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Large wetlands representation in SWAT+: the case of the Pantanal in the Paraguay River Basin
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The Paraguay River Basin forms part of the La Plata River Basin in South America. Its streamflow is significantly attenuated by a high evapotranspiration rate, very gentle slopes and the presence of a vast wetland known as the Pantanal. Modeling the hydrology of watersheds in which the flood pulse is affected by the presence of large floodplains can pose issues for hydrological models that do not account for spatial complexity and simplify water routing using linear assumptions. The new version of the Soil and Water Assessment Tool, known as SWAT+, routes water using variations of the kinematic wave model. However, with the inclusion of connectivity and Landscape Units, SWAT+ provides more flexibility in terms of representing the hydrologic fluxes in the watershed. The main objective of this study is to use the concept of Landscape Units and connectivity to represent the water exchanges between uplands, floodplains and channels. We developed code routines to (1) temporally retain surface and subsurface water coming from the upland into the floodplain, by assuming a reservoir-like floodplain behavior, and (2) represent overbank flow, aiming to fully simulate the interactions between channels and floodplains. The model was calibrated based on monthly discharge for the period 1990 to 2020. The simulated average annual water storage in the floodplains of the Paraguay River is ~108.81 mm accounting for 56.5% of the total annual discharge at the outlet. Furthermore, ~61% of the total annual surface runoff in the Paraguay River Basin flows through the floodplains. Results indicate that the model is able to capture the hydrologic regime in the Paraguay River representing an improvement of SWAT+.
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1 Introduction

When expansive floodplains are present in river basins, they exert a profound influence on hydrological dynamics (Bates et al., 2000). Typically found in gently sloping terrains, floodplain zones serve as conduits for flood waves emanating from the main channel, facilitating water storage within their area. This storage engenders significant temporal disparities between downstream and upstream hydrographs (Fleischmann et al., 2016). Consequently, floodplains offer a multitude of ecosystem services, including flood mitigation, sediment deposition, and preservation of water quality (Alsdorf et al., 2007). Moreover, they impact the carbon and nitrogen cycles, thus exerting an important role in regulating greenhouse gas emissions (dos Santos Pinto et al., 2020).

Modeling the hydrology of watersheds in which the flood pulse is greatly affected by topography and floodplains can pose several issues for hydrological models that do not account for spatial complexity and simplify water routing using linear assumptions (Fenton, 2019). In watersheds with extensive floodplains, the flow paths of water become very complex. Water can flow not only through the main channel but also across the floodplain and through various interconnected channels (Fleischmann et al., 2016), which substantially impacts flow velocities in the river network (Wong and Laurenson, 1983; Fenton, 2019).

The Soil and Water Assessment Tool model (SWAT; Arnold et al., 1998) is not exempt from this limitation. First, SWAT is rigid in terms of connectivity and spatial discretization of the watershed (Bieger et al., 2017). Secondly, although SWAT provides to the modeler two routing methods (Variable Storage Capacity and Muskingum) that are suitable for various river basins worldwide (Fenton, 2019; Abbaspour et al., 2015), they often fail to accurately estimate flow discharge in watersheds where hydrology is influenced by extensive floodplains. Some research work have detailed these limitations, proposing new routing modules that are able to represent the floodplain effect on a river basin (Rahman et al., 2016; Liu et al., 2008). Another example is the work by Guilhen et al. (2022), who introduced a different flow routing method for SWAT based on the findings of Santini (2020).

The SWAT+ model, which is the result of revising and restructuring the SWAT code (Bieger et al., 2017), was released in 2017. It uses the same routing methodologies (Variable Storage and Muskingum), channel geometry, and flow velocity equations as SWAT. However, the inclusion of connectivity between spatial objects and Landscape Units (LSUs) provides far more flexibility than SWAT when representing the hydrologic processes of the study area (Bieger et al., 2017). This is because the delineation of landscape units enables a more accurate depiction of spatio-temporal dynamics of the studied watershed (Wagner et al., 2022). When defining the uplands and floodplains, the default SWAT+ configuration routes water from the upland to the floodplain and from the floodplain to the channel (Bieger et al., 2019). However, water flowing from the channel to the floodplain is not yet represented, posing problems for the current SWAT+ to deal with watersheds in which the hydrology is floodplain dominated.

The Paraguay River Basin, located in South America, is one example of a river system in which the hydrology is highly affected by floodplains (do Nascimento et al., 2023). This is because of the Pantanal, the largest wetland in the world (Paz et al., 2011), and the Chaco biome region (Bravo et al., 2012). The Paraguay River hydrology has been studied before due to its importance on biodiversity (Garcia, 2021) and its role in the hydrology of La Plata River Basin (Berbery and Barros, 2002). Examples of previous research include: the dynamics of inundation in the Pantanal (Pereira et al., 2021), river-floodplain interactions (do Nascimento et al., 2023; Paz et al., 2011; Bravo et al., 2012), and model development (Schrapffer et al., 2020; Pontes et al., 2017; Collischonn et al., 2007).

