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Abstract

Agriculture is a major source of diffuse pollution, where nitrogen and sediment pollution
of water bodies are its main associated environmental impacts. Best management
practices are effective tools for preventing and minimizing water pollution. Water quality
models and model-based scenario analyses are useful tools for assessing impacts of
best management practices and to identify appropriate strategies on the watershed
scale. This study was conducted in the southernmost Mar Menor basin, one of the largest
saltwater coastal lagoons in Europe and threatened by diffuse nutrient and sediment
export from the agricultural landscape. This study evaluates the impact of several
management practices on nitrogen and sediment loads, and horticultural crop yield, to
identify an appropriate management strategy on the watershed scale. Both structural
and nonstructural management practices scenarios were evaluated: three scenarios
representing field operations, two coastal line buffers, a new fertilizer management
strategy and a change in the productive cultivation system from three-crop rotation to
two-crop rotation. Each management practice reduced a certain type of diffuse pollution
and, therefore, a combined set of changed management practices is necessary to cope
with all agricultural pollution types. Contour farming, combined with hedgerow field
borders, was effective in sediment yield and surface organic nitrogen export reduction
terms, while improved fertilizer management reduced surface nitrate export and leaching
with minimal impacts on crop yields.
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Highlights
Contour farming and hedgerow borders reduce sediment and organic nitrogen export
Effective fertilizer management practices reduce surface nitrogen export and leaching

Combined scenarios are necessary to cope with all agricultural pollution sources
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1 Introduction

Diffuse pollution is defined as the result of emissions whose source cannot be traced
(La Nauze and Mezzetti, 2019), and play a key role in the degradation of aquatic
environments (La Nauze and Mezzetti, 2019; Zhang et al., 2016). Agriculture has been
recognized as a major source of diffuse pollution (Causapé et al., 2004; Liu et al., 2013;
Rao et al.,, 2009) and its main associated environmental impacts are nitrogen and
sediment pollution of water bodies (Zhang et al., 2014). Nitrogen inputs to aquatic
environments produce their eutrophication by stimulating harmful algal blooms (Alvarez
et al., 2017; Le Moal et al., 2019), while sediment inputs contribute to their habitat
degradation and biota impairment (Collins et al., 2011; Mtibaa et al., 2018).
Nevertheless, the use of excessive fertilizer doses (Pardo et al., 2017; Poch-Massegu et
al., 2014) and poor support conservation practices (Panagos et al., 2015) are still
common practices in agricultural areas.

As a result, many water policy instruments have been developed (Ingram, 2008), but
water body pollution is still a problem in many parts of the world and an ongoing concern
in Europe (Harrison et al., 2019). The use of fertilizers is expected to increase due to
growing needs of food, fibre, feed and biofuel as a results of population growth and
improved living standards (Chukalla et al., 2018; Tilman et al., 2011, 2002), whereas
climate change is expected to impact hydrology and to diffuse nutrient export from
agricultural areas (Wagena and Easton, 2018). Thus, developing strategies to improve
the sustainability of intensive agricultural production is a major challenge (Pradhan et al.,
2015; Quemada et al., 2013).

Best management practices have been recognized as effective tools for preventing
or minimizing pollution from agricultural areas (Chiang et al., 2014; Giri and
Nejadhashemi, 2014). These include soil and water conservation practices and
management techniques (Sharpley et al., 2006) whose objective is to control and reduce
sediment and nutrient sources. Nonetheless, their effectiveness varies between sites
and soil type, and testing them through field studies is unfeasible because they are costly
and time consuming (Qiu et al., 2018; Sith et al., 2019; Strauch et al., 2013). Therefore,
water quality models and model-based scenario analyses are useful tools for assessing
their impact and identifying the appropriate strategy to devise watershed management
plans (Cavero et al., 2012; Dechmi and Skhiri, 2013; Ullrich and Volk, 2009).

In this study, the effectiveness of several management practices was assessed with
the distributed conceptual hydrological model TETIS (Francés et al., 2007), for which a
nitrogen sub-model was developed, TETIS-N. The study lay in the southernmost Mar
Menor basins, dominated by agricultural lands and characterized by a semiarid climate.

The Mar Menor is one of the largest saltwater coastal lagoons of Europe, which provides
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aesthetic, touristic, fishing and recreational opportunities with a high environmental
value. This value has been internationally recognized because it is on the List of
Wetlands of International Importance (RAMSAR) and on the List of Specially Protected
Areas of Mediterranean Importance (SPAMIS). It has also been declared a Site of
Community Importance (SCI) and a Special Protection Area for Birds (SPA). However,
these protection regulations have failed to prevent its deterioration (Garcia-Ayllon, 2018).
Urbanization, tourism and intensive agricultural activity have been recognized as the
main causes of pollution (Garcia-Ayllon and Miralles, 2014; Rey et al., 2013), but being
one of the main horticultural productive areas in Europe (Alvarez-Rogel et al., 2006),
diffuse nutrient export from the agricultural landscape is the main environmental impact
(Perni and Martinez-Paz, 2013).

Accordingly, several studies have been conducted (e.g., De Pascalis et al., 2012;
Ledn et al., 2017; Tsakovski et al., 2009; Velasco et al., 2006), but very little attention
has been paid to evaluate mitigation measures (e.g., Alcolea et al., 2019; Perni and
Martinez-Paz, 2013). Jiménez-Martinez et al. (2016) recognized groundwater discharge
(direct discharge from aquifers to the lagoon) as the main source of nutrients, and
established the implementation of improved agricultural practices to reduce nitrate
leaching as a critical measure. Alcolea et al. (2019) assessed two mitigation measures
in order to reduce this groundwater nutrient discharge, new drains to intercept
groundwater discharge and distributed groundwater pumping. Unfortunately, Alcolea et
al. (2019) showed that both measures were able to reduce groundwater discharge, and
consequently, nitrate discharge, but neither was able to maintain nitrate discharge below
tolerable levels (nitrate concentrations above the 50 mg NOz™ L limit, as set out in the
Nitrate Directive of the European Commission (91/676/EEC)). Hence, additional and
complementary measures, especially those that focus on reducing nitrogen leaching, are
necessary.

In this context, a baseline scenario, which represents the current situation, and seven
scenarios consisting in the application of different management practices have been
evaluated. They are: three scenarios to change field operation management strategies
(contour farming and contour farming combined with grassy field borders and hedgerow
field borders), two coastal line buffers (100 m and 500 m), a new fertilizer management
strategy based on simple soil-plant nitrogen mass balance, and this fertilizer
management strategy combined with a change in the productive cultivation system from
three-crop rotation to two-crop rotation. The objective of this study is twofold. First, it
aims to evaluate the impact of these management practices on nitrogen and sediment
loads, and their impact on horticultural crop yield. Second, it also intends to serve as a

springboard to identify an appropriate management strategy on the watershed scale,



113
114
115

116
117
118
119
120
121

122
123

124
125
126
127
128
129
130
131
132

which will be applied to another watershed with similar characteristics and similar
problems, as very few studies have been conducted in semiarid and coastal

environments (Hashemi et al., 2016).

2 Materials and Methods
2.1 Study area

The study area lay in the southernmost Mar Menor basins in southeast Spain (Figure
1), where only agricultural influence exists. This area covers 100.1 km? and is divided
into 88 basins (66 of which are small coastal basins) and six endorheic basins. All the

basins are ephemeral rivers, and no gauging stations are located in the area.

Figure 1 Location of the study area.

