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Abstract 

Topsoil water content (TSWC) is a key factor for crop establishment and subsequent 

production, runoff generation, soil detachment, and other soil processes. TSWC is one of the 

most variable soil properties due to the complexity of water fluxes in the unsaturated zone. 

The studies about TSWC in cultivated Calcisols are limited and almost inexistent under 

fallow treatment in rainfed cereal fields. We hypothesize that certain wetness characteristics 

(patterns, ranges and changes) of a soil portion remain over time. This study seeks to identify 

the spatial patterns of TSWC and their temporal stability in a Mediterranean fallow rainfed 

cereal field (1.6 ha, partial stubble retention, no weed growth allowed) and Haplic Calcisol-

type soil. During 15 months (December 2009 to February 2011) and 25 field surveys 

measurements were made at 156 points (3 values per point) by using a frequency-domain 

probe. Values of TSWC varied significantly and four humidity periods were identified using 

antecedent rainfall and evapotranspiration values: wet (November – February, 27.1% vol. on 

average), spring (March – June, 18.8% vol.), dry (July – September, 12.1% vol.) and wetting-

up (October, 18.8% vol.). The relative differences within the field decreased under wet 

conditions and were higher in the dry surveys. The combined analysis of the standard 

deviation of the relative differences (SDRD) and the maps of TSWC showed that the spatial 

patterns of both the water content and the value changes were not stable at short-term. 

However, eight water content zones were defined at long-term supporting the initial 
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hypothesis: wettest (23.8% vol.), driest (16.8% vol.), stable (SDRD < 0.134) and moist and 

dry, medium stability and moist and dry, most variable (SDRD > 0.247) and moist and dry. 

Satisfactory correlations were obtained with two topographic factors (average slope of the 

contributing area and convexity) and four soil properties (rock, silt, carbonates and the water 

content at field capacity) and correlations improved in the wet period related to the dry period. 

A different time response of the TSWC values appeared in the wet (between 2 and 3 days) 

and dry (6 and 7 days) periods related to the antecedent rainfall and evapotranspiration. The 

different water content zones presented different values of the soil and topographic factors 

that explain the different temporal stability of the relative differences in TSWC. 
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1. Introduction 

Soil water content (SWC) is one of the most limiting factors for crop production by both 

water deficit and excess (Qin et al., 2013; Saue and Kadaja, 2014) and is especially relevant 

in semi-arid and sub-humid areas where irregular soil water content dynamics are frequent 

(Viola et al., 2012). Additionally, SWC in the uppermost layer, the topsoil (TSWC), which 

governs seedling establishment is a more limiting factor for crop yield (e.g. sunflower; 

Aboudrare et al., 2006) than total SWC at planting. On the other hand, the antecedent TSWC 

is a significant factor to predict runoff generation and coefficients (Penna et al., 2015) and 

also soil detachment at the first stages of an erosive event (Yu et al., 2014). 

Most climate models forecast an increase in temperature and a decrease in precipitation at 

the end of the 21st century (Milly et al., 2005). Mediterranean areas are subject to dramatic 

changes in a global change scenario in which SWC will decline and saturation conditions will 

be increasingly rare and restricted to periods in winter and spring (García-Ruiz et al., 2011). 

Therefore, soil water resources should be studied in detail within the frame of sustainable 

agriculture and natural resources management. 

In most soils the values of the physical properties vary considerably along the space 

(López-Vicente et al., 2008), high anisotropy ratio, and especially those related to hydrologic 

processes due to the complex water fluxes in the unsaturated zone (Espejo et al., 2014). The 

TSWC also varies throughout the seasons (López-Vicente et al., 2009) although there is a 

certain long-term temporal stability of this variability (Vachaud et al., 1985, Hu et al., 2013). 

At catchment scale Garcia-Estringana et al. (2013) found under Mediterranean conditions 

lower regimes of SWC on hillslopes under forest cover than in downslope areas covered with 



grasses, though these differences were not persistent through the year. And Navas et al. 

(2008) found in the Central Spanish Pyrenees a positive correlation between soil water 

content and other soil properties (field capacity, permanent wilting point) and with the ratio of 

the natural vegetation recovery too. At field scale Orfánus and Eitzinger (2010) analyzed how 

textural changes influence the variability of SWC in cultivated Gleysols and Regosols, and 

Munoz-Pardo et al. (1990) also found that the time stability of SWC may be explained by soil 

texture (silt + clay). 

Different management practices (no-tillage with spontaneous vegetation cover and 

conventional tillage) affect the water content levels such as Palese et al. (2014) found in a 

rainfed olive orchard in S Italy. The different tillage systems not only may affect the water 

storage efficiency at annual scale but also during fallow, cereal root growth and yield 

(Lampurlanés et al., 2002). There is wide evidence that fallow practices (allowing weeds and 

volunteer crops, chemical weed control, mechanical weeding, grassing, straw mulching, rock 

fragment cover) can improve soil water accumulation and thus buffer the negative effects of 

dry seasons on crop yields (López et al., 1996; Oliver et al., 2010). Other studies conclude 

that accumulation of soil water in fallows is inefficient due to high evaporation and runoff 

losses (Qin et al., 2013). Fallowing is especially common in legume, forage and cereal crops 

(Soldevilla-Martinez et al., 2013) and even result necessary in the arid and semi-arid areas of 

West-Asia and North-Africa (Ryan et al., 2009) and in the low-precipitation zone (<300 mm 

per year) of the USA Pacific Northwest (Bewick et al., 2008). Fallowing is less common or 

inexistent in temperate landscapes. 

