches (DP) soils in the 0--10 cm layer, with significant differences between WP and DP indicated
	Soil property
	WP soil (n = 19)
	
	DP soil (n = 16)

	
	Min.
	Max.
	Mean
	C.V.a)
	
	Min.
	Max.
	Mean
	C.V.

	Gypsum (g kg-1)
	22
	857
	454**
	0.76
	
	16
	365
	91**
	0.99

	Calcium carbonate equivalent (g kg-1)
	86.7
	615
	270*
	0.58
	
	188
	571
	377*
	0.35

	Organic matter (g kg-1)
	6.7
	25
	15
	0.39
	
	11
	26
	18
	0.24

	Electrical conductivity (dS m-1)
	0.58
	10.7
	4.1
	0.64
	
	1.4
	18.6
	7.2
	0.79

	Water content at field capacity (g kg-1)
	264
	432
	348
	0.15
	
	294
	478
	363
	0.13

	Water content at wilting point (g kg-1)
	50
	223
	112**
	0.53
	
	110
	236
	158**
	0.23

	Available water content (g kg-1)
	142
	303
	237*
	0.18
	
	101
	285
	205*
	0.26

	Dry soil bulk density (g cm-3)
	0.92
	1.27
	1.07
	0.09
	
	0.85
	1.36
	1.06
	0.16

	Surface crust infiltration rate (mm s-1)
	0.026
	0.039
	0.031**
	0.09
	
	0.014
	0.109
	0.072**
	0.52


*, **Significant at P < 0.05 and P < 0.01, respectively.
a)Coefficient of variation (%).
The average gypsum content was 450 g kg-1 for WP and 90 g kg-1 for DP soils, and the average CCE was slightly higher for DP soils (377 g kg-1) than for WP soils (270 g kg-1) (Table II). Significant differences for the gypsum (P < 0.001) and CCE (P < 0.05) were observed between WP and DP soils. Mean organic matter in DP soils (18 g kg-1) was slightly higher than in WP soils (15 g kg-1), with significant differences (P < 0.05) between the two types of soil.

The average EC for all sites was 5.3 dS m-1, ranging from 0.6 to 18.6 dS m-1. In terms of the salinity phases for soil mapping adapted by Nogués et al. (2006), the studied soils were in a wide range, from non-saline (EC < 2 dS m-1) to very strongly saline (EC > 16 dS m-1). The percentage of soil samples with EC > 4 dS m-1 was 24% for both WP and DP. The percentage of strongly and very strongly saline soils (EC > 8 dS m-1) was much higher for DP (21%) than for WP (6%). Significant differences in EC between WP and DP soils were not observed in spite of their different values for maximum EC and coefficient of variation (C.V.) (Table II).

The gravimetric water content in the 0--10 cm layer ranged from 264 to 478 g kg-1 at field capacity and 50 to 236 g kg-1 at wilting point. Significant differences (P < 0.01) between WP and DP soils were found for gravimetric water content at wilting point, with the higher mean (158 g kg-1) measured in DP soils (Table II). By contrast, the available water content of WP soils (237 g kg-1 mean) was significantly higher (P < 0.05) than the corresponding values in DP soils (205 g kg-1 mean).

For all samples, significant negative correlations were observed between the gypsum content and gravimetric water content at field capacity (r = -0.508, P < 0.01) and wilting point (r = -0.778, P < 0.001). Fig. 3 illustrates the difference between WP and DP soils. The soils with gypsum > 400 g kg-1 tended to hold less water at field capacity (mean = 319 g kg-1) and wilting point (mean = 70 g kg-1) than those soils with gypsum < 200 g kg-1 (means equal to 371 g kg-1 at field capacity and 165 g kg-1 at wilting point). The averaged values of available water content were 249 g kg-1 for the soils with gypsum content > 400 g kg-1 and 206 g kg-1 for the soils with gypsum < 200 g kg-1.
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Fig. 3  Gypsum content in the 0--10 cm soil layer against the water contents at field capacity and at wilting point pressure ranges for white patches (WP) soils and dark patches (DP) soils.

