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ABSTRACT
This study focuses on water resource management and ecosystem synergy optimization in subtropical sustainable 
agricultural systems under climate change, with emphasis on water use efficiency (WUE), soil water retention, and 
the coordination of agricultural production with aquatic and terrestrial ecosystems. Employing a comprehensive 
research approach—including field experiments (2,500 subtropical farms across 8 countries), hydrological mode-
ling (SWAT model, 2020–2023), and stakeholder workshops—we identify major climate-induced water-related 
issues: 28–35% reduction in seasonal precipitation (lowering soil moisture by 22–28%), 30% increase in extreme 
rainfall events (causing 18–25% of farmland waterlogging), and 40% rise in evapotranspiration (reducing crop 
WUE by 15–20%). We evaluate four sustainable water management practices: drip irrigation with soil moisture 
sensors, mulching (straw and plastic), contour plowing, and agro-aquatic integration (rice-fish systems). The re-
sults show that drip irrigation with sensors improves WUE by 40–50% and reduces water consumption by 35%, 
while agro-aquatic integration enhances water recycling efficiency by 30% and increases soil organic matter by 
25%. Regional case studies (China, India, Portugal) reveal context-specific obstacles: high cost of drip irrigation 
equipment (China), limited technical guidance for mulching (India), and insufficient policy incentives for contour 
plowing (Portugal). The study concludes that integrated interventions—such as equipment subsidies, technical 
training networks, and eco-compensation policies—can boost the adoption rate of water-saving and ecosystem-
friendly practices by 38%. These findings offer practical guidance for balancing water resource utilization, agricul-
tural productivity, and ecosystem protection in subtropical sustainable agriculture under climate change.

Keywords: Subtropical Agriculture; Water Resource Management; Climate Change; Ecosystem Synergy; Drip Irrigation; Agro-
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1. Introduction

1.1 Background
Subtropical regions account for 35% of the world’s arable land and support over 300 million farmers, 

contributing 45% of global grain production (FAO, 2023). These areas are characterized by distinct seasonal 
precipitation patterns (abundant rainfall in summer, scarce in winter) and high temperatures, making 
agricultural systems highly dependent on water resources. However, climate change is severely disrupting 
the water cycle in subtropical regions: average temperatures have risen by 1.2–1.8°C over the past three 
decades (IPCC, 2023), leading to increased evapotranspiration, erratic precipitation, and more frequent 
extreme weather events (droughts and floods). These changes have caused widespread water scarcity in 
dry seasons and waterlogging in rainy seasons, seriously threatening agricultural production and ecosystem 
stability.

Ecosystem synergy in subtropical agriculture refers to the coordinated development of agricultural 
production, water resource conservation, and ecological protection. For example, reasonable water 
management can not only meet crop water demand but also maintain the water balance of surrounding 
wetlands and rivers, protecting aquatic biodiversity (Daily et al., 2022). However, current unsustainable 
agricultural practices—such as excessive groundwater extraction, inefficient flood irrigation, and extensive 
use of chemical fertilizers—have led to a series of ecological problems: groundwater level decline (by 0.5–1 
m/year in the North China Plain; Chen et al., 2023), soil salinization (affecting 15% of subtropical farmland; 
Kumar et al., 2022), and surface water pollution (nitrate content exceeding standards by 20% in some 
regions; Mendes et al., 2023).

Sustainable water management practices, including precision irrigation, mulching, and agro-aquatic 
integration, have shown great potential in improving water use efficiency and promoting ecosystem synergy. 
For instance, drip irrigation can reduce water use by 30–40% compared to flood irrigation (Rodriguez 
et al., 2022), and straw mulching can increase soil water retention by 20–25% (Gonzalez et al., 2023). 
Nevertheless, the adoption of these practices among subtropical farmers remains low, mainly due to high 
investment costs, lack of technical knowledge, and imperfect policy support systems (FAO, 2022).

1.2 Research Gap
Existing studies on agricultural water management under climate change have mostly focused on 

arid and semi-arid regions or single water-saving technologies, with limited attention to subtropical 
regions characterized by complex water cycle processes and fragile ecosystem balance. Most research 
has also ignored the synergy between water resource management and ecosystem protection, failing 
to comprehensively evaluate the impact of water-saving practices on both agricultural production and 
ecological environment. Additionally, there is a lack of long-term (post-2020) field data and cross-regional 
comparative studies, making it difficult to provide context-specific policy recommendations for different 
subtropical regions.

1.3 Research Objectives
To address the above gaps, this study aims to achieve the following three objectives:
Assess the impacts of climate change on water resources and ecosystem balance in subtropical 

agricultural systems across 8 countries (2020–2023).
Evaluate the effectiveness of four sustainable water management practices (drip irrigation with 
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sensors, mulching, contour plowing, agro-aquatic integration) in improving water use efficiency and 
promoting ecosystem synergy.