In addition, current and future human activities in the Paraguay River Basin, such as dam construction (Jardim et al., 2020), land use change (de Oliveira Roque et al., 2021; Ferreira Barbosa et al., 2022), water pollution (Camargo et al., 2022; Viana et al., 2022), and climate change (Marengo et al., 2021; Marques et al., 2021; Findlay, 2022), threaten the biodiversity and the hydrologic cycle of the region suggesting severe consequences not only for the conservation of this natural area but for societies benefiting from the Paraguay River ecosystem (Metcalfe and Menone, 2020).

To respond to these challenges, and to enhance the capabilities of the SWAT+ model, we developed code routines to (1) temporally retain surface and subsurface water coming from the uplands into the floodplain by assuming a reservoir-like floodplain behavior and (2) represent overbank flow, aiming to fully simulate the interactions between channels and floodplains. Overbank flow occurs when the volume of water entering the stream exceeds the channel's bankfull capacity, resulting in overflow onto the floodplain. We utilized SWAT+ with its new Landscape Unit concept to assess whether the model can satisfactorily represent discharge, and the physical processes in the Paraguay River Basin. Additionally, we provide new model outputs to offer insights into the hydrology of the Paraguay River.



2 Study area


2.1 The Paraguay River Basin

The Paraguay River Basin is an international watershed that covers Brazil (33.4%), Paraguay (33.3%), Argentina (16.7%), and Bolivia (16.6%) (Krepper et al., 2006). It has a surface area close to 1,100,000 km2. The Paraguay River originates in the Brazilian plateau and flows southwards across very flat areas until it reaches the Parana River. The total length of the river is ~2,700 km (Figure 1). The annual mean rainfall and discharge at the outlet are respectively 1,120 mm/year (Su and Lettenmaier, 2009) and 3,210 m3/s corresponding to 160.4 mm/year.


[image: Figure 1]
FIGURE 1
 (A) The Paraguay River Basin location in South America; (B) The modeled area with its main rivers and hydrologic gauges.


Rainfall patterns show a clear seasonality: wet periods occur mostly during October to March and dry seasons from April to September due to the South America monsoon system (Su and Lettenmaier, 2009). Nearly all of the rainfall contribution comes from the northeast area of the basin as the west area is mostly dry throughout the year.

Around 13% of the Paraguay River Basin is covered by a vast swamp known as the Pantanal. The presence of this extensive wetland, combined with its unique topographical features, yields a heightened rate of evapotranspiration, resulting in a notably diminished rainfall-runoff relationship (Berbery and Barros, 2002). These hydrological processes significantly influence streamflow characteristics particularly the timing of flooding events.

The streamflow exhibits pronounced seasonality, with peak values occurring during the austral winter (Figure 2). This suggests a lag of ~4–6 months between peak rainfall and discharge values (Collischonn et al., 2001).


[image: Figure 2]
FIGURE 2
 Monthly mean rainfall and discharge values. The plot shows the effect of the Pantanal wetland on streamflow values. Discharge values correspond to the Porto Murtinho gauge. Rainfall values correspond to the monthly aggregation for the entire basin.




2.2 The Pantanal

With an area of ~140,000 km2, the Pantanal is the largest tropical wetland (do Nascimento et al., 2023). The hydrological processes in the Pantanal are very complex as it is characterized by dynamic rivers, featuring both active and abandoned alluvial fans, which contribute to its diverse landscape (Jardim et al., 2020). As a result, the Pantanal represents a mosaic of fluctuating flooded habitats, such as permanent lakes, water-filled depressions, and seasonal small lakes that periodically dry out (Paz et al., 2011).

The Pantanal provides many ecosystem services as its lagging effect on streamflow balances the water level of the Paraguay River, and thus affecting its navigability (Hamilton, 1999; Assine et al., 2016), protecting important cities from flooding (Hamilton and McClain, 2002), and regulates biogeochemical processes (Ivory et al., 2019). Moreover, activities such as fishing (Shrestha et al., 2002), and tourism (Tortato and Izzo, 2017) are dependent on the hydrologic functions of the Pantanal.




3 Materials and methods


3.1 The SWAT+ model

The new version of the Soil and Water Assessment Tool (SWAT+) is a completely revised version of SWAT. The code is now object oriented which facilitates the management, maintenance and future developments within the SWAT+ community (Bieger et al., 2017). One example is the new groundwater flow module developed by Bailey et al. 2020, which aims to improve the representation of groundwater processes. SWAT+ has been applied in different watersheds at different scales, proving that the model is capable to correctly represent the hydrologic cycle (Barresi Armoa et al., 2023; Wagner et al., 2022; Leone et al., 2024).

