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• NPS pollution loadinghas been themain
contributor to surfacewater eutrophica-
tion.

• Source reduction, process retention and
aquatic ecosystem restoration play im-
portant roles in mitigating NPS.

• Technology developed based on solid-,
liquid- and bio-phases is suggested to
decrease NPS pollution.

• Management based on framework of
ecosystem services is recommended to
reduce NPS pollution.
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Nonpoint source (NPS) pollution produced by human activities in rural areas has induced excessive nutrient input
into surface waters and the decline of water quality. The essence of NPS pollution is the transport of nutrients be-
tween soil and water. Traditional NPS pollution control strategies, however, are mainly based on the solid and liq-
uid phases, with little focus on the bio-phase between water and soil. The pollutants produced from NPS can be
regarded as a resource if recycled or reused in an appropriate way in the agricultural ecosystem. This mini review
proposes novel strategies for NPS pollution control based on three phases (liquid, solid and bio-phase) and high-
lights the regulating services of an agricultural ecosystem by optimizing land use/cover types.
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1. Background

Pollutant inputs to surface waters including rivers, lakes, and oceans
are classified as point or nonpoint sources. Due to the ease inmonitoring
the discharge and concentration of the pollutants, point sources are rel-
atively simple to regulate and control by treatment at the source
(Rissman and Carpenter, 2015). Nonpoint inputs, however, often derive
from extensive areas of land and are transported overland, underground,
or even through the atmosphere to receivingwater bodies (Ahmad et al.,
2016; Jia et al., 2016), making them difficult to measure and control.
Generally, agricultural sources including agricultural fields, livestock
and poultry, aquaculture, rural runoff, and diffuse domestic wastewater
are the main contributors to nonpoint source (NPS) pollution, especially
in developing countries (Jia et al., 2016; Ongley et al., 2010; Sun et al.,
2012). For instance, a national pollution census bulletin of China
(2010) indicated that chemical oxygen demand (COD), total nitrogen
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(TN) and total phosphorus (TP) emissions from agricultural fields, live-
stock and poultry, and aquaculture in 2007 were 13.24, 2.70, and
0.28 million tons per year, respectively (Fig. 1), and the COD emission
had exceeded that from industry (5.64 million tons per year). Specifical-
ly, livestock and poultry are the main contributors of COD
(12.68 million tons per year), while TN and TP are mainly produced
from agricultural fields and livestock and poultry. In mountainous
areas, inappropriate land use and the consequentwater loss and soil ero-
sion are responsible for NPS pollution (Liu et al., 2016a; Zhai et al., 2014).
In short, NPS pollution has been the one of main contributors to surface
water eutrophication for many years and threatens the safety of surface
water ecosystems (Zhang et al., 2017).
2. Essence of NPS pollution formation and development

With social and economic development, the industrial structure and
lifestyles in rural areas have been under continuous change (Long and
Liu, 2016; Sun et al., 2012). As a consequence, NPS emissions, including
from domestic and agricultural sources, have been increasing and have
heavily polluted surface water (Rissman and Carpenter, 2015). The for-
mation and production of NPS pollution are highly dependent onmete-
orological events, e.g. rainfall, and are generally intermittent rather than
continuous in nature (Kaushal et al., 2011;Wu et al., 2010b). NPS pollu-
tion is usually produced on expansive fields, which makes it impossible
to track the specific sources, the time of production, and the pollutant
concentrations (Ongley et al., 2010; Wu et al., 2011a).

Modernization, especially agricultural intensity, generally deter-
mines the essence and characteristics of the formation and production
of NPS pollution (Wu et al., 2011a). For instance, since the 1980s, life-
styles and agricultural production structures in rural regions in China
have experienced tremendous change, such as the increasing demand
for meat, eggs, aquatic products, and refined fare (Sun et al., 2012). As
a consequence, there have been great increases in source intensity and
discharge frequency of NPS pollution, including diffuse domestic waste-
water, nutrient rich runoff from agricultural fields, untreated agrowaste
and wastewater from livestock, poultry and aquaculture (Long and Liu,
2016; Yang et al., 2013).

