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Abstract 12 

In coastal systems occupied by large clusters of pond aquaculture farms, hydro-sedimentary 13 

processes may be impacted by the combination of water management strategies that are 14 

individually performed by each cultivation unit. In this study, a numerical model was used to 15 

evaluate 100-year morphological alterations in two different idealized coastal lagoons 16 

surrounded by shrimp ponds. One is broadly based on the Guaraíras Lagoon System (RN, 17 

Brazil) where shrimp farming has developed since 1924 and the other is highly simplified to 18 

systematically investigate pond aquaculture impacts. Information obtained through numerical 19 

simulations (e.g., hypsometry changes, evolution of morphological parameters, balance of 20 

sediment volumes, bed level changes and residual bed shear stress variations) provided 21 

coastal impact assessments for a wide variety of aquaculture occupation scenarios. Key 22 

findings include: i) water exchange operations performed by aquaculture farms are capable of 23 

modifying the morphological equilibrium state of a coastal lagoon system, especially if carried 24 

out synchronously to the local tidal oscillation; ii) water intake operations regularly performed 25 

by pond aquaculture activity increase sediment import to the system; iii) depth and 26 

configuration of tidal channels are modified when pond aquaculture is present. The modelling 27 

approach and analyses presented here can be extended to other systems that are under the 28 
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influence of shrimp farming activity and be adopted to support novel regulations for the 29 

conservation of coastal habitats and to contribute to the sustainable development of pond 30 

aquaculture in the coastal zone. 31 

Keywords: coastal aquaculture management; hydro-morphodynamic modeling; shrimp 32 

farming; coastal impact analysis. 33 

1. INTRODUCTION 34 

1.1. Pond aquaculture interference in coastal environments 35 

Coastal lagoons and tidal basins provide important ecosystems, which usually host many 36 

valuable species and create opportunities for the development of essential socioeconomic 37 

activities. Predominantly in Latin America and Asia, but also in other parts of the world, marine 38 

aquaculture has grown significantly, occupying extensive coastal lands around brackish water 39 

bodies (Bostock et al. 2010; White et al. 2013; FAO 2018). Such aquaculture occupations may 40 

form large clusters of excavated ponds, holding significant volumes of water. This is the case 41 

of shrimp farms in many estuarine environments in the Northeastern coast of Brazil and 42 

elsewhere, especially in Southeast Asia, India and China, where aquaculture ponds may cover 43 

an area of hundreds of km2 along the coast. For example, Ottinger et al. (2017) recently 44 

reported on the total aquaculture area in the Mekong, Red River, Pearl River and Yellow River 45 

Deltas, amounting to 2,659, 299, 1,050 and 863 km2, respectively. As an additional illustration, 46 

Steinmetz (2016) has captured a video for National Geographic which shows unambiguously 47 

how vast the area for aquaculture can be, a business which reached US$ 19.4 billion in 2017, 48 

only for prawn trade between Europe and Asia.  49 

Typically, the extension of the total aquaculture area installed around shallow coastal lagoons 50 

is comparable to the water surface of the lagoon itself (Roversi et al. 2017). Therefore, one 51 

might expect that the volume of water exchanges between all ponds and the estuary is 52 

significant, depending on the management procedures. Two situations may arise: large pond 53 

areas belong to one single owner, who controls and/or optimizes the intake and discharge of 54 

several ponds, or several small ponds belong to a multitude of individual owners, each one 55 
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with a different purpose and management practice. Discharge of large amounts of effluents 56 

from the ponds into the estuaries in Southeast Asia has proven to be catastrophic to the 57 

production as well as to the environment. For instance, one farm in Thailand, established in 58 

an area of 80 km², employing around 9,000 people and producing 58,000 t of shrimp per year, 59 

collapsed the whole shrimp production in the region because the volume and quality of pond 60 

effluents were far above the assimilative capacity of the estuary (Primavera 1994). In Brazil, 61 

legislation does require EIA (Environmental Impact Assessment) for large shrimp farms but 62 

does not impose any restriction to the owner of smaller ponds up to an area of 10 ha. Hence, 63 

it would be reasonable to question what might be expected if combined water management 64 

operations would be performed simultaneously by many small ponds. This includes 65 

investigating whether many intakes and discharges around the lagoon could effectively modify 66 

the local tidal circulation, resulting in morphological changes within a time span of the order of 67 

100 years as this is an adequate timescale for sustainable coastal management. 68 

A clear understanding on the morphodynamic behavior of these complex environments 69 

requires extensive, careful, methodical and expensive observations (e.g., Callaghan et al. 70 

2010; Wang 2018). Yet, such knowledge is essential to develop appropriate water usage and 71 

coastal management policies, in order to guarantee the sustainability of human activities in 72 

the coastal zone. At the same time, the very concept of “morphodynamic equilibrium”, as it 73 

has been discussed by Zhou et al. (2017), can be neither easily nor precisely quantified. These 74 

authors argue about the “permanency of the change”, which is caused by the continuous 75 

evolution of the natural agents (sea level, river discharge, sediment availability, human 76 

interventions) and present three possible definitions of equilibrium as applied to coastal 77 

morphology. This is a timely discussion in the framework of climate changes and increasing 78 

anthropogenic pressures, within the time scale of 100 years. 79 

Various studies have demonstrated that process-based models are powerful tools to analyze 80 

the long-term morphological evolution of coastal systems (Roelvink and Reniers, 2012; Coco 81 

et al. 2013) and are capable to provide relevant information to decision making. The concepts 82 
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presented by Zhou et al. (2017) are relevant for evaluating the behavior of these numerical 83 

models (virtual world) as compared to the actual environment (real world). 84 

Despite concerns that human interventions can modify tidal circulation and sediment transport 85 

patterns, playing a relevant role in the morphological evolution of coastal systems (Kjerfve 86 

1994; Zhao et al. 2018), only a limited number of morphodynamic modeling studies have 87 

focused on the long-term effects of anthropogenic pressures. Zarzuelo et al. (2018) recently 88 

used a morphodynamic model to simulate the effects of dredging a navigation channel and 89 

building a bridge and a port terminal at the Cádiz Bay, Spain. Their findings emphasized the 90 

usage of hydrodynamic information, such as tidal asymmetry and residual currents, to provide 91 

insights into short- and long-term bathymetric changes induced by human interventions. Other 92 

long-term modelling studies include assessing the impacts of enhanced sediment supply 93 

generated by hydraulic mining (van der Wegen et al. 2011), reduced river discharge and 94 

sediment supply through water diversion and dam building (Luan et al. 2017) and land 95 

reclamation (Xie et al. 2009; Nnafie et al. 2018). However, the impacts of aquaculture activities, 96 

and in particular shrimp farms, have so far been unexplored. 97 

Fig. 1 Top: Evolution of the shrimp farming activity occupation (emphasized in orange) around the 98 
Guaraíras Lagoon System, RN, Brazil, since 1985, by Landsat images (https://landsat.usgs.gov/). 99 
Bottom: Sentinel-2 satellite image (https://sentinel.esa.int), from 23/05/2017, acquired at low tide, 100 
showing the current pond areas around the system. Band combination adopted in all images displayed 101 
(RGB compositions): SWIR - Short-wave Infrared / NIR - Near Infrared / Blue 102 

