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Salinity threatens agricultural productivity in Khuzestan, Iran, where irrigation and groundwater drainage exacerbate soil and water salinity. This study evaluates the impact of salinity and evaporation ponds on water management, focusing on the balance between discharge and inflow thresholds in a lagoon system. The study area in southwestern Khuzestan receives drainage from agriculture, industry, and fish farming. Groundwater discharge was estimated using hydrological models, and the lagoon’s inflow threshold was calculated based on evaporation rates adjusted for salinity. Data from 134 boreholes assessed groundwater depth and salinity. The result revealed that saline groundwater stays at a shallow level above the ground in the agricultural production area and is brought to the lagoon by the inappropriate layout of the drainage system, resulting in the phenomenon of over-flooding in the study area. The overall discharge flows at a rate of 84.63 m3/s compared to the inflow threshold of 21.17 m3/s, and the disequilibrium is mainly caused by unexpected saline groundwater and frequent exchanges of pond water in fish farms. The study highlights inefficiencies in water governance, particularly poor drainage system design and rapid fish farm expansion. Saline groundwater exacerbates soil salinity, reducing agricultural productivity. Improved salinity control, stricter regulations on fish farm water exchange, and enhanced groundwater management are essential for sustainable water resource management.
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1 Introduction

Salinity poses a significant threat to the yield and sustainability of agricultural crop production, especially in semi-arid and arid regions where soil salinity is a common phenomenon. Salinization is mainly caused by salt accumulation in soil, groundwater salinity and anthropogenic actions (Rengasamy, 2006), and the spontaneous accumulation of salts in soil is primarily due to the intense evaporation when the water table is relatively high (Mazhar et al., 2022). Coastal areas, in particular, experience faster increase in salinity due to high temperatures, humidity, and evaporation rates. In addition, seawater intrusion in coastal low-altitude areas, can exacerbate waterlogging and salinity issues, leading to decreased yields and crop failures (Velmurugan et al., 2016). Anthropogenic actions that alter the balance between salt accumulation and water inputs are secondary factors that can be manipulated over a rapid period (Mazhar et al., 2022).

The arid zones cover about 15 percent of the land surface in the world (Salem, 1989), and irrigation has been broadly introduced to agricultural production in arid regions. As a primary water supply measure, surface irrigation is irreplaceable when rainfed agriculture fails to meet water needs in arid regions. An ideal irrigation system ensures that plants receive only the necessary water without surplus (Brouwer et al., 1992). In practice, factors such as climate, soil conditions, crop development stages, and other variables affect the water needed for irrigation, making irrigation challenging to manage on both spatial and temporal scales (Xu et al., 2019). As an ancillary measure, drainage systems are constructed to prevent waterlogging by removing excess water from the soil and maintaining the groundwater table at a desired level, especially in the coastal regions. If the areas lack or are not equipped with adequate drainage systems, the saline water table will be raised, and waterlogging is likely to develop in extreme cases. To effectively minimize salts in the soil and prevent salt accumulation, a reasonable allocation of the leaching process based on local conditions must function within a well-designed drainage management system (Minhas et al., 2020).

Khuzestan Province is located in southwestern Iran, bordering Iraq to the west and the Persian Gulf to the south. It is not only the center for oil production (U.S. Energy Information Administration, 2024) but also an important agricultural region benefiting from its relatively high surface water availability (Maghrebi et al., 2020). The Great Karun River in the province has the most water flow and is the only navigable river in Iran. It originates from the Zard-Kuh mountains of Chaharmahal and Bakhtiari Province and receives tributaries before flowing past the capital city of Ahvaz (Moritz, 2016). The province has the highest irrigated farming area and is renowned for its large-scale sugarcane production and flourishing fishery (Hashemy et al., 2024). However, studies have shown that the irrigation system is inefficient, and drains have brought saline groundwater to the drainage system, which aggravated the water salinity issue and deteriorated the environment of the province. The ineffective setup of irrigation systems and intervals increases the capillary rise, which leads to constant or increased soil electrical conductivity (EC) in some cases in the province (Bahmaei et al., 2020; Hasily et al., 2020; Pazira and Homaee, 2010).