In Mediterranean cultivated soils fallow is a traditional system, usually lasting 16 months, 

from July to October of the next year (Lampurlanés et al., 2002). However, there is few 

literature about temporal and spatial variability on TSWC in fallow cereal fields: Moret et al. 

(2007) measured and simulated soil water loss under three tillage management systems and 

fallows in the semiarid areas of NE Spain; and Pala et al. (2007) compared in Syria the long-

term effects of seven wheat-based rotations on soil water dynamics and water use efficiency 

for crop yield. In SE Spain Cammeraat et al. (2010) investigated the redistribution of soil 

water in relation to natural vegetation development and land abandonment with artificial rain, 

and Oliver et al. (2010) simulated the potential benefits of long fallows in cereal crop 

rotations in W Australia. More recently, Ursino et al. (2014) studied in small closed plots (15 

m2) in Italy the effects on several hydrological properties of fallow practices in soils after 

irrigation. 



Soil water content and dynamics are clearly different for each soil type. Many studies have 

been done in Vertisols (e.g. Baskan et al., 2013; Ackerson et al., 2014) and to less extent, in 

Leptosols (Baskan et al., 2013), in cultivated Sodosols (Lawrence et al., 1994), Gleysols and 

Regosols (Orfánus and Eitzinger, 2010) and in Alfisols (Pathak et al., 2013). Previous studies 

on SWC in Calcisols are scarce in spite of being a common soil in agricultural Mediterranean 

landscapes. Celano et al. (2011) assessed the spatial and temporal variability of SWC in olive 

orchards in Italy managed with and without cover crops. In Spain, Ramos et al. (2011) studied 

the effect of four soil management practices on the water content levels in rainfed almond 

orchards and Fernández-Ugalde et al. (2009) found in semiarid cultivated soils with barley an 

increase of water availability under no-tillage practice in comparison with conventional 

tillage. In Central France, Gabrielle et al. (2006) measured the soil water content in 

contrasting wheat-cropped soils. Besides these studies, we have only found one article in the 

literature about soil water content in a cultivated Calcisol under fallow treatment. In this 

article Lampurlanés et al. (2002) analyzed the effect of one year fallow treatment on the water 

storage and efficiency in a crop rotation barley/fallow although these authors did not study in 

detail the spatial and temporal dynamics of TSWC. 

To our knowledge there is a gap in studies about the spatial structure of TSWC and its 

temporal stability in cultivated cereal Calcisols under fallow treatment. In this study we have 

selected a rainfed fallow cereal field under homogeneous soil type (Haplic Calcisol) 

conditions to characterize and analyse the spatial patterns and temporal stability of TSWC. 

Despite the well-known high variability of topsoil water content we hypothesize that it has a 

spatial structure with a characteristic temporal variability pattern. To achieve this goal we 

measured the TSWC on a 10x10m grid, every 15 days during 15 months (Dec’2009 – 

Feb’2011) in a 1.6 ha-field of the Spanish Central Pre-Pyrenees by using a frequency-domain 

probe. The spatial patterns of water content and their temporal stability are firstly analyzed 

with statistical indicators. Then, values of TSWC are correlated with several topographic and 

soil physical properties and ratios and their temporal changes with two hydrologic (rainfall 

depth and evapotranspiration) and one climatic (solar radiation) parameters. The sound 

assessment of the TSWC patterns and their temporal stability (stable-dry, stable-wet, stable-

medium) will be of interest for hydrological and agronomic research and can be used also to 

propose management practices to mitigate the negative consequences of rainfall scarcity in 

rainfed agricultural lands and other fragile though productive agro-ecosystems. 

 

 



2. Materials and methods 

2.1. The rainfed fallow cereal field on Calcisol-type soil 

A 1.6 ha fallow field was selected due to its physiographic characteristics. The field is 

classed as a nearly closed-hydrological unit due to the cutting-connectivity effect of the 

landscape linear elements (LLEs) that surround the study area (Quijano et al., 2013) (Figure 

1a). It has homogeneous solar radiation conditions (SE facing) and a mean slope steepness of 

9%. The field is delimited by a paved trail and a stone wall to the north and by a small 

drainage ditch to the west, whereas to the east and south it borders on the La Reina ephemeral 

stream. Scattered short holm oaks surround the field but their shadow influence on the water 

content is negligible. During rainfall events with high intensity peaks and depths overland 

flow coming from near fields’ upslope can enter into the field. The field is located in the 

lower part of the La Reina subcatchment within the Vandunchil stream catchment (Aragón 

river basin) in the northern part of the Ebro river basin (NE Spain) (Figure 1b). In a previous 

study eight hydrological units (HU) were identified: five in the northern part of the field with 

several outlets to the stream that present an undulating topography, and three HU with more 

gentle topography that cover the southern part of the field and converge in one outlet (López-

Vicente et al., 2015). Soils are classified as Haplic Calcisols (Figure 2a) with low soil organic 

matter content (0.5–2.6 %), high carbonate contents (ca. 40 %) and texture is mainly silt loam 

and silty clay loam and in some cases sandy loam, loam and clay (Quijano et al., 2014). 