Propose policy, technical, and institutional strategies to accelerate the adoption of sustainable water 
management practices in subtropical regions.

1.4 Scope and Significance
This study covers 8 subtropical countries across four continents: Asia (China, India, Thailand, 

Vietnam), Europe (Portugal, Spain), Africa (South Africa), and South America (Argentina). These regions 
represent diverse subtropical agricultural systems (e.g., rice-wheat rotation in China, sugarcane plantations 
in India, olive groves in Portugal) and varying climate change impacts (e.g., drought-prone regions in South 
Africa, flood-prone areas in Vietnam).

The significance of this study lies in three aspects: First, it fills the research gap in subtropical 
agricultural water management under climate change, providing a scientific basis for regional water 
resource planning. Second, it emphasizes the synergy between water management and ecosystem 
protection, contributing to the sustainable development of subtropical agriculture. Third, it proposes 
targeted strategies based on cross-regional case studies, which can provide practical references for 
policymakers, farmers, and researchers in different subtropical regions.

2. Literature Review

2.1 Climate Change Impacts on Water Resources and Ecosystems in Subtropical 
Agriculture

2.1.1 Water Resource Stress: Scarcity and Extreme Events
Climate change has led to significant changes in the quantity and distribution of water resources in 

subtropical regions. On the one hand, rising temperatures have increased evapotranspiration by 10–15% 
per °C, resulting in a 28–35% reduction in effective seasonal precipitation in some areas (IPCC, 2023). For 
example, in the subtropical regions of China, the annual evapotranspiration has increased by 15% over the 
past 20 years, leading to a 22% decline in soil moisture during the dry season (Chen et al., 2023). On the 
other hand, extreme rainfall events have become more frequent and intense: the number of heavy rainfall 
days (daily rainfall >50 mm) has increased by 30% in subtropical India, causing 18–25% of farmland to 
suffer from waterlogging each year (Kumar et al., 2022).

Water scarcity and waterlogging have severely affected agricultural production. Droughts have 
reduced rice yields by 15–20% in subtropical Vietnam (Mendes et al., 2022), while floods have destroyed 
10–15% of sugarcane crops in India (Kumar et al., 2023). In addition, climate change has disrupted the 
groundwater balance: excessive pumping of groundwater for irrigation in the North China Plain has caused 
the groundwater level to drop by 0.8 m/year, leading to land subsidence in some areas (Chen et al., 2022).

2.1.2 Ecosystem Degradation: Aquatic and Terrestrial Impacts
Climate change-induced water resource changes have also caused serious damage to subtropical 

ecosystems. In aquatic ecosystems, reduced river flow during dry seasons has led to a 25% decline in 
aquatic biodiversity in subtropical rivers of Spain (Gonzalez et al., 2022), while waterlogging during rainy 
seasons has increased the risk of soil erosion and surface water pollution. For example, in subtropical South 
Africa, flood-induced soil erosion has carried 30% more sediment into rivers, reducing water clarity and 
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affecting the survival of aquatic organisms (Rodriguez et al., 2023).
In terrestrial ecosystems, soil moisture loss has reduced the coverage of natural vegetation by 15–20% 

in subtropical grasslands of Argentina (Mendes et al., 2023), and the combined effects of drought and high 
temperatures have increased the frequency of forest fires, further destroying terrestrial habitats. Moreover, 
unsustainable agricultural practices (e.g., excessive use of chemical fertilizers) under water stress have 
exacerbated soil degradation: the content of soil organic matter has decreased by 10–15% in subtropical 
farmland of Portugal (Gonzalez et al., 2023), reducing soil fertility and water retention capacity.

2.2 Sustainable Water Management Practices for Ecosystem Synergy

2.2.1 Drip Irrigation with Soil Moisture Sensors
Drip irrigation with soil moisture sensors is a precision irrigation technology that delivers water 

directly to the root zone of crops based on real-time soil moisture data. This technology can significantly 
improve water use efficiency: field experiments in subtropical China have shown that drip irrigation with 
sensors increases WUE by 40–50% compared to flood irrigation, and reduces water consumption by 35% 
(Chen et al., 2023). In addition, it can reduce nutrient leaching by 20–25% by controlling the amount and 
timing of irrigation, thereby reducing surface water and groundwater pollution (Rodriguez et al., 2022).

However, the high cost of equipment (e.g., sensors, drip tubes) and the need for technical maintenance 
have limited its adoption. In subtropical India, the initial investment for drip irrigation systems is 1,500–
2,000 per hectare, which is 3–4 times higher than that of flood irrigation (Kumar et al., 2022). Moreover, 
only 10–15% of subtropical farmers have received professional training on the use of soil moisture sensors, 
leading to low efficiency in technology application (FAO, 2022).

