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Abstract

:

The Minho and Lima are adjacent estuaries located in the north of Portugal, with high ecological and economic importance. To address gaps in knowledge about changes in nutrient patterns in adjacent estuaries subject to different freshwater inflows, a numerical model, Delft3D, was implemented and developed, using a single domain, which allowed physical communication between estuaries. Calibration and validation of the model was successfully performed. Three numerical simulations were carried out, in which only river flows were varied (1st corresponds to a baseline numerical run, the 2nd a flood scenario, and the 3rd a drought scenario). Under flooding conditions, similar patterns were verified in both estuaries, with high fluvial discharges showing to have a reduced impact on both estuarine dynamics. In this case the nutrients were not a limiting factor for the biota, both for summer and winter seasons, since there was no significant decrease in dissolved oxygen concentration. For the drought scenario, it was observed that the estuary with the lower inflow of freshwater (Lima) was the most affected, with a significant decrease in the concentration of nutrients and oxygen dissolved in the winter season (decrease of 2 mg O2/L). In conclusion, this work reveals that it is essential to continuously monitor dam-controlled estuarine systems, as a significant decrease in river discharge will cause significant changes in the variables analysed (O2, PO4, and NO3) and may cause loss of biodiversity.
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1. Introduction


Estuarine systems are highly dynamic since their geomorphology (processes of erosion and sedimentation) and their physicochemical properties are constantly changing [1]. These physicochemical changes are strongly influenced by atmospheric and hydrodynamic processes (waves, tides, wind stress, freshwater discharges by rivers, and exchanges with the atmosphere) making the estuaries very productive systems that play a very important role in biogeochemical cycles, intercepting watershed-derived materials before delivering them to the marine environment [2], and influencing the sedimentation rate, zonation and species productivity, water temperature, and salinity of each zone [3]. These very complex features of estuaries enable them to have a high primary production, due to nutrient fluxes from both rivers and coastal upwellings, which is very valuable since they have high metabolic rates and serve as important sites for water filtration and nutrient retention, transformation, and recycling [3,4,5,6]. For this reason, there is particular interest in these ecosystems, both ecologically and economically.



In the last 50 years, human activity and climate change have greatly transformed estuaries, of which some transformations have already been documented [7,8,9,10,11]. One of the current main concerns about estuaries is climate change and the resulting impact of extreme events on water quality [12,13,14]. Since river flow is a useful indicator of freshwater availability, it can be used to indicate likely impacts of climate change on water resources [15]. In estuarine areas, one of the main impacts of climate change is the variation in river flow, which induces frequent flood or drought events with higher intensities [16]. Furthermore, because of water circulation and oceanic volume changes, estuarine and coastal systems are predicted to experience a loss of marsh and intertidal habitats, a greater marine intrusion or freshwater plumes, and increased eutrophication, hypoxia, and anoxia [17,18,19]. Additionally, an increase in water temperature, a decrease in mean precipitation, and a higher frequency of extreme weather events are expected, with short episodes of intense precipitation, drought periods, and heat waves, which will make estuaries even more vulnerable. Recently, more frequent occurrences of intense flood events and tropical cyclones are likely to generate large infrastructural damages as a result of flooding, high winds, and higher storm surges [20], but they can also lead to prolonged large-scale stratification in estuaries and coastal regions as a result of large freshwater influxes [21,22]. The stronger stratification and elevated nutrient and organic matter loading to estuarine and coastal systems, associated with these extreme climatic events, along with the increase in temperature already observed in some coastal ecosystems [23,24] could lead to the development of bottom water hypoxia [20,22,25]. It is well-known that oxygen solubility decreases with increased water temperature and salinity, while decomposition of organic matter by bacteria will consume oxygen [26,27]. In addition to these aspects, other factors contribute to the alteration of estuarine dynamics and to the degradation of water quality, such as the construction of upstream river dams and the existence of punctual and diffuse discharges along the estuaries that release high concentrations of nutrients and contaminants, of which this movement may be also altered by climate change through increased atmospheric deposition and surface run-off [28,29,30]. Studies on the impact of dams on estuaries have been carried out around the world to try to understand their effects on various physicochemical variables [31,32,33,34]. Despite this framework, there is little evidence-based research on the effects of climate change drivers on estuarine dynamics, except for the effects of temperature and sea-level rise [35,36,37]. To explain the existing and predictable biogeochemical processes in estuaries, numerical models are used nowadays since they show many important advantages [38,39,40,41], and they can serve as predictive or decision support tools [42].



