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Historical and traditional ﬂood-irrigated (FI) schemes are progressively being upgraded by means of drip
irrigation (DI) to tackle current water and demographic challenges. This modernization process is likely
to foster several changes of environmental relevance at the system level. In this paper we assess the
effects derived from DI uptake on soil health and structure in ancient FI systems through the case study
of Ricote, SE Spain, ﬁrst established in the 10-13th centuries CE. We approach the topic by means of
physico-chemical analyses (pH, electrical conductivity, available P, carbon analyses, bulk density, soil
water content and particle size distribution), Electrical Resistivity Measurements (ERT) and robust statistics. We reach a power of 1-ß ¼ 77 aiming at detecting a large effect size (f  0.4). Results indicate that,
compared to FI, DI soils present signiﬁcantly higher water content, a higher proportion of coarse particles
relative to ﬁnes due to clay translocation, and less dispersion in salt contents. The soils away from the
emitters, which were formerly FI and comparatively account for larger extensions, appear signiﬁcantly
depleted in organic matter, available P and N. These results are not affected by departures from statistical
model assumptions and suggest that DI uptake in formerly FI systems might have relevant implications
in terms of soil degradation and emission of greenhouse gases. A proper assessment of the edaphological
trade-offs derived from this modernization process is mandatory in order to tackle undesired environmental consequences.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
The substitution of traditional ﬂood/furrow irrigation (FI) by
drip irrigation (DI) is one of the main pathways for the modernization of traditional irrigated systems, which play an important role
in regions like Nepal, Indonesia, Morocco, Peru or the Philippines
(Pluquellec, 2002). In the Mediterranean, traditional irrigated systems that have been kept steadily operative since ancient times
include Andalusi irrigated-terraced ﬁelds (Spain, 711e1492 CE), the
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Ghoutta of Damascus (Syria, c. 2000 BCE), the khettara systems of
Taﬁlalt and the Ziz (Morocco, Middle Ages), or the oases of Timi , 1989; Bianquis, 1989; Lightfoot,
moun (Algeria, >1000 CE) (Barcelo
1996; Remini et al., 2011). DI uptake is expected to increase water
efﬁciency, crop yields and the attractiveness of irrigated systems in
rural areas, ultimately ensuring their sustainability in the current
context of water stress, demographic growth and rural depopulan and
tion (García-Ruiz et al., 2011; Iglesias et al., 2010; Playa
Mateos, 2006; Wallace, 2000).
From a technological standpoint, DI provides steady amounts of
water directly to the root crops through line sources (emitters) on
or below the soil surface, mostly at small operating pressures
(20e200 kPa) and low discharge rates (1e30 l/h) (Dasberg and Or,
1999). DI and FI are mutually exclusive at the plot level, since DI
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uptake requires discarding the hydraulic infrastructure (e.g. channels, pools) and suspending part of the work related with traditional irrigation (e.g. manuring, levelling, ridge and channel
maintenance). This means that large extensions of soils managed
and irrigated under FI will be neglected under DI. However, DI in
traditional FI schemes is often implemented progressively, with
both agro-systems temporarily coexisting within the same irrigation scheme during the upgrading process (see Sese Mínguez, 2012;
van der Kooij, 2009). Such situations offer the possibility to assess
in coherent settings their contrasting effects in soil health and
structure, ultimately gaining an insight into the sustainability of
traditional and modern intensive agriculture.
There is a considerable amount of literature on both the
particular effects of FI (e.g. Heakal and Al-Awajy, 1989; Hussein
et al., 1992; Khokhlova et al., 1997; Ricks Presley et al., 2004) and DI
(e.g. Dasberg and Or, 1999; Hannam et al., 2016) in modifying the
properties of dry soils. DI and FI have also been compared and their
differences assessed in terms of potential water efﬁciency rates
n and Mateos, 2006; van der Kooij et al.,
(Maisiri et al., 2005; Playa
2013), harvest yields (Hussien et al., 2013; Kucukyumuk and Yildiz,
2013; Shrivastava et al., 1995; Yohannes and Tadesse, 1998), emission of greenhouse gases (Kallenbach et al., 2010; S
anchez-Martín
et al., 2008; 2010) or social beneﬁts and farmer welfare (Datar
and Del Carpio, 2009; Karaa et al., 2009; Narayanamoorthy, 2004;
Postel et al., 2001). Much less interest has comparatively been
devoted to quantify the impact that DI uptake has on speciﬁc
physico-chemical features of formerly FI soils (Obbink and
Alexander, 1977). To our knowledge, no work has been carried
out on assessing the effects derived from withdrawing FI during the
modernization process of enduring FI systems.
This paper aims at assessing whether there is a large effect in
soils caused by DI uptake in traditional, long-term FI systems. We
contribute with quantitative data to the debate on the upgrading of
traditional, long-term irrigated systems and its related environmental consequences (FAO, 1999; Lecina et al., 2010a, 2010b; Play
an
and Mateos, 2006). Unlike former works, which have mostly relied
on p-values to test the hypothesis of no effect while overlooking
other issues of statistical concern [e.g. sample size, effect size,
outliers or compositional data (Aitchison, 1986; Ellis, 2010;
Filzmoser et al., 2009a,b,c; Maronna et al., 2006; van den
Boogaart and Tolosana-Delgado, 2013; Wilcox, 2005)], our work
tackles the topic following a robust statistical approach. We use the
case of Ricote (SE Spain), an irrigated-terraced area ﬁrst built between the 10th-13th centuries CE that reached its current extension (120 ha) shortly before 1614 CE (Puy, 2014; Puy and Balbo,
2013; Puy et al., 2016). The system had fully relied on ﬂood irrigation until 2007, when DI was partially introduced. The case of
Ricote illustrates the history of many farmers of traditional Mediterranean irrigated ﬁelds, who have opted to progressively implement DI in the face of current environmental, social and economical
challenges.
1.1. Study area
The historical irrigated-terraced ﬁelds of Ricote (38 090
00.8200 N, 1 220 04.1400 W) are located in Murcia, SE Spain, and
extend over 120 ha in a hoya, a ﬂat basin surrounded by mountains
(Fig. 1). Since the middle of the 20th century, Ricote specializes in
the growing of lemon trees, with the production being sold on
national and international markets. The climate of the region is
semi arid, with summer and winter temperatures ranging between
31 and 34  C and 1e5  C respectively, annual rainfall averaging
200e350 mm and evapotranspiration ﬂuctuating between 750 and
 pez Bermúdez, 1973).
900 mm (Lo
The basin is characterized by limestone, Keuper marls, polygenic
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sandstone and dolostone formations, with soils being mostly Calcisols, Regosols and Leptosols (IUSS, 2006). Xerophytic vegetation
dominates, especially Cistus ciprus, Retama sphaerocarpa and Rosmarinus ofﬁcinalis.
The irrigated terraces at the lowest reaches of the hoya (~235 m
asl) are mostly broad (40e60 m wide) cropping surfaces constructed by ﬁll and sustained by stonewalls, while those along the
highest reaches (~375 m asl) are narrower (3e20 m wide) and
sustained by earth banks (Puy, 2014; Puy et al., 2016). Since their
ﬁrst construction between the 10th-13th centuries CE, the Ricote
irrigated-terraced ﬁelds have been ﬂood-irrigated with the water
provided by a perennial spring located to the SW of the basin
(~390 m asl), which supplies a consistent ﬂow of 12e13 l/s (García
s, 2000). Before DI uptake in 2007, the water ﬂowed from the
Avile
spring to the plots through a network of artiﬁcial channels, either
excavated in the soil or covered by concrete pipes to minimize
water losses and siltation. Irrigators opened the gates of the
channels and let the water ﬂood in their plots. FI was traditionally
performed at least ﬁve times per year, and included cleaning of the
channels, tilling, fumigation of the weeds twice a year and of the
lemon trees once a year, pruning, manuring with P, K and N-based
fertilisers, burning of the branches and ridge construction and
maintenance. Irrigators who chose to equip their properties with
the DI system ﬁlled or discarded the traditional hydraulic infrastructure within their plots. Nearly 90% of the parcels included in
the historical hydraulic system (1651 out of 1835) are currently
equipped with DI, with just some properties still being ﬂoodirrigated by means of the traditional channel network.
DI was ﬁrst implemented in 2007 after three previous attempts
fostered by the Water Council that were turned down by the irrigators. The system consists of 1) two pools of 18.000 m3 and
45.000 m3 located on top of two hills to the N and S of the irrigated
area, which respectively store water from the Segura River (pool 1)
and from the spring and the Segura River (pool 2) (Fig. 1), 2) the
network of pipelines, tubes and emitters, whose function is to
distribute the water from these pools to the plots, 3) 105 station
cabinets spread across the hydraulic system with consumption
meters and mechanical and electronic devices to open and close
counters and inform the Water Council on possible system breakdowns, 4) the electrical network, which connects the station cabinets with the Water Council computer, and 5) the Water Council
computer, which regulates the functioning of the system, controls
the station cabinets and stores all the data. The installation of the
system cost 2.160.000V, of which 500.000V (23%) were funded by
n de Múrcia
the Consejería de Agricultura y Agua de la Regio
(Agriculture and Water Council of the Region of Murcia), 450.000V
(22%) by the Spanish Ministry of Agriculture, and the remaining
1.210.000V (54%) being directly covered by the landowners
themselves. The beneﬁts earned from trading their produces were
so low (e.g. c. 300e400V per person per year) that irrigators had to
use their own personal savings to upgrade the irrigated system
s, personal communication). Agricultural tasks carried
(García Avile
out by drip irrigators include pruning, burning of branches,
checking of the emitters, fumigation of the lemon trees and the
weeds once and twice a year respectively, and replacement of
broken devices from the DI system included within their own
properties.
2. Materials and methods
2.1. Sampling
An a priori power test on an omnibus, one-way Anova was
carried out with G*Power 3.1 (Faul et al., 2009) in order to assess
the sample size needed to detect a large effect size (f  0.4)
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Fig. 1. The village of Ricote, its irrigated area and the sampling locations.

