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Abstract
Nitrate pollution of ground and surface water bodies all over the world is generally linked with continually increasing 
global fertilizer nitrogen (N) use. But after 1990, with more fertilizer N consumption in developing countries especially 
in East and South Asia than in the industrialized nations in North America and Europe, nitrate pollution of freshwaters 
is now increasingly becoming a pervasive global problem. In this review it has been attempted to review the research 
information generated during the last two decades from all over the world on different aspects of nitrate pollution of 
natural water bodies. It is now evident that not more than 50% of the fertilizer N is directly used by the crops to which 
it is applied. While a small portion may directly leach down and may reach ground and surface water bodies, a large 
proportion ends up in the soil organic N pool from where N is mineralized and is taken up by plants and/or lost via 
leaching during several decades. Present trends of nitrate pollution of freshwaters, therefore, reflect legacies of current 
and past applications of fertilizers and manures. Tools such as simulation models and the natural variation in the stable 
isotopes of N and oxygen are now being extensively used to study the contribution of fertilizers and other sources to 
nitrate enrichment of freshwaters. Impacts of agricultural stewardship measures are being assessed and nitrate enrich-
ment of water bodies is being managed using modern digital models and frameworks. Improved water and fertilizer 
management in agroecosystems can reduce the contribution of fertilizers to nitrate pollution of water bodies but a host 
of factors determine the magnitude. Future research needs are also considered.

Keywords  Fertilizer nitrogen · Nitrate · Water pollution · Fertilizer management · Ground water · Surface water · Soil 
nitrogen

1  Introduction

Nitrogen (N) in the form of nitrate is a common pollutant 
in both surface and ground waters. Nitrate-N can readily 
leach down beyond the root zone in agricultural soils and 
reach the ground and surface waters. At levels exceeding 
the permissible limits, nitrate-N makes the ground water 
unfit for drinking purposes. In surface waters limited by 
N, phytoplankton productivity is stimulated by nitrate-N 
resulting in eutrophication leading to widespread hypoxia 
and anoxia, loss of biodiversity and harmful algal blooms 

that can damage fisheries and pristine marine environ-
ments such as heritage coral reefs [1]. According to How-
arth [2], as high as 10- to 15-fold increases in N flows in 
some areas are causing greatly increased coastal eutrophi-
cation. Glibert et al. [3] contended that the problem is 
exacerbated by the expansion in the use of urea fertilizer 
which is soluble and mobile in surface water flows.

Widespread pollution of water bodies by nitrate-N 
due agricultural intensification in the twentieth century 
in industrialized countries in North America and Western 
and Central Europe has been of major concern since early 
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1970s [4]. It was a direct consequence of applying large 
quantities of fertilizer N in these countries. Globally, 60% 
of areas with elevated nitrate-N in ground water occur in 
croplands [5]. As only 20% of the total cultivated land is 
under irrigated agriculture and accounts for about 40% 
of the global food production, fertilizer N use and loss of 
nitrate-N to natural water bodies from the irrigated crop-
land is much higher than from rain-fed agriculture (http://​
www.​unesco.​org/​new/​en/​natur​al-​scien​ces/​envir​onment/​
water/​wwap/​facts-​and-​figur​es/​all-​facts-​wwdr3/​fact-​24-​
irrig​ated-​land/; Accessed 27 January, 2021). Although spa-
tial and temporal distribution of nitrate-N in ground water 
under cropland will be determined by fertilizer N use per 
unit area, percentage of area under cereal crops, vegetable 
and orchards, percentage of irrigated area, per capita agri-
cultural production, livestock per unit area, population per 
unit area and annual mean temperature, global fertilizer 
N consumption is increasing almost linearly in response 
to increasing demand for staple cereal food grains and 
animal-derived food (Fig. 1). But after the late 1980s, in 
many developing countries in East and South Asia, ferti-
lizer N consumption increased several fold more than in 
the developed regions, where levels have stabilized since 
1990 (Fig. 1). For example, in 2018, China in East Asia and 
India in South Asia, having 36.8% of the global popula-
tion, used 42.3% of 108.7 Mt total fertilizer N consumed 
globally; North America and Europe consumed only 26.9% 
(http://​www.​fao.​org/​faost​at/​en/#​data/​RFN; Accessed 25 
October, 2020). Of course, Africa and Oceania remained 
regions where fertilizer N consumption has been very low 
and is increasing at a very slow pace (Fig. 1). After 2015, 
fertilizer N consumption in East Asia started declining 

because China, the major fertilizer N consuming country, 
recognized the seriousness of the overuse of fertilizers and 
introduced the action plan for zero growth of fertilizer use 
[6]. The changes in fertilizer N consumption patterns in 
different parts of the world have discernible impacts on 
nitrate pollution of ground and surface water bodies in dif-
ferent regions. Thus, although leaching of nitrate-N from 
the soil–plant system is influenced also by climate, soil and 
other factors, in recent decades nitrate pollution of surface 
and ground water has emerged as a serious environmen-
tal issue in several countries in East and South Asia along 
with already affected regions in North America and west-
ern and central Europe [5]. Keeping in view that even in 
countries with low average fertilizer N consumption there 
exist regions with intensive agriculture and substantial fer-
tilizer N use, nitrate pollution of ground and surface waters 
as linked with fertilizer N use is now a global issue.

The scope of the water quality problem as linked 
with fertilizer use is commonly only apparent when the 
offsite impacts of individual farms are aggregated at a 
range of scales—watershed, river basin, or global. Seen 
on a global scale, crop production represents the largest 
single factor perturbing the nitrogen cycle. Liu et al. [7] 
estimated that of the total annual global N flows into 
croplands of 136.6 Tg N, almost 50% was contributed 
by fertilizer N. They estimate that, of the total 148 Tg N 
year−1 N outflows, leaching accounts for 23 Tg N year−1, 
and soil erosion for 24 Tg N year−1. Under aerobic soil 
conditions, N is readily converted to nitrate and much 
of the unused nitrate dissolves in rain and irrigation 
water, eventually leaching through the soil into under-
lying aquifers or surface waters. During 2004–2010, 

Fig. 1   Fertilizer N consumption 
pattern since 1961 in differ-
ent regions of the world. Data 
source: http://​ifada​ta.​ferti​lizer.​
org/​ucSea​rch.​aspx (Accessed 8 
August, 2020)
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when China used the highest amount of fertilizer N in 
the world, Zhang et al. [8] analysed nitrate-N content 
in 62 shallow groundwater wells located in 29 Chinese 
Ecosystem Research Network field stations; 43 wells 
were in agroecosystems across a range of climatic zones 
where wheat, maize, soybean, rice and cotton were 
grown, and 19 wells were beneath forest ecosystems 
along the north–south transect of eastern China. It was 
found that average nitrate-N concentrations were sig-
nificantly higher in the wells located under agro-ecosys-
tems (4.1 ± 0.33 mg L−1) than in those under the forest 
ecosystems (0.5 ± 0.04 mg L−1). The nitrate-N concentra-
tion in 10 of the 43 wells the agricultural ecosystems 
was even higher than 10 mg L−1. Rainfall or irrigation 
combined with excessive fertilizer N use in wheat, corn 
and cotton resulted in high groundwater nitrate-N in 
agro-ecosystems. Due to relatively high nitrate-N level 
in shallow wells located in the agroecosystems, farm-
ers were advised to drill deep drinking water wells to 
reduce the risk of nitrate pollution.

Substantial amounts of nitrates are also produced 
from the organic waste generated by farm animals 
and the sewage produced by cities, and these can also 
reach groundwater bodies. In areas such as intensive 
feedlots, livestock waste constitutes a potent source 
of excess nutrients flowing into the environment. 
Although the concern that increased application of 
mineral fertilizers is polluting both surface waters and 
aquifers is substantiated by observed correlations relat-
ing expanded use of fertilizers and nitrate leaching [9, 
10], the direct impact of the application of fertilizers 
on the nitrate content of waters is difficult to ascribe 
precisely. Nitrate concentrations in groundwater may 
vary widely from place to place even with uniform farm 
management practices [11]. Although Galloway et al. 
[12] made an all-encompassing estimate that about 
25% of N applied to agricultural ecosystems escapes 
to contaminate water resources, there remains consid-
erable uncertainty about the transit time of applied 
N between the topsoil and groundwater due to inad-
equate mechanistic understanding of the role of differ-
ent N transformations in the soil [13]. During the last 
two decades, there has been noteworthy progress in 
quantifying the role of fertilizers in polluting water bod-
ies through increased understanding of how nitrate-N 
originating from fertilizers reaches freshwaters. Use of 
isotopes and simulation models have proved very help-
ful in achieving increased precision in our understand-
ing on these issues. This review is an attempt to collate 
recent researches on different aspects of fertilizer N use 
related nitrate pollution of water bodies from all over 
the world, including countries experiencing expanded 
fertilizer N use in recent decades.

2 � Leaching of fertilizer N from the soil–plant 
system and its contribution to nitrate 
pollution in water bodies

How and in what proportion of nitrate-N originating 
from fertilizer N applied to agricultural crops reaches 
surface and ground water has remained an important 
question since it has been known that excess nitrate-N in 
water bodies due intensive fertilizer use is not desirable. 
Once fertilizer N is applied to the soil as urea or ammo-
nium, it is transformed biochemically to nitrate, which 
is liable to leach beyond the soil–plant system to reach 
water bodies. In general, 10–30% of fertilizer N applied 
in modern agricultural systems is lost [14] but fate of N 
in the subsurface environment depends upon several 
biochemical and bio‐physico‐chemical processes. Due 
to the complex relationship between land use activities, 
fertilizer N management, rainfall, irrigation manage-
ment, soil N dynamics and soil features, accurate quan-
tification of nitrate leaching to surface and ground water 
bodies has remained a challenging task.