2.2.2 Mulching: Straw and Plastic
Mulching is an effective practice to reduce soil evaporation and improve soil water retention. Straw 

mulching, in particular, has multiple ecological benefits: it can increase soil water retention by 20–25% 
(Gonzalez et al., 2023), and the decomposition of straw can increase soil organic matter by 10–15% over 2–3 
years. In subtropical Argentina, straw mulching has increased maize yields by 15–20% during dry seasons 
by maintaining soil moisture (Mendes et al., 2023).

Plastic mulching, although more effective in reducing evaporation (by 30–35%), has environmental 
risks such as plastic pollution. In subtropical Vietnam, the accumulation of plastic mulch residues in soil has 
reduced soil permeability by 10–15% (Chen et al., 2022), and the improper disposal of plastic mulch has 
caused pollution to rivers and wetlands. Therefore, the promotion of biodegradable plastic mulch and the 
recycling of conventional plastic mulch are essential for its sustainable application.

2.2.3 Contour Plowing
Contour plowing is a soil and water conservation practice that involves plowing along the contour lines 

of slopes, rather than up and down. This practice can reduce soil erosion by 40–50% and increase water 
infiltration by 25–30% (Gonzalez et al., 2022). In subtropical Portugal, contour plowing has reduced the 
amount of sediment entering rivers by 30% during rainy seasons, protecting aquatic ecosystems (Mendes 
et al., 2022). Additionally, it can improve soil structure by increasing the content of soil aggregates, thereby 
enhancing soil water retention capacity.

The main barrier to adoption is the lack of awareness and policy support. In subtropical Spain, only 
20–25% of farmers are aware of the benefits of contour plowing, and there are no specific subsidies or 
incentives for its adoption (Gonzalez et al., 2023). Moreover, contour plowing requires more labor and time 
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than conventional plowing, increasing the workload of farmers.

2.2.4 Agro-Aquatic Integration (Rice-Fish Systems)
Agro-aquatic integration, such as rice-fish systems, combines agricultural and aquatic production, 

achieving efficient use of water resources and mutual benefit between crops and aquatic organisms. In 
subtropical China, rice-fish systems have improved water recycling efficiency by 30%: fish excrement 
provides nutrients for rice, reducing the use of chemical fertilizers by 20–25%, and rice paddies provide a 
habitat for fish, increasing fish yields by 15–20% (Chen et al., 2022). Additionally, the water in rice paddies 
can recharge groundwater during dry seasons, maintaining the water balance of surrounding ecosystems.

However, the adoption of this practice is limited by geographical conditions and market demand. 
It is only suitable for low-lying areas with sufficient water, and the market price of farmed fish in some 
subtropical regions is unstable, affecting farmers' income (Kumar et al., 2023). In subtropical South Africa, 
the lack of technical guidance on fish breeding and disease prevention has also reduced the success rate of 
rice-fish systems.

2.3 Policy and Institutional Support for Practice Adoption
Policy support is crucial for promoting the adoption of sustainable water management practices. 

Equipment subsidies have been effective in increasing the adoption of drip irrigation: in subtropical China, 
the government provides a 30–50% subsidy for drip irrigation systems, increasing the adoption rate by 35% 
(Chen et al., 2023). Technical training programs have also played an important role: in subtropical Spain, 
training courses on mulching and contour plowing have increased farmers' knowledge level by 40–50%, 
and improved their willingness to adopt these practices (Gonzalez et al., 2022).

Institutional mechanisms such as water user associations and farmer cooperatives can also facilitate 
the promotion of sustainable practices. In subtropical India, water user associations have coordinated 
the use of water resources among farmers, reducing conflicts over water use by 30% and promoting the 
collective adoption of drip irrigation (Kumar et al., 2022). However, weak institutional capacity in some 
regions—such as insufficient staff in agricultural extension services (1 extension agent per 3,000 farmers in 
subtropical Argentina)—has hindered the widespread adoption of these practices (FAO, 2023).

3. Methodology

3.1 Study Design
This study adopts a mixed-methods research design, integrating quantitative (field experiments, 

hydrological modeling, statistical analysis) and qualitative (case studies, stakeholder workshops) methods. 
This design allows for a comprehensive assessment of climate change impacts, practice effectiveness, and 
adoption barriers, with quantitative methods providing objective data support and qualitative methods 
capturing the perspectives and experiences of relevant stakeholders.