between three groups: FI plots, DI plots and drip irrigation spots
(DIS, i.e. the soil spots within DI plots directly wetted by the DI
emitters). We decided to focus on seeking a large effect size due to
1) the lack of previously reported effect sizes in the literature on DI/
FI uptake and, 2) its higher relevance (compared to small and
medium effect sizes) in terms of irrigation management and policymaking. A total sample size of 60 (20 samples per group, f ¼ 0.4, 1b ¼ 0.77, a ¼ 0.05) was targeted as a 23% beta risk of failing to detect
the sought effect size was considered acceptable due to its proximity to the conventional threshold of 20%, set by Cohen (1988).
Forty plots (20 DI, 20 FI) were selected using a random sampling
design (Carter and Gregorich, 2008) and sampled in the course of
two ﬁeld campaigns in September 2014 and 2015 (Fig. 1). Following
the results obtained after the a priori power test, we focused on the
topsoil (upper 30 cm) and collected 1) 20 bulk samples from FI
plots, whose physico-chemical features were assumed to reﬂect the
edaphological signature of traditional irrigation, 2) 20 bulk samples
from DI plots, whose features were considered to show the shortterm edaphological effects (<8 years) of FI withdrawal, and 3) 20
bulk samples from the DI humid spots (DIS) located in the sampled
DI plots, which were regarded as a proxy for the conditions of the
soil directly wetted by the DI emitters. Comparisons between DI-FI
samples aimed at assessing the effects of quitting FI, whereas
comparisons between DIS-FI samples aimed at distinguishing the
differences between ﬂood and drip irrigation.
We also sampled the water used for DI and FI in order to precise
their chemical properties. The FI water was sampled directly from
the water spring, whereas the DI water was collected from the drip
emitters. A LabQuest2 device, Vernier industries®, was used to
carry out in-ﬁeld measurements of pH, Electrical Conductivity (EC)

