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A B S T R A C T

This study reviewed water security issues related to agriculture and cattle grazing activities, based on the 
findings of 171 articles published in the past two decades, namely 23% before 2020 and 77% between 2020 and 
2025. The reviewed studies represented contributions from all continents, with a larger share from Asian, Eu
ropean and American countries. The key results, (a) exposed supply–demand challenges related to increasing 
irrigation needs, allocation scales and regimes, and environmental flow insurance; (b) elected rainwater har
vesting, drip irrigation and soil moisture sensors as prime water conservation measures, and conjunctive use of 
conventional and non-conventional water sources as strategic conservation pathway; (c) indicated the preser
vation of riparian forests and wetlands, coupled with agriculture and livestock management practices, as 
fundamental measures of surface water pollution control; (d) highlighted the need of coupling contamination risk 
programs with management initiatives and prioritization of action, to effectively protect groundwater resources; 
(e) brought attention to the need of optimizing the use of floodplain recession water as irrigation source in arid 
regions; (f) showed how governance is in the core of a water-secure river basin, especially if the principle of trust 
and engagement is broadly implemented at all institutional levels; (g) and finally, transported into the discussion 
the role of payments for water services as pathway to aid governance, bringing watersheds towards more 
resilient levels of water security. As whole, the current review shed light over key challenges of today’s water 
security in the rural environment recommending solutions to overcome them.

1. Introduction

Agriculture and cattle grazing activities consume nearly 70 % of 
freshwater resources worldwide [1], while nitrate leachates derived 
therefrom are the most widespread groundwater contamination source 
representing a serious threat to potable water supply [2] and a challenge 
for contaminant removal [3]. Climate and land use changes exacerbate 
this already delicate condition in various ways, namely through 
reducing availability of water during prolonged draught periods [4], 
damaging crops during floods [5], and amplified water erosion and river 
water contamination in the course of land use changes that disrespect 
land capability [6]. These issues are all matters of concern in the realm 
of water security screened through the lens of farming activities, and for 
that reason are worth of a systematic review for updating the state of the 

art on that subject. Thus, providing a comprehensive review was the 
general purpose of this study. While gathering the papers to include in 
the study, we recollected all these concerning matters, but also framed 
the analysis into a broader perspective, namely the United Nations’ 
standpoint for water security, which is: “The capacity of a population to 
safeguard sustainable access to adequate quantities of acceptable quality 
water for sustaining livelihoods, human well-being and socio-economic 
development; for ensuring protection against water-borne pollution and 
water-related disasters; and for preserving ecosystems in a climate of peace 
and political stability” (https://www.unwater.org/). Thus, starting from 
this definition and the way it applies to the agriculture and cattle grazing 
sectors, a number of general topics were assembled for review, 
including: 
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• Assessing the availability and demand for water to implement 
farming production systems, describing the influencing factors;

• Using harvested rainwater for irrigation in agriculture, with the 
purpose of alleviating water scarcity during draught periods. In that 
regard, a special attention was given to methods for selecting optimal 
rainfall collection areas in a river basin and for anticipating irrigation 
volumes;

• The efficient use of water in agriculture, with particular emphasis on 
(a) new techniques for managing blue and green water, and the 
support of digital technologies for monitoring the results; (b) on 
community irrigation management; (c) and on the reuse of waste
water and other sources;

• Assessing the impact of agriculture on surface water and ground
water quality using hydrological and statistical models;

• Assessing vulnerability and risk of groundwater to contamination by 
nitrates from agricultural sources using multi-criteria like models;

• The role of floods and their impact on crop productivity of inundated 
areas;

• Water governance in agriculture, comprising technical training for 
farmers; adaptation and resilience to climate change; microcredit 
and other agricultural financing mechanisms; policies, institutions 
and governance agreements;

• Models and application of PWS – payment for water services, 
standing for the production of clean water in headwater watersheds 
with predominantly agricultural occupation.

After selecting scientific articles that have addressed the aforemen
tioned topics in the past two decades, the review critically discussed 
each topic in a separate section. On the other hand, the sections were 
presented in a specific order, which, to the authors’ view, generated a 
smooth flow of information that will help the reader track the story 
telling straightforwardly. Overall, the literature selected for review 
brought extensive and pertinent insights on the current status of water 
security in the agriculture and cattle grazing activities, that we are 
certain is helpful to the readership of Water Security journal. At this 
point, we also refer the novelty transported to the scientific literature by 
this review. There is a growing number of papers talking about water 
security from a diversity of standpoints [7–11], either focused on global- 
or local-scale problems [12], either touching one or all of its dimensions 
[13], either considering current or future land use and climate settings 
[14]. However, to our best knowledge, a systematic review of papers 
addressing water security in the agriculture and cattle grazing activities 
is lacking. There is a large number of publications looking at this eco
nomic dimension of water security, but the literature is fragmented and 
therefore requiring a comprehensive synthesis and appraisal. With the 
current study, we believe have produced a robust summary on that 
subject and therefore contributed to fill in the aforementioned hiatus.

2. Methodology

Following the searching guidelines set up in the Introduction section, 
the articles included in the review were compiled from Science Direct 
(https://www.sciencedirect.com/), which is the World’s leading data
base of peer-reviewed literature, encompassing virtually all journals 
indexed to the most widely recognized scientific rankings such as the 
Clarivate’s Web of Science (https://www.webofscience.com/) and the 
Elsevier’s Scopus (https://www.scopus.com/). In this study, the Science 
Direct database was queried through small sentences thoroughly 
designed to capture the aforementioned topics and dimensions of water 
security. The sentences were: (1) water availability and demand in 
agriculture and livestock, (2) harvested rainwater for irrigation in 
agriculture; (3) efficient use of water in agriculture; (4) river water 
pollution from agriculture and livestock; (5) groundwater pollution 
from agriculture and livestock; (6) agriculture, floods and water secu
rity; (7) water governance in agriculture; (8) payments for water ser
vices in agriculture. The eight queries were performed in separate and 

the results of each query were sorted by relevance, i.e., sorted by the 
article’s adherence to the sentence. The fifty more relevant articles of 
each query were considered for further screening, which represented a 
total of 400 articles. This extra analysis was performed manually, and 
aimed to include in the review solely the studies closely related to 
agriculture and(or) cattle grazing activities, which, simultaneously, had 
been focused on the queried topic. In the end, a total of 171 articles were 
included in the review and critically assessed for their contribution to 
the corresponding topic. Finally, we refer that the literature review 
followed the guidelines of Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) [15,16], an approach used in 
many recent review studies [17–19]. Systematic reviews conducted this 
way comprise 6 steps: (1) scoping, (2) planning, (3) identification and 
search, (4) screening, (5) eligibility assessment, and (6) presentation and 
interpretation. Steps 1 to 5 were described above and are summarized in 
Fig. 1, where some technical details about the Science Direct’s database 
inquiries are included. Step 6 is presented in Section 3 (presentation of 
general information about the reviewed articles) and Section 4 (dis
cussion of key findings and integrated analysis of outcomes from 
different but related articles).

