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ABSTRACT

The environmental impact of irrigated agriculture on water quality was assessed in
Landazuria watershed (Navarre, northeast Spain), a 479.5 ha watershed with 53% of
irrigated agricultural land. In the framework of a long-term monitoring program,
precipitation and discharge were measured at 10-minutes intervals and compound daily
water samples were collected during the agricultural years (September to August) 2007-
2016, and analysed for nitrate (NO3’), phosphate (PO,*), sediment and total dissolved
solids (TDS) concentrations. Typical agricultural management (including crop surfaces,
irrigation and fertilization rates) was obtained from inquiries to farmers. Concentration
and yield of the studied variables presented a high degree of variation, both intra- and
inter-annual. Median concentration for the entire study period were 185, <0.05, 31 and
2284 mg L for NOgz, PO.*, sediment and TDS, respectively. NOs-N and PO,*-P yields

averaged 74 and 0.04 kg ha! year?, respectively. NOz-N yield was higher than in other
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agricultural land uses in Navarre and in the order of magnitude of other irrigated areas
in the Middle Ebro Valley. PO.,*-P yield was in the same order of magnitude than in
rainfed watersheds in Navarre but lower than in intensively grazed watersheds. Sediment
yield was extremely variable, averaging 360 kg ha' year?!, with 44 % of the total
measured load recorded in a few days. It was in the lower range of those measured in
Navarre for rainfed agriculture and similar to those estimated in other irrigated areas of
the Middle Ebro River. TDS concentration presented a significant decreasing trend since
available salts were being washed out, while TDS vyield averaged 1.8 Mg ha year.
Long-term monitoring of irrigated areas is required to understand pollution processes in
these agroecosystems and to adequately characterize the environmental impact of
current agricultural practices on water quality, in order to implement, and adequately

assess, measures to reduce agricultural pollution.

Keywords: watershed, agricultural pollution, nitrate, phosphate, soil loss, TDS.
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1. Introduction

More than 1.5 billion ha (about 12% of the world’s land area) are used for crop
production. Rainfed agriculture is the predominant agricultural production system, but
increasing climate variability is bringing greater uncertainty in the production levels.
Current productivity in rainfed systems is, on average, little more than half of its potential
(FAO, 2013). However, agricultural production has grown between 2 and 4% per year
over the last 50 years, while the cultivated area has grown by only 1% annually. More

than 40% of the increase in food production has come from irrigated areas.

Irrigation has many advantages over rainfed agriculture, such as increased productivity,
higher diversity of crops, more reliable harvests, or regional economic security (e.g.,
Duncan et al., 2008). For these reasons, a global increase in irrigated surface has been
observed, especially in developing countries, where it doubled between 1962 and 1998
(FAO, 2003a). In Spain, the increase of irrigated area has been moderate but significant,
with 7% more irrigated land between 1990 and 2009 according to the Spanish Ministry
of Agriculture and Fisheries, Food and Environment (MAPAMA, 2017). In fact, irrigated
agriculture has been a key factor in the agrarian Spanish system as it provides more
than 50% of the final agrarian production with only 13% of the surface. According to
official estimates, in Spain an irrigated hectare produces, on average, Six times more
than a rainfed hectare, and generates four times more income. In Navarre (10,391 km?,
northern Spain), irrigated surface has increased in recent years to over 110,000 ha
(approximately 25% growth between 2000 and 2015; DDRMAAL, 2017), being

pressurized districts those implemented in the new irrigated land.

There is no question about the value of irrigated agriculture but there is an increasing
trend to make it accountable for its impacts on the environment (e.g., Stockle, 2001).
Agricultural land use is regarded as the main source of diffuse pollution (Novotny, 1999),
and it has a wide range of associated environmental impacts such as changes in
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landscapes and plant and animal communities, and the deterioration of soil, water and
air quality (Stoate et al., 2001; Merrington et al., 2002). Specifically, irrigated agriculture
imposes severe pressure on the environment, as it accounts for the consumption of 70%
of global water resources (FAO, 2003b), being the main reason behind the construction
of most dams or aquifers overexploitation. Apart from the effects on the withdrawal water
body, irrigation return flows can also cause hydrological changes in the receiving ones.
Specific environmental problems in waters downstream of the irrigated areas are related,

among others, to nutrients, sediments or salts.

Nitrate pollution is a major concern in irrigated areas since high nitrate concentrations
have long been regarded as a threat for human health and ecosystems (e.g., Sutton et
al., 2011). Despite the fact that nitrate leaching varies considerably with climatic
conditions (e.g., EImi et al., 2004), the actual impact of N pollution depends on specific
features of the area such as the soil types (Kyllmar et al., 2014), the presence of reducing
conditions in aquifers (Rivett et al., 2008) and the irrigation/fertilization management
(Quemada et al., 2013). On the other hand, the mobility of phosphorus is rather limited,
especially in arid or semi-arid regions (Brady and Weil, 2008). In these soils, only a small
fraction of P is in soluble reactive form (phosphate) and can be incorporated into plants.
For this reason, P losses are normally related to soil or sediment losses (Edwards and
Withers, 1998). As a consequence, P pollution is greatly conditioned by erosion,

especially in arid and semi-arid areas.

Erosion processes in agricultural land tend to be significantly higher than in other land
uses (Garcia-Ruiz et al., 2015). Erosion removes preferentially the fine fraction of soils,
which is enriched in nutrients and organic matter (Merrington et al., 2002). Soil erosion
rates are extremely variable (Garcia-Ruiz et al., 2015) and depend on both natural
factors (climate, slope, soils, bedrock...) and agronomic management (cover, tillage...).
Finally, the leaching of salts is a requirement of irrigated agriculture (Letey et al., 2011)
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since its build-up in soils can be deleterious for plants, decrease productivity and even
force the abandonment of cultivation. However, leached salts will reach water bodies
downstream, affecting its quality for human consumption or ecosystem uses (Nielsen et
al., 2003). The amount of salts leached depends on different factors such as climate,

hydrogeological conditions or irrigation management (Merchan et al., 2015c).

In Navarre, the environmental impact of agriculture is investigated in a network of
experimental watersheds (Fig. 1) implemented by the former Department of Agriculture,
Livestock and Food of the Government of Navarre. This network includes representative
agricultural land-uses in the region (Casali et al., 2008, 2010). An irrigated watershed
(Landazuria) was included in the monitoring network in 2006. The climatic, geologic and
agronomic characteristics of this watershed make it representative of the recent
pressurized irrigated areas in the Middle Ebro Valley, with over 900,000 ha dedicated to
irrigated agriculture, and approximately half of this surface being pressurized irrigation
systems (CHE, 2017). In addition, in the framework of the project LIFE-Nitrates (LIFE+10
ENV/ES/478), a consortium of public institutions constituted by the Government of
Navarre (GN), Environmental Management of Navarre (GAN), Navarre Institute of
Agricultural and Food Technologies and Infrastructures (INTIA) and CRANA Foundation
conducted a detailed study on the “Impacts of agricultural practices on nitrate pollution

of continental waters” (www.life-nitratos.eu/). One of the study sites investigated in this

project was the irrigated watershed monitored by the Government of Navarre.

In this paper we present the data obtained during the agricultural years 2007-2016 in the
irrigated watershed (Landazuria). Given the high variability in climatic and agronomic
conditions in specific study cases and the different processes affecting different
pollutants, the analysis of detailed and long-term temporal series of a wide set of
variables is paramount to better understand the pollution of water bodies as a
consequence of agricultural land use, particularly in irrigated areas. The main objectives
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were: (1) to estimate the effects of irrigated agriculture on water quality, specifically in
terms of nitrate, phosphate, sediment and salts concentration in the watershed outlet
and exported yields; (2) to determine the controlling factors explaining that behaviour;
and (3) to contextualize the obtained estimations and inferred controlling factors with
those reported in other irrigated and rainfed watersheds, paying especial attention to the
difference between them.

2. Methods

2.1. Experimental watershed

Landazuria watershed covers an area of 479.5 ha and is located in southern Navarre
(Fig. 1). It is relatively flat, with slopes between 3.5 and 5%. A single 15t order stream
drains the watershed. The geographical coordinates of the watershed outlet are
42°15'3.5"N and 1°35'3.4”"W. According to data collected for the period 1992-2016
around 5 km south (meteorological station Bardenas-El Yugo, Government of Navarra)
the climate in the study zone is Dry Mediterranean. Average annual temperature is 14
°C, but it can reach values as low as -8 °C in winter and as high as 41 °C in summer.
Annual precipitation is 426 = 114 mm (average + standard deviation) whereas annual
reference evapotranspiration (FAO Penman-Monteith, Allen et al., 1998) is 1369 + 101

mm, i.e., more than three times higher and much less variable.

The geology in Landazuria is represented by Tertiary and Quaternary materials. The
Tertiary materials appear as a bottom layer several hundred metres thick, composed of
alternating gypsum, and red clays, with occasional intercalations of fine (centimetres to
decimetres) limestone layers (DOPTC, 2003a, 2003b). The Quaternary materials cover
in most of the watershed surface the Tertiary materials, and they are composed mainly
by detrital sediments, gravels with some limestone clasts, alternating with sands, silt and
clays (glacis) of Pleistocene-Holocene age. The synclinal structure and extremely low
hydraulic conductivity of the Tertiary materials (<10® m s; DOPTC, 2003a, 2003b)
avoids deep percolation of water within the watershed.
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According to a detailed survey including 78 direct observations (Government of Navarre,
2005), soils developed in Landazuria present mainly clay loam or silt loam textures and
are deep, with the exception of eroded hills (Fig. 1c). The most common series
correspond to Typic Haplustepts and Typic Calciustolls, although other series do appear
(Fig. 2 and Table 1). Organic matter content ranged between 1.7 and 2.7 % while pH
ranged between 8.1 and 8.9. Landazuria soils presented in general low salinity, with
some slight to moderate salinity level in the valley bottoms and in soils developed over

Tertiary marls.