With these lifestyle changes, people in rural regions started to pursue
higher andhigher economic benefits to support their lives. Consequently,
more and more chemical fertilizers and pesticides were used in agricul-
tural fields. For instance, in the Taihu region, China, the nutrient input
rate is 270–375 kg N ha−2 for rice, 225–350 kg N ha−2 for wheat, and
60–150 kg P ha−2 for both crops, with rice yield of 21–28 kg kg−1 N
and wheat yield of only 11–13 kg kg−1 N (Yang et al., 2013). The grain
production in California, USA was 33–42 kg kg−1 N (Eagle et al., 2000).
A 50 years trend analysis in N use efficiency of world cropping systems
indicated that N loss was over 50 kg N ha−2 yr−1 in most of Europe,
the USA, India and China (Lassaletta et al., 2014). Globally, the low utili-
zation efficiency of nutrients has induced increasing emissions of nitro-
gen and phosphorus in runoff from agricultural fields. The release of
Fig. 1.The COD, TN and TP emissions (million tons per year) fromNPS including agricultural
fields, livestock and poultry, and aquaculture in China in 2007.
these nutrients from agricultural fields has become the main source of
NPS pollution (Wu et al., 2011a).

In addition to the runoff from agricultural fields, water and soil loss,
especially in mountainous regions, is another main contributor to NPS
pollution as the nutrients are usually removed by the lost soil which
acts as the carrying substrate (Shen et al., 2014; Volk et al., 2017). Wu
et al. (2011a) reported that water and soil loss contributed 7.7% and
29.7% to nitrogen and phosphorus loss, respectively, in the Dianchi
region.

In summary, the formation and production of NPS pollution involves
the transport and transformation of pollutants (i.e. nitrogen and phos-
phorus) between soil and water (Wu et al., 2011a; Yang et al., 2013).
In intensive agricultural fields, the nutrient concentrations in both soil
and water are relatively higher than in the surface water. This situation
maydrive or prompt nutrient transport processes fromagriculturalfields
into surface water. The nutrient transport processes may be influenced
by water and fertilizer management, precipitation, slope of land and
other factors.

3. The current NPS pollution control strategies

Based on the formation and development processes of NPS pollution
(i.e. production-flow-sink), three kinds of strategies have been proposed
to control NPS pollution: (i) source reduction, including the optimization
of fertilizer utilization andprevention ofwater and soil loss; (ii) pollutant
retention during the transport process; and (iii) treatment and restora-
tion of the polluted water pathway.

3.1. Source reduction

Similar to point source pollution control, source reduction is the key
and most effective strategy for NPS pollution control (Ribaudo et al.,
2001). Excessive fertilizer input is directly attributable to the emission
of nitrogen and phosphorus fromagriculturalfields, due to the lownutri-
ent utilization efficiency (Sun et al., 2012). Accordingly, source reduction
strategy practices mainly involve the optimization of nutrient and water
management, nutrient utilization efficiency improvement and fertilizer
input reduction, water saving irrigation and runoff control (Ribaudo
et al., 2001; Wu et al., 2011a; Xia et al., 2014; Yang et al., 2013). More-
over, water and soil conservation (e.g. conservation tillage, no-tillage,
grass-crop rotation), especially in mountainous areas, is another key
way to reduce soil erosion and runoff, and thereby the formation of
NPS pollution in agricultural fields (Xia et al., 2014).

3.2. Process retention

Process retention technologies provide a second defense against
water pollution by trapping and filtering pollutants that have left the
field before they reach a stream or river. To date, process retention tech-
nologies include ecological ditches (Fig. 2A), buffer strips (Fig. 2B), vege-
tated ponds (Fig. 2C) and constructedwetlands (Fig. 2D) (Grismer, 2006;
Wu et al., 2013). Generally, ecological ditches are one of the most effec-
tive technologies for nutrient retention in agricultural fields. Ecological
ditches contain ditch plants, small dams (5–8 cm high) and filter boxes
filledwith substrates (Fig. 2E). In the ecological ditches, nutrients, includ-
ing nitrogen and phosphorus, in the drainage can be removed in various
ways including interception, adsorption, assimilation or denitrification,
and this has been widely applied in the Taihu region in China (Wu
et al., 2013, 2011a; Xiong et al., 2015).