Altitude ranges from 0 to 393 m a.s.l. (Figure S1) and climate is semiarid, with a mean
annual precipitation of 291 mm, a mean annual reference evapotranspiration of 1061
mm (Hargreaves and Samani, 1985) and a mean annual temperature of 18.7 °C (for the
1971-2016 period). Soils are mainly Xerosols, Arenosols and Lithosols, and loam and
clay loam are the most frequent textural classes. The underlying materials are mainly
Quaternary-aged with a thickness from 50 to 150 m and outcrops of Pliocene- and
Miocene-aged materials.

Most of the study area is used for agricultural land use (53.3%), with citrus trees and

horticultural crops being the dominant land uses (Figure 2 and Table 1). The commonest
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agricultural practice consists of annual three-crop rotation among broccoli, melon and
lettuce. This area is also characterized by the use of high fertilizer doses (a common
problem in Spain’s irrigated Mediterranean areas (Calatrava et al., 2011; De Paz and
Ramos, 2002). Daily fertigation by a drip irrigation system and no contouring is carried

out.

Figure 2 Simplified land use map of the study area.

Land use Area (%)
Continuous urban fabric 3.33
Discontinuous urban fabric 5.20
Mineral extraction sites 6.01
Dump sites 0.83
Construction sites 0.77
Sport and leisure facilities 2.44
Non-irrigated arable land 4.50
Permanently irrigated arable land 36.67
Fruit trees and berry plantations 9.48
Complex cultivation patterns 1.50
Principally agricultural land 1.17
Coniferous forest 2.35
Sclerophylous vegetation 16.04
Transitional woodland 3.16
Beaches, dunes and sand plains 2.17
Sparsely vegetated areas 2.21
Salt marshes 1.56
Salt evaporation ponds 0.61

Table 1 Area (%) for each land use in the study area.

Hence, in order to cope with the problems of diverse land use distributions, a
distributed model, which divides the area into cells, downscales the environmental
variables to each cell, simulates the state variable in each cell and assembles the results
for the complete basin. It stands out as an appropriate tool.

2.2 TETIS model description
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TETIS-N is a hydrological distributed conceptual model composed of three sub-
models: hydrology (Francés et al., 2007), sediment transport (Bussi et al., 2014, 2013)

and nitrogen transport and transformation (developed and described in this study). The
three sub-models are described as follows.

2.2.1 Hydrological sub-model

In TETIS-N, each cell is hydrologically represented by five vertical connected tanks
(Figure 3) and a channel tank. T, represents the interception process (only evaporation)
and T refers to soil static storage (i.e., below field capacity), where evapotranspiration
is the only output from this tank. Then water moves downwardly as long as the tank
vertical outflow capacity is not exceeded. T is superficial water storage and Ts is
gravitational storage (i.e., above field capacity). Both represent the surface runoff
process (overland flow and interflow, respectively). The last tank, Ta, represents the
aquifer. These three tanks (T2, Tz and T4) act as simple linear reservoirs and their

outflows are routed to the corresponding tank of the downstream cell. Ts represents the
river netflow.

Precipitation

from interception

\ % Evaporation

.

[T0: Vegetation cov.

Direct rainfall

‘ Soil
evapotranspiration

-
T1: Static storage

Excess water

= Overland flow
T2: Surface

Infiltration

-

= Interflow
T3: Gravitat. stor. \

Percolation

-
N Baseflow
T4: Aquifer \
- @@

Deepaquifer
flow

TS: Channel

Figure 3 Vertical conceptualization of TETIS.

Two thresholds characterize the horizontal conceptualization of TETIS-N, which
divides cells into hillslope, gully and river channel cells (Figure 4). Overland flow and
interflow, are routed to the T, and T3 tanks of the downstream cell, unless they reach a
gully cell, in which case, flows are routed to the river channel tank, Ts. Likewise, the base

flow is routed to the downstream T4 cell, until it reaches a river channel cell, in which
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case, it is also routed to Ts. The flow routing along the stream river network is computed

by the Geomorphologic Kinematic Wave methodology (Francés et al., 2007).

— WATER FLOW

}7 HILLSLOPE —‘
| GULLY | RIVER
| CHANNEL

Figure 4 Horizontal conceptualization of TETIS.

Three types of irrigation methods are considered in TETIS: drip, sprinkler and flood
irrigation. Drip and flood irrigation are directly added to the direct rainfall flux (Figure 3),
while sprinkler irrigation is added to the precipitation flux (Figure 3).

Evapotranspiration in TETIS is calculated as:

Evapotranspiration = Min[ET, * A,(m) * R, ; T;] Eq(1)
where ETy is the potential evapotranspiration, 4,(m) is the vegetation cover index or
crop coefficient (with annual periodicity and a different value for each month m), Rz is a
correction factor and T: is the water in static storage.

2.2.2 Sediment sub-model

In the sediment sub-model, each cell is represented by three vertical tanks (Figure 5).
Sediment particles are divided into sand, silt and clay, and each one with a
representative grain diameter and settling velocity. Sediment availability and sediment
transport capacity control these processes: sediment production, transport and

deposition.

Suspended A

Available Suspended
material Deposited
Parental materiall Bt

‘ uopysodag “I
—_

Deposited

Figure 5 Sediment conceptualization of TETIS.

Hillslope sediment transport capacity is calculated by the modified Kilinc and
Richardson equation (Julien, 2010; Kilinc and Richardson, 1973). It incorporates the
effect of soil characteristics, land use and agricultural management practices by means
of the soil erodibility factor (K factor), the cover-management factor (C factor) and the

support practice factor (P factor) of the Universal Soil Loss Equation (USLE) (Wischmeier



193
194
195
196
197
198

199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228

and Smith, 1978). This transport capacity is first used to transport suspended sediments
downstream. Then the residual transport capacity is employed to mobilize deposited
sediments and to finally erode parent soil (Figure 5). River channel transport is computed
by means of the Engelund and Hansen equation (Engelund and Hansen, 1972) and it is
first used to route suspended sediments downstream and the residual transport capacity

is employed to mobilize deposited sediments.

2.2.3 Nitrogen sub-model

The general conceptualization of the TETIS-N nitrogen sub-model is based on the
formulation of the model INCA-N (Wade et al., 2002) and it includes a crop growth
module based on EU-Rotate N (Rahn et al., 2010). In TETIS-N the nitrogen cycle is
simulated as in INCA-N, although some new features were developed in this study. First,
TETIS-N incorporates the modelling of organic nitrogen. Second, it considers NH4* soil
sorption. Finally, this sub-model was coupled to the sediment sub-model. This last
improvement allowed the transport of the nitrogen fixed to sediments to be simulated. In
order to improve the simulation of the nitrogen plant uptake in agricultural areas, the
model uses the formulation employed in EU-Rotate_N to simulate crop growth and,
consequently, crop yield.