Around 88.3 % of Landzuria is cultivated land and 11.7 % streams, riparian vegetation,
bare soils, ways and rock outcrops (Fig. 1b). In the year 1999, a surface of 252.9 ha was
equipped for pressurized irrigation (59.7 % of cultivated land) whereas the rest of the
surface remained as rainfed agriculture (170.5 ha or 40.3 % of cultivated land). According
to face-to-face farmers’ inquiries (INTIA, 2017), the main crops under irrigation where
maize, winter cereal, tomatoes and onions (Table 1). Rainfed surface was dominated by
barley, although it is worthy to mention that rainfed agriculture in Landazuria followed a

cultivation system in which the land is left bare one out of two years (Table 1).

The irrigation system more widely used in Landazuria is solid-set sprinkler irrigation
(89%), although minor surfaces of drip irrigation do exist (e.g., tomatoes). The pressure
is provided by the difference in elevation between a reservoir or several distribution
ponds and the agricultural plots. The origin of irrigation water is a neighbour watershed,
so irrigation implies in an additional input in Landazuria. Irrigation volumes applied were
estimated according to the recommendations provided by INTIA, based on the irrigation
requirement of the crops. To this end, reference evapotranspiration (ET,) computed by
the FAO Penman-Monteith methodology (Allen el al., 1998) was used in combination
with crop coefficients to obtain crop evapotranspiration (ETc = K¢ - ETo). The amount of
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water provided by precipitation was considered and an irrigation efficiency of 85% and
95% was assumed for sprinkler and drip irrigation systems, typical values used by the

agricultural extension service in the region.

Fertilization practices varied widely among crops and, especially, between irrigated and
rainfed surfaces. Detailed information about fertilization practices for the period 2007 —
2013 was available for this study (Table 1). According to the aforementioned farmers
inquiries (INTIA, 2017), nitrogen fertilization rates in the rainfed surface averaged 32 kg
N ha year?, while in the irrigated surface they averaged 208 kg N ha* year?, that is,
6.5 times higher (Table 1). This fact combined with the fallow land proportion in the
rainfed surface and the existence of double cropping patterns in irrigated surface (Table
1) implies that rainfed crops fertilization accounted only for 4.3 % of N fertilization in the

study area.

Maize was the crop with highest fertilization rates, between 224 and 423 kg N ha* year
! (average of 285 kg N ha! year?). Maize fertilization was carried in two steps in most of
the cases, complex fertilizer as basal application (normally 18-46-0, 9-23-30 or 8-15-15)
followed by urea or liquid fertilizers (e.g., N32 solution) as topdressing. Irrigated winter
cereal (barley and wheat) received around 138 kg N ha year? split in December and
February-March. Tomato received 218 kg N ha! year? in several applications, normally
complex fertilizers as basal application before seeding followed by two topdressing
applications of liquid N32 (fertigation). Onion received 168 kg N ha* year? normally in
two applications with significant contents of sulphur (e.g., ammonium nitrosulphate).
Among rainfed crops, barley received 48 kg N ha?' year! normally in a unique basal
application as complex fertilizers. Fertilization rates regarding other nutrients such as P,
K or S were not systematically collected since they were out of the scope of the LIFE-

Nitrates project. Only partial information was available (for instance, that recorded when
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complex NPK fertilizer were applied) and therefore it was not analysed in detail in this

study.

Considering all ploughing methods, for the period with available data, an average of 689
ha year! were ploughed, i.e., 63% more than the arable land, since several plots were
ploughed in several occasions during the year (INTIA, 2017). 80.6 % of the total
ploughed surface was irrigated land, whereas 19.4 % was rainfed land, what implies that,
as an average, irrigated land was ploughed twice a year while rainfed land was not
ploughed each year, as expected given the high proportion of fallow land. This fact
together with the fertilization rates aforementioned denotes the intense use of irrigated
land in Landazuria in comparison with that of rainfed land. Ploughing actuations were
mainly carried out in two different periods: between February and April (47 % of ploughed
surface) and between August and October (22 %). The remaining months in the year

together accounted for 31 % of the ploughed surface.

Average productions for the period 2007-2013 were 11,850 kg ha? for maize, over
90,000 kg ha'! for tomato, 68,500 kg ha* for onion, 6,150 and 1,500 kg ha* for irrigated
and rainfed wheat, respectively, and 5,600 and 2,100 kg ha for irrigated and rainfed
barley, respectively (INTIA, 2017). It is worthy to note the different productions attained

under irrigated and rainfed conditions given the local conditions in Landazuria.

Although a great degree of variation is expected depending on the specific study site,
due to its climatological, geological and agronomic characteristics, Landazuria
watershed may be regarded as representative of the new pressurized irrigation districts

that have been implemented in the Middle Ebro Valley during the last decades.

2.2. Data collection
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The former Department of Agriculture, Livestock and Food of the Government of Navarre
installed a hydrological station at the watershed outlet in the summer of 2006. Since then,
water level was recorded at 10 minutes intervals. The discharge measurement device
consisted of an H-type flume. Discharge was calculated from water level data, which
were monitored using a pressure probe and data logger. According to the hydraulic
characteristics of the weir, the following rating curve was used to transform the water
level (h, m) in discharge (Q, L s2):
Q =449.11-h3 + 622.19-h? + 8.4101-h + 0.2248 [Eq. 1]

Water discharge was also directly measured for verification using a propeller-type current
meter and triangular and rectangular sharp-crested weirs. All measurement methods

yielded consistent results.

Water samples were taken every 6 hours from a hemispheric hollow, 0.66 m in diameter,
made in the downstream face of the H-type flume. For this purpose, an automatic
programmable sampler was used, consisting of 24 bottles (500 mL). The four samples
collected each day were mixed together prior to analysis to provide a representative daily
average sample for determining sediment and nutrient concentration (Isidoro et al.,
2003). Water samples were analysed following the standard methods for water quality
parameter at the Agricultural Laboratory of the Department of Agriculture and Food of
the Government of Navarre. Suspended sediment concentration and dissolved nitrate
(NOs3) and phosphate (PO.*) concentrations were determined as well as the pH (Crison
52-02 probe) and the major dissolved constituents (Na*, K*, Ca?*, Mg?*, Cl, SO4*, HCOgs
CO3%). Cations were determined by inductively coupled plasma-optical emission
spectrometry (ICP-OES); CI, SO4* and NOs by ionic chromatography technique; HCO3
and COs* by acid-base volumetric technique; PO,* by spectrophotometry (ammonium
molybdate); and suspended sediment by gravimetric technique (0.7 pm pore size). The

charge balance of the samples was determined and found to be within 10 % for most
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of the samples, suggesting that all relevant constituents were considered. Total dissolved

solids (TDS) was then computed by addition of the individual dissolved constituents.

2.3. Data treatment, statistical procedures and interpretation
10-minute meteorological and discharge values were processed to hourly, daily and
monthly time-series for analysis. Daily discharge data and concentration was used to
estimate the daily load of nitrate-nitrogen (NO3z™-N), phosphate-phosphorus (PO.3-P),
sediment and salts. TDS is usually used to estimate salt content of a water sample.
However, in Landazuria TDS was only determined in a subset of the available samples
(1,721 out of 2,984). For this reason, the existing relationship between chloride and total
dissolved solids (Fig. 2) was used to generate a TDS value for every sample. This value
was used in the estimation of salt loads.
Several problems produced missing samples for specific days (e.g., equipment
malfunctioning, not enough flow for sample collection, etc.). In fact, for the 10-year study
period (3,653 days), a total of 2,984 water samples were collected (82 %). As a
consequence, in order to obtain monthly time-series, the following criteria was applied:
(1) To obtain monthly concentration values, the median was estimated with a 95%
confidence interval using all available samples for that specific month;
(2) For monthly load values:
(@) If more than 33% of the days in the month had available samples, an
estimation was computed assigning the median value for that month to the days
without sample.
(b) No estimation of the load was obtained for those months with less than 33%

of the days in the month with available samples.

For PO.* and sediments, a significant proportion of the samples were below detection

limits (BDL), <0.05 mg L for PO.* and <5 mg L for sediments. To avoid bias in the
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estimation of concentration and yields, robust methods were used to deal with

concentrations BDL (Helsel and Hirsch, 2002).

As exposed previously, there were gaps in the time series due to different issues. For
this reason, a temporal resolution of weeks was selected to study the correlation between
the different variables. Out of the 10 year study period, 381 complete weeks were
sampled (73%). For each week, the precipitation, irrigation, and fertilization amounts
were computed or estimated. In addition, average concentration and total load exported
of studied variables were computed. A correlation matrix was obtained using the non-

parametric Spearman’s rho test (Helsel and Hirsch, 2002).

3. Results and discussion

3.1. Precipitation, reference evapotranspiration, irrigation and runoff

During the study period (agricultural years 2007-2016), annual precipitation (P) ranged
from 309 mm (2012) to 631 mm (2013), whereas reference evapotranspiration (ETo)
ranged from 1253 mm to 1558 mm in the years 2013 and 2009, respectively. Average
values were 437 = 97 mm and 1380 £ 85 mm for P and ETy, respectively. There were
no significant differences with the long-term data (section 2.1). In addition, no significant
trends (Seasonal Kendall Test, Helsel and Hirsch, 2002) were detected for monthly or
annual data of P or ETo, neither in the study period nor in the long-term data. The lack
of long-term trends suggest that the dynamics observed were representative of the

natural variability in Landazuria.