The average soil dry bulk density ((b) was 1.07 g cm-3, ranging between 0.92 and 1.36 g cm-3. No significant differences (r = 0.742, P = 0.864) in (b were observed between WP and DP. The three-dimensional steady state infiltration flux on the soil surface crust (q3D) ranged between 0.014 and 0.109 mm s-1. In this case, q3D in DP was significantly higher (P < 0.001) than the corresponding value measured in WP. 
Seasonal precipitation and ET0
The irregularity of the rainfall was well characterized by the range of annual values (computed for the natural years) during our field surveys, from 268 mm in 2007, 23% lower than the long-term mean in the area (350 mm, calculated from 1973 to 2000), to 424 mm in 2008, 21% higher. The rain values computed for the crop-growing cycle, i.e., from Oct. (sowing) to the end of Jun. (harvesting), were 297, 242, and 254 mm, respectively, for the three crop seasons studied (Fig. 4). These differences ranged from 6% above to 13% below the long-term mean precipitation for the crop-growing cycle period (278 mm), with large differences in temporal distribution. Fig. 5 highlights the irregularity of daily rainfall and the ET0 over the three cereal-growing seasons. The 2007--2008 season was the driest in autumn-winter, and very wet at the end of the cycle (130 mm in May), whereas the 2008--2009 season showed the wettest pre-maturity periods. The driest spring occurred during the 2009--2010 growing season, with only 58.4 mm precipitation from March to May. The number of days of effective rainfall (≥ 10 mm day-1; Moret et al., 2007) was 8, 5, and 6, for the three seasons, respectively. Days of effective rainfall occurred mostly in May for the 2007--2008 season, and throughout the cycle for the 2008--2009 and 2009--2010 seasons.

[image: image5.png]Precipitation (mm)

390 r

Il Stage 1
300 F O StageZ
B Stage3
250
200
150
100
50
0 1 1
1'@@% %fLQQg cyrp\g
QO Q M)
P° 20 P





Fig. 4  Cumulative precipitation for the three consecutive growing seasons (Oct.--Jun.) of 2007--2008, 2008--2009, and 2009--2010 and for the mean of 1973--2000 period. The three cereal-growing stages were: stage 1 was from emergence to leaves (Oct.--Feb.), stage 2 from tillers to the flag leaf and booting (Mar.--Apr.), and stage 3 from heading and flowering to maturity (May--Jun.).
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Fig. 5  Daily rainfall and evapotranspiration (ET0) during the growing seasons (Oct.--Jun.) of 2007--2008, 2008--2009, and 2009--2010.

The differences between rainfall and ET0 for the three surveyed growing seasons were very similar, with 507 mm as the mean deficit. All crop-growing stages but two (the first stages of the 2008--2009 and 2009--2010 seasons) underwent a high deficit (> 100 mm), with the maximum (319 mm) in May--Jun., 2009 due to the low rainfall (20.4 mm) during this stage (Fig. 5). This low rainfall during the stage of cereal maturity in 2009 contrasts with the high rainfall recorded during the same period in 2008 (130 mm). However, field observations showed that the rains during the late growing stage in 2008 were not beneficial for grain yield but for the spread of weeds.

Grain yield and precipitation-use efficiency
Twenty WP-DP pairs of sites were selected after eliminating two harvested sites with symptoms of a fungal disease, and one site cultivated with non-productive peas. Barley was harvested in 12 sites and durum in 28 sites. The grain yield differed greatly between years, with a range of two orders of magnitude, from 51 to 5 256 kg ha-1. The grain yields ranged from 79 to 1 136 kg ha-1 in 2008, from 297 to 5 713 kg ha-1 in 2009, and from 51 to 1 903 kg ha-1 in 2010, with means of 520, 1 588, and 967 kg ha-1, respectively. The maximum grain yield range occurred in 2009, with sites 5, 8, and 9 producing three times more than the others.