3. Results

The articles included in the review were distributed by the various 
topics as follows (Table 1): 18 related to water availability and demand; 
25 interested on using rainwater harvesting as complementary irrigation 
source; 28 addressing efficient water use in agriculture; 25 describing 
impacts of farming on surface water and 30 impacts of farming on 
groundwater; 12 highlighting the productivity losses of inundated 
cropland; 19 discussing water governance principles and related issues; 
and finally 14 addressing the role of payment for water services (PWS) in 
the financing of water security in the agriculture and cattle grazing ac
tivities. The studies covered all the continents (Table 1a), with a larger 
contribution from Asia (84 studies) and then from Europe (35), the 
Americas (31), Africa (14) and Australia (7). In Asia, the largest number 
of studies addressed rainwater harvesting (17), surface (12) and 
groundwater (15) pollution, and efficient water use (13). Europe also 
addressed preferably surface (6) and groundwater (8) pollution, as well 
as efficient water use (7), but not so much rainwater harvesting (1). The 
concerns about surface (5 studies) and groundwater (5) pollution were 
also detected in South America, which were accompanied by an interest 
in PWS (5). In North America, however, the focus was put on efficient 
water use (4) and harvested rainwater (3). Finally, studies in Africa and 
Australia did not pay special attention to any specific topic. The 
reviewed studies covered the most recent years (from 2020 onwards; 77 
%), but also some studies dating back to 2003 (23 %). The topics 
receiving more attention in the last couple of years (2023 – 2025) were 
efficient water use (22 studies), water availability and demand (17), 
surface (15) and groundwater (13) pollution.

4. Discussion

4.1. Availability and demand of water for agriculture

The balance between availability and demand for water in the 
farming sector is primarily a management problem (Fig. 2). In that 
context, studies highlighted the concerns raised by increasing planting 
areas or users, as well as by shifts from low- to high-requirement crops, 
which increased the irrigation water requirements while reducing 
availability, or introduced water stresses in the crop fields [20–22] 
Other studies showed how changes in meteorological parameters over
time affected the irrigation needs of crops [23,24], and how simulated 
socioeconomic development pathways were capable of detecting the 
impacts of climate change on irrigation requirements while proposing 
adaption strategies (e.g., irrigated to rainfed crop conversions)[25]. 
Studies on the climate change-agriculture nexus also involved 
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evaluating how increasing irrigation water demands will affect 
groundwater levels and the supply of other competing uses with this 
resource [26]. The management of competing water uses, namely do
mestic, agriculture, industrial and environmental, considering driving 

factors such as population growth, was also addressed [27]. An example 
from the Lalo commune (Benin) revealed how the adjustment of irri
gation times to the growth stage of vegetables allowed the sustainable 
exploitation of groundwater resources for crop production and drinking 

Fig. 1. PRISMA workflow used in the selection of articles for the current review.

Table 1 
Distribution of reviewed articles per topic: (a) in keeping with their geographical distribution (continental scale); (b) in keeping with time (year of publication).
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water supply [28].
Determining the volume of water necessary to supply irrigation of 

crops on the annual basis is also a multiscale problem, spanning the farm 
to the watershed, as well as the day to the year. The objectives at the 
various scales are however different. At farm scale, studies attempted to 
define supply–demand indices based on high resolution maps of locally 
influencing parameters, such as precipitation, soil moisture and vege
tation indices, invariably obtained from remote sensed data [29], and 
sometimes including the irrigation process in the framework model 
[30]. At the watershed scale, scientific research delivered complex 
models that gather long-term inflow prediction into reservoirs coupled 
with responses from groundwater levels, reservoir operation strategies 
based on interval regulation, and water supply risk analyses [31,32]. 
Studies focused on the temporal scale showed how disaggregation of 
annual water allocation into the monthly steps help bridging the gap 
between long-term planning and short-term water management [33]. 
They also demonstrated how precise regulation of crop irrigation 
schedules on a daily basis, considering joint changes of precipitation, 
runoff and water demand, can simultaneously increase crop productiv
ity and water savings [34].

Finally, setting the necessary amount of water to crops is an envi
ronmental problem. Agricultural watersheds are essentially composed of 
water sources, farm lands, urban areas and terrestrial and riverine 
ecosystems. So, when reserves of water are anticipated for crop supply, 
the calculations should account for environmental flows that support the 
aforementioned ecosystems [35]. This can be especially challenging to 
apply in small rural communities, which already face water scarcity 
problems even without environmental flow restrictions, but can be 
mitigated through implementing a cascade of water use restrictions 
starting from the watershed’s spring [36]. Other environmental con
cerns relate with the carbon sequestration-emission balance of crop 
fields. Studies addressing this topic showed that changing the planting 
structure (e.g., areas allocated to cultures with different water re
quirements) not only resulted in lower irrigation requirements but also 
in increased yields and carbon sequestration [37].