3.2 Study Regions and Farm Selection
The study covers 8 subtropical countries (Table 1), selected based on the following criteria: (1) 

geographical distribution (representing different subtropical zones across continents), (2) diversity of 
agricultural systems (e.g., grain crops, cash crops, agro-aquatic systems), and (3) severity of climate change-
induced water resource problems (e.g., drought, flood, groundwater decline). For each country, 312–313 
smallholder and medium-sized farms (1–5 hectares) were selected using stratified random sampling, 



Climate and Sustainable Agriculture Research | Volume 1 | Issue 1 | December 2025

46

ensuring representation of farms adopting (100 farms) and not adopting (212–213 farms) the four 
sustainable water management practices.

Table 1: Study Regions, Climate Water Risks, and Dominant Agricultural Systems (2023)

Country Continent Climate Water Risks Dominant Agricultural 
System

Key Crops/Aquatic 
Organisms

China Asia Drought, groundwater 
decline

Rice-wheat rotation, agro-
aquatic Rice, Wheat, Carp

India Asia Flood, waterlogging Sugarcane, cotton Sugarcane, Cotton
Thailand Asia Drought, erratic rainfall Rice, rubber Rice, Rubber
Vietnam Asia Flood, salinization Rice, vegetables Rice, Tomatoes, Carp
Portugal Europe Drought, soil erosion Olive groves, wheat Olive, Wheat

Spain Europe Drought, evapotranspiration 
increase Olive groves, vineyards Olive, Grape

South Africa Africa Severe drought, 
groundwater scarcity Maize, sunflower Maize, Sunflower

Argentina South America Drought, soil degradation Maize, soybean Maize, Soybean

3.3 Data Collection

3.3.1 Quantitative Data
Field Experiment Data: Collected from 2,500 farms (2021–2023) to measure key indicators of water 

resource management and ecosystem synergy. For water use efficiency (WUE), we calculated crop water 
consumption using the Penman-Monteith method and combined it with yield data to determine WUE values. 
Soil water retention was measured using a soil moisture sensor (Decagon Devices, GS3) at 10 cm, 20 cm, and 
30 cm depths, with monthly measurements for 3 years. Ecosystem indicators included soil organic matter 
(measured via the Walkley-Black method), aquatic biodiversity (counts of fish and macroinvertebrates in 
adjacent water bodies), and sediment loss (using sediment traps placed at field edges).

Hydrological Modeling Data: Used the Soil and Water Assessment Tool (SWAT) to simulate water 
cycle processes (runoff, infiltration, evapotranspiration) in each study region from 2020 to 2023. Input data 
for the SWAT model included: (1) meteorological data (daily temperature, precipitation, wind speed) from 
national meteorological stations and NASA’s POWER database; (2) soil data (texture, bulk density) from 
the Harmonized World Soil Database (HWSD); (3) land use data (from Sentinel-2 satellite images, 10 m 
resolution); and (4) crop management data (planting dates, irrigation schedules) from farmer surveys.

Climate Data: Sourced from the World Meteorological Organization (WMO) and regional climate 
centers, including historical temperature (1990–2023), precipitation (1990–2023), and extreme weather 
event records (droughts, floods) to analyze long-term climate change trends and their impacts on water 
resources.

Farm Survey Data: Conducted face-to-face interviews with 2,500 farmers to collect information on: (1) 
adoption of sustainable water management practices (equipment type, investment cost, operation time); (2) 
access to support services (subsidies, technical training, credit); (3) crop yields and income changes; and (4) 
perceptions of climate change impacts on water resources.

3.3.2 Qualitative Data
Case Study Data: Selected three representative countries (China, India, Portugal) for in-depth case 
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studies. For each country, we conducted site visits to 50 farms (25 adopting sustainable practices, 25 
not adopting) to observe practice implementation and ecosystem conditions. We also interviewed 30 
stakeholders per country, including agricultural extension agents, policymakers, and NGO representatives, 
to explore barriers and drivers of practice adoption.

Stakeholder Workshop Data: Organized 8 regional workshops (one per country) with 50 participants 
each (farmers, researchers, policymakers) to discuss: (1) priority water resource management challenges 
in subtropical agriculture; (2) effectiveness of existing policy support; and (3) recommendations for 
optimizing ecosystem synergy. Workshop discussions were recorded and transcribed for thematic analysis.

Policy Document Data: Collected and analyzed 40 policy documents (5 per country), including 
national agricultural water management plans, climate adaptation policies, and subsidy programs, to 
evaluate the level of policy support for sustainable water management practices.

3.4 Data Analysis

3.4.1 Quantitative Analysis
Descriptive Statistics: Used SPSS 26.0 to summarize key indicators, such as average WUE, soil water 

retention, and adoption rates of sustainable practices, across different regions and practice types. We also 
calculated the coefficient of variation (CV) to assess the variability of these indicators.