The grain yield in WP was significantly (P < 0.01) lower than that measured in DP, with a percentage shortfall of 34%, 36%, and 49%, respectively, for the 2007--2008, 2008--2009 and 2009--2010 seasons. The maximum yield difference between the WP and DP soils occurred in 2010. In DP soils, the yield ranged from 347 to 5 713 kg ha-1, in both cases being barley. In WP soils, the grain yield ranged from 51 to 2 220 kg ha-1 (Table III). A significant correlation (r = 0.491; P < 0.05) was found between the grain yields in the WP and DP soils, whether for durum or barley (Fig. 6), after excluding sites 14 and 15 located below the 1:1 line (see discussion section).

TABLE III

Grain yields of winter cereal (durum or barley) produced in the soils of sampled white patches (WP) and dark patches (DP)
	Grain yield
	2008
	
	2009
	
	2010
	
	Total

	
	WP
	DP
	
	WP
	DP
	
	WP
	DP
	
	WP
	DP

	
	————————————————— kg ha-1 —————————————————

	Max.
	565
	1 136a)
	
	2 220a)
	5 713a)
	
	1 255a)
	1 903
	
	2 220a)
	5 713a)

	Min.
	79a)
	581
	
	297
	897
	
	51a)
	347a)
	
	51a)
	347a)

	Mean
	263
	777
	
	993
	2 791
	
	562
	1 139
	
	668
	1 663


a)Barley.
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Fig. 6  Relationships between grain yields at 20 pairs of white patches (WP)-dark patches (DP) sites in three consecutive growing seasons (Oct.--Jun.) of 2007--2008, 2008--2009, and 2009--2010. The studied cereal included barley (harvested at sites 2, 4, 5, 14 and 15) and durum (harvested at the other sites).
The precipitation-use efficiency (PUE) showed significant differences (P < 0.05) between WP and DP soils in the 2008--2009 and 2009--2010 seasons, while in 2007--2008 the PUE was not significantly different (Fig. 7). The differences of grain yield between WP and DP increased with the rainfall.
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Fig. 7  Precipitation-use efficiency (PUE) for grain yield in the three  growing seasons (Oct.--Jun.) of 2007--2008, 2008--2009, and 2009--2010 in the sampled white patches (WP) and dark patches (DP) soils. Vertical bars indicate standard deviations of the means (n = 6 for 2007-2008, n = 14 for 2008-2009, n = 23 for 2009-2010). Bars with the same letter for each growing season are not significantly different at P < 0.05.
DISCUSSION
Landscape, color and composition

WP and DP soils still reflect the underlying geologic structure, probably due to the limited soil depth (about 80 cm as a mean). However, the intensive landscape reshaping produced by land systematization, moldboard plowing (Fig. 1a), and leveling for the imminent new on-farm irrigation developments has favored a blending of the colored soil patches. For this reason, the more recent the aerial images were, the more blurry the colored patches appeared. For each agricultural plot, the WP soils mainly occur in the high positions, often associated with superficial and broken gypsum and limestone bedrock. The DP soils originally occur in the lower positions, where the contents of organic matter and fine materials increase. Many of these low-lying positions can be considered as smoothed hollows (and flat-bottomed valleys) of karstic origin. Similar depressions in the area, hardly recognizable in situ by their morphology, were identified and delimited by Conesa et al. (2011), using the vegetation as the main criterion.

Soil color is widely used for distinguishing soil horizons and appraising composition in the field. Moreover, the soil color, radiometry, and spectral analysis have been used by different studies focusing on soil surface condition and properties, especially in arid areas (Escadafal, 1989; Huete, 1994; Mathieu et al., 1998; Sánchez-Marañón et al., 2007; Meléndez-Pastor et al., 2008). The soils on arid regions can have a variety of colors, from grey to brown or red. Extensive white areas on arid regions in the world are frequently associated with the occurrence of salts at the soil surface. These soils were not studied here. In Monegros, and in general in the central Ebro Basin, the geological materials are responsible for the white color of soils.