The field has been cultivated for cereals during more than 150 years and consequently the 

soil is thoroughly mixed in the plough layer (25–30 cm). In situ field observations revealed 

that soil redistribution from tillage occurs although to a lesser extent than water erosion, 

which is triggered by the rills and ephemeral gully systems (López-Vicente et al., 2015). The 

cereal field was last harvested in June 2007 and from that date onwards the field has remained 

fallow (partial stubble retention, no weed growth allowed) for research purposes (Figure 1c). 

Before fallowing the field was managed with minimum tillage during 15 years. Vegetation 

clearance practices were implemented to prevent scrub growth and so the soil surface has 

remained almost bare and with very low soil roughness since that date. 

The climate is continental Mediterranean with two humid periods, one in spring (April and 

May) and a second in autumn (from September until December) that summarizes 63% of the 

total annual precipitation. Summers are usually dry with occasional thunderstorms and 

winters are temperate and relatively dry (Figure 2d). There are eleven active weather stations 

(WS) surrounding the study area. Of these WS we use data from the Caseda (Spanish 

Meteorology Agency, AEMET) and Uncastillo (Ebro river basin Water Authorities, CHE) 



weather stations, located 15.9 km north west and 10.4 south east of the fallow field, 

respectively. A synthetic WS, at daily-temporal resolution, has been calculated with the 

rainfall values from these two WS for the period 1992-2012 (21 years): i) the average annual 

rainfall depth was 556 mm with strong inter-annual oscillation of 96% (from 393 mm in 2001 

till 768 mm in 1997); and ii) the highest rainfall depth is usually recorded in October (77 mm 

on average). Annual maximum reference evapotranspiration (ET0, mm) reaches 1156 mm. 

Rainfall events of high intensity happen in June, July, September and October, with average 

values of maximum rainfall intensity in 30 min, I30, higher than 4 mm h–1 and above 6 mm h–1 

in October (Figure 2d). Average I30 keeps below 2 mm h–1 between November and February. 

 

2.2. Topsoil water content measurements 

A frequency-domain probe (Delta-T SM200) was used to measure the topsoil water content 

(TSWC). This device has a portable/handheld reading unit for field measurements and has a 

configuration of two rods that are inserted in the soil up to 51 mm depth (Figure 2b). The 

SM200 instrument uses a soil property called apparent dielectric constant of the soil to 

estimate volumetric water content at initial conditions (θ0, % vol.) with an accuracy ± 0.03 m3 

m–3. Although soil water content behavior changes at different soil depths, in this work we 

only characterized topsoil water content because processes of soil water storage and even 

runoff generation are mainly controlled by the mechanisms of initially soil surface water 

repellency, topsoil infiltration and changes in topsoil water content (Gomi et al., 2008), 

especially in Mediterranean soils where dry conditions are frequent. We assumed that water 

extraction from the vegetation roots surrounding the field do not affect the water content in 

the upper portion of the soil near the boundary of the field. 

The TSWC was measured in 25 field campaigns every 15 days comprising the period 

December 2009 – February 2011 (Figure 2c). A total of 156 measurement points (98 points / 

ha) were established following a regular net with a distance of 10 m between points that 

entirely cover the field. Measurement points were identified in the field by using angle top-T 

signs hammered in the soils that guarantee the accurate location of measurements during each 

campaign. Three measurements of θ0 were done in each point and the average value was 

estimated as the representative value. A total of 11,700 TSWC measurements were done. 

Moreover, each survey was performed in one day to avoid any temporal change of the soil 

water content conditions. There was not recorded any rainfall event during each campaign and 

thus measured values suffered low variation. 

 



2.3. Spatial patterns and temporal stability of the TSWC 

There is a wide range of techniques and methods to analyze soil water content fields that 

include temporal classical statistical and geostatistical tools, stability analysis, wavelet 

analysis, empirical orthogonal functions and numerical simulators (Vereecken et al., 2014; 

Martínez et al., 2014). We firstly analyzed the range of measured θ0 values during the 25 

surveys and then at the different humidity periods with the aim of identifying significant 

differences between each survey. The wet period has the highest ratio between the average 

rainfall and evapotranspiration (W-P, Nov. – Feb.), the dry period has the lowest ratio (D-P, 

Jul. – Sep.), and the spring (Sp-P, Mar. – Jun.) and the wetting-up (WUp-P, Oct.) periods 

have in-between values. We also defined the wet surveys as those with the highest ratios 

between the antecedent measured rainfall depth and the antecedent measured ET0 and the dry 

surveys present the lowest ratios. Secondly, we calculated the relative topsoil water content or 

relative volumetric water content of the topsoil (θR, %) that is mathematically defined as the 

ratio between the field measured value of θ0 and the estimated value of the volumetric water 

content at field capacity (θFC, % vol.): 
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As values of θFC vary along any field and within the same soil type, this relationship relates 

all measured values with the potential water storage al field capacity at each observation 

location “i”. Thus, it allows a different analysis of the spatial patterns of topsoil water content 

that is of interest in areas with high variability of the values of θRi. This relationship was used 

by Talluto et al. (2008) to investigate drying processes of the soil in central Sicily (Italy) in 

apple orchards and also by López-Vicente et al. (2009) to analyze the spatial variation of 

seasonal topsoil water content in a complex agro-ecosystem (Huesca province, NE Spain) 

with different soil types. 