and temperature of the water. Samples were stored in 0.5 l recipients and kept in cold conditions before analysis.
2.2. Physico-chemical analyses
All soil samples (n ¼ 60) were gently crushed with a pestle and a
mortar and sieved through a 2 mm mesh after being air-dried at
room temperature for 24e48 h. Analyses were carried out on the
<2 mm fraction. PH was measured on a 5 ml solution [0.01 M
calcium chloride (CaCl2) and 5 ml g of sample] by means of a calibrated glass electrode. Electrical Conductivity (EC) was determined
on a solution containing 5 ml of distilled water and 5 ml of sediment using an InoLab pH/ION/EC meter. Particle Size Distribution
(PSD) was calculated with a Beckman Coulter LS13 320® on ~0.4 g
samples after removing carbonates and organic matter with solutions of 10e15% HCl and 15% of H2O2. Total organic carbon (TOC),
total carbon (TC), CaCO3, total nitrogen (TN) and total organic nitrogen (TON) were determined with a Vario EL Cube® CN-analyser.
Soil bulk density (Db) was determined as Wdry/90.59, being Wdry
the dry weight of the bulk sample and 90.59 the volume (cm3) of
the soil core used to collect the sediment. Soil water content (W)
was calculated as (Wmst-Wdry)/Wdry, being Wmst the weight of the
soil before being dried out. Soluble, exchangeable phosphates (P)
were extracted using the calcium acetate lactate (CAL) method after
Schüller (1969). All tests were measured once in all samples and
twice in those samples that yielded outliers, identiﬁed at this stage
by means of boxplots as values falling more than 1.5 box lengths
from the lower or upper hinges. This was meant to ensure they
reﬂected legitimate values and not instrumental errors. If the outcomes of the measurements were similar, we retained for analysis
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the mean value resulting from both measurements. If they differed,
a third measurement was carried out and the mean between the
three measurements was retained for analyses. The full dataset can
be found in Supplementary Materials I.
The water used for FI and DI was analysed by Euroﬁns Agroambiental (Lleida, Spain) following established protocols. In this
paper we report the results for pH, EC, K, Mg, Ca, H2PO4, SO4, Cl and
HCO3.
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FI soils using the “WRS2” package (Mair et al., 2015). When sample
sizes are small and non-normally-distributed, the bootstrap-t
method on trimmed means offers protection against outliers and
Type I errors, reasonable power and accurate conﬁdence intervals
(Wilcox, 2005, 2012). Signiﬁcant results were followed up with
pairwise comparisons through the percentile bootstrap method
(Wilcox, 2005), set also at B ¼ 2000.
2.4. Electrical Resistivity Tomography (ERT) measurements