The estuaries researched in this study (Minho and Lima) are located adjacent to each other (Figure 1A), at similar latitudes, and are subject to the same atmospheric, environmental, and oceanic conditions, but under completely different fluvial freshwater inputs (Minho River base flow is higher than Lima base flow). By these reasons, they constitute ideal systems to assess how changes in freshwater inflows induced by climate change will impact estuarine nutrient dynamics and dissolved oxygen.



In addition to the aforementioned, the hydrographic region of Minho and Lima (northern Portugal) is highly attractive, supporting important urban uses (e.g., generation of electricity from dams) and economic activities such as port activities, industrial navigation, fishing and tourism, recreation, and leisure. Besides being important at the economic level, these estuaries present marine prairies (e.g., seagrass) that function as natural nurseries for numerous species of great economic importance, particularly invertebrates and fish. In ecological terms, these systems function as biological filters of nutrients and pollutants, and they play a key role in controlling coastal erosion and carbon sequestration. According to “Plano de Gestão da Região Hidrográfica do Minho e Lima” (PGRH1) [43], the hydrographic region of Minho and Lima (northern Portugal) has a high ecological value since it has a great diversity of habitats, including marshes, reeds, and sandbanks, and, in addition, it presents two Protected Areas for Birds, six Sites of Community Importance, and four Protected Areas [43]; thus, these two estuaries confer important protection statutes such as the Rede Natura 2000, Special Protection Area for Birds (SPA), Important Bird Area (IBA), and Biotope CORINE. For these reasons, because of its strategic location, there is particular interest in these ecosystems, both ecologically (e.g., they host a great wealth of organisms, a wide diversity, and are also highly productive) and economically (e.g., aquaculture, sheltered areas for the construction of ports and leisure areas). These characteristics translate into enormous socio-economic benefits for the surrounding fishing populations, who traditionally live off the harvesting of shellfish and fishing.



In this way, because of the importance of these two estuaries, the present work intends to study the possible impacts of climate change on water quality of the adjacent estuaries under study through the application of a numerical model, Delft3D, focusing on the occurrence of extreme river discharge events. Specifically, the impacts on nutrient dynamics and dissolved oxygen will be assessed as well as the potential impacts on estuarine ecological quality, health, and economic resource utilization. The assessment will be in compliance with EU Directives in order to provide a baseline within which the magnitude of change from current activities or events can be evaluated and remediation can be planned.




2. Materials and Methods


This section describes the study area; the in situ data; the procedures followed in the model implementation, including calibration and validation; as well as the definition of the scenarios proposed to achieve the objectives of this work.



2.1. Study Area


The Minho and Lima estuaries (Figure 1B,C) are located on the northwestern Portuguese coast, between the coordinates 41°36′N and 42°2′N latitude and between 8°24′W and 8°54′W longitude.