P was, in some extent, evenly distributed throughout the year, with 29%, 25%, 29% and
17% of the annual value for autumn, winter, spring and summer, respectively (Table 2).
In fact, although summer presented the lowest precipitation, there were no significant
differences between seasons (p>0.05). In contrast, ET, was not evenly distributed, with
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12%, 12%, 34% and 42%, respectively. Estimated irrigation volumes required for crops
(I) averaged 337 mm year?, with 2%, 4%, 31% and 62% of the annual value for autumn,
winter, spring and summer, respectively. As a consequence of the irrigation volume
distribution, an even distribution of discharge volume (Q) throughout the year was
observed (Table 2, Fig. 3). In fact, Q tended to be higher during summer than during
winter, with averages of 29 + 9 mm and 22 + 9 mm, respectively. However, the

differences between summer and winter discharge were not significant (p>0.05).

During the irrigated season, a daily cycle in Landazuria discharge was detected (Fig. 4).
Discharge reached a maximum around 9:00 hours and a minimum around 21:00 hours.
This observation is related to the irrigation practice of farmers in Landazuria, who irrigate
mainly during the night since wind speed and relative humidity were more favourable for
sprinkler irrigation, minimizing evaporation and wind drift losses (Playan et al., 2005).
Similar observations have been reported in other pressurized irrigation districts in the

Middle Ebro Valley (e.qg., Isidoro et al., 2003; Causapé et al., 2012).

Since the irrigation volumes required by crops were relatively constant during the years
covered by this study, the differences in the distribution of the daily discharge were
related to the precipitation regime of the different years (Table 3), i.e., the amount of
precipitation and its distribution throughout the year. For instance, the dry year 2012
presented the lowest median and quartiles whereas the humid year 2015 presented the

highest.

3.2. Nitrate concentrations and nitrate-nitrogen yields

Measured NOj3™ concentrations in Landazuria outlet were considerably high, over three
times the European guideline for continental waters (50 mg L) and even higher (Fig. 8).
In several years, a sharp increase in NOs™ concentration in early summer (May and June)

13



351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

was observed coinciding with the high fertiliser applications in the irrigated plots. Similar
observations have been reported in other irrigated watersheds in the Middle Ebro Valley
(Isidoro et al., 2003; Merchan et al., 2013) where a crop with high N needs dominated

the irrigated surface (such as maize in the case of Landazuria).

Significant differences in NOs~ concentration were observed between agricultural years
(Fig. 8). For instance, the year 2013 presented the highest median and quartiles. This
year combined high fertilization rates during the last years (Table 1) with a previous dry
year (2012, the driest year covered in the study period; Table 3). Indeed, NOjsz
concentration tends to be higher after dry years (Burt et al., 2012). In contrast, the years
2015 and 2016 presented the lowest NO3™ concentrations, being significantly lower than
those recorded in any other year (p<0.001). Several explanation may justify this
observation. Firstly, humid years (such as 2013 and 2015 in Landazuria) may deplete
the NOs™ pool available in soils or phreatic layers, contributing to lower concentrations in
following years. In addition, a subtle decrease in the surface of crops requiring high N
fertilisation (maize) is observed in the last years (Table 1), what may have promoted
increased NOs extractions. Finally, most of the farmers in the study area received
training and attended informative sessions about Best Management Practices to reduce
NOs leaching in the framework of the LIFE-Nitrates Project (INTIA and GAN, 2015a).
Probably, a combination of these explanations is behind the lower concentration in the
last two studied years. Unfortunately, there was not available information about the
possible shift of fertilisation practices to adequately assess the contribution of each

explanation.

Monthly nitrate-nitrogen (NO3z-N) loads varied widely intra- and inter-years, and in
general they were heavily conditioned by discharge (Table 3). For those years in which
a complete estimation was possible, an average NOs-N yield of 39 + 13 kg N ha! year
1, However, N fertilisers applied to the irrigated surface accounted for 96 % of total
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applications (see section 2.1). Thus, considering negligible the nitrogen leached from
rainfed and bare soils, yield averaged ca. 70 + 24 kg N ha* year-! for the irrigated surface.
This figure implies that, as an average, a mass of about 35 % of applied N in the irrigated
area leaves the watershed (Table 3). The yield reached up to 114 kg NOs-N ha year?
or ca. 50 % of applied fertilizers in 2013. This year combined high NO3s~ concentration,
as previously discussed, with a humid year in which the base flow in the outlet was
significantly higher than in most of the remaining years (Table 3). On the other hand,
despite the high fertilization rates and NOs~ concentration, the dry conditions in 2012
propitiated low flow and consequently NO3z-N yield was 40 kg ha! year?. Even this figure
implies 18% of applied N fertilisers that year. NO3-N yields in 2015 and 2016 were close
to the estimated average (81 and 53 kg ha! year? respectively), indicating that the low
NO3z concentrations observed in those years were not associated with significantly less

N being exported from the watershed.

According to fertilisation and soil N studies performed in several plots following typical
agricultural management (Litago Munarriz, 2011; INTIA and GAN, 2015b), a significant
oversupply of N fertilizers is applied to crops in Landazuria. In these studies, farmers did
not take into account either available mineral nitrogen in soils before the crop cycle (86
kg N ha' as a representative value) or mineral nitrogen provided by organic matter
mineralization (125 — 400 kg N ha' depending on site-specific conditions; INTIA and
GAN, 2015b). Therefore, fertilisation rates should be adjusted considering both
previously available N and expected organic matter mineralization rates in order to

minimize N leaching.

Although other forms of N may contribute to N loads in Landazuria, NO3™ constitutes the

predominant form of nitrogen in eutrophic or hypertrophic waters, contributing with up to

90% of total N (Durand et al., 2011). In this sense, the N load estimated using NOs” may
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be considered as a conservative but accurate estimation of total-N loads in this case

study.

3.3. Phosphate concentration and phosphate-phosphorus yields

Measured PO4* concentrations in Landazuria outlet were below the detection limit (0.05
mg L?) in 63 % of collected samples (Fig. 10). In fact, PO.* was consistently detected
only in specific periods, such as late summer and beginning of autumn, mainly in humid
years. Significant differences were observed between years (Fig. 10). The year 2015
presented the highest concentrations, while the years 2007, 2009 and 2010 presented
the lowest. It is hard to explain these pattern since no specific information about P
fertilization was available for this study. In addition, P dynamics may be rather complex
due to particulate or soluble transport pathways, and a wide range of storage and release

processes occurring in soils, hillslopes, groundwater or wetlands (Sharpley et al., 2013).

Monthly phosphate-phosphorus (PO,*-P) loads varied widely intra- and inter-years, and
in general they were heavily conditioned by discharge (Table 3). For those years in which
a complete estimation was possible, PO4*-P yield ranged from 8 g P ha! year* in 2009,

to 97 g P ha year? in the humid year 2015. It averaged 39 + 32 g P ha! year™.

An important issue to consider is that, in contrast with the case of NOs™-N fractions of
total N, PO,*>-P loads represent a partial estimate of total phosphorus load, since
particulate-P can suppose 45 — 90 % of P load in agricultural land (Merrington et al.,
2002). However, PO4* (also known as soluble reactive phosphorus, SRP) is the most
readily bioavailable form of P, and, as a consequence, suppose the critical P pool in soils
and waters (Merrington et al., 2002).
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Although no specific information about P fertilization was available in this study, a build-
up of soil P is reported to have occurred (and goes on) in agricultural soils all across
Europe as a consequence of over-fertilization (Daniel et al., 1998). For instance, Skhiri
and Dechmi (2012) reported an excess in P fertilization of about 16% of crop needs (44
kg P ha! year?) in a pressurized irrigated area in the Middle Ebro Valley. However, the
loss of total P in the watershed outlet averaged 200 g P ha! year!. The excessive P is
likely being immobilized in soils, hillslopes, streams, etc., and can imply a long-term
source of P in the future, or “P legacy” (Sharpley et al., 2013). This fact complicates the

assessment of the effects of measures to reduce P leaching from agricultural soils.

3.4. Sediment concentration and yields

A significant proportion of the collected samples (14%) presented sediment
concentrations below the quantification limit (0.005 g L%), coinciding with low flow
conditions. In general, sediment concentration in the outlet was related to discharge. The
higher the discharge, the higher the sediment concentration. There were some periods
in the year in which this pattern was not followed (Fig. 12). For instance, high sediment
concentrations were measured at the beginning of the irrigation season (March to June)
and can be related with ploughing activities before seeding of a summer crop (INTIA,
2017). The highest concentrations were measured when these activities coincided with
important precipitation events (such as in the years 2007, 2012 and 2015; Fig. 12). In
fact, sediment concentrations were significantly higher in the years 2007 and 2015,
humid years in which important precipitations occurred during the period when most of
the plots had been recently ploughed. The median concentration of sediment for the

whole study period was of 31 mg L.

Sediment yields were greatly conditioned by extraordinary precipitation events and
periods (Table 3), such as that on October 4" 2013 (55 mm in a day), October 20" 2012
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(48 mm) or September 2014, with moderate precipitations occurring after an
extraordinary wet summer (148 mm between June and August, twice the average in this
period). For those years in which a complete estimation was possible, sediment yield
averaged 360 kg ha' year?, and it ranged from 42 to 1154 kg ha! year?, being extremely
variable. For instance, only a few days in October 2013 accounted for 44% of the
sediment load for the whole study period. The importance of specific events in sediment
exports is a well-known fact (e.g., O'Brien et al., 2016). This is one of the main reasons
why long-term studies are required to adequately assess soil erosion rates (Garcia-Ruiz

et al., 2015).

