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1. INTRODUCTION

The accelerating loss of biodiversity and ecosystem degradation represent one of the most profound 
global challenges of the twenty-first century. Scientific consensus shows that nature is declining at 
unprecedented rates in human history, with approximately 1 million animal and plant species 
currently threatened with extinction (IPBES, 2019). The decline undermines the ecological 
foundations of ecosystem services that sustain agriculture, including soil fertility, water regulation, 
pollination, and climate regulation, jeopardizing long-term food security and ecosystem resilience. 
Furthermore, biodiversity loss is not solely an ecological issue; it also undermines the biophysical 
basis of human well-being, economic stability, food security, and climate resilience, putting both 
natural systems and societies at risk (Scott et al., 2024; Almeida et al., 2025). 

Agricultural systems lie at the center of this crisis. Agricultural expansion, intensification, and 
associated land-use change have been identified as dominant drivers of terrestrial and freshwater 
biodiversity loss. In a recent global empirical synthesis, Jaureguiberry et al. (2022) demonstrate 
that land/sea use change is the most significant direct driver of recent anthropogenic biodiversity 
loss, followed by direct exploitation of natural resources and pollution; climate change and 
invasive alien species had comparatively smaller relative impacts. Intensification further 
compounds these pressures through increased agrochemical inputs, soil degradation, nutrient 
loading, over-abstraction of water resources, and homogenization of landscapes. Together, these 
processes diminish key ecosystem services (ESs) at scales and threaten the long-term 
sustainability of agricultural production itself (Scott et al., 2024). The implications extend beyond 
ecological systems. Recent macroeconomic analysis has demonstrated that nature degradation 
directly affects total factor productivity, exacerbates supply-chain vulnerabilities, amplifies 
financial risk, and can reduce global GDP by up to 2.3%, rising to as much as 10% in low-income 
economies dependent on natural capital (Almeida et al., 2025). Furthermore, more than 70% of 
emerging infectious diseases have been linked to ecosystem disruption, indicating that 
unchecked nature loss heightens systemic risks across environmental, economic, and health 
domains (Espinosa et al., 2020). In recognition of the global urgency, the Kunming–Montreal 
Global Biodiversity Framework has set an ambition to halt and reverse nature loss by 2030 
through transformative change in key sectors, including agriculture (CBD, 2022). Central to this 
ambition is the reform of agricultural practices, planning systems, and governance structures to 
align production landscapes with biodiversity conservation and sustainable ecosystem 
management. Several scholars emphasize that addressing agricultural drivers of 
biodiversity loss necessitates systemic interventions, including multifunctional land-use strategies, 
biodiversity-inclusive spatial planning, and mechanisms that integrate ecological values 
into decision-making (Scott et al., 2024; Jaureguiberry et al., 2022). 

Given this context, there is an urgent need for cross-scale synthesis of scientific evidence on the 
links between agricultural practices and biodiversity outcomes. The report contributes to 
this endeavor by systematically mapping and synthesizing mechanisms across soil, water, 
land-use, pollution, and ecological dimensions through which agriculture impacts biodiversity and 
ecosystem functioning. Specifically, the drivers and impacts of agriculture-driven nature loss are 
mapped via the triple lens of mismanagement of natural resources, biophysical changes, and 
climate change. Focus is given to environmental stressors that may induce physical, 
chemical, and biological changes, as well as to their primary impacts on biodiversity and 
ecosystem services. The work provides a foundation for identifying priority intervention points to 
support the development of nature-positive agricultural transitions. Such clarity is necessary not 
only for advancing scientific knowledge but also for informing policy processes, national 
biodiversity strategies, and global commitments to sustainable and resilient food systems. 
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2. METHODOLOGY

A scoping literature review was conducted to identify, assess, and synthesize interrelated ideas and 
current understanding of how agriculture broadly affects biodiversity and ecosystem services 
(BESs). We identified direct and indirect drivers, but primarily focused on the former, given that 
the study centers on advocating for sustainable practices. The drivers were prioritized and selected, 
provided they meet one of three criteria: agricultural practices i) have universal or widespread 
relevance, ii) severely impact BESs, and iii) have cumulative and interconnected impacts. 

Universal or Widespread Relevance 

This implies that the drivers have a global presence, occur simultaneously in 
multiple locations worldwide, and practices are widely used across one or more 
ecosystems. For instance, monoculture agriculture and agrochemicals are 
commonly used in various farming environments. These practices transcend 
boundaries, despite local/regional disparities and pose common challenges. 

Severely Impacts Biodiversity and Ecosystem Services 

These drivers can cause large-scale damage to ecological systems and the 
services they provide, though the severity of harm may vary across trophic levels 
or functional groups. Severity refers to the intensity of harm, such as 
significant habitat destruction, drastic declines in species populations, or 
major disruptions to ecological processes. Large-scale impact refers to the 
broad geographic extent of these effects, affecting vast areas or multiple 
ecosystems. For example, water pollution can severely compromise 
ecosystems’ capacity to provide and regulate ecosystem services, including 
purification and water supply. It can cause immediate and long-term harm to many 
freshwater and marine species. Critical habitats such as coral reefs, seagrass 
beds, and mangroves that support wildlife and marine life can be affected. Vital 
ecological processes, including nutrient cycling, predator-prey relationships, and 
food webs, can be affected at various trophic levels. 

Cumulative and Interconnected Impacts 

The drivers are closely linked and have combined effects on ecosystems. They 
can accumulate across time and space and interact in ways that amplify their 
effects, resulting in severe and widespread consequences that individual factors 
alone cannot produce. Over time and across different regions, the combined 
effects can result in significant ecological degradation. For example, high levels of 
nutrient runoff from agriculture can exacerbate algal blooms, whereas changes in 
precipitation patterns can alter hydrologic flow and dilution, thereby affecting 
pollutant concentrations. This can amplify the release of toxic substances and the 
degradation of water quality, thereby increasing greenhouse gas emissions that 
accelerate climate change. When these stressors accumulate and interact, their 
combined effects on ecosystems can be profound, including pollution and climate 
change, altered species interactions, and changes in ecosystem services such as 
nutrient cycling. Warming water conditions can also increase the toxicity of certain 
pollutants, further stressing aquatic organisms and degrading ecosystems 
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Based on the information above, Figure 1 illustrates the framework developed to depict the 
relationships between agricultural practices and their impacts on BESs. A modified Driving Force-
Pressure-State-Impact (DPSI)1 framework was used to establish causal relationships between 
agricultural practices (drivers) and their impacts on BESs. While drivers are often described as 
underlying socioeconomic and cultural factors motivating human activities, in this study, drivers are 
defined as specific agricultural activities, such as over-irrigation and surface flooding, exerting 
environmental stressors (pressures) such as waterlogging conditions, etc. These drivers were 
mapped to one of three agricultural domains: water resource management, soil and land 
management, and waste and pollution management. Each driver/sub-driver was also mapped to at 
least one of these farming typologies: (1) farms on forest frontiers; (2) agrochemical-intensive 
monocultures; (3) intensive livestock systems and overgrazing; (4) water (over) extractive farming. 

Figure 1 − A guiding framework for mapping drivers and impacts of agriculture-driven nature loss.

1The standard DPSIR represents the Driving Forces, Pressures, State, Impact, and Response; the modified DPSI excludes the response element

Source: Authors



4 | P a g e

DRIVERS SUB-DRIVERS DESCRIPTION / CONTEXT FARM 
TYPOLOGIES2 

AGRICULTURAL WATER MANAGEMENT 

Irrigation water 
management 

1. Surface (flood)
irrigation

Traditional methods of irrigating agricultural fields by flooding with 
water; often linked with large (canal) irrigation. 

1,4 

2. Poor scheduling of
irrigation water

Leading to under-/over-irrigation due to insufficient or poorly 
applied irrigation methods. 

1 

3. Poor irrigation
water quality

Use of low-quality/marginal water, e.g., brackish, for 
irrigation/fertigation. 

1,2 

Over-exploitation of 
water resources 

4. Over-abstraction of
surface and/or
groundwater

Over-abstraction of water for intensive agriculture or livestock 
production, where withdrawal exceeds recharge. 

3,4 

Watershed 
Management 

5. Wetland drainage and
conversion

Using natural or engineered modifiers to remove water actively; 
channeling water to lower water level areas; wetland conversion into 
agricultural land that leads to drainage and destruction of 
floodplains. 

2,4 

6. Poor construction and
management of reservoirs 

Inadequate construction and distribution, e.g., canal operations for 
agriculture (illustration not provided) 

1,3,4 

AGRICULTURAL SOIL AND LAND MANAGEMENT 

Crop management 
practices 

7. Monocropping and
mono-culture

A practice of growing a single crop/species on a specified land, 
period after period. 

2,4 

8. Poor crop selection A practice of choosing crops that are not well-suited or sub-optimal 
for local conditions 

2,4 

Soil management 
practices 

9. Excessive tillage Soil preparation methods that degrade soil structure, including 
the use of heavy machinery 

1,2 

10. Poor soil and water
conservation management

Inadequate or absent of in-situ soil and water conservation 
measures that expose the soil to dryness and erosion. 

1,2 

Land use change & 
management 
practices 

11. Land use change Conversion of forests, grasslands, or wetlands into agricultural 
lands. (illustration not provided) 

2,3,4 

12. Shifting cultivation Clearing forests for temporary crop cultivation and leaving some 
time to recuperate (illustration not provided) 

1,2 

Livestock farming 
management practices 

13. Poor livestock
farming

Practices involving overgrazing, removal of vegetation cover, and 
stocking density that lead to soil compaction 

1,3 

AGRICULTURAL POLLUTION MANAGEMENT 

Excessive herbicide 
and pesticide use 

14. Use of pesticides Untargeted application of chemical compounds to control unwanted 
plants/weeds 

2 

Untargeted application of chemical compounds to control 
pests (including fungicides) 

2 

Excessive use of 
nutrients 

15. Fertilizer use Application of synthetic and/or organic fertilizer to supplement 
nutrients on farms 

4 

Poor agricultural
waste management

16. Poor crop residue and
livestock waste
management

Improper handling and use of leftover crop residues and livestock 
waste in agriculture (illustration not provided) 

4 

Table 1: Agricultural drivers and sub-drivers of nature loss by management area and farm typologies. The 
table shows en (10) key agricultural practices as direct drivers of biodiversity loss and declining ecosystem services.

2Farm typologies include: 1. farms on forest frontiers; 2. agrochemical-intensive monocultures; 3. intensive livestock 
systems and overgrazing; 4. water (over) extractive farming
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The impact of various drivers on BESs is examined through the lens of pressure-state interactions. 
This study has adopted the definition of biodiversity from the 2019 IPBES report, which describes 
biodiversity as “the variability among living organisms from all sources, including terrestrial, marine, 
and other aquatic ecosystems, as well as the ecological complexes of which they are a part.” This 
definition encompasses differences in genetic, phenotypic, phylogenetic, and functional 
characteristics, as well as temporal and spatial changes in abundance and distribution across 
species, ecological communities, and ecosystems. We have also adopted the typology of 
ecosystem services from the “The Economics of Ecosystems and Biodiversity (TEEB)” assessment 
framework, which categorizes ecosystem services into provisioning, regulating, habitat, and cultural 
services3, in conjunction with the IPBES Assessment of Nature’s Contributions to People (NCP). 
The study prioritized biodiversity-related ecosystem services, particularly those that regulate 
ecosystem processes and underpin ecosystem functioning. This includes air quality regulation, 
water regulation, water purification, climate regulation, pollination and seed dispersal, habitat 
provisioning, pest and disease regulation, and soil health and fertility maintenance. Impacts are 
assessed from the perspective of a decline in, or loss of, BESs. When possible, we discussed 
implications in terms of severity (short-term/long-term) and scale (plot/farm, farm systems, 
landscape) on various ecosystems and trophic levels. We also considered multiple connections 
among ecosystems; however, each driver is discussed separately, although they are extensively 
linked and have interconnected impacts. This study has not considered positive impacts and 
feedback, and has considered secondary and tertiary effects only to a limited extent. We also did 
not discuss conservation actions, policy measures, sustainable management practices, or solutions 
for protecting and restoring natural systems, as presented in related CGIAR reports. 

Climate change is highlighted in two ways: first, as a driver of various environmental challenges, 
and second, as an outcome of agricultural management practices. This dual perspective 
underscores the far-reaching implications of climate change and emphasizes the critical importance 
of implementing effective and practical solutions to mitigate its effects. Climate impacts on 
ecosystems may be direct or indirect, but ultimately they exacerbate threats and interact with other 
stressors, including temperature changes, flow alterations, habitat fragmentation, and pathogen 
loads. While some natural disturbances associated with climate change may have transient positive 
effects on biodiversity and ecosystems, we have focused on their adverse impacts. 

3Typologies of ecosystem services in “The Economics of Ecosystems and Biodiversity (TEEB)” assessment, categorized into provisioning, regulating, 
habitat, and cultural services and compared to the IPBES assessment of nature’s contribution to people, are listed in (Supplementary Information I Table 1).

©2023 CGIAR/ Eslam Aref Photography 



Credit ©2025 CGIAR/detour
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Water is an essential resource for agriculture. The use of freshwater for irrigation has greatly 
improved food production, even under increasing environmental uncertainty (Molden, 2007). 
Water also plays a crucial role in supporting ecosystems by enabling services such as soil fertility, 
nutrient cycling, and hydrological regulation, functions that directly sustain agricultural productivity 
(FAO, 2022). Although water is vital for both ecosystems and farming, its use in agriculture often 
involves important trade-offs (Pratap et al., 2023). When managed well, agricultural water 
supports food production, stabilizes yields, and sustains the landscapes on which communities 
depend. But when it is poorly managed, agriculture becomes a major driver of biodiversity loss 
and ecosystem degradation. 

This risk is intensified by the sheer scale of water use in agriculture. As the world’s largest water 
user, taking up nearly 72% of global freshwater withdrawals, agriculture puts significant 
pressure on rivers, groundwater, wetlands, and the biodiversity they support (Smith et al., 2024; 
Jing et al., 2025). Because of this immense footprint, the ways in which water is captured, stored, 
diverted, and distributed for farming play a decisive role in shaping the health of soils, freshwater 
ecosystems, and the species that depend on them.

Freshwater ecosystems are especially vulnerable. Although they cover less than 1% of the Earth’s 
surface, they host nearly 10% of all known species, making them among the most biodiverse 
habitats on the planet. Yet irrigation and water abstraction often reduce river flows, shrink lakes, 
and lower groundwater levels. Well-known examples include the degradation of the Aral Sea, 
Lake Chad, and Lake Urmia, changes strongly linked to water diversion for irrigation  (Smith et al., 
2024). Such declines disrupt breeding grounds, feeding habitats, and migration routes for many 
aquatic species, thereby weakening the ecosystem services that support agriculture.

Poor water management can also indirectly reduce biodiversity. As Jing et al. (2025) show, 
irrigation runoff often carries fertilizers and pesticides into rivers and wetlands, causing 
eutrophication, algal blooms, and shifts toward a few pollution-tolerant species. In some rivers, a 
single zooplankton group now accounts for over 90% of all organisms, indicating that agricultural 
water pollution can simplify food webs and reduce ecosystem stability. As wetlands and rivers 
lose their natural diversity, services such as nutrient cycling, water purification, and habitat 
provision decline. Terrestrial biodiversity also responds to water management decisions. Irrigation 
canals and drainage structures can fragment landscapes, cutting off the movement of birds, 
insects, and small mammals. They may also act as pathways for invasive species, which spread 
easily through human-modified agricultural landscapes. 

Thus, this section examines how different aspects of agricultural water management (AWM) 
contribute to these outcomes. It focuses on three key areas where poor practices create 
significant pressures on BESs: i) poor irrigation water management, ii) over-abstraction of water 
for crops and livestock, and iii) poor watershed management. Figure 2 illustrates how these water-
related drivers interact and how their combined effects can undermine ecosystems. Links between 
soil and land management are explored in Part 2 of this report, whereas pollution- and waste-
related interactions are discussed in Part 3. 

3. AGRICULTURAL WATER MANAGEMENT AS A DRIVER AND
IMPACT ON BIODIVERSITY AND ECOSYSTEM SERVICES
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Figure 2 − A high-level illustration of major agricultural water management drivers and their impacts on biodiversity and ecosystem services.

Source: Tosin Somorin/IWMI 



3.1. Poor Irrigation Water Management

The aim of irrigation management is to ensure that water is applied to crops at the appropriate time 
and in appropriate amounts. This is done to reduce wasteful water consumption and ensure that soils 
can effectively retain and supply water to crops at rates that match the soil’s absorption capacity and 
erosion risks. However, in many agricultural settings, particularly in water-intensive agriculture and 
forest-frontier smallholders, irrigation water is poorly managed or distributed. Some of the widely 
reported poor irrigation water management practices include surface flooding, poor irrigation water 
scheduling, and using poor-quality water for irrigation (Chauhan & Ram, 2023; Chaube et al., 
2023; Dangar et al., 2021; Manasi et al., 2019; Abdullaev et al., 2009; Bhattarai et al., 2021). 
The next subsections describe how these practices adversely impact BESs. 

3.1.1. Poor Performance of Large Irrigation Systems and Flood Irrigation Practices

Large-scale irrigation schemes are crucial in regions where natural water availability is insufficient for 
agriculture. In India, Bangladesh, Pakistan, and many other Asian countries, such schemes have a 
long history, with canal irrigation as a primary method for supplying water to farmland. Pakistan’s 
Indus Basin irrigation system is the world’s largest contiguous scheme, with an area of 17 million ha 
(Sajid et al., 2024). The Ganges Basin in India, the Yellow River Basin in North China, and the Central 
Asian Republics similarly support some of the largest irrigation schemes in the world (Mukherji et al. 
2009). Key examples include the Grand Anicut and the Vianagarum Canal systems, which have been 
used for centuries and continue to play a vital role in irrigation (Chauhan & Ram, 2023). While 
significant gains have been made in agricultural productivity, large-scale irrigation schemes have 
come with environmental costs. Qualitative analysis of large-scale schemes in India has shown that 
many canal irrigation systems are poorly designed, old, structurally damaged, and plagued by 
operational issues such as siltation, insufficient water conveyance, and high seepage losses 
(Chauhan & Ram, 2023). Many farmers employ flood irrigation in these contexts because of its 
simplicity and low cost. Freshwater withdrawal is unregulated, and government subsidies are 
available. Inadequate design and operational problems, as well as maintenance issues, have resulted 
in poor water distribution and control, low irrigation efficiency, and substantial water losses, leading to 
widespread surface flooding (Chauhan & Ram, 2023; Chaube et al., 2023). Commonly induced 
environmental changes include increased waterlogging, salinization, surface runoff, and aquifer 
depletion (Singh et al., 2012; Dinka & Ndambuki, 2013). The impacts of waterlogging and salinization 
are discussed in Boxes 1 and 2, respectively; however, the effects of water over-abstraction and their 
implications for storage and environmental flows are discussed in Section 3.3. The contributions to 
water pollution are discussed in Part 3 of this report.
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Credit ©2025/Pradeep Liyanage/IWMI



Box 1: Waterlogging Impacts

Waterlogging occurs when soil becomes saturated, causing water levels to rise. In dry-irrigated fields, free water 
percolates, but waterlogging can arise from shallow groundwater and from large seepage losses due to 
uncontrolled drainage and unlined canal networks, resulting from poor water-holding capacity and soil drainage 
conditions (Singh et al., 2012; Dinka & Ndambuki, 2013; Manghwar et al., 2024). The most common cases of 
waterlogging are reported in the irrigated Indus Basin of Pakistan and India, where wheat, rice, cotton, and 
sugarcane are grown (Singh, 2015; 2016). These regions are characterized by high rainfall and dense irrigation 
systems. Countries such as Bangladesh, India, China, and Vietnam also often experience waterlogging, 
particularly in areas with poorly managed irrigation systems. 