In order to identify the spatial patterns of the TSWC we calculated the relative difference, 

it , between the average value of θ0 in the whole study area at the time or survey “t”, t0 , and 

the specific value of θ0 at each observation location “i”: 
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where MRDi is the mean relative difference for the location “i” and NT is the number of 

observation times. And the temporal stability analysis of these differences was done 

calculating the standard deviation of the set δi,1, δi,2, …, δi,NT of relative differences at the 

location “i” over the 25 field surveys: 
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The value of SDRDiT serves as one of the measures of the temporal stability (Vachaud et 

al., 1985) by comparing its magnitude to the spatial variability of MRDi. We also calculated 

the time stability by using the Spearman’s rank, rs, correlation coefficient. The rs is a non-

parametric measure of statistical dependence between two variables. It assesses how well the 

relationship between two variables can be described using a monotonic function. It is the 

Pearson correlation between the ranks of one series and the ranks of another series. Because 

ranking linearize some of the nonlinear relationships, it is sensitive to nonlinear relationships: 
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where Rit is the rank of relative difference, 
it , at time t and Rit’ the rank of 

'it  at time t’ or 

t+1, and n is the number of surveys. A value of rs=1 corresponds to identity of rank for any 

sites, or perfect time stability between time t and t’. The closer rs is to 1, the more stable the 

spatial pattern will be. After doing these analysis, the maps for the whole study area of the θ0, 

θR, δit, MRDiT and SDRDiT parameters were generated with the Kriging interpolation method 

(ordinary type with constant trend removal) that provides the minimum standard error and by 

using the ArcGISTM 10.0 software. Finally, the Pearson’s correlation coefficients, rp, between 

the values of θ0i and θ0T and those of the topographic, soil, hydrologic and climatic parameters 

were calculated: 
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where yi is the value of the parameter. 

 

2.4. Topographic and soil measurements 

A high spatial resolution digital elevation model (DEM, 1 x 1 meter cell size; more details 

in López-Vicente et al., 2015) was used to derive the maps of slope (S, %), upslope 



contributing area (A, m2), curvature (Cv, 1/100), the topographic wetness index (TWI) and the 

SAGA wetness index (SAGA-WI). We also calculated several ratios with these parameters 

such as the average slope of the A (UpS, %), the ratio between A and S and between A and 

UpS and the product between A and UpS (Table 1). A field survey was carried out and 156 

topsoil samples (5 cm depth in direct correlation with the depth of the TSWC measurements) 

were collected in the same points where soil water content was measured (Figure 2c). Bulk 

density (BD, g cm–3) was calculated from the total sample. Then, samples were air-dried, 

ground, homogenized and quartered to pass through a 2 mm sieve and the weight of the 

coarse fragments was calculated (Rock, g). The volumetric water content at field capacity 

(θFC, % vol.) was measured in the laboratory by using ceramic plates in a pressure chamber. 

Other soil properties were measured in the laboratory (Clay, Silt and Sand content, %) and 

also in field surveys, such as the unsaturated hydraulic conductivity (Kf-2cm, mm day–1) with 

a Mini Disk Infiltrometer (Decagon Devices, Inc.) at 2 cm suction (Table 1). Infiltration was 

measured in 18 points randomly distributed across the field. 

 

2.5. Hydrologic and climatic parameters (P, ET0, Rs) 

We chose one parameter related with precipitation, the total rainfall depth (P, in mm), and 

two that account the water demand, the maximum reference evapotranspiration (ET0, mm) 

and the solar radiation (Rs, in kWh m–2) (Figure 2d). The first parameter was calculated from 

the synthetic WS whereas values of ET0 were obtained from the Sádaba WS (automatic 

system of WS of the Autonomous Community of Aragón, SARGA) located 16.8 km south of 

the field. Solar radiation summarizes the different conditions of aspect and slope steepness 

and the different maps were calculated with SAGA 1.2 (System for Automated Geoscientific 

Analyses) at daily time step. Values of Rs were calculated without considering water vapour 

pressure and diffuse insolation due to the lack of the necessary information. To better analyse 

the effect of these parameters we calculated the cumulative values of the antecedent P, ET0 

and Rs before each soil water content survey from 1 day (P-A1, ET0-A1 and Rs-A1) until 14 

days (P-A14, ET0-A14 and Rs-A14). The high number of TSWC measurements and soil 

samples and the spatial and temporal resolution of the topographic and climatic data used in 

this study allowed a good parameterization of the statistical analysis. 