 103 

1.2. Study aim and approach 104 

The aim of this study is to evaluate 100-year changes in the morphological evolution of coastal 105 

lagoon systems surrounded by land-based aquaculture pond (shrimp) farms. These findings 106 

are derived using a process-based model to simulate hydro-morphodynamical effects 107 

generated by specific scenarios of aquaculture management and occupation. Despite the 108 

environmental complexity of these systems, which can be characterized by the traditional tide-109 

wave-river ternary diagram (e.g. Zhou et al., 2017), the present investigation focuses solely 110 

https://landsat.usgs.gov/
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on tidal forcing and the impacts of the water exchanges between the ponds and the lagoon, 111 

which is assumed to be shallow and well mixed. 112 

Insights are obtained from idealized numerical experiments that incorporate typical choices of 113 

water management operations for shrimp farm ponds. Two idealized cases are considered 114 

with different lagoon geometries and forcing conditions. The Guaraíras Lagoon System in 115 

Brazil (Fig. 1), where shrimp farms have bloomed over the last few decades, inspired one of 116 

the modelled lagoons. Here conflicts between policy makers, environmental officials and 117 

fishermen emerged regarding the impacts that shrimp farm activity may bring to the aquatic 118 

environment. As observational data on hydro-sedimentary processes and detailed bathymetric 119 

information for this lagoon is lacking, a direct data-model comparison is not possible. 120 

Therefore, an idealized modelling approach, while maintaining the geometry of the Guaraíras 121 

Lagoon and incorporating available information on the evolution of shrimp farming activity, is 122 

most appropriate. This also allows investigating the effects of aquaculture pond activities on 123 

morphodynamic behavior over large spatial and temporal scales (Roelvink and Reniers 2012). 124 

At the same time, from a more scientific point of view, it would be necessary to address more 125 

general questions, to test diverse combinations of pond area/volume relative to the lagoon’s 126 

area/volume and to experiment with different water management procedures. By doing so, it 127 

would be possible to broaden the results and develop more general insights. For this reason, 128 

another idealized model of a lagoon, which had already been used in other process-based 129 

modelling studies, was adapted to include shrimp farms along its contour. 130 

Therefore, the present investigation focuses on two numerical models: one that brings some 131 

resemblance with the Guaraíras Lagoon, but it is idealized, and a second truly hypothetical 132 

lagoon, which establishes connection with other studies in the literature, and which proved 133 

useful to draw broader conclusions. 134 

1.3. Water management in aquaculture pond farms 135 

Aquaculture pond management involves the following stages during a cultivation cycle:(i) pond 136 

preparation/conditioning, (ii) stocking (e.g., fish fingerlings or shrimp post larvae addition), (iii) 137 
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feeding/fertilization, (iv) water management, (v) pond maintenance, and, (vi) harvesting 138 

(Baluyut 1989). Hydrodynamic interactions between the pond system and the adjacent 139 

estuary/coastal lagoon/tidal stream occur primarily in the following stages: (i) when the pond 140 

is dried, treated and filled with estuarine water; (iv) when pond water is drained to, and/or 141 

estuarine water is taken from, the adjacent body of water in order to keep certain water level 142 

and/or water quality condition within the ponds; and (vi) when the cultivated organisms have 143 

reached an expected size, the pond is totally drained and the harvesting effluent is released 144 

to the estuary. Water exchanges with the adjacent water body (phase iv) is performed during 145 

the entire cultivation period, which may take several months to complete, depending on the 146 

growth rate of cultured species, final weight desired and marketing strategies (Stickney 2000).  147 

Most marine aquaculture farms require daily estuarine water intake in order to control water 148 

losses due to evaporation and seepage in the ponds (Tidwell 2012; Stickney 2000). Such 149 

operation can be carried out continuously by mechanical pumping, or intermittently by gravity 150 

according to tidal flow. In the intertidal zone, pump operation may be restricted to time intervals 151 

when water column reaches a minimum height at the intake location (Fast and Lester 1992). 152 

Taking estuarine water during flood tide cycles also ensures more adequate water quality 153 

conditions for aquaculture farming, e.g., higher salinity levels, lower suspended particle 154 

concentrations, and reduced fluvial load influence. Generally, total water loss rates are around 155 

5%/day (Chien 1992; Verdegem and Bosma 2009). In cases of very permeable soils (or not 156 

well-constructed ponds) and high evaporation in tropical areas, pond water losses can be 157 

greater than 7%/day (Fast and Lester 1992). 158 

During the cultivation period, critical water quality parameters, e.g., salinity, temperature and 159 

dissolved oxygen levels, may drastically fluctuate inside the ponds as a result of weather 160 

changes. Moreover, unconsumed feed loads and individuals’ excretion may continuously 161 

accumulate and pollute the cultivation environment especially in intensive culture systems 162 

(Baluyut 1989). In order to prevent water quality deterioration inside the pond, to remove 163 

excess metabolites and to ensure optimal growth of the culture organisms, some farms 164 
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perform water exchange operations. Thus, pond water may be continuously or intermittently 165 

renewed by the entry of new water, while old pond water is drained to the estuary. Average 166 

daily water exchange rates range between 5%/day and 50%/day (Fast and Lester 1992), 167 

depending mainly on culture intensity and environmental conditions (Tidwell 2012; Santhanam 168 

et al. 2015). 169 

2. METHODS 170 

2.1. Numerical model description 171 

In this study, the Delft3D hydro-morphodynamic model (Lesser et al. 2004) was applied to 172 

simulate the 100-year morphological evolution of both a conceptual half-circular lagoon and 173 

an idealized coastal lagoon in Brazil, with some geographical resemblance with Guaraíras 174 

(Fig. 1), both subject to aquaculture activity with a variety of water management procedures. 175 

This model has been previously shown to be capable of successfully simulating long-term 176 

morphodynamic behaviour of tidal systems (e.g., van der Wegen et al. 2008; Dastgheib et al. 177 

