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• The study describes the fluxes and reten-
tion of N within 38 Iberian catchments.

• We compare the N fluxes in contrasting
temperate and Mediterranean basins.

• We hypothesise that N retention is
tightly related to water management
practices.

• The numerous reservoirs and channels
in semi-arid basins enhance retention
values.

• Above a certain threshold of water reg-
ulation, N retention is consistently N85–
90%.
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Nitrogen (N) retention sensu lato refers to all processes preventing new reactive nitrogen brought into water-
sheds through agricultural or industrial activities to be exported by river systems to the sea. Although such pro-
cesses protect marine systems from the threat of eutrophication and anoxia, they raise other environmental
issues, including the acidification of soils, the emission of ammonia and greenhouse gases, and the pollution of
aquifers. Despite these implications, the factors involved in N retention are still poorly controlled, particularly
in arid and semi-arid systems. The present study evaluates the N fluxes of 38 catchments in the Iberian Peninsula
with contrasting climatic characteristics (temperate and Mediterranean), land uses, and water management
practices. This diversity allows addressing the contribution of physical and socioecological factors in N retention,
andmore specifically, exploring the relation betweenN retention andwater regulation.Wehypothesise that the ex-
tremeflow regulation implemented in theMediterranean enhances the highN retention values associatedwith arid
and semi-arid regions. The results show that reservoirs and irrigation channels account for N50% of the variability in
N retention values, and above a certain regulation threshold, N retention peaks to values N85–90%. Future climate
projections forecast a decrease in rainfall and an increase in agricultural intensification and irrigation practices in
many world regions, most notably in arid and semi-arid areas. Increased water demand will likely lead to greater
flow regulation, and the situation in many areas may resemble that of Iberian Mediterranean catchments. High N
retention and the associated environmental risks must therefore be considered and adequately addressed.
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1. Introduction

Nitrogen (N) is a key element for plant growth, and as such it plays a
central role in the world's agricultural production and in the capacity of
the planet to feed human populations (Sutton et al., 2011). Such a piv-
otal role sparked intense research on its sources and potential supply,
and led to the discovery of the Haber-Bosch process in the early years
of the 20th century. The Haber-Bosch process has allowed a great in-
crease in crop yields worldwide (Smil, 2001; Erisman et al., 2008;
Gruber and Galloway, 2008), but it has remarkably altered theN budget
in most of the terrestrial and aquatic compartments involved, at one
stage or another, in the N cycle (Galloway et al., 2003; Rockström et
al., 2009).

Globally, the input of biologically available N to terrestrial ecosys-
tems has more than doubled in the past century (Gruber and
Galloway, 2008). The ecological significance of such an enormous in-
crease is far-reaching and has been thoroughly reviewed in a number
of studies (the European Nitrogen Assessment provides a comprehen-
sive summary; Sutton et al., 2011). We here focus on one aspect of the
complex biogeochemical cycle involved, i.e. the proportion of reactive
N brought into watersheds through anthropogenic activities that is
eliminated to the atmosphere or retained on land during its cascading
travel through the soil, aquifers and river network before reaching the
sea. Specifically, we account for the percentage of N that remains in
the terrestrial and freshwater systems (herein considered ‘N retention’
sensu lato, as in Howarth et al., 1996), and the fraction that is conveyed
to the marine compartment.

The proportion of N that is exported to the sea or accumulated/elim-
inated on land involves different environmental issues. Large amounts
of N on terrestrial compartments are related to shifts in community
structure and function, the acidification of soils and freshwater lakes,
the emission of ammonia and greenhouse gases, and high nitrate con-
centrations in streams and aquifers (e.g. Henriksen and Brakke, 1988;
Schulze, 1989; Crabtree and Bazzaz, 1993; Spalding and Exner, 1993;
Bowman et al., 1995; Camargo and Alonso, 2006; Grizzetti et al.,
2011). On the other hand, high exports of N to coastalwaters can induce
coastal eutrophication, harmful algal blooms and eventually episodes of
anoxia (e.g. Nixon, 1995; Cloern, 2001; Beman et al., 2005; Howarth et
al., 2011; Romero et al., 2013).

Despite these implications, the functioning of retention processes is
still poorly controlled, particularly in arid and semi-arid regions. Reten-
tionmay be related to climatic and hydrological features (Behrendt and
Opitz, 2000; Howarth et al., 2006; Lepistö et al., 2006; Schaefer and
Alber, 2007) or to socioecological factors such as land and water use
(Caraco and Cole, 2001; Pacheco et al., 2015; Pacheco and Sanches
Fernandes, 2016), and a number of general principles have been pro-
posed at the global scale regarding the role of specific discharge and
mean temperature (Billen et al., 2010). Yet, at smaller scales, the contri-
bution of each factor remains largely uncharacterised.

River catchments in the Iberian Peninsula are particularly suitable to
test the importance of physical and socio-ecological factors in the reten-
tion of N. First, Iberian catchments can be divided into two different
groups with distinct climatological features: rivers in the north and
the north-western façade present temperate climates, while in the
east and mid-southern regions rivers present typical Mediterranean
conditions. These contrasting physical characteristics are matched by
different land uses and notably by different water management prac-
tices (Álvarez-Cabria et al., 2016), and thus allow an assessment of the
various factors involved in retention and export processes. Second, part-
ly as a result of the delayed implementation of monitoring networks,
rivers in Southern Europe have been traditionally less studied than
those in Northern European countries. This paucity of data is particular-
ly pronounced in the Mediterranean regions, where stream flows are
low and irregular, and they are very frequently omitted in large-scale
studies. Third, arid and semi-arid regions represent a large fraction of
the Earth's land, and they are predicted to increase as a consequence
of global warming (IPCC, 2014). In many of these regions, as has oc-
curred in semi-arid catchments of the Iberian Peninsula during the
past few decades, intensification of agriculture and expansion of irriga-
tion facilities are foreseen (water withdrawals for irrigation are
projected to increase by 11% from 2005 to 2050; Bruinsma, 2009).
Under these circumstances, better knowledge of what physical and
human-related factors operate on the retention of N in Iberian water-
sheds may be very helpful to understand future N trends in many
other world regions.

In a previous study, Lassaletta et al. (2012) discussed the relevance
of land management and flow regulation for the fate of N within the
Ebro River catchment (NE Spain). The study presented an overall N bud-
get in the basin and detailed N calculations in different sub-catchments,
and hypothesised that agricultural and water management practices
had amajor influence onN retention. The Ebro River is a case of extreme
human intervention, with over 95% of the watershed area under some
type of regulation (Liquete et al., 2005; Lorenzo-Lacruz et al., 2012).
Far from being unusual, however, this situation is found in many other
streams around the world. In the same vein, Törnqvist et al. (2015) ad-
dressed the influence of irrigated agriculture to the cycling and trans-
port of N in the semi-arid Amu Daria River basin in Central Asia. These
authors found that the water diversions, recirculation, and changes in
flow-paths related to irrigation facilities deeply modified the river ex-
port of N. The role of reservoirs and ponds, another example of human
intervention in river networks, was also found to be substantial in
river nutrient delivery by Powers et al. (2015), particularly when reser-
voirs were located in agricultural landscapes.