 

 

 

 



3. Results 

3.1. Range of values and wet and dry periods 

For all surveys, the mean (Figure 3a), median and standard deviation (Figure 3b) of the 

11,700 measurements (θ0T) were 20.4, 19.7 and 8.6 % vol. respectively. Values of TSWC 

(θ0it, % vol.) varied significantly during the 25 surveys (Figure 3c). The driest survey was on 

September 16th, 2010 and the wettest survey was on February 23rd, 2010 with mean, median 

and standard deviation values of 8.2, 7.9 and 2.7 % vol., and 36.8 (350% higher than the 

driest survey), 37.3 and 2.3 % vol., respectively. The lowest values appeared near the 

boundaries of the field and surrounding the outlet of one HU whereas the moistest areas 

appeared in the inner part of the field in the northern HUs. The range of values was minimum 

for the driest survey (range equals to 13 % vol.), maximum on December 15th, 2010 (30 % 

vol.) and the average range within a survey was of 19% vol. The spatial pattern of the map of 

the average TSWC values agreed with the results obtained by Munoz-Pardo et al. (1990) in 

cultivated soils in Tunisia where they found normally distributed values of soil water content 

with spatial structures described by spherical semivariograms. We also obtained the minimum 

average standard error with the Kriging interpolator by using the spherical type instead or 

other methods such as the stable or Gaussian models. 

In order to refine the temporal analysis we calculated the monthly average value of TSWC 

and analyzed these results in the four humidity periods (Figure 4). During the four months of 

the wet period (W-P, Nov. – Feb.) the average TSWC was 27.1% vol., whereas in the dry 

period (D-P, Jul. – Sep.) was 12.1% vol. During the four months of the spring period (Sp-P, 

Mar. – Jun.) and the month of the wetting-up period (WUp-P, Oct.) monthly values of TSWC 

were quite similar between them and the average value was 18.8% vol. Garcia-Estringana et 

al. (2013) also found in NE Spain a clear seasonal pattern of soil water content with dry and 

wet conditions and drying and wetting-up periods. 

The ratios between the average antecedent rainfall depth (P-A1,A14) and the antecedent 

ET0 (ET0-A1,A14) for the 14 days before each survey were high in the wet surveys (1.32 on 

average) and low in the dry surveys (below 0.5 and 0.22 on average). From the total 25 field 

surveys, 13 were done during the wet period and 12 during the dry period, although 3 surveys 

presented wet values during the dry period and conversely 3 surveys presented dry values 

during the wet period. Only 6 surveys had very high values, 26.0% vol. on average and 2.1 of 

the P-A/ET0-A ratio, and 6 surveys had low values of TSWC, 12.7% vol. on average and 0.08 

of the P-A/ET0-A ratio. The marked changes in monthly precipitation and ET0 could explain 

the abrupt decrease in the TSWC in the Sp-P in relation with the W-P, and during the D-P in 



relation with the Sp-P. These decreases could also be explained by the drainage of some of 

the soil water accumulated in the upper horizon during the wet period and surveys beyond the 

topsoil and even by its percolation to the deepest horizons of the soil. This assumption is 

supported by the study of Celano et al. (2011) performed in southern Italy, under semi-arid 

climate, on Haplic Calcisols of two rainfed olive orchards. These authors evaluated the extent 

of water content of the deepest soil layers (>1.0 m) evidencing a significant water reserve in 

this portion of the soil. 

The relative topsoil water content (θRiT, %) presented a minimum, median and standard 

deviation values of 56, 85 and 40%, respectively. These values described an average 

moderate/wet scenario of soil water content in relation with this physical property of the soil. 

The map of the average θRiT values (Figure 5a) mirrored the map of the volumetric water 

content at field capacity (θFC, % vol.) (Figure 5b) and drew linear features. This spatial pattern 

agrees with the geology of the landscape where horizontal and sub-horizontal strata of 

sandstones with different percentages of sand and clay appear. 

 

3.2. Spatial patterns and temporal stability of TSWC 

3.2.1. The spatial variability 

The minimum and maximum relative differences in the field (δi=N) were analyzed for each 

survey “t”, obtaining in both cases decreasing values of the relative differences with 

increasing values of the average TSWC ( t0 ) (Figure 6a and 6b). Thus, the spatial variability 

of TSWC increased under dry conditions and more homogeneous conditions appeared in the 

wet surveys. The map of the mean relative difference (MRDiT) mirrored the spatial pattern of 

the average TSWC (Figure 6c). The moistest areas had the highest positive values of MRDT 

whereas the driest parts presented the lowest and negative values of MRDT. The values of the 

MRDiT in the 156 measurement points showed a typical pattern of normal distribution (Figure 

7a). Values below and above the standard deviation (sd=0.111) and those of the percentile 10 

(Q10=–0.143) and 90 (Q90=0.149) were used to identify the driest and moistest areas within 

the field. 

 

3.2.2. Temporal stability analysis 

The map of the standard deviation of the relative differences (SDRDiT) allowed identifying 

within the field those areas where the spatial changes were constant (stable) or not (low 

temporal stability) (Figure 6d). The combined analysis of this map with that of TSWC gave us 



information about the predictive behavior of the soil in the field and allowed us to define eight 

different water content zones: wettest, driest, stable and moist, stable and dry, medium 

stability and moist, medium stability and dry, most variable and moist, and most variable and 

dry. The correlation of the values of SDRDiT with those of the MRDiT (Figure 7b) and TSWC 

(Figure 7c) showed that the driest areas presented the highest temporal stability and the 

moistest areas the highest temporal variability. The short-term analysis of the temporal 

stability of the spatial patterns was done calculating the Spearman’s rank (rs) and the Pearson 

(rp) correlation coefficients between the values of TSWC at each measurement point “i” at 

time “t” (θ0it, % vol.) and those of the relative differences at time “t+1” (
1it ) during 25 

surveys (Figure 7d). We obtained similar average correlations of 0.329 (rs) and 0.371 (rp). 