It is important to state that sediment concentration and yield data in Landazuria has to
be considered with caveats, since small wetlands are present upstream from the
hydrological station, adding a layer of complexity to the interpretation of sediment data.
The presence of these wetlands does not follow any human intervention, since they
developed in areas receiving irrigation return flows enriched in nutrients after the
transformation to irrigated land of the study area (farmer’s personal communication).
Wetlands are recognized as effective sediment tramps (USEPA, 2015). However, they
may become a net source of sediment under high-flow conditions. As a comparison,
Aryal and Reba (2017) reported sediment concentration between 293 and 434 mg L for
an irrigated season in two watersheds in Arkansas, an order of magnitude higher than

that observed in Landazuria.

3.5. Total dissolved solids concentrations and yields

TDS concentrations in Landazuria presented a marked intra annual pattern (Fig. 14),
with higher values each year between late winter and early spring (the end of the non-
irrigated season) and lower values in the summer months (July — September, the
irrigated season). In addition, significant decreasing trends (p<0.05) were detected for
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every month applying the Seasonal Kendal Test (Helsel and Hirsch, 2002). Trend slopes
varied between -130 and -77 mg L* year* for the different months, with an overall value
of -106 mg L* year?. In fact, the years 2015 and 2016 presented the lower TDS
concentrations, being significantly lower than those recorded in any other year (p<0.001,;
Fig. 14). Both the intra- and inter-annual observed pattern can be explained by the
influence of irrigation water in TDS concentration. The intra annual pattern is related to
the dilution originated by irrigation water in spring-summer months (Causapé et al.,
2012). On the other hand, during the study period Landazuria was a relatively recently
transformed irrigated area (irrigation began in the year 1999) implemented over
geological materials rich in gypsum and other soluble salts. Thus, the implementation of
irrigation mobilized salts stored in soils prior to irrigation due to prevailing semi-arid
climatic conditions. In addition, salts present in the geological material at the bottom of
Landazuria soils (marls and clays with gypsum) would be also mobilized. Consequently,
the amount of salts readily available for dissolution by irrigation return flows have
decreased with time. Similar processes have been documented in new irrigated soils

(Wang et al, 2012) or watersheds (Merchan et al., 2013).

Monthly TDS loads varied widely intra and inter years, and in general they were heavily
conditioned by discharge (Table 3). In fact, TDS loads followed a temporal distribution
almost identical to that of discharge. For those years in which a complete estimation was
possible, TDS yield ranged from 1.0 to 2.9 Mg ha! year! for the dry year 2012 and the

humid 2013, respectively. The average value was 1.8 + 0.7 Mg ha* year™.

An estimation of the TDS mass provided by precipitation and irrigation water was
obtained using its volumes and salinities. Although precipitation and irrigation water
presented some variability in their TDS concentration, the highest values (80 mg L and
300 mg L%, respectively; CHE, 1996) were assigned to the volumes of both components
of the water balance (Table 2), what implies a worst case scenario for a salt balance.
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Under this assumption, an average of 0.35 and 1.01 Mg ha' year! of TDS were
introduced in Landazuria by precipitation and irrigation waters, respectively. Neglecting
minor components of the salt balance (such as salts incorporated by the crops or added
in fertilization, Villalobos et al., 2016), an out/in ratio of around 1.3 was obtained. Thus,
salts in the watershed were being washed and the feasibility of a build-up of soil salinity
was negligible under current irrigation and weather conditions (Thayalakumaran et al.,

2007).

3.6. Interaction between studied variables in Landazuria

Surprisingly, no significant correlation was detected between weather or agronomic
variables and hydrological variables (not shown). Despite the fact that Landazuria is a
first order watershed, a time gap does exist between any input in agricultural soils
(precipitation or irrigation water, fertilization...) and outputs at the watershed outlet.
These dynamics were not captured with the weekly resolution of the correlation analysis
performed in this study, and deserve further analysis using more complex time series

analysis. Such detailed analysis is out of the scope of the present study.

Regarding the hydrological variables themselves, the degree of correlation between
discharge and concentrations was, in general, low or non-significant (Table 4). This may
be a consequence of the amount of different processes involved and the different initial
conditions for rainfall-runoff events, fertilisation season, etc. Only subtle significant
relationships were detected between discharge and concentration of NOs (-0.18) and
sediment (+0.19). However, stronger correlations were detected between discharge and
loads: high correlation coefficients were obtained for TDS and NOs-N loads, while the
correlation coefficients between PO,*-P and sediment loads were lower. Isidoro et al.
(2003) also detected low correlation between discharge and water quality parameters in
other irrigated area of the Middle Ebro Valley.
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In general, low correlation coefficients were obtained between the different water quality
variables (Table 4), indicating different processes controlling each of them. Edwards and
Withers (1998) also reported the differences in hydrological processes controlling each
pollutant dynamics in agricultural watersheds in the UK. In Landazuria, high
concentration of one parameter did not coincide with high concentrations in any other
one. Some degree of correlation was detected between the soluble constituents (NOs
vs. TDS = +0.41) and were probably due to dilution effects after strong precipitation
events or under increased base flow conditions in the irrigated season. In contrast, higher
correlation coefficients were obtained between the loads of different constituents. NO3z™-
N and TDS loads were strongly related between them (+0.93) and more weakly related
to the remaining constituents (+0.34 - +0.47). The relation between PO.,*-P and
sediment loads was lower (+0.53). Although some studies have estimated that up to 90
% of P load occurs in particulate forms (Merrington et al., 2002), high P concentration in
fine sediment mobilized under high flow conditions makes PO4* to desorb from the
sediment into the water (Gibson, 1997). As a consequence, PO,*-P load (and PO,*

concentrations) tended to increase with sediment loads.

For soluble constituents, small correlation coefficients were obtained between each
water quality variable (i.e., concentration) and the constituent load (Table 4), indicating
that the higher loads did not coincide with the higher concentrations (+0.18 for NOs™ vs.
NOz-N Load, and +0.22 for TDS vs. TDS Load). In contrast, a strong correlation was
founded between concentration and loads (+0.83 and +0.91 for P and sediments,

respectively) indicating that high concentrations coincided with high loads events.

The observed relationships support the fact that different processes control the
behaviour of these pollutants: NOs- and TDS represent highly soluble components that
were easily mobilized by flowing water, either under base flow or high flow conditions.
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On the other hand, PO.,* and sediment have low solubility and therefore their
concentration was linked to specific high flow events that eroded soil particles in the

fields, banks or bare soil areas (Aryal and Reba, 2017).

3.7. Agricultural pollution dynamics in irrigated areas in contrast with rainfed areas

Irrigated agriculture is mostly located in semi-arid areas, where the climatic conditions
do not allow to achieve competitive agronomic production. Regions with Mediterranean
climate, where the higher temperatures of summer coincide with the dry season,
constitute a typical example (Ryan et al., 2009). Soils in semi-arid regions typically have
a particular set of characteristics, such as lower organic matter content or higher pH and
carbonate contents, in relation with soils in more humid regions (Brady and Weil, 2008;
Ryan et al., 2009). In addition, climatic conditions imply, in general, low yield in these
regions, especially for summer crops. As a consequence, winter crops such as wheat or
barley are predominant (Ryan et al.,, 2009), and its productivity rely on climatic
conditions. All these characteristics are present in Landazuria as reported in section 2.1:
semi-arid conditions, especially with hot and dry summers; predominance of alkaline and
calcareous soils; fallow-winter cereal as the typical rotation in the rainfed area, with low
yield (ca. 2.5 and 4 times less yield in the rainfed surface in comparison with the irrigated

one for barley and wheat, respectively).

Thus, irrigation in semi-arid soils produce a significant modification in the moisture
conditions and the soil water balance, especially during summer when most of irrigation
is applied. As a consequence, several properties of the soil are modified. For instance,
the cultivation of more productive crops implies an increase in crop residues, and
therefore organic matter in these soils (Apesteguia et al., 2015). In addition, summer
high temperatures in combination with moisture provided by irrigation significantly

increase organic matter mineralization rates (Arroita et al., 2013).
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The water balance in watersheds with a significant proportion of irrigated surface is
severely modified. However, the casuistic in watersheds receiving irrigation water from
external sources is quite different to those in which irrigation water is obtained through
dams, diversions or aquifers from the watershed itself. Indeed, in watersheds with
external sources of irrigation water, excessive irrigation applied over the crop needs or
summer rainfalls in already wet soils facilitates water leaching and, thus, increases
aquifer recharge and/or baseflow contributions to nearby streams (e.g., Cameira et al.,
2003; Sanchez-Pérez et al., 2003). In contrast, decreased flow of rivers or depleted
aquifers are the main consequences when the irrigation water is obtained within the
analysed watershed (e.g., Scanlon et al., 2007). In the rest of this discussion, we focus
in the environmental issues in watersheds receiving irrigation water from external

sources, such as Landazuria.

In fact, Landazuria exemplifies this modified water balance, with stable discharge
throughout the year. In contrast, rainfed watersheds in Navarre, even in more humid
areas, presented summer discharge values considerably lower than those observed in
Landazuria (Casali et al., 2008, 2010). Other studies have reported the severe
modification of the water balance in irrigated areas (Barros et al., 2011; Andrés and
Cuchi, 2014). In fact, in a watershed with similar conditions to that observed in
Landazuria, Merchan et al. (2013) reported the shift from an ephemeral stream to a

permanent one after the implementation of irrigation.