2008). Here the Delft3D-FLOW module was used to solve the depth-averaged (2DH) 178 

continuity and momentum equations for an incompressible fluid, under the shallow water and 179 

the Boussinesq assumptions (Deltares 2017). The hydrodynamic module allows for the 180 

inclusion of source and sink terms in the continuity equation to represent water intakes and 181 

discharges performed by aquaculture installations. Computed flow fields are then coupled to 182 

a sediment transport model. In this research the Engelund and Hansen (1967) formulation 183 

was adopted to estimate the total load transport. Bed level changes are based on the sediment 184 

mass balance at each grid cell, and result from the gradients in sediment transport rates. To 185 

facilitate long-term morphological simulations, a morphological acceleration factor was applied 186 

to increase the rate of bed level changes by a constant factor in each time step (Roelvink 187 

2006). The model domain was discretized by a rectangular grid to solve the system of partial 188 

differential equations using the finite differences numerical method. A more extensive 189 

description of the model is presented by Lesser et al. (2004). 190 

2.2. Model set-up of reference simulations 191 
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Process-based models, as any scientific investigation tool, need to be carefully tested, so that 192 

the modeler can carefully interpret the results. In this sense, the knowledge about the actual 193 

Guaraíras Lagoon turned out to be useful to understand the characteristics and the capabilities 194 

of the numerical model itself. For this reason, the set-up is described first for the idealized 195 

Guaraíras Lagoon, and then for the conceptual lagoon, which is oriented to broader questions. 196 

For both cases a reference simulation was carried out to represent the morphological evolution 197 

of each coastal system over a period of 100 years, without any anthropogenic interference. In 198 

these experiments, the only major forcing mechanism to shape the coastal lagoon morphology 199 

in regular hydrodynamical conditions was the astronomical tide. Other processes such as 200 

waves and river discharges were disregarded. 201 

Both model domains were discretized by a regular grid with 50 m resolution and the time step 202 

was set to 1 minute. This choice was based on numerical experiments which were conducted 203 

with the conceptual tidal lagoon, as explained in Section 2.2.2. As initial condition, an idealized 204 

flat bathymetry with 2 m depth was prescribed for the interior of the lagoons, and a random 205 

perturbation between -1.0 and +1.0 cm was added to the depth value at each grid point to 206 

trigger channel pattern formation (van Maanen et al. 2013a). Bottom roughness was uniformly 207 

defined by a Chézy coefficient, which was set to 65 m1/2/s as adopted in previous studies 208 

(Marciano et al. 2005; Dastgheib et al. 2008; van Maanen et al. 2011). To enhance 209 

morphological changes, the morphological acceleration factor was set to 100 which is within 210 

the range of values adopted in the literature (Dastgheib et al. 2008; van der Wegen et al. 2008; 211 

Dissanayake et al. 2009). 212 

2.2.1. Application to the idealized Guaraíras Lagoon 213 

The Guaraíras Lagoon System, located on Brazil’s Northeast coast (Fig. 1), is composed by 214 

three interconnected lagoons, Guaraíras, Papeba and Nísia Floresta. Originally, the inlet was 215 

a 10 km long narrow channel which connected Nísia Floresta Lagoon to the sea at a location 216 

about 10 km North from the present position. Guaraíras, being the farthest one from the former 217 

inlet, used to be a freshwater lagoon. The system’s history is marked by an exceptional rainfall 218 
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period that started in 1923, raising the water level inside the Guaraíras Lagoon to an abnormal 219 

elevation. In order to release water from the lagoon to the ocean a narrow channel (about 15 220 

m wide) was urgently dug. However, in April 1924 a second storm brought more runoff water 221 

from the to the lagoon, which resulted in the overnight widening of the channel to 100 m, the 222 

destruction of the small village of Tibau do Sul, and the formation of a permanent tidal inlet 223 

across the dune barrier, which has widened to 350 m since then and has remained active up 224 

to now. This opening triggered a broad transition in the ecosystem: the original inlet channel 225 

closed, the salinity in Nísia Floresta Lagoon gradually decreased, a dam was built to avoid 226 

salt water penetration to Papeba Lagoon, and Guaraíra turned from a freshwater lagoon to an 227 

estuarine environment, thus favoring the later development of local shrimp farming activity 228 

(Roversi et al. 2017; Roversi 2018). The local aquaculture growth concomitant with the 229 

system’s morphological evolution makes this coastal system a relevant test case for the 230 

methodology proposed here. 231 

The implementation of the Guaraíras model (Error! Reference source not found.b) used 232 

bathymetric data of the adjacent coastal region, obtained from Nautical Charts of the Brazilian 233 

Navy (www.marinha.mil.br/chm). Model domain boundaries were extended up to 2.5 km 234 

offshore nearby the 10 m isobath, and inside the basin boundaries were constrained by 235 

shorelines, channels’ margins and mangrove edges, mapped through Sentinel-2 satellite 236 

images (Fig. 1). In order to represent a realistic tidal oscillation, 34 tidal constituents from the 237 

global tide model FES2014 (Lyard et al. 2016) were prescribed in each grid cell along the 238 

offshore boundaries. A uniform 10 m thick sediment layer, characterized by D50 = 200 µm, was 239 

defined in the entire model domain. 240 

2.2.2. Conceptual lagoon 241 

The implementation of the conceptual lagoon model considered an idealized sandy bottom 242 

tidal basin, configured by a semi-circle geometry with radius approximately 6 km, connected 243 

to the sea through a 2.8 km wide inlet (Error! Reference source not found.a). Such a 244 

configuration was broadly applied in previous modeling experiments focusing on 245 

file:///C:/_Doutorado/Tese/Texto/www.marinha.mil.br/chm
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morphological pattern development and tidal basin behavior (Marciano et al. 2005; van 246 

Maanen et al. 2011; Coco et al. 2013; van Maanen et al. 2013a; van Maanen et al. 2013b; 247 

Jimenez et al. 2014a; van Maanen et al. 2015). Along the coastal sea area, depth was 248 

increased from 2 m up to 8 m. Bottom sediment was composed by fine sand, D50 = 120 µm, 249 

within a uniform layer of 10 m thickness. At the offshore boundary a semidiurnal sinusoidal 250 

tide (M2 constituent) with 1 m amplitude was prescribed. 251 

Using this conceptual lagoon model, we tested the sensitivity of simulated channel networks 252 

to grid size and time steps. In the end, a 50 m grid was adopted as such a resolution is typically 253 

applied in morphodynamic modelling studies (Jimenez et al. 2014a; Jimenez et al. 2014b; 254 