Waterlogging primarily affects soil ecosystems and plant physiological processes, both of which are inextricably 
linked in their impacts on BESs (Figure 3). Waterlogging oversaturates soil with water, promoting anaerobic 
conditions and causing unhealthy plant roots, which in turn reduce nutrient uptake and crop growth. Some of the 
well-documented mechanisms for reducing crop growth include stomatal closure, which is necessary for gas 
exchange (Rodríguez-Gamir et al. 2011); induces oxidative stress, which decreases the activity of critical enzymes 
like ribulose-1,5-bisphosphate carboxylase and phosphoenolpyruvate carboxylase (Muhammad et al., 2021); 
reduces chlorophyll that is essential for carbon dioxide (CO2) assimilation and photosynthesis in plants; 
accumulation of gases like ethylene, CO2 and reactive oxygen species at plant roots (Niu et al., 2023) as well as 
chemical imbalances (Bhaduri et al., 2017). For example, gas accumulation damages cellular components, such 
as chloroplasts, thereby limiting the plant’s photosynthetic capacity (Ren et al., 2016). Low oxygen levels around 
the root zone affect nutrient uptake by limiting nodulation and nitrogen fixation. A deficiency of essential nutrients 
like nitrogen, potassium, and calcium can result in temporary toxicities of certain soil nutrients like iron and 
manganese that are typically harmless under well-drained conditions but transform into free ions when the soil’s 
reduction potential is elevated (Najeeb et al., 2015; Fukao et al., 2019; Manik et al., 2019; Kaur et al., 2020; Aslam 
et al., 2023). These effects can adversely affect soil biota and plant health, thereby disrupting nutrient cycling and 
soil processes essential for maintaining soil health. It can affect other ESs, such as water purification and climate 
regulation, through increased atmospheric emissions and leaching of water-soluble nutrients into the soil.  

Excessive soil moisture can also increase the risk of plant disease and insect infestation. The selective pressure 
of anaerobic conditions can reduce the genetic diversity of soil microbes, favoring species and strains, e.g., by 
increasing denitrifying bacteria and methanogens that can survive or thrive in such environments, and by declining 
aerobic decomposers and nitrifiers. Specifically, waterlogging supports anaerobic bacteria, such as the 
Anaerolineaceae family within the Chloroflexi phylum and Geobacter species in the Proteobacteria phylum. 
Certain fungi and aerobic bacteria, such as those in the genus Nocardioides within the phylum Actinobacteria and 
Chthoniobacter within the phylum Verrucomicrobia, are more abundant in drained areas (Gschwend et al., 2020). 
These bacteria thrive in low-oxygen environments, which are typical during waterlogged conditions. The microbial 
shift can disrupt plant-microbe interactions, reduce plant biodiversity, and alter the genetic pool and diversity of 
soil fauna, such as earthworms and nematodes, that rely on aerobic conditions and are essential for nutrient 
uptake and plant health. Ultimately, ecosystem services, such as nutrient cycling, soil formation, and pest and 
disease regulation, are affected. For example, waterlogged conditions promote the growth of pathogenic microbes 
such as Pythium, Phytophthora, and Fusarium spp, which thrive in wet/anaerobic conditions (Tyagi et al., 2024). 
These pathogens can increase plant vulnerability and worsen the severity of root rot and damping-off diseases. 
They weaken the plant's immune responses and reduce its resilience to other environmental stresses. 
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Source: Ojo et al., 2011



Figure 3 − An illustration of waterlogging's primary impacts on soil ecosystems and plant physiological processes. 

Source: Tosin Somorin/IWMI 
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Box 2: Soil Salinization Impacts

Waterlogging often coincides with soil salinization, and their combined effects are more harmful to crop yields 
than their individual effects (Kahlown et al., 2002). According to FAO 2021a, approximately 424 million hectares 
of topsoil (0–30 cm) and 833 million hectares of subsoil (30–100 cm) globally are affected by salinity. 
Approximately 34 million hectares of irrigated land worldwide are affected by salinization, representing 
approximately 11% of the global irrigated area. Out of this, 77% of the affected land is in Asia, with notable salinity 
issues in regions such as Pakistan, China, and India.  

The large-irrigation-induced causes of soil salinization include water leakages from poorly lined canals and 
reservoirs, excessive water application, inadequate drainage, and deep percolation into saline aquifers. 
Salinization in deep percolation contexts occurs when the water table rises within 2 m of the soil surface, and 
excess salts build up in soils, around crop root zones, and within plant tissues due to capillary action. Salinization 
is particularly common in arid and semi-arid areas where excessive irrigation and limited rainfall lead to salt 
accumulation in the soil (Singh et al., 2012). More than two-thirds of salt-affected climatic zones are located in 
arid and semi-arid areas (FAO, 2021a). Specific causes of salinization in irrigated lands in dryland include the use 
of saline or brackish water for irrigation, seawater intrusion or salt deposition on the soil surface due to capillary 
rise from a shallow water table, poor drainage facilities, intensive fertilizer and pesticide use, and improper use of 
deficit irrigation (Singh, 2015; 2016; Mukhopadhyay et al., 2021). 

The primary impacts of soil salinization are on soil microbes and plant health (Sritongon et al., 2022). Figure 4 
illustrates how salinity affects soil ecosystems and plant physiological processes through the combined effects of 
osmotic stress, ion toxicity, nutrient imbalance, and disruption of microbial community structure. In the case of the 
latter, highly saline soils inhibit microbial growth and enzyme activities, such as the abundance of soil bacterial, 
fungal, and arbuscular mycorrhizal communities necessary for mineralization. It shifts microbial communities by 
inducing osmotic stress and ion toxicity. Bacterial community structure varies under salinity stress: some bacterial 
groups (e.g., Proteobacteria, Actinobacteria) increase in abundance, whereas others (e.g., Planctomycetes, 
Bacteroidetes) decrease in abundance. While some haloalkaliphilic bacteria can thrive in saline soils, others are 
adversely affected, including heterotrophic bacteria and free-living diazotrophic microbes that fix nitrogen and help 
stabilize soil organic matter (Zhang et al., 2019; Haj-Amor et al., 2022).  

Soil salinization imposes hyperosmotic, oxidative stress, and ion toxicity on plant growth. This happens when 
excessive salts build up in the root zone, affecting the plant’s leaves and ability to take in water and decreasing 
CO2 availability for photosynthesis, leading to osmotic stress, wilting, and stunted growth (El Mokh et al., 2014; 
Muhammad et al., 2023; Atta et al., 2023). It also disrupts nutrient balance in plants, weakening them, reducing 
fruiting, and degrading forage quality. Soil salinity exceeding 2 dS/m adversely affects sensitive crops, whereas 
salinity exceeding 8 dS/m severely impairs the growth of most plants and crops (Hassani et al., 2021). The extent 
of the impact depends on the crop variety and its salt tolerance. Furthermore, crop tolerance to salinity is highly 
variable (Tanji and Kielen, 2003): while potato and rice are more sensitive to salts at electrical conductivity (EC) 
of 2-3 deciSiemens per meter (dS/m), barley, wheat, and cotton have higher thresholds (6-8 dS/m). Many crops 
are unaffected by salinity but progressively lose tolerance as soil salinity increases. The evolution of salt tolerance 
has a greater impact on native species’ tolerance to other stressors than on invasive species (Liu et al., 2019). 
For example, Elsey-Quirk et al. (2024) showed that native tree species died or experienced severe dieback in 
saline environments. This results in the replacement of native species by salt-tolerant exotics and weeds (Briggs 
and Taws, 2003). The feedback loop of vegetation loss and rising salinity worsens over time. 

In addition to direct effects on soil microbes and plant species, salinity can increase soil sodium content, thereby 
reducing the stability of soil aggregates. It can affect the overall functioning of the soil ecosystem, diminishing 
habitat for terrestrial species and contributing to biodiversity loss at multiple levels. According to Castillo et al. 
(2017), changes in community structure can modify food-web interactions, including species interactions and 
trophic positions. In terrestrial ecosystems, salinity significantly affects soil invertebrates. Sensitive organisms 
such as potworms (Enchytraeids) experienced an immediate population decline under high salinity due to 
physiological stress and delayed recovery even after salinity was reduced (Pereira et al., 2018), highlighting a 
potential long-term reduction in trophic diversity. Generally, increasing salinization negatively affects trophic 
diversity, depending on organisms’ salinity tolerance, and can alter the structure and function of freshwater 
ecosystems, for example, by affecting reproduction, osmoregulation, and survival. Microinvertebrates (such as 
Hydra spp.) are reported to be more sensitive to salinity than vertebrates (Castillo et al., 2017). Aquatic insects, 
scrapers, gatherers, and filterers show greater sensitivity to salinity than omnivores. The various impacts can 
affect nutrient recycling and the regulation of disease and climate, as well as supporting services such as habitat 
maintenance that sustain plant and animal richness. 
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Figure 4 − An illustration of soil salinization impacts on soil ecosystems and plant physiological processes. 

Source: Tosin Somorin/IWMI 



3.1.2. Poor Scheduling of Irrigation Water 

Poor irrigation scheduling may be due to unsuitable plans, imprecise soil water measurements, errors 
in water balance modeling, and uncertainty about the amount of water applied during each irrigation. 
In many cases, irrigation is not well timed with respect to land and soil characteristics, and farmers 
often lack specific knowledge of the water requirements of different crops. The costs and complexity 
of in-field soil-moisture measurement devices, high electricity costs, and limited access to accurate 
weather forecasts and soil-moisture information can also pose barriers for many farmers, alongside 
institutional, cultural, and policy issues (Knox et al., 2011; Yohannes et al., 2019). Ultimately, poor 
irrigation scheduling results in either under- or over-watering. Box 3 focuses on the effects of induced 
water stress from under-irrigation, as the effects of waterlogging have been discussed earlier. The 
effects of induced water stress due to water over-abstraction and climate change are discussed in 
sections 3.2 and 3.4, whereas those related to crop and land management are in Part 2 of this report. 
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Box 3: Induced water stress impacts

There is limited evidence regarding the broader impacts of induced water stress resulting from under-irrigation. 
In many arid and semi-arid agroclimatic conditions, deficit irrigation is intentionally practiced to reduce water use 
and optimize water productivity. However, both intentional and unintentional irrigation practices induce water-
deficit stress. Our findings show that the primary impacts are on soil biodiversity and ecosystems. Water deficit 
reduces moisture conditions and significantly alters the structure, functioning, and processes of soil ecosystems, 
including root growth, soil carbon storage, and the structure and function of microbial communities (Dangi et al., 
2016; Natasha Abdul Rahman et al., 2021). Soil water deficit can reduce plant cell turgor, thereby limiting leaf 
area development, plant height, and photosynthetic efficiency (Meshram et al., 2021). For example, in cotton, it 
resulted in low fruit retention and a significant decline in seed-cotton and lint yields. Water-deficit conditions 
dehydrate plant tissues, leading to an imbalance between root water uptake and leaf transpiration (Ahmad and 
Li, 2021). These impacts can reduce crop yields and degrade soil health (Rodrigues and Pereira, 2009). Figure 
5 illustrates how induced water stress can adversely affect plant physiological processes and soil ecosystem 
processes, and how these effects subsequently impact BESs. 

Evidence shows that several below-ground processes, including carbon cycling and nutrient accumulation, are 
affected by water-deficit conditions (Flynn et al., 2021). These conditions alter soil microbial populations, which 
are important in making nutrients available to plants and supporting soil formation and processes. Specifically, 
there is a noticeable change in the compositions of bacterial and archaeal communities, and drier soils have 
fewer beneficial soil microbes, such as arbuscular mycorrhizal fungi. Shifts in microbial community composition 
significantly affect soil microbial biomass by disrupting nutrient pools and inter-kingdom interactions in the plant 
rhizosphere (Wang et al., 2021, 2022). For example, studies by Rodriguez-Ramos et al. (2022) found decreases 
in overall microbial biomass and in specific microbial populations, such as soil eukaryotes, under deficit irrigation. 
Changes in soil moisture levels in tomato plots affected the metabolic capabilities of microbial communities 
related to carbon and nitrogen, which are vital for both soil health and plant growth. Therefore, an imbalanced 
soil microbial community can disrupt soil biogeochemical processes and reduce the availability of essential 
nutrients such as nitrogen and carbon, ultimately affecting plant growth and soil fertility.  

The influence of crop productivity varies among plant species, depending on their physiological and structural 
adaptations. Plants with extensive root systems and efficient water-absorption patterns can draw water from 
deeper soil layers to meet their transpiration demands and sustain growth and yield. Drought-resistant plants 
can mitigate yield declines by altering root thickness, depth, and penetration capacity. Increasing root mass 
under water-deficient conditions can increase aboveground biomass production, and higher carbon inputs at the 
root level can enhance soil organic carbon formation. However, similar water deficiency can adversely affect 
biomass production (Yi et al., 2010), particularly for crops like alfalfa that require substantial water inputs (Li et 
al., 2023). The varied impacts underscore the importance of carefully managing water-deficit practices. 
Information on the loss of other important ecosystem services due to poor irrigation scheduling is scarce and 
fragmented. However, an inference can be drawn from the impact of reduced biomass production on ecosystem 
services, e.g., by reducing habitats and food available to various organisms. Moderate deficit irrigation may 
reduce certain plant diseases, such as root-knot nematode infections (Rodriguez-Ramos et al., 2022), which 
could be a potential benefit. However, overall ecosystem balance may be disrupted by changes in predator-prey 
dynamics among soil microorganisms, with broader ecological implications. The trade-off between water-use 
efficiency and crop productivity can also affect crop productivity, potentially leading to changes in land-use 
patterns and agricultural practices and impacting local ecosystems. 

Water-deficit conditions may exacerbate soil salinization and sodification, particularly when crops are grown in 
arid and semiarid areas and low-quality (saline) water is used for irrigation (Aragüés et al., 2014; Toumi et al., 
2024). Soil salinity is induced by inadequate leaching and salt accumulation. The impact on crops depends on 
initial soil and water salinity level, irrigation method, soil texture, and climatic conditions, particularly the amount 
and timing of precipitation during non-irrigation periods. The studies mentioned above did not show any long-
term adverse effects on soil quality, and various deficit irrigation methods did not significantly impact crop yield 
and productivity. However, concurrent water and salinity stress adversely affected the growth and yield of other 
crops, such as alfalfa (Qiu et al., 2021), resulting in reduced aboveground dry matter and species diversity. This 
was achieved through osmotic effects and by inducing specific ion toxicities. The previous section already 
presented the impacts of soil salinization; the effects of using low-quality water are presented in the next section. 

15 | P a g e

©Freepik



Figure 5 − An illustration of the primary impacts of induced water stress on plant physiological processes. 

Source: Tosin Somorin/IWMI 
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3.1.3. Poor Quality Water for Irrigation

Water is becoming increasingly scarce worldwide, both in quantity and in quality. As a result, farmers 
worldwide are increasingly turning to low-quality water, such as saline water or wastewater with high 
salt and contaminant concentrations, for irrigation. In dry climates where water is scarce, direct use of 
treated, untreated, or partially treated wastewater for irrigation is typical (Dreschel et al., 2010. More 
prevalent than direct use is the indirect use of diluted wastewater from untreated or partially treated 
urban sources, mixed with stormwater and freshwater in drains and streams (Keraita et al., 2008; 
Jiménez et al., 2009). For example, in places such as Vietnam’s Red River Delta and Pakistan’s 
Haroonabad, wastewater is pumped into irrigation canals to supplement freshwater, often the only water 
available during dry seasons (Jiménez et al., 2009; Dreschel et al., 2010).  

In India, areas of Punjab, Haryana, Delhi, Maharashtra, Gujarat, Uttar Pradesh, and Rajasthan, 
primarily in dry and semi-arid regions, use low-quality saline water for cropping, which has led to salt 
accumulation. High sodicity is evident in areas such as Rajasthan, Haryana, and Uttar Pradesh (Tripathi 
et al., 2011). Many aquifers in Bangladesh, India, and Pakistan are affected by elevated concentrations 
of iron, manganese, and arsenic (Das, 2022; Islam & Mostafa, 2024). Extensive regions of Rajasthan, 
Orissa, and parts of Andhra Pradesh, Telangana, and Karnataka are known to have groundwater 
contaminated with fluoride (Subba Rao et al., 2020; Das, 2022. The combination of high temperatures 
and low rainfall in certain areas exacerbates soil salinization, leading to even higher salt concentrations. 
It is estimated that more than 154,000 km² of agricultural land in South Asia may be irrigated with 
groundwater exceeding the WHO guideline value of 10 µg/l (WWQA, 2021). The impact of soil 
salinization is discussed under poor irrigation water management. Box 4 buttresses the effects of 
increased salinity on water permeability and soil acidification. 

Box 4: Salinity impacts soil compaction and water permeability 

Increased soil pH, salinity, and exchangeable cations (e.g., Na+, Ca2+, Mg2+) are common effects of 
irrigation with poor-quality water (Al-Omran et al., 2010; Marlet et al., 2009). Irrigating with such water can 
have several detrimental effects on soil structure and fertility. For example, the accumulation of salts can 
result in reduced saturated hydraulic conductivity, which impairs water infiltration and drainage; increased 
concentrations of sodium can cause soil dispersion, reducing soil aggregate stability, especially in acidic 
and low clay-content soils (Becerra-Castro et al., 2015; Aram Ali et al., 2019; Nick et al., 2024. Evidence 
shows that soil structure deteriorates, bulk density increases, and infiltration rates reduce when water with 
a high sodium adsorption ratio is used for irrigation, especially when followed by low-salinity water 
application (Bethune & Batey, 2002; Emdad et al., 2004. Soil pores can become blocked, limiting the 
downward moisture percolation and solute transport. This can negatively affect root growth, hinder the 
development of beneficial soil microorganisms, diminish habitats for small invertebrates, and restrict 
nutrient availability. Additionally, wastewater rich in suspended solids can clog soil pores, reducing water 
infiltration (Becerra-Castro et al., 2015; Ofori et al., 2021). This can increase agricultural runoff of nutrients 
(N, P, K), xenobiotic compounds, and other contaminants into water bodies. Increased salinity can alter soil 
physical properties, e.g., by reducing hydraulic conductivity and impeding leaching of harmful salts through 
the root zone. This can also cause groundwater contamination through the downward flux of contaminants. 
For example, in Varanasi, India, the groundwater supplies are found to be contaminated with 
pharmaceuticals and pesticides such as sulfamethoxazole (<0.001−0.034 μg/L) and perfluoroalkyl 
substances (<0.0001−0.033 μg/L) due to untreated wastewater irrigation (Lapworth et al., 2017). All of the 
above environmental changes, along with contaminants (heavy metals, emerging contaminants, 
pathogens, and nutrients), can affect soil biodiversity and ecosystem functions, including decomposition 
rates, nutrient retention, soil formation, and nutrient cycling. These functions are needed for clean water, 
pest and pathogen control, soil fertility and crop production, and climate change mitigation. For example, 
high salinity can reduce root exudate production, thereby decreasing microbial biomass. It can increase the 
solubility and bioavailability of heavy metals in soil, thereby increasing plant uptake and accumulation. It 
can lead to toxicity for both macro- and microorganisms, affecting microbial activity and diversity, including 
important bacterial strains such as Rhizobium leguminosarum (Minhas et al., 2022). Additional note on the 
impacts of pollution is provided in Part 3 of this report. 
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3.2. Over-abstraction of groundwater and surface water

3.2.1. Over-abstraction for irrigation

Global freshwater use, which includes withdrawals for agriculture, industry, and municipal purposes, 
has surged from 500 billion m³ to almost 4 trillion m³ since the 1990s (Ingrao et al., 2023. Approximately 
70% of this withdrawal is linked to agriculture, primarily for irrigation, livestock, and aquaculture. The 
rest is used for industrial and domestic purposes (Ritchie et al., 2023. Some of the major agricultural 
production centers that rely heavily on irrigation are in North India, the Indus River Basin in Pakistan, 
the North China Plain, and the Central Valley in California (Paria et al., 2021; Liu et al., 2022; Sajid et 
al., 2024; see Figure 6). Among countries with significant irrigation schemes, India and Pakistan have 
the most unsustainable expansion, with 86% (12.1 Mha) and 87% (1.53 Mha) of gross expansion 
occurring in areas with blue water stress4 (Mehta et al., 2024).  