Each cell is represented by ten tanks (Figure 6). Four tanks and seven processes
represent the nitrogen cycle in soil. Mineralization, immobilization, nitrification and
denitrification are represented by first-order kinetics. By way of example, the
mineralization process is described as:

Min = kyinf () fuin(9)0rgN Eq(2)
where Min is the NH4* mineralized mass (kgN day?), kwin is the mineralization rate
constant (day?), f(t) is a dimensionless term that accounts for the soil temperature
influence, fui,(9) is a dimensionless term that accounts for the soil water content
influence (for the mineralization process in this example) and OrgN is organic nitrogen
content (kgN). As volatilization is mainly a pH-dependent process, for simplicity reasons,
it is described by a first-order kinetic with neither temperature nor water content
correction. NH4* adsorption and desorption by clay colloids are also modelled in the
simplest way, by a linear sorption isotherm:

s = kqcy, Eq(3)
where cs is the N-NH4* concentration in the sorbed phase (mgN kg?), kg is the NH,*
distribution coefficient (dm?® kg?) and c. is the N-NH4* concentration in solution (mgN dm-
3),

Four tanks and two processes (nitrification and denitrification) represent the in-stream

nitrogen cycle. These processes are also represented by first-order kinetics, but only
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account for temperature influence, f(t). The nitrogen cycle in the aquifer is represented
by two tanks and no process is simulated because not biological activity is considered.
Soil water correction functions are based on those proposed in Brady and Weil (2002).

Mineralization and immobilization are corrected according to:

0 9 < 19wp
f D umin = (19 - ﬁwp)/(ﬁfc - ﬁwp) ﬁwp VS 19fc Eq(4)
19fc/19 9> 19fc

where ¥ is soil moisture (cm cm™), 9, is soil moisture at the wilting point (cm cm™) and
Y. is soil moisture at field capacity (cm cm™). The nitrification process is corrected

according to:

9/, 9 <
)i = Eq(5
And, finally, the denitrification process is corrected according to:
0 U < g
f(@)pe = { 2 2 Eq(6)
PO =90) /(A= 90)" 9>

The temperature correction function (Wade et al., 2002) for both soil and in-stream

parameters is:

f(&) = BT Tort) Eq(7)

where  is a constant with a typical value of 1.047, T is air or soil temperature (°C) and

Topt is the optimum temperature (°C), which usually takes a value of 20°C.
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Figure 6 Nitrogen conceptualization of TETIS.

Nitrogen plant uptake is divided into two steps (Porporato et al., 2003). Passive uptake
is calculated as an advective movement proportional to the transpiration flux, which is
calculated through the vegetation cover factor. If this uptake does not fulfil the

requirement (i.e., daily potential uptake), a diffusive component is considered (i.e., active

10
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uptake). This active uptake is proportional to nitrogen content and a diffusion coefficient.
The daily potential nitrogen uptake is assumed constant all year long and is calculated
from the annual nitrogen demand. In agricultural areas with nonwoody crops, the model
has a specific crop growth sub-model that calculates a daily potential uptake depending
on crop development.

This crop growth sub-model (Rahn et al., 2010) simulates dry matter. Every day, the
increment in dry matter is corrected to account for the influence of air temperature and
water and nitrogen availability. The daily nitrogen plant uptake is calculated according to
the minimum nitrogen content in the crop for maximum growth (i.e., the critical nitrogen
value).

Dissolved nitrogen transport to the downstream cell is carried out according to the
horizontal hydrological connection between tanks and by considering only advective
movement. The nitrogen fixed to sediments is considered to be fixed only to the clay
fraction and is mobilized according to the clay sediment fraction that is eroded, deposited

or mobilized to the downstream cell.

2.2.4 Model parameters and split parameter structure

The hydrological and sediment sub-models of TETIS-N present a split-parameter
structure (Francés et al.,, 2007). The parameter maps and the potential
evapotranspiration data series act as modal values, where the absolute value of each
cell is not important. Importance lies in correct spatial distribution (or temporal with the
potential evapotranspiration). These modal values are later corrected by means of a
correction factor and instead of calibrating the number of parameters multiplied by the
number of cells, only the correction factors should be calibrated.

The hydrological sub-model has nine correction factors: maximum static storage,
evapotranspiration, infiltration, hillslope surface velocity, percolation, interflow hydraulic
conductivity, deep percolation, base flow hydraulic conductivity and flow velocity.

The sediment sub-model is represented by three correction factors, one for each
transport capacity (hillslope, gullies and channel). With every time step, in each cell
transport capacity is calculated and is corrected by multiplying it by the corresponding
correction factor.

In the nitrogen sub-model, parameters depend on the land use type. The split-
parameter structure is used only for the NH4* distribution coefficient, which depends on
the clay content and type, and presents a correction factor. Therefore, the nitrogen sub-
model presents one correction factor (the NH4* distribution coefficient) and three
temperature correction parameters. It also presents eight land use specific parameters
(mineralization, immobilization, volatilization, nitrification and denitrification rates), a

diffusion coefficient, the annual nitrogen potential uptake and the nitrogen form

11
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preference. For channel cells, it presents two in-stream parameters: nitrification and
denitrification rates. The crop growth sub-model requires information about plant and
harvest date, the initial and final crop dry matters, the initial and final crop cover factor,
base temperature, nitrogen form preference, and the a and b crop-specific coefficients
(Rahn et al., 2010).
2.3 Model setup

2.3.1 Initial parameter estimation

The hydrological sub-model requires information on topography, land use, soil and
geology. The digital elevation model (DEM) was obtained from the Spanish Centro
Nacional de Informacion Geografica (CNIG) with 5 m grid spacing. Although computation
time significantly increased (4.003.244 cells had to be simulated), fine discretization was
required to adequately reproduce the river network.

Slope, flow direction and flow accumulation maps were derived from the DEM, while
hillslope surface velocity was calculated from the slope map according to Francés et al.
(2007). CORINE Land Cover 2006 was employed as a land use map and the seasonal
variation of actual evapotranspiration for each land use was introduced into the model
by means of the crop coefficient. It was calculated daily for crop land uses, and monthly
for other land uses according to Allen et al. (1998).

Maximum static storage (Figure S2) was calculated according to the depth available
to roots (Hiederer, 2013), roots’ depth and soil available water content; that is, the
difference between field capacity and the wilting point. These were derived from the soll
texture data (Ballabio et al., 2016) and by applying the Clapp and Hornberger (1978)
equation.

Infiltration capacity at saturation (Figure S3) was calculated using the soil texture data,
organic matter content (Hiederer, 2013), and Saxton and Rawls (2006) pedotransfer
functions. Percolation capacity (Figure S4) was estimated from the qualitative
permeability map of the Instituto Geoldgico y Minero de Espafia (IGME). As sufficient
information was lacking, the hydraulic conductivity of the interflow was taken to be the
same as the saturated infiltration capacity (Francés et al., 2007).

The sediment sub-model requires information about soil textural composition
(Ballabio et al., 2016) and three USLE factors (K, C and P factors). The K factor (Figure
S5) was calculated according to Panagos et al. (2014) from the soil texture data. The C
factor (Figure S6) was estimated according to the vegetation type using the values
proposed by Alatorre et al. (2010). The P factor was set at 1 because support practices
are not currently applied.

12
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In the nitrogen sub-model, the soil organic nitrogen map (Figure S7) was calculated
from the soil organic carbon content map (Hiederer, 2013). This map was transformed
into soil organic nitrogen content by assuming typical soil C:N ratios: 10 for agricultural
land uses and 20 for the other land uses (Weil and Brady, 2017).

The active soil depth was calculated as the minimum between the depth available to
roots (Hiederer, 2013) and roots’ depth, the bulk density map was obtained from Ballabio
et al. (2016) and the previously calculated wilting point soil water content map was used.
The NH4* distribution coefficient map was calculated according to the topsoil clay content
map, while seasonal variation in the vegetation cover factor for each land use was
estimated according to the land use and aerial images.