Water balance modification in semi-arid soils and watersheds has a huge relevance on
its environmental impact since it controls pollutants exports to water bodies. Nitrate, as
a readily soluble constituent of soil water, is particularly affected by modifications in the
water balance. In fact, despite similar fertilization rates, nitrate-N yield from Landazuria
irrigated surface (ca. 70 kg ha-1 year-1) was higher than that in rainfed winter cereal
watersheds in Navarre (16-37 kg ha-1 year-1, Casali et al., 2008). While nitrate-N yield

23



630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

in rainfed cereal watersheds occurred mostly during winters and was negligible during
summer, in Landazuria it occurred throughout the year, as a consequence of the
increased summer discharge due to irrigation return flows. In addition, more productive
crops are usually grown under higher water availability (e.g., Gaydon et al., 2012), raising
significantly the expected production and, consequently, fertilization rates. In Landazuria,
the irrigated surface presented: (1) maize and vegetables such as tomato or onion as
dominant crops; (2) a significant proportion of fields with two crops per year; and (3) an
average fertilization rate seven times higher than that in the rainfed surface, where winter
cereals were the dominant crops and cultivation took place one out of two years (Table

1).

A simple balance between average fertilization rates and nitrate-N yield in Landazuria
suggested that around 35 % of N fertilizer being lost in drainage. Although a great range
of variation is reported in the literature, similar figures have been reported in irrigated
areas in Spain or Australia (Barros et al., 2012b; Thorburn et al., 2011). The variation in
N losses fraction in drainage have been related to differences in terms of soils, crops
grown and agricultural management. As extreme values, no significant N loss through
drainage have been reported in irrigated clayey soils (Arauzo and Valladolid, 2013)
whereas losses of up to 77 % of applied N fertilizer have been reported for humid areas
with well-drained sandy soils intensively cropped in central Wisconsin, US (Kraft and

Stites, 2003).

Irrigation by itself does not imply higher nitrate leaching. In fact, in more humid climates
nitrate leaching is extremely variable, depending on climatic, soils or management
conditions. For instance, in rainfed soils over terraces in Nepal, nitrate-N leaching ranged
between 0-64 kg ha-1 year-1. In general, it was observed that the more fertilizer received,
the more leaching (Pilbeam et al., 2004). In long-term monitored watersheds, the
agricultural land exported 6-32 and 10-40 kg N ha-1 year-1 in Sweden and Estonia,
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respectively (Kyllmar et al.,, 2014; lital et al., 2014). However, even under humid
conditions, nitrate-N leaching is expected to increase in irrigated and heavily fertilized

areas (Kraft and Stites, 2003).

Due to the aforementioned calcareous soils, phosphate-P leaching is not particularly
enhanced by irrigation in semi-arid regions, as the P-fixing capacity of these soils is
considerable. For instance, phosphate-P yield in Landazuria (39 g ha-1 year-1) was in
the order of magnitude of that estimated for rainfed winter cereal watersheds in Navarre
(52 g ha-1 year-1; Casali et al., 2008). However, a watershed with more humid
conditions, neutral soils and manure application presented higher phosphate-P yield
(120-250 g ha-1 year-1; Casali et al., 2010). According to Withers and Sharpley (1995),
soluble P makes up a greater component of P in runoff from sites that frequently receive
applications of organic manures and slurries. In Alberta, Olson et al. (2010) related risk
of P leaching with application rates of manure in irrigated soils. Thus, factors such as soll
pH or organic fertilization, rather than irrigation, controls phosphate-P leaching in
agricultural watersheds. Total P, in contrast, is greatly related to erosion and sediment
losses from agricultural fields (Merrington et al., 2002). In fact, a significant relationship
was detected between phosphate-P and sediment loads in Landazuria(section 3.6,

Table 4).

Irrigation water quality and temperature, application rates or irrigation systems make
irrigation-induced erosion a phenomenon quite different from rainfed erosion (Sojka et
al., 2008). Unfortunately, there is scarce data about irrigation-induced erosion with a wide
range of reported values in the available studies. Indeed, both rainfall- and irrigation-
induced erosion contribute to soil loss in irrigated areas. Despite this, sediment yield in
Landazuria (360 kg ha-1 year-1) was in the lower range of those estimated for the rainfed
winter cereal watersheds in Navarre (230-1350 kg ha-1 year-1). The presence of
wetlands (section 3.4) and the lower slopes in Landazuria (3—5%) in comparison with the
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rainfed winter cereal watersheds (7—30%) were the most likely explanations for the
different behaviour. Although no much data was available for comparison, in a terraced
surface irrigated area of the Middle Ebro Valley, the sediment yield estimation was similar

to that obtained in this study (ca. 300 kg ha-1 year-1; Garcia-Ruiz, 2010).

The clearing of natural vegetation for rainfed crop production, especially in arid to semi-
arid areas, is reported to increase mobilization of salts stored in the vadose zone over
millennia due to an increases in soil water leaching (Scanlon et al., 2007). The shift to
irrigated agriculture normally enhances this process due to an increase in available water
for leaching (Merchan et al., 2015a). The rate at which salts are washed out depends
mainly on the available amount of salts and the water leached. The amount of available
salts depends on the geological materials and the “recent” (in geological terms) history
of the soil. For instance, in many places of Australia, a great degree of irrigation induced
leaching of salts is reported as a consequence of prevailing climatic conditions during
recent times (Duncan et al., 2008). On the other hand, the amount of irrigation return
flows is controlled by the lack or existence of irrigation, and the system and/or
management of irrigation carried out. In this sense, higher irrigation efficiencies have
been related to lower salt loading (e.g., Garcia-Garizabal and Causapé, 2010; Merchan

et al., 2015c).

3.8. Overview of management practices to mitigate the environmental impact of irrigated
areas in receiving water bodies

In a meta-analysis conducted over irrigated soils studies (Quemada et al., 2013),
improved water and fertilization management were reported as the most effective
practices in reducing nitrate leaching, with average decreases of 58 % and 39 %,
respectively. Alternative practices such as use of cover crops or improved fertilization
technologies presented, in general, lower reductions in leaching (Quemada et al., 2013).
This behaviour is also detected at the watershed scale. For instance, improved surface
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irrigation management decreased the yield of soluble constituents such as nitrate and
salts (Barros et al. 2012a,b; Garcia-Garizdbal et al., 2012, 2014). In general, sprinkler
irrigation presented lower yields of nitrate and salts than surface irrigation (Merchan et

al., 2015c).

Nitrogen fertilization rates should be adapted to the necessities of the crops, both in total
amount applied and temporal distribution (Quemada et al., 2013), as these measures
significantly reduced nitrate leaching with minimal impact on yield. Reduced fertilization
rates decreased leaching but also yield, while fertigation did not always reduce leaching
and it decreased in ca. 6 % yield (Quemada et al., 2013). In addition, the mineral N
available at the beginning of the crop cycle along with that provided by organic matter
mineralisation should be accounted for (Cameira et al., 2003; INTIA, 2017). Regarding
phosphorus, applications in manure and slurries, rather than irrigation, usually controls

phosphate leaching (e.g., Olson et al., 2010).

Since irrigated areas are subject to both rainfall- and irrigation-induced erosion, a wide
range of management practices can be applied to decrease soil loss and sediment yield
in irrigated areas. Apart from those typical of rainfed areas, practices such as improved
water management, tailwater elimination/reuse or low-pressure wide-area sprays are
recommended to curb irrigation-induced erosion (Sojka et al., 2008). For instance,
Campo-Bescoés et al. (2015) reported the beneficial effects of improved irrigation
management and vegetative filter strips in the sediment exported in furrow-irrigated

fields.

Although detailed information about irrigation management was not available for
Landazuria, the higher discharge in summer with respect to winter suggest there is some
margin of improvement in irrigation management that would probably decrease the
environmental impact in terms of nitrate and salt yield. N fertilisation management clearly
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needs to be optimized since the average loss of N in the watershed was about one third
of N applied in fertilisers. Phosphate and sediment yield were not considered especially
problematic in this study, probably due to the low use of organic fertilization and the

presence of semi-natural wetlands and relatively low slopes in Landazuria.

4. Conclusion

In this study, a detailed and long-term dataset collected in the watershed outlet is used
to estimate pollutant loads and behaviour in an area under pressurized irrigation typical
in north-eastern Spain. While the inclusion of several variables provides an integrated
picture of the studied system, the length of the obtained record (including both normal
and extreme climatic and agronomic conditions) provided reliable estimates on the
environmental effects of irrigation in this particular study case. This estimates are then

contextualized in the broad field of agricultural pollution of water bodies.

Irrigation modified the water regime of Landazuria stream, providing a higher base flow
during summer months along with a relatively constant discharge throughout the year.
Median concentration in daily water samples collected at the watershed outlet for ten
agricultural years were: NOs', 185 mg Lt; PO4* (or SRP) <0.05 mg L!; sediment, 31 mg
LY TDS, 2284 mg L. Estimated annual yields averaged 39 kg NOz-N ha, 39 g PO,*-
P ha', 360 kg sediment ha! and 1.8 Mg TDS ha. For both concentration and loads, a
high degree of intra- and inter-annual variation was observed, conditioned by different
weather conditions, the behaviour of highly soluble constituents (NOs and TDS) or
particulate driven constituents (sediment and PO.*), and agronomic management. In
these sense, NO3 and TDS behaved conservatively with respect to water whereas PO,*

and sediment dynamics were related to high flow events.
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Our results were put into a broader context, especially regarding differences between
rainfed and irrigated agricultural systems in semi-arid areas receiving irrigation water
from external sources (neighbouring watersheds). In this sense, irrigation water
supposes an additional water input, increasing aquifer recharge and baseflow of nearby
streams. It implies a shift to more productive and N-fertilizer demanding crops, and
consequently tends to increase nitrate leaching in these soils. In addition, salt stored in
the vadose zone are mobilized by irrigation return flows, increasing salinity in
downstream water bodies. Phosphorus fixing capacity of semi-arid soils implies that
phosphate leaching is not particularly enhanced by irrigation, while erosion and sediment

yield from irrigated areas depends greatly in site-specific characteristics.