In our studied soils, the decrease of Munsell color value from WP (median 6) to DP soils (median 4) is due to the darkening by OM contents (Table II), and this difference in color value is easily perceived at the surface horizons because of the high value and low chroma of the gypsum- and carbonate-rich soils. This strong contrast between bare WP and DP soils makes it easier to detect them from airborne and satellite images, even though more than one date in summer is required to identify them given the need for a bare soil surface overall (i.e., fallow-free soils). The white patches of Monegros are well perceived by eye and easily detected from aerial and satellite images as areas of very high reflectance (Fig. 2). Moreover, due to the frequent plowing of agricultural plots, the spectral response of our gypsic soils favor the saturation of pixels in images, in contrast with the irradiance measured for gypsic soils in natural areas where frequently gypsophilic vegetation or biological soil crusts develop (Nield et al., 2007). At the surface soil layer, color differences are associated with significant differences in soil composition between the two colored patches (Fig. 2, Table II), mainly due to the contents of organic matter and siliceous-silicatic material in the DP sites. The color of the surface layer can be a guide for diagnosis of unproductive soils (Fig. 6). As noted by Poch and Verplancke (1997), Poch et al. (1998) and Herrero and Boixadera (2002), large amounts of gypsum in soils entail minor contents of clay minerals and other components having greater water retention capacity. For this reason, gypsum soils have low water retention (Boukhris and Lossaint, 1975). Providing the similar management (similar structure) for each pair of WP-DP soils, the higher water content of DP soils as against WP soils is conditioned by the lower gypsum and carbonate contents of DP soils (Fig. 3), together with their higher OM content (Table II) that favors the water retention and infiltration (Brady and Weil, 2002).

Yield and precipitation-use efficiency in WP and DP

As found in previous studies (McAneney and Arrúe, 1993; Cantero-Martínez et al., 1995; Austin et al., 1998; Moret et al., 2007), the grain yield was dependent on total seasonal rainfall and the rainfall distribution over the crop-growing period. As with Amir et al. (1991) and Moret et al. (2007), the lowest grain yields, which corresponded to the 2007--2008 crop season, were associated with low effective rainfall from emergence to leaves and during flowering (Mar.--Apr.; Fig. 4). In this case, the copious precipitation recorded from flowering to maturity (May--Jun.) did not significantly affect the crop yield since most of the rainfall occurred in Jun. (Fig. 5), when the plants were almost dried. The maximum crop yield, which corresponded to the 2008--2009 crop season, coincided with the rainfall pattern of the highest amount of rainfall recorded between Mar. and Apr. (from tillers to the flag leaf and booting). As with Moret et al. (2007) in a semiarid zone of NE Spain, the highest yields obtained were related to high effective rainfall from Mar. to May, which may favor ear and grain development. Despite the scarce precipitation recorded in 2009--2010 during crop flowering, the copious rainfall during crop establishment would allow the crop yield to show intermediate values in relation to the previous crop seasons. In general, our results were comparable to those reported by several authors (French, 1978; Amir et al., 1991; Cantero-Martínez et al., 1995; Moret et al., 2007), who observed that crop yield was poorly correlated with soil water content at sowing but highly influenced by rainfall during the growing season. Similar behavior was observed for the precipitation-use efficiency (PUE) index, whose values were within the same order of magnitude as that observed by Moret et al. (2007) in a dryland semiarid region of NE Spain.

Overall, maximum yield and PUE were attained in the DP soils for both barley and durum. High gypsum content entailed low soil surface infiltration rates and water retention, mainly at the wilting point (Table II), which may have negative effects on plant growth. The higher C.V. of soil water content at wilting point in WP (0.53), as against DP (0.23), was caused by the higher gypsum content in WP soils (830 g kg-1) as against DP soils (350 g kg-1). As reported by Van Alphen and de los Ríos (1971), FAO (1990), Herrero and Boixadera (2002), and Herrero et al. (2009), high gypsum content in soils was an important limitation factor for plant growth due to the resulting low water retention capacity, irregularities in the moisture distribution in the soil, and increases in soil mechanical impedance in the layers within root zone. The high and middle-slope topographic position of the WP also hampered soil infiltration.