2.3. Data analyses
All statistical analyses were performed in the R environment (R
Core Team, 2015). The dataset resulting from soil physico-chemical
analyses included both unconstrained (e.g pH, EC, P, bulk density,
water content) and constrained (e.g. PSD, N, C) variables. The latter
is known as closed or compositional data (CoDa) and is characterized by vectors formed by positive values that provide portions of a
total, thus carrying only relative information (Aitchison, 1986;
Buccianti et al., 2006; Pawlowsky-Glahn and Buccianti, 2011). Unlike unconstrained variables, which are able to independently vary,
any increase in an individual part of CoDa (e.g. sand in PSD or TOC
in carbon tests) leads to a decrease in the rest of the compounds of
the dataset, and vice versa. This ‘closure effect’ implies a special
geometry, known as the Aitchison geometry on the simplex
(Aitchison, 1986). Correlation coefﬁcients or statistical measures
relying in the Euclidean space, such as mean or standard deviation,
are inaccurate for CoDa as they assume independence and absence
of interaction between data points. Many authors have stressed the
need to open CoDa when dealing with environmental data before
performing multivariate and univariate analyses to avoid
misleading interpretations (Buccianti and Grunsky, 2014; Filzmoser
et al., 2009a, 2009b, 2009c, 2010; Reimann et al., 2012; Wang et al.,
2014).
Aitchison (1986) and Egozcue et al. (2003) proposed a family of
logratio transformations to overcome the closure effect of CoDa:
the additive logratio (alr), the centered logratio (clr) and the isometric logratio (ilr). In this paper we opened the PSD [grain size
fractions deﬁned by Folk and Ward (1957)] and the C/N datasets
(TOC, TC, CaCO3, TON, TN) by means of an ilr transformation
(Egozcue et al., 2003). The ilr transformation generates D-1 logcontrasts or balances from a sequential binary partition (SBP) between the components, where components labelled “-1” (denominator) are contrasted with components labelled “þ1” (numerator).
In this paper we express these contrasts as [denominator |
numerator] following Parent et al. (2014). The resulting ilr variables
no longer represent the original variables but balances between
denominators and numerators, and can reliably be used to perform
standard statistical tests, such as Anova. A higher negative ilr value
reﬂects a higher loading of the ilr denominator, while a higher
positive ilr value indicates a higher loading of the ilr numerator. In
order to obtain interpretable ilr coordinates, we created the SBPs
after identifying via robust biplots the balances that had more
discriminative power for each CoDa using the “mvoutliers” package
(Aitchison and Greenacre, 2002; Filzmoser and Gschwandtner,
2015; Pawlowsky-Glahn and Egozcue, 2011). All compositional
analyses were performed with the “compositions” package (van
den Gerard van den Boogaart et al., 2014).
Robust mean values were obtained by using 20% trimmed
means (Maronna et al., 2006). The spread of the data was assessed
through the robust coefﬁcient of variation (rCV), deﬁned as
rCV ¼ 100  MAD (x)/median (x), where MAD is the median absolute deviation and x the variable under study (Varmuza and
Filzmoser, 2010). To assess whether DI uptake/FI withdrawal have
signiﬁcantly modiﬁed the conditions of the soils we ran 20%-meantrimmed, t-bootstrapped (B ¼ 2000) one-way Anova for DI, DIS and

In order to complement the quantitative data in terms of water
inﬁltration rates and distribution through the soil proﬁle, we
selected three FI and two DI plots to conduct ERT measurements of
the subsurface resistivity distribution (Fig. 1). ERT is a geophysical
technique that sends electric current into the ground and measures
the value of electric resistivity to its conduit. Work by Brunet et al.
 et al. (2011, 2013) and Samoue
€lian et al. (2005)
(2010), Garre
showed that ERT allows identifying spatial and temporal variability of main soil properties (e.g. structure, water content, ﬂuid
composition) at a decametric/hectometric scale, as well as
retrieving differences between two cropping systems on the same
soil and under the same climatic conditions. For the study at hand,
stained sticks were inserted into the ground every 30 cm along a
straight line 30 m long, drawn parallel and less than 40 cm away
from the irrigation channel in FI plots and the pipeline in DI plots.
We used a GeoTom MK1E100 1 Channel analog-control ERT unit,
the data being recorded and processed with GeoTom and Res2Dinv
software (Geotomo Software, 2010) on a Wenner conﬁguration and
20 levels.
3. Results
3.1. Physico-chemical analyses
3.1.1. Constrained data
Fig. 2a and Table 1 respectively show the biplot and the selected
SBP for the carbon/nitrogen dataset. TOC and TN had coincident
vertices, indicating that their ratio was constant and thus they were
redundant (Aitchison and Greenacre, 2002). Since TC and CaCO3
had also nearly aligned rays, we decided to keep only TOC, TON and
CaCO3 to create the SBP for the sake of parsimony. Following the
ﬁrst principal axis of the biplot (84.7% of the variability), we ﬁrst
created the balance [CaCO3 | TOC, TON] to obtain a general index for
the relative presence of carbonates and organic matter (ilr 1A). The
balance [TON | TOC] followed the second axis (13% of the variability) and was regarded as a proxy for the C/N ratio (ilr 2A).
The resulting ilrs are plotted in Fig. 3 and statistically summarized in Table 2. The weight of the numerator in ilr 1A is higher in FI
soils than in the rest, indicating a higher presence of organic matter
and a lower weight of CaCO3. The balance between [TON | TOC] (ilr
2A) is similar between DI, DIS and FI soils, suggesting lack of differences between the samples in the C/N ratio. All ilrs show a
unimodal distribution and similar rCVs for all groups. Pairwise
comparisons after a signiﬁcant Anova (p ¼ 0.031, f ¼ 0.4) hinted at
signiﬁcant differences between DI-FI soils in their 20% trimmed
means for ilr 1A (p ¼ 0.005, CI ¼ 0.358, 0.027), pointing towards
a c. 1e11% lower mean organic matter contents in DI than in FI soils.
No signiﬁcant differences were found between DI, DIS, and FI soils
in ilr 2A (p ¼ 0.833, f ¼ 0.09).
Fig. 2b and Table 3 present the biplot and the SBP for the PSD
dataset. Since the ﬁrst principal axis of the biplot accounted for
75.5% of the variability and confronted sand vs silt and clay, we ﬁrst
balanced [sand | silt, clay] to precise the ratio between the coarse
and the ﬁne fractions (ilr 1B). The balance [clay | silt] followed the
second principal axis (24.05%) and aimed at assessing the relative
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Fig. 2. Biplots of the constrained datasets (ilr and clr back-transformed). Crosses mark compositional outliers, whose colour reﬂects the magnitude of the median element concentration of the observations (red ¼ most univariate parts have higher values than average; green ¼ univariate parts with mainly low values) (Filzmoser and Gschwandtner, 2015).
A) carbon-nitrogen dataset. B) PSD dataset. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Table 1
Sequential binary partition (SBP) of (D-1) parts made for total organic carbon (TOC),
calcium carbonate (CaCO3) and total organic nitrogen (TON); nþ ¼ number of
components at numerator; n ¼ number of components at denominator.
ilr