Given the high variability in both concentration and loads imposed by the precipitation
regime and agronomic management, long-term monitoring in well characterized
agricultural watersheds is essential to understand the dynamics of pollution processes.
In addition, it can provide an accurate estimation of the pollution “base level”, which is
needed in order to assess the effects of preventive or corrective measures undertaken

to improve the water quality downstream.

Acknowledgements

This work was possible thanks to the monitoring network of the Government of Navarre and the
detailed agronomic information collected by INTIA in the framework of the LIFE-Nitrates Project

(LIFE+10 ENV/ES/478; www.life-nitratos.eu). In addition, it benefited from the Research Project

CGL2015-64284-C2-1-R (Ministerio de Economia y Competitividad). Daniel Merchéan
acknowledges the support of the “Juan de la Cierva - Formacion” grant with code FJCI-2015-
24920. We appreciate the collaboration and information provided by the farmers and the Irrigation

Authority (Comunidad de Regantes El Ferial) in Landazuria.

29



798

799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836

References

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop Evapo-Transpiration: Guidelines for
Computing Crop Water Requirements. United Nations Food and Agriculture
Organization, Rome, Italy (FAO Irrigation and Drainage Paper No. 56).

Andrés, R., Cuchi, J.A., 2014. Analysis of sprinkler irrigation management in the LASESA
district, Monegros (Spain). Agric. Water Manag. 131, 95-107.
doi:10.1016/j.agwat.2013.09.016

Apesteguia, M., Virto, I., Orcaray, L., Enrique, A., Bescansa, P., 2015. Effect of the Conversion
to Irrigation of Semiarid Mediterranean Dryland Agroecosystems on Soil Carbon
Dynamics and Soil Aggregation. Arid Land Res. Manag. 0, 1-16.
doi:10.1080/15324982.2015.1016245

Arauzo, M., Valladolid, M., 2013. Drainage and N-leaching in alluvial soils under agricultural
land uses: Implications for the implementation of the EU Nitrates Directive. Agric.
Ecosyst. Environ. 179, 94-107. doi:10.1016/j.agee.2013.07.013

Arroita, M., Causapé, J., Comin, F.A., Diez, J., Jimenez, J.J., Lacarta, J., Lorente, C., Merchan,
D., Mufiiz, S., Navarro, E., Val, J., Elosegi, A., 2013. Irrigation agriculture affects
organic matter decomposition in semi-arid terrestrial and aquatic ecosystems. J.
Hazard. Mater. 263, 139-145. doi:10.1016/j.jhazmat.2013.06.049

Aryal, N., Reba, M.L., 2017. Transport and transformation of nutrients and sediment in two
agricultural watersheds in Northeast Arkansas. Agric. Ecosyst. Environ. 236, 30—42.
doi:10.1016/j.agee.2016.11.006

Barros, R., Isidoro, D., Aragiés, R., 2011. Long-term water balances in La Violada Irrigation
District (Spain): Il. Analysis of irrigation performance. Agric. Water Manag. 98, 1569—
1576. doi:10.1016/j.agwat.2011.04.014

Barros, R., Isidoro, D., Aragués, R., 2012a. Three study decades on irrigation performance and
salt concentrations and loads in the irrigation return flows of La Violada irrigation district
(Spain). Agric. Ecosyst. Environ. 151, 44-52. doi:10.1016/j.agee.2012.02.003

Barros, R., Isidoro, D., Aragiiés, R., 2012b. Irrigation management, nitrogen fertilization and
nitrogen losses in the return flows of La Violada irrigation district (Spain). Agric.
Ecosyst. Environ. 155, 161-171. doi:10.1016/j.agee.2012.04.004

Brady, N.C., Weil, R.R., 2008. The Nature and Properties of Soils, 14th ed. Pearson Education,
Inc., Upper Saddle River, New Jersey, USA.

Burt, T.P., Howden, N.J.K., Worrall, F., Whelan, M.J., 2010. Long-term monitoring of river water
nitrate: how much data do we need? J. Environ. Monit. 12, 71-79.
doi:10.1039/B913003A

Cameira, M.R., Fernando, R.M., Pereira, L.S., 2003. Monitoring water and NOs-N in irrigated
maize fields in the Sorraia Watershed, Portugal. Agric. Water Manag. 60, 199-216.
doi:10.1016/S0378-3774(02)00175-0

30



837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875

Campo-Bescés, M.A., Mufioz-Carpena, R., Kiker, G.A., Bodah, B.W., Ullman, J.L., 2015.
Watering or buffering? Runoff and sediment pollution control from furrow irrigated fields
in arid environments. Agric. Ecosyst. Environ. 205, 90-101.
doi:10.1016/j.agee.2015.03.010

Casali, J., Gastesi, R., Alvarez-Mozos, J., De Santisteban, L.M., Del Valle de Lersundi, J.,
Giménez, R., Larrafiaga, A., Gofii, M., Agirre, U., Campo, M.A., Lopez, J.J., Donézar,
M., 2008. Runoff, erosion, and water quality of agricultural watersheds in central
Navarre (Spain). Agric. Water Manag. 95, 1111-1128. doi:10.1016/j.agwat.2008.06.013

Casali, J., Giménez, R., Diez, J., Alvarez-Mozos, J., Del Valle de Lersundi, J., Gofii, M., Campo,
M.A., Chahor, Y., Gastesi, R., Lopez, J., 2010. Sediment production and water quality
of watersheds with contrasting land use in Navarre (Spain). Agric. Water Manag. 97,
1683-1694. doi:10.1016/j.agwat.2010.05.024

Causapé, J., Merchan, D., Abrahéo, R., Garcia-Garizabal, I., 2012. Hydrological changes in
Lerma creek (Zaragoza) after the implementation of irrigation. Cuadernos de
Investigacion Geografica 38(2), 91-106. doi: 10.18172/cig.1284

CHE (Confederacién Hidrografica del Ebro — Ministerio de Medio Ambiente), 1996. Diagnéstico
y gestién ambiental de embalses en el ambito de la cuenca hidrogréfica del Ebro:
Embalse de Yesa. Limnos, 19pp.

CHE, 2017. “Datos basicos de la Confederacion Hidrografica del Ebro”. Available at:
www.chebro.es/contenido.visualizar.do?idContenido=37945&idMenu=2167 [Accessed
May 2017, in Spanish]

CR-El Ferial, 2017. “Historicos de Cultivos en la Comunidad de Regantes El Ferial”. Available

at: http://www.riegosdenavarra.com/agroind2/bard4.htm [Accessed March 2017, in

Spanish]

Daniel, T.C., Sharpley, A.N., Lemunyon, J.L., 1998. Agricultural Phosphorus and
Eutrophication: A Symposium Overview. J. Environ. Qual. 27, 251-257.
doi:10.2134/jeq1998.00472425002700020002x

DDRMAAL (Departamento de Desarrollo Rural, Medio Ambiente y Administracion Local —
Gobierno de Navarra), 2017. “Estadisticas agricolas”. Negociado de Estadistica.
Available at:

http://www.navarra.es/home _es/Temas/Ambito+rural/Vida+rural/Observatorio+agrario/

Agricola/Informacion+estadistica/ [Accessed March 2017, Spanish]

DOPTC (Departamento de Obras Publicas, Transportes y Comunicaciones — Gobierno de
Navarra), 2003a. “Cartografia Geoldgica de Navarra, Escala 1:25.000, 244-11 (Rada)”.
Geological map and report. 119 pp. Available at:
http://www.navarra.es/home _es/Temas/Territorio [Accessed March 2017, Spanish]

DOPTC, 2003b. “Cartografia Geoldgica de Navarra, Escala 1:25.000, 244-IV (Arguedas)”.

Geological map and reports. 120 pp. Available at:

http://www.navarra.es/home_es/Temas/Territorio [Accessed March 2017, Spanish]

31



876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915

Duncan, R.A., Bethune, M.G., Thayalakumaran, T., Christen, E.W., McMahon, T.A., 2008.
Management of salt mobilisation in the irrigated landscape - A review of selected
irrigation regions. J. Hydrol. 351, 238-252. d0i;:10.1016/j.jhydrol.2007.12.002

Durand, P., et al., 2011. Nitrogen processes in aquatic ecosystems, in: Sutton, M.A., Howard,
C.M., Erisman, J.W., Billen, G., Bleeker, A., Grennfelt, P., van Grinsven, H., Grizzetti,
B. (Eds.), The European Nitrogen Assessment: Sources, Effects and Policy
Perspectives. Cambridge University Press, Cambridge, UK, pp. 126-146.

Edwards, A.C., Withers, P.J.A., 2008. Transport and delivery of suspended solids, nitrogen and
phosphorus from various sources to freshwaters in the UK. J. Hydrol. 350, 144-153.
doi:10.1016/j.jhydrol.2007.10.053

Elmi, A.A., Madramootoo, C., Egeh, M., Hamel, C., 2004. Water and fertilizer nitrogen
management to minimize nitrate pollution from a cropped soil in southwestern Quebec,
Canada. Water. Air. Soil Pollut. 151, 117-134.
doi:10.1023/B:WATE.0000009910.25539.75

FAO, 2003a. Unlocking the Water Potential of Agriculture. United Nations Food and Agriculture
Organization, Rome, Italy.