The Minho River (Figure 1A) begins in Spain (Serra de Meira) and flows into the Atlantic Ocean between La Guardia (Spain) and Caminha (Portugal). This river serves as a northern border between Portugal and Spain and has an approximate length of 300 km, of which 230 km is in Spanish territory and the remaining 70 km crosses into Portugal [44]. The main Portuguese tributaries are Trancoso, Mouro, Gadanha, and Coura rivers, while the main Spanish tributaries are Támoga, Ladra, Ferreira, Avia, Tea, Louro, Neira, Sil, and Arnoya rivers [45]. The Minho river presents an average annual discharge of 305 m3/s, and the monthly average discharge varies between 121 m3/s during the summer and 692 m3/s in the winter [39], which depends heavily on the discharges made by the hydroelectric dams that exist throughout its extension. The Minho estuary, during periods of high river flow, tends to have a salt wedge type [46]. It presents an average depth of 2.6 m [47], and the astronomical tide varies between 2 m during neap tides and almost 4 m in spring tides [46]. This estuary is considered one of the least contaminated along the Portuguese coast [48,49]; however, in Spanish territory, there is sporadic industrial pollution, mainly due to the industries in Porriño (Tui city) [50], that has been associated with the main cause of contamination of the Louro estuaries [50,51]. Beyond this source, the hydrographic basin receives diffuse pollution related to agriculture and the use of fertilizers [44].



The Lima River (Figure 1A) begins in Spain (Sierra S. Mamede) and flows into Viana do Castelo (Portugal). The Lima river is about 108 km length, of which 41 km is in Spanish territory and the remaining 67 km crosses into Portugal [44]. The Vez and Castro Laboreiro rivers are the main Portuguese tributaries. This river has an average discharge of 30 m3/s in the summer and 130 m3/s in the winter season [52], depending heavily on the discharges made by the dams in the region (Touvedo and Alto Lindoso). The Lima estuary has an average depth of 3 m, while a maximum depth of 8 m is observed in the navigation channels [53]. This estuary has a semi-diurnal and mesotidal regime (the high tidal range is 3.7 m and the low tidal range is 1.1 m) [53]. A general evaluation of the surface water quality reveals that the Lima river does not present significant levels of pollution that would prevent most of its use; however, there are some sections with strong bacteriological contamination [54], and polycyclic aromatic hydrocarbons (PAHs) and heavy metals are present in sediments [55]. These pollutants can come from the harbour of Viana do Castelo and from discharges of urban origin that are released without prior treatment by some municipalities [56].




2.2. In Situ Data Collection


The collection of in situ data is very essential to perform model implementation, calibration and validation, since this data will determine the degree of model reliability and accuracy.



Harmonic tidal constituent data for the Minho estuary were collected by Zacarias [57] between 20 February and 19 March 2006, while for the Lima estuary, these data were taken from the Portuguese Hydrographic Institute at the Viana do Castelo station. The six locations where the tidal surveys were carried out are represented in Figure 2A.



Regarding the water temperature, salinity, ammonia, nitrate, ortho-phosphate, and dissolved oxygen data, these were collected by Vieira et al. [58] during the period between February 2012 and February 2013. These measurements were collected one day a month along the Minho and Lima estuaries. To make these collections in the same location and at the same depth, Vieira et al. [58] defined seven transepts in each estuary (Figure 1B,C), in which they measured the coordinates of the sampling sites, as well as the depth of the site, using a GPS (HP IPAQ GPSMAP) and a depth gauge (Hondex PS-7). In each transept, a water sample was collected, and in situ measurements were made (water temperature, salinity, and dissolved oxygen) with a multi-parameter probe (VWR SP90M5) in 3 regions (south margin of the river, middle of the river, and north margin of the river). In each region, three replicates were made to obtain a better representation of the study area and to minimize errors. The water samples were collected with polyethylene–terephthalate bottles and stored at −20 °C for nutrient analysis [58]. The nutrient concentrations (ammonium, nitrate, and orthophosphate) were determined using commercial photometer kits (Photometer 7000, Palintest, Kingsway, England).



For the model validation, two sets of data were used. The first consisted of water temperature, salinity, and dissolved oxygen collected in 2013 (5 May to 5 July 2013) and extracted from a MeteoGalicia oceanographic buoy identified in Figure 1A (point P, “Boia de A Guarda”) (www.mandeo.meteogalicia.es). The second set of data was collected on 15 April 2019 in the transects of the Lima estuary represented in Figure 1C, which consisted of water temperature and salinity sampling.