TOC

CaCO3

TON

nþ

n

ilr 1A
ilr 2A

1
1

1
0

1
1

2
1

1
1

proportion between the ﬁnest fractions (ilr 2B).
The ilrs for the PSD dataset are shown and compiled in Fig. 3 and
Table 2 respectively. The mean weight of the coarse relative to the
ﬁne fraction (ilr 1B) is higher in DIS than in FI and DI soils. No visible
differences are found between the groups in their ilr 2B scores,
which suggest that DI uptake has not signiﬁcantly modiﬁed the
balance between the ﬁnest fractions. All ilrs show a unimodal distribution, and FI soils much lower rCV (12.74%) than DI (32.66%) and
DIS (37.22%) soils in ilr 1B, indicating that FI homogenises better
than DI the ratio between coarses and ﬁnes in the irrigated scheme.
Pairwise comparisons after a signiﬁcant Anova (p ¼ 0.045, f ¼ 0.42)
indicated that signiﬁcant differences existed in the 20% trimmed
means for ilr 1B between DIS-FI soils (p ¼ 0.006, CI ¼ 0.651,
0.051), pointing towards a c. 3.3e42% reduction in the mean
weight of the coarse/ﬁne balance in DIS compared to FI soils.
3.1.2. Unconstrained data
Fig. 4 and Table 4 respectively plot and summarize the results
for pH, EC, P, soil water content and bulk density analyses. The
mean values for pH (7.7) and EC (593 ms/cm) indicate that the soils
within the irrigated area are slightly alkaline and non-saline
(Hazelton and Murphy, 2007). DI (7.7), DIS (7.5) and FI (7.8) soils
show no relevant differences in their mean pH values, but clearly
differ in their mean EC scores, with DIS (323 ms/cm) and FI (1068 ms/
cm) soils showing the lowest and highest values respectively. The
rCV indicate that DIS soils (40.34%) show much less dispersion in EC
values than FI soils (87.43%). Excluding outliers, almost all DIS soils
(85%) have EC values equivalent to the lowest EC values for FI soils
(<673 ms/cm), pointing towards a relevant role of drip irrigation in
reducing and homogenizing salt contents in the irrigated scheme.
Since boxplots and kernel density plots showed a bimodal distribution for EC values in FI soils, we checked the spatial distribution of EC to account for a pattern in the distribution of scores. Plots
to the W and E of the irrigated scheme showed the lowest (<673 ms/
cm) and highest (>2000 ms/cm) EC scores respectively (Fig. 5a). This