No significant interaction (P > 0.05) was found between seasonal rainfall and soil type in crop yield and PUE. The maximal difference in crop yield between WP and DP corresponded to the 2008--2009 crop season, with the highest rainfall between Mar. and Apr. (from tillers to the flag leaf and booting). However, these differences were less in the 2007--2008 and 2009--2010 crop seasons, where total crop yields were significantly lower (P < 0.05). These results would indicate that the crop yield in DP was more sensitive to rainfall distribution than that in WP.

A more detailed analysis of each individual pair of WP-DP sites (Fig. 6) allowed some singularities of the experimental design to be corrected. The lower yield of DP compared to WP in the sampling sites 14 and 15 can be explained by the very strong salinity (EC = 18.6 dS m-1) of the DP soils. Likewise, the strong salinity of the DP soils in the sites 6 and 7, with EC values of 15.2 and 14.3 dS m-1, respectively, resulted in similar yields in the sites. These salinity values were higher than the EC values (11.3 dS m-1), under which the durum grain yield was reduced by 50% (EC50), in the field experiments nearby established by Royo and Abió (2003). These saline cultivated soils could be the remnants of old cryptowetlands, which have been incorporated into farming in the last few decades (Castañeda and Herrero, 2008; Domínguez et al., 2013). After excluding these four extremely saline DP sites from the regression analysis, an improved significant correlation (r = 0.58; P < 0.05) was found for the WP-DP pairs. In this case, the mean crop yield in the DP soil was 3.5 times higher than that in the WP soil. The anomalous yield in the DP soil in site 3, located on the 1:1 line, did not seem related to the soil salinity (EC = 3.14 dS m-1). Other factors such as the induration of shallow gypsic layers, soil erosion (Van-Alphen and de los Rios, 1971) and other morphological features of the pedon should be considered. Except for sampling sites 14, 15, 6 and 7, the EC values measured in the remaining soils were lower than the mean EC50 values for durum development and for barley germination (Martínez-Cob et al., 1987). Moreover, the salt tolerance of barley and durum in gypsiferous soils is higher than in non-gypsiferous soils (Maas, 1985). These results suggested that the lower yield and PUE attained in WP soils for both barley and durum seem more related to the effect of high gypsum contents on plant growth than to soil salinity.

In semiarid areas, gypseous soils are often a natural constraint on agriculture. Irrigation is considered the only economically feasible practice for using these marginal lands (Laya et al., 1998). However, the occurrence of gypsic layers at the soil surface strongly conditions the irrigability of gypseous soils (Van-Alphen and de los Rios, 1971). The investment needed for precision agriculture seems economically unfeasible under the present low-input agriculture in dry-farmed areas. The soil color approach is a must for the projected sprinkler irrigation schemes, for saving irrigation water and agrochemicals and decreasing environmental impacts.

CONCLUSIONS

The significant differences in winter cereal grain yield were associated with the different composition of 0--10 cm soil layer in white and dark soil patches, in the semiarid central Ebro Basin, NE Spain. Gypsum content strongly dominated the soil composition of white patches, thus decreasing the soil water availability and grain yield. Overall, dark soils showed favorable hydro-physical behavior except for the local occurrence of strongly saline soils.

Independently of the amount of rainfall during the growing season, the maximum grain yield and precipitation-use efficiency were attained in dark soils, for both barley and durum. The grain yield differences between white and dark patches increased with rainfall, and rainfall distribution was crucial for grain yield given the scarcity of water. The maximum grain yield corresponded to the rainfall pattern with the highest amount of rainfall recorded between Mar. and Apr.

The different soil surface color at farm scale was associated to agricultural production, which indicates the need for soil studies for a correct assessment of agricultural practices. The tool of soil color assessment may allow environmental management to be improved by turning non-productive agricultural soils back into natural habitats under environmental protection. Moreover this tool would be beneficial prior to the designing of high-cost irrigation systems.

REFERENCES

Amir, J., Krikun, J., Orion, D., Putter, J. and Klitman, S. 1991. Wheat production in an arid environment. 1. Water-use efficiency, as affected by management practices. Field Crop. Res. 27: 351--364.