2.3. Model Implementation


To study the impact of extreme river discharge events on the nutrient dynamics, the Delft3D model (www.oss.deltares.nl) was used. The period in which the simulations were carried out was from 1 January 2012 to 1 March 2013. In this work, the Delft3D-FLOW hydrodynamic module [59,60] and the water quality module Delft3D-WAQ [61] were applied. The hydrodynamic module, Delft3D-FLOW, allows working in 2 or 3 dimensions, and it solves shallow water equations based on Navier–Stokes three-dimensional and continuity equations using the finite difference method. In addition, the model simulates transport phenomena resulting from tidal and/or meteorological forcing, including the effect of density differences due to a non-uniform water temperature and salinity distribution (density-driven flow) [62]. The water quality module, Delft3D-WAQ, also allows working in 2 or 3 dimensions, depending on the choice made in the Delft3D-FLOW module. It solves the advection/diffusion/reaction equation on a predefined computational grid and for a wide range of model substances. This module allows to model a wide range of substances as well as processes. As Delft3D-WAQ is not a hydrodynamic model, it will seek hydrodynamic information from the Delft3D-FLOW module through a coupling process. This will extract velocities, water elevations, density, salinity, water temperature, vertical eddy viscosity, and vertical eddy diffusivity from the final Delft3D-FLOW simulation file [63].



Both modules were setup with an 835 × 170 cell curvilinear irregular grid with a mean resolution of ~50 m in the Minho estuary, ~30 m in the Lima estuary, and ~850 m at the offshore open boundary (Figure 2B). A single domain for the two estuaries allowed interaction between them, and a more realistic result is expected. Bathymetry used results from the interpolation to the numerical grid of a set of topohydrographic surveys. To force the Delft3D-FLOW module, the tidal harmonic constituents (to reproduce the tide), water temperature, and salinity data were used in the open boundary conditions, while wind and heat flux data were imposed in the ocean–atmosphere interface, and river discharges and water temperature were imposed in the river boundaries. The tidal data were obtained from TOPEX/Poseidon (www.jpl.nasa.gov) [64]. TOPEX/Poseidon is based on a global oceanic tide model (model NAO.99b), which provides the 13 tidal solution main constituents (M2, S2, N2, K2, K1, O1, P1, Q1, Mf, Mm, M4, MS4, and MN4) with a spatial resolution of 0.25°. Regarding the values of water temperature and salinity used in oceanic boundaries, the Copernicus Marine Environment Monitoring Service database was used (CMEMS, www.marine.copernicus.eu). The daily series of freshwater discharges and water temperature for the Minho and Lima rivers were obtained from the Confederacion Hidrográfica del Miño-Sil (www.chminosil.es) and the Sistema Nacional de Informação de Recursos Hídricos (SNIRH, www.snirh.apambiente.pt), respectively. For the Minho River, data were obtained from the Salvaterra do Minho station (N015), while for the Lima River, data were obtained from the Touvedo dam (03G/01A) automatic data network (turbinated flow data). To force the atmospheric boundary, daily atmospheric (relative humidity, air temperature, and net radiation) data from the European Center for Medium-Range Weather Forecasts (ECMWF, www.ecmwf.int) were used. Concerning the atmospheric pressure and the wind data (u and v components near the surface), these were retrieved from the Thredds Server of MeteoGalicia (www.mandeo.meteogalicia.es). To force the Delft3D-WAQ module, ammonia, nitrate, ortho-phosphate, dissolved oxygen, phytoplankton, and total net primary production data were used in the open boundary condition. Ammonia, nitrate, ortho-phosphate, and dissolved oxygen data were imposed in the river boundaries. The values of orthophosphate, ammonia, nitrate, dissolved oxygen, phytoplankton, and total net primary production imposed at the ocean interface were withdrawn from the CMEMS, and the biochemical data for the river discharges into the estuaries under study were taken from the HypeWeb model (www.hypeweb.smhi.se) because of the scarcity of observational data.