Plant and harvest dates were consulted with the Water Users Association, while initial
and final crop dry matter was estimated according to Gallardo et al. (2011), Rincon et al.
(1999) and Suérez-Rey et al. (2016) for melon, broccoli and lettuce, respectively. The
initial and final crop cover factors were estimated by taking personal experience into
account. The nitrogen preference form was estimated according to Albornoz and Lieth
(2016) and Britto and Kronzucker (2013). Base temperature and crop-specific
coefficients a and b were obtained from Rahn et al. (2010) and adjusted to the study

area characteristics.

2.3.2 Model inputs

Precipitation and temperature were obtained from the v4 version of the SPAINO2
dataset (Herrera et al., 2016), which provides daily precipitation and temperature values
from 1971 to 2008. These series were extended to 2016 with the precipitation and
temperature data provided by the Agencia Estatal de Meteorologia (AEMET) of a near
meteorological station in Cartagena. Due to the long simulated period and lack of better
data, evapotranspiration was calculated from the temperature values according to
Hargreaves and Samani (1985). Irrigation areas and volumes were obtained from the
Hydrological Watershed Plan of the Segura Region.

Only the land uses golf course (included in the urban fabric), citrus trees and
horticultural crops were considered fertilized. Rainfed crop areas were excluded
because, by being a semiarid area, sowing depends on the previous precipitation amount
and the area covered by these crops is small, compared to the irrigated area (Tablel).
The golf course fertilizer doses were obtained by consulting experts in the field (Table 2
and Figure 7). Citrus doses were obtained from the monthly advisory fertilization program
of the Sistema de Informacién Agraria de Murcia (SIAM), which establishes a monthly
fertilizer amount (Figure 7), and values are often respected by farmers. As the fertilizer
doses are more variable for horticultural crops, values should be supplied daily to the

model. The total fertilizer amounts were obtained from Ramos and Pomares (2010).

13
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These recommended values are not currently respected and were increased to take into
account excess and NOs irrigation content. These final values were consulted with
experts in the field and the Water Users Association (Table 2). Total values were

transformed into daily values according to the growing curve of each crop (Figure 7).

Nitrogen Plant Harvest
Land use .
fertilizer date date
Golf course 226 - -
Citrus trees 250 - -
Broccoli 250 Jan 1 Apr 30
Horticultural crops | Melon 130 Junl Aug 31
Lettuce 130 Oct 1 Dec 31
Table 2 Current annual fertilizer doses. Values in kgN ha! year™.
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Figure 7 Fertilizer doses. Golf course, citrus trees and horticultural crops land uses

Atmospheric deposition values were obtained from Garcia-Gomez et al. (2014). The
total nitrogen atmospheric deposition in the study area was 7.5-10 kgN ha! year?, with
an approximate nitrate:ammonium ratio of 2:1. The considered values for the study area
were 3 kgN-NH.* ha?! year! and 6 kgN-NOs ha? year?, which were homogenously
transformed into daily values.

2.4 Model implementation

The model was calibrated to represent current study area characteristics. Although

they have evidently changed over the 46 years of data availability (1971-2016), these

long input data series were used to obtain the model parameters, as well as
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representative water, sediment and nitrogen balances of the study area’s current
situation. A daily time step was used and, as observed data were lacking, calibration was
carried out in a non-traditional manner. Nevertheless, even if the prediction power of the
model was not high, it could be used to evaluate the effectiveness of different
management practices (Ozcan et al., 2017a) because this process was based on
comparisons and model simulations were used herein as projections of ecosystem
behaviour rather than predictions.

In the hydrological sub-model, as all streams were ephemeral rivers, interest remains
in surface runoff (overland flow and interflow) and percolation fluxes. Thus, as
groundwater information was lacking, only the hydrological correction factors governing
these were calibrated. This calibration was based on previous flood studies (CAAMA,
2016a, 2016b) carried out by the Murcia Council (Consejeria de Agua, Agricultura y
Medio Ambiente de la Region de Murcia).

Figure 8 Basin used to calibrate the hydrological and sediment sub-models.

From these flood studies, it was possible to calculate the 25-year return period outflow
hydrograph of the larger basin in common (Figure 8), the volume of which was the data
used to calibrate the sub-model. The model was run for the 1971-2016 period using the
first year (1971) as a warm-up period. With these results, a flood frequency analysis was
performed to obtain the volume of the 25-year return period hydrograph. This value was
compared to the calculated one. The 25-year return period was chosen because, given
the length of the data series (46 years, 1971-2016), it was not possible to use a longer
return period.

In agricultural areas, evapotranspiration is a very important state variable and hence,
the model’s general hydrological behaviour was validated using the v3.3b satellite-based

evapotranspiration data of the Global Land Evaporation Amsterdam Model (GLEAM)
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(Martens et al., 2017; Miralles et al., 2011). For the horticultural crops area, the simulated
evapotranspiration values (ETsim) were compared to the crop evapotranspiration values
under standard conditions (ET¢). These ET. values were calculated using the ET from
the Sistema de Informacion Agraria de Murcia at the closest station (Cartagena, CA12)
and these values were affected by the corresponding crop coefficient value (Allen et al.,
1998). The ETo values from the Sistema de Informacién Agraria de Murcia were
calculated using the observed data and applying the Penman-Monteith equation. The
available data covered the 2006-2016 period.

As no sediment measurements existed, the sediment sub-model calibration was
performed using the same basin (Figure 8) and based on the calculation of its mean
annual erosion rate according to Wischmeier and Smith (1978). Factors K, C and P were
calculated from the input model maps. Factor R (rainfall and runoff factor) was obtained
from the R isoline map of the Spanish Instituto para la Conservaciéon de la Naturaleza
(ICONA) and the LS factor (slope-length and slope steepness factor) was obtained from
Mintegui et al. (1993). Correction factors were calibrated to minimize the volume error
between the simulated and calculated mean annual erosion rates. With sediment, the
sub-model was markedly influenced by the initial condition (Bussi et al., 2014) and,
consequently, in order to obtain a representative initial condition, the model was first run
for the period 1971-2016, which was a long enough period. The obtained final condition
was then used as the initial condition for the calibration period (1971-2016). The mean
annual erosion rate was obtained from these results.

AS the nitrogen sub-model presented specific parameters for each land use, all the
study area was used during the calibration process. The in-stream nitrogen parameters
were fixed to zero because the residence time was shorter than one day (CAAMA,
20164, 2016b) and, as no nitrogen measurements or nitrogen-related information existed
for this area, the land use parameters were adjusted to accomplish the nitrogen plant
potential uptake of each land use. The initial land use specific parameters values were
obtained from the literature (D’Odorico et al., 2003; Jung et al., 2010; Kimmins, 2004;
Rankinen et al., 2006; Wade et al., 2002; Weil and Brady, 2017). The calibration process
consisted in adjusting these values to obtain a similar mean annual uptake for the 2002-
2011 period to the annual plant potential uptake. The model was validated during the
2012-2016 period. Specifically, the horticultural crops parameters, which represent the
largest and more interesting area, were validated by comparing the estimated crop yield
target (Gallardo et al., 2011; Rincon et al., 1999; Suérez-Rey et al.,, 2016) and the
simulated crop yield during the 2002-2016 period. The 1971-2001 period was used as a

warm-up period to obtain the initial condition.
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In order to obtain a representative current annual balance, the model had to be run
for a long enough period. Therefore, the calibrated model was run for the 2002-2016
period and, in order to extend these results, climate repetition was assumed. Hence the
model was re-run using the model inputs of the 1971-2016 period. Thus the model was
finally run for a total of 61 years with the current conditions, which allowed the mean
annual balances that characterize the baseline scenario to be obtained.
2.5 Best management practices scenarios and model representation

Several management practices were evaluated and in order to analyse the results,
the changes in the amount of pollutants (i.e., nitrogen and sediment) were compared to
the baseline scenario. The effectiveness of each scenario was computed as the percent
change:

BMP — baseline Ea(8
baseline q(8)

where Percent change is the percent change (%), BMP is the average annual pollutants

Percent change =

load of each management practice scenario and baseline is the average annual
pollutants load of the baseline scenario.