Zhou et al. 2015). Also, based on this setting, properties from the final simulated channel 255 

network (i.e., channel drainage width) were comparable with those reported in van Maanen et 256 

al. (2013a), van Maanen et al. (2013b) and Marciano et al. (2005). For the chosen grid 257 

resolution, a time step of 1 minute proved to be most appropriate as time steps greater than 1 258 

minute generated numerical instabilities and smaller values (e.g., 0.5 minute) did not 259 

effectively change model results. 260 

Fig. 2 Computational model domains and the location of aquaculture operations: a) Conceptual lagoon 261 
(water intakes and discharges, following practices A, B and C, were prescribed in the black points); b) 262 
Idealized Guaraíras Lagoon System (total flow rates for each region of the system, as shown in Fig. 3, 263 
were distributed over the colored points following the same color classification). Bed levels represent 264 
initial morphologies prescribed for each case 265 

2.3. Evaluation of different aquaculture scenarios 266 

Based on the model set-up of reference simulations, which ignored any interference from 267 

aquaculture (Section 2.2), additional scenarios were implemented to evaluate potential 268 

changes in the long-term morphological evolution caused by different water management 269 

operations that are usually performed by shrimp farms.  270 

2.3.1. Scenarios for the idealized Guaraíras Lagoon  271 

For the Guaraíras case, two evaluation scenarios were developed, named G1 and G2, which 272 

differ in the temporal variation of aquaculture operations intensity, as follows: 273 
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G1) Constant operation: Constant water intake rates along the full simulation period is 274 

assumed, considering the current aquaculture occupation in the region. 275 

G2) Real operations: The development history of the shrimp farming activity in the region is 276 

considered. Time series of water intake rates were calculated for each main lagoon, based on 277 

pond area growth (Fig. 3). 278 

Fig. 3 Time series of water intake rates proportional to the shrimp farming activity occupation. Growth 279 
is based on the occupation history around the main water bodies that form the Guaraíras Lagoon 280 
System. In 1970, pond areas were mapped by aerial photogrammetry. From 1985 to 2016, pond areas 281 
were mapped by Landsat satellite images. From 1924 (lagoon bar breach) to the first records for each 282 
locality, data were linearly interpolated. From 2016 to 2024, areas were extrapolated with constant 283 
values 284 

Both consider a continuous water intake of 7%/day (Fast and Lester 1992) as a typical water 285 

level control operation adopted by producers to compensate seepage and evaporation losses 286 

in the ponds (see Section 1.3). The volume of water stored within the farms was estimated 287 

through the pond area mapped by remote sensing analysis (Fig. 1), multiplied by a mean water 288 

column of 1.2 m, as this represents the average pond depth in Guaraíras. Water intake rates 289 

were distributed over 126 grid cells (Error! Reference source not found.b) based on the 290 

occupation distribution in the region. 291 

Model results were evaluated in terms of bed level changes in Guaraíras Lagoon (main water 292 

body of the system), comparing final morphologies achieved by scenarios G1 and G2 to the 293 

reference scenario’s final morphology, and by comparing time series of sediment volume 294 

stored in the lagoon for each scenario simulation. Hydrodynamic effects generated by the 295 

aquaculture operations were analyzed through the comparison of residual bed shear stress 296 

maps. 297 

2.3.2. Scenarios for the conceptual lagoon 298 

The use of a conceptual modelling domain allows easy modification of boundary conditions 299 

and aquaculture strategies, so that the impacts of human activities can be systematically 300 

explored. In this study, three different types of typical water management operations combined 301 

with three levels of aquaculture occupation were proposed for analysis, producing a total of 302 
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nine evaluation scenarios. Based on consultation with shrimp farmers in Guaraíras, three 303 

water management practices were considered, which are also applicable to other regions in 304 

the world (Fig. 4): 305 

A) continuous water intake of 5%/day (usual water quantity control); 306 

B) intermittent water intake of 5%/day - performed only when water level is above mean tide 307 

(usual water quantity control, with operation restricted by tidal oscillation); 308 

C) water exchange of 25%/day synchronized to the tidal oscillation added to practice B, i.e., 309 

estuarine water intakes and pond water discharges are only performed when water level is 310 

above and below mean tide, respectively (usual water quality and quantity control, with 311 

operation restricted by tidal oscillation). 312 

Variations in occupation levels were represented by the total volume of water held by all farms, 313 

considering different values proportional to the local tidal prism (1.25×108 m³): 50%, 100% and 314 

200%. These values represent a realistic range of occupation levels observed in coastal areas 315 

around the world (Roversi 2018). Fig. 4 illustrates the total water intake and water discharges, 316 

generated by an overall occupation level of 50% of the tidal prism. The total water flow rate 317 

was distributed over 132 grid cells, equally spaced along the margins of the conceptual lagoon 318 

(Error! Reference source not found.a), generating a time series of water flow rate for each 319 

point. 320 

 321 

Fig. 4 Time series of total discharge generated by the proposed water management operations (colored 322 
lines). Positive values indicate water intake and negative values indicate water discharge. Gray line 323 
represents water level oscillation in the domain 324 

 325 

Alterations by aquaculture activity on the conceptual coastal lagoon morphology were 326 

evaluated in terms of: final tidal basin hypsometry, evolution of morphological parameters 327 

relevant to classical equilibrium relationships, changes in sediment volumes of coastal sea 328 

and tidal basin areas, and the formation of intertidal areas and tidal channels. Hydrodynamic 329 
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alterations were analyzed in terms of: ratio of peak ebb and peak flood velocities at the inlet 330 

and residual bed shear stress maps. Results obtained for each proposed scenario were 331 

compared to the reference simulation. 332 

 333 

3. RESULTS 334 

Contrary to the previous section, here the description of results will first be directed to the 335 

conceptual tidal lagoon, assuming that this case is more appropriate to develop general 336 

insights, and then focus on the more restricted case, related to the idealized Guaraíras Lagoon 337 

application. 338 

3.1. Reference simulation for the conceptual lagoon 339 

After 100 years of simulation, the initially flat bathymetry has evolved to a channelized tidal 340 

basin with intertidal areas (Fig. 5a). Two deep channels formed through the entrance of the 341 

inlet and an ebb tidal delta developed in the offshore area. Theoretical analyses, such as the 342 

one described by Dronkers (1998), prescribe that under equilibrium conditions the basin 343 

geometry satisfies the following relationship:  344 

(
hHW
hLW

)
2

=
AHW
ALW

 (1) 

where hHW and hLW are the averaged channel depths at high and low water; and AHW and ALW 345 

are the total basin areas inundated at high and low water. Morphological change is more 346 

accentuated at the beginning of the simulation as the initially flat basin is far from equilibrium 347 