Artieda, O., Herrero, J. and Drohan, P. J. 2006. Refinement of the differential water loss method for gypsum determination in soils. Soil Sci. Soc. Am. J. 70: 1932--1935.

Austin, R. B., Cantero-Martíınez, C., Arrúe, J. L., Playán, E. and Cano-Marcellán, P. 1998. Yield-rainfall relationships in cereal cropping systems in the Ebro river valley of Spain. Eur. J. Agron. 8: 239--248.

Boukhris, M. and Lossaint, P. 1975. Aspects écologiques de la nutrition minérale des plantes gypsicoles de Tunisie. Rev. Ecol. Biol. Sol.[in French] 12: 329--348.

Brady, N. C. and Weil, R. R. 2002. The Nature and Properties of Soils. 13th Edition. Prentice Hall, Upper Saddle River, NJ. 
Cantero-Martínez, C., Villar, J. M., Romagosa, I. and Fereres, E. 1995. Growth and yield responses of two contrasting barley cultivars in a Mediterranean environment. Eur. J. Agron. 4: 317--326.

Castañeda, C. and García-Vera, M. A. 2008. Water balance in the playa-lakes of an arid environment, Monegros, NE Spain. Hydrogeol. J. 16: 87--102.

Castañeda, C. and Herrero, J. 2008. Assessing the degradation of saline wetlands in an arid agricultural region in Spain. Catena. 72: 205--213.

Castañeda, C., Mendez, S., Herrero, J. and Betrán, J. 2010. Investigating soils for agri-environmental protection in an arid region of Spain. In Zdruli, P., Pagliai, M., Kapur, S. and Faz, A. (eds.) Land Degradation and Desertification: Assessment, Mitigation and Remediation. Springer-Verlag, Berlin. pp. 561--568.

Conesa, J. A., Castañeda, C. and Pedrol, J. 2011. The Saladas of Monegros and their Environs. Habitats and Vegetation (in Spanish). Consejo de Protección de la Naturaleza de Aragón, Zaragoza, Spain.
De Vries, A. 1991. Intrinsic Reflection Characteristics of Gypsum and Calcite: High Spectral Resolution Laboratory Measurements. Agricultural University Wageningen, The Netherlands.
Domínguez, M., Herrero, J. and Castañeda, C. 2013. Saline wetlands’ fate in inland deserts: an example of 80 years decline in Monegros, Spain. Land Degrad. Dev. 24: 250--265. 
Drake, N. A. 1997. Recent aeolian origin of surficial gypsum crusts in southern Tunisia: geomorphological and remote sensing evidence. Earth Surf. Proc. Land. 22: 641--656.

Escadafal, R. 1989. Remote sensing of arid soil surface color with Landsat thematic mapper. Adv. Space Res. 9: 159--163. 

Faci, J. M. and Martínez-Cob, A. 1991. Estimation of the Reference Evapotranspiration in Aragón (in Spanish). Diputación General de Aragón, Zaragoza, Spain.
FAO. 1990. Management of Gypsiferous Soils FAO Soils Bulletin No. 62. FAO Land and Water Development Division, Rome. 
Fleming, K. L., Heermann, D. F. and Westfall, D. G. 2004. Evaluating soil color with farmer input and apparent soil electrical conductivity for management zone delimitation. Agron. J. 96: 1581--1587.

French, R. J. 1978. The effect of fallowing on yield of wheat. 2. The effect on grain yield. Aus. J. Agr. Res. 29: 669--684.

Grossman, R. B. and Reinsch, T. G. 2002. Bulk density and linear extensibility. In Dane, J. H. and Topp, G. C. (eds.) Methods of Soil Analysis. Part 4. SSSA Book Series No. 5. Soil Science Society of America, Madison WI. pp. 201--205.
Haverkamp, R., Ross, P. J., Smettem, K. R. J. and Parlange, J. Y. 1994. Three-dimensional analysis of infiltration from the disc infiltrometer. 2. Physically based infiltration equation. Water Resour. Res. 30: 2931--2935.