The management practices established in the 2017 and 2018 official regulations
(CARM, 2018, 2017) were chosen to be evaluated. Less and more restrictive variations
were also included as additional scenarios (additional). According to Pearce and Yates
(2017) and Wang et al. (2018), management practices can be divided into structural
(intercept pollutants) and nonstructural (reduce pollution). In this study, both structural
and nonstructural management practices were evaluated. Eight scenarios (including the
baseline scenario) were evaluated: (1) baseline; (2) contour farming (additional); (3)
contour farming and grassy field borders (additional); (4) contour farming and hedgerow
field borders (CARM, 2018, 2017); (5) 100 m coastal line buffer (CARM, 2018, 2017); (6)
500 m coastal line buffer (additional); (7) fertilizer management with the traditional three-
crop rotation (CARM, 2017); (8) fertilizer management with two-crop rotation (CARM,
2018).

These scenarios were simulated under the same initial conditions as in the baseline
scenario and for the same period: 2002-2016 and once again with 1971-2016 (61 years).
Management practices were considered to affect citrus trees and horticultural crops land
uses, and their results were evaluated in terms of nitrogen loss (surface nitrogen export,
which correspond to both the dissolved and sorbed nitrogen transported by overland flow
and interflow, and nitrogen leaching), sediment yield (sediment exported to the lagoon)
and crop yield. The model is unable to simulate crop yield within fruit trees. Thus, crop

yield was evaluated only in the area covered by horticultural crops.
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2.5.1 Contour farming

Contour farming (CF) consists in performing field operations (i.e., plowing, planting or
sowing, cultivating and harvesting) following field contours around the slope. It prevents
soil erosion, especially with storm events, and its effect was introduced into the model
by modifying the P-factor map of the sediment sub-model. Factor P value in the
agricultural areas with nonwoody crops (i.e., horticultural crops) was calculated
according to Panagos et al. (2015) as:

P =P. Py Pom Eq(9)
where P is the support practice factor, P. is the contouring subfactor, Psy is the stone
walls sedimentation subfactor (i.e., terrace sub-factor) and Pym is the vegetated margins
sub-factor. The slope in these areas is 3-8% and, according to Wischmeier and Smith
(1978), the P. subfactor took a value of 0.5, while the other subfactors were set at 1

because this scenario considered neither terraces nor vegetated margins (Table 3).

Scenario Pc Psw Pvm P
Baseline 1 1 1 1
CF 0.5 1 1 0.5
CF+GFB 0.5 1 0.66 0.33
CF+HFB 0.5 1 0.09 0.045

Table 3 Final factor P and Pc¢, Psw and Pvm subfactors values in the horticultural crops land use. CF: contour
farming; CF+GFB: contour farming and grassy field borders; CF+HFB: contour farming and hedgerow field

borders.

2.5.2 Contour farming and grassy field borders

This combination (CF+GFB) consists in carrying out contour farming and installing
grassy field borders along the perimeter of fields. These grassy field borders are linear
areas of herbaceous perennial species. Their installation reduces flow velocity and,
consequently, soil erosion, as well as sediment and nutrient transport, because they are
trapped when reaching the edge-of-the-field vegetated margin.

This effect was also introduced into the model by modifying the factor P map in the
agricultural areas with nonwoody crops according to Panagos et al. (2015). The P and
Psw subfactors took the same value as in the CF scenario (Table 3). The Pym subfactor
took a value of 0.66 according to Panagos et al. (2015) and sediment interception was
55% for a grass border of 2 m width, which corresponded to a Pym of 0.45 according to
Van Vooren et al. (2017). In order to not overestimate its effectiveness, the 0.66 value
with a common grass border of 2 m width was adopted (Table 3).

The area covered by grassy borders was calculated according to the borders length
estimated by Rey Benayas et al. (2017). According to these authors, there are four
different priority borders in an agricultural plot where grassy borders can be placed.
Priority borders 1, 2 and 4 of Rey Benayas et al. (2017) are those established in CARM
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(2018, 2017) proposal. Hence a total borders length of 393,549 m and 2 m width was

considered.

2.5.3 Contour farming and hedgerow field borders

This second combination (CF+HFB) consists in carrying out contour farming and
installing hedgerow field borders along the perimeter of fields. These hedgerow field
borders are perennial woody and nonwoody structures consisting of herbaceous
species, shrubs and trees that reduce flow velocity, and sediment and nutrient transport.

Likewise, the P-factor map of the sediment sub-model was maodified according to
Panagos et al. (2015) in the agricultural areas with nonwoody crops. The P, and Psy
subfactors took the same values (Table 3) and, according to Van Vooren et al. (2017),
sediment interception was estimated as 91%, and hedgerow width was not an
explanatory variable. Therefore, the Py subfactor took a value of 0.09 (Table 3). As
estimated by Rey Benayas et al. (2017) and proposed by CARM (2018, 2017), a total
borders length of 393,549 m and 2.5 m width was considered.
2.5.4 Coastal line buffer

These scenarios consist in removing the agricultural nonwoody crops in 100 m
(CB100) and 500 m (CB500) coastal line buffers. In the long-term, this abandoned land
will be overgrown with herbaceous vegetation and scarce shrubs (i.e., natural
grasslands). Due to crop removal, these areas remain unfertilized and, thus, nutrient
transport is reduced in the most vulnerable area, which is the coast. The CB100 scenario
only affected 0.08 km?, while the CB500 scenario affected 1.53 km? (Figure 9) as the
coast in this area is considerably urbanized. This effect was introduced into the model

as a land use change.

Figure 9 Land use maps of the CB100 and CB500 scenarios.

2.5.5 Fertilizer management
Fertilizer management (FM) consists in reducing nitrogen excess by rationally

controlling fertilizer doses. Fertilizer doses reduction was based on a simple soil-plant
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nitrogen mass balance, which affected citrus and horticultural land uses. As the area
covered by the golf course was not significant (< 2.5% of the area), the fertilizer doses
in this area were not reduced. This mass balance was applied as stated in the official
regulation of 2017 (CARM, 2017) and fertilizer doses were calculated as:

Fert = Dimax — Nini — Nmin — Norg — Nipr Eq(10)
where Fert is the total inorganic fertilizer amount (kgN ha™), Dmax is the maximum
recommended fertilizer dose for a specific crop (kgN ha?), Nin is mineral nitrogen soil
content before planting (kgN hat), Nmin is the nitrogen that results from the organic matter
mineralization process between plant and harvest dates (kgN ha?), Noyg is the organic

fertilizer (kgN hal) and Nir is the nitrogen amount in the irrigation water (kgN ha?).