(Fig. 6). Especially during the first 30 years, the formation and deepening of channels causes 348 

a decrease in hHW/hLW. At the same time, AHW/ALW increases due to the development of 349 

intertidal areas. Morphological activity slows down once the tidal basin gets closer to 350 

equilibrium and after 100 years the simulated tidal basin has attained a geometry that nearly 351 

approaches Dronker’s (1998) equilibrium relationship (Fig. 6). Similar tendencies are 352 

observed when the simulated morphological evolution is compared to other available 353 
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equilibrium relationships for tidal basins (see Zhou et al. (2018) for an overview), further 354 

confirming that morphodynamic adjustment is first rapid and then slows down. Large-scale 355 

bathymetric changes can also be visualized by the hypsometric curve (Fig. 5b), which after 356 

100 years has approached the typical sigmoidal shape usually observed in nature (Boon and 357 

Byrne 1981). Again, hypsometric changes show erosion and formation of tidal channels 358 

accompanied by deposition and the formation of intertidal areas. 359 

Fig. 5 a) Reference scenario morphology after 100 years and b) its respective hypsometric curve.  360 
Hypsometry describes the tidal basin area that would be submerged at different water levels. Values 361 
were scaled from 0 to 1, proportional to the maximum area, i.e., relative to the submerged area at high 362 
water level 363 

 364 

Fig. 6 Evolution of morphological parameter ratios for the reference scenario simulation. Diagonal 365 
dashed line represents a theoretical equilibrium relationship, adapted from Dronkers (1998). Vertical 366 
color scale indicates simulation time. The gray dots correspond to measurements of natural tidal basins 367 
presented by Dronkers (1998) 368 

 369 

3.2. Impacts of aquaculture activity on the conceptual lagoon 370 

3.2.1. Morphological effects 371 

Final morphologies of the nine evaluation scenarios, obtained after 100 years of simulation, 372 

are shown in Fig. 7 by means of bed level maps. Channel patterns produced by water 373 

management types A and B (representing water losses compensation only) are generally 374 

similar to the reference scenario, whereas water management type C (which also considers 375 

water exchange) produced distinct morphological characteristics. The increase of aquaculture 376 

occupation enhanced landward expansion of the tidal channel network and intertidal area 377 

development for the cases of water management types A and B, generating deeper tidal 378 

channels near the margins of the coastal lagoon. An opposite effect was observed for water 379 

management type C. For this case the increase of aquaculture occupation resulted in a less 380 

extensive channel network in the tidal basin, while a more pronounced ebb delta in the coastal 381 

sea area formed instead. 382 

The bed level maps discussed so far provide a rather qualitative picture on the effects of 383 

aquaculture activity. A more quantitative analysis is provided by an overall sediment volume 384 
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balance in the tidal basin and in the coastal sea area (Fig. 8), and trends in the development 385 

of intertidal areas and tidal channels, both in terms of areas and volumes (Fig. 9). The intertidal 386 

area is defined here as the difference between the submerged area at high water and low 387 

water. The intertidal volume refers then to the sediment volume stored between low water and 388 

high water. Tidal channel area and volume correspond to the water surface at low water and 389 

to the water volume below low water, respectively. 390 

As shown in Fig. 8, in most cases the sediment volume from the coastal sea area is decreased 391 

and sediment is imported to the tidal basin throughout the simulation. After 100 years, the 392 

reference scenario simulation shows a net sediment importation of 1.9×107 m3, which 393 

corresponds to an increase of 0.3 m in mean tidal basin bottom elevation. Intertidal surface 394 

area increased for the reference simulation by a total of 2.5×107 m2 and tidal channel area 395 

was inherently reduced by the same proportion (Fig. 9a). Intertidal volumes increased for all 396 

scenarios and showed similar trends as the development of intertidal areas (compare Fig. 9a 397 

and 9b). 398 

Although the different scenarios vary in terms of the magnitude of change, all of them reveal 399 

qualitatively similar trends, except scenario C200 (water management type C with an 400 

aquaculture occupation level of 200%) that reached a contrasting net sediment balance after 401 

65 years (Fig. 8). In general, sediment importation occurred throughout the entire simulation 402 

and this was increased by the operations of water intake for losses compensation (scenarios 403 

A and B) but reduced when applying water exchange operations (scenarios C). Scenario A200 404 

corresponded to the largest increase in final net sediment importation. It elevated the mean 405 

tidal basin height by 0.05 m (Fig. 8b) relative to the reference scenario. Continuous water 406 

intake operations (scenarios A) thus implicate a greater sediment importation than intermittent 407 

water intake operations (scenarios B) despite the same total daily discharge considered.  408 

Also, a contrasting trend in tidal channel volume (Fig. 9b) is observed for scenario C200; while 409 

tidal channel area (Fig. 9a) and intertidal volume (Fig. 9b) rapidly reached constant values, 410 

tidal channel volume grows through the entire simulation, indicating that tidal channels are 411 
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continuously deepened and sediment from these channels continues to be exported from the 412 

tidal basin to the coastal sea area. In the other cases, the volumes of tidal channels generally 413 

decreased rapidly within the first 5 years of simulation but then stabilized after approximately 414 

20 years (Fig. 9b). 415 

Fig. 7 Model domain bed levels after 100 years of morphodynamic evolution. The nine evaluation 416 
scenarios considered the combination of different water management practices with different 417 
aquaculture occupation levels 418 

 419 

Fig. 8 Changes of total sediment volume stored a) in the coastal sea area and b) in the tidal basin for 420 
each simulated scenario. Values indicated on the y-axis correspond to the volumetric difference related 421 
to the initial bathymetry. Right y-axis of graph b indicates the corresponding change in mean elevation 422 
of the tidal basin 423 

 424 

Fig. 9 Changes of a) areas and b) volumes of intertidal flats (solid lines) and tidal channels (dashed 425 
lines) related to the initial bathymetry 426 

 427 

To facilitate the comparison between the final morphologies, the tidal basin hypsometric curve 428 

for each evaluation scenario was determined (Fig. 10a). Fig. 10b illustrates the effective 429 

hypsometric changes for each scenario related to the reference scenario. Negative changes 430 

indicate that the total submerged area became smaller at a certain water level, i.e., bathymetry 431 

became more elevated when compared to the reference scenario. Positive changes indicate 432 

an increase in the submerged area at a given water level.  433 

Scenarios A and B present the same tendency to increase the proportion of bed levels that 434 

occurs above -2.0 m and simultaneously increase the area of the channels below that. 435 

However, scenario C has the tendency to keep morphology underdeveloped, as observed that 436 

hypsometry remains closer to the initial condition as occupation rises. The mainly positive 437 

changes observed above the -2.0 m level for scenarios C (Fig. 10b) indicate an increase of 438 

submerged areas, highlighting the reduced intertidal area formation, compared to the 439 

reference simulation. 440 

Fig. 10 a) Final hypsometric curves for each scenario. Dashed line represents the hypsometry of the 441 
initial condition (flat bathymetry). b) Effective changes in the hypsometric curve related to the reference 442 
scenario’s final hypsometry 443 
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 444 