SWAT+ uses the concept of Hydrologic Response Units (HRUs) as the smallest unit of discretization of the watershed, where all model calculations are done. However, one major improvement of SWAT+ is the possibility to combine the floodplain delineation with the HRUs in order to built Landscape Units (LSUs). Landscape Units consists of a collection of HRUs. It can represent a sub-basin, a floodplain, upland or a grid cell containing multiples HRUs. To sub-divide the sub-basins into uplands and floodplains, the modeler needs to input the digital elevation model. After the calculation of flow direction, flow accumulation and the channel delineation, the algorithm estimates the flooding areas based on the calculation of a coefficient that takes into account the topography and zones that may experience flooding during periods of high streamflow (Rathjens et al., 2016). Nevertheless, the delineation of LSUs is flexible allowing the modeler to define them based on their specific requirements (Schürz et al., 2022; White et al., 2022).

Another considerable difference between SWAT+ and SWAT are decision tables (Arnold et al., 2018). They allow to represent complex rule sets to determine its corresponding action. For example, if in a crop field the water stress is above a certain value, the action will be to irrigate a specific amount. Following the same logic, if a reservoir volume surpasses the emergency spillway volume, the action will be to release the excess of water until the reservoir volume returns to its normal operating value. SWAT+ is capable of handling different operations and actions, all of which are explained in Arnold et al. 2018. In this study, a decision table was built in order to model the volume of water returning from the floodplain to the channel.



3.2 Floodplain delineation

To delineate the floodplain, we used a digital elevation model (DEM) with a spatial resolution of 500 m from the Shuttle Radar Topography Mission STRM database (Farr et al., 2007). The Slope Position method (Rathjens et al., 2016), is one of the algorithms used in SWAT+ to delimit uplands and floodplains. As Rathjens et al. 2016 demonstrated, the slope position provided good results when delineating the alluvial floodplains. Moreover, Guilhen et al. 2022 compared the slope position delineation method with the Soil Water Fraction at High Resolution (SWAF-HR; Parrens et al., 2017) to delimit the floodplain, and concluded that the slope position approach can result in a good spatial representation of the alluvial areas.

The slope position value σi is a relationship between the valley bottom elevation vi, which is the landscape where flow paths converge; ei the elevation of the grid cell i; and the ridge top elevation ri. The floodplain is then all the area adjacent to the valley bottom. Slope position values are between 0 (valley bottom) and 1 (ridge top). The complete description of the methodology can be found in Rathjens et al. (2016).

[image: image]

In SWAT+, the concept of floodplain and wetland are similar in terms of hydrologic conditions, such as high evapotranspiration rate, high soil water content, and low surface runoff.



3.3 Wetland representation

Wetlands are modeled similar to reservoirs (Figure 3), thus, water can flow back to the channel depending on the wetland capacity to store water and the actual volume of water on the wetland. If the wetland is flooded, water can move back to the channel faster. If the wetland is not filled to capacity, it will move slower. To model this behavior, SWAT+ sets a principal and emergency volume using the respective depths and the wetland surface area as input values. In addition, the wetland's volume can vary through losses such as seepage and evapotranspiration. Volume gain occurs from rainfall, inflow coming as surface runoff and lateral flow from uplands, and overbank flow from the channel. The total volume stored in the wetland can be expressed as:

[image: image]

where Vstored is the total volume of water stored in the wetland; Vin is the volume of water coming into the wetland; Vout is the volume of water released from the wetland; Vflooded is the volume of water released from the wetland when it is flooded; and Vreturn is the overbank volume of water coming from the channel. Values are expressed in m3.


[image: Figure 3]
FIGURE 3
 Wetland representation in SWAT+. Parameters dp_ps and dp_es correspond to depth to the principal spillway and depth to the emergency spillway respectively.


When the volume of water reaches the principal spillway volume, the release of water is calculated using the following equation:

[image: image]

When the current water volume exceeds the emergency volume, the excess of water above the emergency volume is released from the wetland, and the total release water flow rate is increased accordingly.

[image: image]

where ΔVtr is the total released volume of water; Vi is the actual volume of water; Vps is the volume to the principal spillway; Ves is the volume to the emergency spillway. Values are expressed in m3.

SWAT+ offers different options to control the wetland release. In this study, we chose to lag the flow according to the “days” option. The model will first calculate a threshold value according to the volume of water to the principal spillway or the volume of water to the emergency spillway.

When the option days is used, the release is based on drawdawn days, meaning that the flow above a modeler-defined threshold will take the n number of days to return to the channel. There are different cases on how SWAT+ will calculate the released volume of water depending on the file pointer (fp) option.

1. If case null is selected, the threshold value for the reservoir release calculation is zero.

2. If case “pvol” is selected the threshold value for the reservoir release calculation is:

[image: image]

where blo represents the threshold value; Vps represent the total volume to the principal spillway and C2 represent a release constant.