In this case, Nog took a zero value because no organic fertilizer was used. Nir was
considered to be included in the term FERT because it is difficult to know the nitrogen
content of irrigation water. Therefore, the fertilizer amount calculated herein included the
nitrogen content of irrigation water, which farmers should deduct by means of a simple
water analysis on the field scale. Dmax Was calculated according to CARM (2017), while
due to the lack of data, Nmin Was calculated as the average value of the organic matter
mineralization between plant and harvest dates for each crop using the baseline scenario
simulation results. Ni, was calculated in the same way, but was corrected by a depletion
coefficient, which bears in mind that nitrogen volume in soil is extremely variable, as
stated in CARM (2017). It took a value of 14% in horticultural crops and 10% in citrus
trees. Moreover, CARM (2017) establishes a 3-month crop exclusion period and, thus,
the plant and harvest dates of melon and lettuce were adjusted by changing to shorter
varieties. These final values are listed in Table 4 and the total fertilizer reduction in

relation to the baseline scenario appears in Table 5.

Land use Dmax | Nini | Nmin | Fert F;';lt Hzr;zst
Citrus trees 250 | 0.9 | 11.8 | 238 - -
FM | Horticultu- Broccoli 218 1198 | 82 | 191 |Janl1l | Apr30
scenario | crops Melon 118 | 20.1 | 1.1 97 | Junl | Augl16
Lettuce 126 | 17.7 | 0.2 | 109 | Octl | Dec 16
Citrus trees 250 | 0.9 | 11.8 | 238 - -
FM+CR . Broccoli 218 | 228 | 8.2 | 187 |Jan1l | Apr30
.| Horticultu-
scenario | crops Melon - - - - - B
Lettuce 126 | 21.1 | 0.2 | 105 | Octl | Dec 16

Table 4 Nitrogen mass balance for each crop and scenario. Values expressed in kgN ha? year?!. FM:

fertilizer management; FM+CR: fertilizer management and two-crop rotation.

Baselme FM scenario FM+CR scenario
Land use scenario

Nitrogen | Nitrogen % Nitrogen %

fertilizer | fertilizer | Reduc. | fertilizer | Reduc.
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Citrus trees 250 238 4.8 238 4.8

Horticultural Broccoli 250 191 23.6 187 25.2

crops Melon 130 97 25.4 - 100.0
Lettuce 130 109 16.2 105 19.2

Table 5 Annual fertilizer doses for each crop and scenario. Fertilizer values expressed in kgN ha* year™.

FM: fertilizer management; FM+CR: fertilizer management and two-crop rotation.

2.5.6 Fertilizer management and two-crop rotation

This combination (FM+CR) consists in reducing nitrogen excess by controlling
fertilizer doses and changing the productive cultivation system from three-crop rotation
to two-crop rotation, as established in the official regulation of 2018 (CARM, 2018). This
new official regulation modifies the 2017 official regulation (CARM, 2017) insofar as only
two crops can be cultivated the same year because, if fewer crops are cultivated, the
fertilizer amount is expected to lower and, consequently, nitrogen surplus.

As in the FM scenario, fertilizer doses were adjusted according to CARM (2018). In
addition, melon was selected to not be cultivated because the market price of this crop
is more variable. Dmax Was calculated according to CARM (2018). Nmin was calculated as
an average value for each crop from the model simulation results in the current situation,
but by excluding melon from the simulation. Ni» was calculated in the same way, but this
value was corrected by the corresponding depletion coefficient (CARM, 2018). The
obtained values are listed in Table 4, and the total fertilizer reduction in relation to the
baseline scenario appears in Table 5.

3 Results and Discussion
3.1 Model implementation: baseline scenario

Figure 10 shows the results of the flood frequency analysis, in which a Two-
Component Extreme Value (TCEV) distribution was used. The fitting for the calibration
basin (Figure 8) was satisfactory (Figure 10), and the volume error (Table 6) between
the simulated and calculated volume of the 25-year return period hydrograph was lower

than 0.5% (absolute value).
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Figure 10 Flood frequency analysis results. TETIS: model simulated; TCEV: Two-Component Extreme
Value adjustment.

Flood study (calculated; CAAMA, 2016a, 2016b) | 457000 m®
TETIS-N (simulated) 455016 m®

Volume error -0.43 %
Table 6 Calculated and simulated volume of the 25-year return period hydrograph.

On the catchment scale, the model's performance to reproduce total
evapotranspiration from 2003 to 2016 was acceptable, with an R? value of 0.51, a KGE
value of 0.45, a PBIAS of -19.31 and an RMSE value of 15.34. Moreover, it shows a
good agreement between satellite-based and simulated total evapotranspiration (Figure
11).
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Figure 11 Satellite-based and model simulated monthly total evapotranspiration.

The mean annual results for the horticultural crop area are shown in Table 7. The

difference between the evapotranspiration values under standard conditions (ET¢) and
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the simulated evapotranspiration values (ETsim) for lettuce was negligible. This difference
was acceptable for broccoli, whereas a large difference was obtained for melon. The
months from March to September (broccoli’'s final cultivation months and melon’s
complete cultivation period) correspond to dry months in this area. As shown in Table 7,
irrigation+rainfall was lower than ET. due to the limitation in the irrigation doses allocated
by the Water Authority and almost no precipitation. Conversely, values close to ET. were
obtained for lettuce, which is cultivated from October to December, the rainy months.
However, the transpiration requirements for each crop were approximately met because,
as shown in Table 8, the simulated yield was only slightly lower than the target yield.
Therefore, this difference between ET. and ETsim could be primarily attributed to lack of
water to be evaporated from the uncovered part of soil in dry months because drip
irrigation can induce decreased soil evaporation (Wang et al., 2020). The ETsim values

above irrigation+rainfall corresponded to the excess water from the previous period

stored in soil.
Crop ET. Irrigation Irrigation+Rainfall | ET.ea (Simulated)
Broccoli 298.8 136.4 205.8 225.3
Melon 426.7 205.2 213.5 226.3
Lettuce 140.3 70.4 158.1 136.3

Table 7 Crop evapotranspiration, irrigation, irrigation+rainfall and real evapotranspiration (simulated) for

each horticultural crop (2006-2016). Values expressed in mm year.

Crop Tgrget Validation
yield (2002-2016)
Broccoli 8.70 7.92 (-8.6%)
Melon 1.00 0.98 (-4.9%)
Lettuce 3.30 3.13 (-5.5%)

Table 8 Target crop yield and simulated crop yield. Values in parenthesis represent mass error. Values

expressed in Mg ha year?.

Table 9 shows the calculated long-term annual erosion rate and the value of each
USLE factor for the basin used in the calibration process (Figure 8). The volume error
between the calculated and simulated mean annual erosions (Table 10) was also below

0.5% (absolute value).

A 9.29 Mg ha! year?

R 100 hJ cm m2 h? year?
K 0.38 Mg m? h ha* hJ* cm™
LS 2.45

C 0.10

P 1

Table 9 Calculated mean annual erosion rate and values of the USLE factors.

USLE (calculated)
TETIS-N (simulated)

Mass error
Table 10 Calculated and simulated mean annual erosion rate.

9.29 Mg ha! year?
9.27 Mg ha'! year?
-0.22 %
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The nitrogen sub-model implementation results are shown in Table 11 and Table 10.
The simulated mean annual nitrogen uptake during both the calibration and validation
periods presented minor mass errors, and only the land uses mineral extraction zone
and rainfed crops obtained larger differences. The mineral extraction zone presented
differences smaller than 1.5 kgN ha? year?, which are tolerable. The elevated errors
obtained for the rainfed crops were because this area remained unfertilized for modelling
purposes. The difference between the estimated crop yield targets (Gallardo et al., 2011,
Rincon et al., 1999; Suarez-Rey et al., 2016) and the simulated crop yields was

acceptable (Table 8), with mass errors under 10% (absolute value).