Evaluating the final values of the morphological equilibrium parameter ratios (Equation 1) for 445 

each simulation, it can be observed that scenario C results in final morphologies being farther 446 

from the theoretical equilibrium condition, whereas scenarios A and B are closer to the 447 

reference simulation and approach more closely the equilibrium condition (Fig. 11).  448 

Fig. 11 Final values of morphological parameter ratios for each scenario. Diagonal dashed line 449 
corresponds to a theoretical equilibrium relationship, adapted from Dronkers (1998). Gray dot in bottom 450 
right corner indicates the position where all scenarios started from 451 

 452 

3.2.2. Hydrodynamic effects 453 

Alterations in hydrodynamics were first analyzed in terms of cross-sectional averaged 454 

velocities through the tidal inlet during a tidal cycle. Fig. 12 shows a comparison of velocity 455 

vectors at respective tidal levels for the reference scenario in the initial (left) and in the final 456 

morphological condition (right). A strong tidal wave distortion was observed at the beginning 457 

of the simulation, marked by a slow rise and a faster fall of the tide, which then transitions into 458 

a more regular tidal wave shape (sinusoidal) in the end. It is noticed that the difference 459 

between flood and ebb durations decreases over the simulation period, and slack water 460 

moments get closer to high and low tides. During the initial condition, flood duration is 2 h and 461 

12 min shorter than ebb duration, whereas, in the final condition such difference is reduced to 462 

42 min. Current velocities decrease over the simulation period, which is a consequence of 463 

inlet erosion and increase of the cross-sectional area. In the beginning, maximum flood and 464 

ebb velocities are 1.45 m/s and 1.15 m/s, respectively; in the end maximum flood and ebb 465 

velocities are 0.49 m/s and 0.42 m/s, respectively (Table 1). 466 

Fig. 12 Cross-sectional averaged velocities through the tidal inlet for the reference scenario simulation. 467 
Values extracted at the beginning of the simulation (left), considering the initial bathymetry prescribed 468 
(Fig. 2a), and at the end of the simulation (right), after 100 years of morphological evolution 469 

 470 

Examining these velocity curves for each scenario, it was observed that peak current velocities 471 

during flood tide are always higher than during ebb tide, which confirms the system’s flood 472 

dominance that was previously assessed through sediment budget analysis. Comparing the 473 
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ratio between flood and ebb peak velocities for each scenario (Table 1), it was found that such 474 

flood dominance was increased when applying scenarios A and B, but decreased when 475 

applying scenarios C. Scenario C200 even produced an ebb dominant condition by the end of 476 

the simulation (Flood/Ebb peak velocity ratio < 1). 477 

Table 1 Peak velocities during flood and ebb tide. Values correspond to cross-sectional averaged 478 
velocities through the tidal inlet, obtained during the initial and the final morphological condition for 479 
each simulation. Flood/Ebb peak velocity ratio provides an indication of the intensity of flood (>1) or 480 
ebb (<1) dominance 481 

Peak velocities 
(m/s) 

Initial condition Final condition 

Flood Ebb Flood/Ebb* Flood Ebb Flood/Ebb* 

Reference scenario 1.45 1.15 1.26 0.49 0.42 1.17 

Scenario A50 1.45 1.14 1.27 0.49 0.42 1.18 

Scenario A100 1.46 1.14 1.28 0.49 0.41 1.19 

Scenario A200 1.47 1.15 1.30 0.50 0.41 1.21 

Scenario B50 1.45 1.15 1.26 0.49 0.42 1.17 

Scenario B100 1.45 1.14 1.27 0.49 0.41 1.18 

Scenario B200 1.45 1.13 1.28 0.48 0.40 1.21 

Scenario C50 1.39 1.14 1.22 0.47 0.41 1.16 

Scenario C100 1.34 1.15 1.17 0.48 0.43 1.14 

Scenario C200 1.27 1.16 1.10 0.63 0.65 0.97 

* Flood/Ebb peak velocity ratio: higher or lower than the reference scenario 

 482 

Spatially distributed hydrodynamic changes in the entire model domain were investigated in 483 

terms of residual bed shear stress maps calculated over one tidal cycle. Bed shear stress is 484 

an appropriate parameter for analysis as it is directly dependent on flow velocity and directly 485 

influences sediment transport rates and thus morphological change. 486 

In order to isolate the effect of water management operations, we calculated the differences 487 

between residual bed shear stress found in each evaluation scenario and the residual bed 488 

shear stress found in the reference scenario. Fig. 13 shows residual bed shear stress 489 

differences resultant from each water management type (A, B and C) considering the same 490 

occupation level (100%). Scenarios A and B amplified residual bed shear stress vectors 491 

pointing to the interior of the coastal lagoon, which represents the enhanced sediment import 492 

caused by the water intake performed by aquaculture farms. Vectors from scenario B are 493 

weaker than scenario A due to the intermittent operation. Scenario C which includes water 494 

exchange operations reduces residual bed shear stress vectors pointing towards the basin, 495 
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as demonstrated by the resultant vectors pointing towards the sea in Fig. 13c. Such a result 496 

corroborates the reduction of the system’s flood dominance already identified. 497 

Fig. 13 Maps of residual bed stress difference for scenarios A100 (a), B100 (b) and C100 (c) relative 498 
to the reference scenario. Residual values (N/m²) were calculated over one tidal cycle for each grid cell 499 
of the domain (colored vectors). Large black arrows illustrate the variation of overall residual bed stress 500 
intensity and the dominant direction resultant from each water management type investigated 501 

 502 

3.3. Idealized Guaraíras Lagoon application 503 

After 100 years, the Guaraíras Lagoon morphology, which was modeled through the reference 504 

scenario simulation (Fig. 14a), had developed branched tidal channels and intertidal areas, 505 

with extensive sand bars shaped qualitatively similar to those observed in recent satellite 506 

images (Fig. 1). The deep channel through the tidal inlet branches towards the interior of the 507 

lagoon and developed preferably along the north margin, eroding up to 8 m depth. A large 508 

intertidal area with a typical flood-tidal delta shape developed in the central region of the 509 

domain and smaller bars separated by narrower tidal channels formed in the southern area. 510 

Fig. 14 Guaraíras Lagoon bed levels after 100 years of morphodynamic simulations: a) Reference 511 
scenario, b) scenario G1 and d) scenario G2. Bed level changes observed in scenarios G1 (c) and G2 512 
(e), related to the reference scenario 513 