trend in FI soils was not related to an uneven distribution of salts
from manuring and phosphates (r ¼ 0.26), but to carbonates and
water, as indicated by the correlation of EC with pH (r¼0.6) and soil
water contents (r ¼ 0.48).
P values average 2.4 mg/l, with FI (2.84 mg/l) and DI (1.81 mg/l)
soils respectively showing the highest and lowest means. Bulk
density scores average 1.42 g/cm3, with the differences between the
means of the three groups being negligible. As for soil water contents, the average is 0.17 g/g, with DI (0.15 g/g) and DIS (0.24 g/g)
soils showing the lowest and highest means respectively. The rCV
indicates that DIS soils show much more variation in soil water
contents (42.83%) and bulk density (11%) scores than DI (19.76%,
4.71%) and FI (21.8%, 6.24%) soils. Since DIS soils also show a
bimodal distribution in their soil water contents (Fig. 4), we
checked the distribution of scores along the irrigated scheme to
account for a spatial pattern (Fig. 5b). Results do not reveal any clear
trend and hint at the bimodality of DIS soils in water content not
being linked to topographical variations within the irrigated
scheme.
Pairwise comparisons after a signiﬁcant Anova for pH
(p ¼ 0.002, f ¼ 0.76), P (p ¼ 0.012, f ¼ 0.50) and soil water content
(p ¼ 0.018, f ¼ 0.79) allowed specifying the signiﬁcant differences
existing between the groups on their 20% trimmed means. DIS
samples have a lower pH mean than DI (p ¼ 0.003,
CI ¼ 0.3280.037) and FI (p ¼ 0.000, CI ¼ 0.395, 0.108), but a
higher soil water content mean than DI (p ¼ 0.000, CI ¼ 0.035,
0.134) and FI (p ¼ 0.001, CI ¼ 0.010, 0.118). As for DI samples, they
show a lower mean P content than DIS (p ¼ 0.015, CI ¼ 1.75,
0.035) and FI (p ¼ 0.01, CI ¼ 2.00, 0.115) soils. These results
suggests that FI withdrawal has lowered the average P contents
between c. 4e71%, whereas drip irrigation uptake has reduced the
mean pH values by 0.1e0.4 points and increased by c. 5e68% the
mean water content compared to DI and FI plots respectively.
3.1.3. Water chemistry
Table 5 presents the values of the physico-chemical analysis of
the water used for FI and DI. They mainly differed in their values for
pH (FI ¼ 7.3, DI ¼ 6.7), H2PO4 (FI¼<50 mg/l, DI ¼ 95 mg/l) and HCO3
(FI ¼ 2.71 meq/l, DI ¼ 1.46 meq/l).
3.2. ERT measurements
Fig. 6 shows two representative ERT proﬁles of FI and DI plots.
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Fig. 3. Boxplots and kernel density plots for the ilr-transformed datasets (ilr A ¼ carbon-nitrogen; ilr B ¼ PSD). DI ¼ Drip Irrigation, DIS ¼ Drip Irrigation Spots, FI ¼ Flood Irrigation.
The red diamonds in the boxplots show the mean value. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

After irrigation, water in FI plots reached a depth of 60 cm on each
lot between ridges (Fig. 6a). The lower resistivity detected in the
layer between 60 and 120 cm bgl in the FI plot marks the dry soil
proﬁle where water has not inﬁltrated yet. Five hours after FI, the
wetting front reached a depth of c. 60e100 cm and >120 cm in the
stretch between 20 and 28 m (Fig. 6b). As for DI plots, the water
concentrated around the drip spots and reached depths of c.
30e40 cm (Fig. 6c). No relevant differences were found in the
distribution of water immediately after irrigation and 5 h after

irrigation, although stretches at 1.2 m, 16.6 m and 27 m along the
transect suggest a deeper water percolation, probably due to locally
higher permeability (Fig. 6d).
4. Discussion
4.1. The statistical framework
A robust quantitative analysis of the edaphological trade-offs
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Table 2
Descriptive statistics for the ilr-transformed carbon/nitrogen (ilr A) and PSD (ilr B)
datasets.

Min

Max

Tr. mean (20%)

rCV

Sample

n

ilr 1A

ilr 2A

ilr 1B

ilr 2B

DI
DIS
FI
DI
DIS
FI
DI
DIS
FI
DI
DIS
FI

20
20
20
20
20
20
20
20
20
20
20
20

2.96
2.43
2.74
3.92
3.87
0.3.62
3.35
3.29
3.15
5.79
9.93
6.20

1.22
1.25
1.20
0.42
0.59
0.90
1.09
1.08
1.08
6.95
7.38
6.66

0.39
0.16
1.11
5.81
2.83
2.58
1.48
1.22
1.56
32.66
37.22
12.74

1.35
1.45
1.42
2.02
1.91
1.98
1.66
1.65
1.68
10.57
11.26
9.1

Table 3
Sequential binary partition (SBP) of (D-1) parts made for sand, silt and clay;
nþ ¼ number of components at numerator; n ¼ number of components at
denominator.
ilr

Sand

Silt

Clay

nþ

n

ilr 1B
ilr 2B

1
0

1
1

1
1

2
1

1
1

derived from the modernization of traditional irrigated ﬁelds is
critical to ensure their future sustainability. The effects of DI uptake/FI withdrawal and their magnitude need to be identiﬁed and
potential drawbacks of the upgrading process addressed based on
robust data collected in the ﬁeld. Several authors have shown the
pitfalls of not considering power (the probability of identifying a
genuine effect when there is an effect to be identiﬁed) or the
relationship between power, alpha (a), effect size and sample size
when designing agronomical/soil research and sampling
(Karamanos et al., 2014; Kravchenko and Robertson, 2011;
Necpalova et al., 2014; Pennock, 2004). Studies with such caveat
might fail to reject the null hypothesis of no effect simply because
they are underpowered to detect any effect due to a too small
sample size. For conservative research this can be highly pernicious
as it might cause unwanted or harming effects to be overlooked
(Peterman, 1990). In case signiﬁcant differences are found, it will be
hard to argue for an underpowered study that such differences
relate to a real phenomenon and do not result from randomness
(Ellis, 2010). To our knowledge, work on DI/FI uptake has reported
both signiﬁcant (e.g. total soluble salts and chloride, Obbink and
Alexander, 1977; total clay, Ricks Presley et al., 2004) and nonsigniﬁcant (e.g. soil moisture, Obbink and Alexander, 1977;
organic C and calcium carbonate equivalent, Ricks Presley et al.,
2004) results, but fully lacked details on the power achieved or
the effects being sought. Being a breeding ground for Type I and II
errors, these approaches might lead to ﬂawed managerial or regulatory practices with undesired consequences at the system level.
In this paper we achieved a power of 77 for a ¼ 0.05 and f > 0.4,
meaning we had 77% chances of detecting a large effect linked to DI
uptake, in case this effect was real, by means of a one-way Anova.
We used trimmed means, which drain power compared to means
when samples are normally distributed. However, Wilcox (1994,
2010) stated that they also allow sticking closer to the desired power level in case of slight departures from normality and outliers, as
was the case. Our results are thus robust and not affected by departures from model assumptions. With this statistical basis we
detected a large effect in ﬁve out of the nine variables considered
(55.5%), with two (organic matter/CaCO3, available P) reﬂecting the
changes undergone by the soils away from the emitters, and three