Recently, Ju and Zhang [15] reviewed the nitrogen 
cycling and environmental impacts in upland agricul-
tural soils in North China and reported that large amount 
of nitrate-N has accumulated in the vadose-zone under 
agricultural soils because of excess N fertilization in 
the past three decades, and this nitrate-N is prone to 
occasional leaching leading to groundwater nitrate con-
tamination. In a meta-analysis conducted by Zhou et al. 
[16], about 70% of the nitrate-N under maize, wheat and 
vegetables was distributed in the soil layers deeper than 
1 m root zone and it was attributed to application of fer-
tilizer and manure N excess of crop demand. The nitrate-
N below the root zone could not be utilized by the next 
crop [17, 18] and it leached to deeper soil layers during 
heavy rainfall or irrigation events [19]. Fertilizer N appli-
cation at rates more than 80 kg N ha−1, which exceeded 
N demand of maize grown in tropical agricultural soils, 
Jankowski et al. [20] observed accumulation of leached 
nitrate-N in deep soil layers. In a meta-analysis based on 
32 studies on maize and wheat from all over the world, 
Zhou and Butterbach-Bahl [21] reported that on average, 
22% and 15% of applied fertilizer N to wheat and maize 
are leached as nitrate-N, respectively. However, aver-
age area-scaled nitrate-N losses were 29 kg N ha−1 from 
wheat and 57.4 kg N ha−1 from maize fields; primarily 
because of average higher N application rates for maize 
(249 kg N ha−1) as compared to wheat (171 kg N ha−1).

Data on leaching losses of N from the Broadbalk 
Experiment at Rothamsted Experimental Station in UK, 
in which N treatments have been repeated on the same 
plots since 1843 reveal that when fertilizer N is applied 



Vol:.(1234567890)

Review Paper	 SN Applied Sciences (2021) 3:518 | https://doi.org/10.1007/s42452-021-04521-8

at rates above that required for optimum yield, a large 
amount of nitrate-N is leached from the soil [22]. On the 
basis of field data compiled from 324 site-year combina-
tions from around the world, Wang et al. [23] inferred 
that at many sites nitrate leaching increases exponen-
tially rather than linearly in response to increasing ferti-
lizer N application. They computed a fertilizer-induced 
soil nitrate leaching emission factor as the nitrate-N 
leaching in fertilized plot more than in the no-N plot 
expressed as a percentage of the applied fertilizer N; 
it did not remain constant, but increased rapidly with 
increasing rates of N application. The Intergovernmental 
Panel on Climate Change is using a fixed 30% soil nitrate 
leaching emission factor in its description of the fate of 
applied fertilizer N. However, Wang et al. [23] found that 
soil nitrate leaching emission factors varied with fer-
tilizer N level and thus reported much lower nitrate-N 
leaching from different levels of fertilizer N application 
under wheat and maize croplands in major countries 
than the estimates based on the fixed 30% emission 
factor (Table 1).

Differentiating between the nitrate pollution caused by 
fertilizer N application and that caused by use of organic 
manures in crop production is a difficult challenge, but it 
must be faced if evidence-based steps are to be imple-
mented to improve water quality. Nitrate-N leaching 
losses from organic manures and sludges are generally 
lower than those from N fertilizers except for effluents 
like pig slurry containing high proportion of mineral N 
[24]. However, when organic amendments are applied on 
a long-term basis, nitrate-N leaching may or may not be 
lower than those from mineral fertilizers because repeated 
application of organic amendments generally leads to 
gradual build-up of soil organic matter. For example, in 
135 year-old plots at Rothamsted Experimental Station 
receiving either 235 kg N ha−1 year−1 as farmyard manure 
or 144 kg N ha−1 year−1 as fertilizer N, total soil N in the 

0–23 cm soil layer in the farmyard manure plot accumu-
lated to 7680 kg N ha−1 compared to 2570 kg N ha−1 in 
the fertilizer treated plot [25]. Estimated nitrate-N leach-
ing losses were 124 kg N ha−1 year−1 from the farmyard 
manure plot and only 25 kg N ha−1 year−1 from the fertilizer 
treated plot. Although actual amount of N leached from 
agro-ecosystems is determined by soil and climatic condi-
tions, management practices and the form of fertilizer N 
applied, Di and Cameron [24] concluded that nitrate leach-
ing under different land use systems followed the order: 
cut grassland < grazed pastures, arable cropping < plough-
ing of pastures < vegetables.

The nitrate concentration in groundwater should be 
directly related to land use management practices only 
in situations where relatively stable groundwater tables 
and negligible water flow exist. In most cases, however, 
nitrate concentration in an aquifer dynamically shifts 
within a watershed because regional water cycles can 
produce subregions of recharge and discharge in all direc-
tions. For example, Liu et al. [11] observed that nitrate-N 
concentration in the ground water in northern China was 
poorly related to land use type on the ground, although 
the region was a typically high nitrate yielding one. Recent 
developments that take into account the complexities of 
watersheds, and the impacts of factors such as denitrifica-
tion, utilise modern remote sensing and modelling tech-
niques to provide valuable insights into groundwater pol-
lution with nitrate-N [26].

During the early days of intensive fertilizer N use, the 
distribution of nitrate-N in soil profiles under agricul-
tural crops was used to get an idea of nitrate-N leaching 
to water bodies [27]. In the last decade, Zhao et al. [28] 
studied nitrate distribution in plots of long-term experi-
ments to examine the pollution potential associated with 
different fertilizer management treatments. Application 
of fertilizer N in five long-term experiments representing 
a range of soils, climates and cropping systems (wheat 

Table 1   Nitrate-N leaching as estimated by fixed 30% soil nitrate 
leaching emission factor as used by Intergovernmental Panel on 
Climate Change (IPCC) and by following the soil nitrate leaching 

emission factors, which vary with fertilizer N as proposed by Wang 
et al. [23] for agricultural land under wheat and maize production 
in major countries

Modified from Wang et al. [23]

Fertilizer N input and arable land area data for maize and wheat were obtained from the International Fertilizer Industry Association (IFA) 
and the Food and Agriculture Organization (FAO), respectively

N rate (kg N ha−1) Country-crops Mean N rate (kg N ha−1) Nitrate-N leaching (kg N ha−1)

IPCC Wang et al. [23]
0 < N ≤ 50 10 33.33 10.00 1.29
50 < N ≤ 100 16 78.56 23.57 4.17
100 < N ≤ 150 9 131.12 39.33 8.99
N > 150 11 204.53 61.36 19.00
Total 46 109.13 32.74 8.04
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and/or maize)—some of them irrigated, resulted in sub-
stantial accumulation of nitrate-N in the soil profile up to 
2–3 m depth than under no-N control or long-term fal-
lowed plots. The risk of nitrate pollution of ground water 
increased with increasing dose of fertilizer N, but applica-
tion of balanced amount of N, P and K fertilizers rather 
than N alone led to significant reduction in nitrate-N accu-
mulation in the soil profile. Lysimeter studies, statistical 
data analysis and models further improved our under-
standing of the key processes involved in nitrate leach-
ing from agricultural lands. In recent decades, there has 
been noticeable advancement in our understanding of 
the fate of fertilizer N in relation to nitrate enrichment of 
groundwater and surface water bodies through sophisti-
cated techniques involving 15N-labeled fertilizer and dis-
tinguishing the contribution of fertilizers vis-à-vis other 
sources through monitoring the natural variations in the 
stable isotopes of N and O.

2.1 � Potential nitrate‑N leaching from fertilizer N 
applied to agricultural land

The fate of fertilizer N applied to agroecosystems is sche-
matically shown in Fig. 2. Nitrogen is taken up by plant 
roots or is lost via leaching and in gaseous forms from the 
small mineral-N pool consisting of nitrate and ammonium 
ions. While applied fertilizer N directly contributes to this 
pool, it is continuously being replenished through mineral-
ization of organic N contained in the large soil N pool. Only 
a portion of the applied fertilizer N is directly used by the 
crop to which it is applied; another portion is lost through 
different mechanisms including leaching as nitrate from 
the soil–plant system but a substantial portion becomes 
a part of the large pool of organically bound N in the soil. 
Based on data from over 800 experiments, Chien et al. [29] 
found that plants could recover only 51% of the fertilizer 
N applied to cereal crops, and when applied at high rates, 

the average recovery of fertilizer N by crop plants may be 
even lower. Based on data generated in 93 studies con-
ducted all over the world, Ladha et al. [30] concluded that 
average fertilizer 15N recovery in the grain and straw in 
maize, rice and wheat in the first growing season was 40, 
44 and 45%, respectively. Overall recovery among regions 
and crops was 44% (572 data points). In different crop-
ping systems, after the first crop to which fertilizer 15N was 
applied, the average recovery of 15N in 2nd to 6th subse-
quent crops has been reported to be 3.3%, 1.3%, 1.0%, 
0.4% and 0.5%, respectively [31–33]. Thus, the cumulative 
recovery of 15N fertilizer applied to a crop in the first and 
five subsequent crops is around 50%. As the amount of 
15N in the roots becomes negligible after the sixth crop, it 
alludes to that much of the remaining 50% of the applied 
fertilizer 15N gets immobilized in the soil N pool. Only a 
portion of the fertilizer N is directly lost from the cropping 
system via leaching and/or in gaseous forms (nitrous oxide 
and ammonia) during the first copping season; in subse-
quent seasons 15N from the soil N pool is mineralized over 
several years and becomes available for uptake by crop 
plants or loss from the soil–plant system.