 514 

Final morphologies achieved by the evaluation scenarios G1 (Fig. 14b) and G2 (Fig. 14d) 515 

show that aquaculture operations changed the configuration of Guaraíras Lagoon’s main tidal 516 

channels and the position of intertidal areas. The effective bed level changes are presented 517 

in Fig. 14c (G1) and Fig. 14e (G2), and show: i) enhanced erosion trends (blue) in the tidal 518 

inlet channel, which was deepened from the lagoon mouth towards the southwest region of 519 

the domain, and in narrow tidal channels located along the western margin of the lagoon, 520 

which also extended further landward; and ii) main sedimentation trends (red) at the southwest 521 

area, where higher sand bars were formed, and at the central region towards the northern 522 

portion of the lagoon, where wide tidal channels became shallower and narrower. 523 

In the long-term, aquaculture operations produced larger tidal channels towards the southern 524 

end of the Guaraíras Lagoon instead of the northern end, as a consequence of the intense 525 
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shrimp farm occupation around the south-western side of the lagoon (Fig. 1) and the relative 526 

larger amount of water used in that region (Fig. 3). The isolated hydrodynamic effect caused 527 

by the shrimp farming water intake operations is highlighted in Fig. 15a and Fig. 15c, where 528 

the strongest residual vectors predominantly oriented towards the southern region can be 529 

observed. In addition to the water intake effect, different morphological pathways driven by 530 

aquaculture activities cause bed shear stress variations (Fig. 15b). The “disoriented” vector 531 

pattern of residual bed shear stress differences points out the expressive alterations that are 532 

generated by displacement and depth change of main channels. 533 

Comparing Fig. 14c with Fig. 14e it is clear that scenario G1, with constant operations, resulted in more intense bed level 534 
changes than scenario G2, which considers the local history of shrimp farming development. In Fig. 16 it is also observed 535 
that scenario G2 results in only minor increases in sediment import, while scenario G1 enhances sediment transport into the 536 
basin especially within the first few decades of morphodynamic evolution. On the longer term, sediment import rates become 537 
similar and aquaculture effects diminish which is in agreement with results of the conceptual lagoon simulations (Fig. 8b). 538 
Realistic aquaculture operations growth, represented by scenario G2, increased sediment importation only by 2.2% (6.6×104 539 
m³) and elevated the final mean height of the lagoon bed by 4.6 mm in comparison to the reference scenario (Fig. 16 540 

 541 

Fig. 16). Adopting constant water intake values for the entire simulation may overestimate final 542 

morphological alterations. 543 

 544 

Fig. 15 Maps of residual bed stress difference in Guaraíras Lagoon: a) Difference between scenario 545 
G1 and the reference scenario considering the initial morphological condition (flat bathymetry); b) 546 
difference between scenario G1 and the reference scenario considering the final morphological 547 
condition achieved by each simulation; and c) difference between scenario G1 and the reference 548 
scenario, using the same final morphological condition achieved by scenario G1 in both experiments 549 

 550 

 551 

Fig. 16 Changes of total sediment volume stored in the Guaraíras Lagoon. Values indicated on the left 552 
y-axis correspond to the volumetric difference related to the initial bathymetry. Right y-axis indicates 553 
the corresponding change in the mean elevation of the lagoon bed 554 

 555 

 556 

4. DISCUSSION 557 

4.1 Exploring equilibrium 558 
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Results obtained through the reference simulation for the conceptual lagoon (Section 3.1) are 559 

consistent to previous studies that also evaluated the morphological equilibrium and evolution 560 

of tidal basins via process-based modeling (van der Wegen et al. 2008; Dastgheib et al. 2008; 561 

Dissanayake et al. 2009; van Maanen et al. 2013a; van Maanen et al. 2013b). The evolution 562 

of morphological parameters towards the theorical relationship (hHW/hLW)²=AHW/ALW (Fig. 6), 563 

and the formation and stabilization of intertidal areas (Fig. 9) are well-defined indicators of an 564 

equilibrium condition approximation (Dronkers 1998). Moreover, the equalization of flood and 565 

ebb tide durations (Fig. 12) and the decrease of flood/ebb peak velocities ratios during the 566 

simulation (Table 1) also point to the achievement of a steady tidal basin morphology. The 567 

development of intertidal areas increases rising tide duration and ebb currents intensity (Speer 568 

and Aubrey 1985), therefore weakening the system’s flood-dominance, and the residual 569 

sediment importation (Fig. 8). 570 

At the same time, as pointed out by Zhou et al. (2017), the term “morphodynamic equilibrium” 571 

might be an oxymoron. The concept of equilibrium may not be easy to define, as it implicitly 572 

assumes a given time scale, as well as incremental changes on a given spatial region. Using 573 

the ternary diagram proposed by Zhou et al. (2017), both the “river” and the “wave” vertices 574 

were neglected in the present investigation. The first because fluvial contributions are usually 575 

small in the actual Guaraíras as well as in many other river mouths (rias) in Northeastern coast 576 

of Brazil, the latter because coastal nearshore dynamics can vary widely from place to place 577 

but, in case of Guaraíras, the mouth of the lagoon is protected by a line of beach rock reef. 578 

Therefore, the focus of the present investigation was restricted to confined shallow estuarine 579 

environments, with negligible freshwater intake during most part of the year, except in rare 580 

extreme events, such as Guaraíras Lagoon and other similar water bodies elsewhere in the 581 

world.  582 

4.2 Effects of aquaculture 583 

The first and most important question to be answered is whether a simple activity, such as a 584 

shrimp pond operation, is able to impact the dynamics of the entire lagoon. Surprisingly, the 585 
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idea of an “isolated impact”, as opposed to an “orchestrated impact”, still governs the 586 

environmental agencies in Brazil, disregarding the disastrous experience in Southeast Asia, 587 

and other international experiences that have motivated the establishment of the concept of 588 

“environmental sustainability” or “carrying capacity” of an estuary (Primavera 1994). 589 

Our modelling results indicate that strategies for pond water management, which are typically 590 

adopted by marine aquaculture farms worldwide, can indeed generate distorted flow patterns 591 

and sedimentary processes in estuarine and lagoon systems. As a result, the long-term 592 

morphodynamic behavior can be disturbed in two main ways: i) Continuous and intermittent 593 

water intake operations predominantly increase flood and decrease ebb currents, respectively 594 

(Table 1), causing enhanced flood-dominated residual bed shear stresses for both cases (Fig. 595 

13a, Fig. 13b, Fig. 15a and Fig. 15c). This increases the importation of sediments (Fig. 8b and 596 