Since Delft3D-WAQ presents many processes and substances to be modeled, several numerical simulations were made aiming to select the most relevant processes and substances in estuaries under study and to verify if the model approached reality, by comparing model predictions with observed data, at the end of each new simulation. Given this, the most accurate numerical simulation processes and substances are presented in Table 1.




2.4. Model Calibration and Validation


Numerical model calibration and validation processes are important steps when performing estuarine modeling studies. Given the complexity of these models and the frequent data limitations (e.g., lack of continuous in situ data), it is rare to find studies performing both processes simultaneously, as recognized by Whitehead et al. [65] and Tomic et al. [66]. By these reasons, a large number of modeling studies perform only one of these processes (e.g., [67,68,69,70]), or alternatively perform both processes for a very limited period or even solely based on seasonal data ([71,72,73,74,75,76,77,78]). For the present study, and despite the common data limitations, both processes were performed for the hydrodynamic and water quality module in the Delft3D model implementation, following the procedures described below, and data sets presented in Section 2.2.



To calibrate the Delft3D-FLOW and Delft3D-WAQ modules, in situ data of tidal harmonic constituents, water temperature, salinity, ammonia, nitrate, orthophosphate, and dissolved oxygen were used. Model predictions for both estuaries were compared with in situ data following the procedures described by Dias and Lopes [79] and Dias et al. [80], and model accuracy was quantified for each numerical simulation performed. This quantification was performed using the root-mean-square error (RMSE) [81] and cost function (CF) [82]. To improve the fit between predictions and observations, the background friction and the total respiration flux were varied [83] for hydrodynamic and water quality modules, respectively.



In order to validate the hydrodynamic and water quality modules, water temperature, salinity, and dissolved oxygen model predictions were compared with independent in situ data. The adjustment between predictions and observations was quantified through RMSE and CF computation.




2.5. Model Scenarios


Considering the predictable climate change impacts on river discharges, with an increase in the frequency and intensity of extreme events [84], three different scenarios were designed to investigate the impact of extreme inflow conditions during one year (1 March 2012 to 1 March 2013) in the studied system of coupled estuaries (Figure 3A,B). The only factor that changed between these scenarios was the Minho and Lima river discharge, keeping the remaining inputs of the model unchanged. The first simulation corresponds to the case of numerical simulation used for model calibration, serving as baseline (hereinafter referred as SCEN 0), and the remaining two correspond to a flood scenario (SCEN 1) and a drought scenario (SCEN 2) (Figure 3A,B). In SCEN 1, river discharges were considered to have twice the discharge as that of the calibration simulation (SCEN 0). This relation was based on a comparison between data used in SCEN 0 and the historical fluvial discharge obtained from HypeWeb model (www.hypeweb.smhi.se). In SCEN 2, only the ecological discharges (minimum flows released by dams in the event of drought) were considered. Ecological flow data at the river boundary was based on reports from the Região Hidrográfica do Minho e Lima of the Agência Portuguesa do Ambiente [85] and in the Boletín Oficial Del Estado [86] of the Plan Hidrológico de la parte española de la DH del Miño-Sil.





3. Results


3.1. Model Calibration and Validation


The results obtained in the model calibration are presented in Table 2 and Table 3. Figure 4 shows the comparison between predicted and observed water temperature and salinity in transect 1 of the Minho and Lima estuaries, and Figure 5 shows the comparison between predicted and observed nitrates, orthophosphate, and dissolved oxygen in transect 1 of the Minho and Lima estuaries. Regarding the hydrodynamic module, a very good fit between model predictions and observed data was verified since the skill values were higher than 0.99 for most of the stations, the bias values were practically null, and the RMSE values were less than 10 cm, with the exception of Barra and Seixas stations. In these stations, a higher RMSE was observed, derived from the local geomorphological characteristics (enlargement and narrowing of the estuary) [87], which strongly modified the tidal fluxes. For salt and heat transport modules, Figure 4 shows the comparison between model predictions and observed water temperature and salinity in transect 1 of the Minho and Lima estuaries, respectively.