Dourado-Neto et  al. [34] conducted a 15N-recovery 
experiment in 13 diverse tropical agro-ecosystems and 
estimated the total recovery of one single 15N application 
of inorganic N during three to six growing seasons. It was 
observed that during the first growing season, an average 
of 79% of N in the crop was derived from soil N. Only 21% 
was derived from the applied fertilizer. Based on a meta-
analysis of 217 field-scale studies on temperate grain agro-
ecosystems that followed the stable isotope 15N in crops 
and soil, Gardner and Drinkwater [35] also revealed that 
even when large doses of fertilizer N were applied, con-
tribution of soil to uptake of N by the crops was around 
60%. Even when optimum fertilizer N rates are applied, the 
processes of supplying N to crop plants and loss of nitrate-
N via leaching from the soil–plant system are dominated 
by the mineralization–immobilization turnover of soil N. As 
large contribution of soil N to uptake of N by crop plants is 
achieved through continuous supply of mineral N to the 
mineral-N pool of the soil, possible losses of nitrate-N gen-
erated from soil N are very small as in the case of natural 
ecosystems [36]. Therefore, when applied fertilizer N rates 
in agroecosystems are more than the optimum dose, crop 
uptake of N may not increase substantially but a propor-
tion of fertilizer N (depending upon the fertilizer N rate) 
may be lost as nitrate-N leaching directly from the mineral 
N pool (Fig. 2) as regulated by climate and hydrology of the 
location. When fertilizer N is applied at rates that match 
crop N demand, there are virtually no or minimal direct 
leaching losses of applied fertilizer-N [37].

In two intact lysimeters under continuous sugar 
beet-winter wheat crop rotation during 1982 to 2012, 

Fig. 2   Schematic diagram of the fate of fertilizer N applied to agri-
cultural soils
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Sebilo et al. [38] studied the long-term fate of 15N labeled 
fertilizer in the soil–plant system. In 1982, both crops 
received a one-time 15N-labeled tracer application 
equivalent to a fertilizer application rate of 120 and 
150 kg N ha−1 for wheat and sugar beet, respectively, 
but later on annual N fertilization rate for both the crops 
was 120 kg N ha−1. Three decades after application of 15N 
labelled fertilizer, 61–65% of the applied fertilizer N was 
taken up by plants but only 8–12% of the applied N had 
leaked towards the hydrosphere (Fig. 3). A large portion 
of the applied fertilizer 15N was rapidly integrated with 
soil N pool. Although three years after its application, 32 
to 37% of the 15N fertilizer was found in the soil N pool 
[38], even after 28 years the percentage of N derived 
from 15N fertilizers in the soil N pool was 12–15% (Fig. 3). 
Oxygen (O) isotope measurements (δ18O) on nitrate-N 
in seepage water collected at 2-m depth below the root 
zone confirmed that 15N enriched nitrate was derived 
from mineralization of soil organic matter. It was pre-
dicted that remaining fertilizer N still residing in the soil 
will continue to become available for crop uptake as well 
as leaching as nitrate-N towards groundwater for at least 
another five decades. It does not mean that short-term 
land use and fertilizer management changes including 
optimization of fertilizer N rates will not reduce leaching 
of nitrate-N from crop production systems [39]. However, 
the present trends in nitrate concentrations in ground 
water under agricultural regions in different parts of 
the world also reflect the legacies of current and past 
applications of fertilizers and manures during the past 
several decades.

Zhou et al. [16] estimated nitrate-N accumulation in the 
soil profile up to 4 m depth at 141 sites in semi-humid 
crop lands in China and found that the amounts under 
different crops were in the  increasing order as: wheat 
(453 ± 39 kg  ha−1), maize (749 ± 75 kg  ha−1), open field 
vegetables (1191 ± 89 kg ha−1), solar plastic-roofed veg-
etables (1269 ± 114 kg ha−1), orchards (2155 ± 330 kg ha−1). 
Similar quantities of nitrate-N were found to be accumu-
lated in the vadose zone deeper than 4 m. Huge nitrate-N 
accumulations were observed due to over use of fertilizers 
and/or manures and declining water table in the region. 
Van Meter et  al. [40] analysed long-term (1957–2010) 
soil data throughout the Mississippi River Basin in U.S.A. 
At the watershed scale, they reported accumulation 
of 25–70 kg N ha−1 year−1. A simple modelling exercise 
revealed that 142 Tg N of soil organic N accumulated in the 
basin over a 30-year span will result in biogeochemical lag 
time of 35 years for 99% legacy soil N even if the fertilizer 
N application in agricultural production in the basin was 
completely stopped. Soil as a net N sink clearly plays an 
important role in regulating nitrate pollution of surface 
and ground water bodies.

2.2 � Using nitrogen and oxygen isotopes to identify 
sources of nitrate‑N and contribution 
of fertilizers to nitrate pollution of water bodies

Useful information regarding sources of nitrate-N in 
water bodies, particularly ground water, can potentially 
be obtained from variations in stable N isotope ratios 
(15N/14N) because N sources such as atmospheric N2, 

Fig. 3   Fate of fertilizer N 
labeled with 15N in two 
intact lysimeters under sugar 
beet-winter wheat rotation 3 
decades after application of 
fertilizer. Data source: Sebilo 
et al. [38]
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mineral fertilizers and organic manures possess widely 
different isotope compositions. Natural 15N abundances 
of N (δ15N) in surface and groundwater bodies reflect the 
integrated results of interactions between N sources and 
N isotope fractionations [41], and can provide information 
on the dominant contamination source—fertilizer, manure 
or soil N. Choi et al. [42] reviewed the subject and sug-
gested that adequate information on the dominant source 
of nitrate-N in the ground water may not become avail-
able from the single measurement of δ15N because the 
isotopic composition of nitrate-N in the groundwater is 
determined not only by its sources but also by any isotope 
fractionation by nitrification and denitrification that may 
occur during its generation or transport to groundwater. 
Since the origin of nitrate-N needs to interpreted in the 
context of the entire N cycle, Choi et al. [42] concluded 
that instead of a single δ15N measurement, correlation 
between the nitrate-N concentration in the ground water 
and δ15N provided better information about source of 
nitrate-N. Based on data available in the literature, it was 
inferred that when the nitrate-N concentration is con-
sistently less than 3 mg L−1 along with δ15N between + 5 
and + 8‰, source of nitrate-N is natural soil and it indicates 
that ground water is not contaminated (Fig. 4). For ground-
water to be contaminated with nitrate-N originating from 
mineral fertilizers, nitrate-N concentration over 3 mg L−1 
will be negatively correlated with δ15N values between – 3 
and + 5 ‰, the widely accepted range for chemical fertiliz-
ers [43]. When groundwater is mainly contaminated with 
manure-derived nitrate-N, nitrate-N concentration more 

than 3 mg L−1 should be correlated positively with δ15N 
values above + 8‰ (Fig. 4) [42, 43]. It seems that these 
inferences should be valid for all soil types, agricultural 
systems and management scenarios of irrigation water 
and fertilizer N.

In recent years, δ15N has been combined with δ18O to 
reduce the uncertainties of nitrogen isotope in source 
apportionment and identification of nitrate source [44]. 
While the δ18O value of nitrate fertilizer is 22‰ ± 3‰, 
soil N possesses δ18O values between − 5‰ and + 5‰. 
The values of δ18O in manure and sewage are lower than 
15‰ [45], but the process of nitrification as well as ratio 
of δ18O–O2 and δ18O–H2O determine the δ18O in water 
bodies. Mixing proportion of nitrates originating from dif-
ferent sources in the ground water is revealed from a plot 
between nitrate-N concentrations versus isotopic compo-
sition of nitrate [46]. In case no positive or negative rela-
tionship is observed, it either indicates no simple mixing 
of nitrates from different sources or isotope values have 
been predominantly influenced due to a particular bio-
logical process. Since δ18O in nitrate ranges between + 20 
and + 70‰, + 17‰ and + 25‰, and lower than + 15‰ 
depending upon origin of nitrate from precipitation, syn-
thetic nitrate fertilizer and nitrification of reduced N ferti-
lizers, respectively, it can help distinguish nitrate-N from 
these three category of sources possessing similar range 
of δ15N [47].

Zhang et al. [44] reviewed the research on source iden-
tification for nitrate pollution of natural water using N and 
O isotopes. The work of Ding et al. [48] and Zhang et al. 
[49] showed that nitrate concentration in wastewater from 
farms and in rivers is directly correlated with the use of 
large amounts of mineral fertilizers. Using δ15N and δ18O 
for source identification of nitrate-N, mineral fertilizers 
have been identified as the main source in Yellow River 
Basin (7.5 × 105 km2) and Songhua River Basin (5.6 × 105 
km2) in China, Lake Winnipeg (2.45 × 104 km2) in Canada, 
Guadalhorce River Basin (3.2 × 103 km2) in Spain, and low-
land agricultural catchment of the River Wensum in Nor-
folk in eastern England [50–54].