This study aims to explorewhether the relation observed betweenN
retention and water flow regulation, and specifically the patterns de-
scribed for the Ebro River by Lassaletta et al. (2012), hold for other rivers
with similar features, and if the opposite is true in rivers with substan-
tially different characteristics. To ease comparisons with Lassaletta et
al. (2012), we assessed the fluxes of N by means of the Net Anthropo-
genic Nitrogen Input (NANI) approach (Howarth et al., 1996). The
NANI accounts for four main reactive N input types, namely fertilisers,
biological fixation, atmospheric deposition and the net import of food
and feed. This can be easily calculated and underlines the importance
of human activities, which is particularly convenient for our objectives.

The study reviews the N fluxes in 38 catchments of the Iberian Pen-
insula, accounting for all N inputs and outputs, and finally working out
the export to the sea and the retention of N within the basins. We dis-
cuss differences in the retention of N in light of different hydrological
features, agricultural practices, and water management strategies, and
we discuss the singularities of Mediterranean (or broadly, semi-arid)
versus temperate rivers and the need to consider these singularities
when designing and planning effective N management measures.

2. Materials and methods

2.1. Land fluxes

We have selected 38 river basins situated in areas in a Mediterra-
nean or temperate climate including enough information to estimate
nutrient fluxes at the river mouth (2000–2010 period). To describe
the N fluxes entering the territory, we used the NANI approach. The
method has been successfully applied in a number of studies
(Howarth et al., 1996; Billen et al., 2009a; Hong et al., 2013; Goyette
et al., 2016), notably in the European Nitrogen Assessment (Sutton et
al., 2011). The approach considers all the anthropogenic “new” N
input fluxes associatedwith: (1) synthetic fertiliser application, (2) bio-
logical N fixation, (3) net atmospheric deposition and (4) net import of
food and feed. The output flux comprises (5) the export of N at the out-
let of the river.

Once all input and output fluxes have been computed, a retention
value can be derived as the difference between total inputs and riverine
outputs at the coastal zone.We arewell aware that used in this way, the
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word “retention” does not refer to retention processes strictly but also
encompasses a fraction of N that may be removed by subsequent deni-
trification processes within the soil or freshwater compartments, and
another fraction stored in the landscape as vegetal biomass, in soil or or-
ganic matter sediment (Lepistö et al., 2001; Lassaletta et al., 2012). Nev-
ertheless, this retention sensu lato gives a good idea of the proportion of
newN inputs that does not reach the sea, which is the aspectwe seek to
consider herein.

Data sources for each of the required NANI terms are given below (a
summary is included in the Supplementary material, Table S1). To esti-
mate the N inputs into the catchments, data were averaged for the
2000–2010 period (whenever possible).

(1) Data on synthetic fertilisers were retrieved from the CAPRI
model by using the spatialised layer for Spain and Portugal for the
year 2002 (Leip et al., 2011; and A. Leip, personal communication). To
obtain a figure closer to the decadal average, the 2002 data were
corrected with the values of total fertilisation in each country between
2000 and 2010.

(2) Biological N fixation (BNF) was determined for N-fixing crops
and grasslands with data from the EUROSTAT database, including dry,
green, and leguminous fodder; soybeans, and managed and natural
grasslands. BNF was calculated following the formula proposed by
Anglade et al. (2015), which takes into account the yield, the harvested
index, the percentage of N fixed and the above-/belowground ratio by
plant type (see the Supplementary material in Lassaletta et al., 2014a,
for detailed information on the parameters). For managed and natural
grassland, the same formula was applied but considering 30% legumi-
nous plants in the total production.

In the case of rice, which is not a N-fixing crop but is grown under
flooded conditions where N fixation by cyanobacteria occurs, a fixed
rate of 33 kg N ha−1 year−1 was applied (Herridge et al., 2008).

(3) Spatialised information on atmospheric fluxes, either inputs by
deposition or outputs by emission of gaseous forms were obtained
from the EMEP 50 × 50-km grid (http://www.emep.int). A slight mod-
ification of the original NANI procedure (Howarth et al., 1996) was per-
formed, as described in Lassaletta et al. (2012). While Howarth et al.
(1996, 2006, 2012) exclude reduced forms from N deposition calcula-
tions – on the assumption that reduced N is mostly related to local re-
deposition of volatilised ammonia from fertiliser and animal waste
products –we consider the net deposition (depositionminus emission)
of both oxidised and reduced forms. Calculated as such, it is possible to
determine whether reduced N forms are entering the catchment from
abroad or, conversely, if the catchment is exporting N to neighbouring
areas.

(4) Net import of food and feed was calculated as the difference be-
tween the consumption of human food and animal feed in each catch-
ment and crop/grassland production (Billen et al., 2010).

Crop and grassland productionwas first estimated by processing the
information provided by EUROSTAT at the NUTS3 level (Nomenclature
of Territorial Units for Statistics, European division), and then these re-
gional calculations were spatialised using the layer of CORINE Land
Cover project (CLC) for the year 2006 (http://www.eea.europa.eu/
publications/COR0-landcover). The EUROSTAT agricultural database in-
cludes information on productivity and surface areas for different crops
and grasslands (cereals, pulses, tubers, industrial crops, fodder and per-
manent crops, managed and natural grasslands). We averaged all the
available information for the decade studied. Crop N output calculations
were based on the N yield and surface area of each crop at each NUTS3
unit, and on the N content of the harvested products (Lassaletta et al.,
2014b). To spatialise the regional information, we prepared a map
grouping the output results and the CORINE Land Cover uses into four
categories: crops, managed grasslands, natural grasslands and a mixed
category (which includes urban land and open spaces with little or no
vegetation, but also patchy agricultural areas melded with forests and
shrubs). The proportion of crops and grasslands in the mixed category
was ascribed following the factors applied in Lassaletta et al. (2012).
The direct downscaling NUTS3-CLC can generate several distortions
due to (1) the nonexistence of fallow land in the NUTS3 calculation,
(2) the erroneous classification of proportions of each use in the
mixed category and (3) errors in the CLC satellite classification. These
potential biases were corrected considering particular surfaces of fallow
land in the cropland or different proportions of themixed category until
obtaining the same actual productive surface in both, i.e. in the NUTS3
approach and in the aggregation of the CLC data from each NUTS3
area. The regional results on BNF were also downscaled following the
same procedure.

