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• Irrigation is an overlooked N input at the
farm and policy levels.

• We quantify the N input from irrigation
water (NIrrig) in Europe for 2000–2010.

• Highly irrigated areas from nitrate con-
taminated groundwater are the main
hotspots.

• NIrrig is comparable to N from synthetic
fertilisers in some regions.

• Not including NIrrig overestimates N use
efficiency and underestimates N pollu-
tion.
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Irrigation, one of the 28 agri-environmental indicators defined in the European Common Agricultural Policy, is often
neglected in agricultural nitrogen (N) budgets, while it can be a considerable source of N in irrigated agriculture. The
annual N input from irrigation water sources (NIrrig) to cropping systems was quantified for Europe for 2000–2010 at
a resolution of 10× 10 km, accounting for crop-specific gross irrigation requirements (GIR) and surface- and ground-
water nitrate concentration. GIR were computed for 20 crops, while spatially explicit nitrate concentration in ground-
water was derived using a random forest model. We show that although GIR were relatively stable (46–60 km3 yr-1),
the Nirrig in Europe increased over the 10-year period (184 to 259 Gg N yr-1), approximately 68% of which occurred
in the Mediterranean region. The main hotspots appeared in areas with both high irrigation requirements and high
groundwater nitrate concentration, reaching up to averaged values of 150 kg N ha-1 yr1. These were mainly located
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in Mediterranean Europe (Greece, Portugal and Spain) and to a lesser extent in Northern Europe (The Netherlands,
Sweden and Germany). By not including NIrrig, environmental and agricultural policies are underestimating the
real extent of N pollution hotspots in European irrigated systems.
1. Introduction

Irrigated agriculture is responsible for 70 % of the global withdrawals
from surface and groundwater sources (Siebert et al., 2010), playing a
key role in agricultural productivity (Wang et al., 2021). The role of irriga-
tion in agriculture largely depends on climate and the availability of water
resources (Uniyal et al., 2019), which in turn have shaped local agricultural
systems over centuries (Vila-Traver et al., 2021).There are marked climatic
differences between Northern- and Southern Europe. During the summer in
Southern Europe, especially in areas with a Mediterranean climate, irriga-
tion is often necessary to achieve the break-even yield for some crops, par-
ticularly during the summer. In the rest of Europe, agricultural systems are
mostly rainfed and only occasionally require supplementary irrigation
(Salmon et al., 2015; Wriedt et al., 2009). For instance, about 80 % of the
total irrigation demand in Europe occurs in Mediterranean Europe
(30,000 km3 yr−1) (Hoogeveen et al., 2015). It is expected that due to cli-
mate change, irrigation demand will increase not only in the current Med-
iterranean climate areas (Cramer et al., 2018; MedECC, 2020) but also in
Northern Europe, with some Temperate areas potentially evolving to a
Mediterranean climate (Klausmeyer and Shaw, 2009).

Agricultural water and nitrogen (N) cycles are tightly linked in irrigated
cropping systems (Cameira et al., 2019). Greater water availability in-
creases the response of crops to N fertilisation (Gabriel et al., 2016) but
may lead to higher nitrate leaching (NO3

−) (Lassaletta et al., 2021;
Quemada et al., 2013) and N2O emissions (Cayuela et al., 2017). Agricul-
tural NO3

− leaching and surface runoff may contaminate ground- and sur-
face waterbodies (Beusen et al., 2016) and cause subsequent N losses as
N2O and NOx (Yao et al., 2019), which may, together with reactive N losses
from other sources, cause severe public health and environmental problems
(Erisman et al., 2013; de Vries, 2021). Aquifers and surface waterbodies are
the twomain water sources for irrigation, providing amechanism for nutri-
ent transport and recirculation in irrigated crops that is often overlooked.
Given the considerable volume of irrigation water applied to crops, the
NO3

− content in irrigation water could represent a substantial N input to ag-
ricultural soils, with the potential to reduce the N demand for synthetic
fertilisers.

Irrigation is here considered as a “missing link” in the agricultural N bal-
ances, since it is usually not accounted for in agricultural N balances in N
use efficiency (NUE) studies, neither at global (Zhang et al., 2021a,
2021b; Bouwman et al., 2017) nor at the European scale (de Vries et al.,
2021). Cameira et al. (2019) quantified the N input from irrigation water
sources (NIrrig) in the Tagus Nitrate Vulnerable Zone (Portugal), showing
an average N input of 20 kg N ha−1 yr−1 with variation up to almost
80 kg N ha−1 yr−1, accounting for 30–35 % of the total agricultural N in-
puts. In the dataset developed by Quemada et al. (2020) from farm surveys,
NIrrig reached up to 159 kg N ha−1 yr−1, though the irrigation volume, ni-
trate concentration in the irrigation source nor the impact on the NUE was
quantified. Cameira et al. (2014) reported similar values (up to
144 kg N ha−1 yr−1) in a field experiment in a peri-urban agricultural
area in Lisbon. Zheng et al. (2015) estimated that NIrrig contributed
106–136 Gg N yr−1 (about 3 % of N inputs) in the Haihe basin, one of
the biggest grain producing areas in China. For mainland China, NIrrig esti-
mates are about 700–1100 Gg N yr−1, which represents between 3 and 5%
of N fertilisers (He et al., 2018; Wang et al., 2014).

Since N inputs by irrigation are not generally considered, the linkage be-
tween irrigation and nutrient dynamics of agricultural systems is barely ad-
dressed by agri-environmental policies. National and supra-national
agricultural policies have focused mainly on improving water management
through a more efficient use of irrigation in the context of water scarcity
2

(Kummu et al., 2016). Conversely, nutrient management approaches
focus on a more efficient use of agricultural N inputs (e.g., synthetic
fertilisers, livestock manure) in view of global food security (Domènech,
2015; Houlton et al., 2019; Kadiresan and Khanal, 2018) while excluding
N inputs from irrigation water. In Europe, the Water Framework Directive
andNitrateDirective (e.g., EC-NitrateD, 1991; EC-WFD –Water Framework
Directive, 2000) give emphasis onwater quality andN pollutionwithout fo-
cusing specifically on the role of irrigation. In addition, the 28 agri-
environmental indicators (AEI) developed within the scope of the
Europe's Common Agricultural Policy (European Commission (EC), 2006)
have separated the AEIs related towater (AEI 7 Irrigation, AEI 20Water ab-
straction) and nutrient efficiency (e.g., AEI 15 Gross nitrogen balance).