4.2. Harvested rainwater for crop irrigation

The harvesting of rainwater in the rainy periods to irrigate crops in 
the dry periods is a common strategy of water security in the farming 
sector (Fig. 3). For that reason, many studies developed models to 
determine and predict suitable locations to install rainwater harvesting 

systems (RWH) in watersheds, based on the combination of multi- 
criteria analysis and Geographic Information Systems (GIS) [38–43]. 
Urban agriculture has also received some attention, in which cases the 
RWH system relied on rainfall collection areas installed on rooftops 
[44]. In addition to proposing the use of RWH systems as irrigation 
sources, some studies revealed specific strategies on how to couple crop 
irrigation requirements and RWH use. In some cases, the option was to 
install the RWH system close to the application areas and adjust crop 
selection to rainfall seasonality. This approach was adopted in the Gansu 
region (China) where potato has water requirements better fitting the 
local rainfall events than wheat or corn [45], and for that reason should 
be planted preferably. In other cases, an irrigation deficit strategy was 
adopted whereby the use of RWH water was restricted to critical growth 
periods to avoid shortages of moisture supply to the cultures that could 
jeopardize the production. Besides controlling soil moisture to the 

Fig. 2. Availability and demand of water for agriculture are challenged by management and environmental issues, related to irrigation needs and environmental 
protection, and assessed differently at various spatial and temporal scales.

Fig. 3. Rainwater harvesting is strategic for supplemental irrigation of crops, 
but other water conservation measures such as drip irrigation or soil moisture 
sensors may perform better. Rainwater harvesting systems also face some 
feasibility challenges.
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minimum adequate levels, this strategy saved water in the RWH system 
allowing to expand the irrigated area and increase crop yields in the 
sequel [46]. A similar strategy was discussed in the context of onion 
production in Ethiopia [47]. In the Palghar district of Maharashtra state 
of India, on the other hand, the strategy was to optimize the RWH size 
within the farm, because area reductions in small properties severely 
constrains productivity [48]. As per the results, the RWH area capable to 
supplement rainfed cultures in the region was 9.9 % of total farmland 
area while the optimal area was 15.5 %.

The use of RWH in agriculture is frequently tackled in comparison to 
other irrigation or water conservation strategies. Many examples refer to 
comparisons with the ridge-furrow-plastic-mulching on-site RWH sys
tem [49–53], or variants of that system [54]. For example, one study 
that covered provinces from northwest China compared the advantages 
and disadvantages of using the plastic-mulching or drip irrigation in the 
water supply to apple trees [55]. Drip irrigation outperformed the RWH 
system considering the corresponding yield improvements of 54.3 % and 
19.1 %, respectively. Other similar studies compared the use of plastic- 
mulching with alternatives based on solar-powered soil moisture sensors 
that form a high-efficiency rainwater irrigation apparatus. The second 
solution granted yields 56.2 % larger that the first [56].

A critical issue of RWH in agriculture is feasibility, including 
willingness-to-use by farmers, financial viability, and water quality 
concerns in the urban environment. A study carried out in Ethiopia 
revealed important determinants of RWH’s willingness-to-use by 
farmers [57]. One key determinant was the proximity of irrigable lands 
to local markets, as farmers working closer to these facilities and hence 
with crop selling more viable invested more in RWH to avoid production 
setbacks resulting from water shortages. The same impetus applied to 
farmers with irrigable areas located away from alternative sources, such 
as lakes or rivers. Other determinants were the farmers’ age, because 
young farmers invested more in RWH than old ones, and access to credit 
because farmers with access to credit took more the risk of paying the 
costs of RWH use. As regards financial viability, farmers generally adopt 
irrigation sources with the lowest cost. Studies have demonstrated how 
the financial viability of RWH decreases with the governmental options 
of charging other irrigation sources, namely groundwater. In Beijing, for 
example, the RWH systems are feasible if groundwater for irrigation is 

charged at values significantly larger than 2 Yuan/m3 [58]. Other 
studies provided values of willingness-to-pay supplemental irrigation of 
rainfed cultures from RWH public water reservoirs. One report comes 
from Ghana, where farmers accept to supplement rainfed cultures with 
RWH irrigation at 6 to 7 USD/ha.season [59]. As mentioned above, 
water quality is an issue of RWH feasibility when these systems are used 
to supplement irrigation of urban agriculture. This is because rainwater 
collected from rooftops can be contaminated by potentially toxic metal 
(oid)s, synthetic and organic chemicals and waterborne pathogens, 
which are not entirely removed by established RWH treatment processes 
such as solar disinfection, bio-sand filtration or UV irradiation, among 
others [60–62].

4.3. Efficient water use

The challenge of efficient water use in agriculture can be overcome 
through, (a) implementing water conservation measures and optimal 
water allocation schemes; (b) conjunctively use various water sources 
including wastewater or desalinized water; and (c) introducing tech
nological innovations in the irrigation system (Fig. 4). In general, water 
conservation measures comprise hydrological, agronomic, engineering 
and physiologic pathways [63]. The hydrologic pathway, essentially 
focused on RWH, has been the topic of Section 4.2 and will not be dis
cussed further. The agronomic pathway deals with adjusting water 
supply to crop needs in space and time to optimize crop yield, where the 
needs represent the amount of water used by the plants through 
evapotranspiration. In that regard, crop yield and evapotranspiration fit 
to a straight-line function in which the slope describes the plant’s 
sensitivity to water deficit. Under efficient irrigation, crop yield and 
water supply would fit to the same straight-line function, but in general 
the fit bends to a logarithmic function because water losses linked to 
overirrigation, non-uniform application and water restrictions, isolated 
or in combination, reduce the actual yield relative to the expected yield. 
Thus, the agronomic pathway is sought to address these issues, starting 
with accurate assessments of crop evapotranspiration [64]. As regards 
water restrictions, a couple of situations are worth mentioning: (a) re
strictions imposed by water management agencies in response to pro
longed drought events; (b) land adjustments in response to sustainable 

Fig. 4. Efficient water use comprises a series of measures focused on water conservation, optimal allocation, conjunctive use of conventional and non-conventional 
water sources, and technologic innovation.
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use of water resources, namely groundwater. In the first case, addressing 
the problem comprises evaluating the potential impact of restrictions on 
yield and inform the water management agencies so they can mitigate 
the situation. For example, a simulation study conducted in Spain 
forecasted yield reductions of nearly 20 % if Lleida and Girona irrigated 
districts were imposed moderate water restrictions during drought pe
riods, which would rise to 30– 50 % if the restrictions were severe [65]. 
In the second case, the route to the sustainable use of water resources 
requires compound measures such as reducing the planting area, 
adjusting the planting structure and improving water-saving technol
ogy, as exemplified in Beijing-Tianjin-Hebei Region (China) [66] The 
engineering pathway comprehends progresses in irrigation systems 
focused on reducing the losses mentioned above, which include sub
surface drip irrigation and site specific variable rate irrigation [67,68]. 
Finally, the physiologic pathway explores the water requirements of 
plants during the growth stage to adjust water supply in the sequel. The 
most common measures include regulated deficit irrigation to reduce 
transpiration by controlling vegetative growth [69], or improved tran
spiration efficiency through growing crops in environments with lesser 
vapour pressure deficit or through breading [70].