Statistics on livestock heads were obtained from the Spanish Minis-
try of Agriculture at the municipal scale (detailed 2009 survey) and at
the NUTS3 level (EUROSTAT) for the Portuguese part. Feed consump-
tion by cattle was assumed to be equal to animal excretion, and we ap-
plied the national excretion factors provided by the UN national
inventories (http://newsroom.unfccc.int). The human consumption of
food products was calculated using the information on protein supply
provided in the national food balance sheets of the FAOSTAT database
for 2005 (http://faostat3.fao.org/), combined with spatialised data on
population distribution from Eurostat.

The overall balance between production and demand determines
the autotrophic or heterotrophic status of territories (all in terms of N,
Quynh et al., 2005; Billen et al., 2009b). Broadly, those regions
specialised in crop farming and exporting their production have an au-
totrophic status, while the areas where the consumption of food and
feed by humans and livestock exceeds agricultural production have a
heterotrophic character. The autotrophic or heterotrophic characteristic
is indeednot trivial: while in autotrophic catchments themain source of
N is the use of inorganic fertilisers, in heterotrophic catchments most N
inputs are in the form of organic N compounds (Billen et al., 2011). This
divergence influences the processes on land and consequently the per-
centage of N retention.

(5) The riverine export of N to coastal waters was calculated using
data on river flow and water quality provided by several water author-
ities from Spain and Portugal (Table 1). Further details on the calcula-
tion of the river fluxes are provided in the next section.
2.2. River fluxes

We gathered information on river flow andwater quality for 38 Ibe-
rian rivers (Fig. 1). To have the best possible estimate of river export we
selected those monitoring stations that were closest to the river mouth
and where the time series were at least a few years long. In most cases,
both flow and nutrient concentrationsweremeasured in the same loca-
tion; if that was not possible, however, we used information from the
nearest station available.

We collected data for the longest period available, in some cases
from the 1980s to the present, although to close the NANI budget and
be consistent with the land fluxes, we only used data from the 2000–
2010 period to compute the export flux. Only in a few rivers where ei-
ther the flow or the N concentration data were not available for the
2000–2010 period, was the complete time series used to calculate an
average year (i.e. a year in which each month corresponds to the aver-
age value of thatmonth for thewhole data set) of flow andN concentra-
tions, and these were multiplied to obtain the average annual export.

Water quality data sets comprised monthly measurements of inor-
ganic N (nitrate, nitrite, ammonium, N Kjeldahl) and total nitrogen
(TN). When the latter was not provided, we calculated it as the sum of
N-NO3

−, N-NO2
− and N Kjeldahl; if measurements of N Kjeldahl were

not available either, we used the formula in Garnier et al. (2010),
where TN = 1.2 × (N − NO3

−) + 0.1. This formula has been shown to
slightly underestimate TN values in catchments with little agricultural
land or where N inputs are mostly related to urban sewage (Romero
et al., 2013). This is the case of the Besòs and the Llobregat rivers in
NW Spain, which show a major percentage of urban land and very

http://www.emep.int
http://www.eea.europa.eu/publications/COR0-landcover
http://www.eea.europa.eu/publications/COR0-landcover
http://newsroom.unfccc.int
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Table 1
The list of Iberian rivers analysed in the study with their corresponding catchment area and themean annual flow for the 2000–2010 period. The final column indicates thewater author-
ities that provided flow and water quality information.

River Catchment area (km2) Mean flow (Hm3·y−1) Data source

MED Ter 2964 364 ACAa

Tordera 780 80 ACA
Besos 1038 135 ACA
Llobregat 4924 338 ACA
Ebro 84,542 8805 CEDEXb, CH Ebroc

Jucar 21,548 481 CEDEX, CH Júcard

Segura 14,953 2 CEDEX, CH Segurae

Guadalquivir 47,244 2623 CEDEX, CH Guadalquivirf

Guadiana 61,941 2147 CEDEX, SNIRHg

Sado 2950 179 SNIRH
Tagus 68,347 9904 CEDEX, SNIRH
Mondego 4945 2194 SNIRH
Douro 96,673 16,961 CEDEX, SNIRH

TEMP Minho 15,537 10,515 CEDEX, SNIRH
Eo 714 515 CEDEX, CH Cantábricoh

Porcia 134 94 CEDEX, CH Cantábrico
Negro 86 65 CEDEX, CH Cantábrico
Esva 416 293 CEDEX, CH Cantábrico
Narcea 1703 1360 CEDEX, CH Cantábrico
Nalon 2906 1679 CEDEX, CH Cantábrico
Sella 485 576 CEDEX, CH Cantábrico
Pilona 485 383 CEDEX, CH Cantábrico
Bedon 102 92 CEDEX, CH Cantábrico
Deva 653 402 CEDEX, CH Cantábrico
Besaya 483 358 CEDEX, CH Cantábrico
Pas 359 239 CEDEX, CH Cantábrico
Miera 160 140 CEDEX, CH Cantábrico
Ason 493 633 CEDEX, CH Cantábrico
Aguera 121 104 CEDEX, CH Cantábrico
Herrerias 257 125 CEDEX, CH Cantábrico
Nervion 1009 864 CEDEX, CH Cantábrico
Artibay 96 92 CEDEX, CH Cantábrico
Deba 458 379 CEDEX, CH Cantábrico
Urola 307 262 CEDEX, CH Cantábrico
Oria 799 821 CEDEX, CH Cantábrico
Urumea 216 267 CEDEX, CH Cantábrico
Oyarzun 37 48 CEDEX, CH Cantábrico
Bidasoa 675 616 CEDEX, CH Cantábrico

a ACA (aca-web.gencat.cat/aca).
b CEDEX (ceh-flumen64.cedex.es).
c CH Ebro (www.chebro.es).
d CH Júcar (www.chj.es).
e CH Segura (www.chsegura.es).
f CH Guadalquivir (www.chguadalquivir.es).
g SNIRH (snirh.apambiente.pt).
h CH Cantábrico (www.chcantabrico.es).
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high population density. Consequently, for these two rivers, the TN ex-
port fluxes given here may be slightly lower than the actual values.

Annual N fluxes were obtained using flow-adjusted concentrations,
applying the formula:

N flux ¼ Qm � K�∑ Ci � Qið Þ=∑Qið Þ

where K is the conversion factor to take the recorded period into ac-
count (e.g., 365 days), Ci the instantaneous concentration, Qi the corre-
sponding instantaneouswaterflow, andQm themeanwaterflow for the
period considered (Verhoff et al., 1980;Walling andWebb, 1985). Flow-
adjusted concentrations are commonly used when assessing annual
fluxes and are recommended in monitoring guidelines such as those
of national environmental agencies (e.g. the Spanish Ministry of Agri-
culture, Food and the Environment) or international conventions (Con-
vention for the protection of the marine environment of the North-East
Atlantic, OSPAR, 1998).