Fig. 16) from the inlet and neighboring ocean beaches, promoting the development of intertidal 597 

areas (Fig. 9). ii) Water exchange operations predominantly increase ebb currents due to the 598 

timing of water release from the ponds which is concomitant with the falling tide. This strongly 599 

enhances ebb-dominated residual bed shear stresses (Fig. 13c), which reduces sediment 600 

importation (Fig. 8b) and can keep basin morphology underdeveloped (Fig. 7 and Fig. 10a). 601 

Model results highlighted that morphological changes are intensified by larger levels of pond 602 

occupation, and that tidal basins’ morphology may diverge from an expected equilibrium state 603 

when marine aquaculture activity in land-based ponds is present (see Fig. 11). Overall, we 604 

show that marine aquaculture has the potential to control the sediment budget of tidal basins. 605 

Sediment budgets have recently been highlighted as an important indicator of the estuarine 606 

ecosystem resilience against sea level rise, with net sediment import indicating higher 607 

ecosystem resilience while net export indicates higher ecosystem vulnerability (Donatelli et al. 608 

2018a; Donatelli et al. 2018b; Castagno et al. 2018; Benninghoff and Winter 2019). In this 609 

context, our modeling results show that water exchange operations might also have negative 610 

implications for the tidal basin development in the face of sea level rise as sediment import is 611 

hindered. 612 
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For the idealized Guaraíras application, a typical water intake operation, which is actually 613 

adopted to compensate pond water seepage and evaporation losses, caused long-term 614 

changes in the lagoon’s morphology. In spite of a small increase on the final volume of 615 

sediment imported to the system (~2%), the position of intertidal areas was displaced and the 616 

main tidal channels’ depth and configuration was modified (Fig. 14c and Fig. 14e). 617 

Morphological changes occurred mainly towards the southern region of the lagoon, where the 618 

local aquaculture activity has started and reached largest occupation areas earlier (Fig. 3). 619 

Water exchange operation, as defined in Section 1.3, is not a regular management practice 620 

adopted in Guaraíras’ shrimp farms. Such operation is only considered by local producers in 621 

events of drastic water quality issues, aiming at a rapid recovery of conditions inside the ponds. 622 

If local producers start implementing such a strategy into the pond daily routine, more relevant 623 

morphological changes in Guaraíras Lagoon may be expected, with potential reductions of 624 

intertidal area and tidal channel extent, as demonstrated by the conceptual lagoon simulations 625 

(scenarios C). 626 

4.3 Model extensions 627 

The present study was motivated by the real case of Guaraíras Lagoon, a shallow water body, 628 

located in a semi-arid climate, with very little freshwater inflow, even during the rainy season. 629 

Currently, most aquaculture ponds installed in this region are continuously and simultaneously 630 

taking water from the lagoon in order to control water losses and keep the shrimp cultivation 631 

running. This scenario is quite similar to what is found in shrimp farms placed elsewhere in 632 

the world. Clearly, it is common perception that a lagoon surrounded by shrimp farms does 633 

not respond to a single pond. The reasoning that a large number of small ponds will not affect 634 

the lagoon is obviously false and is highlighted by our modelling results. Yet, there is typically 635 

no legislation to avoid over-exploitation of the lagoon. Logical extensions of the modelling 636 

approach could include an assessment of different management strategies. Instead of uniform 637 

water management strategies for the overall area, as defined in this study, studies for licensing 638 

operations or environmental impact assessment could consider real operation rules that would 639 
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be adopted by each farm or projected for each pond independently. Specific operation 640 

strategies with any water flow rate could easily be prescribed in process-based models like 641 

Delft3D.  642 

The present study focused on the balance between tidal prism and pond volume, as the major 643 

physical driver. However, in order to develop more realistic models of actual estuarine systems 644 

for management purposes, other physical processes should be included. Following Zhou et 645 

al. (2017), three major realms describe the (natural) estuarine system: Hydrodynamics (tide, 646 

river, wave), sedimentology (sand, silt, clay), and landscape setting (river valley, embayment, 647 

land surface deformation). These processes or effects should be included in the numerical 648 

simulation of the estuary.  However, a fourth dimension should be added to this “triangular” 649 

concept: the uses of the water, the sediments, the land contour and the aquatic space by 650 

humans. Although much needed, accounting for these anthropogenic interventions would be 651 

certainly of major complexity and very few locations in the world could afford to have all the 652 

environmental monitoring needed to feed such numerical models, in order to obtain reliable 653 

results and fully capture the dynamics of these human-coastal systems (see also Lazarus et 654 

al. 2016). 655 

Another interesting continuation would be investigating the effects of sea level rise, as it could 656 

effectively change the tidal prism of the lagoon, change water circulation, and alter the balance 657 

between the volumes of water inside the ponds and in the lagoon. Alternatively, if the shrimp 658 

ponds advance towards the lagoon, its water surface would reduce, and the tidal prism would 659 

decrease. Aquaculture ponds constructed around estuaries or coastal lagoons also produce 660 

a physical barrier that would hinder intertidal zone expansion and migration of mangroves (as 661 

found in the Guaraíras Lagoon) or other vegetation species to upper areas, reducing the 662 

capacity of these ecosystems to adapt to higher sea-level conditions (Schuerch et al. 2018). 663 

A numerical modeling analysis accounting for the effects of ponds in conjunction with sea level 664 

rise could provide a more holistic assessment on the ability of such wetlands to keep up with 665 
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rising sea levels, ultimately supporting novel regulations for the conservation of coastal 666 

habitats. 667 

5. CONCLUSIONS 668 

In this study it was demonstrated that water management operations performed by marine 669 

shrimp farming in excavated ponds have the capacity to modify hydro-sedimentary processes 670 

and decadal-scale morphological evolution of coastal lagoon systems. Main findings can be 671 

summarized as: 672 

 long-term morphodynamic behavior of a coastal lagoon can be disturbed by shrimp 673 

farming in two main ways: (i) regular water intake operations increase sediment import, 674 

whereas, (ii) water exchange operations reduce sediment import and attenuate tidal 675 

basin morphology development; 676 

 the larger the pond occupation, the larger the effects on hydro-morphological 677 

processes; 678 

 depth and configuration of tidal channels are modified when shrimp farming is present; 679 

 water exchange operations are capable of modifying the morphological equilibrium 680 

state of a coastal lagoon system, especially if carried out synchronously to the local 681 

tidal oscillation; 682 

 the modelling approach presented here can be extended to other comparable systems 683 

and provide environmental impact prognostics for a wide variety of designed scenarios, 684 

supporting coastal planning and enhancing the sustainability of land-based ponds for 685 

marine aquaculture in the long-term 686 
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