In the East Tiaoxi River system in China, Jin et al. [55] 
used natural variation in the stable isotopes of N and O 
in combination with a Bayesian isotope mixing model 
and revealed that in the lower reaches of the river basin, 
fertilizer N contributed the most nitrate-N to water body. 
In the Yanggu County of the Gangwon Province in the 
north-eastern Korea, the Haean basin comprised of forests 
(58.0%), vegetable fields (27.6%), rice paddy fields (11.4%) 
and others (3.0%). In this basin, Kim et al. [56] estimated 
that nitrate-N concentration in the groundwater ranged 
between 4.2 and 15.2 mg L−1 under vegetable fields and 
between 0 and 10.7 mg L−1 under rice fields. Groundwaters 
with nitrate-N concentration more than 10 mg L−1 were 

Fig. 4   Typical relationships between concentration and δ15N of 
groundwater nitrate-N for different sources of nitrate-N. Above 
3  mg nitrate-N L−1, a positive correlation between concentration 
of nitrate-N and δ15  N indicates the 15N-enriched source such as 
organic manures, whereas 15N-depleted sources such as mineral 
fertilizers result in a negative correlation. Modified from Choi et al. 
[42]
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found to possess δ15N values of nitrate between 5.2 and 
5.9‰ and δ18O values of nitrate between 2.7 and 4.6‰, 
thereby revealing that nitrate-N originated from minerali-
zation of soil organic matter in which fertilizer N was incor-
porated through N substitution. Zhang et al. [57] traced 
nitrate pollution sources and transformations in surface- 
and ground-waters using N and O isotopes in North China 
Plain and found that in the surface water bodies the main 
sources of nitrate-N were fertilizers and sewage, whereas 
soil-N and sewage were the prominent sources of nitrate-N 
in the groundwater during the dry season. However, dur-
ing the wet season, nitrate-N produced due to fertilizer 
application will be readily leached by precipitation to the 
groundwater.

3 � Simulation models for studying nitrate 
pollution of water bodies

Simulation models constitute efficient tools not only 
for predicting and managing nitrate-N pollution of sur-
face and ground waters but also for understanding the 
physical, chemical and biological processes defining 
nitrate-N transport from the soil–plant system to water 
bodies. Several models have been developed focusing 
either on nitrate leaching in the root zone [58–62] or on 
mobility and fate of nitrate-N in the unsaturated zone [63, 
64]. Some of the models used in the last two decades to 
simulate dynamics of water and N in the soil are: soil-crop 
model (STICS) [65–67], Root Zone Water Quality Model 
(RZWQM) [68], Agricultural Production Systems SIMulator 
(APSIM) [69], Cropping System Simulation Model (Crop-
Syst) [70], Soil Water Balance Model (SWB-Sci) [71], Soil and 
Water Assessment Tool (SWAT) [72]. These models along 
with some simple models dealing with water and nitrate-
N production functions have also been used to study the 
impacts of fertilizer management (rate, time of application, 
source), precipitation pattern, irrigation strategies, and 
soil types on nitrate-N leaching in soils [73]. Most of these 
models, however, simulated fairly simplified scenarios such 
as one single soil type [59, 60, 62] or layered soil types [61, 
66, 74–78] in a vertical two dimensional domain.

The best simulation models for nitrate-N in groundwa-
ter are the conceptual models that integrate the compo-
nents of watershed hydrology, land use cover to compute 
the spatial distribution of on-ground N loadings, assess-
ment of all N sources and their allocation to the different 
land cover classes, description of the nitrogen dynamics 
in the unsaturated zone soil, realistic estimation of nitrate-
N leaching to groundwater, groundwater flow system, 
accounting for groundwater–surface water interactions, 
and description of the fate of nitrate-N including transport 
processes in the groundwater [65, 79–85]. Almasri [86] has 

described a general conceptual framework for the man-
agement of groundwater contamination from nitrate-N. 
It utilizes models for studying the fate of nitrate-N and its 
transport in the unsaturated and saturated zones to simu-
late nitrate-N concentration at the critical receptors.

To study N enrichment of surface water bodies, spa-
tially-distributed and process-based watershed models 
are increasingly being used [87]. Since quantification of 
export of N from watershed is not an easy task due to the 
complexity of transport pathways [88], these models esti-
mate N flux by combining processes such as water move-
ment, sediment transport, crop growth and N cycling and 
by dividing watershed into multiple discrete units or sub-
watershed to control the spatial variability of the sources. 
For example, at the catchment scale, several researchers 
[72, 89–91] have found SWAT (Soil and Water Assessment 
Tool) to be a robust model in predicting both losses of N 
from source areas [92, 93] and in quantifying N retention 
by streams and rivers within a sub-watershed [87].

Ledoux et al. [65] used the STICS–MODCOU-NEWSAM 
modelling chain to study the transport of nitrate-N origi-
nating from fertilizer use in crop production to surface and 
ground water bodies in the Seine river basin in France. But 
due to the large uncertainty attached to the simulation 
results, low sensitivity of predicted nitrate contamina-
tion in aquifers was observed primarily because of long 
transfer time through unsaturated zone and aquifers. Li 
et al. [87] used SWAT model to quantify how relative per-
centages of different types of agricultural land use influ-
enced N export from a subtropical watershed in China. It 
was revealed that several sub-watersheds located close 
to the watershed mouth and occupying only 18% of the 
watershed area contributed most (40.7%) to the total N 
export from the watershed. Further, among different sub-
watersheds, more than 70% variability of N input from 
the watershed to the river network was explained by the 
percentage of agricultural land under upland crops (such 
as maize and wheat) and lowland rice, and the number of 
cattle. To assess global N pollution in rivers, He et al. [94] 
developed and used a terrestrial N cycle model with a 24-h 
time step and 0.5° spatial resolution to estimate N leaching 
from soil layers in farmlands, grasslands, and natural lands 
based on data on fertilizer use, population distribution, 
land cover, and social census. The data collected from 61 
locations in catchment area of several major rivers all over 
the world showed that N loading in the rivers was propor-
tional to the size of the watershed as well as any serious 
nitrate-N pollution that occurred in the catchment area 
due to intensive crop production activities and precipita-
tion surpluses.

Eltarabily et al. [95] used the MODFLOW and MT3D 
groundwater modelling system to simulate nitrate-N 
leaching to ground water as well as groundwater flow 
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in the Nile Delta aquifer in Egypt. It was revealed that 
groundwater contamination by nitrate-N occurred at 
shallow depths (40 m) due to extensive use of fertilizer 
N and flood irrigation for growing food crops. The mod-
elling system also indicated that implementation of best 
fertilizer management practices should be able to reduce 
and control the amount of nitrate-N leaching into the shal-
low groundwater in the study area. Marinov and Marinov 
[96] simulated biogeochemical dynamics of the water 
and N in the soil–plant system and flow of nitrate-N to 
the ground water by coupling a 1D water transfer model 
for the unsaturated soil, a biochemical N transformation 
model for the soil, and a 2D model for dispersion of N in 
the groundwater. Simulations with this model system sug-
gested that high crop yields along with minimal N load-
ing to soils and groundwater can be achieved by creating 
an optimal balance between the amount of fertilizers and 
water applied to crops as well as the amount of nitrate-N 
and water used by plants. It may take decades for nitrate-
N leached from the agricultural soils to discharge into 
freshwaters due to long time lag in the unsaturated and 
saturated zone [97, 98]. Current environmental strategies 
often do not consider this time lag [97], thereby leading to 
inappropriate controls and conflicts between policy mak-
ers, environmentalists and industry. Using two separate 
models to simulate transport of nitrate-N in the unsatu-
rated and saturated zones along with a GIS groundwater 
flow model, Wang et al. [99] studied the nitrate-N lag time 
in the ground water system in UK and revealed that the 
peak nitrate-N loading around 1983 has affected most of 
the study area but it will arrive at the water table in some 
of the groundwater catchment for a pumping borehole 
within the following 34 years.

4 � Nitrate pollution of surface water bodies

As nitrate-N content higher than the permitted concen-
tration of 10 mg L−1 in groundwater used as source of 
drinking water can be serious threat to human health, 
nitrate-N enrichment of groundwater has been widely 
researched as diffuse pollution due to application of N 
via fertilizers and organic manures to agricultural lands 
[100]. However, eutrophication of lakes, reservoirs, ponds 
and coastal water bodies due to enrichment with N origi-
nating from fertilizers as non-point source pollution also 
leads to high fish mortality and algal blooms, which may 
adveresely affect the contribution of aquaculture to food 
security and rural incomes in many developing countries. 
It is increasingly being considered as a serious threat to 
water quality by reducing biodiversity and other valuable 
aquatic ecosystem functions [101]. In fact, for many fresh-
water and coastal marine ecosystems all over the world, 

eutrophication due to excessive N loading from anthropo-
genic activities is now a primary water quality issue [102]. 
Nitrogen lost from the landscape via surface runoff as well 
as subsurface drainage or leaching gets transported into 
surface water systems [103]. Factors which influence avail-
ability of soil N [104], movement of water [105], and gase-
ous losses of N via denitrification [106, 107] often dictate 
export of N to water bodies from a watershed in which N is 
applied to agricultural fields through fertilizer or manure.

Non-point source N pollution of surface waters, such as 
streams, is positively correlated with agricultural land use 
in their watersheds [88, 108, 109]. In fact, increased load-
ing of streams with N from agricultural lands is associated 
with anthropogenic N application to crops in the form of 
fertilizers and manures [93, 110, 111]. Several researchers 
[16, 112, 113] have reported that application of fertilizer 
N, particularly at levels in excess of crop N removal rate, 
leads to increased losses of N to surface water bodies. Hill 
and Bolgrien [110] and Zhou et al. [114] reported that due 
to alterations in soil surface conditions and land manage-
ment practices, dry land cropping increases N loading 
to streams from excessive application of fertilizers and 
manures more than lowland rice. Urea N applied to crops 
may reach sensitive coastal water via overland transport 
and provide N nutrition to some harmful algal bloom spe-
cies. Due to global increase in urea use during 1970–2000, 
incidences of paralytic shellfish poisoning caused by harm-
ful algal bloom species were documented by Glibert et al. 
[3].