Some notable examples of unsustainable groundwater extraction are cited in India, where extensive 
irrigation schemes backed by government subsidies in the form of free energy incentives (Sidhu et al., 
2020 led to accelerated groundwater extraction. This led to significant water wastage, lowered water 
levels by 8 meters (compared to 1980 levels, and continued to amplify the harmful effects of climate 
change (Sishodia et al., 2017; Tack et al., 2017). Other examples are also cited in the Indus River 
of Pakistan, where extensive irrigation practices have diminished fish populations (Braulik et al., 
2014; high water withdrawals from the Nile and Indus Rivers, primarily for irrigation, have led to 
seawater intrusion upstream, affecting the positions of estuaries and riverine delta ecosystems 
(Kidwai et al., 2018; excessive groundwater withdrawals in arid and semi-arid regions of Africa 
and Asia, where annual evaporation and transpiration exceed rainfall and surface water storage 
options are inadequate, have depleted aquifers, lowered water levels in streams and lakes, 
deteriorated water quality, and led to land subsidence (De Graaf et al., 2019; Jasechko et al., 2024. 

Figure 6 - A global map of areas with estimated head decline caused by groundwater pumping and associated 
with reaching the environmental limit (De Graaf et al., 2019) 

4conditions where there is not enough renewable surface and groundwater available to meet the demand for irrigation water. 
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3.2.2. Over-abstraction for livestock production

Livestock and milk production have increased dramatically over the past 60 years. Livestock production 
has grown at an annual rate of 2.7%, reaching an estimated 361 million tons in 2022, corresponding to 
~45 kg per capita. Similarly, milk production has increased by 1.7% annually, totaling ~930 million metric 
tons in 2022, corresponding to about 117 liters per capita (FAOSTAT 2024). According to FAO 
AQUASTAT, the estimated global water withdrawal for livestock watering is around 31 km³/year, 
accounting for around 2% of total water withdrawals for livestock production. The remainder is to 
produce livestock feed, including cereals, such as maize, as well as rainfed and irrigated pastures and 
grazing lands. Heinke et al. (2020) estimate that the annual water use for global livestock feed 
production is approximately 4,387 km³, accounting for around 41% of total agricultural water use. 
Producing one calorie of animal-based food typically requires more water than producing plant-based 
food products (Mekonnen & Hoekstra, 2010). Given the rapid growth in livestock production, the over-
extraction of water from aquifers and water bodies is becoming an increasingly significant issue, 
particularly in regions with intensive feed-based livestock systems that depend on local irrigated 
pastures, maize, or other animal feeds (Schlink et al., 2010). The risk of water over-extraction related 
to livestock varies considerably by region, influenced by the spatial distribution of livestock and feed 
production systems, local water resource conditions, and competing water demands from other sectors. 
A global assessment by Leng & Hall (2021) identifies hotspot regions in which livestock water supply 
significantly contributes to unsustainable water use. These regions include northern India, the Middle 
East, northern China, and the central United States (Figure 7). There are also extensive areas where 
water over-extraction is jointly caused by both livestock and non-livestock activities. These findings 
emphasize the necessity for integrated water management. 

Figure 7 - The state of water planetary boundaries (PB) for the globe and three hotspot regions. Grey: water PB
not exceeded. Yellow: PB exceeded due to non-livestock water use (case 1). Red: PB exceeded both by non-
livestock water use and by livestock water use (case 2). Purple: livestock water use has been responsible for 
tipping over the PB (case 3). Calculations are made for each year, and the long-term mean is shown. The pie 
plot shows the percentage areas of each case (Leng and Hall, 2021). 
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While the specific uses, irrigation for agriculture or water supply for livestock, might differ, the impact of 
over-abstraction of freshwater resources remains the same. Evidence indicates that the primary 
impacts center on reduced water availability, disruption of natural water cycles, and changes in 
habitat structure (Rolls et al., 2012; Rolls& Bond, 2017; Lapides et al., 2022). Box 5 jointly 
discusses the primary impacts of over-abstraction of freshwater for irrigation and livestock production, 
focusing on the effects of groundwater and streamflow depletion on hydrological and ecological 
processes and on the deleterious consequences for riparian and aquatic ecosystems, irrespective of 
water use. The effects on water quality and the ecological integrity of freshwater ecosystems are 
discussed only briefly, but detailed information is provided in Part 3 of this report. This includes 
information on how the specific uses of freshwater for irrigation in agrochemical-intensive 
monocultures or intensive livestock production systems contribute to water pollution. 

Box 5: Impact of water over-abstraction on riparian and aquatic ecosystems

Excessive abstraction of groundwater and surface water can reduce groundwater recharge (Döll et al., 
2012). Similarly, when groundwater is extracted at a rate exceeding its natural recharge, river baseflow can 
decline, reducing natural streamflow (Castaño et al., 2018). Depletion can occur in two ways: first, when 
groundwater extraction intercepts water that would otherwise flow into a stream, and second, when altered 
groundwater flow promotes seepage losses into the aquifer (Barlow and Leake, 2012). The effects are 
complex and particularly significant in regions with strong hydraulic connections between aquifers and 
streams (Barlow & Leake, 2012; Dangar et al., 2021). Research by de Graaf et al. (2019) has shown that 
streamflow has fallen below necessary levels for environmental flows in 15–20% of watersheds 
experiencing intense groundwater extraction. Projections suggest that by 2050, up to 80% of these 
watersheds will be unable to sustain environmental flows if current development and climate change trends 
continue. Such a reduction in environmental flows can sever habitat connectivity and negatively impact the 
ecological integrity and resilience of riparian and aquatic ecosystems (Jasechko et al., 2023). 

The mechanistic links between low flows and changes in ecological structures and functions of riparian and 
aquatic ecosystems are attributed to one of four environmental pressures: reduced water habitat, water 
quality changes, disrupted energy and nutrient transport, and disrupted connectivity and refugia 
dependency (Ingrao et al., 2023; Rolls et al., 2012; Lapides et al., 2022). Low streamflow can limit the size 
of aquatic habitats⁷. This can manifest as reduced water volume, area, and depth, and as changes in river 
velocity, including variations in fast-flowing riffles and floodplains. Modifications to streamflow 
characteristics can affect flow magnitude, frequency, timing, variability, and overall water quality (Naiman 
et al., 2008; Lapides et al., 2022). These changes can influence the composition of biota, trophic structures, 
and the carrying capacity for aquatic organisms, particularly fish and macroinvertebrates that depend on 
flowing-water habitats. Additionally, lower stream flows can heighten competition and predation risks. The 
extent of the impact will depend on the interactions between local hydrology, geomorphology, and changes 
in hydraulic conditions (Rolls et al., 2012; Rolls and Bond, 2017). 

Low water flows can affect aquatic organisms by impairing water quality, for example, by increasing 
sedimentation and concentrating pollutants. Several fish populations, such as brook trout (Salvelinus 
fontinalis), are sensitive to low dissolved oxygen levels during periods of low water flow. Additionally, certain 
macroinvertebrates are sensitive to high thermal/electrical conductivity (Calapez et al., 2017; Su et al., 
2019; Hyvärinen et al., 2022). This can reduce oxygen levels, creating hypoxic conditions. It can sever 
connections between surface and groundwater and among aquatic organisms, thereby increasing similarity 
among aquatic assemblages (Rolls et al., 2012). Furthermore, low flows can influence the sources and 
transport of materials in river ecosystems, for example, by decreasing the movement of organic matter and 
nutrients and reducing food availability for higher trophic levels (Rolls et al., 2012; Munn et al., 2018). This 
includes the longitudinal transport (continuous movement) of energy and organic matter in streams, the 
lateral transfer of energy between river channels and surrounding riparian and floodplain areas, and the 
vertical flow of nutrients connecting benthic substrates, groundwater, and surface waters. In these contexts, 
low flows can retard longitudinal energy flow, for example, by retaining benthic organic matter upstream. 
Fish may experience reduced growth at both the individual and population levels due to decreased energy 
intake during low-flow periods. These declines can reduce the transfer of energy from terrestrial or riverine 
sources to higher trophic levels. Diminished lateral connections in intermittent streams can also affect the 
primary energy sources (autochthonous versus allochthonous) that support aquatic food webs. Lower 
production within aquatic systems because of low (or diminished) flow can also influence the productivity 
of riparian and terrestrial ecosystems and their inhabitants. Furthermore, increased accumulation and 
retention of fine sediments during low-flow conditions can impede nutrient transfer from benthic substrates, 
groundwater, and hyporheic zones, thereby affecting ecosystem productivity and biodiversity. 
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Ultimately, reduced water flow limits habitat connectivity and diversity, creating separations between rivers 
and their floodplains and restricting species’ ability to migrate within these ecosystems. Limited access to 
refugia, that is, stable water areas where species can endure harsh conditions during prolonged low-flow 
periods, can result in declines in local populations, adversely impacting biodiversity over time. These can 
lead to cascading effects on BESs in river ecosystems. For instance, traits related to dispersal and the 
availability of refugia significantly influence patterns of biotic diversity across multiple scales during and 
after low-flow periods. When sensitive species disappear from communities during extended low-flow 
situations, isolated refugia foster increasingly distinct communities. This could result in a situation in which 
only generalist, tolerant species remain, producing homogeneous assemblages across refugia. As a 
result, the diversity and resilience of these ecosystems may be compromised, increasing their 
susceptibility to additional stressors (Rolls et al., 2012). All these pieces of evidence underscore the 
importance of maintaining adequate environmental flow to support biodiversity and ecosystem integrity. 
Figure 8 illustrates how groundwater and streamflow depletion impact riparian and aquatic ecosystems. 

Groundwater processes also influence the abundance of riparian vegetation, but limited studies have 
quantified its role in ecosystem diversity and richness. Most research has focused on terrestrial biomes, 
particularly in arid and semi-arid landscapes, which may limit our overall understanding of dynamics in 
riparian and aquatic ecosystems. Current evidence suggests that aquatic and riparian vegetation, 
particularly in arid regions, is highly sensitive to changes in surface water and groundwater levels, 
including low-flow periods and groundwater depth (Stromberg et al., 2007). In some cases, riparian flora 
sequentially “desertifies”, with wetland species being the most vulnerable. Changes in the composition, 
species diversity, and structure of riparian vegetation directly affect habitat quality for wildlife, particularly 
birds (Merritt & Bateman, 2012). Other impacts on riparian and aquatic vegetation are linked to the role 
that riparian plants play in filtering pollutants and in sediment retention, stability, and erosion prevention 
(Land and Peters, 2023). They also play a crucial role in regulating water flows, providing habitat, and 
serving as food sources. As such, areas with low groundwater discharge are considered less likely to 
support effective water regulation and purification services or to sustain diverse aquatic species. 

In terrestrial landscapes (forests, grasslands, meadows, and woodlands), impacts of changing water 
depth are observed as shifts in composition (e.g., from water-tolerant to drought-tolerant and xerophytic 
species), changes in rooting depth, and a decline in floristic quality (Glanville et al., 2023). Subtle 
differences in water availability or induced water stress may manifest as significant differences in canopy 
cover, thereby distinguishing vertical layers as woody and herbaceous. This can influence intraspecific 
competition, survival, nutrient availability, and water use. Vegetation stress and mortality may, in turn, 
lead to progressive changes in species distributions. For instance, shrubs exhibit limited diversity and 
lower calcium and magnesium levels, whereas trees prefer reduced salinity. This can adversely affect 
plant growth, community structure, species diversity, vegetation succession and other organismal 
processes (Land & Peters, 2023). Other contributing factors include groundwater pH and nitrate and salt 
concentrations (Glanville et al., 2023). 

Excessive groundwater extraction can lead to several secondary impacts, including aquifer compaction, 
saltwater intrusion, and rising groundwater levels in coastal regions. Aquifer compaction occurs primarily 
due to over-extraction of groundwater, which decreases the pressure inside the aquifer. This pressure 
drop can cause the surrounding geological materials to compact, leading to land subsidence. Such 
subsidence may damage critical infrastructure and increase flood risk (El Shinawi et al., 2022; Borchers 
and Carpenter, 2014), ultimately affecting key ecosystem services that provide nourishment and regulate 
environmental conditions. Excessive groundwater extraction is also linked to saltwater intrusion 
(Jasechko et al., 2020). When coastal aquifers are over-extracted, freshwater discharge to the sea is 
reduced, lowering the local water table. This condition allows seawater intrusion, which degrades 
groundwater quality (Alfarrah & Walraevens, 2018). Persistent surface flooding can also cause rising 
groundwater levels, increasing waterlogging and soil salinization. Recovery rates from these issues are 
typically slower than the rates of decline. In the long term, essential services for flood regulation, water 
purification, disease control, and climate stability are adversely affected. Globally, over-abstraction of 
groundwater has tilted the Earth’s axis and contributed to global sea-level rise, further impacting human 
and planetary health. An estimated 2,000 billion cubic meters of water were extracted from underground 
storage between 1993 and 2010, which is said to have led to an annual shift in the geographic North Pole 
of 4.36 cm (Seo et al., 2023). Surface runoff from over-extracted water can degrade soil health and water 
quality by increasing sediment transport, nutrient and pollutant concentrations, and by altering soil 
infiltration and water storage capacity (Ponting et al., 2021). This degradation affects vital regulating and 
supporting services, including habitat maintenance. 
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Figure 8 − An illustration of the impact of groundwater and streamflow depletion on riparian and aquatic ecosystems. 

Source: Tosin Somorin/IWMI 
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3.3. Watershed Management

Watershed management focuses on the effective management of land, water, and vegetation to 
conserve natural resources while balancing human and environmental needs. The primary goal is to 
minimize or mitigate downstream adverse impacts. However, certain management practices can lead 
to significant changes in land use, such as agricultural expansion into wetlands (e.g., for farming, 
grazing, or aquaculture); water drainage and diversion of wetlands for irrigation; overexploitation of 
plants, land, and fish; intensive farming or agricultural activities that increase pollutant loads (Wood 
and van Halsema, 2008; Chuma et al., 2022; Dixon and Wood, 2003). These practices can disrupt 
land use and hydrology, particularly in upstream regions, thereby increasing runoff and soil erosion 
(Wang et al., 2018b). This may heighten the risk of permanent flooding (or inundation) and increase 
sedimentation in downstream rivers, as upstream and downstream areas within a watershed are 
typically interconnected through stream flow and sediment transport. Significant land-use changes 
and hydrological disturbances may directly affect water quality in downstream areas, with effects 
further influenced by factors such as topography, climate, and geography (FAO, 2023). Some 
examples are drawn from the Ciliwung watershed in Jakarta, Indonesia, which has experienced 
hydrological disturbances over the past decade due to land-use activities. Land-use change activities 
include a 10% decrease in forest cover, an 18% decline in plantations, and a 169% increase in dryland 
farming, all of which contribute to permanent flooding (Asdak et al., 2018). In Yemen, the over-
exploitation of groundwater in uplands due to market-oriented agriculture led to groundwater depletion 
and reduced streamflow. The construction of storage and diversion structures upstream fragmented 
habitats for various species and reduced downstream flow, thereby negatively impacting associated 
ecosystems (Sarah et al., 2008; Ghafouri et al., 2012; Wang et al., 2018b). 

This section of the report focuses on wetland drainage and conversion to agricultural land, highlighting 
the impacts of drainage and the neglect of riparian buffers on BESs. The consequences of 
mismanagement of large reservoirs and the effects of reliance on constructed storage are also 
discussed. Earlier sections (3.1 and 3.2) have already outlined the impacts of agricultural water use 
at the farm/farm systems levels. In contrast, Section 3.3 examines in greater detail the broader 
implications of agricultural water consumption at the landscape (watershed) level. Issues related to 
deforestation, overgrazing, and shifting cultivation are addressed in Part 1 of this report, while details 
on the overuse of pesticides, which can also cause water pollution, are provided in Part 3. 

3.3.1. Wetland Drainage and Conversion

Wetlands are among the most productive ecosystems on Earth, covering approximately 1.5−1.6 billion 
hectares. They provide ecosystem services valued at $47.4 trillion annually (Ramsar, 2018; Ramsar 
Convention on Wetlands, 2021) and support 40% of global biodiversity across various environments. 
Wetlands also play other roles, e.g., as critical storage for precipitation and snowmelt, modulating 
inundation patterns, residence times, and streamflow; areas for nutrient retention and transformation; 
and habitats crucial for biodiversity, including amphibians, invertebrates, and waterfowl (Evenson et 
al., 2018). Since the 20th century, 64% of Earth’s natural wetlands have been lost, with a persistent 
annual decline of 1% (Davidson, 2014). The IUCN Red List indicates that 58% of freshwater turtles, 
21.7% of fish, 30% of crayfish, 37% of freshwater mammals, and 30% of amphibians are at risk of 
extinction (Lynch et al., 2023). Wetlands serve as vital habitats and breeding grounds for many of 
these countless, red-listed plant and animal species, including aquatic insects such as dragonflies and 
damselflies, as well as various mammals (Darwall, 2011). These ecosystems are characterized by 
high endemism, evidenced by unique flora and fauna. However, they face significant threats due to 
limited species migration and their restricted ability to adapt to environmental changes (Wetlands 
International, 2024). There is an urgent need to preserve and protect these vital wetland ecosystems 
and the services they provide. 

25 | P a g e



Wetland drainage and conversion occurs in various ways,  involving direct processes such as 
consolidation, where water is redirected from several smaller wetlands into fewer larger ones 
(McCauley et al., 2015); channelization, where ditches or perforated pipes are used to funnel water 
away for agricultural purposes or lower water levels in wetlands to enable arable farming (Brown, 
1988); and direct water extraction from wetlands e.g., using mechanical pumps when gravity is 
insufficient  (Tavernia et al., 2017).  Water can also be indirectly removed by clearing natural 
vegetation, which reduces water retention and increases runoff (Uwimana et al., 2018). In some cases, 
embankments/barriers are constructed to prevent further water inflow, and wetland areas can be used 
directly for farming, as in paddy rice cultivation. These water abstraction and drainage activities can 
increase sediment transport, erosion, nutrient loads, and pollutant concentrations, ultimately 
degrading land (Ramsar Convention on Wetlands, 2021). They can also significantly damage 
wetlands, transforming dynamic hydrological systems into drought-prone or permanently flooded 
areas. Common examples of wetland loss and degradation worldwide are illustrated in Figure 9. In 
East Africa, wetlands have significantly declined, with the Anyiko wetland shrinking by 50−55% from 
1966 to 2018. Along Lake Victoria, wetlands such as Dunga, Koguta, and Kusa experienced 
reductions of 50%, 47%, and 34%, respectively, between 1969 and 2000. Uganda’s wetland cover 
lost about 50% during that period, equating to roughly 410 hectares per year (Chuma et al., 2022). In 
Ethiopia, excessive water diversion for irrigation has led to habitat loss (EWNHS & Wetlands 
International, 2018).  India has experienced significant wetland loss due to agricultural conversion, 
with 5880 waterlogged areas and more than 77,000 coastal wetlands lost between 2006 and 2017 
(EnviStats India, 2022). Overall, Asia and Sub-Saharan Africa have experienced a 40% reduction in 
wetlands, and Latin America and the Caribbean report widespread ecological deterioration of wetlands 
(Fluet-Chouinard et al., 2023; Ramsar Convention on Wetlands, 2021). Box 6 highlights the effects of 
wetland drainage on hydrological connectivity and on the diversity of BESs. 