Sugarcane farms frequently use leaching after harvesting, and it is also interspersed with irrigation during the production season, which causes large amounts of drainage water to be discharged. A virtual water approach evaluated the irrigation and drainage networks based on the water requirements of the main corps in the province, and the result revealed a higher water usage compared to the actual needs (Hasily et al., 2020). The subsurface drainage study in the province by Akram et al. (2013) shows that drains are installed at 1.5 m under the water table, which brings more saline groundwater to the surface. The salinity of the drainage water is less severe in the sugarcane area compared to the downstream regions because farms have been actively leached for over a decade (Golabi et al., 2009). After leaching, the soil salinity improved, with the EC value dropping from above 20 dS m−1 to below 4 dS m−1. Meanwhile, the EC of irrigation water has remained relatively stable at around 2 dS m−1, and the salinity of drainage water was measured between 13 and 24 dS m−1. The salinity level gets aggravated from upstream to downstream, which makes drainage inappropriate for recycling for agriculture or flowing back into the Great Karun River (Qadir et al., 2008). Meanwhile, fish production also leads to significant drainage flow rates, and the polluted wastewater is directed into the channels without prior treatments. Similar to the development of agricultural land, fish farms require dewatering and leaching of saline soils where the groundwater is saline with shallow depth. Land preparation activities for fish farms lead to groundwater and highly saline leachate accumulating in drainage channels and lagoons (Sánchez et al., 2015).

In response to these environmental threats, evaporation ponds are found globally wherever there are restrictions on disposal into natural sinks, serving as an effective management strategy for regional disposal (Schwabe et al., 2006). An artificial lagoon was created in the Khorramshahr region to receive discharge from drainage systems by different industries of use, with the primary purpose of storing and disposing of drainage water by means of evaporation. However, the outcome did not unfold as planned. A significant amount of unexpected saline drainage water has continuously flowed into the lagoon, and the increased salinity reduces the surface evaporation rate, leading to overflow and expansion around the perimeter of the lagoon. Current water governance prioritizes the short-term strategy of isolating and discarding polluted water resources to protect fresh surface water. The environmental implication is one of the fundamental dimensions contributing to the sustainable use of water resources, and further studies about the impact assessment of negative effects on salinity and evaporation ponds need to be carried out for the purpose of establishing an eligible irrigation and drainage system.

This paper attempts to assess the effectiveness and efficiency of the drainage system by verifying the equilibrium between the overall discharge and inflow threshold of the lagoon. It is meaningful to determine the difference between healthy and unhealthy systems by estimating the correlation between water inflow and evaporation capacity of the lagoon (Stein et al., 2021). The inflow threshold is estimated with an adjusted evaporation rate modified by the salinity level. The overall discharge of water is estimated by considering the drainage water from various land-use activities and the overflowed saline groundwater. The outcomes from estimations must be balanced to ensure that overall discharge does not exceed the inflow threshold of lagoons. The sources causing the severity of salinity and the expansion of the lagoon area were defined in this paper to provide suggestions for improving the water governance of the province and enhancing further water management on a regional and national scale.



2 Method


2.1 Study area

The lagoon, the study area, is located in the southwestern Khuzestan Province, where the Great Karun flows closely by after passing Ahvaz. The Great Karun then continues to the port city of Khorramshahr and ultimately empties into the Persian Gulf. Figure 1 shows the map of the study area in Khuzestan Province and the flow structure of the lagoons.
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FIGURE 1
 Map of the study area (a) and the flow structure of the lagoon (b).


The lagoon covers an area of 314.84 km2 and is divided geographically into two segments, holding a total storage volume of 242.80 million m3. The surface water resource is used to irrigate sugarcane farms, and subsequently, it flows into the lagoon through a central open channel. The channel makes its first disposal diversion (Lagoon W2) after traveling 10 km toward the city of Khorramshahr. Prior to the first diversion, the primary discharge into Lagoon W2 predominantly comes from sugarcane production. As the central open channel exits Lagoon W2, it branches into two subchannels. One subchannel is further divided into two branches that continue traveling southward to the following sectors (Lagoon E1 and E2). The other subchannel flows toward the Iran-Iraq border until it discharges into Lagoon W1 to the west, which runs geographically parallel to the border. Two waterways located in the center of the area connect Lagoon W1 to lagoons E2.1 and E2.2 in the southeast, helping to balance the water levels of each lagoon. Several outlets have been found discharging directly into W1 and E2.2 surrounding the southernmost region, primarily from fish farms, industries, and agricultural lands.

Through investigation in the study area, surface irrigation has been broadly applied to agricultural production to lower the EC of soil. Based on the data provided by Khuzestan Water & Power Authority (KWPA), the annual average water supply for irrigation and leaching practices is documented at 13.3 m3/s and 14.1 m3/s by two large-scale sugarcane producers, Amir Kabir and Mirza Kochak Khan. Approximately 30 percent of water loss is attributed to irrigation inefficiency and leaching practices, resulting in estimated drainage rates of 3.99 m3/s and 4.24 m3/s from the irrigation systems used in sugarcane production (KWPA, n.d.; Chenari et al., 2011).