Allocation schemes in the agriculture sector are measures of land and 
water use efficiency focused on optimizing the distribution of available 
irrigation volumes, which can derive from conventional (e.g., dams, 
groundwater) and non-conventional (e.g., recycled water) sources. In 
general, water is preferably allocated to crops of high profitability and 
low demand, while cropping patterns can be adjusted to optimize this 
result [71]. In addition, the optimization algorithms can account for the 
roles of aquifer’s managed recharge, losses from storage or conveyance 
infrastructures, water quality constraints, subsidy policies, climate 
change forecasts [72], carbon footprints and the hydrologic regime (dry, 
normal and wet years) [73], among others. In the semi-arid regions that 
are frequently subject to prolonged water shortages, the allocation 
models may consider trading scenarios whereby irrigation water is 
conveyed from non-deficit to deficit regions under specific logistic, so
cial and legal constraints [74]. Water shortages also trigger the need of 
allocating the available resources to the various economic sectors in 
equitable manner to accommodate competing interests. For example, 
Janjua and co-authors [75] integrated the WEAP – Water Evaluation and 
Planning model with the Nash bargaining solution to fairly distribute 
water resources from the Lower Bari Doab area of Punjab (Pakistan) 
among the domestic, industrial, crop irrigation and environmental uses.

The conjunctive use of conventional and non-conventional water 
sources is mandatory in many regions around the globe, where scarcity 
of conventional sources is systemic and enduring, and a development 
goal of countries that seek attaining high levels of circular water econ
omy. As regards the conjunctive water use in agriculture, reclaimed 
wastewater stands out among the non-conventional sources. The ad
vantages of using this resource are apparent [76,77]: increased food 
production, conservation of surface and groundwater, savings on the 
purchase of fertilizers, commercialization of treated wastewater that 
would be discarded otherwise (circular economy), obtaining biogas as 
by-product, among others. Despite the unequivocal advantages, this 
option is framed by willingness to implement factors, such as social 
approval and perceived control over the process [78], and faces some 
economic feasibility matters related to the proximity between waste
water treatment plants and application areas that impact transportation 
costs. Other key problems arise from quality issues, namely the 
mismatch between nutrients in the treated wastewater and nutrients 
required by the crops [79], besides the presence of contaminants of 
emerging concern in the wastewater [80,81] that can accumulate in the 
soil or propagate through the web chain threatening food security and 
posing health risks to humans.

Conservation measures, allocation schemes and conjunctive water 
use, as discussed above, all contribute to water use efficiency in agri
culture. But further gains can be achieved if they go together with 
innovative technological solutions. For example, conservation measures 

and allocation schemes can be assisted by numerous digital technologies 
such as remote sensing, robotics, smart sensors, internet of things, big 
data, blockchain, and artificial intelligence, despite of some imple
mentation challenges related with cost, lack of technical expertise, 
connectivity constraints, cybersecurity issues, among others [82–84]. 
The technological solutions available to help implementing the use of 
non-conventional water sources in agriculture are also abundant. 
Anaerobic membrane bioreactors proved efficient in producing treated 
wastewater in keeping with legal norms [85], and revealed promising 
results when coupled with hydroponic controlled environment agricul
ture [86]. On the other hand, saline-alkaline water can be treated with 
plasma hydrogel evaporators and used to irrigate crops with favorable 
growth trends, as demonstrated experimentally by Sun et al. with maize 
[87]. Bio-desalination with bacteria have also proved efficient in 
reducing salinity while fortifying nutrient contents of reverse osmosis 
rejected wastewater, with promising results in tomato seed germination 
[88]. For the production of freshwater from brackish groundwater in 
remote desert regions, the study of Sezer and Bayhan [89] proposed a 
stand-alone solar-powered freeze-desalination and electrolysis system. 
Canal water used for irrigation can also be recycled through coagulation, 
catalytic ozonation, and filtration [90].

4.4. Impact of agriculture and cattle grazing activities on surface water 
quality

Agriculture and cattle grazing activities are sources of stream water 
contamination described in many scientific studies [91–93], while land 
use changes are key triggers of stream water quality changes expressed 
as elevated or depressed nitrogen and phosphorus concentrations 
[94,95], depending on whether the change is a farm or a forest expan
sion, respectively (Fig. 5). A specific type of land use change stands out 
among the rest, because it exacerbates soil losses and nutrient exports 
towards streams and rivers [6,96]. That kind of change is characterized 
by deviations of actual uses from land capability (the natural use), called 
“environmental land use conflicts”, which in a first stage promote drops 
in the soil organic matter accompanied by soil structure disruption [97], 
and then a cascade of environmental impacts that include the 

Fig. 5. Agriculture and cattle grazing activities are sources of common and 
emerging contaminants that propagate across the watersheds until reaching the 
receiving surface water bodies (rivers, lakes, sea). The extent of contaminant 
transport depends on the watershed characteristics and may be reduced by 
natural sinks such as riparian forests or wetlands as well as through imple
mentation of adequate management practices in the farms.
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aforementioned amplification of nutrient exports. The propagation of 
contaminants from the source areas into the receiving water bodies 
depends on numerous factors. Some studies highlighted the contribution 
of terrain slope to erosion and nutrient losses from agricultural lands 
[98], while others set up cause and effect relationships between stream 
water contamination and landscape characteristics, namely composition 
(percentage of farmland area in the watershed) and configuration 
(spatial distribution and shape of farmlands within the watershed) 
[99,100]. Preservation of stream water quality within agricultural wa
tersheds is usually linked to the predominance of forests in the catch
ments [101,102], but other factors are also important. For example, the 
association of improved stream water quality to management practices 
has been addressed in the context of nutrient application modeling 
[103] and pasture conservation measures [104], while other works 
showed how small ponds can work as sinks of contaminants sourced 
from farmlands located nearby [105], as well as how riparian forests can 
prevent contaminants from entering the stream channels [106,107].