(pH, soil water content, coarse/ﬁnes ratio) reﬂecting the different
edaphological impact of FI and DI. According to the conﬁdence
intervals, the largest effects were found for organic matter, available phosphates and soil water content. Although the mean pH
values in DIS soils were signiﬁcantly lower than in FI soils
(p ¼ 0.003, CI ¼ 0.328, 0.037), the effect is irrelevant in terms of
soil management and we will not include the variable in the
following discussion.
4.2. Effects derived from FI withdrawing
Changes in available P, organic matter and the balance between
organic/inorganic carbon stocks due to DI uptake in former FI
systems might affect greenhouse emission rates and the carbon
cycle, as well as soil quality, at the system level. Compared to FI,
water inputs and fertilisers such as P and reactive N compounds are
applied to a considerable smaller area under DI, thus likely
reducing the amount of soil that undergoes wet and dry cycles, the
amplitude of CO2 pulses and the release of N2O (Huth et al., 2010;
Kallenbach et al., 2010; Sanchez-Martín et al., 2010; Trost et al.,
2013). This might be at the expense of depleting the rest of the
scheme from nutrients and organic carbon while decreasing its
overall potential as an atmospheric carbon sink.
The functions of organic matter and carbon in soils are well
known and include increasing soil aggregation, stability, water
retention, soil biodiversity and nutrient availability, as well as
buffering greenhouse emissions from soil to the atmosphere (Lal,
2004a). Although cultivation has been regarded as an activity that
depletes organic carbon from the soil (Davidson and Ackerman,
1993), in arid and semi-arid environments it might actually have
the opposite effect, especially when irrigation is applied
(Amundson, 2001; Trost et al., 2013). The combination of water
with P and N inputs favours biomass productivity (Ercoli et al.,
1999; Lal, 2004b), likely enhancing weed growth also by
dispersing weed seeds through the channels of the hydraulic
network (Kelley and Bruns, 1975). Although they compete with
crops for light, space and soil nutrients, a proper management of
weeds might increase the rate of carbon sequestered in the soil
(Schonbeck, 2013). However, weed growth, as well as biological
activity, is seriously limited in DI compared to FI systems due to the
exclusion of large portions of the plot from regular nutrient and
water inputs. The combination with high temperatures and water
stress characteristic of arid and semi-arid environments creates
conditions that favour organic carbon outputs rather than inputs,
with those areas excluded from the emitters exposing organic
carbon accumulated during years of irrigation to oxidation and
eventual loss as atmospheric CO2.
Our results also suggest that the areas excluded from the drip
emitters might increase their CaCO3 contents due to FI withdrawal
and the drying of the soil. It has been argued that a change in the
soil carbonate content can either act as a source or as a sink of CO2
depending on the main source of HCO3 (e.g. soil biota, water used
for irrigation) and calcium (e.g. cations, weathering of Ca/Mgbearing minerals), as well as on the degree of soil leaching
(Sanderman, 2012). In Ricote, values for HCO3, Ca and Mg are high
for DI and even higher for FI water (Table 5) and soils are naturally
rich in Ca2þ (Puy and Balbo, 2013), thus creating the conditions for
the formation of carbonates in the soils excluded from the emitters
being a source of atmospheric CO2. Although no signiﬁcant differences were found in terms of CaCO3 between the soils under the
drip emitters and those FI, it is worth noting that in semi-arid environments carbonates might be re-precipitated lower in the soil
proﬁle (Khokhlova et al., 1997). Here we could not detect carbonate
leaching as we focused on the topmost 30 cm of the soil proﬁle.
Nevertheless, ERT measurements suggest that much more water is
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Fig. 4. Boxplots and kernel density plots for pH, EC, available P, bulk density and soil water content. DI ¼ Drip Irrigation, DIS ¼ Drip Irrigation Spots, FI¼Flood Irrigation. The red
diamonds in the boxplots show the mean value. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

likely to be leached down to the groundwater system under FI
compared to DI (a partially carbon-sinking process). Under DI, most
of the HCO3 provided by irrigation water might re-precipitate in the
upper soil proﬁle. In that sense, Hannam et al. (2016) showed that
the carbonates precipitated under the drip emitters are a relevant
source of CO2 and strongly inﬂuence the amount of 13CO2 released
from the soil.