Figure 2 illustrates the depth of the groundwater table below the surface in Khuzestan province. Large portions of agricultural production are situated in areas characterized by a notably shallow groundwater table (Mahvi et al., 2005). In Figure 2a, most southern plain landscapes are found in a low-elevation region above sea level in Khuzestan province, where the groundwater table has a relatively shallow depth ranging from 0 to 10 meters, including the study area. These plain landscapes are ideal for irrigation networks, as most are located within this region.

[image: Figure 2]

FIGURE 2
 The depth of groundwater table in Khuzestan province (a) and locations and depth of groundwater table of 134 boreholes in the study area (b).


In Figure 2b, the groundwater depth in the study area was investigated by evaluating a total of 134 randomly distributed boreholes. The groundwater table remains and converges at a high level just below the surface, which results in a relatively narrow root zone where root development can be directly restricted for agricultural production. Drainage systems alongside irrigation have been installed to discharge water from both irrigation and leaching in most agricultural areas. A drainage channel has also been established in industrial zones within the study area to pump additional groundwater and directly divert it to lagoons rather than allowing it to flow into the Great Karun.

The data in Table 1 demonstrates that nearly 79 percent of the study area has a shallow groundwater depth of less than 200 cm.



TABLE 1 Determination of groundwater depth by borehole detection.
[image: Table1]

The equilibrium between aggregated discharge and the inflow threshold of the lagoon can be used in the conceptual model to evaluate the effectiveness and efficiency of the lagoon as an evaporation pond for saline water disposal (Figure 3). In other words, the degree of effectiveness turns insignificant in case of disequilibrium when aggregated discharge exceeds the inflow threshold of the lagoon. The evaporation rate of each pond is influenced by the salinity level, which will impact the estimation of the inflow capability of the lagoon.

[image: Figure 3]

FIGURE 3
 Conceptual model of equilibrium between discharge and inflow threshold.




2.2 Estimation of irrigation and groundwater discharge

Groundwater is discharged circumstantially via the drainage system only when the table stays at or exceeds the position of the outlets. The following Formula 1 is used to estimate the groundwater discharge according to land-use activities in different sectors:

[image: image]

Where:

[image: image] Groundwater discharge (in m3/s).

[image: image] Penetration rate (in %).

[image: image] Pore Volume (in %).

[image: image] Space between outlets and groundwater tables (in m).

[image: image] Hydraulic conductivity (in m/s).

[image: image] Coverage area (in km2).

In Formula 1, [image: image] is between 55 to 60 Vol-% in silt, loam, and clay soil, and it is considered to be 60 percent of a given volume of 1 m2 area since the sandy soil is dominated by soil property in the study area. The penetration rate [image: image] of water passing through the big pore is measured at 5 percent, sometimes with a maximum of 10 percent in the groundwater zone. An average of 6 percent is used for calculating the water penetration via the big pore since the drainage outlets are situated lower than groundwater tables in the study area, [image: image] penetration rate varies by location and the layout of the drainage system, with records showing rates from 10 cm/day to 20 cm/day based on data from KWPA.

In addition, the study area receives rainwater at the rate of 5.38 m3/s and encompasses an area of 554.57 km2 of fish farms, wetlands, and sugarcane farms, all of which are equipped with drainage systems. Other areas are not accounted for in the estimation since precipitation is less frequent in an arid region, which often aggravates the drought degree of the soil. Meanwhile, precipitation can be held in the fine pores of the clay and loamy soils after rainfall to replenish the water-holding capacity of soils (Dorraji et al., 2010).

Estimating the total amount of drainage water from fish farms involves calculating groundwater flow and the leakage of fish ponds. The high seepage rate caused by leakage adversely influences the water quantity, pond dynamics, and environment (Sharma et al., 2013). The Formula 2 below is used for leakage loss estimation:

[image: image]

The daily maximum leakage loss was measured at 5000 m3/km2 within pond areas covering 21.6 km2 in the study area. The average production period lasts for 210 days, from April to October, resulting in a maximum leakage flow rate of 0.14 m3/s. Generally, temperature and water quality are crucial factors in determining the water exchange frequency of fish ponds (Bhatnagar and Devi, 2013). An optimal temperature will ensure sufficient oxygen content in the water and prevent fish from suffering lethal damage due to overheating (Zhang et al., 2011). Water exchange operations at fish farms were recorded once a week, totalling 30 times during the production period. Furthermore, a rate of 35.71 m3/s was included to estimate the additional drainage discharge from fish farms.