The contamination of streams and rivers with elements sourced from 
agriculture and cattle grazing activities is mostly related with nutrient 
(nitrogen, phosphorus) and pesticide inputs [108,109], but emerging 
contaminants are increasingly reported in the scientific literature [110]. 
For example, the use of antibiotics, hormones or pain relievers in live
stock farming can result in the presence of residues from these drugs in 
runoff water [111,112]. On the other hand, nano- a micro-plastics can 
disrupt soil structure potentially reducing the soil’s capacity to retain 
water and nutrients [113]. This boom era of emerging contaminants call 
for remediation strategies, including the use of biochar as proposed in 
the study of Hou and co-authors [114].

4.5. Risk of groundwater contamination

Leachates from livestock manure, fertilizers and pesticides applied 
on farmland often result in groundwater contamination expressed as 
elevated nitrate concentrations accompanied by variable amounts of 
ammonium, dissolved organic matter, heavy metals, and pesticide 
compounds [115–118] (Fig. 6). Groundwater contamination has 
reached severe levels in shallow aquifers [119–122] and even affected 
deeper aquifers [123–125], while soils have also accumulated geogenic 
contaminants like arsenic through continued crop irrigation over de
cades [126]. Conversely, self-depuration processes such denitrification, 
clay formation and uptake by ion-exchange, contributed to reducing the 
concentrations of contaminants in the soil water and shallow ground
water flowing underneath [127,128]. On a global scale, nitrate has 
emerged as one among the most alarming and widespread aquifer 
contaminants, calling for urgent remediation [2].

Remediation can restore groundwater quality to safe levels but does 

not ensure enduring results unless protection measures are implemented 
in complement to prevent further contamination. The most common 
pathway to groundwater protection comprises predictions of contami
nation potential coupled with land use planning and monitoring of 
hazardous activities. The literature on groundwater contamination po
tential is abundant and mostly focused on the assessment of aquifer 
vulnerability and related media parameters, spatial distribution of 
hazardous activities, and land use change scenarios, all embedded in 
multicriteria frameworks [129–131], multivariate statistical or artificial 
intelligence models [132–134], hydrologic analyses, among others, 
sometimes used in combination [135,136]. Hydro-economic models are 
also used to investigate the balance between economic profits derived 
from increasing crop productions and the likelihood of groundwater 
contamination derived from the consequent fertilizer application 
growth [137–139]. In all cases, the ultimate goal is to help decision 
makers protecting the groundwater geosphere.

To implement groundwater protection efficiently, decision makers 
need to prioritize action. For that reason, besides providing a diagnosis 
on groundwater contamination potential in a target region, risk assess
ments must recommend action to stakeholders according to emergency 
levels. Some models attained that goal through relating increasing 
aquifer vulnerability (V) and exposure to hazardous activities (H) with 
measures of growing rigor [140,141], namely: developing the activity 
(low V and low H), framing the activity in landscape plans (high V and 
low H), monitoring the activity (low V and high H), and inspecting the 
activity (high V and high H). Prioritizing the action is also detecting 
dominant anthropogenic pressures in the target region (e.g., fertilizing, 
domestic or industrial effluents) and implement measures to reduce 
their potential hazardous effect [142]. At the inspecting level, measures 
to reduce the contamination potential should be mandatory. In farms, 
some effective measures comprise straw return to enhance denitrifica
tion and reduce nitrate leachates in the sequel [143,144].

4.6. Role of floods

Floods are a dimension of water security because they represent a 
water-related threat to the urban and rural landscapes [145], including 

Fig. 6. Groundwater contamination sourced by agriculture and cattle grazing 
activities is fingerprinted by elevated nitrate and concentrations leached from 
farmlands. Attenuation of nitrate levels can be accomplished naturally through 
self-depuration (e.g., denitrification) but also proactively through protection 
measures implemented at the watershed scale in the context of groundwater 
contamination risk programs. Measures include inspecting, monitoring or 
planning the activities, considering the levels assessed for aquifer vulnerability 
and potential hazardous effects derived from the activity.

Fig. 7. Floods can threat crops when the submergence time exceeds a critical 
threshold, but can also be an asset in arid regions, where farmers use the 
moisture left in the floodplains as irrigation source in flood recession agricul
ture. In both situations, action is needed to mitigate the effects or conserve 
flood water as indicated in the balance above.
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to croplands (Fig. 7). Croplands may represent a large share (e.g., 50 %) 
of inundated areas during extreme rainfall events [146]. And inundated 
areas impact agriculture when they are settled during the growth stage 
of crops and cumulatively are deep and stay long on the fields. In those 
cases, the submergence critical tolerance time of plants is likely excee
ded and they die [147]. In the sequel, crop yields reduce severely 
generating economic losses. Thus, the potentially inundated areas of 
agricultural watersheds are generally viewed as crop damaging areas, 
which are frequently used in models to estimate yield and economic 
losses. Using rice crops as example and large return period monsoon 
rainfall events as reference for damaging floods, Syldon et al. [148] 
estimated yield and economic losses in agricultural regions of Bhutan, 
while Rahman et al. [149] did a similar analysis in Bangladesh. Other 
agriculture-related impacts of floods are the weakening of plant im
munity, soil health and microorganisms, which can be linked to legacy 
effects [150]. Floods can bring good news in some cases. In arid regions 
such as Ghana or Senegal, flood water stored in the river banks and 
adjacent plains extend the crop growing season beyond the short rainy 
periods, allowing flood recession agriculture that relies on residual soil 
moisture left by the flood [151,152]. Studies even show that flood 
recession agriculture can be comparatively more advantageous than 
conventional rainfed agriculture because yields are usually higher 
[153]. The role of floods in agriculture can also be watched from the 
conservation and mitigation standpoints. Conservation strategies 
involve storing flood water in large to small reservoirs behind dams or 
weirs, or water transfers from surplus to deficit areas, besides the use of 
floodplains as mentioned above. These many strategies have been 
exemplified for the Indian territory by Jain [154]. Mitigation pathways 
are usually related with agricultural management. For example, Lucaora 
et al. [155] showed how changing winter cereals to more flood-tolerant 
species, or growing crops in a period offset from the peak flood occur
rence, could minimize yield losses in a coastal area of central Italy. Shen 
et al. [156], on the other hand, used the results of a TOPSIS-based 
agricultural resilience assessment combined with artificial intelligence 
algorithms, to propose the exchange of high-standard farmlands located 
in flood-risk areas of Heshun County, Shanxi Province, China, by alter
native high-quality plots located away from them, to ensure the long- 
term sustainability of High Standard Farmland projects in course in 
the region.