FAO, 2003b. World Agriculture Towards 2015/2030. A FAO Perspective. United Nations Food
and Agriculture Organization, Rome, Italy.

FAO, 2013. FAO Statistical Year Book 2013, World Food and Agriculture. United Nations Food
and Agriculture Organization, Rome, Italy.

Garcia-Garizébal, |., Causapé, J., 2010. Influence of irrigation water management on the
guantity and quality of irrigation return flows. J. Hydrol. 385, 36-43.
doi:10.1016/j.jhydrol.2010.02.002

Garcia-Garizabal, I., Causapé, J., Abrahdo, R., 2012. Nitrate contamination and its relationship
with flood irrigation management. J. Hydrol. 442—-443, 15-22.
doi:10.1016/j.jhydrol.2012.03.017

Garcia-Ruiz, J.M., 2010. The effects of land uses on soil erosion in Spain: A review. Catena 81,
1-11. doi:10.1016/j.catena.2010.01.001

Garcia-Ruiz, J.M., Begueria, S., Nadal-Romero, E., Gonalez-Hidalgo, J.C., Lana-Renault, N.,
Sanjuan, Y., 2015. A meta-analysis of soil erosion rates across the world.
Geomorphology 239, 160-173. doi:10.1016/j.geomorph.2015.03.008

Gaydon, D.S., Meinke, H., Rodriguez, D., 2012. The best farm-level irrigation strategy changes
seasonally with fluctuating water availability. Agric. Water Manag. 103, 33—42.
doi:10.1016/j.agwat.2011.10.015

Gybson, C.E., 1997. The dynamics of phosphorus in freshwater and marine environments, in:
Tunney, H., Carotn, O.T., Brookes, P.C., Johnston, A.E. (Eds.), Phosphorus Losses
from Soil to Water. CAB International, Wallingford, UK, pp. 119-135.

Government of Navarre, 2005. “Memoria del Mapa de Suelos de la Cuenca Agraria
Esperimental de Landazuria, Escala 1/25.000". Soils map and report. 97 pp.
[Unpublished, Spanish]

32



916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955

Government of Navarre, 2017. PAC Declarations, Personal Communication.

Helsel, D.R., Hirsch, R.M., 2002. Statistical methods in water resources. US Geological Survey,
Reston, VA. 510 pp.

IDENA (Infraestructura de Datos Espaciales de Navarra — Gobierno de Navarra), 2017.

Available at: https://idena.navarra.es/Portal/Descargar [Accessed March 2017,

Spanish]

lital, A., Klga, M., Pihlak, M., Pachel, K., Zahharov, A., Loigu, E., 2014. Nitrogen content and
trends in agricultural catchments in Estonia. Agric. Ecosyst. Environ. 198, 44-53.
doi:10.1016/j.agee.2014.03.010

INTIA (Instituto Navarro de Tecnologias e Infraestructuras Agroalimentarias), 2017. Agronomic
management, farmers face-to-face inquiries, database. Proyecto LIFE Nitratos
(LIFE+10 ENV/ES/478). [Unpublished, Spanish]

INTIA and GAN (Instituto Navarro de Tecnologias e Infraestructuras Agroalimentarias and
Gestion Ambiental de Navarra), 2015a. “Buenas Practicas Agrarias: Directrices”.
Proyecto LIFE Nitratos (LIFE+10 ENV/ES/478). Ed: INTIA, GAN y Fundacion CRANA —
Gobierno de Navarra. 36 pp. Available at:
http://www.life-nitratos.eu/index.php/es/documentos/documentos-del-proyecto
[Accessed March 2017, Spanish]

INTIA and GAN, 2015b. “Informe de los Seminarios Finales”. Proyecto LIFE Nitratos (LIFE+10
ENV/ES/478). Ed: INTIA, GAN y Fundacién CRANA — Gobierno de Navarra. 275 pp.
Available at:

http://www.life-nitratos.eu/index.php/es/documentos/documentos-del-proyecto
[Accessed March 2017, Spanish]

Isidoro, D., Quilez, D., Aragiés, R., 2003. Sampling strategies for the estimation of salt and

nitrate loads in irrigation return flows: La Violada Gully (Spain) as a case study. J.
Hydrol. 271, 39-51. d0i:10.1016/S0022-1694(02)00324-4

Kraft, G.J., Stites, W., 2003. Nitrate impacts on groundwater from irrigated-vegetable systems in
a humid north-central US sand plain. Agric. Ecosyst. Environ. 100, 63-74.
doi:10.1016/S0167-8809(03)00172-5

Kyllmar, K., Stjernman Forsberg, L., Andersson, S., Martensson, K., 2014. Small agricultural
monitoring catchments in Sweden representing environmental impact. Agric. Ecosyst.
Environ. 198, 25-35. doi:10.1016/j.agee.2014.05.016

Letey, J., Hoffman, G.J., Hopmans, J.W., Grattan, S.R., Suarez, D., Corwin, D.L., Oster, J.D.,
Wu, L., Amrhein, C., 2011. Evaluation of soil salinity leaching requirement guidelines.
Agric. Water Manag. 98, 502—-506. doi:10.1016/j.agwat.2010.08.009

Litago Munarriz, J., 2011. “Balances de nitrégeno y pérdidas de nitratos por lixiviacion en
parcelas de regadio”. BSc Ag. Eng. Dissertation, Universidad Pudblica de Navarra, 123
pp. [Spanish]

MAPAMA (Ministerio de Agricultura y Pesca, Alimentacién y Medio Ambiente — Gobierno de

Espafia), 2017. Gestion sostenible de regadios.

33



956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994

http://www.mapama.gob.es/es/desarrollo-rural/temas/gestion-sostenible-reqgadios/
[Accessed March 2017, Spanish]

Merchan, D., Causapé, J., Abrahdo, R., 2013. Impact of irrigation implementation on hydrology

and water quality in a small agricultural basin in Spain. Hydrol. Sci. J. 58, 1400-1413.
doi:10.1080/02626667.2013.829576

Merchéan, D., Auqué, L.F., Acero, P., Gimeno, M.J., Causapé, J., 2015a. Geochemical
processes controlling water salinization in an irrigated basin in Spain: Identification of
natural and anthropogenic influence. Sci. Total Environ. 502, 330-343.
doi:10.1016/j.scitotenv.2014.09.041

Merchan, D., Causapé, J., Abrahdo, R., Garcia-Garizabal, |., 2015b. Assessment of a newly
implemented irrigated area (Lerma Basin, Spain) over a 10-year period. |: Water
balances and irrigation performance. Agric. Water Manag. 158, 277—-287.
doi:10.1016/j.agwat.2015.04.016

Merchén, D., Causapé, J., Abrahdo, R., Garcia-Garizabal, I., 2015c. Assessment of a newly
implemented irrigated area (Lerma Basin, Spain) over a 10-year period. II: Salts and
nitrate exported. Agric. Water Manag. 158, 288—296. doi:10.1016/j.agwat.2015.04.019

Merrington, G., Winder, L., Parkinson, R., Redman, M., 2002. Agricultural Pollution,
Environmental problems and practical solutions. Spon’s Environmental Science and
Engineering Series. Spon Press, London and New York.

Nielsen, D.L., Brock, M.A., Rees, G.N., Baldwin, D.S., 2003. Effects of increasing salinity on
freshwater ecosystems in Australia. Aust. J. Bot. 51(6), 655-665. doi:10.1071/BT02115

Novotny, V., 1999. Diffuse pollution from agriculture - a worldwide outlook. Water Sci. Technol.
39 (3), 1-13.

O'Brien, K.R., Weber, T.R., Leigh, C., Burford, M.A., 2016. Sediment and nutrient budgets are
inherently dynamic: evidence from a long-term study of two subtropical reservoirs.
Hydrol. Earth Syst. Sci. 20, 4881-4894. doi:10.5194/hess-20-4881-2016

Olson, B.M., Bremer, E., McKenzie, R.H., Bennett, R., 2010. Phosphorus accumulation and
leaching in two irrigated soils with incremental rates of cattle manure. Can. J. Soil Sci.
90, 355-362. doi:10.4141/CJSS09025

Playan, E., Salvador, R., Faci, J.M., Zapata, N., Martinez-Cob, A., Sanchez, |., 2005. Day and
night wind drift and evaporation losses in sprinkler solid-sets and moving laterals. Agric.
Water Manag. 76, 139-159. doi:10.1016/j.agwat.2005.01.015

Pilbeam, C.J., Gregory, P.J., Munankarmy, R.C., Tripathi, B.P., 2004. Leaching of nitrate from
cropped rainfed terraces in the mid-hills of Nepal. Nutr. Cycl. Agroecosystems 69, 221—
232. doi:10.1023/B:FRES.0000035194.15958.e0

Quemada, M., Baranski, M., Nobel-de Lange, M.N.J., Vallejo, A., Cooper, J.M., 2013. Meta-
analysis of strategies to control nitrate leaching in irrigated agricultural systems and
their effects on crop yield. Agric. Ecosyst. Environ. 174, 1-10.
doi:10.1016/j.agee.2013.04.018