In Table 3, higher differences between predictions and observations were observed in the Minho estuary with a RMSE value of 1.34 °C for water temperature and 4.12 ppt for salinity. Regarding CF, it was observed that all values were between 0 and 1, which, according to Radach and Moll [82], represents a very good fit between predictions and observations. The higher values for the Minho estuary can be explained by the low resolution (~10 km) of forcing the open ocean boundary, by performing the simulations with a 2D model and by the existence of dams in both estuaries causing uncertainties in the freshwater inflows imposed, and by neglecting some small freshwater tributaries along the rivers (e.g., Louro, Tea, and Coura rivers). Finally, regarding the water quality module calibration results (Figure 5 and Table 3), the CF values indicated a good fit between predictions and observations (values between 1 and 2). It is found that the largest differences between model predictions and observed nitrate and orthophosphate occurred during periods of large river discharges and near the mouth, in both estuaries, since the concentration of nitrate and orthophosphate in estuaries is strongly influenced by river discharges. The RMSE value for dissolved oxygen was around 1.5 mg O2/L, and the CF value was around 2.5 (reasonable fit). Differences found between model predictions and observations may be due to several factors: (1) the module only considers algae as primary producers (e.g., cyanobacteria and microphytobenthos were not considered); (2) point discharges of pollutants along estuaries have not been inserted and may cause local changes in nutrient concentration and dissolved oxygen; and (3) geochemical processes and substances were not considered in the module. According to these results, the hydrodynamic and salt and heat transport modules had a good agreement between model predictions and observations. The water quality module demonstrated a reliable fit between predictions and observations, representing well the expected annual patterns of the substances under study, and the deviations of dissolved oxygen were very close to studies carried out by other authors [88,89].



The results obtained in the model validation are presented in Figure 6, showing once again that the model accurately represented the processes simulated in both estuaries. A good fit was obtained between predictions and observations for the two periods used to validate the model. For water temperature, a RMSE of 1.25 was obtained for 2013 data and of 0.26 for 2019, while an excellent fit was observed between predictions and observations based on CF values (ranging between 0–1). Regarding salinity, RMSE values of 1.82 and 3.37 were found for 2013 and 2019, respectively, and CF values were between 1 and 2, again showing a good fit between model predictions and observations. Finally, for the dissolved oxygen, a CF value of 1.35 (good fit) and a RMSE of 1.18 were obtained, which are, once more, in the accurate range of the studies referenced above.




3.2. Model Scenarios


In order to analyse the periods with larger differences between scenarios, the annual longitudinal profiles of dissolved oxygen along the estuaries are represented in Figure 7 for each scenario. These profiles show that for both estuaries and for both scenarios, the greatest differences were observed in summer (21 June to 20 September 2012) and winter (21 December 2012 to 1 March 2013) seasons (e.g., Figure 7, representative of the dissolved oxygen variable throughout the year for different scenarios). In this way, a detailed analysis of all variables studied (salinity, water temperature, nitrate, orthophosphate, and dissolved oxygen) was carried out for these periods (Figure 8, Figure 9, Figure 10 and Figure 11 and Supplementary Figures S1–S4).