3.3. Aquatic ecosystem restoration

Here the aquatic ecosystem refers to the polluted water pathway,
such as canals, ditches, ponds and streams in agricultural areas, rather
than the final destination waters such as lakes and reservoirs. Although
effective measures can be taken to reduce fertilizer input and retain



Fig. 2. A: Ecological ditches; B: Buffer strips; C: Vegetated ponds; D: Constructed wetland; E: Schematic drawing of the ecological ditches.
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pollutants during transport processes, a significant amount of organic
matter, nitrogen and phosphorus will unavoidably be released into
these water pathways throughwhich the runoff of NPS pollution passes
(Liu et al., 2016c). Therefore, treatment of the surfacewater is needed to
restore the aquatic ecosystem and improve water quality. Treatment
and remediation of the canals, ditches and streams is the last strategy
and defense for agricultural NPS pollution control. To date, several res-
toration technologies including ecological floating beds, eco submers-
ible dams, riparian wetlands and submerged plant purification
technologies have been developed and widely used (Audet et al.,
2014; Liu et al., 2016c; Wu et al., 2011b). However, these technologies
usually require long hydraulic retention times for nitrogen and phos-
phorus removal which limits their application in the restoration of sur-
face water.

4. Perspectives

Nutrients released from NPS can be regarded as a type of resource if
they can be properly recycled. The microbial communities at the inter-
face between soil andwater play important roles in nutrient transforma-
tion and should be considered in the development of novel strategies for
NPS pollution control, such as nutrient utilization optimization and nu-
trient recycling. Moreover, similar to other ecosystems, the agricultural
ecosystem has multiple ecoservice functions, including retaining
nutrients andwater in the soil, and can be optimized to synergize ecosys-
tem service functions to retain the excessive nutrients for further
utilization.

4.1. Technology developed based on solid-, liquid- and bio-phases

As described above in Section 2, nutrient transport and transforma-
tion between soil and water phases is the essence of NPS pollution for-
mation and production. Traditionally, all the strategies and measures
for NPS pollution control are based on two phases: solid and liquid
phases (Fig. 3A) (Grismer, 2006; Wu et al., 2011a; Yang et al., 2013).
The third phase, the bio-phase composed of bacteria, microalgae, fungi
and many other microorganisms between the solid and liquid phases
in nature, especially in shallow aquatic ecosystems. The bio-phase is usu-
ally neglected in the studies of NPS pollution formation and control,
however it plays non-negligible roles in nutrient transformation be-
tweenwater and soil (Fig. 3B) (Lu et al., 2016;Wu et al., 2016). A typical
example is the paddy fields, in which filamentous algae grow well by
attaching to the soil surface and forming microbial aggregates with bac-
teria, fungi, and other micro- and meso-organisms (e.g. protozoa and
metazoa), known as periphytic biofilms (Wu et al., 2016). In paddy
fields, periphytic biofilms are the only way through which nutrient
transformation and exchange can occur between the soil and overlying
water (Lu et al., 2017, 2016).



Fig. 3.A: Traditional “twophases (solid and liquid)”pathways for nutrient (i.e. nitrogen and
phosphorus) transport in NPS pollution studies; B: Nutrient (i.e. nitrogen and phosphorus)
transport pathways based on “three phases (solid, liquid and bio)” in NPS pollution studies.
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The bio-phase plays important roles in nutrient transport between
the solid and liquid phases as many biochemical and/or chemical reac-
tions involved in nutrient transformation occur in the bio-phase. Micro-
organisms take up nitrogen and phosphorus for their growth and retain
thenutrients as part of their biomass, such as protein (Liu andVyverman,
2015; Liu et al., 2017; Sood et al., 2015). After the microorganisms die
and biomass decays, nitrogen will be released back into soil as organic
fertilizer, and the bio-phase can be regarded as a temporary sink of nutri-
ents and a slow-release fertilizer. Studies also indicate that many
cyanobacteria species are capable of nitrogen fixing to improve nitrogen
availability in agricultural fields (Pereira et al., 2009). In turn, nutrient
utilization efficiency is improved and nutrient discharge from agricultur-
al fields (e.g. paddy fields) is reduced. Based on this concept, microbial
fertilizer based on algae (Mulbry et al., 2007) and slow release bio-
organic fertilizer using periphytic biofilms have been developed (Wu,
2013; Wu and Yang, 2012).

The bio-phase can also change pH and redox conditions of soil and
water through metabolic activities including photosynthesis of
microalgae and respiration of microorganisms (Liu et al., 2016b). As a
consequence, it will drive ammonia volatilization via pH increase, nitrifi-
cation or denitrification and phosphorus precipitation to an extent, and
thereby reduce nutrient concentration in the runoff from agricultural
fields (Lu et al., 2014; Su et al., 2016). Additionally, there aremanymicro-
bial organisms in the bio-phase, such as phosphate solubilizing bacteria
(PSB), which can solubilize Ca-P to activate the occluded phosphorus in
soil and thereby reduce phosphorus input (Maitra et al., 2015).Manymi-
crobial species can also secrete extracellular enzymes to hydrolyze phos-
phate from dissolved organic molecules to increase the phosphorus
bioavailability (Ellwood et al., 2012).