Land use Estimated Calibration Validation
uptake (2002-2011) (2012-2016)

Urban fabric (includes 47.4 472 (-03%) | 47.7  (+0.5%)
golf course)

Mineral extraction zone 3.0 4.2 (+40.0%) 4.4 (+46.7%)
Horticultural crops 460.0 455.2 (-1.0%) 462.4 (+0.5%)
Citrus trees 250.0 276.5  (+10.6%) | 273.4 (+9.4%)
Rainfed crops 60.8 30.9 (-49.1%) 22.3 (-63.3%)
Forestand semi-nawral | 51 4 205  (43%) | 183  (-14.5%)
Sand plains 0.0 0.0 (0.0%) 0.0 (0.0%)
Salt marshes 10.0 11.5 (+15.2%) 11.3 (+13.0%)

Table 11 Estimated and simulated mean annual potential nitrogen uptake for the simplified land uses. Values

in parenthesis represent mass error. Values expressed in kgN ha! year.

The baseline long-term mean annual balances (61 years) are shown in Table 12.
Almost all the water inputs (precipitation and irrigation) were evapotranspirated and the
remaining volume was split into surface runoff and percolation. The mean annual erosion
rate was quite high and, according to Albaladejo Montoro et al. (1988) it corresponds to
a moderate-high erosion rate, but fell within the range of previous studies performed in
southeast Spain (Boix-Fayos et al., 2005; Sougnez et al., 2011). Despite high erosion,
almost all the eroded sediments were deposited, and sediment yield was much lower.
The area with higher erosion rates was the mineral extraction zone, which is a very
degraded area with sparse vegetation and bare soil. Nevertheless, the agricultural area
still presented a mean annual erosion rate of 2.6 Mg ha, which should be lowered
because agricultural soils present high organic matter and nutrients contents (Garcia-
Ruiz et al., 2015; Merchan et al., 2018).

Water balance (mm)
Precipitation 280.9
Irrigation 178.9
Evapotranspiration 392.6
Percolation 34.2
Surface runoff 32.9
Sediment balance (Mg ha?)
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Erosion 37.2
Deposition 30.8
Sediment yield 6.3
Nitrogen balance (kgN ha?)
Fertilizer addition 206.8
Atmospheric deposition 9.1
Net mineralization 17.3
Plant nitrogen uptake 220.0
Nitrogen leaching 11.8
Surface nitrogen export 1.7

Table 12 Baseline scenario long-term mean annual balances in the soil (water, sediments and nitrogen).

The main nitrogen input was fertilizer addition and the main output was plant nitrogen
uptake, which was slightly lower. This nitrogen surplus is removed from the soil due to
surface runoff and percolation during high precipitation events and, although the
obtained surface water runoff and percolation flows were similar (33-34 mm), the
difference between surface nitrogen export (1.7 kgN ha? year?) and nitrogen leaching
(11.8 kgN ha! year?) was elevated. This is a common situation in intensive agriculture
(Parn et al.,, 2012; Randall and Mulla, 2001) and, in this case, the higher nitrogen
leaching values were obtained in agricultural areas (Figure 12). It should be highlighted
that Garcia-Pintado et al. (2007) obtained a similar value for total nitrogen export,
estimated at 171 MgN year for the whole watershed which, by considering a total area

of 1200 km?, would correspond to 1.4 kgN ha? year.

Figure 12 Total nitrogen leaching for the baseline scenario. Values in kgN ha!year?.

By taking into account lack of data and that model implementation was used only to
run model simulations to obtain a baseline scenario and projections of different
ecosystem behaviours with best management scenarios (Ozcan et al., 2017a), the model

implementation results were considered satisfactory.
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3.2 Evaluation of best management practices scenarios
An overview of the effectiveness of all the management practices scenarios is shown

in Figure 13. Nitrogen loss and sediment yield were widely variable between scenarios.

Surface nitrogen export Nitrogen leaching
Baseline Baseline
FM+CR — #18  CF FM+CR #12_ CcF
\\ I"I ..
o 140 [8
FM ¢ 1 e CF+GFB FM /9’.4 # CF+GFB
II'- ,f'. / .’.-"’f
CB500 e CF+HFB CB500 ¢  CF+HFB
CB100 CB100
Sediment yield Crop yield
Baseline Baseline
FM+CR @ CF FM+CR 3 cF
/ \ -~
FM & 5 ./ CF+GFB FM & 9 ® CF+GFB
\ o s
o/ o
CB500 e CF+HFB CB500 CF+HFB
CB100 CB100

Figure 13 Surface nitrogen export (kgN ha! year?), nitrogen leaching (kgN ha year?), sediment yield (Mg

ha! year?) and crop yield (Mg ha! year?) for each management practice scenario and the baseline scenario.

In sediment yield terms, the scenarios to change the field operation management
strategies (CF, CF+GFB and CF+HFB) were the most effective (Figure 13), which led to
percentage reductions of 6.5%, 8.3% and 12.1% respectively, while no significant impact
on crop yield was observed (Table 13). The effectiveness of these management
strategies has been previously and widely analysed under different climates with similar
results. Lopez-Ballesteros et al. (2019) found that it was possible to reduce sediment
yield by 6% in one of the basins in the study area by applying contour farming. This
reduction could reach 7% if it was combined with hedgerow field borders of 3 m width.
Arabi et al. (2008) obtained 5% percentage reductions for contour farming and 3% for
vegetated field borders (5 m width). Likewise, Lam et al. (2011) considered installing of
vegetative filter strips (10 m width), whose effectiveness can be compared to that of
grassy field borders (Arabi et al., 2008), and they reduced sediment yield by 4.9%. Hence
contour farming combined with the installation of hedgerow field borders may be the best
strategy. Nonetheless, farmers may not be willing to install hedgerow field borders as it
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reduces cultivation areas, and filter strips, which are installed along stream edges, are
significantly more effective per unit area (Arabi et al., 2008).

The other scenarios results showed a negligible impact on sediment yield, except for
the FM scenario which has a negative impact (Figure 13). As the lettuce harvest date
was brought forward (Table 4) in December no crop was planted, which increased runoff

and, consequently, soil erosion and sediment yield, with a value of 1.74%.

Scenario Basel@ne Percent change (%)

cropyield| CF | CF+GFB | CF+HFB |CB100|CB500| FM |FM+CR
Broccoli 7.90 0.00 -1.46 -1.83 -0.17 | -3.55 | -0.97 | -3.28
Melon 1.00 0.00 -1.46 -1.83 -0.17 | -3.55 | -3.59 [-100.00
Lettuce 3.10 0.00 -1.46 -1.83 -0.17 | -3.55 | -0.38 | -0.06
)T/ioetl":‘j' 12.00 | 0.00| -1.46 | -1.83 | -0.17 | -3.55 | -1.03 | -10.29

Table 13 Baseline crop yield (Mg ha year?) and crop yield percentage reductions for each management

practice scenario.