A quantitative analysis of the impact of the N input from irrigation
water sources over European cropping systems and its impact on the N
cycle and agri-environmental indicators is thus lacking. We aim to contrib-
ute to closing this gap by estimating the gross irrigation requirements
(GIR), the NO3

− concentration in ground- and surface waterbodies and
the N input from irrigation water sources for Europe in the period
2000–2010. These results are used to analyse the impact of including irriga-
tion in agri-environmental indicators at different spatial scales.

2. Methods

A stepwise methodology was developed to derive N inputs from irriga-
tion water sources, further denoted as NIrrig, from a multiplication of inter-
polated crop irrigated areas, the calculated GIR (related to crop irrigation
demand and irrigation efficiency), and the predicted NO3

− concentration
in surface- and groundwater sources (Fig. 1), using input data as given in
Table 1 and further discussed below. All calculations, including statistical
analysis, were implemented and analysed using R statistical software (R
Core Team, 2022).

2.1. Assessment of irrigated areas

Irrigated areas for different cropswere derived for 2000, 2005 and 2010
from the MapSPAM dataset (https://www.mapspam.info). However, this
dataset excludes irrigated pastures (both temporary and/or permanent), ol-
ives and vineyards, which are important components of irrigated agricul-
tural systems in Mediterranean Europe. Despite its general global scope,
MapSPAM 2010 attained a good agreement with Zajac et al. (2022)
which disaggregated regional statistics on crop-specific irrigated areas
from the EU Farm Structure Survey.

The crop maps were selected for Europe (including the EU-27 plus
United Kingdom, Switzerland and Norway) and reprojected to ETRS89/
LAEA Europe. Since the number of crop classes from MapSPAM 2000 dif-
fered from the 2005/2010 versions (20 and 42, respectively), a standardi-
zation procedure was applied using a linear extrapolation of the missing
crop classes to 2000 (e.g., tropical and temperate fruits). This procedure im-
plied extrapolating crops that were unavailable in 2000 based on data from
2005 and 2010. After standardization, the irrigated crop areaswere linearly
interpolated to the remaining years of the period 2000–2010 based on the
years 2000, 2005 and 2010. Only crops with a total area exceeding 100 ha
in Europe were selected.

2.2. Estimation of irrigation water requirements

Irrigation requirements were estimatedwith themodel GlobWat, which
is used by the Food and Agriculture Organization (FAO) to assess agricul-
tural water use globally (Hoogeveen et al., 2015). The model takes a two-

https://www.mapspam.info


Fig. 1. Conceptual diagram of the methodology employed to compute N input from irrigation water sources. PCR-GLOBWB refers to the model developed by Sutanudjaja
et al. (2018). GlobWat refers to the water balance model here employed (see below).
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stepped approach to calculate a monthly soil water balance. Firstly, it com-
putes a “vertical” water balance, used to estimate net irrigation water re-
quirements (NIR), followed by a “horizontal” water balance that
determines discharges from river basins. The first step was here imple-
mented in R version 4.0.2 (R Core Team, 2022) to derive crop irrigation re-
quirements for Europe during the period 2000–2010 at a spatial resolution
of 3 × 4 km. An overview of the model is given below. The monthly soil
water balance is given as:

P ¼ Erain þ R0 þ GRþ ΔS, (1)

where P is the precipitation (mm month−1), Erain is the rainfall-dependent
evapotranspiration (mm month−1), R0 the (sub-)surface runoff
(mm month−1), GR is the groundwater recharge flux (mm month−1), ΔS
the change in soil moisture storage (mm). Precipitation and reference
evapotranspiration (ET0; mm month−1) were collected from TerraClimate
(Abatzoglou et al., 2018) (Table 1). All subsequent calculations in this sec-
tion were proceeded on a monthly basis until stated otherwise.

The value of Erain, defined as the maximum evapotranspiration for a
given land-use without water shortage, was calculated as:

Erain ¼ kc,LU :ET0, Smax≥St � 1≥Seav
kc,LU :ET0:St � 1=Seav, St � 1 < Seav

�
(2)

where kc,LU is the land use coefficient (Allen et al., 1998; Hoogeveen et al.,
2015) (dimensionless), ET0 is the monthly potential evapotranspiration
3

(mmmonth−1), Smax the maximum soil water storage (mm), Seav the read-
ily available soil water (mm) and St-1 the soil water storage at the end of the
previous month (mmmonth−1). Smax, Seav (half of Smax) and kc, LUwere col-
lated from Hoogeveen et al. (2015). Annual land use maps were derived
from European Space Agency Climate Change Initiative and resampled to
a resolution of 10 × 10 km.

Soil moisture was initialized using Seav following Hoogeveen et al. (2015)
and updated monthly according to Eq. (1). If the soil moisture at timestep t
was higher than Smax, soil moisture was set to Smax and (sub-)surface runoff
was calculated as the difference of the soil moisture and Smax. If the soil was
at field capacity or below, no (sub-)surface runoff was assumed to occur.
Groundwater recharge (GR; mm month−1) was calculated as a function of
the maximum recharge flux and the fraction of soil water storage available
to percolate. If there was insufficient water in the soil, GR was set to 0.

Monthly net crop irrigation requirements were calculated for all crops
as the difference between the evapotranspiration of a crop under irrigated
(ETc; mm month−1) and rainfed (Erain; mm month−1) conditions. For the
ith crop, ETc was calculated as:

ETc,i ¼ kc,crop i:ET0, (3)

where kc, crop i are crop coefficients for four growing periods (i = 1 to 4):
initial, development, mid and late stages (Allen et al., 1998). The initial
and late phase stages were defined as the first and last month of a crop cal-
endar, respectively. The development stage was the second month of the



Table 1
Overview of the key input data used in the calculations.