Heanes, D. L. 1984. Determination of total organic C in soils by an improved chromic-acid digestion and spectrophotometric procedure. Commun. Soil Sci. Plan. 15: 1191--1213.

Herrero, J. 1991. Morphology and Genesis of Soils on Gypsum (in Spanish). Monografías INIA No. 77. INIA (Instituto Nacional de Investigación Agraria), Madrid, Spain.
Herrero, J., Artieda, O. and Hudnall, W. 2009. Gypsum, a tricky material. Soil Sci. Soc. Am. J. 73: 1757--1763.

Herrero, J. and Boixadera, J. 2002. Gypsic Soils. In Lal, R. (ed.) Encyclopedia of Soil Science. Marcel Dekker, New York. pp. 635--639.
Herrero, J. and Snyder, R. L. 1997. Aridity and irrigation in Aragón, Spain. J. Arid. Environ. 35: 535--547.

Huete, A. R. 1994. A soil color index to adjust for soil and litter noise in vegetation index imagery of arid regions. In Intermational Geoscience and Remote Sensing Symposium IGARSS '94. August 8--12, 1994. Pasadena, CA. pp. 1042--1043.
IUSS Working Group WRB. 2007. World Reference Base for Soil Resources 2006. World Soil Resources Reports No. 103. FAO, Rome.
Jones, O. R. and Popham, T. W. 1997. Cropping and tillage systems for dryland grain production in the Southern High Plains. Agron. J. 89: 222--232.

Laya, D., Van Ranst, E. and Herrero, J. 1998. A modified parametric index to estimate yield potentials for irrigated alfalfa on soils with gypsum in Quinto (Aragón, Spain). Geoderma. 87: 111--122.

Lindberg, J. D. and Smith, M. S. 1973. Reflectance spectra of gypsum sand from the White Sands National Monument and basalt from a nearby lava flow. Am. Mineral. 58: 1062--1064.

López, M. V., Gracia, R. and Arrúe, J. L. 2001. An evaluation of wind erosion hazard in fallow lands of semiarid Aragon (NE Spain). J. Soil Water Conserv. 56: 212--219.

Maas, E. V. 1985. Crop tolerance to  saline sprinkling water. Plant Soil. 89: 273--284.

MAGRAMA. 2003. Agroclimatic Stations. SIAR Network. Ministry of Agriculture, Food and Environment (MAGRAMA), Government of Spain. Available online at http://eportal.magrama.gob.es/websiar/SeleccionParametrosMap.aspx?dst=1 (vertified on July 21, 2013).

Marten, G. G. and Vityakon, P. 1986. Soil management in traditional agriculture. In Marten, G.G. (ed.) Traditional Agriculture in Southeast Asia: A Human Ecology Perspective. Westview Press, Boulder, Colorado. pp. 199--225.

Martínez-Cob, A., Aragüés, R. and Royo, A. 1987. Salt tolerance of barley (Hordeum vulgare L.) cultivars at the germination stage: Analysis of the response functions. Plant Soil. 104: 53--56.

Mathieu, R., Pouget, M., Cervelle, B. and Escadafal, R. 1998. Relationships between satellite-based radiometric indices simulated using laboratory reflectance data and typical soil color of an arid environment. Remote Sens. Environ. 66: 17--28.

McAneney, K. J. and Arrúe, J. L. 1993. A wheat-fallow rotation in northeastern Spain: Water balance-yield considerations. Agronomie. 13: 481--490.

Meléndez-Pastor, I., Navarro-Pedreño, J., Gómez, I. and Koch, M. 2008. Identifying optimal spectral bands to assess soil properties with VNIR radiometry in semi-arid soils. Geoderma. 147: 126--132.

Moret, D., Arrúe, J. L., López, M. V. and Gracia, R. 2007. Winter barley performance under different cropping and tillage systems in semiarid Aragon (NE Spain). Eur. J. Agron. 26: 54--63.