The scenarios to change field operation management strategies (CF, CF+GFB and
CF+HFB) and the scenarios which considerably reduced the total fertilizer amount (FM
and FM+CR) were effective in lowering surface nitrogen export (Figure 13), although
each scenario was effective in diminishing a different nitrogen form (Table 14). The CF,
CF+GFB and CF+HFB scenarios were more effective in reducing organic nitrogen and
sorbed N-NH4* (Table 14) because these nitrogen forms are fixed to sediment and their
mobilization is associated with soil erosion and sediment yield, while N-NOs™ is more
prone to be lost by leaching than via surface runoff (Randall and Mulla, 2001). This effect
was also observed by Himanshu et al. (2019), who found that contour farming and filter
strips led to higher percentage reductions in organic nitrogen than N-NOs". Conversely,
the FM and FM+CR scenarios were effective in reducing N-NOs". As fertilizer doses were
adjusted to real crop requirements and distributed according to their growing curve, the
N-NO;z available to be mobilized by surface runoff considerably reduced, which
consequently led to major surface N-NOs™ export reductions. However, the FM scenario
slightly increased the surface organic nitrogen export because surface runoff rose. The
FM+CR scenario obtained a significant crop yield reduction (Table 13). As the
agricultural area affected by both coastal line buffers (CB100 and CB500) is reduced,

their effect on lowering surface nitrogen export was negligible (Table 14).

Baseline Percent change (%)
Scenario s_urface
nitrogen | CF | CF+GFB | CF+HFB | CB100|CB500| FM |[FM+CR
export
Diss.
N-NH.* 0.17 -0.06 | -1.16 -1.11 0.00 | -0.01 | -0.13 | -0.21
N-NO3 0.85 -1.28 | -2.85 -3.81 0.00 | -0.05 |-21.58| -23.59
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OrgN 0.72 | geg| 2819 | -44.06 | +0.02 | +0.20 | +5.77 | -0.03
Sorbed -

N-NHL 0.01 |, qq| -1802 | -2586 | -0.01 | -0.20 | -3.67 | -7.79
Total 174 |-8.73| -13.16 | -20.19 | +0.01 | +0.06 | -8.13 | -11.51
Nitrogen

Table 14 Baseline surface nitrogen export (kgN ha?' year?!) and surface nitrogen export percentage

reductions for each management practice scenario.

The CF, CF+GFB and CF+HFB scenarios obtained percentage reductions of 8.7%,
13.3% and 20.2% of the total surface nitrogen export, respectively (Table 14). Similarly,
Giri et al. (2014) found that contour farming was statistically significant for reducing
nitrogen yield. Haas et al. (2017) reported that filter strips of 1.5 and 3 m widths could
reduce nitrogen export by 3.9% and 5.8%, respectively. Lam et al. (2011) published how
the effectiveness of a 10 m width filter strip was 12.9%. All these values are similar to
those herein obtained.

The FM and FM+CR scenarios, which represent total fertilizer reductions of 16.5%
and 30.3%, reduced surface nitrogen export by 8.1% and 11.5% (Table 14), respectively.
Lam et al. (2011) applied a 20% fertilizer reduction and found that nitrogen export could
be reduced by 8.6%. Jang et al. (2017) considered 10%, 20% and 30% fertilizer
reductions and lowered nitrogen export by 5.2%, 10.5% and 15.6%, respectively, Ozcan
et al. (2017b) proposed a 30% fertilizer reduction and obtained a 6.0% nitrogen export
reduction. Cavero et al. (2012) applied fertilizer doses at optimum rates and reduced
nitrogen export by 17%. So, although different effectiveness is obtained depending on
specific watershed characteristics, fertilizer reductions are efficient in lowering surface

nitrogen export.

Baseline Percent change (%)
Scenario | NItrogen | o | orLGFR | CF+HFB | CB100| CB500| FM |FM+CR
leaching
ﬁﬁf N1 026 |000| -220 | 261 | -0.04 | -0.09 | -1.46 | -5.37
N-NO3 1155 [+0.04| -1.08 | -1.26 | -0.12 | -3.46 |-45.83 | -52.09
Total 11.82 |+0.04| -1.11 | -1.29 | -0.12 | -3.41 |-44.84| -51.05
Nitrogen

Table 15 Baseline nitrogen leaching (kgN ha! year?) and nitrogen leaching percentage reductions for each

management practice scenario.

Finally, Table 15 shows the effectiveness of each scenario in reducing nitrogen
leaching, a very important factor, because direct groundwater discharge has been
recognized as the main source of nutrients (Jiménez-Martinez et al., 2016). Only the FM
and FM+CR scenarios presented a noteworthy impact. The CB500 scenario showed a
positive impact in reducing nitrogen leaching, but this impact was negligible compared

to the FM and FM+CR scenarios. The FM scenario was able to reduce N-NOs™ leaching
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by 45.8% and total nitrogen leaching by 44.8%, while the FM+CR scenario did so by
52.1% and 51.0%, respectively. De Paz and Ramos (2004) applied a similar method
(Nmin method) and found that N-NOs™ leaching could be reduced by 66%, and barely
lowered nitrogen crop uptake. Hence both scenarios FM and FM+CR showed the
possibility of incrementing nitrogen use efficiency by employing residual soil nitrogen, as
previously found by Dutta et al., (2017).

However, the FM+CR scenario had a significant impact on crop yield (Table 13); while
the FM scenario had no significant impact. Above the strictly nitrogen crop requirement,
crop yield levels off at the maximum and leaching gradually increases as more fertilizer
is applied over the requirement without increasing crop yield (Giménez et al., 2016; He
et al,, 2012). Hence, the need to strike an equilibrium (Kropp et al, 2019) and,
accordingly , reducing the fertilizer amount in scenario FM had no significant impact on
crop vyield, but obtained similar N-NOz and total nitrogen leaching reductions to the
FM+CR scenario (Figure 14 and Figure 15).

The impact of both scenarios was negligible for N-NH.* because it is easily nitrified
and attracted to the negatively charged surfaces of clays and humus, which partially

protect it from leaching (Porporato et al., 2003).

Figure 14 Total nitrogen leaching for the FM scenario. Values in kgN hatyear?.
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Figure 15 Total nitrogen leaching for the FM+CR scenario. Values in kgN ha*year.

4 Conclusions

In this study, the effectiveness of several management practices was evaluated in
terms of sediment yield, surface nitrogen export, nitrogen leaching and crop yield at the
Mar Menor semiarid coastal watershed.

The results suggest that contour farming is crucial as it achieves a major reduction
with no impact on crop yield, while its combination with hedgerow field borders was the
best option from the ecosystem point of view. Nevertheless, from the farmers point of
view, filter strips along the edge of streams, whose effectiveness per unit area is higher,
may be a better option. Regarding surface nitrogen export, the contour farming and
hedgerow field borders combination was very effective in reducing organic nitrogen and
sorbed N-NHs* export, which are nitrogen forms highly related to soil erosion and
sediment yield, while the scenarios for lowering the amount of applied fertilizer were the
most effective in reducing the surface N-NOs; export. Nonetheless, the differences
between both fertilizer management scenarios were negligible considering the marked
crop yield reduction due to the change in the productive cultivation system from three-
crop rotation to two-crop rotation, and performing fertilizer management with three-crop
rotation as an adequate choice. Additionally, these two scenarios significantly reduced
nitrogen leaching. However, due to the marked crop yield reduction, the fertilizer
management with three-crop rotation remains an adequate choice. The effectiveness of
both coastal line buffers was completely insignificant.

Given all these results, each management practice is effective in reducing a certain
diffuse pollution type and, therefore, combined scenarios are necessary to cope with all

agricultural pollution sources. Thus, contour farming and hedgerow field borders
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combined with an effective fertilizer management strategy is an appropriate scenario to

reduce diffuse pollution.
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