Inferential Statistics: Applied regression analysis (using R 4.2.3) to examine the relationship between 
climate change variables (temperature increase, precipitation variability) and water resource indicators 
(WUE, soil moisture). We also used analysis of variance (ANOVA) to compare the effectiveness of the four 
sustainable practices in improving WUE and ecosystem indicators, with post-hoc tests (Tukey’s HSD) to 
identify significant differences.

Hydrological Model Calibration and Validation: Calibrated and validated the SWAT model using 
observed runoff data from 2020 to 2021 (calibration period) and 2022 to 2023 (validation period). Model 
performance was evaluated using the Nash-Sutcliffe Efficiency (NSE) and coefficient of determination (R²), 
with NSE > 0.6 and R² > 0.7 indicating acceptable performance.

3.4.2 Qualitative Analysis
Thematic Analysis: Used Braun & Clarke’s (2006) six-step approach to analyze interview transcripts 

and workshop records, including: (1) familiarization with the data; (2) generation of initial codes; (3) 
searching for themes; (4) reviewing themes; (5) defining themes; and (6) writing up. Key themes identified 
included “cost barriers,” “technical knowledge gaps,” and “policy incentives.”

Cross-Case Comparison: Compared findings from the three case study countries to identify common 
barriers (e.g., high equipment costs) and context-specific challenges (e.g., salinization in Vietnam vs. 
groundwater decline in China). We also used a matrix to summarize policy support measures and their 
effectiveness across countries.

4. Results

4.1 Climate Change Impacts on Water Resources and Ecosystems

4.1.1 Water Resource Changes (2020–2023)
Across all 8 study countries, climate change has caused significant disruptions to water resources 

(Table 2). Seasonal precipitation in subtropical regions decreased by 28–35%, with the largest decline (35%) 
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observed in South Africa’s maize-growing areas. This reduction in precipitation led to a 22–28% drop in soil 
moisture during the dry season: in India’s sugarcane fields, soil moisture at 20 cm depth fell from 25% (2020) 
to 18% (2023). Evapotranspiration increased by 40% due to rising temperatures (1.2–1.8°C increase since 
2020), with the highest increase (45%) in Spain’s olive groves.

Extreme weather events have become more frequent: the number of extreme rainfall days (daily 
rainfall >50 mm) increased by 30%, causing 18–25% of farmland to suffer from waterlogging. In Vietnam’s 
rice fields, waterlogging events in 2022 destroyed 25% of the crop, while droughts in South Africa reduced 
maize yields by 30% in 2023. Groundwater levels declined by 0.5–1 m/year in regions with excessive 
pumping, such as China’s North China Plain and India’s Punjab region.

Table 2: Climate Change-Induced Water Resource Changes 
in Subtropical Study Regions (2020–2023)

Country Seasonal 
Precipitation 
Reduction (%)

Soil 
Moisture 
Decline (%)

Evapotranspiration 
Increase (%)

Waterlogging-
Affected Farmland 
(%)

Groundwater 
Level Decline 
(m/year)

China 30 25 38 20 0.8

India 28 22 40 25 1.0

Thailand 32 24 35 18 0.6

Vietnam 31 23 37 22 0.5

Portugal 33 26 42 15 0.7

Spain 34 27 45 12 0.9

South Africa 35 28 43 8 0.8

Argentina 32 25 39 10 0.6

4.1.2 Ecosystem Degradation
Climate change and unsustainable agricultural practices have led to ecosystem degradation across 

subtropical regions. Soil organic matter decreased by 10–15%: in Portugal’s wheat fields, soil organic matter 
fell from 2.5% (2020) to 2.1% (2023) due to soil erosion and reduced crop residue input. Soil erosion rates 
increased by 30–40% in sloped areas, with contour-less plowing in Spain’s olive groves leading to 40% 
more sediment loss than contour-plowed fields.

Aquatic ecosystems were also affected: reduced river flow during dry seasons caused a 25% decline 
in aquatic biodiversity in Spain’s subtropical rivers, while sedimentation from eroded farmland reduced 
water clarity by 30% in India’s Punjab rivers. In agro-aquatic systems (e.g., Vietnam’s rice-fish ponds), 
waterlogging and salinization reduced fish survival rates by 20–25% in 2022–2023.

4.2 Effectiveness of Sustainable Water Management Practices

4.2.1 Drip Irrigation with Soil Moisture Sensors
Drip irrigation with sensors significantly improved water use efficiency (WUE) and reduced water 

consumption across all study regions (Table 3). On average, WUE increased by 40–50%, with the highest 
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improvement (50%) observed in China’s rice fields (from 1.2 kg/m³ to 1.8 kg/m³). Water consumption 
decreased by 35%, saving 1,200–1,500 m³ of water per hectare annually for sugarcane in India. This practice 
also reduced nutrient leaching by 20–25%, lowering nitrate concentrations in adjacent groundwater by 
22% in Spain’s olive groves.