Finally, to allow comparisons between catchments, nutrient fluxes
were re-scaled per square kilometer, dividing the flux by the area of
the corresponding river basin.
2.3. Number of reservoirs and water regulation indices

Data on the number of dams and reservoirs per catchment and their
maximum (potential) and mean (live) water storage capacity are in-
cluded in Table 2.We used themaximum and the actual average capac-
ity to calculate the Impounded Runoff (IR) Index developed by Batalla et
al. (2004). These authors propose the IR as a useful proxy to assess the
hydrologic alteration caused by water management practices, one of
the multiple facets of the progressive anthropisation of rivers. The IR
index is computed as the live storage capacity (IRstocks) or the total ca-
pacity (IR), whenever live values are not available, divided by the river's
mean annual runoff.

Additionally, we calculated an Indirect Alteration (IA) Index, as pre-
sented by Belmar et al. (2013). The IA is a function of the percentage of
irrigated land, the number of dams and the cubic hectometres of regula-
tory capacity. Briefly, basins are assigned between 0 and 8 points for
each variable according to their percentile value within the data range
(excluding zero values). The 1st, 20th, 40th, 60th, 80th, 90th, 95th and
98th percentiles are used as thresholds for assigning the corresponding
punctuation. The points for all three variables are then added to obtain
the IA, which ranges from 0 (minimum flow alteration) to 24

http://www.chcantabrico.es
http://www.chcantabrico.es
http://www.chcantabrico.es
http://www.chcantabrico.es
http://www.chcantabrico.es


Fig. 1.Mapof the Iberian Peninsula showing the 38 river catchments included in the study and their corresponding annual discharge (blue circles). Top and bottomplots show the average
flow of some representative rivers (the black line is the mean flow and the shaded area indicates ±1 standard deviation). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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(maximum flow alteration). The authors note that this is an indirect
index, derived from variables associatedwith themain hydrologic pres-
sures in the basin, and it does not take into account direct management
features, e.g. specific regulation of dams, or inter-basin water transfers
that supply cities and industrial estates. Nevertheless, it offers synthetic,
valuable information on the degree of intervention in the watershed.
2.4. Climatic features: Mediterranean versus temperate catchments

The climatic characteristics play an essential role in the regularity
and the magnitude of river discharge (i.e., the flow regime) and influ-
ence land uses and water management practices within the basins
both directly and indirectly. They are therefore crucial for nutrient



Table 2
Irrigated surface area, number of reservoirs (N), meanwater storage capacity (i.e. actual water stocks in the reservoirs) andmaximum reservoir capacity for all Iberian rivers in the study.
Reservoir stocks are average values for the 2000–2010 period. Data were obtained from the Spanish and Portuguesewater authorities described in Table 1. IRstocks refers to the Impounded
Runoff Index calculatedwith the realwater stocks in the reservoirs, and IR to the same index calculatedwith themaximumreservoir capacity; IA refers to the Indirect Alteration Index (see
the Methods section for further details on the calculation of the indices).

River Irrigated land (km2) Irrigated land (%) N Reservoir stocks (Hm3) Max. capacity (Hm3) IRstocks IR IA

MED Ter 91 3.06 3 248 400 0.68 1.10 8
Tordera 14 1.82 0 0 0 0.00 0.00 2
Besos 24 2.28 0 0 0 0.00 0.00 3
Llobregat 18 0.37 3 132 213 0.39 0.63 6
Ebro 5589 6.61 71 4500 7407 0.51 0.84 16
Jucar 1240 5.75 32 1082 3346 2.25 6.96 13
Segura 674 4.51 19 365 1147 10.00 15.00 10
Guadalquivir 1545 3.27 61 3783 8253 1.44 3.15 13
Guadiana 2981 4.81 42 7370 13,154 3.43 6.13 15
Sado 212 7.18 10 360 618 2.01 3.45 14
Tagus 2551 3.73 81 8151 13,580 0.82 1.37 20
Mondego 6 0.11 8 390 508 0.18 0.23 7
Douro 4520 4.68 53 5179 8990 0.31 0.53 14

TEMP Minho 6 0.04 35 1919 3045 0.18 0.29 8
Eo 0 0.00 0 0 0 0.00 0.00 0
Porcia 0 0.00 0 0 0 0.00 0.00 0
Negro 0 0.00 0 0 0 0.00 0.00 0
Esva 0 0.00 0 0 0 0.00 0.00 0
Narcea 0 0.00 2 21 34 0.02 0.02 2
Nalon 3 0.09 4 30 40 0.02 0.02 6
Sella 1 0.24 0 0 0 0.00 0.00 2
Pilona 0 0.10 0 0 0 0.00 0.00 1
Bedon 0 0.00 0 0 0 0.00 0.00 0
Deva 0 0.00 0 0 0 0.00 0.00 0
Besaya 0 0.00 1 11 33 0.03 0.09 2
Pas 0 0.00 0 0 0 0.00 0.00 0
Miera 0 0.00 0 0 0 0.00 0.00 0
Ason 0 0.00 0 0 0 0.00 0.00 0
Aguera 0 0.00 0 0 0 0.00 0.00 0
Herrerias 0 0.00 0 0 0 0.00 0.00 0
Nervion 0 0.00 2 17 22 0.02 0.03 2
Artibay 0 0.00 0 0 0 0.00 0.00 0
Deba 0 0.00 0 0 0 0.00 0.00 0
Urola 0 0.00 0 0 0 0.00 0.00 0
Oria 0 0.00 3 7 14 0.01 0.02 2
Urumea 0 0.00 1 34 44 0.13 0.16 3
Oyarzun 0 0.00 0 0 0 0.00 0.00 0
Bidasoa 0 0.00 0 0 0 0.00 0.00 0
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cycling (Aguilera et al., 2015). The Iberian Peninsula shows a strong
temperature and rainfall gradient that decreases from NW to SE and
fits roughly with a natural geographic classification of the catchments.
The Galician and the Cantabrian façade (N-NW) correspond to temper-
ate (TEMP) regions: rainy, with moderately cold winters and warm
summers. The rest can be ascribed to Mediterranean (MED) climate
areas: the western and central parts show moderate rainfall and a
wider annual temperature range, with cold winters and hot summers;
the S, E and SE present low and irregular rainfall, hot summers and
mild winters. Despite these differences, all Mediterranean basins are
characterised by a pronounced dry season. Fig. 2 shows the typical tem-
perature and precipitation regimes of the MED and TEMP groups and
their average surface runoff. Meteorological data (1980–2010)were ob-
tained from the CEDEX (Spain) and the SNIRH (Portugal), and consisted
of monthly means of temperature, rainfall and surface runoff per river
basin.

3. Results

3.1. Land uses and associated N fluxes

N fluxes presented here for each of the factors considered in the
NANI are average values for the 2000–2010 period (Table 3, Fig. 3). An
interval of 10 years can smooth the effects of very dry or very wet
years and provide an accurate idea of the typical annual flows.

Fig. 3a shows land use in the basins studied. Broadly, grasslands are
concentrated in the northern temperate basins, while Mediterranean
catchments have a greater proportion of crops, and mixed agricultural
and forested areas. The latter, along with natural pastures, are particu-
larly abundant in the west.