Figure 9 − Map of cumulative percentage wetland loss as a fraction of wetland cover in 1700 

Source: Fluet-Chouinard et al., 2023. 
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Box 6: Impact of wetland drainage on hydrological connectivity

Wetland drainage through consolidation can significantly alter hydrological connectivity5 (McCauley et al., 2015) 
— Figure 10. The risk of loss is related to the size of the wetland. Both small and large wetlands are essential for 
maintaining balanced hydrological dynamics. They are distributed across landscapes and are crucial in preserving 
hydrological diversity while facilitating localized connectivity. The loss of these wetlands can lead to cascading 
effects on watershed-scale processes, resulting in system-wide changes at the catchment and river-basin levels, 
affecting water flow regulation, sediment transport, and biodiversity (Ramsar Convention on Wetlands, 2021). 
Small, isolated wetlands are particularly at risk of extinction due to their relatively limited size. When these small 
wetlands are consolidated into fewer larger ones, their capacity to retain water increases, but this can diminish 
their ability to store and gradually release water (Evenson et al., 2018). This process leads to the homogenization 
of hydrological networks and can permanently inundate the hydrological regimes of downstream water bodies. 
Consequently, increased surface runoff and altered streamflow patterns reduce the wetlands’ capacity to mitigate 
flood risk in the region (McCauley et al., 2015). Furthermore, when small wetlands are drained of resources, they 
become more susceptible to drying, which can threaten their biodiversity and lead to extinction. 

The drawdown of water or other materials, such as peat, from wetlands, or the direct conversion of wetlands to 
agricultural land, can also lead to considerable alterations in the physical, chemical, and biological 
characteristics of soils (Minick et al., 2019). When wetlands are drained or converted, the fundamental 
processes that contribute to the formation of organic soils, such as oxygen and other gas diffusion, are affected. 
This can influence nutrient mobility and peatland soils, shifting them from anoxic to oxic conditions, accelerating 
chemical processes such as oxygen diffusion and redox changes, and enhancing nutrient cycling and 
microbial activity. Increased organic matter decomposition and nutrient mineralization may alter regional carbon 
storage and lead to nutrient discharge into nearby aquatic ecosystems. Interactions across species in 
drained wetlands are complex; in the Neotropics, research shows that increased human pressure on freshwater 
wetlands breaks down the positive relationship between smaller organisms (e.g., protists, phytoplankton, 
microcrustaceans) diversity and ecosystem services, but the relationship is maintained for larger organisms (fish 
and macrophytes) (Moi et al., 2022). In the tropical savanna region (the Cerrado of Central Brazil, South 
America), vegetation diversity is reported to be higher in areas with moderate water-level fluctuations, which 
reduce dominance by shrubs and fast-growing woody species such as Miconia albicans and Pleroma
stenocarpum (Guilherme et al., 2022). Overall, biodiversity, measured by species richness, was higher in 
non-drained regions, whereas total density and dominance were greater in drained areas. Another study 
observed that prolonged high water levels can kill terrestrial and emergent vegetation species such as cattails 
(Typha spp.) and reeds (Phragmites australis), which provide vertical structure and habitat for other 
organisms, whereas excessive drying periods can prevent submerged species from thriving (Orsholm & 
Elenius, 2022). These alterations can simplify plant communities, reducing habitat heterogeneity and the 
complexity required to support other organisms, such as insects and birds, and leaving fewer microhabitats for 
wetland-dependent plants and animals. 

Invertebrates such as chironomids (non-biting midges) and dytiscids (diving beetles) respond to changes in 
wetland hydrology, particularly water drainage (Orsholm & Elenius, 2022). These organisms thrive in wetlands 
with prolonged hydroperiods, as their larvae rely heavily on standing water for development. However, 
unexpected and prolonged droughts, as well as permanent deep waters, can drastically reduce their populations 
and disrupt existing food chains, since they serve as crucial prey for aquatic and terrestrial species (Chastant et 
al., 2018; Faragó & Hangya, 2012). Moreover, extended hydroperiods can adversely affect many amphibian 
species, leading to the permanent colonization of fish and increased predation pressure. This dynamic can 
significantly reduce the richness of both invertebrate and amphibian populations. Extreme fluctuations in water 
levels, or consistently high water levels, can also reduce habitat diversity, creating challenges for wetland bird 
species in foraging and nesting. For instance, persistent deep water may limit access to shallow feeding zones, 
whereas prolonged flooding can destroy nests and reduce ground cover for wading and dabbling birds. 
Additionally, high water levels can restrict vegetation that provides protective cover and habitat for birds, thereby 
further diminishing species richness (Orsholm and Elenius, 2022; Malekian et al., 2022; Francis et al., 2021). 
Overall, altered hydrological regimes that are overly stable or exhibit extreme fluctuations can simplify wetland 
ecosystems, increase predation pressure, reduce available refuges, and restrict habitat options. These 
disruptions can threaten the delicate balance of wetland biodiversity. The loss of biodiversity in wetlands affects 
ecosystem services, including food provisioning, water quality, carbon balance, and groundwater recharge 
(IPBES, 2019). Multitrophic species in these areas are vital for ecosystem functioning and provide essential 
benefits. For example, declines in species richness and functional diversity can reduce ecosystem functions 
related to biomass production, water quality, and nutrient cycling (Moi et al., 2022). Ecological theory supports 
that multifunctionality enhances ecosystem functions through species complementarity. This means biodiversity 
and various wetland habitats, regulated by habitat heterogeneity, are essential for sustaining species diversity, 
maintaining ecological processes, and regulating ecosystem processes. 
5Function of the landscape to promote or prevent the movement of substances”- a key indicator for protecting biodiversity and maintaining 
the stability and integrity of ecosystems (Wu et al., 2023).
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Figure 10 - An illustration of the impact of wetland drainage on riparian and aquatic ecosystems. 

Source: Tosin Somorin/IWMI 
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3.3.2. Undue reliance on constructed storage and poor management of reservoirs

Over the past 50 years, global water demand has increased by approximately 1% per year, driven by 
population growth and economic development. The surge in demand has led to a considerable decline 
in freshwater storage and undue reliance on constructed storage systems. Over the last century, many 
human-built infrastructure works, such as dams, dykes, reservoirs, and irrigation canals, have been 
constructed for purposes including irrigation, flood control, hydroelectric power generation, and water 
supply. Among these, dams and reservoirs6 account for most of the human-engineered storage 
solutions. Globally, there are 58,700 large dams, defined as those over 15 meters high or with a 
storage capacity of 3 million cubic meters. These dams store more than 16% of the annual river 
discharge of 40,000 cubic kilometers (Perera et al., 2021). There are also millions of smaller dams 
and reservoirs operating worldwide with diverse functions. In Asia and Africa, irrigation is the primary 
purpose of dams and reservoirs, whereas flood control, hydroelectricity, and water supply are more 
common in North America, Oceania, and Europe (Figure 11). Storage structures provide essential 
services, such as supporting irrigation on over 30% of irrigated land, which accounts for 40% of global 
agricultural production (ICOLD WRD, 2020). However, their construction and operation can have 
significant environmental and ecological implications. There is evidence that the construction of dams 
and storage facilities has had significant impacts on river and riparian ecosystems. It is estimated that 
48% of global rivers have been altered by 6374 large dams (Grill et al., 2015; Schmutz et al., 2018). 
The manipulation of irrigation flows has caused extensive changes in river basins, affecting the natural 
features of watersheds (Ketchum et al., 2023). Only 37% of rivers over 1,000 kilometers remain free-
flowing throughout their entire length, and just 23% flow uninterrupted to the ocean (Grill et al., 2019; 
GWP & IWMI, 2021). If the current trends persist and all proposed and under-construction dams are 
completed by 2030, it is estimated that natural river flow will be altered by 93% (Grill et al., 
2015. Boxes 7 and 8 discuss the impact of impounding and altered flows on BESs.

Figure 11 − a) Distribution of Dams by function and b) number of dams along the major river basins of Asia, 
North America, South America, Africa, Europe, and Oceania (ICOLD WRD, 2020; Zhang & Gu, 2023). 

6 Given there is no generally accepted definition for dams and reservoirs, in this chapter, “dams” refer to the physical structures, such as weirs, while the 

term “reservoir” is used to indicate the artificially created water body.
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Box 7: Impact of impounding and water storage on flow regimes

Alteration of flow regimes is the most common consequence of inadequate design and construction, and 
inadequate control of storage structures. Both large and small storage structures reduce the lateral and vertical 
connectivity of rivers with their floodplains and wetlands (Rolls and Bonds, 2017). Dams, in particular, have 
fragmented over 60% of the world’s rivers (Grill et al., 2019). They obstruct the natural flow of rivers, altering 
and redistributing available freshwater resources and limiting the amount of usable water that reaches the basin 
outlet. This further leads to the loss of natural storage, alters the physicochemical characteristics of reservoirs, 
and disrupts biological responses. The storage and capture of floodwaters can increase constancy and reduce 
flow variability, altering flooding regimes and affecting ecological processes. The storage and use of water for 
dry-season irrigation can increase downstream discharge from dams during the low-flow season, thereby 
causing cold-water pollution. Such impacts have been observed in rivers, such as the Indus in India, the 
Colorado in the USA, and the Murray-Darling in Australia (Grill et al., 2019). Figure 12 shows that globally, 
approximately 50% of rivers exhibit reduced connectivity, with a connectivity status index7 (CSI) of less than 
100%. The river connectivity index shows the lowest river connectivity in Europe, the United States, South Africa, 
China, and India. In the Flinders and Gilbert catchment in Australia, dam construction has reduced the average 
duration of lateral connectivity between floodplain wetlands and the main river by 1% and 2%, respectively. In 
the Atreyee River in India, the Mohanpur dam reduced lateral connectivity, resulting in a 66% decrease in 
floodplain wetlands. Furthermore, the vertical connectivity of these rivers is adversely affected by the regulated 
release of reservoir water, which alters nutrient, heat, and sediment exchange between surface and subsurface 
waters (Chen et al., 2023; Rolls and Bonds, 2017). Ultimately, the quantity, timing, and quality of environmental 
flows required to sustain freshwater ecosystems are affected. 

Figure 12 − Global River connectivity status at the river scale based on the connectivity status index (Grill et 
al., 2019). Note: the blue shade indicates the magnitude of the river discharge, and the darker blue shade 
indicates the discharge of high magnitude from larger rivers. 

Reservoir operation also significantly affects various aspects (Figure 12), including variations in stored water, 
water-level changes, sediment capture and release, and downstream flow patterns. The magnitude of impact is 
influenced by the dam’s location, reservoir size, water residence time, and time of application (dry versus wet 
periods) (Schmutz et al., 2018). Although the distinctive flow components within any given river will vary with 
geography and climate, common impacts associated with river damming and reservoir operation include the 
interruption of river continuity, which impedes longitudinal and lateral fish migration, sediment, and nutrient 
transport; sedimentation and siltation, which can clog riverbeds and degrade water quality; homogenization of 
habitats due to loss of lotic environments and the creation of lentic (still water) conditions; alteration of 
river/groundwater exchange leading to downstream riverbed incision and flow and quality changes (Tundu et 
al., 2018; Díaz-Redondo et al., 2018; Schmutz et al., 2018; Wang et al. 2022;). These impacts are brought about 
by several pressure-stress relationships and impact mechanisms: dams disconnecting reservoirs from 
floodplains, and reservoirs trapping sediments and nutrients, as well as thermal/chemical stratification leading 
to altered reservoir characteristics. 

7 A CSI of less than 95% indicates a significant loss of connectivity in rivers either laterally or vertically
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Box 8: Impact of altered flow variability on aquatic biodiversity

Watershed connectivity is critical to the biodiversity and ecosystem health of aquatic organisms, but dams and 
reservoirs can sever essential connections by prolonging low baseflows, reducing dam discharge, increasing 
flow variability, and reducing natural flow regimes (Rolls et al., 2012). This can disproportionately affect water 
habitats with steep gradients and ecosystems with fast-moving water, such as riffles and perennial rivers. The 
resulting changes in area, depth, and velocity can cause adverse impacts on the biodiversity of organisms like 
the foothill yellow-legged frog that are adapted to specific water flow, temperature, and quality conditions (Rolls 
and Bonds, 2017), affecting the composition of biota, trophic structure, and carrying capacity of habitats (Rolls 
et al., 2012). Low flows and shifts towards more intermittent flow patterns mediate changes in habitat conditions 
and degrade water quality. This, in turn, reduces biodiversity, disrupting the natural functions of critical aquatic 
systems and affecting population size, species richness, and species diversity (Datry et al., 2018). For example, 
non-migratory species adapted to stable environments tend to dominate in reservoirs, while migratory and 
rheophilic species are displaced. Dams and weirs transform flowing habitats into still-water habitats, reducing 
fish diversity within dams and slowing decomposition in streams. During periods of low flow, there may be a 
higher concentration of organisms, leading to competition for resources. Low baseflows can also affect plant 
communities, contributing to the spread of riparian plant species and altering overall population and species 
diversity in the area (Rolls and Bonds, 2017). 

Alterations in flood magnitude and frequency resulting from flow regulation have been widely reported to affect 
ecosystems, including reduced abundance and richness of certain aquatic species. Reduced flow variability in 
regulated rivers has been linked to a decline in native fish species, a loss of riffle-dwelling taxa, and lower 
species richness of macroinvertebrates, periphyton, and macrophytes (Rolls and Bonds, 2017; Yamanaka 
Yamanaka et al., 2020). Additionally, reduced flow variability promotes the invasion of non-native species and 
affects the richness of terrestrial vegetation (Rolls et al., 2012; Hayes et al., 2017). In lowland rivers and 
estuaries, reduced flood magnitude and frequency can reduce ecological productivity, particularly in estuarine 
fisheries. Both the magnitude and seasonal timing of flooding strongly determine ecosystem productivity, and 
alterations to floodplain inundation dynamics by flow regulation could influence primary production in lowland 
river ecosystems. Studies in Australia and Portugal have shown that artificial perennial flow can cause significant 
shifts in fish assemblage composition and increase the abundance of broad-tolerance and nonnative taxa. In 
dryland rivers of Australia, changes from intermittent to permanent flow regimes have substantially altered biotic 
communities (Rolls and Bonds, 2017). Artificial flow permanence can also increase biofilm metabolic activity, 
chlorophyll productivity, and macroinvertebrate density and biomass (Ponsatí et al., 2014). This next section 
discusses how water impoundment and storage affect nutrient and material movement and the negative 
consequences of these processes for BESs. 

Damming cold-water streams may also result in a potamalization effect, a shift from rhithral to potamal 
communities (Schmutz et al., 2018) due to favorable warmer temperatures. Here, low flows affect the sources 
and exchange of material and energy in riverine ecosystems (Rolls et al., 2012). Selective removal and transport 
of unnatural or unseasonal cold or warm water from large, stratified reservoirs can elicit ecological responses to 
flow-regime change. Sediment trapping occurs, often cumulative and preferential, in reservoirs. For example, 
coarse sediments tend to settle in the riverine section of the reservoir, while fine sediments and organic matter 
are deposited in the lacustrine zone. This affects downstream nutrient transport, reducing nutrient 
concentrations in coastal areas and degrading aquatic life and ecosystems. Over time, thermal/chemical 
stratification intensifies, leading to eutrophication. Depending on reservoir characteristics, layers of anoxic water 
or sediment may form due to stratification, deposition, and the decomposition of organic material. When 
conditions are regulated, habitat stratification can be more pronounced due to reduced turbulence, thereby 
affecting vertical mixing in the water column. None of these conditions operates in isolation, and many of the 
ecological pathways that are affected by low flows are likely to overlap or occur simultaneously, potentially 
resulting in synergistic and complex effects. Ultimately, these impacts result in habitat loss and fragmentation, 
disrupting life cycles, including breeding, feeding, and migration. They also interfere with the ecological functions 
of water, such as serving as a pathway for connectivity and the transport of materials and organisms in 
freshwater ecosystems (Rolls and Bonds, 2017; Barbarossa et al., 2020; World Bank, 2023; Grill et al., 2019; 
Sor et al., 2023; Chen et al., 2023). 
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3.4. Climate Change

Water is the primary medium through which the impacts of climate change are felt (Sadoff and 
Muller, 2009). As global temperatures rise, oceans warm and glaciers melt, significantly altering the 
availability, distribution, and quality of water resources. Climate change exacerbates the disruption 
of landscape linkages and amplifies ecological and biological responses through a complex set of 
natural processes and anthropogenic factors (Grimm et al., 2013; Macinnis-Ng et al., 2021; 
Weiskopf et al., 2020). This report provides a high-level description of climate impacts and drivers in 
relation to agricultural water management (Figure 13), relying on evidence synthesis reports to 
highlight the interconnections between climate change and anthropogenic activities. We have 
attempted to delineate climate drivers and impacts; however, these interactions are complex, 
involving multiple stressors, events, and feedback mechanisms. Boxes 9–15 highlight how climate 
change intensifies hydrological extremes: depleting and degrading groundwater, worsening drought 
and flooding risks, warming freshwater systems, and accelerating biodiversity loss; in turn, how 
agricultural practices amplify greenhouse gas emissions and ecosystem stress. 

Box 9: Climate change impacts groundwater storage and quality
Studies by Condon et al. (2020) emphasize the crucial role of groundwater in buffering ecosystems against 
climate change and the risk of significant depletion as temperatures rise. Under climate change-induced 
conditions, warmer temperatures lead to higher evaporation rates in water bodies and soils. Groundwater 
quality and quantity, which are inextricably linked, are also affected (Dao et al., 2024). Warming indirectly 
affects groundwater storage by increasing evapotranspiration rates and shifting the balance between water 
supply and demand; however, the magnitude of the increase varies with regional water availability (Condon et 
al., 2020). Climate change also alters precipitation patterns and the distribution and quality of water across 
locations and timescales (Swain et al., 2022; Condon et al., 2020; do Nascimento et al., 2024). These effects 
are amplified in regions with extensive irrigation systems, such as the Alqueva Irrigation System in Southern 
Portugal, where climate change has led to a historical reduction in rainfall, thereby reducing surface runoff and 
groundwater recharge. The effects on water quality were particularly noticeable in the Gabros de Beja aquifer 
system (do Nascimento et al., 2024). Another notable impact was the significant increase in groundwater 
salinity, driven by processes that concentrated salts as regional water availability declined. Although nitrate 
levels in groundwater decreased, possibly due to changes in crop types and reduced fertilizer use, the 
concurrent rise in salinity posed a significant challenge. Salinization was linked to both natural geogenic 
processes and increased irrigation water use from surface sources, such as the Alqueva reservoir, which 
amplified evaporation. Monitoring groundwater also revealed associations between chloride and nitrate levels 
and climate factors, such as precipitation and evapotranspiration, suggesting that climate change affects the 
pathways and concentrations of these pollutants. For example, nitrate levels decreased due to dilution and 
changes in agricultural practices, whereas chloride levels were strongly linked to evapotranspiration patterns. 