4.7. Water governance

According to the OECD – Organization for Economic Cooperation 
and Development, water governance that really works is ruled by 
effectiveness (clear roles and responsibilities, appropriate scales within 
basin systems, policy coherence, capacity), efficiency (data and infor
mation, financing, regulatory frameworks, innovation), and trust and 
engagement (integrity and transparency, stakeholder engagement, trade- 
off management, monitoring and evaluation) principles [157] (Fig. 8). 
When these principles are ignored or disregarded, natural water scarcity 
is exacerbated and can ultimately lead to conflicts. An example of 
inappropriate water governance in the agricultural sector was brought 
into the scientific literature by Nouri et al. [158] who, among other is
sues, highlighted the consequences for Iranian water resources: dispro
portionate groundwater depletion, deterioration of water quality, 
decline of environmental flows, contraction of wetlands, and water 
conflicts. In another study, Nazemi et al. [159] discussed potential way 
outs from this situation in the Iranian watershed of Zayandehrud, based 
on five scenarios: status quo continues; Iranian capitalism reigns; planed 
agriculture economy; interpreting traditions to shape the future; and 
collaborative rural development. The authors commented on the various 
scenarios but left the choice of a best scenario for the decision-makers, 
because the aim was not to forecast the future of water security in the 
country but rather to explore alternative pathways and corresponding 
outcomes to this problem. Regardless the choice, however, building 
trust and strengthening cooperation among stakeholders will generally 

be routes to success, as anticipated in studies of other regions [160].
The OECD principles of water governance would be successfully 

ruled in the agriculture sector through the implementation of a coherent 
water-food-energy (WFE) nexus strategy, and there were models 
developed to do so [161]. The nexus can be interpreted as interactions 
among sectors within the nexus system. Thus, water is indispensable for 
production of both energy and food. The process of water abstraction, 
distribution and treatment requires the utilization of energy. And food 
can also be used to generate energy in the form of biofuels [162]. The 
nexus approach was applied and evaluated in countries such as Iran 
[163], Ghana and Uganda [164], Singapore [165] or the United States 
[166], mostly through interviews and workshops with stakeholders. In 
all cases, strengths and weaknesses were underlined. For example, in the 
Inkomati-Usuthu river basin of South Africa, Sievers et al. [167] cross- 
tabulated quality criteria (comprehensiveness, coherence, flexibility, in
tensity of action, fit) and dimensions (actors and networks, levels and 
scales, problem perspectives and goal ambitions, strategies and in
struments, responsibilities and resources) to evaluate the nexus and 
highlighted as positive features the pressure of relevant actors across the 
WEF sectors for more WFE nexus-oriented governance, and the 
involvement in nexus-oriented governance of all levels and scales across 
all WFE sectors. The negative features were, however, prevalent, and 
comprised: uncooperative as well as mistrusted interactions among 
relevant actors and networks across all WFE sectors; lack of nexus- 
oriented strategies and instruments as well as lack of impetus to 
change the paradigm; the management of responsibilities and resources 
was rigid (resistant to changes) and competitive rather than cooperative, 
with no accountability or transparency.

Besides the WFE framing discussed in the previous paragraph, a 
successful (effective) water governance system requires reliable water 
accounts [168]. A consistent account system comprises a water metering 
network for the monitoring of withdrawals, linked to a database of water 
rights for evaluating the balance between availability and demand or 
detecting potential illegal abstractions. In complement, the system 
should be linked to remote sensed time series of evapotranspiration 
maps for dynamically adapt allocation to water needs [169] and hence 

Fig. 8. Water governance is in the core of a water-secure environment. In the 
agriculture sector, the application of OECD principles of effectiveness, effi
ciency and trust and engagement translate into the optimization of water-food- 
energy nexus, implementation of accountability measures (e.g., metering), and 
anticipation of pathways to overcome the challenges of scalability (e.g., 
geographic, institutional), interaction among competing water-use sectors (e.g., 
urban, industry), financing (e.g., microcredit to small hold farmers) 
and pollution.
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make the system more resilient to seasonality and climate change. 
Digitalization is another step forward towards effective water gover
nance. Platforms capable of receiving, integrating and processing in
formation from satellite sensors, monitoring stations (stream discharge 
rate, water quality), piezometers, etc., and providing them to farmers 
and administrators as services, are much welcome and have been 
implemented already [170]. For all these tools to work and communi
cate effectively, providing an asset to society, it is essential to invest in 
the technical training of all those involved.

Regardless of being effective, a water governance scheme in the 
agriculture sector has a number of challenges, namely of scale, inter
action with schemes from other sectors (urban, industry), and financing. 
The challenge of scale encompasses improving the degree of spatial and 
temporal alignments between the jurisdictional and agroecological 
scales. The jurisdictional scale spans the village to the state levels and 
the agroecological scale the plot to the ecosystem levels, while both 
scales can be implemented at the levels of day to centuries [171]. A low 
scalar alignment frequently produces conflicts among the competing 
interests for water. For example, in south Australia the competition 
between irrigated agriculture and forestry production was heading to
wards legal proceedings, which were halted when the water allocation 
procedure was transferred from local to state governance [172]. The 
interaction among governance schemes involves framing the exchange 
of water between sectors (e.g., agriculture and urban water supply) into 
formal, holistic and transparent agreements, to avoid uneven burden 
and benefit-sharing among sectors as occurred in Valencia, Spain, be
tween urban and rural users [173]. According to the FAO [174], the 
challenge of financing can be overcome through building an ecosystem 
of value chain actors able to create and capture value through increased 
production, protection of natural an infrastructure resources an recla
mation of degraded areas; building trust to attract external funding 
through blended public–private projects, grants provided by public or 
philanthropic institutions, loans and bonds (e.g., microcredit), 
compensation via the offsetting or in setting of carbon emissions, 
corporate water stewardship, among other funds; and allowing the chain 
actors to take, manage and share risks.