Input data Spatial
resolution

Source

Irrigated areas for 20 (year 2000)
and 42 crop classes (years 2005
and 2010) (ha yr−1)

10 × 10
km

MapSPAM (You et al., 2009; Yu
et al., 2020)

Water balance
Precipitation (mm month−1)

3 × 4
km

TerraClimate (Abatzoglou et al.,
2018)

Reference evapotranspiration
(mm month−1)
Maximum and initial soil
moisture (mm mm−1)

Hoogeveen et al. (2015)Maximum groundwater recharge
(mm month−1)
Land use (Kc,LU) factorsa (−)

Irrigation requirements

Crop coefficients (kc, crop) (−)
Allen et al. (1998), Hoogeveen
et al. (2015)

Crop calendars (−) Country Portmann et al. (2008)

Fraction of irrigation systems (%)
10 × 10

km

Derived based on data from
AQUASTAT (Food and Agriculture
Organization (FAO), 2012)

Spatial prediction of nitrate in surface- and groundwater
Data from surface- and
groundwater NO3

− monitoring
stations (mg NO3

− L−1)
Point EEA Waterbase

Nitrogen input from irrigation water sources
Fraction of irrigation water
source (ground- and surface
water; %)

10 × 10
km

PCR-GLOBWB (Sutanudjaja et al.,
2018)

a The land use factor introduces the effect of land use and vegetation type on the
rainfed evaporation (Hoogeveen et al., 2015).
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crop calendar, while the remaining months were assumed to be the mid-
season stage. Monthly irrigation crop calendars were developed for each
country based on Portmann et al. (2008), which were used to allocate kc,i
according to crop growing cycles. Thus, net irrigation requirements were
computed for the ith crop (NIRi; mm month−1) as:

NIRi ¼ ETc,i � Erain (4)

Following Hoogeveen et al. (2015), an additional water layer of 20 cm
was added to the net irrigation requirements of rice paddies. The total (an-
nual) irrigation requirements (TNIR;mmyr−1) were then calculated for the
tth month and ith crop:

TNIR ¼
X12
t¼1

XI

i¼1

NIRi;t ð5Þ

where i equals the number of crops (20).
Finally, the gross irrigation requirements (GIR; mm yr−1) were calcu-

lated as:

GIR ¼ TNIR=EFcountry (6)

where EFcountr is the overall irrigation efficiency of a country depending
on the irrigation systems applied. The efficiencies of the three main irriga-
tion systems available in AQUASTAT (Food and Agriculture Organization
(FAO), 2012)were included: gravity, sprinkler and localized (drip). Data re-
garding the acreage of these systems were collated from AQUASTAT (Food
and Agriculture Organization (FAO), 2012) for the different countries and
used to derive their respective fraction in total national irrigated areas (firrig;
in %). The field irrigation efficiency of the irrigation systems (EFirrig) was
set at 60 % (gravity), 75 % (sprinkler) and 90 % (localized) according to
Brouwer et al. (1989). The overall efficiency of each country was calculated
using a weighted approach based on the three irrigation systems:

EFcountry ¼
X3
s¼1

EFirrig;i: f irrig;i ð7Þ
4

2.3. Spatial prediction of N in irrigation water sources

Monitoring station data regardingmeanNO3
− concentrations in surface-

and groundwater were collated from the European Environmental Agency
Waterbase (https://www.eea.europa.eu/data-and-maps/data/waterbase-
water-quality-icm-2) dataset for the period 2000–2010. The total number
of stations with available data on NO3

−concentration for the whole period
was 60,377 for groundwater (mg NO3

− L−1; Fig. S1) and 137,715 for sur-
face water (mg N-NO3

− L−1 Fig. S2). The approaches used to calculate spa-
tially explicit NO3

− concentration in surface and groundwater are described
below.

2.3.1. Nitrate in the groundwater
A random forest model was developed to predict annual NO3

− concen-
tration in groundwater at a 10 × 10 km resolution in Europe. This algo-
rithm was used in recent studies (Canion et al., 2019; Knoll et al., 2019;
Ouedraogo et al., 2019; Rahmati et al., 2019; Spijker et al., 2021)
outperforming other approaches such as multiple linear regressions,
boosted regression trees and classification and regression trees. The ran-
dom forest hyperparameters were fine-tuned using a grid search. The num-
ber of decision trees, the number of selected independent predictors from
an out-of-bag sample, node size and two different sampling methods were
the hyperparameters chosen (Probst et al., 2019). The out-of-bag Mean
Square Error was used to evaluate the accuracy of the model and the best
values for the hyperparameters. A detailed description of RF can be found
in Breiman (2001) and Liaw and Wiener (2002). The dataset was
partitioned into a training subset (80 %) and a testing subset (20 %).

Aquifer porosity, water table depth and unsaturated soil properties
(e.g., fraction of sand), land use and the N surplus (difference of the N in-
puts and N yield, being a proxy for all N losses) are the most important var-
iables when predicting groundwater NO3

− concentrations (Knoll et al.,
2019; Ouedraogo et al., 2019; Wick et al., 2012). Those data were collated
from regional/global datasets and resampled to a spatial resolution of
10× 10 km (SM1) and organized into three main categories: groundwater
properties (e.g., porosity; Gleeson et al., 2011), cropmanagement (e.g., soil
cover; Panagos et al., 2015); crop fertiliser N (deposition, manure and syn-
thetic fertilisers) (Mueller et al., 2012) and site properties (e.g., slope, soil
pH; Panagos et al., 2012).

2.3.2. Nitrate in the surface water
Unlike groundwater, a simple interpolation gap-filling approach was

used to derive NO3
− concentrations in surface waters. The spatial unit to es-

timate surface water NO3
− concentrations was the river basin district sub-

unit. Other N compounds are in general much less important in stream
waters (Garnier et al., 2010) so they have been neglected in this study. An-
nual NO3

− concentrations were estimated for each river basin district sub-
unit by averaging all the monitoring stations within their boundaries.
Data gaps were filled according to the data availability for a given river
basin district: if data was available for at least 5 years, the remaining
years were estimated using a linear regression, otherwise annual country
averages were used to populate the missing data.