3. If case “evol” is selected, the threshold value for the reservoir release calculation is:

[image: image]

where blo represents the threshold value; Ves represent the total volume to the emergency spillway, and C2 represent a release constant, referred as const2 in SWAT+ decision tables.

The released flow is then calculated as:

[image: image]

where Vtr is the total released flow; Vs is the stored volume of water; blo is the threshold; and C represents the release constant referred as const in SWAT+ decision tables.

The equations used in this study belong to the “days” release option, all equations for different cases were coded in the res_hydro.f90 subroutine. SWAT+ code is open access and can be found in: https://github.com/swat-model/swatplus. More detail on decision tables can be found in Arnold et al. 2018.



3.4 Channel and floodplain characteristics


3.4.1 Channel characteristics

SWAT+ assumes a trapezoidal channel shape as shown in Figure 4 (Neitsch and Arnold, 2009). The bottom width is calculated using the top width or bankfull width and depth as input. SWAT+ assumes a slope of 0.5 as it considers that the run to rise ratio zch equals 2. Assuming zch = 2 then,
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[image: Figure 4]
FIGURE 4
 Geometric shape of a channel including hydrologic processes in wetlands. ΔV corresponds to the exchanges of flood volumes from the channel to the floodplain and from the floodplain to the channel.


If Wbtm ≤ 0 then,

[image: image]

and,

[image: image]

Given a certain water level the width is calculated by:

[image: image]

The cross sectional area of flow Ach, wetted perimeter of the channel Pch, and the volume of water in the channel Vch are:
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where Wbtm corresponds to the bottom width of the channel (m); Lch is the channel length (km); depth is the depth of the water filling the channel (m); depthbnkfull corresponds to the depth of water when filled to the top of the bank (m).



3.4.2 Floodplain characteristics

The model assumes a floodplain trapezoidal shape with the bottom width of the floodplain Wbtm,fld to be 5 times the channel's bankfull width Wbnkfull. The model sets the run to rise ratio of the floodplain zfld to 4, so the slope is 0.25.

When the water volume in the channel surpasses its capacity, additional water will flow out onto the floodplain area, this process is known as overbank flow. When water is flowing across the floodplain, the calculation of depth, cross sectional area, wetted perimeter, and total volume is the sum of channel and floodplain parameters:
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3.4.3 Overbank flow

If the peak rate is greater than the flow rate when the channel is at bankfull depth, overbank flow occurs. Assuming a triangular hydrograph, overbank volume can be calculated as the top of the triangle above bankfull.

[image: image]
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Where Vob is the overbank flow in m3; Vi corresponds to the daily volume inflow in m3; velbf is the flow rate when the channel is at bankfull depth in m3/s; and tbase is the hydrograph base time in seconds.




3.5 Climate forcing and streamflow observed data

The SWAT+ model precipitation data was acquired from the Climate Hazards group Infrared Precipitation with Stations CHIRPSv2, with a spatial resolution of 0.25° (Funk et al., 2015). CHIRPSv2 has been applied to study different hydrologic conditions, such as droughts (Marengo et al., 2021), and floods (Pereira et al., 2021). Cerón et al. 2020 assessed CHIRPSv2 dataset to study the spatio-temporal rainfall variability in the La Plata Region where our study area is located, and concluded that the dataset is useful on a large-scale basis. In addition Beck et al. 2017 evaluated 22 precipitation products indicating the good performance of CHIRPS to reproduce observed data across the Paraguay Basin. Maximum and minimum temperature and relative humidity data where obtained from the ERA5 dataset (Hersbach et al., 2020).

Monthly discharge in situ data was obtained from the HIDROWEB website managed by the National Water Agency of Brazil (ANA). The data is available at: https://www.snirh.gov.br/hidroweb/apresentacao for each gauge station.



3.6 Model set up, calibration, and evaluation

The QSWAT+ interface was used to set up the model and run it at a daily time step, with a simulation period of 1987 to 2020 and three years of warm-up. The Paraguay River Basin was discretized into 305 sub-basins, 607 LSUs, and 6,225 HRUs. The total simulated area was ~631,300 km2. The Hargreaves method was used to calculate the evapotranspiration. Parameterization of the model was carried out using the hard calibration technique (Chawanda et al., 2020), keeping a correct representation of the physical processes in the watershed. We used the SPOTPY open source Python library (Houska et al., 2019) selecting the Dream algorithm and 3,000 model runs. For the present results, we show only the best model run based on the calculation of the following objective functions: (1) Nash-Sutcliffe Efficiency (Equation 20); (2) Percent Bias (Equation 21); (3) Correlation Coefficient (Equation 22); (4) and Kling-Gupta Efficiency (Equation 23). The performance of the model was evaluated based on the thresholds suggested by Moriasi et al. 2007.
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where Qi,o and Qi,s correspond the observed and simulated values respectively; [image: image] and [image: image] represent the average observed and simulated values respectively; n is the total number of observations; α correspond to relationship between the standard deviations for simulated and observed data and β correspond to relationship between [image: image] and [image: image].