The impact of non-point source pollution due to fer-
tilizer use in agro-ecosystems may escalate as nitrate-N 
enters the watersheds and eventually the major river 
basins. It then becomes a regional issue as it can lead to 
eutrophication of coastal water [115, 116]. In Table 2 are 
shown N inputs in major rivers of the world and N exports 
to coastal waters. Interestingly, 17–92% of the annual N 
input into the rivers was due to agriculture. Even in coastal 
waters, the contribution of agriculture to N exports was 
from 2 to 83%. The limited contributions of agriculture to 
the N flows in the cases of the Amazon and Zaire reflect 
the relatively limited agricultural development in their 
catchments. For the Ganges and the Chinese rivers the 
large N inputs reflect the intensification of agriculture and 
presumably the expansion in fertilizer use over the past 
few decades.

5 � Macro hotspots

The four hotspots discussed below are examples of major 
agricultural areas and illustrate some of the significant 
surface and groundwater quality problems associated 
with fertilizer use, and show the importance of policy and 
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governance arrangements, particularly the important role 
of national versus international institutions.

5.1 � The Yangtze River basin in Central China

The Yangtze or Chang Jiang is one of the three largest 
rivers in the world. It is now one of the most polluted 
rivers in the world due to discharge of industrial wastes 
and application of large amounts of fertilizers in farming 
in its catchment area [117]. Based on data available from 
monitoring stations for the period 1958–1985, it was found 
that nitrate-N concentration in the middle reaches of the 
Yangtze increased after the agricultural reforms of 1978 
[118]. Yan et al. [119] estimated that fertilizer N inputs to 
the Yangtze watershed increased from 400 kt N in 1968 to 
6000 kt N in 1997. During this period, the nitrate concen-
tration and N load in the river increased about ten-fold in 
line with the intensification of agriculture and the use of 
mineral fertilizers replacing traditional green manure and 
labour-intensive organic fertilizers. From 1983 onwards, 
only N fertilizers were used in the catchment area of 
Yangtze. Recently, Chen et al. [120] linked the MARINA 2.0 
(Model to Assess River Input of Nutrient to seAs) and the 
WOFOST (WOrld FOod STudy) models to estimate the con-
tribution of crop production systems to N enrichment of 
the Yangtze River and revealed that about 6,000 Gg of dis-
solved inorganic N originating from Yangtze basin entered 
the river in 2012. Half of this amount originated from the 
production of rice, wheat and vegetables to which N is 
supplied largely through mineral fertilizers.

5.2 � The Punjab, India

Unprecedented progress in agricultural production in 
the Punjab province in north-western India since the 
onset of Green Revolution in early 1970s could become 
possible due to several fold increase in fertilizer use 
besides intensification of agriculture in terms of adopt-
ing high yielding varieties, mechanization of field opera-
tions, using efficient plant protection techniques, and 
very high level of ground water development [121]. Irri-
gated wheat and wetland rice are grown in the Punjab in 
annual rotation in deep alluvial soils containing less than 
0.5% organic carbon and sandy loam and loamy sand as 
the dominant textures [122]. While negligible losses of 
nitrate-N beyond 2 m depth have been recorded when 
15N-labelled potassium nitrate was applied as fertilizer 
during the wheat season [123], N remaining in the pro-
file and that applied in the rice season is preferentially 
leached beyond rooting zone because wetland rice 
receives about 150 cm irrigation in addition to 33 cm of 
average annual rainfall; a large fraction of the applied 
water percolates down through the soil profile. Inter-
estingly, due to high percolation rates, soil under rice 
experiences alternating aerobic-anaerobic cycles that 
facilitate production of nitrate unlike in ideal rice soils. 
Thus the nitrate N content in the groundwater in Punjab 
has been consistently increasing since 1975 when sam-
ples were analysed for the first time [124, 125]. Using 
data generated by reconnaissance of nitrate content in 
shallow ground waters, the Central Ground Water Board 
of India categorized Punjab region as the high risk zone 
with respect to nitrate pollution of groundwater [126]. 
Chhabra et  al. [127] used a remote sensing and GIS 
approach based on data pertaining to fertilizer use, soil 

Table 2   Contribution of 
agriculture to nitrogen input 
into major rivers of the world 
and export to coastal waters

Adapted from van Drecht et al. [115]

River (Country) N input into rivers N export to coastal waters 

Annual input, kg N km−2 Contribution 
of agricul-
ture, %

Annual input, 
kg N km−2

Contribution 
of agricul-
ture, %

Mississipi (USA) 7489 89 597 63
Amazon (Brazil) 3034 17 692 6
Nile (Egypt) 3601 67 268 37
Zaire (Zaire) 3427 18 632 9
Zambezi (Zambia, Zim-

babwe, Mozambique)
3175 47 330 2

Rhine (Germany) 13,941 77 2795 49
Po (Italy) 9060 81 1841 56
Ganges (India) 9366 81 1269 55
Changjiang (China) 11,823 92 2237 83
Huanghe (China) 5159 88 214 24
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properties and rainfall at 1-km2 grid size, and N loss coef-
ficients derived from published N dynamics studies to 
reveal that about 29% of the applied fertilizer N to rice 
is lost as nitrate in coarse textured soils of Punjab. The 
weighted average nitrate-N loss via leaching in Punjab 
was estimated to be more than 50 kg ha−1 year−1.

5.3 � The Mississippi River Basin

Drainage waters from a vast basin with intensive crop 
production activity end up in the Mississippi river in the 
United States of America. It has been estimated that while 
fertilizer use in the Mississippi River basin increased sixfold 
during 1955–1970 to 1980–1999, the nitrate enrichment of 
the Gulf of Mexico increased three times during the same 
period [128]. The nitrate created dead zones of bottom water 
hypoxia in the Gulf, with consequent fish mortality. State 
and Federal authorities in a Mississippi River/Gulf of Mexico 
Watershed Nutrient Task Force agreed that the export of 
nitrate should be reduced by 30% by 2015 [129]. Subsequent 
analysis suggested that to meet the goal set of a reduced 
dead zone area of 5000 km2 by 2015 would require a 45% 
annual reduction of nitrate and phosphate flows [130].

5.4 � The Baltic Sea

The Baltic Sea is a relatively shallow salty body of water, 
which has a history of hypoxia for the past 10,000 years, but 
according to Zillén et al. [131], the hypoxia zone increased 
four-fold since 1960. Elevated riverine nutrient loads origi-
nating from diffuse agricultural sources constitute the major 
sources of increased nutrient inputs in the Baltic Sea [132]. 
According to Helsinki Commission [133], 70–90% of the 
diffuse total N load was due to crop production activities. 
Drainage waters from an area of 1.75 × 106 km2 with a popu-
lation of 90 million from 14 countries and with agricultural 
practices, intensities and nutrient losses varying across the 
basin end up in the Baltic Sea [134]. The average surplus 
flow of nutrients into the Baltic from food, feed and fertiliz-
ers amounted to 1.8 million tons N in 2002–2005 annually. 
Although unable to differentiate the extent of fertilizer N 
runoff from other nutrient sources, Asmala et al. [134] sug-
gested that the best approach to reduce nutrient flows was 
to improve fertilizer use efficiency at the farm level. By per-
forming simulations with SWAT model for six catchments 
with major agricultural crop production systems in the Bal-
tic Sea drainage basin, Thodsen et al. [135] estimated that 
a change in mineral fertilizer use of ± 20% increased water-
shed nitrate-N loads between 0 and ± 13%.

6 � Reducing nitrate pollution of water 
bodies by improving crop and fertilizer 
management

The regional and national issues associated with surface 
and groundwater pollution due to fertilizer use in crop 
production revolve around both ineffective policies and 
inadequate technologies. In both developed and devel-
oping countries, there are difficulties in persuading farm-
ers to adopt management practices which can result in 
reduced non-point source pollution due to fertilizer use. 
Also, there exist difficult trade-offs between food secu-
rity and farm income on the one hand and increased risk 
of water pollution due to fertilizer use on the other hand. 
These trade-offs can be minimized but not eliminated 
[136]. Dinnes et al. [137] who reviewed N management 
strategies to reduce nitrate leaching in tile-drained soils 
concluded that to ensure that surface and ground waters 
achieve a quality acceptable to society, several strategies 
based on efficient management of fertilizer N as well as 
appropriate modification of soil management practices 
in conjunction with inherent physical, chemical and bio-
logical properties of the soil will be required.

Understanding response of nitrate-N leaching from 
agricultural fields to local field scale management as 
well as broader environmental drivers such as climate 
and soil can be helpful in reducing the contribution of 
fertilizer N to pollution of freshwater bodies. Eagle et al. 
[138] conducted a meta-analysis with 388 observations 
from maize cropping in the North America and revealed 
that average reduction in nitrate-N leaching observed 
by applying 100  kg  N  ha−1 less fertilizer N rate was 
comparable to the effects of 100 mm less annual pre-
cipitation, 10 g kg–1 more soil C, or replacing continuous 
corn with corn-soybean rotation. Under average condi-
tions, cutting fertilizer N rate by 10 kg N ha−1 resulted 
in reduced average nitrate-N losses by 1.0 kg N  ha−1. 
But with 100 mm rise in annual precipitation, average 
nitrate-N leaching increased by 9 kg N ha−1 year−1. Que-
mada et al. [139] conducted a meta-analysis by creating 
a database with 279 observations to study the effect of 
improved water and fertilizer management, use of cover 
crops and improved fertilizer technologies on leaching 
of nitrate-N in irrigated agriculture. Improvement in 
water management (adjusting water application to crop 
needs, deficit irrigation, improved irrigation schedules, 
improved irrigation technologies, and mulched soil) had 
the largest (58%) effect on reducing nitrate-N leaching, 
and it was significantly different from other strategies. 
While improved fertilizer management (using recom-
mended fertilizer rates, reducing recommended fer-
tilizer rates, optimized timing of fertilizer application, 
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and fertigation) reduced nitrate-N leaching by 39%, 
effect of improvement in fertilizer technologies (con-
trolled release fertilizers and nitrification inhibitors) was 
only 24%. Replacing a fallow with a non-legume cover 
crop reduced leaching of nitrate-N by 50% but using 
a legume cover crop did not affect nitrate-N leaching. 
Replacing excessive fertilizer N application with recom-
mended rates reduced nitrate-N leaching by 43%. In 
irrigated agroecosystems, even application of fertilizer 
N at recommended rates doubled the extent of nitrate-
N leaching as compared to in the unfertilized controls. 
However, factors other than fertilizer N application 
rate determined the nitrate leaching losses because by 
applying less than the recommended rates for fertilizer 
N, a broad range in nitrate-N leaching (< 10 to 150 kg 
nitrate-N ha−1) was observed. Interestingly, fertigation 
that allows improvement in the timing of fertilizer N 
application did not exhibit a significant effect in reduc-
ing nitrate-N leaching. The meta-analysis conducted by 
Quemada et al. [139], therefore, convincingly proved that 
while the risk of nitrate leaching from irrigated cropping 
systems is high, optimum management practices may 
reduce the possibility of nitrate pollution of freshwaters 
due to fertilizer use.