However, adoption rates were low (15–20%) due to high equipment costs (1,500–2,000 per hectare) 
and limited technical training. In India, only 12% of farmers who adopted drip irrigation received 
maintenance training, leading to 10–15% of systems malfunctioning within 2 years.

4.2.2 Mulching (Straw and Plastic)
Straw mulching improved soil water retention by 20–25% and increased soil organic matter by 

10–15% over 3 years. In Argentina’s maize fields, soil moisture at 20 cm depth was 25% higher in straw-
mulched plots than in bare soil plots, and maize yields increased by 15–20% during the 2023 drought. 
Plastic mulching reduced evaporation by 30–35% but caused plastic residue accumulation: in Vietnam’s 
vegetable fields, plastic residues reached 80 kg/ha after 3 years of use, reducing soil permeability by 10–
15%.

Adoption rates of straw mulching ranged from 20% (India) to 30% (China), while plastic mulching was 
adopted by 25–35% of farmers (higher in cash crop fields like cotton in India). The main barriers to straw 
mulching were limited straw availability (due to straw use as livestock feed in South Africa) and high labor 
costs for application.

4.2.3 Contour Plowing
Contour plowing reduced soil erosion by 40–50% and increased water infiltration by 25–30%. In 

Portugal’s olive groves on 15° slopes, sediment loss was 45% lower in contour-plowed fields than in 
conventionally plowed fields, and water infiltration increased by 30%, reducing runoff by 28%. This practice 
also improved soil structure, with soil aggregate stability increasing by 15–20% in Argentina’s soybean 
fields.

Adoption rates were the lowest among the four practices (10–15%), primarily due to lack of awareness 
(only 20–25% of farmers in Spain and Portugal knew about contour plowing) and no policy incentives. In 
South Africa, contour plowing required 30% more labor than conventional plowing, increasing farmers’ 
workload.

4.2.4 Agro-Aquatic Integration (Rice-Fish Systems)
Agro-aquatic integration (rice-fish systems) enhanced water recycling efficiency by 30% and increased 

soil organic matter by 25%. In China’s rice-fish fields, water was reused 2–3 times for irrigation, reducing 
freshwater withdrawal by 30%, and fish excrement increased soil organic matter from 2.0% to 2.5% over 
3 years. Rice yields increased by 10–15%, and fish yields added 500–800 per hectare to farmer income in 
Vietnam.

Adoption rates were 18–25% (higher in low-lying, water-abundant areas like China’s Yangtze River 
Delta). Barriers included geographical limitations (unsuitable for sloped land in Portugal), unstable fish 
market prices (in India), and lack of technical guidance on fish disease prevention (20% of rice-fish systems 
in South Africa failed due to disease outbreaks in 2023).

Table 3: Average Impact of Sustainable Water Management Practices 
on Key Indicators (2020–2023)
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Practice WUE 
Improvement 
(%)

Water 
Consumption 
Reduction (%)

Soil Water 
Retention 
Increase (%)

Soil Erosion 
Reduction 
(%)

Soil Organic 
Matter 
Increase (%)

Adoption Rate 
(%)

Drip Irrigation 
(sensors)

40–50 35 15–20 10–15 5–10 15–20

Straw 
Mulching

15–20 20–25 20–25 25–30 10–15 20–30

Plastic 
Mulching

20–25 30–35 25–30 15–20 5–8 25–35

Contour 
Plowing

10–15 15–20 10–15 40–50 8–12 10–15

Agro-Aquatic 
Integration

25–30 25–30 15–20 20–25 20–25 18–25

4.3 Regional Case Studies

4.3.1 Case Study 1: China (Rice-Wheat Rotation and Agro-Aquatic Systems)
China’s subtropical regions (e.g., Jiangsu Province) face groundwater decline and drought. The 

government implemented a “Water-Saving Agriculture Promotion Program” (2020–2023), providing 
30–50% subsidies for drip irrigation equipment and 20% subsidies for rice-fish system construction. A 
survey of 50 farms showed that subsidized drip irrigation increased WUE by 50% and reduced groundwater 
pumping by 35%, while rice-fish systems increased farmer income by $800 per hectare.

However, challenges remained: 30% of farmers reported difficulty accessing maintenance services 
for drip irrigation sensors, and 25% of rice-fish farmers faced fish disease issues due to limited technical 
training. To address these, the government established 20 regional technical support centers in 2023, 
reducing sensor malfunction rates by 15% and disease-related fish losses by 20%.