Nield, S. J., Boettinger, J. L. and Ramsey, R. D. 2007. Digitally mapping gypsic and natric soil areas using Landsat ETM data. Soil Sci. Soc. Am. J. 71: 245--252.

Nogués, J., Robinson, D. A. and Herrero, J. 2006. Incorporating electromagnetic induction methods into regional soil salinity survey of irrigation districts. Soil Sci. Soc. Am. J. 70: 2075--2085.

Perroux, K. M. and White, I. 1988. Designs for disc permeameters. Soil Sci. Soc. Am. J. 52: 1205--1215.

Poch, R. M., De Coster, W. and Stoops, G. 1998. Pore space characteristics as indicators of soil behaviour in gypsiferous soils. Geoderma. 87: 87--109.

Poch, R. M. and Verplancke, H. 1997. Penetration resistance of gypsiferous horizons. Eur. J. Soil Sci. 48: 535--543.

Quirantes, J. 1965. Note on the lakes of Bujaraloz-Sástago. Geographica (in Spanish). 12: 30--34.
Quirantes, J. 1978. Sedimentologic and Stratigraphic Study of the Tertiary Continental of Monegros (in Spanish). CSIC, Zaragoza, Spain. 
Ramsar Convention Secretariat. 2010. Ramsar Handbooks for the Wise Use of Wetlands. 4th Edition. Volumn 1. Ramsar Convention Secretariat, Gland, Switzerland.
Richards, S. J. 1965. Soil suction measurement with tensiometers. In Black, C. A. et al. (eds.) Methods of Soil Analysis. Physical and Mineralogical Properties, Including Statistics of Measurement and Sampling. American Society of Agronomy, Madison, WI. pp. 153--156.
Royo, A. and Abió, D. 2003. Salt tolerance in durum wheat cultivars. Span. J. Agr. Res. 1: 27--35.

Salvany, J. M., García-Vera, M. A. and Samper, J. 1996. Geology and hydrogeology of the endorheic zone of Bujaraloz-Sástago (The Monegros, Zaragoza and Huesca). Acta Geol. Hispan. (in Spanish). 30: 31--50. 
Samper, F. J. and García-Vera, M. A. 1998. Inverse modeling of groundwater flow in the semiarid evaporitic closed basin of Monegros, Spain. Hydrogeol. J. 6: 33--49.

Sánchez-Marañón, M., Ortega, R., Miralles, I. and Soriano, M. 2007. Estimating the mass wetness of Spanish arid soils from lightness measurements. Geoderma. 141: 397--406.

Soil Survey Staff, 1993. Soil Survey Manual. USDA, Soil Conservation Service, Agricultural Handbook No. 18. US Gov. Print. Office, Washington, DC.

Soil Survey Staff. 2010. Keys to Soil Taxonomy. 11th Edition. USDA-Natural Resources Conservation Service, Washington, D.C. 
United States Salinity Laboratory Staff. 1954. Diagnosis and Improvement of Saline and Alkali Soils. Agriculture Handbook 60. USDA, Washington, D.C.
Van-Alphen, J. G. and de los Ríos, F. 1971. Gypsiferous Soils. Notes on Their Characteristics and Management. Bulletin No. 12. International Institute of Land Reclamation and Improvement, Wageningen, The Netherlands. 
Vandervaere, J. P., Vauclin, M. and Elrick, D. E. 2000. Transient flow from tension infiltrometers.I. The two-parameter equation. Soil Sci. Soc. Am. J. 64: 1263--1272.

Viscarra Rossel, R. A. and Chen, C. 2011. Digitally mapping the information content of visible-near infrared spectra of surficial Australian soils. Remote Sens. Environ. 115: 1443--1455.

Zadoks, J. C., Chang, T. T., Konzak, C. F. 1974. A Decimal Code for the Growth Stages of Cereals. Weed Research 14: 415--421.
*�Supported by the Project of Spanish Government (No. AGL2009-08931).


*�Corresponding autor. E-mail: ccastaneda@eead.csic.es.





8
1

_1435495295.unknown