2.4. Spatially explicit nitrogen input from irrigation water

For each grid cell and crop, NIrrig (kg N yr−1) was calculated as the sum
of the input from surface- and groundwater as:

NIrrig ¼
Xc¼20

c¼1

X2
s¼1

f s GIRc TIAc NIs ð8Þ

where c is the cth crop, s is the sth source (surface- and groundwater), fs con-
cerns the fraction of the irrigation requirements for the sth source, GIR are
the gross crop irrigation requirements (m3 ha−1 yr−1), TIA are the total
crop irrigated areas (ha) and NIs is the N concentration in sth source
(kg N-NO3

− m−3). The sth source refers to two different water sources:
surface- and groundwater. The fraction of irrigation from surface water

https://www.eea.europa.eu/data-and-maps/data/waterbase-water-quality-icm-2
https://www.eea.europa.eu/data-and-maps/data/waterbase-water-quality-icm-2
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was derived from PCR-GWB (Sutanudjaja et al., 2018), while the comple-
mentary fraction was allocated to groundwater.

2.5. Impact of the nitrogen input from irrigation in nitrogen management and
agri-environmental indicators

To assess the potential impact of crop-specific NIrrig in balanced
fertilisation schemes in irrigated systems, we computed the crop N offtake
(kg N ha−1 yr−1) for six crops: rice, maize, wheat, oil crops, potatoes and
vegetables:

Noffake,crop ¼ Yield Ncontent,crop (9)

where Yield is derived for the years 2005 and 2010 from the MapSPAM
dataset for the respective irrigated crops (t ha−1 yr−1) and Ncontent refers to
crop-specific N contents (kg N t−1). We recognise the regional variation of
N contents in Europe, which is a key uncertainty in N budgets (Eurostat,
2013). The followingN contents were used: 20 kgN t−1 (wheat), 22 kgN t−1

(rice), 16.7 kg N t−1 (maize), 30 kg N t−1 (oil crops), 3.5 kg N t−1 (potatoes)
and 2.24 kg N t−1 (vegetables) (Leip et al., 2011). We computed two metrics
to compare crop-specific NIrrig with crop N offtake: (i) the ratio of NIrrig and
NOfftake and (ii) a proxy of the N demand following the N application from
irrigation, which was calculated as the difference of NOffftake and NIrrig.

To estimate the possible impact of (total) NIrrig (kg N yr−1) with the N
input from synthetic fertilisers (Nfert; kg N yr−1), often the main source of
N to crops, we calculated the fraction of NIrrig relative to the Nfert at the
NUTS3 (Nomenclature of territorial units for statistics) level from the
INTEGRATOR (de Vries et al., 2021) model for the year 2010:

f Nirrig ¼ NIrrig=Nfert (10)

We likewise computed the difference in terms of nitrogen use efficiency
(NUE; %) using data from the INTEGRATOR, also for the year 2010 (Serra
et al., 2023):

NUEdif ¼ NUEstandard−NUEIrrigation ¼ NUptake

Nman þ Nfert þ NBNF þ NDeposition

−
NUptake

NIrrig þ Nman þ Nfert þ NBNF þ NDeposition

ð11Þ

where Nman is the N in manure, NBNF the N from biological fixation and
NDeposition the N from atmospheric deposition. All terms are given in kg N
yr−1. We calculated NUEdif and fNirrig using the baseline and the lower/
upper range of NIrrig from the uncertainty analysis. Similarly, we applied
the same equation (Eq. (11)) but for the national data for the period
2000–2010 using data from Eurostat.

2.6. Uncertainty, sensitivity and statistical analyses

The uncertainty assessment was carried out by implementing a Monte
Carlo simulation analysis using a Latin Hypercube Sampling
(e.g., Cameira et al., 2019) for the terms present in Eq. (8), performing
1000 simulations for each grid cell and year. We assumed a uniform distri-
bution for the gross crop irrigation requirements (GIR) and the fraction of
irrigation from groundwater (fs) and a normal distribution for the nitrate
concentration in groundwater (truncated) and in surface water, using CV
values as given in Table S3, based on Cameira et al. (2019) and Zhang
et al. (2021a, 2021b). We also performed a heuristic sensitivity analysis
by recalculating NIrrig after modifying different variables from Eq. (8) by
±25 %. The variables selected were the NO3

− concentration in both
surface- and groundwater irrigation (NIs in Eq. (8)), and the fraction of irri-
gation from groundwater (fs in Eq. (7)). All variables were simulated sepa-
rately and in parallel. The reader is referred to the supplementary material
for more information.

Spearman's rank correlation coefficient (rho) was used as a
nonparametric measure of rank correlation to identify monotonic
5

functions, i.e., statistically significant trends in the period 2000–2010. Sig-
nificant differences were reported where p < 0.05.

3. Results and discussion

3.1. Spatial variability in irrigation requirements in Europe

GIR in Europe remained relatively stable between 2000 and 2010
(46–60 km3 yr−1) with a rho of approximately 0 (Fig. 2a; annual maps
are shown in Fig. S3). This occurred despite a statistically significant declin-
ing trend (rho:−0.96; p < 0.05) found for the total irrigated areas (TIA) in
Europe, decreasing from 11.5 to 8.7 million ha between 2000 and 2010.
There was a considerable temporal variation in (total) GIR in Europe, vary-
ing in total from 46 to 60 km3 yr−1 of water (Fig. 2a). By accounting for an-
nual TIA, these values correspond to 400–600 mm yr−1 (Fig. 2b). In
percentage, the highest increases in GIR over time were attained in Spain
(38.2 ± 2.3 % of total GIR), Greece (16.5 ± 2.1 %) and Italy (14.2 ±
0.9 %) in Mediterranean Europe, and in Romania (7.1 ± 3.8 %) and
Bulgaria (1.7 ± 0.9 %) in the case of the rest of Europe. The spatial distri-
bution of irrigation requirements also highlights the contrast betweenMed-
iterranean and other EU countries (Fig. 2a, b).