2.3 Estimation of inflow threshold of evaporation ponds

The monthly inflow threshold calculation, adjusted using the rule-based salinity evaporation model for each lagoon while considering the oasis effect, is presented below:
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Where:

[image: image] monthly inflow threshold (in m3/s).

[image: image] monthly evaporation rate (in mm).

[image: image] evaporation reduction by salinity (in %).

[image: image] dimension of the segment in the lagoon (in km2).

[image: image]evaporation reduction by the Oasis effect (in %).

Larger lagoons are influenced by the oasis effect, which tends to create their own microclimate, leading to increased humidity above the basin and a reduction in evaporation from the basin (Leaney and Christen, 2000). The evaporation rate increases when the humidity above the water body decreases, the evaporation process is inhibited if the air above the water body is saturated. The main influence of the oasis effect on evaporation relates to the size of the water body (in this case, the lagoon). The evaporation rate is reduced from a maximum value for small water bodies to a fraction of that value for larger water bodies (Morton, 1986). The rule-based scenario, considering the influences of the oasis effect on the evaporation factor in Formula 3, is acknowledged, as the dimensions of the lagoon are sufficiently large to manifest the oasis effect phenomenon in the study area.

The calculation for lagoon W1 is adjusted due to the presence of Phragmites australis, which impacts the gross evaporation dynamics. Phragmites australis is one of the most widespread plant species used in constructed wetlands to treat wastewater, and its evapotranspiration process is the key component in which water moves from the lagoon into the atmosphere through plants (Borin et al., 2011). The gross evaporation dynamics increase because of plant evapotranspiration, with additional transpiration resulting mainly from the loss of water by plants rather than evaporating directly from the surface of the lagoon. Therefore, the calculation integrates both water flow paths, considering the direct evaporation of water from the soil or water body, as well as the indirect transpiration through plants. Formula 4 is expressed below:

[image: image]

Where:

[image: image] monthly inflow threshold to W1 (in m3/s).

[image: image] monthly evaporation rate (in mm).

[image: image] Phragmites australis areas in W1 (in km2).

[image: image] adjusted evaporation factor based on the plant coefficient (in %).




3 Result

An exceptionally high salt concentration can physically affect the evaporation dynamics of a solution, including aspects like water surface tension and viscosity. Additionally, the thermal conditions of water bodies, such as surface temperature, layering, and circulation, may also be influenced by salinity (Dama-Fakir and Toerien, 2009). During the field investigation, the southernmost sectors, located south of Lagoon W1 and E2.2, are highly saline. Over time, salinity accumulates, leading to brine conditions where the lagoon water becomes fully saturated. As the concentration of dissolved solids increases, the saturation vapor pressure decreases, resulting in a higher density of the solution (Mickley, 2001; Miller and Millis, 1989). Consequently, the salt content in water bodies reduces the vapor pressure gradient at the water surface, resulting in a lower evaporation rate compared to fresh water. Figure 4 illustrates the salinity levels among different segments in the lagoon.

[image: Figure 4]

FIGURE 4
 Level of salinity among different segments in the lagoon.


Table 2 indicates the salinity measurement and the estimated proportion of evaporation rate reduction affected by the level of salinity in the study area.



TABLE 2 Salinity (EC) measurement and evaporation rate reduction in Lagoon West and Lagoon East.
[image: Table2]

Table 3 presents the estimates for the inflow threshold and overall discharge into the lagoon. The inflow threshold has been modified due to reduced evaporation dynamics. The extent of reduction varies among segments, primarily due to salinity; Lagoons W1 and E2.2 have been significantly impacted, as their salinity values exceed 40,000 μS/cm. The estimate for Lagoon W1 incorporates the evaporation rate from its surface along with the evapotranspiration rate of Phragmites australis. The monthly evaporation rate rises from May to September each year.



TABLE 3 Summarization of the equilibrium between overall discharge and inflow threshold of the lagoon.
[image: Table3]

It was found that the vast majority of discharge in the study area stemmed from groundwater due to the shallow depth and the ineffective distribution of drainage outlets. Consequently, based on land use activities in various sectors, all key players contribute an excess amount of groundwater to the lagoons. Comparing the inflow threshold with the overall discharge reveals an imbalance between the inflow and the potential discharge entering the lagoons, which indicates that the lagoon is inadequate as an evaporation pond for disposing of the saline drainage water in the study area. The inflow threshold is estimated at 21.17 m3/s, while the overall discharge—including contributions from sugarcane, agriculture, industry, and rainfall, via several drainage outlets and channels—is calculated to total 46.05 m3/s. Fish farming contributes significantly to water discharge into the lagoons and has become the primary factor influencing drainage water discharge and salinity deterioration. To maintain optimal conditions for fish growth, a substantial volume of water is exchanged and drained into the lagoons for oxygen and temperature regulation. As a result, fish farms typically operate once a week during the production season, causing the total drainage inflow rate to soar to 84.63 m3/s.