Table 4
Descriptive statistics for pH, EC, P, bulk density and soil water content.

Min

Max

4.3. Differences between DI and FI
Tr. mean (20%)

Irrigated schemes might extend over heterogeneous terrains
with contrasting features in terms of soil quality, sun exposure and
elevation. These differences are likely to be exacerbated as a
consequence of uneven FI. The amount of water reaching the ﬁelds

rCV

Sample

n

pH

EC
(mS/cm)

P
(mg/L)

Db
(g/cm3)

W
(g/g)

DI
DIS
FI
DI
DIS
FI
DI
DIS
FI
DI
DIS
FI

20
20
20
20
20
20
20
20
20
20
20
20

7.6
7.4
7.7
9.0
8.0
8.2
7.7
7.5
7.8
1.62
2.25
1.61

157
190
204
5605
2755
2550
568
323
1068
73.91
40.34
87.43

0.45
1.04
1.03
3.00
4.88
8.88
1.81
2.67
2.84
52.80
35.75
35.56

1.29
1.02
1.28
1.59
1.64
1.58
1.42
1.41
1.42
4.71
11
6.24

0.08
0.14
0.9
0.27
0.33
0.26
0.15
0.24
0.17
19.76
42.83
21.8
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Fig. 5. Spatial distribution of A) EC scores in FI plots; B) soil water content scores in DIS plots. Bigger circles indicate higher scores.

Table 5
Physico-chemical results for the analysis of the FI and DI water. EC is in ms/cm;
K, Mg, Ca in meq/l; H2PO4 in mg/l; SO4, Cl and HCO3 in meq/l.

pH
EC
K
Mg
Ca
H2PO4
SO4
Cl
HCO3

FI

DI

7.3
1710
0.064
6.19
11.7
<50
14.3
4.8
2.71

6.7
1710
0.092
5.84
10.5
95
13.4
4.2
1.46

is a function of their location, with the plots further from the water
source being more prone to experience water stress and shortages
due to water leakage and evaporation (Farrington, 1980; Mateu,
1989). In the northern hemisphere, plots facing south may get up
to six times much solar radiation than those oriented north
(Auslander et al., 2003; Nevo, 1997), thus leading to higher

evaporation rates. Those located in lower grounds are more likely to
have the water table reach the surface (Jord
an et al., 2004). All these
factors promote the accumulation of salts in the soil proﬁle, which
degrade the soil health by altering its structure, increasing the
swelling and dispersing clay aggregates (Postiglione, 2002). The
easternmost reaches of the Ricote irrigated scheme are located in
the lowest grounds, face south, and suffer from water shortages due
to their distance (1.2 km) from the water source (Puy, 2014; García
s, personal communication). Their location explain their
Avile
higher EC values compared with the terrains located to the west
(Fig. 5a), as the volume of FI water reaching the area is not sufﬁcient
to leach the salts down the soil proﬁle. DI has diminished the effects
of locational impairment by providing steady water inputs directly
to the main root zone of lemon trees (c. 30e60 cm below ground
level) (Domingo et al., 1996), dissolving salts and homogenizing EC
values in the upper 30 cm all across the irrigated scheme. However,
this has been in exchange of coarsening the topsoil. Unlike FI,
characterised by periodical, low-energy ﬂooding, the concentrated
and highly localized water inputs under DI have fostered clay
translocation and increased the presence of sand compared to the
ﬁne fraction. This coarsening process, which might degrade soil
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Fig. 6. ERT measurements. A) Immediately after FI. B) Same plot ﬁve hours after FI. C) Immediately after DI. D) Same plot ﬁve hours after DI.

structural stability and create illuviated layers leading to drainage
problems (Warrington et al., 2007), has been widely identiﬁed as a
symptom of soil degradation potentially leading to desertiﬁcation
(Geeson et al., 2002).
5. Conclusions
We have analysed the effects of drip irrigation (DI) uptake in
formerly long-term ﬂood-irrigated (FI) plots through the case study
of Ricote (SE Spain, 120 ha, 10-13th centuries). Our results are
supported by a robust statistical approach and indicate that eight
years of DI are enough to modify several soil physico-chemical
features. Firstly, organic matter, available P and N contents have
signiﬁcantly decreased in those soils that were formerly FI but are
not directly irrigated in the new irrigation system. Secondly, the
soils that receive direct water inputs from the DI system show
signiﬁcantly higher water contents, lower EC values and a higher
coarse/ﬁne ratio than FI soils. Such changes might have relevant
implications in terms of greenhouse emissions, soil quality and
water conservation policies, and further studies are needed in order
to properly and robustly assess their environmental trade-offs. In
any case, our work argues that DI uptake in formerly FI schemes
might foster the degradation of the soils that are not directly dripirrigated, which comparatively account for much larger extensions.
Monitoring is suggested in order to acknowledge and tackle potential negative trends as early as possible and establish appropriate compensative strategies.
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