On average, GIR values were 374±240mmyr−1, but with marked an-
nual variation as shown by dispersion of the values around the annual
means and median (Fig. 2c). The highest annual average GIR values oc-
curred in 2003, 2005 and 2009, i.e., 437 ± 243, 434 ± 288 and 430 ±
275 mm yr−1, respectively, with annual variations of ±32, 13 and 16 %
around the mean (Fig. 2b, c). The two peaks observed in 2003 and 2005
correspond to heatwaves in Europe. The first peak is coincidental with
the 2003 European heatwave (Ciais et al., 2005), which particularly af-
fected Northern European countries, as shown by the increase in irrigation
withdrawal of “Others” (e.g., Germany, the Netherlands; Fig. 2b). In 2005,
the Iberian Peninsula also experienced a drought (García-Herrera et al.,
2007; Spinoni et al., 2019), which led to a marked increase in irrigation
withdrawals in Southern European countries (Fig. 2a). The increase ob-
served in 2009 is explained by larger irrigation requirements in Spain and
France (3.5 and 3 km3 yr−1, respectively) despite the e.g., decrease of
1.2 km3 yr−1 in Greece.

About 61.2 ± 2.6 % (~33 km3 yr−1) of the gross irrigation require-
ments occurred in the countries with a high share of crops under a
Mediterranean climate. Indeed, irrigation requirements were highest
(>1000 mm yr−1) in Southern Portugal, Southeast Greece and Greek
islands, and Cyprus (Fig. 3), followed by the remaining regions of
Portugal and Greece, Southern France and Italy, as well as most of Cen-
tral/Southern Spain. In Eastern Europe, some regions of Bulgaria and
Romania adjacent to the Black Sea also attained irrigation requirements be-
tween 500 and 750 mm yr−1 (Fig. 3). The peri-urban agricultural areas in
London (50–53°N) and in Southern Sweden, Finland and Latvia
(56–58°N) were the regions with highest irrigation requirements in North-
ern Europe (Fig. 3), particularly from irrigated cereals (wheat and the
“other cereals” category), vegetables and potatoes (data not shown). The
comparison of crop-specific and total GIR with local studies and global
models is provided in the supplementary material.

3.2. Spatial variability of nitrate concentration in ground- and surface water

The average NO3
− concentration in groundwater for the period

2000–2010 was 16.4 ± 12.0 mg NO3
− L−1, with annual fluctuations rang-

ing from 14.2± 10.1mg NO3
− L−1 in 2002 to 17.4±12.3mg NO3

− L−1 in
2001 (see SM for the validation of the random forest model; Fig. S6–8). For
approximately 49,300 km2 (ca. 1%of the study area), the averaged concen-
trations were above 50 mg NO−

3 L−1, which is the threshold used to
identify Nitrate Vulnerable Zones by the EU Nitrates Directive. These
areas were mainly located in Spain, with smaller hotspots scattered in
The Netherlands, Western Germany, Czech Republic, Austria and
Hungary (Fig. 4). Additional hotspots were found in Southern Portugal
and Eastern Greece for other years (Fig. S9 shows the annual maps).



Fig. 2. a) Annual sum of gross irrigation requirements in Europe, relevant countries and in the temperate andMediterranean climates, both a) in km3 yr−1 and b) inmmyr−1;
c) temporal variation of total annual irrigation requirements at the grid level in Europe and d) in different countries for 2000–2010 (both in mmyr−1). Differences in the unit
displayed are useful to highlight the differences in the total amount of resources needed from water sources (km3 yr−1) versus the intensity in irrigated cropland (mm yr−1,
which is often the metric used to recommend irrigation rates at the farm level). A visual display of selected countries in Europe concerning annual and monthly variation in
precipitation and reference evapotranspiration is available in the supplementary materials. The blue points represent the annual average.
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Countries located in the North-western European plains, such as
Belgium (29 ± 13 mg NO3

− L−1), the Netherlands (25 ± 22 mg NO3
−

L−1) and Denmark (23±13mgNO3
− L−1), attained among the highest av-

erage NO3
− groundwater (Fig. S10), while Mediterranean (Spain, France,

Italy, Cyprus) averaged >20 mg NO3
− L−1. Statistically significant increas-

ing trends (p < 0.05, rho >0.25) were found over the European continent,
particularly throughout Spain, the European plains and Central Europe
(e.g., Hungary). Conversely, statistically significant declining trends
(p < 0.05, rho < −2.5) were mostly found in the mountainous regions of
6

Mediterranean Europe (e.g., Pyrenees, Alps), Poland, England and the
Netherlands.

In general, the spatial patterns in the predicted NO3
− concentration

agree with the findings from Nistor (2019), insofar as the regions with
the highest groundwater vulnerability (e.g., Northern European Plains,
Southern Spain) also attained the highest NO3

− concentration. In addition,
the spatial distribution of NO3

− concentrations are comparable to the pre-
dictions from the Netherlands (Spijker et al., 2021) and Germany (Knoll
et al., 2019).



Fig. 3. Spatial distribution of the average annual gross irrigation requirements (GIR) for the period 2000–2010 (left).
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In surface waters, the average annual NO3
− concentration was 1.9 ±

1.4 mg NO3
− L−1. The concentrations were typically higher in Northern

Europe (Fig. 4; Fig. S11 shows the annual maps), particularly in the
United Kingdom (rivers Trend and Cam), France (Loire and Seine),
Germany (Rhine) and Sweden (Lagan). In Southern Europe, the highest av-
erage concentration occurred in the Pineios River in Thessaly, Greece (ca.
4 mg N L−1). Portugal, Greece, Southern France, Austria, and some regions
in Germany/Italy attained increasing trends (rho>0.5; p < 0.05; Fig. 4).

3.3. Spatial and temporal variability in the nitrogen input from irrigation water in
Europe

The N input from irrigation water sources (NIrrig) in Europe showed an
increasing trend (rho: 0.50; p=0.12), increasing from 184 to 259 GgN be-
tween 2000 and 2010 (Fig. 5a; Fig. S12 shows the annual maps). This
amount of N, in part recovered from the fertiliser application, is small
7

when compared with the 10 TgN of synthetic fertilisers used in EU in
2010 (FAOSTAT, 2023). However, the regional and local effects in some ir-
rigated areas can be high. We found a strong increasing trend for NIrrig

when accounting for total irrigated areas (TIA; Fig. 5b), increasing from
16 to 30 kg N ha−1 yr−1 for the same period (rho: 0.9; p ≈ 0). Our esti-
mates showed a considerable inter-annual variation with reductions up to
−30 Gg N yr−1 between 2000 and 2001 and increases up to 89 Gg N
yr−1 between 2004 and 2003 (Fig. 5a). Despite covering only 13 % of the
land area in Europe, NIrrig in the Mediterranean climate averaged 68 ±
5 % of the NIrrig in Europe.