3.7 Total water storage

The GRACE (Gravity Recovery and Climate Experiment) satellite mission, was designed to measure changes in Earth's gravity field by tracking variation in gravitational pull (Schmidt et al., 2008). GRACE provides information about water mass anomalies and its changes over time. Although GRACE data is coarse, it can offer a general overview and a qualitative assessment of how the hydrologic cycle is represented in the model (Ngo-Duc et al., 2007).

To obtain the TWSt from GRACE, we defined the coordinates of the Paraguay River Basin (-16.32 North; -58.94 West; -54.70 East; and -23.06 South). GRACE data is available from 2002, therefore we compared from 2002 to 2020 (final year of SWAT+ simulation period) and calculated the coefficient of determination (R2), a similar approach was done by Ngo-Duc et al. 2007 and Schrapffer et al. 2023.

The Total Water Storage (TWS) anomaly can be calculated in order to be compared to the data obtained from GRACE satellite mission. The anomaly of the total water storage is expressed as:

[image: image]

where TWSt is the total water storage value of the month t of the current year; [image: image] corresponds to the long term average TWS; and δ is the standard deviation.




4 Results


4.1 Floodplain extent

Figure 5 displays the distribution of the floodplain within each sub-basin in the Paraguay River Basin, obtained after running the slope position algorithm (Rathjens et al., 2016). The total floodplain area in the watershed is ~113,000 km2, with an average of 371 km2 and a standard deviation of 355 km2 per sub-basin. The DEM-based method delineates a theoretical floodplain, it provides the maximum floodable regions per sub-basin (Guilhen et al., 2022). Therefore, all sub-basins in the watershed have a floodable area. The resulting floodplain area constitutes 18% of the total simulated watershed area.


[image: Figure 5]
FIGURE 5
 Spatial representation of the alluvial floodplains obtained by using the Slope Position Method. The brown zone corresponds to the Pantanal wetland. X and Y coordinates are in degrees.




4.2 Discharge

We performed a hard calibration of the model against monthly streamflow observations at three gauges. The first step was to calibrate cn3_swf (soil water factor for the curve number condition III), latq_co (lateral flow coefficient) and perco (soil percolation coefficient) according to the Soil Vulnerability Index proposed by Thompson et al. 2020. Since the presence of the floodplains highly influences the hydrology of the basin, the parameters: (1) wetland depth to the principal (dp_ps) and (2) to the emergency (dp_es) spillway; (3) floodplain roughness coefficient number (fpn); (4) wetland evapotranspiration (evap); and (5) wetland soil infiltration (k), became very sensitive. Final calibrated parameters are shown in Table 1.


TABLE 1 Final calibrated parameter values.

[image: Table 1]

Table 2 lists the objective function values for the three hydrologic gauges. Figure 6 shows the monthly simulated and observed discharge for the three gauges. The SWAT+ model with the floodplain effect represents discharge considerable better than without the floodplain effect. Figure 7 displays a comparison between SWAT+ with and without the floodplain effect at Porto Murtinho hydrological station. Indeed, objective functions values for the SWAT+ setup without the floodplain effect were unsatisfactory. For example, in Porto Murtinho gauge the NSE value was -8.33, PBIAS 77.01, COR 0.12 and the KGE -0.58 for the entire simulation period. In SWAT+ with the floodplain effect, the time of concentration increases, providing a better estimation of discharge. The SWAT+ model without the floodplain systematically overestimates discharge, reaching values close to 12,000 m3/s during wet periods as shown in Figure 7.


TABLE 2 Objective function values for the hydrologic gauges in the Paraguay River Basin.

[image: Table 2]


[image: Figure 6]
FIGURE 6
 Monthly simulated and observed discharge at (A) Caceres, (B) Porto Murtinho, and (C) Asuncion from 1990 to 2020. Calibration period: 1990–2010; Validation period: 2011–2020. Final parameter and objective function values are shown in Tables 1, 2, respectively.



[image: Figure 7]
FIGURE 7
 Monthly discharge comparison between a SWAT+ model without floodplains and the SWAT+ model with floodplains from 1990 to 2020 at Porto Murtinho gauge. All parameters were set to the same values in both setups.


Calibration of the Paraguay River Basin, or any floodplain-dominated watershed, is not feasible without accounting for the floodplains. For instance, the surface runoff coefficient (surlag) parameter is adapted to watersheds where the time of concentration is reached in hours, causing discharge delays in terms of days. However, this approach is inadequate for basins similar to the Paraguay River, where the flood wave can take several months to reach the outlet. Moreover, forcing parameter optimization with unrealistic values can distort physical processes and lead to an inaccurate representation of hydrological dynamics across the watershed (Arnold et al., 2012).