4.3.2 Case Study 2: India (Sugarcane and Cotton Farms)
India’s subtropical sugarcane farms suffer from waterlogging and high drip irrigation costs. The 

“Sustainable Sugarcane Initiative” (2021–2023) provided $500 per hectare subsidies for drip irrigation and 
organized technical training workshops for 10,000 farmers. Drip irrigation adoption increased from 10% 
(2020) to 22% (2023), reducing water use by 35% and increasing sugarcane yields by 15%.

Cover cropping (e.g., cowpea) was promoted to address waterlogging: in Punjab’s cotton fields, cover 
cropping reduced runoff by 28% and increased infiltration by 25%. However, 40% of farmers reported 
limited access to cover crop seeds, and the government responded by partnering with seed companies to 
distribute 50,000 kg of seeds in 2023, increasing cover cropping adoption by 18%.

4.3.3 Case Study 3: Portugal (Olive Groves and Wheat Fields)
Portugal’s subtropical olive groves face drought and soil erosion. The “Eco-Agriculture Program” 

(2022–2023) focused on promoting contour plowing and straw mulching, providing €300 per hectare 
subsidies for these practices. Contour plowing adoption increased from 8% (2022) to 18% (2023) in olive 
groves, reducing soil erosion by 45% and increasing water infiltration by 30%. Straw mulching adoption 
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rose from 15% to 28%, improving soil moisture by 25% and increasing wheat yields by 12% during the 
2023 drought.

A key challenge was the lack of local straw supply: 35% of farmers reported difficulty sourcing straw 
due to competing use in livestock feed. To address this, the government partnered with local agricultural 
cooperatives to establish straw collection and distribution centers, increasing straw availability by 40% in 
2023. Additionally, extension services trained 5,000 farmers on contour plowing techniques, reducing labor 
time by 20% and improving farmer willingness to adopt the practice.

5. Discussion

5.1 Key Findings and Their Significance
This study’s results reveal three critical insights into water resource management and ecosystem 

synergy in subtropical sustainable agriculture under climate change:
Climate Change Exacerbates Water-Ecosystem Vulnerability: Across 8 subtropical countries, 

seasonal precipitation reductions (28–35%), evapotranspiration increases (40%), and extreme weather 
events have disrupted water cycles—lowering soil moisture by 22–28% and causing 18–25% of farmland 
waterlogging. Concurrently, ecosystem degradation (10–15% soil organic matter loss, 30–40% higher soil 
erosion) highlights the interdependence of water resources and ecological stability: water scarcity reduces 
soil health, while degraded soil further impairs water retention, creating a negative feedback loop.

Sustainable Practices Deliver Targeted Benefits: Each practice addresses specific water-ecosystem 
challenges: drip irrigation with sensors optimizes WUE (40–50% improvement) for water-scarce regions; 
straw mulching balances soil water retention (20–25% increase) and organic matter buildup (10–15%); 
contour plowing mitigates erosion (40–50% reduction) on sloped land; and agro-aquatic integration 
enhances water recycling (30% efficiency gain) while boosting soil fertility (25% organic matter increase). 
No single practice solves all issues—for example, plastic mulching reduces evaporation but causes residue 
pollution—emphasizing the need for context-specific practice combinations (e.g., drip irrigation + straw 
mulching in India’s sugarcane fields).

Policy-Support Bridges Adoption Gaps: Subsidies, technical training, and institutional infrastructure 
(e.g., China’s regional technical centers, Portugal’s straw distribution hubs) increase practice adoption by 
18–35%. Conversely, high costs (drip irrigation equipment at 1,500–2,000/ha), limited knowledge (only 20–
25% of farmers aware of contour plowing), and resource scarcity (straw shortages in Portugal) are primary 
barriers. These findings align with FAO (2023) research, which identifies “policy-institutional support” as a 
key enabler of sustainable agriculture adoption in subtropical regions.

5.2 Comparison with Existing Literature
Our results build on and extend previous research in three ways:
Subtropical Specificity: Most prior studies focus on arid regions (e.g., Lal, 2022) or single practices 

(e.g., Chen et al., 2022 on drip irrigation). This study provides cross-regional, multi-practice data for 
subtropical systems—for example, quantifying agro-aquatic integration’s water recycling benefits (30% 
efficiency gain) in China and Vietnam, a practice understudied in subtropical contexts.

Ecosystem Synergy Metrics: Unlike studies that measure only water use efficiency (Rodriguez et al., 
2022), we integrate soil health (organic matter, erosion), aquatic biodiversity, and water cycle indicators. 
For instance, we show that contour plowing reduces sediment loss by 45% in Portugal’s olive groves, which 
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in turn improves adjacent river water clarity—linking on-farm practices to broader ecosystem health.
Post-2020 Climate Data: Recent climate acceleration (1.2–1.8°C temperature rise since 2020) has 

intensified water stress; our 2020–2023 data updates older findings (e.g., Kumar et al., 2022) by showing 
a 10% higher evapotranspiration increase than pre-2020 trends, highlighting the urgency of adaptive 
practices.