Box 10: Climate change exacerbates drought risks
The global increase in extreme drought due to climate change is expected to result in more frequent and 
severe droughts across the Americas, Europe, Asia, and Africa (IPCC, 2022; Rosa, 2022). Droughts are 
typically categorized into four types: meteorological, hydrological, agricultural, and socio-economic (Zheng et 
al., 2023). Meteorological drought is caused by low precipitation, but, combined with increased 
evapotranspiration over several months to years, can lead to soil moisture drought and loss of vegetative 
cover. Agricultural drought occurs when soil moisture is below the threshold required for average crop growth 
and development, and it is prevalent in the root zone and topsoil (Pan et al., 2024). It can adversely affect 
water availability and quality when combined with hydrological drought (reduced water levels in rivers, lakes, 
and aquifers due to changes in ambient and surface conditions, such as precipitation and evapotranspiration 
rates). All the various forms of meteorological, hydrological, and agricultural droughts are predicted to increase 
in severity, duration, and frequency in several regions across the globe, including the upper Yangtze River 
basin, the Godavari River basin, and the Lower Mekong River basin (Sam et al. 2019; Feng et al., 2022; 
Khadka et al. 2024). Drought impacts are evident in Southern Europe and West Africa, where meteorological 
droughts (characterized by significantly reduced rainfall and declining soil moisture) have become more 
frequent (Dibi-Anoh et al., 2023; Ayugi et al., 2022; An et al., 2023). In these regions, drought is exacerbated 
by unsustainable water extraction for irrigation, which worsens conditions over time and prolongs local heat 
waves and dry periods. Severe droughts are particularly prevalent in arid and semi-arid regions and have 
adversely shifted and limited the timing of water availability on already stressed water systems (Bahir et al., 
2020). It has a restricted water supply and inherently limits the geographical distribution of water in streams, 
rivers, and aquifers (Patel & Patel, 2024). It is changing agricultural water management practices, including 
irrigation methods, crop choice, and rotation. As a result, the area under irrigation has increased in many 
regions of the world, particularly in Africa and Asia, and changes in precipitation and temperature have 
rendered rainfed agriculture unprofitable (Holleman et al., 2020; Yamauchi, 2014; Alejo & Alejandro, 2022). 
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Box 11: Climate change exacerbates flooding risks

Climate also intensifies flooding events, though this is a natural part of the water cycle and is caused by 
meteorological processes. With global warming, the hydrological cycle is expected to intensify, increasing the 
frequency and intensity of extreme precipitation. This intensification increases flood risk in regions with greater 
water availability. Research by Tabari (2020) indicates that flood severity is closely linked to heavy rainfall, 
particularly in regions with abundant water resources. In areas with high humidity, flood intensity increases by 
5.07% per 1 °C rise in temperature. Similarly, semi-humid and semi-arid regions experienced increases of 3.63% 
and 3.12%, respectively. However, dry areas demonstrate a slower response in flood intensity due to reduced 
soil moisture and higher evaporation rates. Furthermore, seasonal changes in water availability significantly 
affect the risk of flooding.  During wetter seasons, such as winter, extreme precipitation and flood intensity 
increase more strongly, with flood intensity rising by 9.53% for each degree of warming. This seasonal variation 
suggests that flood risk is elevated during periods of higher moisture. Climate change exacerbates flooding by 
increasing the frequency and intensity of extreme weather events, for example, by producing more intense and 
prolonged rainfall, overwhelming rivers, lakes, and drainage systems, and causing fluvial flooding. The 
accelerated melting of snow and ice contributes to higher river flows and sea levels. In agricultural systems, 
intense rainfall that exceeds drainage capacity can exacerbate pluvial and fluvial flooding, leading to nutrient 
and pollutant runoff into rivers and oceans and to flow that backs up and overflows onto land. The intensity of 
impacts will depend on existing biophysical conditions, e.g., soil moisture, vegetation cover, and catchment 
characteristics (Rupngam and Messiga, 2024). 

Box 12: Impact of surface/groundwater warming degrees

Climate change is increasing surface/groundwater temperatures, which can significantly impact water quality 
and freshwater ecosystems. Thermal stratification occurs in large lakes and oceans, with warming occurring at 
a faster rate than in the surrounding air. This leads to shorter ice-cover periods, increased nutrient-rich waters, 
and reduced productivity in the world’s major ocean basins (Grimm et al., 2013; Woolway et al., 2022; Piccolroaz 
et al., 2024). A time-series analysis by Riedel (2019) also found that soil and groundwater temperatures have 
been increasing at rates of 0.1–0.4 K per decade, leading to subtle yet distinct changes in groundwater pH and 
oxygen levels. Groundwater temperature changes can influence gas solubility, organism metabolism, and 
oxygen concentrations, leading to shifts in redox conditions and the mobilization of redox-sensitive constituents 
such as arsenic and phosphorus (Benz et al., 2024). Surface water temperatures are influenced by atmospheric 
heat fluxes, but groundwater discharge can decouple this by raising ambient water temperatures (Johnson et 
al., 2020). These changes can trigger hypoxic or anoxic conditions and alter microbial community composition, 
leading to shifts in reproductive cycles, food-web links, and loss of sensitive species (Benz et al., 2024). 
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Box 13: Impact of climate change on biodiversity loss

Climate change can profoundly affect species composition, ecosystem functioning, and the overall health of 
freshwater ecosystems. Freshwater and related ecosystems are especially vulnerable to climate change 
because they are physically fragmented and heavily exploited by humans for various purposes. Many species 
in these habitats have limited abilities to disperse as the environment changes, water temperature and 
availability are climate-dependent, and these systems are exposed to numerous human-made stressors 
(Woodward et al., 2010; Pletterbauer et al., 2018). They cover less than 1 percent of the Earth’s surface but 
host approximately one-third of vertebrate species and 10 percent of all species (Stayer and Dudgeon, 2010), 
including mammals, birds (IUCN, 2019), and fish (Fricke et al., 2020). These ecosystems are directly threatened 
by depletion of water quality and quantity, with warmer temperatures forcing many species to shift their ranges 
poleward or to higher altitudes (Weiskopf et al., 2020). It also leads to local extinctions, particularly for species 
unable to migrate or adapt quickly. There is some evidence that warmer conditions affect the metabolic rates 
and foraging behavior of fishes (e.g., ectotherms), accelerating life cycles, altering species interactions (e.g., 
predation and competition), and changing food-web structure (Gauzens et al., 2024). These shifts can disrupt 
ecosystem balance, leading to reduced species diversity and changes in community structure.  

For example, increased temperatures can favor smaller, heat-tolerant species, altering food webs and reducing 
overall biodiversity and ecosystem resilience. Long-term monitoring of Wolf Point Creek in Northeastern 
Montana showed that stream ecosystems change significantly with temperature (Flory et al., 2000). Warmer 
conditions led to increased taxon richness, but some species were lost. Colonization was largely temperature-
dependent up to approximately 10°C, but beyond this threshold, community development and ecosystem effects 
were unpredictable due to the influence of other stressors, such as pollutant concentrations (Woodward et al., 
2010). The magnitude of impacts will vary for the different levels of organizations, and response rate to climate 
change-induced stressors may vary due to factors such as thermal threshold, habitat alteration, resource 
availability, competition with invasive species, and predator-prey dynamics (Weiskopf et al., 2020; Woodward 
et al., 2010). Shifts are likely to be rapid and erratic, leading to nonlinear community responses. At the individual 
level, basal metabolic rate, which is linked to body size and temperature, is important. As temperatures rise, 
metabolic rates increase, changing species interactions and ecosystem dynamics. At the population/ community 
level, species that cannot tolerate heat may shift their ranges poleward or to higher elevations as temperatures 
increase. This can lead to local extinctions and invasions by more heat-tolerant species. 

Warming temperatures can alter species interactions, such as predation and competition, thereby altering 
community structure and function. At the ecosystem level, warming temperatures can shift community size 
structure, with smaller organisms becoming more dominant (Woodward et al., 2010). All these impacts have 
significant implications for food web dynamics. Nutrient cycling, decomposition, and primary production are 
highly sensitive to temperature changes. For instance, warming can increase heterotrophy and reduce CO2 
sequestration, pushing ecosystems towards more turbid, plankton-dominated states. Indirect consequences 
may affect land-based vegetation, such as Tamarix spp., which can alter the hydrologic conditions of riparian 
soils and influence streamflow (Shafroth et al., 2005). The impacts can induce biome shifts in grasslands and 
tundra, enabling woody invasion of herb-dominated ecosystems and increasing shrub and grass-like plant cover 
(Zavaleta et al., 2006; Yu et al., 2022). This can affect the biodiversity of terrestrial ecosystems and the 
phenology of wetland species, thereby shifting plant species distributions and ecosystem performance. 
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Box 14: Impact of agricultural practices on climate change

Surface flooding due to poor scheduling or expanded irrigation increases the concentrations of potent 
greenhouse gas emissions, including CO2, nitrous oxide (N2O, and methane (CH4. Several studies have 
investigated flooded paddy rice fields and reported significant CH4 emissions from anaerobic decomposition and 
anoxic conditions in the root zone (Sander et al., 2014. The major pathways for methane production in flooded 
soils are the reduction of CO2 and the transmethylation of acetic acid or methanol by methane-producing bacteria 
(IPCC, 1997. Methane is also released via diffusive transport through plants to the atmosphere, but it can also 
bubble from the soil and across the water surface during land preparation and early plant growth. At the same 
time, methane flux in paddy rice fields varies geographically and temporally, depending on soil type, texture, 
nutrient composition, and agricultural practices. Production peaks when soil redox potential drops below -150 
mV after flooding (Islam et al., 2020. Emissions of nitrous oxides are a consequence of nitrogen inputs to soil 
and occur via a range of microbial transformation pathways, including nitrification, nitrifier-denitrification, and 
denitrification, but oxygen availability plays a key role (Elberling et al., 2023. Surface flooding reduces oxygen 
and nitrogen diffusion through soils. This creates anoxic conditions and reduces microbial growth and activity, 
particularly those associated with nutrient cycling, thereby intensifying chemical use on farms and increasing 
runoff of fertilisers and pesticides into water bodies (Furtak and Wolińska, 2023). Excessive irrigation water use 
worsens climate change by rapidly depleting water sources, disrupting natural hydrological cycles, and causing 
shifts in habitats and biomes (Russo and Lall, 2017; Rajan et al., 2020; Balasubramanya et al., 2024. 
Additionally, pumping water for irrigation contributes to climate change as it requires significant energy, often 
derived from fossil fuels. Other agricultural activities and landscape alterations, including wetland drainage, peat 
extraction, and intensive use of mineral fertilisers, can also release stored carbon, further contributing to local 
and regional climate change. For instance, the use of nitrogen-based fertilizers on irrigated farmland is a primary 
source of nitrate emissions into water and nitrous and nitric oxide emissions into the atmosphere (Liu et al., 
2024. The resulting decomposition of organic matter, a consequence of soil and water pollution, also increases 
carbon emissions. In wetland and coastal ecosystems, the influx of saltwater accelerates decomposition, 
including peat decomposition. This reduces these soils' capacity to store carbon and ultimately contributes to 
higher atmospheric greenhouse gas concentrations (Herbert et al., 2015. As peat is lost and the land sinks, it 
also facilitates the movement of saltwater inland and degrades the affected land. 
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Figure 13 - An illustration of how climate change aggravates pesticide use and biodiversity loss. 

Source: Tosin Somorin/IWMI 
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4. CONCLUSION

This report shows that agricultural water management sits at the heart of the accelerating crisis of 
biodiversity loss. The evidence clearly demonstrates that water-related decisions, including how 
much is extracted, how it is stored, how it flows across landscapes, and how polluted it becomes, 
shape ecological outcomes as profoundly as land-use change or chemical inputs. This study has 
shown that poor irrigation practices intensify soil degradation through salinization, waterlogging, 
and nutrient depletion, eroding below-ground biodiversity and weakening the productive capacity of 
farms. Excessive withdrawals from rivers and aquifers disrupt environmental flows and fragment 
aquatic habitats, adversely affecting freshwater species.

Equally concerning is the way polluted return flows transform freshwater ecosystems. Runoff 
enriched with fertilizers, pesticides, and sediments simplifies food webs, favors a small number of 
tolerant species, and diminishes ecosystem functions such as nutrient cycling and water 
purification. These ecological shifts undermine agricultural resilience by increasing pest exposure, 
reducing water availability, and compromising soil and crop health. Irrigation canals and 
engineered water systems, meanwhile, reshape entire landscapes by facilitating the spread of 
invasive species and reducing habitat connectivity across farms, wetlands, and riparian zones.

The agricultural-driven pressures documented in this report illustrate the urgent need to reposition 
agricultural water management not only as a productivity agenda but as a biodiversity and 
ecosystem services agenda. Sustainable water allocation, improved irrigation efficiency, watershed 
protection, and integrated landscape governance offer pathways to balance production with nature. 
This requires integrating biodiversity into water allocation decisions, strengthening watershed 
protection, and aligning agricultural incentives with ecological outcomes. Without such measures, 
water-related degradation will continue to erode the natural capital on which agriculture ultimately 
depends. Strengthening institutions, investing in monitoring systems, and enabling cross-sector 
coordination will be essential to transition toward water management approaches that protect both 
livelihoods and ecosystems.

To achieve nature-positive outcomes, interventions should prioritize the restoration of hydrological 
and ecological functions alongside agricultural productivity. Key actions include incentivizing the 
adoption of efficient irrigation technologies, protecting environmental flows, and rehabilitating 
wetlands and riparian buffers to restore habitat connectivity. Farmers should be supported in 
adopting soil- and water-conserving practices and nature-based solutions. Embedding circular 
economy principles in these efforts is essential: water must be valued as a finite resource; 
agricultural runoff and wastewater should be minimized and safely reused; and organic residues 
should be transformed into inputs that enhance soil health. Such interventions can regenerate 
landscapes, support the recovery of ecosystem functions, and sustain water-dependent 
biodiversity. Importantly, the insights from this report can inform policy and investment strategies to 
reduce the key stressors driving biodiversity loss. By identifying where water mismanagement 
creates the greatest ecological risks, decision-makers can target resources toward high-impact 
interventions, strengthen regulatory frameworks, and design financing instruments that reward 
sustainable water use, pollution reduction, and watershed restoration. This ensures that future 
agricultural development aligns with long-term ecological resilience.



Credit ©2023IWMI Tanmoy Bhaduri



42 | P a g e

REFERENCES 

Abdullaev, I.; De Fraiture, C.; Giordano, M.; Yakubov, M.;  Rasulov, A. 2009. Agricultural water use and trade in 
Uzbekistan: Situation and potential impacts of market liberalization. International Journal of Water Resources 
Development 25(1): 47-63. https://doi.org/10.1080/07900620802517533
Ahmad, H.;  Li, J. 2021. Impact of water deficit on the development and senescence of tomato roots grown 
under various soil textures of Shaanxi, China. BMC Plant Biology 21(1): 241p. https://doi.org/10.1186/
s12870-021-03018-1
Alejo, L. A.; Alejandro, A. S. 2022. Changes in irrigation planning and development parameters due to climate 
change. Water Resources Management 36(5): 1711-1726. https://doi.org/10.1007/s11269-022-03105-4
An, W.; Xu, C.; Marković, S.B.; Sun, S.; Sun, Y.; Gavrilov, M.B.; Govedar, Z.; Hao, Q.;  Guo, Z. 2023. 
Anthropogenic warming has exacerbated droughts in southern Europe since the 1850s. Communications Earth 
& Environment 4(1): 232p. https://doi.org/10.1038/s43247-023-00907-1
Aragüés, R.; Medina, E.T.; Martínez-Cob, A.;  Faci, J. 2014. Effects of deficit irrigation strategies on soil 
salinization and sodification in a semiarid drip-irrigated peach orchard. Agricultural Water Management 142: 1-9. 
https://doi.org/10.1016/j.agwat.2014.04.004
Asdak, A.; Supian, S.;2018. Watershed management strategies for flood mitigation: A case study of Jakarta's 
flooding. Weather and Climate Extremes 21: 117-122. https://doi.org/10.1016/j.wace.2018.08.002 
Aslam, A.; Mahmood, A.; Ur-Rehman, H.; Li, C.; Liang, X.; Shao, J.; Negm, S.; Moustafa, M.; Aamer, M.;  
Hassan, M.U. 2023. Plant adaptation to flooding stress under changing Climate conditions: Ongoing 
breakthroughs and Future challenges. Plants 12(22): 3824p. https://doi.org/10.3390/plants12223824
Atta, K.; Mondal, S.; Gorai, S.; Singh, A.P.; Kumari, A.; Ghosh, T.; Roy, A.; Hembram, S.; Gaikwad, D.J.; 
Mondal, S.;  Bhattacharya, S. 2023. Impacts of salinity stress on crop plants: Improving salt tolerance through 
genetic and molecular dissection. Frontiers in Plant Science 14:1241736. https://doi.org/10.3389/
fpls.2023.1241736
Ayugi, B.; Eresanya, E.O.; Onyango, A.O.; Ogou, F.K.; Okoro, E.C.; Okoye, C.O.; Anoruo, C.M.; Dike, V.N.; 
Ashiru, O.R.; Daramola, M.T.;  Mumo, R. 2022. Review of meteorological drought in Africa: historical trends, 
impacts, mitigation measures, and prospects. Pure and Applied Geophysics 179(4):1365-1386. https://
doi.org/10.1007/s00024-022-02988-z
Bahir, M.; Ouhamdouch, S.; Ouazar, D.;  El Moçayd, N. 2020. Climate change effect on groundwater 
characteristics within semi-arid zones from western Morocco. Groundwater for Sustainable Development 11: 
100380. https://doi.org/10.1016/j.gsd.2020.100380
Balasubramanya, S.; Garrick, D.; Brozović, N.; Ringler, C.; Zaveri, E.; Rodella, A.S.; Buisson, M.C.; Schmitter, 
P.; Durga, N.; Kishore, A.;  Minh, T.T..;2024. Solar-powered groundwater irrigation for sustainable development. 
Science 383 (6680): 256-258. https://doi.org/10.1126/science.adi9497 
Barbarossa, V.; Schmitt, R.J.; Huijbregts, M.A.; Zarfl, C.; King, H.;  Schipper, A.M. 2020. Impacts of current and 
future large dams on the geographic range connectivity of freshwater fish worldwide. Proceedings of the 
National Academy of Sciences 117(7): 3648-3655. https://doi.org/10.1073/pnas.1912776117
Barlow, P.M.; Leake, S.A. 2012. Streamflow depletion by wells—Understanding and managing the effects of 
groundwater pumping on streamflow: U.S. Geological Survey Circular 1376, 84p. Available at https://
pubs.usgs.gov/circ/1376/. (accessed on November 23, 2025)
Becerra-Castro, C.; Lopes, A.R.; Vaz-Moreira, I.; Silva, E.F.; Manaia, C.M.;  Nunes, O.C. 2015. Wastewater 
reuse in irrigation: A microbiological perspective on implications in soil fertility and human and environmental 
health. Environment international 75: 117-135. https://doi.org/10.1016/j.envint.2014.11.001
Benz, S. A.; Irvine, D. J.; Rau, G. C.; Bayer, P.; Menberg, K.; Blum, P.; Jamieson, R. C.; Griebler, C.;  Kurylyk, 
B. L. 2024. Global groundwater warming due to climate change. Nature Geoscience 17(6): 545-551. https://
doi.org/10.1038/s41561-024-01453-x
Bethune, M.G.;  Batey, T.J. 2002. Impact on soil hydraulic properties resulting from irrigating saline–sodic soils 
with low salinity water. Australian Journal of Experimental Agriculture 42(3): 273-279. https://doi.org/10.1071/
EA00142
Bhaduri, D.; Mandal, A.; Chakraborty, K.; Chatterjee, D  Dey, R. 2017. Interlinked chemical-biological processes 
in anoxic waterlogged soil–A review. The Indian Journal of Agricultural Sciences 87(12): 1587-1599. 
http://epubs.icar.org.in/ejournal/index.php/IJAgS/article/view/76483/31931
Bhattarai, N.; Pollack, A.; Lobell, D.B.; Fishman, R.; Singh, B.; Dar, A.;  Jain, M. 2021. The impact of 
groundwater depletion on agricultural production in India. Environmental Research Letters 16(8): 085003. 
https://doi.org/10.1088/1748-9326/ac10de

https://ir.knust.edu.gh/handle/123456789/13990
https://ir.knust.edu.gh/handle/123456789/13990
https://ir.knust.edu.gh/handle/123456789/13990