4.3 Water storage in the floodplain

Figure 8 shows the volume of water storage in the Paraguay River Basin. According to our results, maximum storage occurs in April and minimum storage in October. A similar pattern was reported by Schrapffer et al. 2023 after applying a high-resolution floodplain scheme adapted to the ORCHIDEE land surface model in the Pantanal, obtaining the maximum water storage in April. The total simulated annual average water storage in the Paraguay River Basin is 108.81 mm. This represents ~30% of the total discharge at Asuncion station. In addition, 61% of the surface runoff from the upland areas passes through the floodplain before reaching the main channel.


[image: Figure 8]
FIGURE 8
 Average monthly water storage in the floodplains of the Paraguay River Basin. Shaded area indicates the range of monthly volumes of stored water in the floodplain landscape units defined in the SWAT+ setup.


The R2 obtained when comparing the TWS anomaly simulated and observed was 0.72 (Figure 9). The relatively strong correlation indicates that the simulations exhibit a monthly trend comparable to the observed data obtained by GRACE. This suggests that the model captures the evolution of water volume in the Paraguay River Basin. GRACE measures the total mass of water stored on and beneath the Earth's surface, therefore variations in groundwater storage are part of the TWS anomaly captured by GRACE. The TWS anomaly calculation in SWAT+ does not encompass changes in aquifer levels which could explain the remaining 28% of variance.


[image: Figure 9]
FIGURE 9
 Comparison between the Total Water Storage Anomaly from GRACE and SWAT+, during the period 2002 to 2020.




4.4 Flooding behavior

Figures 10, 11 show the spatial distribution of the monthly average variation of the flood wave in the Paraguay River Basin. In the Pantanal, the presence of two bottlenecks produces an important damming effect on the magnitude, duration, and extent of floods (Assine et al., 2016). The northern bottleneck, known as Paraguay-Canzi (Assine et al., 2016; Stevaux et al., 2020), causes inundation of the upper Pantanal area from January to April (Figure 10). The flood wave spreads toward the south, reaching important lakes and plains (da Paz et al., 2014). The presence of the southern bottleneck (the Urucum; Assine et al., 2016; Stevaux et al., 2020) delays the flood wave and the flood inundation in the Pantanal reaches its maximum in June, at the same time the northern floodplains begin to drain (Figure 11). In the last months of the year, the Pantanal is dry and the summer rains will begin the inundation pattern.


[image: Figure 10]
FIGURE 10
 Flood wave behavior in the Paraguay River Basin from January to June. Inundation begins in the north and moves southward, spreading across the Pantanal. The intensity of the blue color indicates the volume of surface and subsurface flow, with darker blue representing higher values.



[image: Figure 11]
FIGURE 11
 Flood wave behavior in the Paraguay River Basin from July to December. The Pantanal is fully flooded in July, and the flood wave gradually moves southward, leaving the Pantanal dry by the end of the year. The intensity of the blue color indicates the volume of surface and subsurface flow, with darker blue representing higher values.





5 Discussion

The connectivity between the upland, floodplain and channel systems, and their relationship with the flood pulse, is a key process to understand, as it significantly influences tropical wetlands (Stevaux et al., 2020). The flooding behavior in the Paraguay River Basin is a fundamental phenomenon that provides different ecological functions (Alho, 2008; Ivory et al., 2019), such as the temporal retention of surface water (Ivory et al., 2019), the maintenance of the characteristics of subsurface hydrology (Girard et al., 2003), nutrient cycling (Vourlitis et al., 2017), sequestration and retention of pollutants (de Oliveira Roque et al., 2021), the maintain of plant communities (Alho, 2008), and provides habitat for wildlife (Alho and Silva, 2012). Hence, it is imperative to represent the hydrological processes since there is a close link to the biota in alluvial wetlands.

The presence of the Pantanal wetland in the Paraguay River Basin can difficult the representation of hydrology in models due to its complex hydromorphological characteristics (Stevaux et al., 2020). As a consequence, several hydrologic models are coupled with one, two or three dimensional hydrodynamic models to provide finer representation of water routing (Paz et al., 2011; Yamazaki et al., 2011). Difficulties can arise from combining hydrologic with hydrodynamic models for large-scale applications, these can be related to the data requirements (which typically demands an excessive amount of time and effort), computational power and numerical instabilities (Bravo et al., 2012).

By applying the concept of Landscape Units to depict the upland-floodplain-channel processes, it is possible to represent the temporal water retention in the floodplains. Although the chosen approach remains simplified, as the model does not use a more physical approach to describe the flood wave and water exchanges between the floodplain and the channel, such as Saint-Venant equations or other approaches (Santini, 2020; Bravo et al., 2012), it provides more spatial discretization, keeping the data requirements, numerical stability and computational demand for large-scale complex watersheds, therefore, continuing the ongoing development and applicability of SWAT+ (Bieger et al., 2017; Gassman et al., 2007).