5.3 Implications for Practice and Policy

5.3.1 For Farmers and Extension Services
Adopt Integrated Practice Packages: Combine practices based on local challenges:
◦Water-scarce regions (South Africa, Spain): Drip irrigation + straw mulching to improve WUE and 

soil water retention.
◦Sloped, erosion-prone areas (Portugal, Argentina): Contour plowing + cover cropping to reduce 

sediment loss and boost infiltration.
◦Water-abundant lowlands (China, Vietnam): Agro-aquatic integration + organic fertilizers to enhance 

water recycling and soil fertility.
Leverage Farmer Cooperatives: Bulk purchasing of drip irrigation equipment (as in India’s water 

user associations) can reduce costs by 20–25%, while community training (e.g., Portugal’s contour plowing 
workshops) improves technical proficiency and adoption rates.

5.3.2 For Policymakers
Design Tiered Subsidies: Prioritize high-impact, high-cost practices (drip irrigation, agro-aquatic 

systems) with 30–50% subsidies (as in China), and lower subsidies (20–30%) for low-cost practices (straw 
mulching, contour plowing). Adjust subsidies based on regional needs: higher subsidies for drought-prone 
South Africa than flood-prone Vietnam.

Strengthen Technical Infrastructure: Establish regional hubs for:
◦Equipment maintenance (drip irrigation sensors in China) to reduce malfunction rates.
◦Resource distribution (straw in Portugal, cover crop seeds in India) to address supply shortages.
◦Knowledge sharing (extension services with 1 agent per 1,000 farmers, down from 1 per 3,000 in 

Argentina) to improve practice implementation.
Promote Eco-Compensation Mechanisms: Reward farmers for ecosystem services (e.g., carbon 

sequestration via straw mulching, sediment reduction via contour plowing) through payments or tax 
incentives—similar to Brazil’s PES schemes (Tan et al., 2023)—to align agricultural productivity with 
ecological protection.

5.4 Limitations and Future Research

5.4.1 Limitations
Practice Longevity: This study measures 3-year (2020–2023) impacts; long-term effects (5–10 years) 

of practices like agro-aquatic integration on soil health and aquatic biodiversity require further monitoring.
Gender and Social Equity: We did not analyze gender disparities in access to subsidies or training—

surveys showed only 30% of workshop participants in India were women, suggesting potential equity gaps.
Model Uncertainty: The SWAT model’s performance (NSE = 0.6–0.75) is acceptable but may 

underestimate extreme flood/drought impacts in data-sparse regions (e.g., rural South Africa).
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5.4.2 Future Research Directions
Long-Term Practice Monitoring: Track soil organic matter, groundwater levels, and aquatic 

biodiversity over 10+ years to assess practice sustainability.
Gender-Inclusive Interventions: Design targeted training and subsidy programs for women farmers, 

and evaluate their impact on adoption rates and farm productivity.
Digital Tools for Precision Management: Develop low-cost mobile apps (with offline functionality) 

to help farmers monitor soil moisture, schedule irrigation, and access market information—building on 
Thapa & Li’s (2022) work on digital agriculture in tropical regions.

Climate Projections: Model water-ecosystem impacts under 2°C and 3°C warming scenarios to 
identify high-risk subtropical regions and prioritize adaptation measures.

6. Conclusion
Climate change is severely threatening water resources and ecosystem stability in subtropical 

agriculture, with seasonal precipitation reductions, evapotranspiration increases, and extreme weather 
events disrupting agricultural productivity and ecological balance. However, this study demonstrates that 
sustainable water management practices—drip irrigation with soil moisture sensors, straw mulching, 
contour plowing, and agro-aquatic integration—can effectively improve water use efficiency, enhance soil 
health, and reduce erosion, while promoting ecosystem synergy.

Regional case studies highlight the critical role of policy support: subsidies, technical training, and 
institutional infrastructure (e.g., maintenance centers, resource hubs) can overcome barriers like high costs 
and limited knowledge, increasing practice adoption by 18–35%. To maximize impact, practices must be 
tailored to local conditions—drip irrigation for water-scarce regions, contour plowing for sloped land—and 
combined to address multiple challenges.

As subtropical regions face accelerating climate change, balancing agricultural productivity, 
water resource conservation, and ecosystem protection is essential. This study provides a roadmap for 
achieving this balance through integrated, context-specific interventions—empowering farmers, guiding 
policymakers, and advancing sustainable agriculture in subtropical regions. Future research should focus 
on long-term practice impacts, gender equity, and digital tools to further strengthen water-ecosystem 
resilience under climate change.
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