On sandy soils in England, reduction in leaching losses 
of nitrate-N from agricultural fields to 10 kg ha−1 and con-
tribution of nitrate-N to groundwater at 1 m depth by 
57% was achieved by limiting fertilizer N application to 
crop requirements or to amounts as per regulations for 
nitrate vulnerable zones [140, 141]. Vervloet et al. [142] 
analysed observational data for the period 1950–2011 for 
two catchments in Denmark and simulated lag times for 
nitrate transport between root zone and the streams. It 
was inferred that it will take about 15 years before effect 
of applying restrictions on fertilizer N use in the catchment 
area becomes visible in the nitrate-N load to streams. Sev-
eral other measures to reduce leaching losses of fertilizer N 
from agricultural soils to control water pollution problems 
revolve around amount of fertilizer N, time of application, 
source modification and proper coordination with soil 
and water management and these have been reviewed 
by Di and Cameron [24], Choudhury and Kennedy [143], 
Goulding et al. [144], Kay et al. [145] and Cameron et al. 
[146]. To evaluate the role of adopting knowledge-based 
N management strategies in achieving increased synchro-
nization of crop N demand with N supply, Xia et al. [147] 
conducted a meta-analysis based on studies carried out in 
China on the application of controlled-release N fertilizer, 
nitrification and urease inhibitors, application of fertilizer 
N in frequent split doses, lower basal N proportion, deep 
placement of fertilizer N, and soil test based optimal N 
rate. It was revealed that compared to traditional N man-
agement, the knowledge-based N practices significantly 

reduced nitrate-N leaching by 13.6–37.3% and losses of N 
through runoff by 15.5–45.0%.

Cerro et al. [148] used the SWAT model to simulate land 
management options to reduce nitrate pollution in the 
Alegria watershed in northern Spain in which nitrate-N 
moves from the soil to the river through the alluvial aqui-
fer. Farming activities cover 75% territory of the water-
shed and it is located in a nitrate-vulnerable zone. Best 
management practices recognized on the basis of local 
experience and interaction with farmers were evaluated 
for their long-term effects for a 50-year period. Results 
showed that reducing fertilizer N application by 20% will 
lead to a reduction of 50% of the number of days on which 
nitrate concentration will exceed the 50 mg L−1 limit. Haas 
et al. [149] studied the role of following the best manage-
ment practices for crop production on leaching of nitrate-
N and used the SWAT model to evaluate environmental 
protection vis-à-vis economic considerations. Nangia et al. 
[150] calibrated and validated the Agricultural Drainage 
and Pesticide Transport (ADAPT) model to evaluate the 
effect of rate and time of application of fertilizer N on 
nitrate-N losses in commercial row crop fields located in 
south-central Minnesota in USA. It was predicted that by 
reducing fertilizer N application to crops in fall from 180 to 
123 kg N ha−1, loss of nitrate-N can be reduced by as much 
as 13%. By switching fertilizer N application from fall to 
spring resulted in further 9% reduction in nitrate-N load to 
the Gulf of Mexico. Using the ADAPT model and working 
on poorly drained Webster clay loam soil (mesic Typic Hap-
laquols), Davis et al. [151] also found that by reducing ferti-
lizer N application rate from 225 to 175 kg ha−1 decreased 
nitrate losses by 48%. Similarly, Baksh et al. [152] used the 
Walnut Creek watershed data with the Root Zone Water 
Quality Model (RZWQM) and found that reducing the fer-
tilizer N application rate from 175 to 125 kg N ha−1 resulted 
in a 22% decrease in nitrate-N losses. Peña-Haro et al. [153] 
successfully used a hydro-economic modelling framework 
to define the economically optimal allocation of spatially 
variable fertilizer standards in agricultural watersheds of 
an aquifer in Spain polluted with nitrate due to fertilizer 
use in irrigated crops. Using results from simulation of 
agronomic outputs and flow and transport of ground-
water, the model provides a management framework to 
allocate fertilizer application in such a way that maximum 
economic benefits will be achieved while complying with 
environmental standards.

Biochar application to soils can reduce nitrate-N leach-
ing because nitrates are indirectly attracted via electro-
static bridge bonding with divalent cations such as Ca2+ 
or Mg2+ and trivalent metals like Al3+ and Fe3+ to nega-
tively charged carboxyl and phenolic hydroxyl groups 
on the biochar surface[154]. Also, due to its large surface 
area and high porosity, biochar application to the soil can 
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reduce soil water percolation and the N contained in it 
[155]. Thus the meta-analysis based on 36 publications 
(156 observations) on soil N leaching as conducted by 
Liu et al. [156] revealed that biochar application to some 
soils significantly reduced nitrate-N leaching by 26%. The 
extent of reduction increased with increasing biochar 
addition rate and in soils with low organic carbon content. 
Biochars produced under low pyrolysis temperature and 
those produced from wood rather than straw were more 
effective in reducing N leaching. Recently, Borchard et al. 
[157] conducted a meta-analysis which revealed that by 
applying biochar while concentration of nitrate-N in the 
soil was not influenced, its leaching was reduced by 13%; 
average reduction in nitrate-N leaching was found to be 
26% over the experimental times more than 30 days.

Many cash crop plantations such as tea established 
on hills and mountains are often located on the upper 
reaches of streams and rivers and heavy dressings of fer-
tilizers ensure optimum production levels. Heavy rainfall 
events generally lead to substantial losses of N and P 
through leaching and runoff to surface and groundwater. 
A four-year study in the tea plantations in Danjiangkou 
Reservoir of China conducted by Liu et al. [158] revealed 
that when N and P were applied as drip fertigation rather 
than top dressing, losses of N and P through runoff and 
leaching to water bodies were reduced but not at the cost 
of production.

Structural adjustments in agriculture in terms of 
changes in land use patterns based on different crops 
and crop rotations can reduce environmental impacts 
of fertilizers including enrichments of water bodies with 
nutrients. Since N pollution is primarily governed by the 
intensity and extent of agricultural land use in a watershed 
[88, 108, 109], Li et al. [87] reported that N exports from a 
Chinese subtropical watershed and total N loading to the 
river network was positively correlated with percentage 
of upland fields and negatively correlated with proportion 
of lowland paddy fields in the watershed area. Whereas 
upland cropping increases N loading to streams due to 
excessive anthropogenic inputs of N [110], lowland rice 
fields are associated with lower N export, due largely to 
a higher hydraulic retention time and anoxic conditions 
conducive to denitrification [159–161]. Thus inter-conver-
sion of land use between low land rice and upland crops 
like wheat and maize can significantly change amount of 
applied N and associated N loss from the land to water 
bodies. Similarly, Min and Shi [162] reported that in a cel-
ery-tomato-fallow-lettuce rotation, 56% and 12% applied 
N was lost via leaching and runoff, respectively. However, 
including a leguminous crop in the rotation reduced 
annual N leaching by 36% without any economic impact. 
And in the lowland rice fields adjacent to the field under 
vegetable rotation, N loss via runoff was 73% less than in 

the vegetable fields. Recently, due to large scale import-
ing of soybean to China and converting N-fixing soybean 
fields to high N-demanding crops like wheat, maize, rice, 
and vegetables resulted in increased N pollution in water 
bodies in China [163]. Although, differences in the environ-
mental impacts of different crops is determined by con-
trasting N surpluses, N enrichment of water bodies can 
be controlled to certain extent by appropriate structural 
adjustments in agricultural land use.

Distributing N inputs across locations in order to 
maximize production for a given amount of total N input 
should also reduce N losses to the environment. This is a 
win–win approach. According to Mueller et al. [164], N lost 
to the environment could be mitigated by 41% through 
optimum or efficient N allocation between regions during 
1961–2009. Also, global N surplus during 1994–2009 has 
become 69% greater than what could have been achieved 
with efficient N allocation between regions. Opportuni-
ties for spatial allocation can be realized on different scales 
such as between major world regions, continents, coun-
tries, within countries and across landscapes. Chinese 
farmers, for example, may be persuaded to apply less fer-
tilizer N in their fields and that the amount saved will be 
used in sub-Saharan Africa or Latin America. Although no 
intergovernmental mechanism exits or even under consid-
eration, interconnected global markets may provide some 
kind of mechanism to promote efficient N allocation for 
crop production [165]. Nevertheless, optimization of N 
allocation at sub-national or smaller scale seems practical. 
One of the major advantage of efficient reallocation of N 
is that no additional development or adoption of fertilizer 
management practices will be required [165].