The NANI describes anthropogenic N inputs in the basins and is the
sum of the four components explained in the Methods section:
NANI = N fertilisers + biological N fixation + atmospheric N
deposition+net N import. On average, the NANI for thewhole peninsu-
la is 3121 kgNkm−2 year−1, although there are large variations between
catchments (ranging from2149 to 11,634, Fig. 3i). Billen et al. (2011) cal-
culated the NANI for a set of European watersheds. The NANI values in
the Iberian Peninsula are very similar to those of other basins in theMed-
iterranean region (southern France, Italy, Greece), but significantly lower
than those of central Europe (in Belgium, the Netherlands, Denmark and
Germany, river basins haveNANI values of 5000 kgNm−2 year−1, and in
some cases even exceed 20,000 kg N m−2 year−1).

The spatialised input fluxes of theNANI are depicted in Fig. 3b–h. Av-
erage values per group (MED/TEMP) are included in Table 3, and the de-
tailed values per catchment can be found in the Supplementary
material. Fluxes are always expressed in kg of N per year per unit area,
so that the basins can be directly compared.

The fertilisation of agricultural land represents one of the largest N
fluxes in many Iberian basins, notably in Mediterranean catchments
with intensive agriculture. The input of synthetic fertilisers averages
2360 kg N km−2 year−1 for all rivers considered, which corresponds to
an annual mean fertiliser application rate of 59 kg N ha−1 of agricultural
surface. Inputs are particularly high in the Guadiana, the Guadalquivir,
the Sado and the Douro basins (approx. 2600–3000 kg N km−2 year−1,
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Table 3
Population (inhab km−2), Nfluxes (kgN km−2 year−1) and the corresponding percentage
of retention for the two appointed groups (Mediterranean and temperate) and for all the
Iberian catchments in the study. Data are area-weighted averages; the specific data per
catchment are given in the Supplementary material.

Units MED TEMP All Iberian basins

Population density inhab km−2 56 65 57
Synthetic fertilisers kg N km−2 year−1 2441 1199 2360
Biological N fixation kg N km−2 year−1 340 786 369
Total production kg N km−2 year−1 1582 1528 1578
Animal feed demand kg N km−2 year−1 1492 2580 1563
Human food demand kg N km−2 year−1 329 380 332
Net import kg N km−2 year−1 239 1433 317
NOx deposition kg N km−2 year−1 287 425 296
NH3 deposition kg N km−2 year−1 −222 −210 −221
Net atm. N deposition kg N km−2 year−1 65 215 75
NANI kg N km−2 year−1 3085 3632 3121
River export kg N km−2 year−1 242 941 287
Retention % 92% 74% 91%
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and an application rate of 51–64 kgNha−1 year−1). Although temperate
catchments tend to have lower fertiliser inputs, high application rates
are reached in the Bidasoa, Urumea, Herrerias and Sella, all with values
N80 kg N ha−1 year−1.

Biological N fixation (BNF) accounts for about 12% of theNANI in the
peninsula, and displays clear differences between the two climatic re-
gions. BNF varies around 800 kg N km−2 year−1 in most temperate ba-
sins (22% of the total anthropogenic inputs), while it hardly reaches
400 kg N km−2 year−1 in Mediterranean catchments (11% of the
NANI),witheven lower values in several rivers (b200kgNkm−2 year−1

in the Jucar, Segura, Guadalquivir and Mondego). The differences are
even greater when BNF inputs are calculated per ha of agricultural sur-
face. BNF averages 8 kg N ha−1 year−1 in the MED, while it is
36 kg N ha−1 year−1 in TEMP catchments.

Atmospheric net deposition of N (Table S2) is also heterogeneous
across the territory. On average, the highest entries are observed in tem-
perate catchments (215kgNkm−2 year−1), three times higher than the
average inputs ofMediterranean basins (65 kg N km−2 year−1). Net de-
position values in MED catchments, however, are rather variable: N de-
position is high in the northernmost MED rivers (Ter, Tordera, Besòs),
with valueswell above 300 kg N km−2 year−1, but it is low or even neg-
ative in the south (meaning that N is exported from the catchment via
atmospheric transport).

Looking separately at oxidised and reduced compounds (Fig. 3d–e),
it is clear that high deposition of nitrogen oxides (NOx) occursmainly in
the NE half of the Iberian Peninsula, affecting some Mediterranean ba-
sins (approx. 800 kg N km−2 year−1 in the Ter, Tordera and Besòs)
and the temperate catchments of the Cantabrian façade (~-
400 kg N km−2 year−1). In terms of N, NOx inputs are partly offset by
losses due to ammonia volatilisation over most of the area (note that
NH3 deposition values are negative in most Iberian catchments). NH3

volatilisation is particularly high inMediterranean areas, which explains
why MED basins have overall lower net N deposition values.

The net import of N is the difference between crop production and
the consumption of food and feed by humans and cattle. When N pro-
duction exceeds consumption, the basin is considered autotrophic,
whereas if demand surpasses production we tag the basin as heterotro-
phic. Crop production represents around 1600 kg N km−2 year−1 in the
Iberian Peninsula, with similar average values in the MED and TEMP
groups (Table 3). The actual production values per hectare of agricultur-
al surface, however, are less homogeneous across basins: crop produc-
tion in TEMP catchments is nearly twofold that of MED catchments
(70 versus 38 kg N ha−1 year−1).

Food and feed consumption also show a quite uneven geographical
distribution. Human consumption of food peaks in those basins where
the population density is very high, particularly near the coast (Fig.
3g). In the Besòs, for instance, food demand is about 8000 kg N km−2-

year−1, and values are ca. 1200 kg N km−2 year−1 in the neighbouring
Llobregat basin. The consumption of food is also high (over
1000 kg N km−2 year−1) in a number of temperate populated basins
(e.g., Nervion, Deba, Oyarzun). Moreover, the demand for N in feed for
livestock is maximum in most of these areas: many temperate rivers
have values between 3000 and 5000 kg N km−2 year−1 (animal de-
mand of N in TEMP basins averages 2580 kg N km−2 year−1) and
5800 kg N km−2 year−1 are reached in the Ter basin. As a result, all
TEMP basins and the northernmost MED basins present very high net
N import values and are markedly heterotrophic, i.e. production is not
sufficient to meet the high demand for food and feed. In the rest of the
area, crop production and food and feed demand are more balanced.
The Tagus and theMondego basins are heterotrophic, but net N imports
are approximately 1000–1200 kg N km−2 year−1 (far from the 9807 of
the Besos basin), and there are several autotrophic catchments (e.g.
Guadalquivir, Guadiana, Sado, Duero).