Generally, the “three-phase” (liquid-, solid- and bio-phase) concept
is more objective and closer to reality under natural conditions than the
“two-phase” (liquid-, and solid-phase). Accordingly, in addition to the
slow release biofertilizer, many other novel technologies can be devel-
oped based on solid-, liquid- and bio-phases and have high potential
for NPS pollution control at both sources and processes. Microbial com-
munities with high nutrient transformation capacity can be selected or
Fig. 4. Schematic drawing of ecosystem services synergies in an agricultural ecosystem aimed a
based on land use optimization.
synthesized and then cultivated on artificial substrates (Liu et al., 2017).
After cultivation, they can be put in agricultural fields (e.g. paddy fields)
to improve nutrient utilization efficiency and thereby reduce fertilizer
input. Microbial communities with substrates can also be installed in
ecological ditches to retain nutrients from runoff before they reach sur-
face waters (Wu et al., 2010a).

4.2. Management based on a framework of ecosystem services

Ecosystem services refer to the benefits from all types of ecosystems
(including agricultural ecosystems) and are classified into supporting,
provisioning, regulating and cultural services (Fig. 4) (Fu et al., 2013).
Among these, regulating services including purification of water and
air, carbon sequestration, and waste decomposition (Eldridge and
Delgado-Baquerizo, 2017), can be adopted for NPS pollution control.
This can include reduction ofNPSpollution production and retaining pol-
lutants during their transport process. In otherwords, as a complex com-
munity composed of crops, trees, animals, surface water and land, the
agricultural ecosystem has a great capacity to retain and consume nutri-
ents itself (Fu et al., 2011, 2000).

Accordingly, the strategies for NPS pollution control should be at a re-
gional scale, considering the whole region as an indivisible ecosystem
and making use of the water and nutrient holding functions of the eco-
system. However, currently used technologies, such as water saving irri-
gation, conservation tillage and ecological ditches, only focus on a small
part of the agricultural ecosystem (Rissman and Carpenter, 2015;
Sharpley et al., 2007). Therefore, future work should be carried out at
the ecosystem level with the aim of maintaining and improving the reg-
ulating services of the ecosystem, especially improving its water and nu-
trient retaining capacity with the ultimate objective of reducing NPS
pollution production.

Because the biogeochemical transformation processes of nutrients
are closely related to soil properties and utilization, land use/cover
types of an agricultural ecosystem contribute greatly to the formation
and production of NPS pollution (de Oliveira et al., 2017; Strehmel
et al., 2016). Excessive nutrient input may cause eutrophication and de-
cline in surface water quality, however, nutrients discharged from NPS
(e.g. agricultural fields) can be regarded as resources to be reused since
nutrients are essential for the growth of plants (e.g. trees, grass and wa-
terweeds) in both aquatic and terrestrial ecosystems (Grismer, 2006;
Wu et al., 2010a). To make full use of the multiple functions of the agri-
cultural ecosystem for NPS pollution control, appropriate land use pat-
terns should be prioritized, such as changing sloping farmland into
woodland, building grassland filtering bands, no-tillage stubble, building
multi-pond systems, and optimizing the distribution of residential areas
(Fig. 4) (Ekroos et al., 2014; Zhang et al., 2013). This will lead to im-
proved nutrient utilization capacity, reductions in water and soil loss
and domestic wastewater production, retaining of the nutrients in the
ecosystem before they reach surface water, and increased agricultural
production (Fig. 4). Ultimately, the NPS pollutant production is mini-
mized with improvements in both environmental and economic bene-
fits, due to the enhancement of multiple ecosystem services synergies.
t NPS pollution reduction and improvement of both environmental and economic benefits,
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5. Conclusions

As a non-negligible phase between water and soil in agricultural
ecosystems (e.g. paddy fields), the bio-phase composed of microbial or-
ganisms plays important roles in nutrient transport between water and
soil and thereby the production of nonpoint source (NPS) pollution.
However, the bio-phase is usually neglected or underestimated in NPS
pollution control. The pollutants produced from NPS can be regarded
as a resource if recycled in an appropriate way in the agricultural eco-
system. Based on three phases (liquid, solid and bio-phase), novel tech-
nologies can be developed by using the regulating services of an
agricultural ecosystem via optimizing land use/cover types.
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