Pollution is another challenge to water governance needing attention 
and action. In China, local governments have established the River Chief 
System, which involves appointing a named official to protect a specific 
waterway. This reform reduced the impact of manure output from ani
mal breeding operations but failed to reduce pollution caused by fer
tilizer use [175]. In a theoretical approach based on the game theory, 
Xiao et al. [176] proposed a cross-sectoral water pollution governance 
involving the industrial and agriculture sectors to synergically reduce 
non-point source water pollution through cooperation. In Europe, 
however, there is some skepticism about the role of governance struc
tures in addressing the “wicked problem” of diffuse nutrient pollution 
[177].

A synthesis of governance elements recommended to strengthen 
water security in the agriculture and cattle grazing activities, emerging 
from the reviewed articles, covers the following key areas: (a) rein
forcing the role of river basins as geographic domain for the assessment 
of all security dimensions. This was considered vital to ensure a 
continuous understanding about the functioning of river basins under 
ongoing land use and climate changes, as well as to warrant efficient, 
sustainable and equitable water allocation and uses; (b) developing the 
water tenure concept. This was considered vital to extend the debate 
about water rights and competition for water uses, with linkages to land 
tenure, resource-use efficiency and food security; (c) The governance of 
irrigation. This was considered essential to increase water productivity 
in irrigated agriculture, as a central solution to water scarcity; (d) The 
governance of groundwater. This was considered of paramount impor
tance to prevent water crises; (e) Governance for pollution control. 
Agriculture is a cause and a victim of water quality deterioration, and 
governance for pollution control is needed to mitigate the related con
sequences, namely food insecurity. Among governance elements 

essential to improve water quality in the agriculture and livestock sec
tors, those seen as the most urgent were tailored quality standards, 
guidelines on treatment and recycling, environmental impact assess
ments, measurement and monitoring.

4.8. Payment for water services to finance governance in the agriculture 
sector

The production of clean water from watersheds where human ac
tivities dominate is a challenge to governance, because the activities 
generally threat water security through quantity and quality declines. In 
the agriculture sector, reduction of forested areas in headwater catch
ments to expand farming lands, coupled with inadequate fertilizing and 
erosion control practices, usually lead to severe water quantity and 
quality declines. One pathway to revert this situation relies on the 
implementation of governance schemes whereby the water users (e.g., 
urban consumers) pay an incentive to water producers (e.g., farmers 
located in headwater catchments) for their commitment to adapt their 
food production systems (Fig. 9). The incentive system is called payment 
for water services (PWS) and comprises land use conversions capable of 
restoring spring discharge rates in the agricultural watersheds, such as 
monoculture to agroforestry conversions, as well as technical assistance 
for improved fertilizer application and erosion control, among other best 
management practices. Studies on this topic include PWS models with 
pilot case studies included [178–182], cost-effectiveness analyses 
[183–186], pos-implementation assessments [187,188], obstacles to 
PWS application [189], and overviews on national or regional pro
grams’ performance [190,191]. Taken together, the various studies 
show the mechanics of PWS models and how their implementation 
benefited water quantity and quality in the watersheds, as well as co- 
benefited carbon sequestration and recreation, among other features. 
The other side of the coin exposes the resistance to implementation 
posed by consumers, who may question the extra cost of water resulting 
from circumstances they were not involved (e.g., diffuse pollution from 
farmlands), but also posed by land owners who may consider the land 
use conversion’s incentive inappropriate. The details of each study are 
addressed in the next paragraphs.

The design of PWS models in the agriculture sector generally links 
the production of water from headwater catchments to the economic 
value of catchment’s yield, combined with the cost of crop production 
losses driven by the conversion of monocultures to agroforestry uses or 
other conversions capable of raising water quantity and quality. The 
conversion costs, on the other hand, depend on the crop type and on 
environmental factors that make the land use change more or less 
challenging to accomplish (e.g., geologic type, terrain slope, etc.). An 
example of such model was applied to the Brazilian watershed of 
Fazenda Glória composed of various catchments, where the authors 
proposed financial incentives to local farmers ranging from 218.73 to 
576.5 US$/ha/year, to be paid by consumers for the conversion of sugar 
cane lands to agroforestry systems [182], depending on the aforemen
tioned catchment’s water yield and environmental factors. Other models 
shifted the focus to the link between the economic accounting of water 
through PWS and water policy, as done in the Australian Capital Ter
ritory [178]; to the use of PWS in the optimization of water allocation 
models between the agriculture and the urban sectors, as proposed for 
the Chancay-Huaral watershed in coastal Peru [179]; to the adaption of 
PWS models to optimize the potential of agriculture to improve the 
provision of good water quality, coupled with the demand from users for 
good quality water, as tested across the United Kingdom [180]; or to the 
use of PWS as tool for managing water conflicts between upstream 
producers and downstream consumers, as exemplified for the Okavango 
River basin (Angola, Namibia) [181].

The design of PWS models is just one step of governance approaches 
based on the “provider gets principle”. Other steps comprise cost- 
effective analyses and post-implementation assessments. Cost-effective 
analyses include the quantification of PWS implementation costs 
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combined with the assessment of co-benefits. The costs represent the 
amount required to compensate land owners for changing their pro
duction systems, while the co-benefits are positive externalities resulting 
from the land conversions (improved carbon sequestration or more 
valuable recreation activities) and application of sustainable manage
ment practices (agriculture without pesticides, organic farming to pre
vent nitrate pollution). The cost-effectiveness is measured as difference 
between the costs and the co-benefits: if this difference is negative, the 
PWS scheme is effective. An application of cost-effective analysis this 
way in Denmark showed how afforestation, ban of pesticides and 
generalization of organic farming would have much larger co-benefits 
than PWS implementation costs [183]. Cost-effectiveness analyses also 
tackle the willingness-to-pay and willingness-to-receive problems. The 
first problem relies on the reluctance of consumers to pay an extra value 
for water, which derives from land use conversions and best manage
ment practices they believe should be supported by the farmers who 
originally contaminated the surface and groundwater. Put another way, 
consumers may not accept peaceably a governance model based on the 
“provider gets principle” but rather prefer one based on the “polluter 
pays principle”. The second problem relies on the averseness of land 
owners to adopt the PWS practices if their financial revenue reduces 
substantially, a situation anticipated for small coffee producers of 
Honduras by Camarillo et al. [184]. Other obstacles to PWS’ social 
acceptance relate to the wide range of perceptions regarding rights and 
responsibilities in relation to water, as well as the challenges of identi
fying the proper intermediary in the current institutional framework 
[189]. Despite the resistance to accept or adopt PWS schemes, their 
implementation has proven efficient in specific cases. For example, in 
the Huai River watershed (China), the implementation of a PWS pro
gram from 2006 to 2013 decreased the average COD (chemical oxygen 
demand) and NH3-N (ammonia–nitrogen) concentrations of stream 
water by 18.03 mg/L and 4.82 mg/L, respectively, while reducing 
significantly pollution treatment costs [187]. Efficiency is also recog
nized at National levels, such as in Brazil, irrespective of concerns about 
lack of monitoring and transparency, as well as poor spatial and finan
cial distribution [190].