These correlations were low though significant and suggested that the temporal stability at 

short-term of the spatial patterns of dry and wet areas was weak because each pattern was not 

a good monotone function of the previous pattern of anomalies. These results agreed with 

studies that indicate the presence of time stability in the soil water content when this property 

is repeatedly surveyed (e.g. Vachaud et al., 1985; Hu et al., 2013; Martínez et al., 2014). 

 

3.3. Correlation of TSWC with the topographic and soil parameters 

The Pearson’s correlation coefficients, rp, were calculated for the 25 field surveys between 

the 10 topographic parameters and ratios and the 9 soil factors and the TSWC values at the 

156 measurement points (Table 2). The best correlations were obtained with two topographic 

factors: the average slope of the contributing area (UpS) and the positive values of the 

curvature of the terrain (Cv.-convex); and four soil properties: rock (Rock) and silt (Silt) 

contents, carbonates (CaCO3), and the volumetric content of water at field capacity (FC). The 

SAGA wetness index (SAGA WI) correlated better with the values of TSWC than the well-

known topographic wetness index (TWI). The bulk density (BD) and the organic matter 

content (OM) were the soil properties with the worst correlations. 

The worse and best average rp during the surveys were 0.014 and 0.334, respectively, and 

during the W-P, Sp&WUp-P and the D-P were 0.157, 0.137 and 0.159. However, the best 

correlations were obtained in the W-P (0.136 on average) in 8 of the 11 topographic factors 

and ratios, and the best correlations were obtained in the D-P (0.219 on average) in 6 of the 8 

soil properties. In order to refine the correlation analysis of the average values of TSWC we 

calculated the average water content in each hydrological unit (HU) and those of the main 

topographic and soil factors (Table 3). We obtained high correlations with the parameters of 



FC (rp=0.798), UpS (rp=0.555) and Cv.-convex (rp=0.516) and moderate with CaCO3 

(rp=0.361), whereas correlations with Rock and Silt were weak. 

Finally, we calculated the values of TSWC, MRDiT and SDRDiT and of the main 

topographic and soil parameters for the different water content zones (Table 4). The wettest 

areas (percentile 10, Q10) had the lowest values of rocks and CaCO3 and the highest of silt and 

water content at field capacity. Conversely, the driest soils presented high contents of rocks 

and CaCO3 and low of silt and water content at field capacity and were located in areas with 

the highest values of positive curvature (Cv.-convex) of the terrain. The most stable areas 

(SDRDiT-Q10) presented the lowest values of the average upslope steepness (UpS) and were 

mainly dry. The areas with medium values of temporal stability of soil water content were 

mainly under moist conditions and presented intermediate values of the topographic and soil 

factors. Soils with the highest temporal variability (SDRDiT-Q90) were mainly moist with high 

values of UpS and Cv.-convex though average values of the topographic and soil factors. 

 

3.4. Climatic influence on the values of TSWC 

The Pearson’s correlation coefficients, rp, between the average values of TSWC in each 

field survey and those of the antecedent rainfall (P-A), evapotranspiration (ET0-A) and solar 

radiation (Rs-A) were calculated for the antecedent period from 1 day until 14 days (Figure 8). 

Correlations markedly changed when the wet, dry, spring and wetting-up periods were 

considered and even when the wet and dry surveys were analysed. Correlations were 

satisfactory with the values of P-A and the ratio between P-A and ET0-A. For the wet period 

and wet surveys the best correlations were obtained with the values of P-A and ET0-A 

between 2 and 3 days, whereas for the dry period and dry surveys the best correlations 

appeared with an antecedent period between 6 and 7 days. Weak correlations were found with 

the values of Rs-A. The different correlations of the hydrological response of the soil to the 

antecedent values of the hydrologic and climatic parameters agreed with the results presented 

by Palleiro et al. (2014) in NE Spain where correlations between runoff yield and coefficients 

markedly varied for the different antecedent periods. These results described a complex 

system where the antecedent P, ET0 and Rs can only predict a part of the water storage 

processes in the topsoil. 

 

4. Further research 

In order to refine our knowledge about topsoil water content fields and their temporal 

variability we will pay attention to the penetration resistance of the topsoil that has a direct 



relationship with the TSWC. Modelling approaches of runoff during the different types of 

rainfall events (depth and intensity) and of the overland flow connectivity will be also 

considered in future studies. A very high density survey of infiltration rates of the topsoil at 

different water pressures could offer valuable data to understand the soil water content 

dynamics. Finally, the use of values of actual evapotranspiration instead of those of ET0 will 

refine the assessment of the water balance in the soil especially in summer when water stress 

is very high for Mediterranean crops and plants. 

 

5. Conclusions 

Despite the significant variability of topsoil water content (TSWC) during the 25 field 

surveys four humidity periods could be described: wet (Nov. – Feb.), spring (Mar. – Jun.), dry 

(D-P, Jul. – Sep.) and wetting-up (Oct.). The variability within each period was also described 

and 3 surveys presented wet values during the dry period and 3 surveys dry values during the 

wet period. Under dry conditions the spatial variability increased whereas more homogeneous 

conditions appeared in the wet surveys. The map of the relative TSWC mirrored the spatial 

pattern of the volumetric water content at field capacity and draw linear patterns due to the 

geological structure of the strata. 