Generally P alone is considered to promote harmful 
algal bloom formation in lakes so that reducing P inputs 
is the often prescribed solution to avoid eutrophication. 
Paerl et al. [166] reviewed data from several whole-lake 
experiments in China, USA, Spain and Belgium and found 
that harmful algal bloom formation is stimulated more by 
combined enrichment of N and P. Reduction in P input 
decreased harmful algal blume in many lakes, but not 
in others. By reducing input of both N and P, N export to 
downstream N-sensitive ecosystems was also reduced. 
Thus eutrophication along the freshwater-marine con-
tinuum can be effectively reduced by controlling the bal-
anced between N and P inputs.

In some countries, improvement of educational stand-
ards of extension agents, increasing awareness and under-
standing of environmental costs due to fertilizer over-use, 
and voluntary codes of conduct on fertilizer use can help 
reduce extent of water pollution due to fertilizer use in 
agricultural crop production systems [136]. Ma et al. [167] 
reported that environmental awareness about the effect of 
fertilizer use on water pollution and a positive attitude to 
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risk had an encouraging effect towards increasing fertilizer 
use efficiency in the Taihu Basin, China.

7 � Key issues for research

From the perspective of individual farmers, nitrate pollu-
tion of surface and ground waters due to excessive use of 
N fertilizers can be viewed in terms of inefficient manage-
ment of expensive inputs for crop production. But it is also 
an environmental issue that requires a group, community 
or even regional effort to resolve. Adding the complexities 
of the nutrient transformations and transport that allow 
the pinpointing of the nutrient source makes a good case 
for conservation programs that integrate regional and 
industry-based collaboration [168]. Research is needed 
on the design and implementation of novel conservation 
practices.

In the coming decades, agricultural production systems 
will have to produce more food and feed than ever before 
but using less land. Mueller et al. [169] advocate sustaina-
ble intensification, on the basis of which overuse of fertiliz-
ers could be eliminated without reducing food production. 
Nevertheless, intensive production systems will continue 
to rely on fertilizers to supply nutrients but are also likely 
to experience more frequent and more disruptions due 
to projected scenarios of global warming. Thus the chal-
lenges to understand and mitigate fertilizer related water 
quality issues are expected to be even more complex in 
the future. For example, extreme rainfall events associated 
with future climate change scenarios will increase the risk 
of downward movement up to ground water of the nitrate-
N accumulated in the soil profile below the root zone or in 
vadose zone. As reported by Zhou et al. [16], annual rainfall 
in Northern China has declined from ~ 600 mm in 1960s 
to ~ 500 mm in 2010s, but extreme rainfall events, particu-
larly in summer have increased during this period. During 
each heavy rainfall event, both the newly formed nitrate-N 
and accumulated nitrate-N will be transported along with 
water to the vadose zone or shallow groundwater.

Work of Sebilo et al. [38] convincingly suggests that part 
of the fertilizer N applied to the soil today continues to be 
taken up by crops as well as leach toward the groundwa-
ter in the form of nitrate for at least another five decades, 
much longer than previously thought. Therefore reduc-
ing uncertainty in the amount of N that can be supplied 
by N mineralization is going to remain one of the biggest 
challenges in the years to come. In fact, this uncertainty is 
also one of the major obstacles in synchronizing fertilizer 
N application to meet N demand of the crop and deter-
mining optimum fertilizer N application rates. Thus one 
of the top priority future research needs is going to be 
the improvement in our quantitative understanding of N 

mineralization rate as influenced by soil, environmental 
and management practices.

By minimizing the accumulation of mineral N in the soil 
before water percolates down the profile, nitrate-N leach-
ing from agroecosystems can be effectively reduced. It 
can be achieved through research focused on developing 
best fertilizer management practices before and during 
the crop growing season as well as post-harvest nutrient 
management in cropping systems. As potential for nitrate 
leaching differs between different crop production sys-
tems, there is a need to adopt an integrated approach in 
regional planning so as to balance the mix of various land 
use systems and optimize for different geographical loca-
tions. As reviewed by Liu et al. [156] and Borchard et al. 
[157], biochar can effectively reduce nitrate-N leaching 
from agricultural soils. Research on biochar-based N loss 
mitigation studies from the perspective of nitrate pollu-
tion of freshwaters needs to be strengthened in the years 
to come.

During last two decades, along with other agricultural 
practices, retention of crop residue on the soil surface, 
the use of cover crops during fallow period, and better 
synchronization between fertilizer application and crop 
N demand have also been evaluated with the aim of miti-
gating N loss from agroecosystems [170]. Collectively, 
these practices along with no-tillage are referred to as 
conservation agriculture which encompasses improved N 
management in cropping systems. However, its impact on 
water quality through nitrate-N leaching loss remains con-
troversial. A meta-analysis conducted by Daryanto et al. 
[171] revealed that as compared to conventional tillage, 
conservation agriculture resulted in an overall increase of 
runoff nitrate-N concentration, but similar runoff nitrate-
N load. But nitrate-N load in the leachate was greater 
under conservation agriculture than under conventional 
tillage, although nitrate-N concentration in the leachate 
was similar under both tillage practices. It suggests that 
water flux was mainly responsible for determining nitrate-
N load. Some deviations from these overall trends were 
also recorded with different co-varying variables, but it is 
suggested that conservation agriculture be evaluated with 
other land management practices such as cover crops, 
reduced N rate, and split N application in terms of improv-
ing soil N retention and water quality benefits.

Nitrate-N being very soluble moves along with per-
colating water down to aquifers but P being less mobile 
and bound to soil particles reaches surface water bodies 
via erosion. These opposing pathways complicate the 
conservation of water quality because reducing one will 
intensify the other. Also, reducing the application level of 
one of the nutrients may result in unfavourable nutrient 
ratio in the soil and reduced uptake of nutrients by crop 
plants thereby not leading to reduction in the loss of the 
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other nutrient. For example, low application levels of fer-
tilizer P and K will limits the uptake of N by plants, which 
may result in increased loss of N from the soil–plant sys-
tem to water bodies. According to Lawniczak et al. [172], 
an unfavourable nutrient ratio in the soil due potassium 
deficiency may affect two-thirds of the world’s agricultural 
lands.

Nitrate leaching losses beyond rooting depth can 
be reduced by encouraging denitrification. Research is 
needed to ensure that this strategy does not lead to large 
emissions of nitrous oxide, which is a potent greenhouse 
and ozone depletion gas. Ideally, research efforts should 
be directed towards developing fertilizer best manage-
ment practices which should reduce both nitrate leach-
ing and nitrous oxide emissions. Using a source–path-
way–receptor framework, a paradigmatic study on the 
impact of climate change on future nitrate-N concentra-
tions in groundwater in UK provides an account of poten-
tial changes on the hydrological processes that will affect 
nitrate-N concentration [173].

Changes in rainfall pattern directly or indirectly affect 
the regional water resources, but altering rainfall patterns 
worldwide are the signature of global climate change. 
In general, wet areas become wetter, and dry and arid 
areas become more so [174]. Decreases in precipitation 
in the subtropics and tropics outside of the monsoon 
trough (especially in Mediterranean, southern Asia, and 
throughout Africa), and increases in land precipitation at 
higher latitudes, notably over North America, Eurasia, and 
Argentina have been observed [175]. Climate-change is 
also resulting in extreme rainfall events, which may lead 
to increased risk of accumulated nitrate-N moving down-
wards and polluting the groundwater. Because leach-
ing of nitrate-N depends not only on the total amount 
of annual precipitation but also the intensity of rainfall, 
in a study conducted by Zhou et al. [16] in North China 
Plain, it was observed that due to two heavy rainfall events 
(> 70 mm) nitrate accumulation increased from 1068 ± 190 
to 1583 ± 319 kg N ha−1 and the peak of nitrate accumu-
lation moved downward 120 cm. On the other hand, in 
many regions on Earth, when climate change is likely to 
bring a shift towards drier conditions, a diminution of the 
aquifer dilution capacity is the consequence. Because 
aspects of global change are characterised by both climate 
and human pressures, the persistence of nitrate in ground-
water needs to be examined by taking into account all the 
processes that, once influenced by global climatic change, 
would change the pattern of nitrate concentrations and 
that of groundwater quality [176].

During the last more than two decades, enhanced 
efficiency fertilizers like polymer coated fertilizers, nitri-
fication inhibitors, urease inhibitors and double inhibi-
tors (nitrification and urease inhibitors combined) have 

been developed to improve synchrony between fertilizer 
N release and N uptake pattern of the crops to enhance 
fertilizer N use efficiency and reduce losses of N from the 
soil–plant system. Using a meta-analysis based on 203 
research papers from 18 countries published between 
1980 and 2016, Li et al. [177] concluded that while both 
productivity and environmental efficacy were governed by 
the combination of enhanced efficiency fertilizer, cropping 
system and biophysical conditions, on an overall basis the 
double inhibitors used in grassland could reduce N loss by 
47% and urease inhibitors used in lowland rice resulted in 
N-loss reduction to the tune of 41%. In maize and wheat, 
these fertilizers were generally less effective. The meta-
analysis further revealed that the enhanced efficiency 
fertilizers play a significant role by minimizing fertilizer 
mismanagement.

In 2015, China introduced improved fertilizer N man-
agement in field crops to achieve zero growth in chemi-
cal fertilizer use so as to reduce negative environmental 
impacts of N fertilizers while maintaining agricultural 
productivity [178]. Yu et al. [179] used DNDC model to 
show that improved N management practices such as 
applying the right fertilizer products at the right rate, at 
the right time and in the right place and use of controlled 
release fertilizers could reduce N discharge from cropland 
from 5.1 ± 0.3 to 2.8–3.0 Mt N year−1. Cui et al. [180] esti-
mated that if all the smallholder farmers could adopt the 
improved N management practices, excess N discharge 
from cropped soils will be reduced by 23–25%.