On the whole, the Iberian Peninsula is net heterotrophic and re-
quires the import of 317 kg N km−2 year−1 (the feed consumption is
fivefold the food consumption, Table 3).
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3.2. River export to coastal seas

The export of N to coastal seas is presented in Fig. 4. All in all, Iberian
rivers export 127GgN year−1 to the adjacent coastal seas. Two-thirds of
this N flux is conveyed to the Atlantic Ocean, where the largest Iberian
rivers discharge. Spatialising the export per square kilometer of catch-
ment, however, it is clear that the highest N loads occur in the northern
half of the peninsula, where anthropogenic inputs are also larger. On av-
erage, export fluxes in temperate catchments (941 kg N km−2 year−1)
are fourfold the export of Mediterranean rivers (242 kg Nm−2 year−1),
although NANI values are only 17% higher. Further, there are some re-
markably low outputs in the Jucar, Segura, Guadiana and Sado (1–
115 kg N m−2 year−1), which are all Mediterranean watersheds with
extensive arid regions and very low annual rainfall and runoff values
(300–600 mm year−1 of rainfall, b100 mm year−1 of runoff).

According to the figures in Billen et al. (2011), Iberian rivers are on
the low range of European catchments, which show N delivery rates
on the order of 200–4000 kg N km−2 year−1. In our case, most rivers
have values b500 kg N km−2 year−1, and the maximum export was
found to be 2149 kg N km−2 year−1 (the Miera River, in the northern
façade).

We examined whether the contrasted relationship between N in-
puts and river export observed by Schaefer and Alber (2007) and
Sobota et al. (2009) for US catchments with different climatological
characteristics occurred as well in the Iberian Peninsula between tem-
perate andMediterranean catchments. MED and TEMP basins fell clear-
ly into two separate groups (Fig. 5). The Mondego basin, which is a
medium-sized catchment with annual precipitation values higher
than the MED average (1008 vs. 600 mm year−1), pooled with the
northern catchments, and was therefore included in the TEMP group
to calculate the relationships. Both groups of rivers presented a positive
relation between anthropogenic N inputs and river export fluxes, but in
accord with the observations by Schaefer and Alber (2007) and Sobota
et al. (2009), the slope was much higher for TEMP basins than for
MED basins. There was also a good match in the equations with regard
to previous studies, notably for the TEMP group. The present results are
consistent, for instance, with the correlation calculated by Billen et al.
(2011) for a large set of European catchments, although the background
N export (i.e. the independent term in the equation) is somewhat lower
for Iberian rivers.

3.3. Retention processes

Riverine export to coastal seas represents, on average for the whole
peninsula, only 9% of the total NANI inputs, which means that a huge
part of the N entering the territory is retained by diverse mechanisms
on land.

Retention in the peninsula varies from 53% to 100%, and values differ
greatly betweenMED and TEMP catchments. Iberian TEMP basins pres-
ent an average retention of 74%. This is in agreement with the 70–80%
retention that is commonly specified in the literature for North Ameri-
can and European rivers (e.g. Howarth et al., 1996, 2006; Boyer et al.,
2002; Billen et al., 2011). In contrast, average retention in the Mediter-
ranean is 92%, and N retained is above 87% in most catchments.

Retention as considered herein includes diverse N removal process-
es affected by landscape properties. One of them is temperature.Warm-
er temperatures favour denitrification, which may increase the
apparent retention in the watersheds (Schaefer and Alber, 2007). Win-
ter temperatures are similar in TEMP andMED basins (Fig. 2), but sum-
mer periods are on average 4–5 °C warmer in MED areas (17.4 °C and
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22.2 °C, respectively). WarmMediterranean summers are accompanied
by low precipitation values. Rainfall in MED basins is roughly half the
rainfall in TEMP basins throughout most of the year, but this value de-
creases to one-third during the summer months.
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Partly due to these temperature and rainfall patterns, many Iberian
rivers present a high degree of water regulation. Water management –
including inter-basin water transfers, flow regulation in dams and res-
ervoirs, and extensive networks of irrigation channels – is another im-
portant factor potentially influencing N retention. The Iberian
Peninsula has one-fifth of all European reservoirs (Avakyan and
Iakovleva, 1998; Aristi et al., 2014) and has the largest number of
dams per inhabitant and per land area in the world (García de Jalón,
2003). Data on the number of reservoirs, the volume of water stocked,
their total capacity and the percentage of irrigated land per catchment
are presented in Table 2. Note that these are low-end estimates, because
most rivers are dotted with a large number of small weirs and ditches
(roughly twice the number in Table 2),whichwe could not take into ac-
count due to lack of available information. Although unregistered weirs
and ponds have a very limited storage capacity, they result in water di-
versions and interruptions in flow paths that alter the residence time in
watersheds.

We used the data in Table 2 to calculate two indices of hydrologic al-
teration, namely the Impounded Runoff Index (IR) developed by Batalla
et al. (2004) and the Indirect Alteration Index proposed by Belmar et al.
(2013). The IR emphasises the effect of water infrastructures on river
flow regimes and points directly at the enormous storage capacities
set up in the past few decades to meet the increasing water demand
for human and agricultural uses in the peninsula. According to Batalla
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et al. (2004), unimpaired rivers with natural flow conditions have IR =
0; rivers with a few dams, where the regulatory capacity does not ex-
ceed the mean annual water yield (water stocked is effectively used
on an annual cycle) show IR b 1; and rivers with IR N 1 are subjected
to strong flow regulation, with multi-year regulatory strategies to face
long-term, persistent droughts. The latter is clearly the case in several
Mediterranean streams, which show IR values well above 1 (and N6 if
we consider their maximum storage capacity). In the Segura basin, the
river outflow is so low thatwe have arbitrarily set the IR index to amax-
imum value of 10 and 15 (for live and total storage capacity, respective-
ly). In contrast, very light or no regulation at all occurs in northern
temperate catchments, where the index is at most 0.2 (or 0.29 taking
into account the maximum reservoir capacity).

The IA Index weighs water storage data with the number of dams
and the percentage of irrigated land per catchment, which is an indirect
way to assess the effect of diversion channels and irrigation facilities. IA
values b6 indicate reference or slightly altered conditions; IA values
ranging from 6 to 12 indicate moderately altered rivers; and IA N 12 re-
fers to extremely altered rivers, with intense flow regulation through
dams and reservoirs and substantial water abstraction for irrigation
purposes. Coincident with the IR results, most Mediterranean streams
are altered or extremely altered (the Tagus presents the highest IA
value), while all but two temperate rivers are in (or close to) the refer-
ence state.

Using it as a proxy for the impact of reservoirs, we plotted the IR
index against the percentage of retention in the catchments (Fig. 6). Re-
moving those rivers that had no reservoirs at all (and hence with IR =
0), the two variables adjusted well to a logarithmic relationship and
were highly correlated (R2=0.5 using either the IR or the IRstocks). Inter-
estingly, rivers with IR b 0.5 showed a variable percentage of retention,
while all rivers with IR N 0.5 presented retention values over 90%. We
further plotted the percentage of irrigated land versus the retention to
account for the effect of the channels (direct information on the length
of the irrigation channels could not be obtained). Again, removing those
catchmentswithout irrigated land, we obtained a strong logarithmic re-
lationship between the two variables; those catchments where at least
1% of the surface is irrigated systematically present retention values
above 85%.