At short-term there was not a good temporal stability of the spatial patterns of both the 

water content and the value changes. However, the combined analysis of the map of the 

standard deviation of the relative differences and the map of TSWC allowed defining eight 

water content zones: wettest, driest, stable and moist, stable and dry, medium stability and 

moist, medium stability and dry, most variable and moist, and most variable and dry. The 

different zones presented different values of the soil and topographic factors that explain the 

different temporal stability of the relative differences in TSWC. 

Satisfactory correlations were only obtained with 2 of the 10 topographic parameters and 

ratios (average slope of the contributing area and convexity) and 4 of the 9 soil properties 

(rock, silt and carbonates contents, and the volumetric content of water at field capacity) 

highlighting the complexity of the processes involved and the difficulty for stablishing a good 

predictive model for the TSWC. The best correlations of these factors were obtained in the 

wet period. The values of the antecedent rainfall and evapotranspiration showed a different 

time response with the water content in the wet and dry periods obtaining the best correlations 

between 2 and 3 days and between 6 and 7 days, respectively. Besides the complexity of the 

spatial patterns of TSWC and their temporal changes we satisfactorily identified and 

characterized different humidity areas in the field and thus our hypothesis was validated. 
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Figure 1. (a) Overland flow pattern of the La Reina catchment (lower part) with the boundaries of the field and 

its four hydrological units, (b) location of the study area in the Ebro river basin (NE Spain), and (c) picture of the 

field under fallow conditions. 
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Figure 2. (a), Pictures of the soil profile in the upper 6 cm and (b) of the frequency-domain probe used to 

measure the TSWC, (c) map of the field showing the location of the measurement points and of the 156 topsoil 

samples, (d) monthly rainfall depth (P, mm) at the synthetic weather station, and monthly evapotranspiration 

(ET0, mm), maximum rainfall intensity (I30, mm h–1), number of rainfall events (e, n) and erosive events (ee, n) at 

the Uncastillo weather station. 
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Figure 3. Maps of the average (a) and standard deviation (b) values of TSWC (θ0iT), and boxplots of the θ0it 

values in the 156 “i” measurement points during the 25 “t” field surveys (c). 
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Figure 4. Average monthly value of TSWC (θ0) and monthly median value of the ratio between the antecedent 

rainfall depth (P-A) and maximum reference evapotranspiration (ET0-A). The wet (W-P), spring (Sp-P), dry (D-

P) and wetting-up (WUp-P) periods are showed in the graph. 

 

 

 

Figure 5. Maps of the average relative topsoil water content θRiT (a) and of the volumetric water content at field 

capacity θFCi (b). 

  
 

b) a) 



Figure 6. Correlation between the average TSWC and the minimum (a) and maximum (b) relative difference at 

each survey. Maps of the mean relative difference (MRDiT) (c) and of the standard deviation of the relative 

difference (SDRDiT) (d) of the θ0i values after the 25 field surveys. 
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Figure 7. Normal distribution of the average values of the mean relative differences in the measurement points 

(MRDiT) (a), correlation of the values of SDRDiT with those of the MRDiT (b) and TSWC (c), and Spearman’s 

rank and Pearson correlation coefficients between the values of the TSWC at each point at time t and those of the 

relative differences (
i ) at time t+1 during the 25 field surveys. 
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Figure 8. The Pearson’s correlation coefficients, Rp, between the average values of TSWC and those of the antecedent rainfall (P-A), evapotranspiration (ET0-A) and solar 1 
radiation (Rs-A). 2 
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Table 1. Range of values of the topographic and topsoil parameters correlated with those of TSWC. 

Factor  *Range of values 

Type Name min mean max sd 

Soil Rock (% weight) 0 3 38 5 

Clay (%) 25 36 69 7 

Silt (%) 26 52 62 6 

BD (g cm–3) 0.49 1.18 1.54 0.15 

OM (%) 0.5 1.8 3.2 0.5 

CaCO3 (%) 29 38 46 3 

FC (% vol.) 7 23 38 8 

Kf-2cm (mm day–1) 12.8 57.9 153.6 43.2 

Topography A (m2) 1 60 1011 144 

S (%) 1 9 37 5 

UpS (%) 3 11 50 7 

A / S (ratio) 0 11 272 33 

A / UpS (ratio) 0 7 124 16 

A · UpS (product) 3 618 13673 1623 

Cv. (1/100) -9.2 -0.4 7.5 1.9 

Overland flow TWI (ratio) 3.5 8.1 14.7 2.2 

SAGA-WI (ratio) 2.3 6.1 9.8 1.6 

HU (8 units) ---- ---- ---- ---- 
*Range of values at the sampling points; BD: bulk density; OM: organic matter; FC: volumetric water content at 

field capacity; Kf-2cm: Topsoil non-saturated infiltration rate; A: area; S: slope steepness; UpS: average upslope 

steepness; Cv.: curvature; TWI: topographic wetness index; SAGA-WI: SAGA GIS software wetness index; 

HU: hydrological unit. 