4 Discussion

Despite the fact that the management of water supply can be improved by reducing the utilization of surface water resources and increasing irrigation efficiency, the over-discharging of groundwater still leads to a large amount of discharge flowing into lagoons. The focus of management should be shifted from improving the scale of surface water management to groundwater management, and the effectiveness of water governance can be remarkably enhanced since a large proportion of discharge is coming from groundwater. The discharge is predicted to be reduced when the drainage system only collects water from irrigation and leaching operations. In practice, the drainage outlets are placed at an average depth between 130 to 200 cm below the surface in the study area, and the groundwater level consecutively stays over the drainage outlets (Golabi et al., 2009; Moshayedi et al., 2022; Pazira and Homaee, 2010). The discharge exceeds the sum of drainages from irrigation and leaching, primarily due to collecting additional groundwater into the drainage channels. This phenomenon can be found in most areas, especially sugarcane production, with a detected groundwater table 50 cm below the ground.

In the study area, sugarcane production suffers from salinity issues, primarily caused by the capillary rising dynamics of salts from saline groundwater toward the topsoil after the leaching and irrigation periods. The saline groundwater remains above the drainage system during most of the production period and creates a continuous capillary rise in the root zone once the irrigation, precipitation, or leaching stops. The salinization process keeps repeating in the root zone while the shadow depth of the groundwater table and its capillary rising brings more saline groundwater to the soil and increase the level of salinity, resulting in the irrigation inefficiency that irrigation and leaching have to be frequently applied for maintaining the yield. When extremely saline groundwater remains close to the root zone for an extended period without effective drainage, salt accumulation can severely damage root development, leading to a significant reduction in production (Lamsal et al., 1999). Meanwhile, saline groundwater is the primary cause of the salinity issue, which reduces the evaporation rate of the lagoon. The reduction in drainage water disposal capacity consecutively intensifies the disequilibrium between discharge and inflow threshold, ultimately leading to the inefficiency of water governance when considering the lagoon as an evaporation pond for discharge disposal.

The rapid expansion of fish farms, including registered and unregistered, coupled with intensive water exchanges generates severe stress on discharge disposal. A significant volume of water from fish farms has been exchanged and discharged by the drainage system during the production season, which far exceeds the inflow threshold of lagoons. Fish farms are the primary source of discharge to the lagoon, and they are one of the main reasons for the over-flooding of the lagoon. The footprint of the lagoon keeps expanding when discharge cannot be shrunk to equal or less than the inflow threshold, and consequently, the expansion of lagoons may threaten the whole area with the danger of flooding.

A crucial factor often overlooked in the planning of evaporation ponds and the estimation of inflow threshold capacity is the implicit impact that salinity levels have on evaporation rates. The inverse correlation between increased salinity and decreased evaporation rates in open water bodies was considered when estimating that actual evaporation would be reduced as a result of the saline water body (Salhotra et al., 1985). Field measurements indicate that EC values vary among different lagoons, which also reflects variations in evaporation rates. Furthermore, oasis effect lowers the evaporation rates for larger basins compared to smaller ones (with an evaporation factor close to unity). Consequently, factors for reducing evaporation rates based on salinity levels are applied in estimating the inflow threshold for each lagoon.



5 Conclusion

A lagoon is formed to serve as an evaporation pond for drainage water disposal and ultimately to protect surface water resources in the Khuzestan province from getting polluted. The effectiveness and efficiency of water governance can been enhanced by evaluating the impact that discharge and salinity control made on the drainage system. The lagoon has been found to have a disequilibrium between the overall discharge and inflow threshold. The improper layout of drainage outlets consecutively brought groundwater to the lagoon, while the flourishing fish industry discharged a tremendous amount of water to the lagoon for pond water exchanges.

The result exposes that the water governance system is in a poor state, and the overall performance is not at a desired level, which is based on the short-term purpose of disposing of discharge in the lagoon via evaporation. To address the existing problems, stricter regulations, especially on the management of pond water exchange, should be applied to ensure fish farms control their discharge. Simultaneously, besides emphasizing the importance of improving irrigation and drainage efficiency, more attention should be placed on the salinity control of the lagoon to enhance of evaporation dynamics. Groundwater, a crucial factor influencing salinity levels, can be significantly improved by completely blocking or draining groundwater discharge to the lagoon at a minimum rate.
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