4. Discussion

According to these results, anthropogenic N inputs in the Iberian
Peninsula, in either temperate or Mediterranean regions, are lower
than the average values observed in most European catchments, and
barely one-third of the N10,000 kg N km−2 year−1 reported for water-
sheds bordering theNorth Sea (Billen et al., 2011). There are twomainN
sources: in densely populated catchments, the import of N as food, and
particularly as feed, is the dominant input, while the use of synthetic
fertilisers is by far themain source in the rest of the Iberian watersheds.
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Absolute NANI values are not the only difference with regard to
other European countries. N inputs in the Iberian Peninsula have also
evolved differently during the past few decades. Atmospheric emission
and deposition of N oxides (NOx), for instance, have decreased in the
majority of the EU countries, while they have increased in Spain and
Portugal (Fagerli and Aas, 2008). Mid-term historical trends of agricul-
tural N inputs also differ from those in the rest of Europe, where inten-
sive farming started long before and fertilisation rates have been
progressively rationalised. In Spain and Portugal, despite a slight decline
in the surface of land devoted to agriculture, the consumption of syn-
thetic fertilisers and animal manure has increased over the past three
decades, and growing trends are also observed for other intensification
indicators, including the consumption of pesticides, the degree of
mechanisation, the amount of irrigated lands or crop productivity
(http://faostat.fao.org/; Lassaletta et al., 2014c).

Therefore, although in absolute terms N inputs are not as high as in
otherwatersheds, IberianNfluxes have not stabilised over time, and the
high percentage of N retention in most parts of the peninsula implies
that there is a large amount of N to bemanaged within the catchments.
However, not all the incomingN is accumulated on land, for retention as
defined herein includes N losses via denitrification in soils and streams,
in wetlands and at wastewater treatment plants. Half of the N retained
and subsequently eliminated could be a reasonable value. Van Breemen
et al. (2002) estimated that denitrification could account for about 50%
of the total retention in north-eastern US catchments, and in the Oglio
River (northern Italy) Bartoli et al. (2012) set up maximum denitrifica-
tion values of ca. 45% of the retained N. Denitrification may be a major
removal pathway, but the relative fluxes of denitrification,
mineralisation and immobilisation of N on land are indeed poorly
constrained. In a recent study in the Mississippi basin, Van Meter et al.
(2016) discussed the uncertainty of these N fluxes and provided evi-
dence of the importance of N accumulation in the soil organic matter
pool (hitherto undervalued), which they estimated to reach over 40%
of the N retained on land.

Whatever the case, high N retention values have serious implica-
tions in terms of N pollution of aquifers and freshwater streams as
well as atmospheric emissions of greenhouse gases. In addition, accord-
ing to Van Meter et al. (2016), N accumulation in soils – therein called
the N legacy – may contribute to time lags in catchment response
after changes in management practices. Determining whether high re-
tention values are a mere consequence of climatic characteristics, e.g.
Mediterranean here, or if water regulation issues are exacerbating the
accumulation of N within the catchments/hydrographic network is
therefore key in addressing current N management challenges, and to
prevent future problems in areas with similar characteristics.

Our data show that the fraction of N retained is much larger in Med-
iterranean than in temperate basins. High retention rates inMED basins
are of particular concern, because (1) in many Mediterranean arid and
semi-arid regions aquifers are a crucial resource and (2) arid and
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semi-arid regions can have large vadose zones (e.g. Walvoord et al.,
2003), comprising a large water storage compartment, but this ground-
water can be heavily exposed to nitrate pollution issues.

4.1. Climatic features

Climatic features have been put forward to explain divergent reten-
tion values in river catchments (e.g. Caraco and Cole, 1999; Howarth et
al., 2006, 2012; Schaefer and Alber, 2007; Sobota et al., 2009) and they
may be the basis of the high retention values found in the Mediterra-
nean. Basically, climatic factors act directly upon two processes: (1)
warm temperatures accelerate denitrification rates and (2) dryweather
favours longer water residence times in the watershed, and hence al-
lows for longer exposure of nitrate to denitrifying bacteria. Both effects
are indeed intertwined, because arid and semi-arid regions tend to be
both warm and dry.

The effect of temperature on denitrification rates was proposed by
Schaefer and Alber (2007) as the main mechanism explaining lower N
export in warm than in colder temperate watersheds of the United
States. These authors observed a breakpoint in the rate of denitrification
at about 10–12 °C, which was consistent with previous studies on the
metabolism of denitrifying communities. The range of temperatures in
their study, however, was much larger than in our case. Mean annual
temperatures in Iberian catchments range from 11.6 to 16.5 °C, and dif-
ferences between TEMP and MED watersheds are small (12.1 °C on av-
erage in TEMP basins, and 14.6 °C in MED basins), which means that all
the basins in our study would be includedwithin the warmwatersheds
identified by Schaefer and Alber (2007). Further, in the summer, when
denitrification processes would be more efficient, all Iberian basins
show temperatures above 17 °C.

Consequently, although we agree that temperature can accelerate N
denitrification processes and can explain some variability in N retention
between climatically contrasted regions, the 10–12 °C threshold is
surpassed in both our TEMP andMED basins, and we believe this factor
alone cannot account for the large retention differences found in our
study.

In contrast to Schaefer and Alber (2007), Howarth et al. (2006)
stressed the role of precipitation and discharge in the retention of N,
and suggested that higher retention rates in drier watersheds were
mostly related to longer residence times. In particular, they argue that
although greater denitrification rateswould be expected inwetter envi-
ronments,where soils aremore likely to bewaterlogged,N sinks are less
efficient due to faster flushing of water through riparian wetlands and
low-order streams. Similarly, Sobota et al. (2009) found that rainfall
and runoff, rather than temperature, were the main predictors of N ex-
port and retention in Mediterranean-type catchments in the United
States, and stated that the effects of temperature on controlling water-
shed N processing may be strongest where there is a relatively abun-
dant water supply.

Differences in precipitation and runoff are large between MED and
TEMP watersheds in the Iberian Peninsula, so these two features can
partly explain the disparity in retention values. Moreover, while rainfall
in temperate catchments is regularly distributed throughout the wet
season, Mediterranean climates are characterised by hot, dry summers,
followed by few very intense rainfall episodes (Estrela et al., 2001). This
irregular regime allows N to naturally accumulate in dry soils during
long periods of time, but most importantly, the trigger of an indirect
mechanism, in our opinion, is more important than the climatic charac-
teristics per se: a generalised water flow regulation.