5.1 Model performance

Model simulations show a general tendency to underestimate wetter periods for all three observation stations. This could be due to a misrepresentation of rainfall, parametization and set up of the model, and simplification of aquifer flow in SWAT+ (Barresi Armoa et al., 2023; Wagner et al., 2022). The Pantanal system is a very complex area where the flood wave can propagate outside the channel and travel long distances outside the main reach (do Nascimento et al., 2023). Moreover, when overbank flow occurs, the water flows across upstream and downstream floodplains (Guilhen, 2023). However, in the current SWAT+ configuration, there is no connection between upstream and downstream floodplain LSUs, which is a considerable simplification. In the Pantanal, water that moves along the floodplain might re-enter the main channel far downstream or even contribute to another river (do Nascimento et al., 2023). In this SWAT+ set up, each floodplain is connected to its closest channel and therefore misrepresenting the real connectivity. In addition, seasonal and permanent lakes can contribute to water storage coming from rainfall (da Paz et al., 2014), which is not accounted for in the current SWAT+ setup. Model performance could be improved by representing a more realistic connectivity, for example, by interconnecting the floodplains and aquifers across the Pantanal to allow water exchanges. In addition, providing more spatial complexity to the model, by adding the permanent lakes and other important water bodies, could ameliorate the estimation of some hydrological components such as the evapotranspiration, therefore improving model accuracy. Nevertheless, despite the complex drainage network limitations, the model was able to capture the hydrological regime in the Paraguay river.

The hydrological cycle seem to be well-simulated. For example, similar water balance results where found in Su and Lettenmaier 2009 (Table 3). Su and Lettenmaier 2009 obtained a long-term surface water storage budget for the Paraguay River Basin after analyzing 20 years of observed data (from 1979 to 1999) and using the Variable Infiltration Capacity (VIC) land surface hydrologic model. These results were assessed with observed data and the ERA-40 reanalysis product (Uppala et al., 2005), providing good insights of the hydrological processes occurring in the Paraguay Basin. Figure 12 shows the spatial distribution of evapotranspiration in the Paraguay River for the austral winter. The highest ET values are occurring in the Pantanal region and other delineated floodplain areas, suggesting a good representation of the hydrological components in the Paraguay River Basin. The same spatial pattern was found in Su and Lettenmaier 2009 and Ruhoff et al. 2022 in which high ET values occur across the Pantanal wetland.


TABLE 3 Annual average values for water balance components in mm for the Studied Area in the Paraguay River.
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FIGURE 12
 Monthly mean evapotranspiration in mm for austral winter (June, July, and August), for the period 1990–2020.




5.2 Floodplain temporal water retention effect

As mentioned, Figure 7 compares the simulated discharges of the SWAT+ model with floodplains and a SWAT+ model without floodplains. These results were obtained with the same parameter values. In the SWAT+ model without floodplains, the flood period begins 2–5 months earlier in almost all simulated years, resulting in very low NSE values. This is because (1) water is not being stored in floodplains when overbank flow occurs and (2) surface and subsurface flow coming from uplands is not retained by the floodplain. The SWAT+ model with floodplains performs much better regarding the correct timing and magnitude of flooding by shifting the high flows and reducing the peaks, although for our calibration values, it tends to start flooding 1–2 months before time in some simulated years, for example, between 2003 and 2004 flooding starts 1 month earlier. Furthermore, some wet periods are being underestimated, for example, during the years 1991 to 1994 and 1995 to 1996. The dry periods are well-simulated, as shown during 2019 and 2020, when an important drought event took place in the Paraguay River Basin (Marengo et al., 2021; Libonati et al., 2022). Calibration values could be improved by further discretizing the watershed to provide a better spatial parametization of the floodplain, such as both depths to the principal and emergency parameters, the floodplain roughness coefficient, and the percolation coefficient.

Schrapffer et al. 2023 estimated that the total water storage in the Pantanal reaches its maximum around April, with an annual mean value of ~66.7 mm for their simulation period (2003–2013). For the same simulation period, SWAT+ estimates 87.81 mm. Differences in the Total Water Storage estimates between Schrapffer et al. 2023 and this study may be attributed to the surface area considered, as this study encompasses not only the Pantanal but the Paraguay River Basin, and the climate forcing. Figure 13 shows the temporal evolution of the average water storage in the floodplains and the streamflow at the outlet. Between January and April, the volume of water stored in the floodplains is greater than the streamflow at the outlet highlighting the importance of the floodplains on flow regulation in the Paraguay River.


[image: Figure 13]
FIGURE 13
 Average monthly Water Storage in the floodplains and Discharge (1990–2020) at Asuncion in mm/month.