Many stewardship measures for reducing leaching of 
nitrate-N have been developed for terrestrial ecology gain 
rather than from a water quality perspective. Sufficient and 
relevant information is not available on quantifying the 
impacts of such stewardship measures on water quality. 
Only a few studies have been undertaken to quantify the 
impact of agricultural stewardship measures at the catch-
ment scale. As most of the available research information 
has been generated on the plot and field scale, there is 
urgent need of further research, particularly on catchment 
scale [145]. Another aspect of implementing stewardship 
measures for reducing nitrate-N leaching is that if new ini-
tiatives are not applied in the entire catchment, it is likely 
that gains from the new management may get negated by 
where the stewardship measures are not followed. Also, 
while studying impacts of agricultural stewardship meas-
ures on water quality impacts on farm incomes should not 
ignored. Despite significant scientific evidence to use sev-
eral agri-environment measures, these may not find favour 
with farmers and agribusinesses due to lack of steadfast 
decisions based on sound economics.

There is need to develop management-oriented deci-
sion support systems to formulate best practices for 
achieving optimum production and minimal leaching of 
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nitrate from agro-ecosystems. The data generated from 
many countries and regions on different aspects N cycling, 
nitrate leaching and response of different crops to fertilizer 
N should be collated and used to develop new models or 
to improve the existing models. Decision support systems 
that link models of N dynamics in soil–plant system, nitrate 
leaching, plant growth and modern diagnostic tools to 
estimate fertilizer N requirement of different crops may be 
able to generate required fertilizer management scenarios.

Improved information about fertilizer impacts on water 
quality is the key to sound evidence-based approaches 
to environmental policies and actions that address the 
problem. A broad range of emerging information tech-
nologies provide opportunities for monitoring and man-
aging water pollution by fertilizers as well as many other 
aspects of agricultural production. At the global, national 
and watershed levels, big data technology promises to 
provide a basis for capturing, storing and analysing cur-
rent unstructured information on fertilizer application 
rates and water pollution [181, 182]. Precision agriculture 
exacerbates the big data problem as the data flow from 
sensors such as yield monitors, portable devices, drones, 
and smart phones has increased dramatically over the last 
decade. Using high resolution satellite imagery, Basso et al. 
[183] estimated N use efficiency in corn fields over a 30 
million ha area in USA. Efficiency was only 48% in the sta-
ble low yield areas but was as high as 88% in stable high 
yield areas. Reducing fertilizer rates in the low yield sta-
bility areas would reduce environmental impacts with no 
significant effects on yield. Spatial dimensions have been 
incorporated into a GIS-based decision support framework 
designed by Chowdary et al. [184]. The framework can be 
used for the assessment of non-point-source pollution of 
groundwater in large irrigation projects. Pathak et al. [185] 
reviewed some of the decision support systems in use in 
Asian countries and pointed out how their widespread 
adoption will lead to improved fertilizer management and 
reduced water pollution. No doubt with the rapid progress 
of even more sophisticated machine learning and artificial 
intelligence technologies, as developed in the USA, their 
application to precision farming will make major contribu-
tions towards the same goal [186].

In the last decade, regional and global model inter-
comparison projects have been used as a framework to 
evaluate and compare models, and associated model 
input, structural, and parameter uncertainty to achieve 
different objectives [187]. Water quality model inter-com-
parison projects on nitrate pollution of natural water bod-
ies should facilitate the development of harmonized data 
estimates of current and future water quality, and improve 
understanding of processes as well as model uncertain-
ties. While mechanistic and process-based basin and 
local scale water quality models rely upon experimental 

approaches in simplified manner, global water quality 
models on nitrate enrichment constitute another emerg-
ing field because these can account for large-scale drivers 
that are difficult to capture in basin-scale models and can 
elucidate the interplays among drivers such as climate 
change and virtual water and pollution transfer related 
to international trade [188]. As nitrate pollution of water 
bodies is increasingly becoming a global concern, assess-
ments using global water quality modelling are needed to 
identify hotspots and trends, especially in regions where 
data is insufficient for a detailed assessment.

8 � Conclusions

With the continuous expansion in fertilizer N use in agri-
culture, nitrate pollution of natural water bodies and 
its possible remediation are being aggressively stud-
ied in major agro-production regions of the world. The 
researches carried out all over the world, primarily during 
the last two decades, have been reviewed. Conclusions 
drawn in terms increased understanding of the problem, 
tools and methods used to measure the extent of nitrate 
pollution of natural water bodies due to fertilizer use, 
possible remedial measures to reduce the contribution of 
fertilizers to nitrate leaching and what more needs to be 
done are listed below.

•	 Fertilizer N effects on freshwater quality are relatively 
localised even at the basin scale. Although fertilizer 
management is the domain of individual farmers, con-
sumption pattern of fertilizer N at region or country 
level provides the first hand information about the pos-
sibility of nitrate-N pollution in water bodies. Prior to 
1980s, fertilizer N consumption was greater in indus-
trialized nations in North America and Europe than 
in most of the developing countries. However the 
trend has reversed after 1990 so that nitrate pollution 
of freshwaters due to fertilizer use is now visible and 
being studied intensively even in developing countries, 
particularly in East and South Asia.

•	 How and in what proportion of nitrate-N originating 
from fertilizer N applied to agricultural crops reaches 
surface and ground waters continues to remain an 
important issue although better estimates are now 
becoming available. Recent studies show that the pro-
portion of fertilizer N applied to agroecosystems leach-
ing below the rooting zone is less than the 30%, which 
is the fixed soil nitrate leaching emission factor used by 
the Intergovernmental Panel on Climate Change. Until 
and unless organic manures are applied in sufficient 
quantities and on a long-term basis, losses of nitrate-
N from agricultural fields amended with manures are 
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generally lower than when N is applied through min-
eral fertilizers.

•	 Field crops do not use more than 50% of the applied 
N, but depending upon soil, climate and management 
factors, only a small portion is lost through different 
mechanisms including leaching as nitrate from the 
soil–plant system. A substantial portion of the applied 
N becomes a part of the large pool of organically bound 
N in the soil. Management strategies such as optimiza-
tion of fertilizer N rates may lead to rapid reductions 
in nitrate leaching from agricultural systems, but the 
present trends of nitrate pollution of freshwaters also 
reflect legacies of current and past applications of fer-
tilizers and manures during last several decades.

•	 Nitrogen fertilizers applied to agroecosystems are not 
the only source of nitrate-N in water bodies. Substantial 
amount of nitrate-N generated from soil organic mat-
ter, organic manures, city sewage and animal excreta 
can also reach the freshwaters. In recent decades, natu-
ral variations in stable isotopes of N and O in nitrates 
have been used for identifying the contribution of min-
eral fertilizers, organic manures and soil N in nitrate-N 
accumulation in surface and ground water bodies.

•	 Simulation models are increasingly being used as effi-
cient tools for predicting and managing nitrate-N pol-
lution of surface and ground waters. Although several 
models have been developed with a focus either on 
nitrate leaching in the root zone or on transformations 
and movement of nitrate-N in the unsaturated zone, 
these have also been used to study the impacts of fer-
tilizer management (rate, time of application, source), 
precipitation pattern, irrigation strategies, and soil 
types on nitrate-N leaching in soils. More recently, 
conceptual models integrating different components 
of the nitrate movement pathway or frameworks con-
necting spatially-distributed and process-based water-
shed models are being used.

•	 Nitrate-N enrichment of groundwater has been widely 
researched as diffuse pollution since extensive use of N 
fertilizers was introduced for crop production. In recent 
decades, eutrophication of lakes, reservoirs, ponds and 
coastal water bodies due to enrichment with N and 
increasing N concentration in rivers all over the world 
along with continuously increasing use of N fertilizers 
even in developing countries, surface water pollution 
as linked with fertilizers is also receiving increasing 
attention of researchers from disciplines of soil science, 
hydrology and simulation modelling.

•	 Improvement in water management had the largest 
effect on reducing nitrate-N leaching from agroeco-
systems to which fertilizer N is applied for crop pro-

duction. It was followed by improved fertilizer manage-
ment and improvement in fertilizer technologies.

•	 Among fertilizer management strategies, application of 
optimum fertilizer N rates is the most effective for con-
trolling leakage of nitrate-N from the soil–plant system. 
Adjusting the time of application of fertilizer N to mir-
ror the N uptake pattern of crops can lead to reduced 
nitrate-N leaching beyond rooting zone of crops. Simu-
lation models for nitrate enrichment of aquifers and 
surface water bodies also show reduction in nitrate 
pollution with optimal allocation of spatially variable 
fertilizer standards in agricultural watersheds. This is a 
knowledge intensive approach which may in practice 
be offset by practical factors such as the relatively high 
real and opportunity costs of farm labour.

•	 Strategies like structural adjustments in agriculture in 
terms of changes in land use patterns based on differ-
ent crops and crop rotations, use of biochar and distrib-
uting N inputs across locations to maximize production 
show promise for reducing leaching loss of nitrate-N. 
Improvement in educational standards of extension 
agents, increasing awareness and understanding of 
environmental costs caused by fertilizer over-use may 
also help in controlling fertilizer related nitrate pollu-
tion of freshwaters.

•	 Some of the issues that need the attention of future 
researchers include: the role of future climate change 
scenarios related extreme rainfall events and poten-
tial changes on the hydrological processes; improved 
quantitative understanding of N mineralization; the 
effects of conservation agriculture practices; the devel-
opment of enhanced efficiency fertilizers; quantifying 
the impact of agricultural stewardship measures on 
catchment scale; and the use of information technolo-
gies for monitoring and managing water pollution from 
application of fertilizer N in crop production.
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