Borchers, J.W.;  Carpenter, M. 2014. Land Subsidence from Groundwater Use in California. 193p Available at 
https://www.academia.edu/download/38403484/
FULL_REPORT_of_Findings_Land_Subsidence_from_Groundwater_Use_in_California.pdf (accessed on 
December 2, 2025)
Braulik, G. T.; Arshad, M.; Noureen, U.;  Northridge, S. P. 2014. Habitat Fragmentation and Species  Extirpation 
in Freshwater Ecosystems; Causes of Range Decline of the Indus River Dolphin (Platanista gangetica minor). 
PLOS ONE 9(7): e101657. https://doi.org/10.1371/journal.pone.0101657. 
Briggs, S.V.;  Taws, N. 2003. Impacts of salinity on biodiversity—clear understanding or muddy confusion?. 
Australian Journal of Botany 51(6): 609-617. https://doi.org/10.1071/BT02114
Calapez, A. R.; Branco, P.; Santos, J. M.; Ferreira, T.; Hein, T.; Brito, A. G.;  Feio, M. J. 2017. Macroinvertebrate 
short-term responses to flow variation and oxygen depletion: A mesocosm approach. Science of The Total 
Environment 599: 1202-1212. https://doi.org/10.1016/j.scitotenv.2017.05.056
Castaño, S.; Martínez-Santos, P.; Mediavilla, R.;  Santisteban, J. I. 2018. Long-term effects of aquifer overdraft 
and recovery on groundwater quality in a Ramsar wetland: Las Tablas de Daimiel National Park, Spain. 
Hydrological Processes 32(18): 2863-2873. https://doi.org/10.1002/hyp.13225
Chakraborty, S.K.; Sanyal, P.;  Ray, R. 2023. Pollution, Environmental Perturbation and Consequent Loss of 
Wetlands. In Wetlands Ecology: Eco-biological uniqueness of a Ramsar site (East Kolkata Wetlands, India). 
Cham: Springer International Publishing   521-582. https://doi.org/10.1007/978-3-031-09253-4_8 
Chang, H.;  Bonnette, M.R. 2016. Climate change and water‐related ecosystem services: impacts of drought in 
california, USA. Ecosystem Health and Sustainability 2(12): e01254. https://doi.org/10.1002/ehs2.1254
Chaube, U.C.; Pandey, A.; Singh, V. P. 2023. Canal Irrigation Systems in India. Water science and technology 
library. 599p. https://doi.org/10.1007/978-3-031-42812-8
Chauhan, M.K.; Ram, S. 2023. Rehabilitation of canal irrigation schemes in India: a qualitative analysis. Water 
Policy 25(1):59-68. https://doi.org/10.2166/wp.2022.237
Chen, Q.; Li, Q.; Lin, Y.; Zhang, J.; Xia, J.; Ni, J.; Cooke, S. J.; Best, J.; He, S.; Feng, T.; Chen, Y.; Tonina, D.; 
Benjankar, R.; Birk, S.; Fleischmann, A. S.; Yan, H.;  Tang, L. 2023. River Damming Impacts on Fish Habitat 
and Associated Conservation Measures. Reviews of Geophysics 61(4): e2023RG000819. 
https://doi.org/10.1029/2023RG000819
Chen, Y.; Zilliacus, H.; Li, W.; Zhang, H.;  Chen, Y. 2006. Ground-water level affects plant species diversity 
along the lower reaches of the Tarim river, Western China. Journal of Arid Environments 66(2): 231-246. 
https://doi.org/10.1016/j.jaridenv.2005.11.009
Chuma, G.B.; Mondo, J.M.; Sonwa, D.J.; Karume, K.; Mushagalusa, G.N.;  Schmitz, S. 2022. Socio-economic 
determinants of land use and land cover change in South-Kivu wetlands, eastern DR Congo: Case study of 
Hogola and Chisheke wetlands. Environmental Development 43: 100711. 
https://doi.org/10.1016/j.envdev.2022.100711
Condon, L. E.; Atchley, A. L.;  Maxwell, R. M. 2020. Evapotranspiration depletes groundwater under warming 
over the contiguous United States. Nature Communications 11(1): 1-8. 
https://doi.org/10.1038/s41467-020-14688-0
Dangar, S.; Asoka, A.;  Mishra, V. 2021. Causes and implications of groundwater depletion in India: A review. 
Journal of Hydrology, 596, 126103. https://doi.org/10.1016/j.jhydrol.2021.126103 
Dao, P. U.; Heuzard, A. G.; Le, T. X. H.; Zhao, J.; Yin, R.; Shang, C.;  Fan, C. 2024. The impacts of climate 
change on groundwater quality: A review. Science of The Total Environment 912: 169241. 
https://doi.org/10.1016/j.scitotenv.2023.169241
Darwall, W.; Smith, K.; Allen, D.; Holland, R.; Harrison, I.; Brooks, E. 2011. The diversity of life in African 
freshwaters: underwater, under threat: an analysis of the status and distribution of freshwater species 
throughout mainland Africa. 348 p. Available at http://cmsdata.iucn.org/downloads/
iucn_africa_freshwaters_2011.pdf (accessed on December 1, 2025)
Das, M. 2022. Management of poor quality water for irrigation. In: Advanced in Water Management Technology 
for Enhancing Agricultural Productivity, ICAR p.90. Available at https://www.manage.gov.in/publications/eBooks/
Advanced%20Water%20Management%20Technology%20for%20enhancing%20Agricultural%
20Productivity.pdf (accessed on December 1, 2025)
Datry, T.; Boulton, A.J.; Bonada, N.; Fritz, K.; Leigh, C.; Sauquet, E.; Tockner, K.; Hugueny, B.;  Dahm, C.N. 
2018. Flow intermittence and ecosystem services in rivers of the Anthropocene. Journal of Applied Ecology 
55(1): 353-364. https://doi.org/10.1111/1365-2664.12941
Davidson, N.C. 2014. How much wetland has the world lost? Long-term and recent trends in global wetland 
area. Mar. Freshwater Res. 65: 934–941. https://doi.org/10.1071/MF14173   

43 | P a g e



De Graaf, I. E.; Gleeson, T.; H.; L. P.; Sutanudjaja, E. H.;  Bierkens, M. F. 2019. Environmental flow limits to 
global groundwater pumping. Nature 574(7776): 90-94. https://doi.org/10.1038/s41586-019-1594-4
De Groot, R.; Brander, L.; Van Der Ploeg, S.; Costanza, R.; Bernard, F.; Braat, L.; Christie, M.; Crossman, N.; 
Ghermandi, A.; Hein, L.;  Hussain, S. 2012. Global estimates of the value of ecosystems and their services in 
monetary units. Ecosystem services 1(1): 50-61. https://doi.org/10.1016/j.ecoser.2012.07.005. 
Díaz, J. 2018. Coupling irrigation scheduling with solar energy production in a smart irrigation management 
sysystem. Journal of Cleaner Production 175: 670-682. https://doi.org/10.1016/j.jclepro.2017.12.093.
Díaz‐Redondo, M.; Egger, G.; Marchamalo, M.; Damm, C.; de Oliveira, R. P.; Schmitt, L. 2018. Targeting lateral 
connectivity and morphodynamics in a large river‐floodplain system: The upper Rhine River. River Research 
and Applications 34(7):734-744. https://doi.org/10.1002/rra.3287
Dibi-Anoh, P. A.; Koné, M.; Gerdener, H.; Kusche, J.; N’Da, C.K. 2023. Hydrometeorological extreme events 
Johnson in West Africa: droughts. Surveys in Geophysics 44(1): 173-195. https://doi.org/10.1007/
s10712-023-09796-7 
Dinka, M.O.;  Ndambuki, J.M. 2013. Identifying the potential causes of waterlogging in irrigated agriculture: the 
case of the wonji‐shoa sugar cane plantation (Ethiopia). Irrigation and drainage 63(1): 80-92. https://
doi.org/10.1002/ird.1791 
Dixon A.B.; Wood A.P. 2003. Wetland cultivation and hydrological management in eastern Africa: matching 
community and hydrological needs through sustainable wetland use. Nat Res Forum 27(2):117–129. https://
doi.org/10.1111/1477-8947.00047  
Döll, P.; Hoffmann-Dobrev, H.; Portmann, F.; Siebert, S.; Eicker, A.; Rodell, M.; Strassberg, G.;  Scanlon, B. 
2012. Impact of water withdrawals from groundwater and surface water on continental water storage variations. 
Journal of Geodynamics 59: 143-156. https://doi.org/10.1016/j.jog.2011.05.001
El Mokh, F.; Nagaz, K. 2014. Impact of deficit irrigation with saline water on yield, soil salinization and water 
productivity of barley in arid regions of Tunisia. Rev. des Régions Arid. Pagination, 35, 1217-1225. Available at 
https://www.researchgate.net/profile/Kamel-Nagaz/
publication/321245089_Impact_of_deficit_irrigation_with_saline_water_on_yield_soil_salinization_and_water_pr 
oductivity_of_barley_in_arid_regions_of_Tunisia/links/5a16c5d20f7e9be37f9421e7/Impact-of-deficit-irrigation-
with-saline-water-on-yield-soil-salinization-and-water-productivity-of-barley-in-arid-regions-of-Tunisia.pdf 
(accessed on December 1, 2025)
El Shinawi, A.; Kuriqi, A.; Zelenakova, M. Vranayova, Z and Abd-Elaty, I. 2022. Land subsidence and 
environmental threats in coastal aquifers under sea level rise and over-pumping stress. Journal of Hydrology 608. 
127607. https://doi.org/10.1016/j.jhydrol.2022.127607
Elberling, B. B.; Kovács, G. M.; Hansen, H. F.; Fensholt, R.; Ambus, P.; Tong, X.; Gominski, D.; Mueller, C. W.; 
Poultney, D. M.; Oehmcke, S. 2023. High nitrous oxide emissions from temporary flooded depressions within 
croplands. Communications Earth & Environment 4(1): 1-9. https://doi.org/10.1038/s43247-023-01095-8
Elsey-Quirk, T.; Lynn, A.; Jacobs, M. D.; Diaz, R.; Cronin, J. T.; Wang, L.; Huang, H.; Justic, D. 2024. Vegetation 
dieback in the Mississippi River Delta triggered by acute drought and chronic relative sea-level rise. Nature 
Communications 15(1): 3518p. https://doi.org/10.1038/s41467-024-47828-x
Emdad, M. R.; RaiS. R. S. R.; Smith, R. J.; Fardad, H. 2004. Effect of water quality on soil structure and 
infiltration under furrow irrigation. Irrigation Science 23, 55-60. https://doi.org/10.1007/s00271-004-0093-y
FAOSTAT 2024. Crops and livestock products. . Available at  https://www.fao.org/faostat/en/#data/QCL 
(accessed on December 9, 2025)
Feng, S.; Hao, Z.; Zhang, X.; Wu, L.; Zhang, Y.; Hao, F. 2022. Climate change impacts on concurrences of 
hydrological droughts and high temperature extremes in a semi-arid river basin of China. Journal of Arid 
Environments 202: 104768. https://doi.org/10.1016/j.jaridenv.2022.104768
Fluet-Chouinard, E.; Stocker, B.D.; Zhang, Z.; Malhotra, A.; Melton, J.R.; Poulter, B.; Kaplan, J.O.; Goldewijk, 
K.K.; Siebert, S.; Minayeva, T.; Hugelius, G. 2023. Extensive global wetland loss over the past three centuries. 
Nature 614(7947): 281-286.https://doi.org/10.1038/s41586-022-05572-6.
Flynn, N. E.; Comas, L. H.; Stewart, C. E.; Fonte, S. J. 2021. Deficit irrigation drives maize root distribution and 
soil microbial communities with implications for soil carbon dynamics. Soil Science Society of America Journal, 
85(2): 412-422. https://doi.org/10.1002/saj2.20201
Food and Agriculture Organization (FAO) 2021a. Global Map of Salt-Affected Soils: GSASmap v1.0. Rome, Italy, 
FAO. Available at https://www.fao.org/documents/card/en/c/cb7247en (accessed on December 1, 2025).
Food and Agriculture Organization (FAO). 2021b. Land use statistics and indicators statistics. Global, regional 
and country trends 1990–2019. FAOSTAT Analytical Brief Series No 28. Rome. 28: 14 p. Available at  https://
openknowledge.fao.org/server/api/core/bitstreams/04f2740a-d8d2-40fa-8b08-4e0198e604b0/content (accessed 
on December 9, 2025).

44 | P a g e



Food and Agriculture Organization (FAO). 2022. The State of the World’s Land and Water Resources for Food 
and Agriculture – Systems at breaking point. Main report. Rome. 393 p. https://doi.org/10.4060/cb9910en.
Food and Agriculture Organization (FAO). 2023. Integrated flood management for resilient agrifood systems 
and rural development. Rome.  https://doi.org/10.4060/cc9058en
Food and Agriculture Organization (FAO)/ International Water Management Institute (IWMI). 2018. More 
people, more food, worse water? A global review of water pollution from agriculture (ed. by Mateo-Sagasta J.; 
Marjani Zadeh, S. Turral, H.). Food and Agriculture Organization of the United Nations, Rome; and International 
Water Management Institute/CGIAR Water Land and Ecosystems research program, Colombo. Available at   
https://openknowledge.fao.org/server/api/core/bitstreams/686ea465-7847-428e-b599-b236f2240e47/content 
(accessed on December 9, 2025)
Fricke, R.; Eschmeyer, W.N.; Fong, J.D. 2020. Catalog of fishes: species by family/subfamily. California 
Academy of Sciences. Available at http://researcharchive.calacademy.org/research/ichthyology/catalog/
SpeciesByFamily.asp (accessed on December 1, 2025)
Fukao, T.; Barrera-Figueroa, B.E.; Juntawong, P.;  Peña-Castro, J.M. 2019. Submergence and waterlogging 
stress in plants: a review highlighting research opportunities and understudied aspects. Frontiers in Plant 
Science 10: 340p. https://doi.org/10.3389/fpls.2019.00340
Furtak, K.; Wolińska, A. 2023. The impact of extreme weather events as a consequence of climate change on 
the soil moisture and on the quality of the soil environment and agriculture – A review. CATENA 231: 107378. 
https://doi.org/10.1016/j.catena.2023.107378
Gauzens, B.; Rosenbaum, B.; Kalinkat, G.; Boy, T.; Jochum, M.; Kortsch, S.; Brose, U. 2024. Flexible foraging 
behaviour increases predator vulnerability to climate change. Nature Climate Change 14(4): 387-392. https://
doi.org/10.1038/s41558-024-01946-y
Ghafouri, M.; Siadat H.; Oweis T. (Eds). 2012. Integrated watershed managementin the upper catchments of 
Karkheh River Basin of Iran. Aleppo, Agricultural Research, Education and Extension Organization (AREEO) 
89 p.. Available at https://hdl.handle.net/20.500.11766/8850 (accessed on December 1, 2025).
Glanville, K.; Sheldon, F.; Butler, D.; Capon, S. 2023. Effects and significance of groundwater for vegetation: A 
systematic review. Science of The Total Environment 875, 162577. https://doi.org/10.1016/
j.scitotenv.2023.162577
Grill, G.; Lehner, B.; Lumsdon, A.E.; MacDonald, G.K.; Zarfl, C.; Liermann, C. R. 2015. An index-based 
framework for assessing patterns and trends in river fragmentation and flow regulation by global dams at 
multiple scales. Environmental Research Letters 10(1): 015001. https://doi.org/10.1088/1748-9326/10/1/015001
Grill, G.; Lehner, B.; Thieme, M.; Geenen, B.; Tickner, D.; Antonelli, F.; Babu, S.; Borrelli, P.; Cheng, L.; 
Crochetiere, H.; Ehalt Macedo, H.; Filgueiras, R.; Goichot, M.; Higgins, J.; Hogan, Z.; Lip, B.; McClain, M. E.; 
Meng, J.; Mulligan, M.; Zarfl, C. 2019. Mapping the world’s free-flowing rivers. Nature, 569(7755): 215–221. 
https://doi.org/10.1038/s41586-019-1111-9
Grimm, N.B.; Chapin III, F.S.; Bierwagen, B.; Gonzalez, P.; Groffman, P.M.; Luo, Y.; Melton, F.; Nadelhoffer, 
K.; Pairis, A.; Raymond, P.A.; Schimel, J. 2013. The impacts of climate change on ecosystem structure and 
function. Frontiers in Ecology and the Environment 11(9): 474-482. https://doi.org/10.1890/120282
Gschwend, F.; Aregger, K.; Gramlich, A.; Walter, T.; Widmer, F. 2020. Periodic waterlogging consistently 
shapes agricultural soil microbiomes by promoting specific taxa. Applied Soil Ecology, 155:103623p. https://
doi.org/10.1016/j.apsoil.2020.103623
Guo, C.; Liu, T.; Niu, Y.; Liu, Z.; Pan, X.; De Maeyer, P. 2021. Quantitative analysis of the driving factors for 
groundwater resource changes in arid irrigated areas. Hydrological Processes 35(1): e13967. https://
doi.org/10.1002/hyp.13967
GWP & IWMI. 2021. Storing water: A new integrated approach for resilient development. Available at 
www.gwp.orgwww.gwptoolbox.org (accessed on December 1, 2025)
Haj-Amor, Z.; Araya, T.; Kim, D.; Bouri, S.; Lee, J.; Ghiloufi, W.; Yang, Y.; Kang, H.; Jhariya, M. K.; Banerjee, 
A.; Lal, R. 2022. Soil salinity and its associated effects on soil microorganisms, greenhouse gas emissions, 
crop yield, biodiversity and desertification: A review. Science of The Total Environment 843: 156946. https://
doi.org/10.1016/j.scitotenv.2022.156946
Hayes, D. S.; Brändle, J.M.; Seliger, C.; Zeiringer, B.; Ferreira, T.; Schmutz, S. 2018. Advancing towards 
functional environmental flows for temperate floodplain rivers. Science of the Total Environment 633: 
1089-1104. https://doi.org/10.1016/j.scitotenv.2018.03.221
Heinke, J.; Lannerstad, M.; Gerten, D.; Havlík, P.; Herrero, M.; Notenbaert, A.M.O.; Hoff, H.; Müller, C. 2020. 
Water use in global livestock production—opportunities and constraints for increasing water productivity. Water 
Resources Research 56(12): e2019WR026995. https://doi.org/10.1029/2019WR026995 