The value of NIrrig was influenced by high irrigation requirements from
NO3

− contaminatedwater sources - specifically, about 70±5%of theNIrrig

in Europe came from groundwater. Our data shows the highest values of
NIrrig was about 102 ± 26 Gg N yr−1 in Spain (rho: 0.73; p = 0.015) or
42 ± 6 % of NIrrig in Europe. Greece showed an increasing trend (rho:
0.72; p = 0.017), increasing more than twofold between 2000 and 2010
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Fig. 4. Spatial distribution of the average NO3
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(30 to 72 Gg N yr−1, respectively). A contrasting situation was found for
non-Mediterranean countries (“Others” in Fig. 5a), with NIrrig decreasing
from 44 Gg N yr−1 in 2000 (24 % of NIrrig in Europe) to 21 Gg N yr−1 in
2010 (9 %). Our estimates for European countries are of the same magni-
tude as those from Hayashi et al. (2021) for Japan during 2000–2015 of
32–54 Gg N yr−1. For China, national estimates from He et al. (2018) and
Wang et al. (2014) are considerably higher around 1100–3730 Gg N yr−1

(ca. 13 kg N ha−1 yr−1 in irrigated cropland).
Grain maize (20 ± 4 %), oil crops (15 ± 2 %) and vegetables (12 ±

3 %) were the main contributors of NIrrig during 2000–2010 (Fig. 5c) but
with contrasting trends. Maize (rho: 0.61; p = 0.05) and oil crops (rho:
0.63; p = 0.04) showed strong increasing trends but the contribution of
vegetables declined (rho: −0.4; p = 0.23). The spatial distribution of
crop-specific NIrrig (Fig. S17–19) showed generally larger demand in Medi-
terranean Europe. We highlight Eastern Greece and Southern and Central
Spain, particularly the Guadalquivir basin, where crop-specific NIrrig was
consistently larger than 75 kg N ha−1 yr−1 (e.g., vegetables, maize). For
8

instance, in someyearsNIrrig applied tomaize reached>200kgNha−1 yr−1.
In Northern Europe, the averaged contribution was comparatively lower
(e.g., 25–50 kg N ha−1 yr−1 of maize in Denmark).

The spatiotemporal pattern of total NIrrig showed marked variation in
terms of the magnitude of the hotspots (Fig. 5d), which reached up to
>500 kg N ha−1 yr−1 in 2007 (Eastern Greece). The main hotspots
(Fig. 6a) were located at lower latitudes, particularly in Portugal (near the
Tagus area and Alentejo), Spain (Guadalquivir basin in Andalucía and
Castilla-La Mancha), Northeast Greece and its islands (Crete) and Cyprus.
Minor and less common hotspots were also identified in the Northern
Italy (Po watershed), Southern Netherlands, Northern Germany and South-
ern Sweden. These areas showed statistically significant increasing trends
in NIrrig, due to statistically significant increases in nitrate concentration
in groundwater and/or GIR (Fig. S15). For instance, the large increase
observed throughout Eastern Greece between 2005 and 2010 despite the
relative stable GIR (Fig. 2a, b)was due to an increase in the NO3

− concentra-
tion in groundwater.



Fig. 5. a) Total N input from irrigation water sources (NIrrig) per country and climatic region (Temperate, Mediterranean) and b) per total irrigated area using a logarithmic
scale – the grey shade refers to the uncertainty range. c) Crop-specific N input from irrigation water sources in Europe for the period 2000–2010 and (d) variation within all
countries in the study area. The black points in c) and d) represent the annual averages.
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3.4. Uncertainties in the results

The mean uncertainty of NIrrig was 25 % (Fig. 6b). The uncertainty
ranged from 23 % to 518 % for the period 2000–2010 at the grid level,
but the range between the 10th and 90th percentile was rather close
(24–27 %) (Fig. S13). The uncertainty was generally lower (ca. 24 %) in
the Mediterranean hotspots (e.g., Eastern Greece, Southern Spain and
Italy). Our data from the uncertainty analysis shows that NIrrig ranged
between 47 and 560 Gg N yr−1 or 4 and 62 kg N ha−1 yr−1 (min-
max) during the period 2000–2010 in Europe (Fig. 5a). This wide vari-
ation of >500 Gg N yr−1 (a factor of ~10) has wide implications for the
extent to which NIrrig can impact N management and policies (see
9

Section 3.5). The heuristic sensitivity analysis showed a range of ±
43 % relative to the baseline NIrrig by varying ±25 % the parameters si-
multaneously; varying the ground- and surface water concentrations
yielded a variation of ±15 and ± 7 %, while the variation was ±
10 % by changing the fraction of irrigation from groundwater
(Fig. S14). GIR attained the largest influence (21 %).

3.5. Implications to nitrogen management practices and policies

The marked differences in the spatiotemporal variation of NIrrig during
the period 2000–2010 in Europe resulted in very different results for the
different countries. Our data shows that NIrrig had a minor impact at the



Fig. 6. Spatial distribution of the a) average annual NIrrig and b) uncertainty for the period 2000–2010 in Europe.
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European scale, while its contribution was much larger in some areas when
studied at finer spatial scales, especially in Southern Europe. While NIrrig

had a major contribution in Mediterranean countries irrespective of scale,
10
the national comparisons masked local hotspots in Northern European
countries. In the latter countries, our data suggests that given the magni-
tude of NIrrig (Fig. 6a), this input may be substantial relative to other
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agricultural N inputs in certain areas (e.g., Southern Sweden, some regions
in The Netherlands and Northern Germany).