34



995 Rivett, M.O., Buss, S.R., Morgan, P., Smith, J.W.N., Bemment, C.D., 2008. Nitrate attenuation

996 in groundwater: A review of biogeochemical controlling processes. Water Res. 42,
997 4215-4232. doi;10.1016/j.watres.2008.07.020
998 Ryan, J., Ibrikci, H., Sommer, R., McNeill, A., 2009. Nitrogen in rainfed and Irrigated Cropping
999 Systems in the Mediterranean Region. Advances in Agronomy 104, 53-106.
1000 doi:10.1016/S0065-211-(09)04002-4
1001  Séanchez Pérez, J.M., Antiguedad, I., Arrate, |., Garcia-Linares, C., Morell, I., 2003. The
1002 influence of nitrate leaching through unsaturated soil on groundwater pollution in an
1003 agricultural area of the Basque country: A case study. Sci. Total Environ. 317, 173-187.
1004 doi:10.1016/S0048-9697(03)00262-6
1005 Scanlon, B.R., Jolly, |., Sophocleous, M., Zhang, L., 2007. Global impacts of conversions from
1006 natural to agricultural ecosystems on water resources: Quantity versus quality. Water
1007 Resour. Res. 43. doi:10.1029/2006 WR005486
1008  Sharpley, A., Jarvie, H.P., Buda, A., May, L., Spears, B., Kleinman, P., 2014. Phosphorus
1009 Legacy: Overcoming the Effects of Past Management Practices to Mitigate Future
1010 Water Quality Impairment. J. Environ. Qual. 42, 1308—-1326.
1011 doi:10.2134/jeq2013.03.0098
1012 Skhiri, A., Dechmi, F., 2012. Impact of sprinkler irrigation management on the Del Reguero river
1013 (Spain) Il: Phosphorus mass balance. Agric. Water Manag. 103, 130-139.
1014 doi:10.1016/j.agwat.2011.11.004
1015 Sojka, E.E., Bjorneberg, D.L., Strelkoff, T.S., 2008. Irrigation-Induced Erosion. In: Irrigation of
1016 Agricultural Crops, 2nd ed. Agronomy Monograph n°® 30. American Society of
1017 Agronomy, Crop Science Society of America, Soil Science Society of America.

1018 Soil Survey Staff, 2014. Keys to Soil Taxonomy (12" edition). United States Department of

1019 Agriculture — Natural Resources Conservation Service. 359 pp.

1020  Stoate, C., Boatman, N.D., Borralho, R.J., Carvalho, C.R., de Snoo, G.R., Eden, P., 2001.
1021 Ecological impacts of arable intensification in Europe. J. Environ. Manage. 63, 337—
1022 365. doi:10.1006/jema.2001.0473

1023 Stockle, C.0., 2001. Environmental impact of irrigation: A review. Department of Biological
1024 Systems Engineering Newsletter, Washington State University.

1025 Sutton, M.A., Howard, C.M., Erisman, J.W., Billen, G., Bleeker, A., Grennfelt, P., van Grisven,
1026 H., Grizzetti, B., 2011. The European Nitrogen Assessment: Sources, Effects and
1027 Policy Perspectives. Cambridge University Press, Cambridge, UK.

1028  Thorburn, P.J., Biggs, J.S., Attard, S.J., Kemei, J., 2011. Environmental impacts of irrigated
1029 sugarcane production: Nitrogen lost through runoff and leaching. Agric. Ecosyst.
1030 Environ. 144, 1-12. doi:10.1016/j.agee.2011.08.003

1031 USEPA, 2015. Connectivity of Streams & Wetlands to Downstream Waters: A Review &
1032 Synthesis of the Scientific Evidence. EPA/600/R-14/475F. Available at:

1033 https://archive.epa.gov/ [Accessed April 2017]

35



1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046

Villalobos, F.J., Mateos, L., Quemada, M., Delgado, A., Fereres, E., 2016. Control of Salinity, in
Villalobos, F.J., Fereres, E. (Eds.), Principles of Agronomy for Sustainable Agriculture.
Springer, Cham, Switzerland. doi;:10.1007/978-3-319-46116-8

Wang, R., Kang, Y., Wan, S., Hu, W., Liu, S., Jiang, S., Liu, S., 2012. Influence of different
amounts of irrigation water on salt leaching and cotton growth under drip irrigation in an
arid and saline area. Agric. Water Manag. 110, 109-117.
doi:10.1016/j.agwat.2012.04.005

Withers, P.J., Sharpley, A.N., 1995. Phosphorus fertilisers, in: Rechcigl, J.E. (Ed.), Sall
Amendments and Environmental Quality. CRC Press, Inc., Boca Raton, Florida, USA,
pp. 65-107.

36



1047

1048

1049

1050
1051

1052
1053
1054

1055

1056

Table 1. Crops cultivated and summary of agronomic management in Landazuria for

the period 2007-2016. Source: CR-EIl Ferial (2017), INTIA (2017) and Government of

Navarre (2017).

o077 08 09 10 11 12 13 14 15 16 Average
Crops (%)*
Irrigated (252.9 ha)
Maize 43 43 45 22 36 35 61 61 50 44 46
Winter cereals 10 34 24 14 19 31 30 30 42 24 27
Tomato 7 6 9 17 25 13 0 1 2 2 8
Onion 17 9 9 21 13 0 0 0 0 0 7
Others 31 18 23 39 27 41 26 15 38 47 22
Double cropping? 8 10 10 13 20 20 17 7 32 17 10
N-fertilization 201 204 203 166 224 223 236 n.a. n.a. n.a 209
(kg ha! year?)
Rainfed (170.5 ha)
Fallow land 62 40 55 32 64 35 65 32 73 32 49
Witer cereals 36 56 43 64 34 63 33 66 26 66 49
Others 2 4 2 4 2 2 2 2 1 2 2
N-fertilization 28 28 33 41 27 25 42 n.a. n.a. n.a. 32

(kg hat year?)

1,2007-2013: face-to-face inquiries, Life-Nitrates Project; 2014-2016: Estimated from Common Agricultural Policy

declarations and Irrigation Authority (CR-EI Ferial) information.

2 Surface with two different crops in a single agricultural year (the sum of crops surfaces exceeds 100%).

n.a.: not available.

37



1057  Table 2. Some characteristics of precipitation, irrigation (estimated) and discharge recorded at

1058 Landazuria. Runoff coefficient = Discharge / (Precipitation + Irrigation).

1059
Precipitation Irrigation Discharge Runoff coefficient
[mm] [mm] [mm] [%6]
Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Autumn 126 50 8 3 27 10 21.3 5.9
Winter 109 48 12 8 22 10 18.0 5.4
Spring 127 40 106 24 24 13 9.9 4.9
Summer 75 41 210 17 29 9 10.0 2.2
Annual 437 92 337 34 102 30 12.9 2.8
1060
1061 S.D.: Standard deviation.
1062
1063

1064  Table 3. Values of discharge, nitrate (NO3-), phosphate (PO43-), sediment and total dissolved
1065 solids (TDS) yields for the hydrological years. Estimated values representative of the whole

1066  study period are presented in the line 2007-2016.

Agric. year Discharge NOs-Nyield PO4*-Pyield Sedimentyield TDS yield

(Sep-Aug) mm kg hat g hat kg hat kg hat
2007 143 n.a. n.a. n.a. n.a.
2008 83 n.a. n.a. n.a. n.a.
2009 98 39.0 n.a. 94 2,601
2010 88 n.a. n.a. n.a. n.a.
2011 87 38.3 14 54 1,828
2012 48 22.2 13 76 996
2013 138 63.6 37 159 2,904
2014 88 33.9 52 1154 1,703
2015 147 45.2 97 740 2,640
2016 96 29.3 24 42 1,711
Average (S.D.) 102 38.8 (13.2) 39 (32) 360 (473) 1,798 (680)

1067 S.D.: Standard deviation

1068 n.a.: not available (not enough reliable data for an adequate estimation).

1069

1070
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1071  Table 4. Correlation matrix among selected variables using the non-parametric Spearman’s rho
1072 (Helsel and Hirsch, 2002). Only significant correlations (p<0.05) are presented. The case of the
1073 Spearman’s rho coefficient is selected according with the strength of the correlation (absolute

1074 values of rho: <0.40; 0.40-0.70; >0.70).

1075
Q NOs | PO4* | Sed. | TDS | N-L P-L Sed.-L | TDS-L
Q
NOs -0.18
PO -0.22
Sed. +0.19 | -0.13 +0.34
TDS +0.41 | -0.39 -0.17
N-L +0.92 | +0.18 | -0.11 +0.12
P-L +0.46 | 029 | +0.83 | +0.39 | -0.39 | +0.34
Sed-L | +0.54 | -0.17 +0.28 | +0.91 | -0.18 | +0.45 | +0.53
TDS-L | +0.94 -0.12 +0.14 | +0.22 | +0.93 | +0.34 +0.47
1076
1077
1078
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Figure 1. A) Network of experimental watersheds in Navarre (Spain). Main rivers (blue
lines) and irrigated surface (green). B) Agricultural plots in Landazuria. C) Soil map
following Soil Survey Staff (2014). Source: Government of Navarre (2005) and IDENA

(2017).
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1088
1089 Figure 2. Relationship between chloride (CI") and total dissolved solids (TDS) concentrations in

1090 Landazuria outlet.
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Figure 3. Monthly average discharge, precipitation and irrigation. Vertical bars indicate standard

deviation.
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Figure 4. Selected two-month periods during the non-irrigated (A) and the irrigated (B) seasons

of the year 2016 in which the influence of daily irrigation schedules was clearly observed.
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1103 Figure 5. Nitrate concentration (NOs"; 95%-confidence interval on the monthly median) and daily

1104  average discharge in Landazuria outlet.
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1107 Figure 6. Phosphate concentration (PO4%; 95%-confidence interval on the monthly median) and
1108  daily average discharge in Landazuria outlet.
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1110
1111 Figure 7. Sediment concentration (95%-confidence interval on the monthly median) and daily

1112 average discharge in Landazuria outlet.
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1116 Figure 8. Total suspended solids concentration (TDS; 95%-confidence interval on the monthly
1117  median) and daily average discharge in Landazuria outlet.
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