Other studies in the Paraguay Basin and Pantanal analyzed the surface area inundated or the height of the water (Paz et al., 2011; da Paz et al., 2014; Hamilton et al., 1996). For example, Hamilton et al. 1996 estimated the flooded surface area in the Pantanal, obtaining the maximum around April. As the topography in the Paraguay River is mostly flat, we can assume a homogeneous height for the region, which results in a pattern similar to Hamilton et al. 1996 and da Paz et al. 2014 (Figure 8). Guilhen et al. 2022, performed a similar study in the Madeira Basin, located north of the Paraguay Basin, and also obtained a maximum of water storage around March and April. The total water volume stored in the Pantanal needs further validation by means of remote sensing techniques, such as altimetry analysis. However, the seasonal flooding and the water storage regime was well-reproduced by SWAT+ as the same trends were reported in other studies (Hamilton et al., 1996; Paz et al., 2011; Assine et al., 2016; Schrapffer et al., 2023).



5.3 Challenges in the Pantanal region

In hydrological terms, the Pantanal wetland functions as a massive sponge, absorbing floodwaters from the headwaters of the Paraguay River Basin, temporarily storing them and then slowly releasing the water back into the main river (Stevaux et al., 2020). This process causes a delay in the flood peak of the Paraguay River compared to the Paraná River where the two rivers meet. For these reasons, the Pantanal (and wetlands in general) plays an important role in climate, hydrology, biocultural diversity (Wantzen et al., 2024) and minimal disturbances in the hydrological cycle can alter its functioning. According to projections of climate models used for the last AR6 report from the Intergovernmental Panel on Climate Change (IPCC), the surface area of wetlands in South America could be reduced by 28% at the end of the 21st century (2081–2100) under the SSP370 scenario (Hardouin et al., 2024). Furthermore, current human activities are disturbing the hydrologic cycle in the Paraguay River (Alho and Silva, 2012; Alho, 2008; Hamilton, 2002) threatening this UNESCO World Heritage Site. Moreover, other human-induced projects that menaces to alter the channel-floodplain connection could cause a multitude of negative impacts that can affect the Pantanal region economically, socially and ecologically (Wantzen et al., 2024). It is therefore imperative to continue to provide more scientific evidence on the effect of the channel-floodplain interactions in maintaining the hydrology of the Paraguay River Basin.




6 Model limitations

Other model limitations are related to its configuration and data availability:

1. Reservoirs: The Manso Dam, located on one of the main tributaries of the Paraguay River Basin, was reported to cause hydrological changes in the Paraguay River's hydrology by releasing water during the dry season and retaining water during the wet season (Jardim et al., 2020). In this study, reservoir analysis is not considered due to the lack of reservoir management data.

2. Agriculture: Information about agriculture practices was not available. Therefore, a general decision table for crops provided by the Land Use data input was used for this SWAT+ model.

3. Groundwater in SWAT+: The default value of the soil infiltration rate (k) for floodplains HRUs is set to 0.01 mm/hr, which prevents the soils from exceeding field capacity and limits the soil percolation value. While a good calibration can overcome this issue, as explained in Sánchez-Gómez et al. 2024, the representation of aquifer processes remains simplified in SWAT+ and it is recommended to use the groundwater flow module for SWAT+ proposed by Bailey et al. 2020 to realistically simulate the soil saturation and percolation.



7 Conclusion

In this study, we developed code routines in SWAT+ to represent the interactions between uplands, floodplains and channels. The model was applied in the Paraguay River Basin, in which the hydrology is affected by the Pantanal's complex floodplain network. SWAT+ offers two routing methodologies (Variable Storage Capacity and Muskingum) that were reported as insufficient in floodplain-dominated zones. However, by using the concept of Landscape Units, assuming a reservoir-like floodplain behavior, and by including a simple overbank flow equation, SWAT+ is able to satisfactorily capture the hydrological regime in the Paraguay River Basin. This represents an improvement for the ongoing development of SWAT+, as it maintains the ease of the model in terms of data requirements, computational power, numerical stability, while adding spatial complexity in terms of the model outputs. The model was calibrated for discharge and the results varied from satisfactory to good. Spatial representation of evapotranspiration and the flood wave behavior were well-captured by the model. Flooding in the Paraguay River is seasonal, and regulated by the presence of bottlenecks. The simulated trend and value of the volume of water stored in the Pantanal was in accordance with what has been reported in the literature. Further remote sensing analysis is necessary to calibrate and validate the volume of water stored in the Paraguay River. Simulated results indicate that ~61% of the surface water travel through the floodplain before reaching the outlet, highlighting the role of the Pantanal in retaining inorganic and organic particles, and thus maintaining water quality. Future assessments of the hydrology, sediments, and human activities such as agricultural practice, land use change and pollutants transport in large-scale floodplain-dominated zones watersheds with SWAT+, could bring more scientific evidence to the importance of protecting wetland systems.
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