In general, we show that NIrrig is a considerable N input in regionswhere
irrigation requirements are high, mostly from the NO3

− contaminated
groundwater used for irrigation. This is mainly the case for Mediterranean
countries where irrigation requirements are large (Fig. 3) and where the
larger NO3

− contaminated areas (>50 mg L−1) are located. This also occurs
overNorth-western European countries, where NO3

− contaminated ground-
water (Fig. 4) is the main irrigation water source (60–100 %). In Central
and parts of Eastern Europe (Romania, Bulgaria), although surface water
is the main irrigation source, the high annual NO3

− concentrations in
groundwater can also lead to substantial NIrrig in some regions (Fig. 6).
Sweden is the exception as the large NIrrig contribution is due to high
NO3

− concentration in surface waters although the temporal coverage of
monitoring stations in this country was insufficient to reliably estimate
the contribution. Our data also suggest that the statistically significant in-
creasing trend found for NIrrig is driven by the high NO3

− groundwater con-
centration in specific European regions, despite the slight declining trend of
irrigation requirements.

Our results show that (i) by not accounting for NIrrig, farmers are not al-
ways optimizing balanced fertilisation schemes and (ii) agricultural N stud-
ies underestimate the magnitude and extent of agricultural N hotspots
while overestimating their N use efficiency (NUE) in European irrigated
systems. This also has implications for regional and EU N boundaries (de
Vries et al., 2021; Schulte-Uebbing and de Vries, 2021). Indeed, the NIrrig

of all crops (e.g., grain maize) seems to surpass the N demand in the
hotspots in Mediterranean Europe, i.e., in Southern/Central Spain,
Portugal, Southern Italy and Eastern Greece (Figs. S20-S26). Intensively
managed crops, such as grain maize, have been the cause of groundwater
over-exploitation and contamination in these regions (e.g., Perego et al.,
2012; Malik and Dechmi, 2019). In Northern Europe, the contribution of
NIrrig to fulfil N demand is generally lower (1–10%) except in some regions
where NIrrig contributes to 75 % of N demand (e.g., maize in Central
Denmark). The overall ratio for all crops declined from 50 to 24% between
2005 and 2010, respectively, as crop N offtake were about 8 % higher in
2010 but NIrrig was 2 % lower.

The implications of including NIrrig on the ratio of NIrrig relative to N
from synthetic fertilisers (NFert) and on the NUE is shown in Fig. 7. NIrrig

showed a reduction in the NUE of European agricultural systems of
0.6± 0.1% (range of 0.2–1.1%)with a larger relative importance in coun-
tries where this input was substantial (Fig. 6). In NW European countries
the impact of the upper range of NIrrig reduced the NUE by <0.2 % with a
lower importance than biological N fixation or N deposition (Fig. 7a). Con-
versely, the average reduction in the NUE was higher in Mediterranean
countries, such as Greece (0.8–4.5 %), Spain (0.7–4 %) or Portugal
(0.4–2.5 %). These values are comparable to Hayashi et al. (2021), which
estimated that the NUE of paddy rice for Japan (2000–2015) without in-
cluding irrigation was 44 %, almost 7 % higher than when accounting for
irrigation.

The effect of NIrrig was more pronounced at the NUTS3 level for 2010
(Fig. 7b) where in some regions the NUE declined >30 % in Southern
Spain (Guadalquivir basin) and Eastern Greece (Thessaly). A similar spatial
distribution was also found for the ratio of NIrrig and NFert (Fig. 7c) where
NIrrig has more than doubled NFert in Eastern Greece. Even at the lower un-
certainty range, NIrrig reached up to 75 % of NFert and reduced the NUE by
almost 25 % while the median of all estimate ranges is well below (1 % of
NFert and a reduction of 1% in the NUE). This suggests that in some regions,
particularly in NW Europe, the implications of including NIrrig in balanced
fertilisation schemes or AEIs are likely to be very low. In Mediterranean
Europe, however, NIrrig may range from being a considerable source of N
to likely being a key input, more important than synthetic fertilisers.

Thesefindings should, in principle, be underestimated since the N flows
from the INTEGRATOR model refer to total utilised agricultural area (sum
of permanent crops, grasslands and arable crops) while NIrrig was quantified
only for irrigated cropland (with some permanent crops). The fertilisation
potential of NIrrig and its impact on the NUE is likely much higher (Fig. 7)
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if we were to assess only irrigated areas. This is mainly the case for regions
with small patches of irrigated crops, while in regions where irrigated sys-
tems are predominant our values should be relatively representative. It is
thus important for models to disaggregate rainfed and irrigated crops to as-
sess nutrient flows in agriculture. The extent to which NIrrig can satisfy crop
N demand and affects AEIs depends not only on the uncertainty of our esti-
mates, but in other factors analysed below.

The quantification of NIrrig should, in principle, differ according to dif-
ferent spatial scales. This is due to the implications of the interactions be-
tween hydrogeologic and biochemical processes that may result in N
recycling through irrigation water sources (e.g., from fertilisers) depending
on the reference spatial unit. At the regional level, the recycled fraction of
NIrrig depends on whether the water is retained for less or equal than one
year in either source (the reference time for most agri-environmental indi-
cators). In surface water, this fraction depends on the NO3

− losses through
runoff from upstream farms due to the fast NO3

− dynamics (i.e., low resi-
dence time). In lakes/dams, the residence time is likely much higher
(Heidbüchel et al., 2012) and thus also the recycling fraction. Thewater res-
idence time in groundwater is more heterogeneous, depending on aquifer
thickness, water table depth and recharge (Wang et al., 2016). Irrigation
from aquifers with a residence time less than one year is considered a
form of NO3

− reuse in irrigation. Conversely, aquifers with a residence
time of more than one year represent a form of soil legacy effect, compara-
ble to phosphorus (e.g., Pavinato et al., 2020). Ascott et al. (2017) showed
the potential NO3

− storage in the vadose zone,which eventually reaches the
aquifer and is available to be transported through irrigation.

It would be appropriate if irrigation related policies in Europe set differ-
ent regional targets for the different agro-climatic zones according to the
prevalence of irrigation practices and NO3

− contamination inwater sources.
Including the fertiliser value of NIrrig would enable farmers to somewhat re-
duce their expenditure on synthetic fertiliser N and reduce the environmen-
tal impact of irrigated crop production (Fig. 7). In Europe, accounting for
NIrrig in balanced fertilisation plans can be mandatory according to Action
Programmes defined for Nitrate Vulnerable Zones according to the Nitrates
Directive (Cameira et al., 2019) but this should be expanded to avoid over-
fertilisation in other regions where Nirrig is substantial. Outside the Nitrate
Vulnerable Zones, it is possible that farmers are unaware of irrigation as a
source of nutrients. Even if they do, they may not have been given the tech-
nical knowledge to calculate its input and balance synthetic fertilisers ac-
cordingly. Thus, to achieve optimal fertilisation, unintentional N inputs
through irrigation should universally be estimated and included in the N
crop budgets (Villalobos et al., 2020).