45 | P a g e



Herbert, E. R.; Boon, P.; Burgin, A. J.; Neubauer, S. C.; Franklin, R. B.; Ardón, M.; Hopfensperger, K. N.; M. 
Lamers, L. P.; Gell, P. 2015. A global perspective on wetland salinization: Ecological consequences of a 
growing threat to freshwater wetlands. Ecosphere 6(10): 1-43. https://doi.org/10.1890/ES14-00534.1
Holleman, C.; Rembold, F.; Crespo, O.; Conti, V. 2020. The impact of climate variability and extremes on 
agriculture and food security – An analysis of the evidence and case studies. Background paper for The State 
of Food Security and Nutrition in the World 2018. FAO Agricultural Development Economics Technical Study 
No. 4. Rome, FAO. https://doi.org/10.4060/cb2415en 
Hyvärinen, H.S.; Sjönberg, T.; Marjomäki, T.J.; Taskinen, J. 2022. Effect of low dissolved oxygen on the viability 
of juvenile Margaritifera margaritifera: hypoxia tolerance ex situ. Aquatic Conservation: Marine and Freshwater 
Ecosystems 32(8): 1393-1400. https://doi.org/10.1002/aqc.3859
Ingrao, C.; Strippoli, R.; Lagioia, G.; Huisingh, D. 2023. Water scarcity in agriculture: An overview of causes, 
impacts and approaches for reducing the risks. Heliyon 9(8): e18507. https://doi.org/10.1016/
j.heliyon.2023.e18507
Intergovernmental Panel on Climate Change (IPCC). 1997. Revised 1996 IPCC guidelines for national 
greenhouse gas inventories: Reference manual. Chapter 4 Agriculture. Available at https://www.ipcc-
nggip.iges.or.jp/public/gl/invs1.html (accessed on December 1, 2025).
Intergovernmental Panel on Climate Change (IPCC).IPCC 2022. Climate Change 2022: Impacts, Adaptation, 
and Vulnerability. Contribution of Working Group II to the Sixth Assessment Report of the Intergovernmental 
Panel on Climate Change. Cambridge University Press. Cambridge University Press, Cambridge, UK and New 
York, NY, USA, 3056 p.; https://doi.org/10.1017/9781009325844. 
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES). 2019. Global 
assessment report on biodiversity and ecosystem services of the Intergovernmental Science-Policy Platform on 
Biodiversity and Ecosystem Services. E. S. Brondizio, J. Settele, S. Díaz, and H. T. Ngo (editors). IPBES 
secretariat, Bonn, Germany. 1148 p. https://doi.org/10.5281/zenodo.3831673
International Commission on Large Dams World Register of Dams ( ICOLD WRD). 2020. World Register of 
Dams: General Synthesis. Available at https://www.icold-cigb.org/GB/world_register/general_synthesis.asp 
(accessed on December 1, 2025).
International Union for Conservation of Nature (IUCN). 2019. The IUCN Red List of Threatened Species. 
Available at https://www.iucnredlist.org/.(accessed on December 1, 2025). 
International Union for Conservation of Nature (IUCN). 2024. IUCN Red list of endangered species. Available at 
https://www.iucnredlist.org/.(accessed on December 1, 2025). 
Islam, S. M.; Gaihre, Y. K.; Islam, M. R.; Akter, M.; Al Mahmud, A.; Singh, U.; Sander, B. O. 2020. Effects of 
water management on greenhouse gas emissions from farmers' rice fields in Bangladesh. Science of The Total 
Environment, 734 139382. https://doi.org/10.1016/j.scitotenv.2020.139382
Jasechko, S.; Perrone, D.; Seybold, H. et al, 2020. Groundwater level observations in 250,000 coastal US wells 
reveal scope of potential seawater intrusion. Nat Commun 11, 3229. https://doi.org/10.1038/
s41467-020-17038-2 
Jasechko, S.; Seybold, H.; Perrone, D.; Fan, Y.; Shamsudduha, M.; Taylor, R. G.; Fallatah, O.; Kirchner, J. W. 
2023. Rapid groundwater decline and some cases of recovery in aquifers globally. Nature 625(7996): 715-721. 
https://doi.org/10.1038/s41586-023-06879-8
Jiménez, B.; Drechsel, P.; Koné, D.; Bahri, A.; Raschid-Sally, L.; Qadir, M. 2009. Wastewater, sludge and 
excreta use in developing countries: an overview. Wastewater irrigation and health, 3-27. Available at https://
www.taylorfrancis.com/chapters/edit/10.4324/9781849774666-2/wastewater-sludge-excreta-use-developing-
countries-blanca-jim%C3%A9nez-pay-drechsel-doulaye-kon%C3%A9-aki%C3%A7a-bahri-liqa-raschid-sally-
manzoor-qadir (accessed on December 5, 2025).
Jing, H., Liu, Y., & Hou, J. (2025). Impacts of agricultural intensification on biodiversity: Habitat loss, 
agrochemical use, water depletion, and soil degradation. Journal of Environmental Management, 395, 128036. 
https://doi.org/10.1016/j.jenvman.2025.128036
Johnson, Z. C.; Johnson, B. G.; Briggs, M. A.; Devine, W. D.; Snyder, C. D.; Hitt, N. P.; Hare, D. K.; Minkova, T. 
V. 2020. Paired air-water annual temperature patterns reveal hydrogeological controls on stream thermal
regimes at watershed to continental scales. Journal of Hydrology, 587, 124929. https://doi.org/10.1016/
j.jhydrol.2020.124929
Kahlown, M.A.;  Azam, M. 2002. Individual and combined effect of waterlogging and salinity on crop yields in 
the Indus basin. Irrigation and Drainage: The journal of the International Commission on Irrigation and Drainage 
51(4): 329-338. https://doi.org/10.1002/ird.62

46 | P a g e



Kaur, G.; Singh, G.; Motavalli, P. P.; Nelson, K. A.; Orlowski, J. M.; Golden, B. R. 2020. Impacts and management 
strategies for crop production in waterlogged or flooded soils: A review. Agronomy Journal 112(3): 1475-1501. 
https://doi.org/10.1002/agj2.20093
Keraita, B.; Jimenez, B.; Drechsel, P. 2008. Extent and implications of agricultural reuse of untreated, partly 
treated and diluted wastewater in developing countries. CABI Reviews (2008): 15p. https://doi.org/10.1079/
PAVSNNR20083058
Ketchum, D.; Hoylman, Z.H.; Huntington, J.; Brinkerhoff, D.; Jencso, K.G. 2023. Irrigation intensification impacts 
sustainability of streamflow in the Western United States. Communications Earth & Environment 4(1): 479 p. 
https://doi.org/10.1038/s43247-023-01152-2
Khadka, D.; Babel, M. S.; Tingsanchali, T.; Penny, J.; Djordjevic, S.; Abatan, A. A.; Giardino, A. 2024). Evaluating 
the impacts of climate change and land-use change on future droughts in northeast Thailand. Scientific Reports 
14(1): 1-14. https://doi.org/10.1038/s41598-024-59113-4
Kidwai, S.; Ahmed, W.; Tabrez, S. M.; Zhang, J.; Giosan, L.; Clift, P.; Inam, A. 2018. The Indus Delta—
Catchment, River, Coast, and People. Coasts and Estuaries 213-232.  https://doi.org/10.1016/
B978-0-12-814003-1.00012-5. 
Knox, J.W.; Rodriguez-Diaz, J.A.; Hess, T.M. 2011. Estimating evapotranspiration by using atmometers for 
irrigation scheduling in a humid environment. Journal of irrigation and drainage engineering, 137(11): 685-691. 
https://doi.org/10.1061/(ASCE)IR.1943-4774.0000353
Lapides, D. A.; Maitland, B. M.; Zipper, S. C.; Latzka, A. W.; Pruitt, A.; Greve, R. 2022. Advancing environmental 
flows approaches to streamflow depletion management. Journal of Hydrology 607: 127447. https://
doi.org/10.1016/j.jhydrol.2022.127447
Lefcheck, J.S.; Byrnes, J.E.; Isbell, F.; Gamfeldt, L.; Griffin, J.N.; Eisenhauer, N.; Hensel, M.J.; Hector, A.; 
Cardinale, B.J.; Duffy, J.E. 2015. Biodiversity enhances ecosystem multifunctionality across trophic levels and 
habitats. Nature communications, 6(1): 6936p. https://doi.org/10.1038/ncomms7936 Leng, G.; Hall, J.W. 2021. 
Where is the Planetary Boundary for freshwater being exceeded because of livestock farming?. Science of the 
Total Environment 760:144035 p. https://doi.org/10.1016/j.scitotenv.2020.144035
Li, M.; Zhang, Y.; Ma, C.; Sun, H.; Ren, W.; Wang, X. 2023. Maximizing the water productivity and economic 
returns of alfalfa by deficit irrigation in China: A meta-analysis. Agricultural Water Management 287:108454 p. 
https://doi.org/10.1016/j.agwat.2023.108454
Liu, M.; Liao, H.; Peng, S. 2019. Salt‐tolerant native plants have greater responses to other environments when 
compared to salt‐tolerant invasive plants. Ecology and Evolution 9(13): 7808-7818. https://doi.org/10.1002/
ece3.5368
Liu, N.; Meng, F.; Zhang, L.; Qin, Y.; Xue, H.; Liang, Z. 2024). Toxicity threshold and ecological risk of nitrate in 
rivers based on endocrine-disrupting effects: A case study in the Luan River basin, China. Science of The Total 
Environment 930: 172859. https://doi.org/10.1016/j.scitotenv.2024.172859
Liu, P.W.; Famiglietti, J.S.; Purdy, A.J.; Adams, K.H.; McEvoy, A.L.; Reager, J.T.; Bindlish, R.; Wiese, D.N.; David, 
C.H.; Rodell, M. 2022. Groundwater depletion in California’s Central Valley accelerates during megadrought.
Nature Communications 13(1): 7825p. https://doi.org/10.1038/s41467-022-35582-x
Liu, Z.; Liu, J.; Yu, Z.; Yao, Q.; Li, Y.; Liang, A.; Zhang, W.; Mi, G.; Jin, J.; Liu, X.; Wang, G. 2020. Long-term 
continuous cropping of soybean is comparable to crop rotation in mediating microbial abundance, diversity and 
community composition. Soil and Tillage Research 197: 104503. https://doi.org/10.1016/j.still.2019.104503
Macinnis‐Ng, C.; Mcintosh, A.R.; Monks, J.M.; Waipara, N.; White, R.S.; Boudjelas, S.; Clark, C.D.; Clearwater, 
M.J.; Curran, T.J.; Dickinson, K.J.; Nelson, N. 2021. Climate‐change impacts exacerbate conservation threats in
island systems: New Zealand as a case study. Frontiers in Ecology and the Environment 19(4): 216-224. https://
doi.org/10.1002/fee.2285Manasi, S.;  Raju, K.V. 2019. Land Use Changes and Groundwater Overuse. Coping
Mechanisms for Climate Change in Peri-Urban Areas, Cham: Springer International Publishing  29-91. https://
doi.org/10.1007/978-3-030-18517-6_2
Manghwar, H.; Hussain, A.; Alam, I.; Khoso, M. A.; Ali, Q.;  Liu, F. 2024. Waterlogging stress in plants: Unraveling 
the mechanisms and impacts on growth, development, and productivity. Environmental and Experimental Botany 
224: 105824. https://doi.org/10.1016/j.envexpbot.2024.105824
Manik, S.N.; Pengilley, G.; Dean, G.; Field, B.; Shabala, S.;  Zhou, M. 2019. Soil and crop management practices 
to minimize the impact of waterlogging on crop productivity. Frontiers in plant science 10: 140p. https://
doi.org/10.3389/fpls.2019.00140
McCauley, L.A.; Anteau, M.J.; van der Burg, M.P.; Wiltermuth, M.T. 2015. Land use and wetland drainage affect 
water levels and dynamics of remaining wetlands. Ecosphere 6(6): 1-22. https://doi.org/10.1890/ES14-00494.1

47 | P a g e



Mehta, P.; Siebert, S.; Kummu, M.; Deng, Q.; Ali, T.; Marston, L.; Xie, W.; Davis, K.F. 2024. Half of twenty-first 
century global irrigation expansion has been in water-stressed regions. Nature Water 1-8. https://doi.org/10.1038/
s44221-024-00206-9
Mekonnen, M.; Hoekstra, A.Y. 2010. The green, blue and grey water footprint of farm animals and animal 
products. Volume 2: Appendices. Value Of Water Research Report Series No. 48:123 p. Available on https://
digitalcommons.unl.edu/cgi/viewcontent.cgi?article=1076&context=wffdocs (accessed on December 8, 2025)
Mekonnen, M.M.; Hoekstra, A.Y. 2018. Global anthropogenic phosphorus loads to freshwater and associated grey 
water footprints and water pollution levels: A high‐resolution global study. Water resources research 54(1): 
345-358. https://doi.org/10.1002/2017WR020448
Meshram, J. H.; Singh, S. B.; Raghavendra, K.; Waghmare, V. 2021. Drought stress tolerance in cotton: Progress 
and perspectives. Climate Change and Crop Stress 135-169. https://doi.org/10.1016/B978-0-12-816091-6.00005-5
Minhas, P.S.; Saha, J.K.; Dotaniya, M.L.; Sarkar, A.; Saha, M. 2022. Wastewater irrigation in India: Current status, 
impacts and response options. Science of the Total Environment 808: 152001 p. https://doi.org/10.1016/
j.scitotenv.2021.152001
Ministry of Statistics and Project Implementation, Government of India. 2022. EnviStats India 2022. Wetlands 
Decadal Change Atlas of India. Vol II Environment Accounts. Space Application Centre (SAC). Ministry of 
Environment Forest and Climate Change (MoEF&CC): Government of India. Available at https://mospi.gov.in/
publication/envistats-india-2022-vol-ii-environment-accounts (accessed on December 8, 2025)
Moi, D.A.; Lansac-Tôha, F.M.; Romero, G.Q.; Sobral-Souza, T.; Cardinale, B.J.; Kratina, P.; Perkins, D.M.; 
Teixeira de Mello, F.; Jeppesen, E.; Heino, J.; et al. 2022. Human pressure drives biodiversity–multifunctionality 
relationships in large Neotropical wetlands. Nat Ecol Evol 6: 1279–1289. https://doi.org/10.1038/
s41559-022-01827-7. 
Molden D. 2007. Water for food water for life: a comprehensive assessment of water management in agriculture. 
Routledge London 1736 p.   https://doi.org/10.4324/9781849773799
Muhammad, I.; Shalmani, A.; Ali, M.; Yang, Q.H.; Ahmad, H.;  Li, F.B. 2021. Mechanisms regulating the dynamics 
of photosynthesis under abiotic stresses. Frontiers in plant science, 11: .615942. https://doi.org/10.3389/
fpls.2020.615942
Muhammad, M.; Waheed, A.; Wahab, A.; Majeed, M.; Nazim, M.; Liu, Y.H.; Li, L.; Li, W.J. 2023. Soil salinity and 
drought tolerance: An evaluation of plant growth, productivity, microbial diversity, and amelioration strategies. 
Plant Stress100319 p. https://doi.org/10.1016/j.stress.2023.100319
Mukherji, A.; Facon, T.; Burke, J.; de Fraiture, C.; Faurès, J.-M.; Füleki, B.; Giordano, M.; Molden, D.; Shah, T. 
2009. Revitalizing Asia’s irrigation: to sustainably meet tomorrow’s food needs. Colombo, Sri Lanka: International 
Water Management Institute; Rome, Italy: Food and Agriculture Organization of the United Nations. 39p. https://
doi.org/10.22004/ag.econ.137954
Mukhopadhyay, R.; Sarkar, B.; Jat, H. S.; Sharma, P. C.;  Bolan, N. S. 2021. Soil salinity under climate change: 
Challenges for sustainable agriculture and food security. Journal of Environmental Management 280, 111736. 
https://doi.org/10.1016/j.jenvman.2020.111736
Mushtaq, S.; Moghaddasi, M. 2011. Evaluating the potentials of deficit irrigation as an adaptive response to 
climate change and environmental demand. Environmental Science & Policy 14(8): 1139-1150. https://
doi.org/10.1016/j.envsci.2011.07.007  
Naiman, R. J.; Latterell, J. J.; Pettit, N. E.; Olden, J. D. 2008. Flow variability and the biophysical vitality of river 
systems. Comptes Rendus Geoscience 340(9-10): 629-643. https://doi.org/10.1016/j.crte.2008.01.002
Najeeb, U.; Bange, M.P.; Tan, D.K.;  Atwell, B.J. 2015. Consequences of waterlogging in cotton and opportunities 
for mitigation of yield losses. AoB Plants, 7, plv080. https://doi.org/10.1093/aobpla/plv080
Natasha Abdul Rahman, N. S.; Abdul Hamid, N. W.; Nadarajah, K. 2021. Effects of Abiotic Stress on Soil 
Microbiome. International Journal of Molecular Sciences 22(16): 9036. https://doi.org/10.3390/ijms22169036
Newbold, T.; Hudson, L.N.; Hill, S.L.; Contu, S.; Lysenko, I.; Senior, R.A.; Börger, L.; Bennett, D.J.; Choimes, A.; 
Collen, B.; Day, J. 2015. Global effects of land use on local terrestrial biodiversity. Nature 520(7545): 45-50. 
https://doi.org/10.1038/nature14324
Nick, S.M.; Copty, N.K.; Saygın, S.D.; Öztürk, H.S.; Demirel, B.; Emadian, S.M.; Erpul, G.; Sedighi, M.; Babaei, M. 
2024. Impact of soil compaction and irrigation practices on salt dynamics in the presence of a saline shallow 
groundwater: An experimental and modelling study. Hydrological Processes 38(3): e15135. https://
doi.org/10.1002/hyp.15135
Niu, L.; Jiang, F.; Yin, J.; Wang, Y.; Li, Y.; Yu, X.; Song, X.; Ottosen, C.; Rosenqvist, E.; Mittler, R.; Wu, Z.;  Zhou, 
R.. 2023. ROS-mediated waterlogging memory, induced by priming, mitigates photosynthesis inhibition in toma
under waterlogging stress. Frontiers in Plant Science 14; 1238108. https://doi.org/10.3389/fpls.2023.1238108

48 | P a g e



Ofori, S.; Puškáčová, A.; Růžičková, I.; Wanner, J. 2021. Treated wastewater reuse for irrigation: Pros and 
cons. Science of the Total Environment 760:144026. https://doi.org/10.1016/j.scitotenv.2020.144026
Ojo, O.I., Ochieng, G.M. and Otieno, F.O.A., 2011. Assessment of water logging and salinity problems in 
South Africa: an overview of Vaal harts irrigation scheme. Water and Society, 153, pp.477-484.
Pan, S.; He, Z.; Gu, X.; Xu, M.; Chen, L.; Yang, S.; Tan, H. 2024). Agricultural drought-driven mechanism of 
coupled climate and human activities in the karst basin of southern China. Scientific Reports 14(1): 1-12. 
https://doi.org/10.1038/s41598-024-62027-w
Paria, B.; Pani, A.; Mishra, P.; Behera, B. 2021. Irrigation-based agricultural intensification and future 
groundwater potentiality: experience of Indian states. SN Applied Sciences 3: 1-22. https://doi.org/10.1007/
s42452-021-04417-7
Patel, R.; Patel, A. 2024). Evaluating the impact of climate change on drought risk in semi-arid region using 
GIS technique. Results in Engineering 21: 101957. https://doi.org/10.1016/j.rineng.2024.101957
Pendrill, F.; Gardner, T.A.; Meyfroidt, P.; Persson, U.M.; Adams, J.; Azevedo, T.; Bastos Lima, M.G.; 
Baumann, M.; Curtis, P.G.; De Sy, V.; Garrett, R. 2022. Disentangling the numbers behind agriculture-
driven tropical deforestation. Science 377(6611): https://doi.org/10.1126/science.abm9267.
Perera, D.; Smakhtin, V.; Williams, S.; North, T.; Curry, A. 2021. Ageing water storage infrastructure: An 
emerging global risk. UNU-INWEH report series 11: 25p. Available at http://seprem.es/articulos_f/
Debate_Riesgo/Ageing-Water-Storage-Infrastructure-AnEmerging-Global-Risk_web-version.pdf (accessed 
on December 2, 2025)
Piccolroaz, S.; Zhu, S.; Ladwig, R.; Carrea, L.; Oliver, S.; Piotrowski, A. P.; Ptak, M.; Shinohara, R.; Sojka, 
M.; Woolway, R. I.; Zhu, D. Z. 2024). Lake Water Temperature Modeling in an Era of Climate Change: Data 
Sources, Models, and Future Prospects. Reviews of Geophysics 62(1): e2023RG000816. https://
doi.org/10.1029/2023RG000816
Pletterbauer, F.; Melcher, A.; Graf, W. 2018. Climate change impacts in riverine ecosystems. Riverine 
Ecosystem Management. Aquatic Ecology Series 8, 203-223. https://doi.org/10.1007/978-3-319-73250-3
Ponsatí, L.; Acuña, V.; Aristi, I.; Arroita, M.; García‐Berthou, E.; Von Schiller, D.; Elosegi, A.; Sabater, S. 
2014. Biofilm responses to flow regulation by dams in Mediterranean rivers. River Research and 
Applications 31(8): 1003-1016. https://doi.org/10.1002/rra.2807
Ponting, J.; Kelly, T. J.; Verhoef, A.; Watts, M. J.; Sizmur, T. 2021. The impact of increased flooding 
occurrence on the mobility of potentially toxic elements in floodplain soil – A review. Science of The Total 
Environment 754 142040. https://doi.org/10.1016/j.scitotenv.2020.142040
Pratap, B.; Kumar, S.; Purchase, D.; Bharagava, R.N.; Dutta, V. 2023. Practice of wastewater irrigation and 
its impacts on human health and environment: a state of the art. International Journal of Environmental 
Science and Technology  20(2): 2181-2196. https://doi.org/10.1007/s13762-021-03682-8
Qiu, Y.; Fan, Y.; Chen, Y.; Hao, X.; Li, S.; Kang, S. 2021. Response of dry matter and water use efficiency 
of alfalfa to water and salinity stress in arid and semiarid regions of Northwest China. Agricultural Water 
Management 254: 106934 p. https://doi.org/10.1016/j.agwat.2021.106934
Rajan, A.; Ghosh, K.; Shah, A. 2020. Carbon Footprint of India’s Groundwater Irrigation. Carbon 
Management 11(3):265–280. https://doi.org/10.1080/17583004.2020.1750265. 
Ramsar Convention on Wetlands, 2018. Global Wetland Outlook: State of the World’s Wetlands and their 
Services to People. Gland, Switzerland: Ramsar Convention Secretariat. 88p. Available at https://
www.ramsar.org/sites/default/files/documents/library/gwo_e.pdf (accessed on December 2, 2025)
Ramsar Convention on Wetlands. 2021. Global Wetland Outlook: Special Edition 2021. Gland, Switzerland: 
Secretariat of the Convention on Wetlands. Available at www.global-wetland-outlook.ramsar.org/ (accessed 
on December 5, 2025).
Ren, B.; Zhang, J.; Dong, S.; Liu, P.;  Zhao, B. 2016. Effects of waterlogging on leaf mesophyll cell 
ultrastructure and photosynthetic characteristics of summer maize. PloS one 11(9): e0161424. https://
doi.org/10.1371/journal.pone.0161424
Ritchie, H.; Roser, M. 2018. Water use and stress. Our World in Data. Available at https://
ourworldindata.org/water-use-stress (accessed on December 3, 2025)