5. Conclusion

The current review identified challenges to water security in the 
agriculture and cattle grazing activities, comprising water scarcity, 
flooding, and deterioration of surface and groundwater quality, besides 
threats related to increasing demand and competition for the water re
sources with other economic sectors, as well as weaknesses in gover
nance including water pricing. It also prognosed improvements brought 
by technological innovation in irrigation. Taken together, the chal
lenges, threats and weaknesses may incite conflicts between economic 
sectors over access rights, undermine food security, fuel public health 
crises leading to social disruptions, and hamper economic growth 
worsening poverty. In a few words, water insecurity hinders the utopia 
of a sustainable Earth. Thus, future studies should continue addressing 
these problems and propose new solutions to overcome them. Key 
messages to decision-makers comprise: (a) Develop or improve distri
bution networks of rainwater harvesting systems, implement watershed 
restoration via PWS schemes, and democratize the use of advanced 
irrigation technologies, to make supplies more reliable and improve 
their quality; (b) Advance water resources governance by empowering 
local stakeholders in community-based irrigation systems, spring and 
river flow metering, pricing incentives, to make water resources man
agement more efficient; (c) At the individual level, via school education 
or other municipal initiatives, people can help to protect the water re
sources in the rural environment by learning more about how they cope 
with the agriculture and cattle grazing activities. As whole, the setting 
up of all these recommendations would help reducing water insecurity, 
before it reaches an overwhelming status.
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Cristina Tarlé Pissarra received a productivity grant from the CNPq – 
National Council for Scientific and Technological Development, PQ −
Process: 311791/2023–9.

CRediT authorship contribution statement

Fernando António Leal Pacheco: Writing – original draft, Meth
odology, Investigation, Funding acquisition, Data curation, Conceptu
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F.A. Leal Pacheco and T.C. Tarlé Pissarra                                                                                                                                                                                                Water Security 26 (2025) 100191 

15 

https://doi.org/10.1111/rsp3.12578
https://doi.org/10.1111/rsp3.12578
https://doi.org/10.1016/j.envdev.2023.100933
https://doi.org/10.1016/j.envsci.2024.103849
https://doi.org/10.1016/j.ecolind.2024.112997
https://doi.org/10.1016/j.ecolind.2024.112997
https://doi.org/10.1016/j.envsci.2025.103986
https://doi.org/10.1016/j.envsci.2025.103986
https://doi.org/10.1016/j.ecolecon.2024.108396
https://doi.org/10.1016/j.ecolecon.2024.108396
https://doi.org/10.1016/j.agwat.2024.108676
https://doi.org/10.1016/j.agwat.2024.108676
https://doi.org/10.1016/j.envsci.2024.103805
https://doi.org/10.1016/j.envsci.2024.103805
https://doi.org/10.1016/j.envsci.2014.09.002
https://doi.org/10.1016/j.jhydrol.2014.08.031
https://doi.org/10.1016/j.jhydrol.2014.08.031
https://doi.org/10.1016/j.wasec.2019.100030
https://doi.org/10.1016/S2095-3119(20)63370-6
https://doi.org/10.1016/S2095-3119(20)63370-6
https://doi.org/10.1016/j.agwat.2020.106417
https://doi.org/10.1016/j.jenvman.2023.117329
https://doi.org/10.1016/j.jenvman.2023.117329
https://doi.org/10.1016/j.ecoser.2024.101658
https://doi.org/10.1016/j.wre.2018.08.003
https://doi.org/10.1016/j.wre.2018.08.003
https://doi.org/10.1016/j.watres.2021.117693
https://doi.org/10.1016/j.watres.2021.117693
https://doi.org/10.1016/j.ecolecon.2021.106982
https://doi.org/10.1016/j.scitotenv.2021.147331
https://doi.org/10.1016/j.scitotenv.2021.147331
https://doi.org/10.1016/j.ecoser.2021.101373
https://doi.org/10.1016/j.jenvman.2025.124787
https://doi.org/10.1016/j.jenvman.2025.124787
https://doi.org/10.1016/j.agwat.2024.108733
https://doi.org/10.1016/j.scitotenv.2024.176145
https://doi.org/10.1016/j.jhydrol.2015.04.005
https://doi.org/10.1016/j.ecoser.2021.101355
https://doi.org/10.1016/j.ecoser.2021.101355
https://doi.org/10.1016/j.landusepol.2024.107057
https://doi.org/10.1016/j.landusepol.2024.107057
https://doi.org/10.1016/j.iswcr.2023.01.001
https://doi.org/10.1016/j.iswcr.2023.01.001
https://doi.org/10.1016/j.wre.2023.100217

	Water security in the agriculture and cattle grazing activities: A systematic review
	1 Introduction
	2 Methodology
	3 Results
	4 Discussion
	4.1 Availability and demand of water for agriculture
	4.2 Harvested rainwater for crop irrigation
	4.3 Efficient water use
	4.4 Impact of agriculture and cattle grazing activities on surface water quality
	4.5 Risk of groundwater contamination
	4.6 Role of floods
	4.7 Water governance
	4.8 Payment for water services to finance governance in the agriculture sector

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