Climate change will play a major role in NIrrig dynamics (Cayuela et al.,
2017). Firstly, climate change will affect precipitation and temperature in
Europe, and the frequency and magnitude of extreme events (Valentini
et al., 2014). The impact will vary regionally and seasonally as, for instance,
precipitation is projected to increase in Northern Europe and decline in
Southern Europe. While an overall increase in irrigation demand is
projected for the future (Wada et al., 2013), it is not yet known the extent
to which that changes in irrigation systems and technologies as well as
the expansion of irrigated agriculture (AEI 9 Land use change) can optimize
irrigation demand and crop production. In addition, the future magnitude
of NIrrig will be influenced by the effectiveness of nutrient (and water) pol-
icies in reducing nutrient loads (depending on residence times) and improv-
ing water quality (AEI 27.1 Nitrate pollution).

3.6. Research limitations

There are several uncertainties and gaps associated with the estimates
here detailed, all data related (Eq. (7)). Spatiotemporal data on irrigated
crop areas are unavailable outside of the three years from MapSPAM
(2000, 2005 and 2010). Recently, new datasets have been created to in-
crease the accuracy and reliability of crop irrigated maps in the European
Union (Zajac et al., 2022), to expand its temporal coverage to the year
2015 (Grogan et al., 2022) or its temporal development during
2001–2015 (Nagaraj et al., 2021).Those data were insufficient to extent



Fig. 7. a) Impact of including the range of NIrrig in the nitrogen use efficiency (NUE), also including N deposition and N fixation for comparison. b) Spatial variation of the
fraction of the baseline NIrrig relative to N fertilisers at the NUTS3 level (left) and respective variation for the range of NIrrig (right). c) Spatial variation of the NUE reduction
(difference of NUE without and with irrigation) at the NUTS3 level (left) and respective variation for the range of NIrrig (right). The lower and upper range of NIrrig were
calculated from the uncertainty analysis.
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our modelling period beyond 2010, due to a reduced number of crops (26;
Grogan et al., 2022) or the inherent data structure, e.g., in Nagaraj et al.
(2021). Puy et al. (2022) already highlighted howmismatches in the differ-
ent irrigated crop datasets greatly influence GIR, as well as other key uncer-
tainties in large-scale models.

To estimate GIR, we tried to balance the large-scale implementation of
this model and the degree of spatiotemporal detail. We chose a simple
water balance model that required small input data relative to other
process-based models (GlobWat; Hoogeveen et al., 2015). Although the
model was able to simulate comparable GIR to other datasets, this decision
is not without caveats. The irrigation allocation from GlobWat is unre-
strained, representing ideal conditions in terms of water availability.
Farmers may decide to use less irrigation and thus our model can overesti-
mate GIR in these situations. An alternative to offset this limitation would
be to use a more detailed model such as AquaCrop, which has already
been used at a global scale (Mialyk et al., 2022). This would enable to cal-
ibrate the model against statistical crop yields and adjust irrigation accord-
ingly.

The lack of high spatial and temporal resolution data on irrigation statis-
tics affected our approach to derive GIR (Eq. (7)), particularly in terms of
irrigation efficiencies, a known challenge in large-scale irrigation models
(Puy et al., 2022). Specifically, (i) we were unable to disaggregate the frac-
tion of irrigation systems per crop; (ii) we also assumed the fraction for each
irrigation system (firrig) at the national rather than at the grid level and (iii)
assumed the same irrigation efficiencies for the period 2000–2010. In truth,
there are regional variations in terms of the overall efficiency depending on
cropping systems and predominant irrigation systems as well as temporal
variations as it is likely that the efficiencies have improved over time due
to better irrigation technologies.

Lastly, the spatial and temporal distribution of the nitrate monitoring sta-
tions, both in ground- and surface waters, played a large role in the spatially
explicit nitrate concentrations. We used a random forests model to estimate
mean NO3

− concentrations in groundwater at 10x10km resolution and a sim-
ple interpolation gap-filling approach for the mean NO3

− concentrations in
surface waters at a river basin district subunit. For groundwater, the spatial
distribution of the stations influences the predictive power of the random for-
ests model in regions with different conditions (e.g., management, climate).
For instance, in the 2000–2002 period the coverage of theMediterranean cli-
mate was reduced (Fig. S1), which may have influenced the overall magni-
tude of the predictions for this area. More importantly, the spatial
resolution employed (10x10km and watershed level) may be insufficient to
accurately reflect the heterogeneity at the local level, particularly in surface
waters. Irrigation water from surface waters should only be used near surface
waterbodies (e.g., dams, lakes, rivers) and not spatially uniform across a wa-
tershed. This is also true for groundwater though it is more readily available.

4. Conclusions

This study presents thefirst spatiotemporal assessment of theN input, in
the formof NO3

−, from irrigationwater sources in Europe. TheN input from
irrigation water sources was larger in areas with high irrigation require-
ments andwhere the irrigationwater is abstracted fromNO3

− contaminated
groundwater. While there are marked differences between Mediterranean
and Northern/Temperate Europe in terms of irrigation requirements, the
differences are less clear concerning groundwater NO3

− concentration.
Hotspots with high groundwater NO3

− concentration were the main driver
for the increase in the total N input from irrigation water sources.

The assessment of the N input from irrigation water sources at the na-
tional scale highlighted the differences between Temperate and Mediterra-
nean countries, with much higher values in the latter. At a finer spatial
scale, the impacts of this N input were magnified, allowing the identification
of regions where it can substantially impact agricultural N flows and agri-
environmental indicators. Although these regions were mainly located in
theMediterranean region, our data also showed that this input also impacted
irrigated systems in North-western Europe. Neglecting N from irrigation
water sources in agricultural studies results in an over-estimation of the
13
nitrogen use efficiency derived from crop N budgets. Conversely, including
the N input in irrigation water as a fertiliser resource would permit a better
optimization of N fertilisation.
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