4.2. Reservoirs

Water flow regulation is intended to guarantee water supply for
human consumption and agricultural uses, and to control for flood
risks, and in the Iberian Peninsula it is performed through a dense net-
work of dams and reservoirs, diversion canals for inter-basin water
transfers, and countless numbers of weirs and irrigation channels
(García de Jalón, 2003). These infrastructures, especially those associat-
ed with agricultural demands, have been shown to produce important
changes in flow magnitude, variability and seasonality in Mediterra-
nean rivers (Belmar et al., 2010; Lorenzo-Lacruz et al., 2012).

Reservoirs, particularly thosewith a large storage capacity, can dras-
tically increase the residence time of the water within the watershed,
favouring N assimilation by algae and denitrification processes within
the sediments; they are thus effective N sinks (Garnier et al., 1999,
2000). Bartoli et al. (2012) suggested that the role of reservoirs as N
sinks in riverswhere theflow is tightly regulated is indeed essential, be-
cause the river no longer inundates the surrounding area, and therefore
natural denitrification spots such as riparian wetlands rarely function.
These authors point out that although wetland denitrification rates in
Mediterranean regions can be potentially rather high, they are not too
effective because the surface is limited, and their role is often times
played by reservoirs.

In addition, it is acknowledged that the effects of reservoirs on the
flow regime are more pronounced in Mediterranean than in temperate
zones, mainly because the former have greater storage needs (and ca-
pacity) to face naturally scarce water resources (López-Moreno et al.,
2009; Lorenzo-Lacruz et al., 2010). In the Ebro Basin, for instance, floods
were found to be more affected by reservoirs in its southern Mediterra-
nean tributaries than those in the Atlantic zone, even with similar im-
poundment levels (Batalla et al., 2004).

The strong effect of reservoirs (both in number and storage capacity)
stands out clearly in our results. The relationship between the IR Index
and the percentage of N retention shows that when the regulatory ca-
pacity is limited (IR b 0.5), as occurs in temperate catchments, N reten-
tion is variable and likely dependent on several different factors, but
under multiyear regulatory strategies (IR N 0.5, and specially IR N 1), N
retention in the watershed is always N90%.

Powers et al. (2015) gave further evidence on the importance of res-
ervoirs for N retention, particularlywhen they are located in agricultural
landscapes, and emphasised that, unlike natural lakes, this type of con-
structed reservoir tends to be highly connected to surface water flows,
and the hydrologic connectivity between sources and sinks fosters an
efficient turnover of nutrients. Moreover, the influence of dams and res-
ervoirs on N assimilation may not be restricted to the water masses
stocked within them. In a recent study, Aristi et al. (2014) showed
how dams can lead to increases in primary production rates (including
higher nitrate consumption) in flow-regulated rivers with regard to un-
regulated streams, not only within the reservoirs but also downstream.

4.3. Irrigation systems

The effect of irrigation on N retention is closely related to that de-
scribed for reservoirs, partly because irrigation systems are inevitably
accompanied by dams and weirs, and partly because extensive irriga-
tion networks tend to co-occur with reservoirs in those areas where
water resources are limited. The specific effect of irrigation is nonethe-
less worth discussing on its own, because irrigation systems are expect-
ed to increase dramatically in the coming decades, notably in arid and
semi-arid regions (Törnqvist et al., 2015).

Channels and ditches are used to redistribute and recirculate water,
diverting it from the main stream. Broadly, the ramification of flow
paths increases water residence time in the catchment and thus favours
denitrification processes. In northern Italy, Bartoli et al. (2012) noted
that denitrification in the irrigation network accounted for a large part
of the N retained in the watershed. Likewise, high water recirculation
ratios (which ultimately suppose an extension in the length of the
flow paths) caused a significant increase in N retention in a semi-arid
basin in Central Asia (Törnqvist et al., 2015).

Traditional irrigation practices based on soil flooding increase the
contact surface ofwater and promote the processing of N by denitrifiers,
and when flooding is performed over permeable land, N leaching to
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underground waters may be also very intense, adding to the overall N
retention. In more efficient irrigation systems, off-site N concentrations
and N leaching to adjacent rivers and aquifers are remarkably reduced,
but N concentrations in the irrigation return fluxes are higher (Causapé
et al., 2006; García-Garizábal and Causapé, 2010) and this allows for
heightened denitrification within the channels.

Our results are fully consistentwith this reasoning. Fig. 6 shows that,
above a threshold of 1% of irrigated land (the percentage of irrigation
ranges from 0 to 7%, Table 2), the retention in the catchments is N85%.
The effect of irrigation is similar to that observed for the reservoirs,
which points at (1) the co-occurrence of both factors in the catchments,
and (2) the similarity/interrelation in the mechanisms operating on N
retention in both cases, that is, increased contact surface and increased
water residence time.

Aside from the discussed consequences on N retention, extreme
channelisation and large numbers of dams and reservoirs alter the con-
nectivity between aquatic systems and wetlands, and that has implica-
tions on many other landscape functions such as base flow chemistry,
metal and pesticide immobilisation, sediment retention, carbon seques-
tration or biodiversity support (e.g. providing habitat or shelter, or
favouring dispersion). In a recent study, Cohen et al. (2016) called for
consideration of the environmental role of hydrologic connectivity,
and urged an evaluation of the impact of those human activities that ei-
ther decrease (e.g. dams/levees) or increase it (e.g. canals/ditches).

5. Conclusions

We believe the difference in N retention between temperate and
Mediterranean catchments in the Iberian Peninsula is mostly related
to water management practices, notably to extreme flow regulation.
Warm and dry conditions may favour higher denitrification rates in
the Mediterranean regions, but this factor alone can hardly explain the
large difference in retention. Our results show that reservoirs and irriga-
tion channels account for N50% of the variability in N retention values.
Further, above a certain flow regulation threshold, N retention peaks
to values over 85–90%.

While in temperate catchments artificial ponds are proposed as an
efficient way to increase N retention and avoid the discharge of nitrates
from agricultural plots to nearby streams (Garnier et al., 2014; Passy et
al., 2012; Arheimer and Pers, 2016), in Mediterranean rivers too much
flow intervention through ditches andweirs has led to disproportionate
N retention and hence potential pollution problems in soils, the atmo-
sphere, as well as subsurface and underground waters.

Future climate projections forecast a decrease in rainfall and in-
creased evapotranspiration in the Iberian Peninsula (Rodriguez-Puebla
and Nieto, 2010) and in many regions of the world (IPCC, 2014; Trnka
et al., 2011). Agricultural intensification and a net expansion of irriga-
tion are also foreseen, particularly in arid and semi-arid systems (IPCC,
2014). Agricultural development may entail an increase in fertiliser
use, and the combination of increased water scarcity and higher water
needs will certainly lead to increased flow regulation. The situation
can therefore resemble the conditions observed in the Mediterranean
catchments studied herein, whose N dynamics has been shown to be
substantially affected by flow regulation infrastructures. High N reten-
tion and the environmental risks associated with it must be considered
as an important consequence of water regulation practices and must be
adequately managed.
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