 

 

Table 2. Pearson’s correlation coefficients (rp) between the topographic and soil parameters and the values of 

TSWC during the 25 field surveys at the 156 measurement points. 

Factor Correlation coefficient 

Type Name Worse* Average* Best* Wet 

period 

Spring & 

wetting-up period 

Dry 

period 

Soil Rock (% weight) 0.072 0.227 0.442 0.220 0.212 0.271 

 Clay (%) 0.012 0.277 0.454 0.287 0.256 0.307 

 Silt (%) 0.007 0.282 0.453 0.287 0.264 0.313 

 Clay + Silt (%) 0.025 0.220 0.383 0.242 0.193 0.240 

 BD (g cm–3) 0.006 0.076 0.216 0.047 0.092 0.093 

 OM (%) 0.007 0.136 0.321 0.122 0.142 0.149 

 CaCO3 (%) 0.009 0.119 0.422 0.163 0.093 0.100 

 FC (% vol.) 0.024 0.203 0.354 0.150 0.212 0.280 

 Kf-2cm (mm day–1) 0.002 0.120 0.280 0.132 0.109 0.120 

Topography A (m2) 0.014 0.096 0.229 0.137 0.076 0.065 

S (%) 0.002 0.124 0.297 0.143 0.119 0.101 

UpS (%) 0.042 0.170 0.439 0.161 0.163 0.201 

A / S (ratio) 0.007 0.103 0.272 0.130 0.088 0.088 

A / UpS (ratio) 0.007 0.110 0.262 0.157 0.091 0.067 

A · UpS (product) 0.002 0.071 0.193 0.094 0.059 0.058 

Cv. (1/100) [All] 0.001 0.055 0.203 0.066 0.049 0.051 

Cv. (1/100) [<0] 0.008 0.156 0.410 0.155 0.158 0.154 

Cv. (1/100) [>0] 0.015 0.188 0.449 0.101 0.164 0.395 

Overland 

flow 

TWI (ratio) 0.001 0.118 0.260 0.177 0.100 0.052 

SAGA-WI (ratio) 0.021 0.126 0.337 0.177 0.106 0.078 
*: During the 25 field survey; BD: bulk density; OM: organic matter; FC: volumetric water content at field 

capacity; Kf-2cm: Topsoil non-saturated infiltration rate; A: area; S: slope steepness; UpS: average upslope 

steepness; Cv.: curvature; TWI: topographic wetness index; SAGA-WI: SAGA GIS software wetness index. 

 



Table 3. Average values of TSWC (after the 25 field surveys, θ0iT) in the eight hydrological units (HU) and those 

of the topographic and soil parameters with the highest Pearson’s coefficients of correlation. 

HU  Topography  Soil  TSWC 

Number Name UpS Cv. [+] Rock Silt CaCO3 FC mean sd 

(%) (1/100) (%) (%) (%) (% vol.) (% vol.) 

1 1N 20.1 1.6 1.9 47.4 37.0 27.8 20.8 8.6 

2 1EG 12.8 0.7 1.5 55.1 37.6 27.4 21.5 8.7 

3 1S 10.1 1.0 5.1 50.8 38.6 28.8 21.0 8.2 

4 2 13.8 0.9 3.6 52.9 37.4 22.4 20.7 8.3 

5 3 12.0 0.7 2.4 53.0 39.4 20.5 20.6 8.7 

6 4N 9.0 1.2 2.2 52.2 38.6 21.5 20.3 8.3 

7 4E 6.7 0.8 4.3 49.2 38.6 23.0 19.9 8.6 

8 4W 7.8 1.7 1.4 54.5 38.5 18.3 19.0 8.7 

UpS: average upslope steepness; Cv.: curvature; FC: volumetric water content at field capacity. 

 

 

 

 

Table 4. Average values of TSWC, MRD and SDRD (after the 25 field surveys, θ0iT) in different water content 

zones and those of the topographic and soil parameters with the highest Pearson’s coefficients of correlation. 

Water content zone  Topography  Soil  TSWC MRD SDRD 

 UpS Cv. [+] Rock Silt CaCO3 FC mp mean sd mean mean 

% 1/100 % % % % vol. n % vol. ratio ratio 

Wettest 10.6 0.8 0.7 56.3 37.8 28.3 16 23.8 8.3 0.189 0.236 

Driest 11.7 2.4 9.6 45.1 40.2 20.4 16 16.8 8.4 -0.203 0.176 

Stable & M 8.3 0.3 1.3 54.3 36.2 26.9 4 21.8 8.3 0.072 0.103 

Stable & D 9.3 0.6 3.2 50.7 37.7 23.3 12 19.3 8.3 -0.065 0.120 

Medium stability & M 9.7 0.7 1.8 54.4 38.2 25.7 21 21.6 8.3 0.068 0.179 

Medium stability & D 12.0 0.6 2.3 53.3 37.9 19.4 11 19.5 8.7 -0.057 0.177 

Most variable & M 14.7 2.1 3.1 51.8 37.3 25.3 12 22.6 8.5 0.125 0.321 

Most variable & D 15.9 ND 2.4 50.7 38.8 24.8 4 18.9 8.8 -0.075 0.279 

M: moist; D: dry; UpS: average upslope steepness; Cv.: curvature; FC: volumetric water content at field 

capacity; mp: measurement point; ND: no data. 

 

 