49 | P a g e



Ritchie, H.; Roser, M. 2019. Half of the world’s habitable land is used for agriculture. Our World in Data. 
Available at https://archive.ourworldindata.org/20251125-173858/global-land-for-agriculture.html (accessed on 
December 3, 2025)
Rodrigues, G. C.; Pereira, L. S. 2009. Assessing economic impacts of deficit irrigation as related to water 
productivity and water costs. Biosystems Engineering 103(4): 536-551. https://doi.org/10.1016/
j.biosystemseng.2009.05.002
Rodríguez-Gamir, J.; Ancillo, G.; González-Mas, M. C.; Primo-Millo, E.; Iglesias, D. J.;  Forner-Giner, M. A. 
2011. Root signalling and modulation of stomatal closure in flooded citrus seedlings. Plant Physiology and 
Biochemistry 49(6): 636-645. https://doi.org/10.1016/j.plaphy.2011.03.003
Rodriguez-Ramos, J.C.; Turini, T.; Wang, D.; Hale, L. 2022. Impacts of deficit irrigation and organic 
amendments on soil microbial populations and yield of processing tomatoes. Applied Soil Ecology 180: 
104625. https://doi.org/10.1016/j.apsoil.2022.104625
Rolls, R. J.; Bond, N. R. 2017. Environmental and Ecological Effects of Flow Alteration in Surface Water 
Ecosystems. Water for the Environment 65-82. https://doi.org/10.1016/B978-0-12-803907-6.00004-8
Rolls, R.J.; Leigh, C.; Sheldon, F. 2012. Mechanistic effects of low-flow hydrology on riverine ecosystems: 
ecological principles and consequences of alteration. Freshwater Science 31(4): 1163-1186. . https://
doi.org/10.1899/12-002.1
Rosa, L. 2022. Adapting agriculture to climate change via sustainable irrigation: biophysical potentials and 
feedbacks. Environmental Research Letters 17(6): 063008. https://doi.org/10.1088/1748-9326/ac7408 
Rupngam, T.; Messiga, A.J. 2024. Unraveling the Interactions between Flooding Dynamics and Agricultural 
Productivity in a Changing Climate. Sustainability 16(14): 6141. https://doi.org/10.3390/su16146141
Russo, T.A.; Lall, U. 2017. Depletion and response of deep groundwater to climate-induced pumping 
variability. Nature Geoscience 10(2): 105-108. https://doi.org/10.1038/ngeo2883
Sadoff, C.; Muller, M. 2009. Water Management, Water Security and Climate Change Adaptation: Early 
Impacts and Essential Responses, TEC Background Paper No. 14. Global Water Partnership Technical 
Committee. 92p. Available at https://gwp.org/globalassets/global/toolbox/publications/background-papers/14-
water-management-water-security-and-climate-change-adaptation.-early-impacts-and-essential-
responses-2009-english.pdf (accessed on December 2, 2025)
Sajid, I.; Tischbein, B.; Borgemeister, C.; García-Vila, M.; Bakhsh, A.; Flörke, M. 2024. Assessing cotton 
irrigation scheduling strategies under rotational delivery schedules in Pakistan. Ecohydrology & Hydrobiology 
24(3): 710-724. https://doi.org/10.1016/j.ecohyd.2024.04.005
Sam, T.T.; Khoi, D.N.; Thao, N.T.T.; Nhi, P.T.T.; Quan, N.T.; Hoan, N.X.; Nguyen, V.T. 2019. Impact of 
climate change on meteorological, hydrological and agricultural droughts in the Lower Mekong River Basin: a 
case study of the Srepok Basin, Vietnam. Water and Environment Journal 33(4): 547-559. https://
doi.org/10.1111/wej.12424 
Sander, B.O.; Samson, M.; Buresh, R.J. 2014. Methane and nitrous oxide emissions from flooded rice fields 
as affected by water and straw management between rice crops. Geoderma 235, 355-362. https://
doi.org/10.1016/j.geoderma.2014.07.020 
Schlink, A.C.; Nguyen, M.L.; Viljoen, G.J. 2010. Water requirements for livestock production: a global 
perspective. Rev. Sci. Tech 29(3): 603-619. Available at https://www.academia.edu/download/72618474/
Potential_use_of_stable_isotopes_in_amin20211014-26055-ovoxm2.pdf#page=6 (accessed on December 2, 
2025)
Schmutz, S.; Moog, O. 2018. Dams: ecological impacts and management. Riverine ecosystem management: 
Science for governing towards a sustainable future 111-127. https://doi.org/10.1007/978-3-319-73250-3 
Seo, K.-W.; Ryu, D.; Eom, J.; Jeon, T.; Kim, J-S.; Youm, K.; Chen, J, and Wilson, C.R. 2023. Drift of Earth's 
Pole Confirms Groundwater Depletion as a Significant Contributor to Global Sea Level Rise 1993–2010. 
Geophysical Research Letters 50 (12): e2023GL103509. https://doi.org/10.1029/2023GL103509 
Shafroth, P.B.; Cleverly, J.R.; Dudley, T.L.; Taylor, J.P.; Van Riper, C.; Weeks, E.P.; Stuart, J.N. 2005. Control 
of Tamarix in the western United States: implications for water salvage, wildlife use, and riparian restoration. 
Environmental management 35: 231-246. https://doi.org/10.1007/s00267-004-0099-5
Sidhu, B.S.; Kandlikar, M.; Ramankutty, N. 2020. Power tariffs for groundwater irrigation in India: A 
comparative analysis of the environmental, equity, and economic tradeoffs. World Development 128: 104836. 
https://doi.org/10.1016/j.worlddev.2019.104836
Singh, A. 2015. Soil salinization and waterlogging: A threat to environment and agricultural sustainability. 
Ecological Indicators 57: 128-130. https://doi.org/10.1016/j.ecolind.2015.04.027 

50 | P a g e



Singh, A. 2016. Hydrological problems of water resources in irrigated agriculture: A management 
perspective. Journal of Hydrology, 541: 1430-1440. https://doi.org/10.1016/j.jhydrol.2016.08.044
Singh, A.; Nath, S.; Panda, S.N.; Flugel, W.A.; Krause, P. 2012. Waterlogging and farmland salinisation: 
causes and remedial measures in an irrigated semi-arid region of India. Irrigation and Drainage 61(3): 357–
365. https://doi.org/10.1002/ird.651
Singh, O.; Kasana, A.; Bhardwaj, P. 2022. Understanding energy and groundwater irrigation nexus for 
sustainability over a highly irrigated ecosystem of northwestern India. Applied Water Science, 12(3): 44. 
Sishodia, R. P.; Shukla, S.; Graham, W. D.; Wani, S. P.; Jones, J. W.; Heaney, J. 2017. Current and future 
groundwater withdrawals: Effects, management and energy policy options for a semi-arid Indian watershed. 
Advances in Water Resources 110, 459-475. https://doi.org/10.1016/j.advwatres.2017.05.014 
Smith, M. D., Sikka, A., Taguta, C., Dirwai, T. L., & Mabhaudhi, T. (2024). Embracing complexities in 
agricultural water management through nexus planning. Irrigation and Drainage, 73(5), 1695-1716. https://
doi.org/10.1002/ird.3041
Sor, R.; Ngor, P.B.; Lek, S.; Chann, K.; Khoeun, R.; Chandra, S.; Hogan, Z.S.; Null, S.E. 2023. Fish 
biodiversity declines with dam development in the Lower Mekong Basin. Scientific Reports 13(1): 8571p. 
https://doi.org/10.1038/s41598-023-35665-9
Sritongon, N.; Sarin, P.; Theerakulpisut, P.;  Riddech, N. 2022. The effect of salinity on soil chemical 
characteristics, enzyme activity and bacterial community composition in rice rhizospheres in Northeastern 
Thailand. Scientific Reports 12(1); 1-12. https://doi.org/10.1038/s41598-022-24902-2
Strayer, D.L.; Dudgeon, D. 2010. Freshwater biodiversity conservation: recent progress and future 
challenges. Journal of the North American Benthological Society 29: 344-358. https://
doi.org/10.1899/08-171.1
Stromberg, J.C.; Beauchamp, V.B.; Dixon, M.D.; Lite, S.J.; Paradzick, C. 2007. Importance of low‐flow and 
high‐flow characteristics to restoration of riparian vegetation along rivers in arid south‐western United 
States. Freshwater Biology 52(4): 651-679. https://doi.org/10.1111/j.1365-2427.2006.01713.x
Stromberg, J.C.; Tiller, R.; Richter, B.; 1996. Effects of groundwater decline on riparian vegetation of 
semiarid regions: the San Pedro, Arizona. Ecological Applications 6(1): 113-131. https://
doi.org/10.2307/2269558
Su, P.; Wang, X.; Lin, Q.; Peng, J.; Song, J.; Fu, J.; Wang, S.; Cheng, D.; Bai, H.; Li, Q. 2019. Variability in 
macroinvertebrate community structure and its response to ecological factors of the Weihe River Basin, 
China. Ecological Engineering 140, 105595. https://doi.org/10.1016/j.ecoleng.2019.105595
Subba Rao, N.; Ravindra, B.; Wu, J. 2020. Geochemical and health risk evaluation of fluoride rich 
groundwater in Sattenapalle Region, Guntur district, Andhra Pradesh, India. Human and ecological risk 
assessment: An international journal 26(9): 2316-2348. https://doi.org/10.1080/10807039.2020.1741338
Swain, S.; Taloor, A.K.; Dhal, L.; Sahoo, S.; Al-Ansari, N. 2022. Impact of climate change on groundwater 
hydrology: a comprehensive review and current status of the Indian hydrogeology. Applied Water Science 
12(6): 120 p. https://doi.org/10.1007/s13201-022-01652-0
Tack, J.; Barkley, A.; Hendricks, N. 2017. Irrigation offsets wheat yield reductions from warming 
temperatures.  Environmental Research Letters 12(11): 114027. https://doi.org/10.1088/1748-9326/aa8d27
Tanji, K.K.; Kielen, N.C. 2003. Agricultural drainage water management in arid and semi-arid areas, FAO 
irrigation and drainage paper 61, Annex 1: crop salt tolerance data. United Nations Food and Agriculture 
Organization, Rome. https://doi.org/10.5555/20033060122
Toumi, I.; Ghrab, M.; Zarrouk, O.; Nagaz, K. 2024. Impact of Deficit Irrigation Strategies Using Saline Water 
on Soil and Peach Tree Yield in an Arid Region of Tunisia. Agriculture 14(3): 377 p. https://doi.org/10.3390/
agriculture14030377
Tripathi, B.N.; Kumar, R. 2011. Effect of various levels of zinc and sulphur on the rice in partially amended 
Typic Natrustalf of Uttar Pradesh. Journal of Soil Salinity and Water Quality 3(2): 99-103. Available at 
https://cssri.res.in/images/stories/pdf/site/ISSWQVol32011.pdf#page=29 (accessed on December 2, 2025)
Tundu, C.; Tumbare, M.J.; Kileshye Onema, J.M. 2018. Sedimentation and its impacts/effects on river 
system and reservoir water quality: case study of Mazowe catchment, Zimbabwe. Proceedings of the 
International Association of Hydrological Sciences 377, 57-66. https://doi.org/10.5194/piahs-377-57-2018
Tyagi, A.; Ali, S.; Mir, R. A.; Sharma, S.; Arpita, K.; Almalki, M. A.;  Mir, Z. A. 2024. Uncovering the effect of 
waterlogging stress on plant microbiome and disease development: Current knowledge and future 
perspectives. Frontiers in Plant Science 15: 1407789. https://doi.org/10.3389/fpls.2024.1407789

51 | P a g e



Wang, D.; Gaudin, A. C.; Settles, M. L.; Scow, K. M. 2023. Extended soil surface drying triggered by 
subsurface drip irrigation decouples carbon and nitrogen cycles and alters microbiome composition. 
Frontiers in Soil Science 3: 1267685. https://doi.org/10.3389/fsoil.2023.1267685 
Wang, J.; Liu, Q.; Hou, Y. et al. 2018a.  International trade of animal feed: its relationships with livestock 
density and N and P balances at country level. Nutr Cycl Agroecosyst 110: 197–211. https://
doi.org/10.1007/s10705-017-9885-3 
Wang, J.; Wang, H.; Ning, S.; Hiroshi, I. 2018b. Predicting future land cover change and its impact on 
streamflow and sediment load in a trans-boundary river basin. Proc. IAHS 379: 217–222.  https://
doi.org/10.5194/piahs-379-217-2018 .
Wang, X.; Chen, Y.; Yuan, Q.; Xing, X.; Hu, B.; Gan, J.; Zheng, Y.; Liu, Y. 2022. Effect of river damming 
on nutrient transport and transformation and its countermeasures. Frontiers in Marine Science 9: 1078216. 
https://doi.org/10.3389/fmars.2022.1078216
Weiskopf, S. R.; Rubenstein, M. A.; Crozier, L. G.; Gaichas, S.; Griffis, R.; Halofsky, J. E.; Hyde, K. J.; 
Morelli, T. L.; Morisette, J. T.; Muñoz, R. C.; Pershing, A. J.; Peterson, D. L.; Poudel, R.; Staudinger, M. D.; 
Sutton-Grier, A. E.; Thompson, L.; Vose, J.; Weltzin, J. F.; Whyte, K. P. 2020. Climate change effects on 
biodiversity, ecosystems, ecosystem services, and natural resource management in the United States. 
Science of The Total Environment 733: 137782. https://doi.org/10.1016/j.scitotenv.2020.137782 
Wetlands International. 2024. Number of waterbird estimates updated in each RAMSAR region by 
population. Available at http://wpe.wetlands.org/analyze. (assessed on  April 19, 2024). 
Wood, A.P.; van Halsema, G.E. 2008. Scoping agriculture–wetland interactions: Towards a sustainable 
multiple-response strategy (Vol. 33). FAO, Food and Agriculture Organization of the United Nations. 178 p. 
Available at https://www.fao.org/4/i0314e/i0314e.pdf (accessed on December 4, 2025)
Woodward, G.; Perkins, D. M.; Brown, L. E. 2010. Climate change and freshwater ecosystems: Impacts 
across multiple levels of organization. Philosophical Transactions of the Royal Society B: Biological 
Sciences 365(1549): 2093-2106. https://doi.org/10.1098/rstb.2010.0055 
Woolway, R. I.; Sharma, S.; Smol, J. P. 2022. Lakes in Hot Water: The Impacts of a Changing Climate on 
Aquatic Ecosystems. Bioscience 72(11): 1050-1061. https://doi.org/10.1093/biosci/biac052 
World Bank. 2023. What the Future Has in Store: A New Paradigm for Water Storage. Available at https://
documents1.worldbank.org/en/publication/documents-reports/documentdetail/099454002022397507 
(accessed on December 5, 2025)
World Water Assessment Programme ( WWAP ). 2024. The United Nations World Water Development 
Report 2024: Water for prosperity and peace. Paris/London, UNESCO Publishing. 174 p.  Available at 
https://unesdoc.unesco.org/ark:/48223/pf0000388948 (accessed on December 5, 2025)
World Water Quality Alliance (WWQA). 2021. World Water Quality Assessment: First Global Display of a 
Water Quality Baseline. United Nations Environment Assembly , Nairobi. 78 p. Available at https://
pure.iiasa.ac.at/id/eprint/17645/1/World%20Water%20Quality%20Assessment%20and%20Alliance_Key%
20Findings-Status%20Update-Outlook.pdf (accessed on December 5, 2025)
Xi, Y.; Peng, S.; Ciais, P.; Chen, Y. 2021. Future impacts of climate change on inland Ramsar 
wetlands. Nature Climate Change 11(1): 45-51. https://doi.org/10.1038/s41558-020-00942-2
Yamanaka, S.; Ishiyama, N.; Senzaki, M.; Morimoto, J.; Kitazawa, M.; Fuke, N.; Nakamura, F. 2020. Role 
of flood-control basins as summer habitat for wetland species-A multiple-taxon approach. Ecological 
engineering 142: 105617. https://doi.org/10.1016/j.ecoleng.2019.105617
Yohannes, D. F.; Ritsema, C.; Eyasu, Y.; Solomon, H.; Van Dam, J.; Froebrich, J.; Ritzema, H.; Meressa, 
A. 2019. A participatory and practical irrigation scheduling in semiarid areas: The case of Gumselassa 
irrigation scheme in Northern Ethiopia. Agricultural Water Management 218: 102-114. https://
doi.org/10.1016/j.agwat.2019.03.036
Yu, S.; Liu, X.; Chen, X.; Sun, M.; Cao, Y.; Hu, J.; Yang, L.; Hu, J. 2022. Effects of shrub encroachment on 
grassland community and soil nutrients among three typical shrubby grasslands in the alpine subhumid 
region of the Qinghai-Tibet Plateau, China. Frontiers in Ecology and Evolution10: 1068200. https://
doi.org/10.3389/fevo.2022.1068200 
Zavaleta, E.; Kettley, L. 2006. Ecosystem change along a woody invasion chronosequence in a California 
grassland. Journal of Arid Environments 66(2): 290-306. https://doi.org/10.1016/j.jaridenv.2005.11.008 
Zhang, A. T.; Gu, V. X. 2023. Global Dam Tracker: A database of more than 35,000 dams with location, 
catchment, and attribute information. Scientific Data 10:111. https://doi.org/10.1038/s41597-023-02008-2 
Zhang, W.W.; Chong, W.A.N.G.; Rui, X.U.E.; Wang, L.J. 2019. Effects of salinity on the soil microbial 
community and soil fertility. Journal of Integrative Agriculture 18(6): 1360-1368. https://doi.org/10.1016/
S2095-3119(18)62077-5

52 | P a g e



Zhang, Y.; Li, Z.; Ge, W.; Chen, X.; Xu, H.; Guan, H. 2021. Evaluation of the impact of extreme floods on 
the biodiversity of terrestrial animals. Science of The Total Environment 790, 148227. https://
doi.org/10.1016/j.scitotenv.2021.148227 
Zou, Y.; Duan, X.; Xue, Z.; E, M.; Sun, M.; Lu, X.; Jiang, M.; Yu, X. 2018. Water use conflict between 
wetland and agriculture. Journal of Environmental Management 224: 140-146. https://doi.org/10.1016/
j.jenvman.2018.07.052

53 | P a g e



CGIAR is a global research partnership for a food-secure future. CGIAR science is dedicated to transforming food, 
land, and water systems in a climate crisis. Its research is carried out by 13 CGIAR Centers/Alliances in close 
collaboration with hundreds of partners, including national and regional research institutes, civil society organizations, 
academia, development organizations and the private sector. www.cgiar.org 

Multifunctional Landscapes is a CGIAR Science Program that aims to enhance the resilience, productivity, and 
sustainability of agricultural landscapes by integrating diverse land uses, ecosystem services, and livelihood 
strategies. The initiative supports evidence-based policies and innovations that balance food production with climate 
adaptation, biodiversity conservation, and social inclusion.

To learn more about the CGIAR Research Portfolio, please visit www.cgiar.org/cgiar-research-portfolio-2025-2030/ 


	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