3.2.1. Summer Season


Figures S1 and S2 (refer to supplementary information) and Figure 8 and Figure 9 represent the average of the study variables for the summer season for the Minho and Lima estuaries, respectively. In the first column (baseline scenario) (Figures S1A and S2A), it was verified through the maps that the model represented an increasing longitudinal water temperature gradient (in the ocean it was possible to observe a mean water temperature of 18 °C and at the estuary heads a temperature of 23 °C). Regarding salinity (Figures S1D and S2D), a longitudinal gradient, with higher values of salinity in the oceanic area and lower in the river headwaters, was observed. Concerning nitrate (Figure 8A and Figure 9A) and orthophosphate (Figure 8D and Figure 9D), these nutrients were very close to zero in the oceanic area since these were mainly from terrestrial sources and river discharges, being absorbed and degraded as the water masses coming from the rivers are directed towards the coast. Finally, by analysing the average horizontal field of dissolved oxygen in both estuaries (Figure 8G and Figure 9G), the highest concentrations were found in the coastal zones and near the estuary mouths. The concentrations were around 9.5 mg O2/L at the mouth and 7.5 mg O2/L near the estuary head. The second column in Figure 8 and Figure 9 and Figures S1 and S2 represents the difference between the scenario of extreme discharge and the baseline scenario. In Figure S1B, it was observed that water temperature in the Minho estuary increased about 0.3 °C near the mouth, but it decreased about 0.6 °C in the upstream areas, whereas in the Lima estuary (Figure S2B) the differences were very close to zero. Regarding salinity (Figures S1E and S2E), it was found that both estuaries tended to become less saline because of the increase in river discharge, where the middle estuarine areas were the most affected. Since there was an increase in river discharge, there was an increase in the concentration of nutrients (nitrate and orthophosphate) inside the estuaries (Figure 8B,E and Figure 9B,E). The dissolved oxygen in the Minho estuary, in summer, decreased about 0.3 mg O2/L, and in the Lima estuary it decreased about 0.1 mg O2/L. In the third column, maps representing the difference between the ecological flow scenario and the baseline scenario were drawn. From these figures, an increase of 0.2 °C was found in the interior of the Minho estuary (Figure S1C), while in the Lima estuary, the differences were very close to zero (Figure S2C). A detailed analysis of the differences between the salinity for SCEN 2 and SCEN 0 show an unexpected salinity pattern in the Minho estuary (Figure S1F), since with ecological flows a higher saline intrusion was expected. This was not observed because the values of the ecological flows used for the summer season had fluvial discharges higher than those used in SCEN 0 (baseline scenario). Because of the aforementioned, a higher concentration of nutrients was observed in the ecological flow scenario (SCEN 2) than in the baseline scenario (SCEN 0).



For the Lima estuary, a larger saline intrusion was found (Figure S2F) since the river discharges for SCEN 2 were lower than those for the baseline scenario. In these conditions, the concentrations of nitrate and orthophosphate in the Lima estuary were lower (Figure 9C,F), leading to a decrease in the dissolved oxygen concentration (Figure 9I) inside the estuary (decrease of 0.2 mg O2/L).




3.2.2. Winter Season


In Figures S3 and S4 and Figure 10 and Figure 11, the averages of study variables (water temperature, salinity, orthophosphate, nitrate, and dissolved oxygen) for the winter season for the Minho and Lima estuaries are depicted, respectively. In Figures S3A and S4A, a predicted longitudinal gradient of water temperature was once again observed, but it was negative in the winter season (temperature of ocean water was higher than near the river mouth for both estuaries). Regarding nitrate and orthophosphate for both estuaries (Figure 10A,D and Figure 11A,D), these nutrients no longer have a concentration of zero in the oceanic area. The nitrate concentration was around 1 mg NO3/L, and the orthophosphate concentration was about 0.04 mg PO4/L. These concentrations were observed in the coastal zones because the rivers transport a large volume of nutrients in these conditions; therefore, exportation of nutrients towards the ocean occurs. Given that nutrient concentrations are relatively higher in the summer season, an increase in oxygen concentration was observed in both estuaries (Figure 10G and Figure 11G). In analysing the second column, representing the difference between extreme discharge and SCEN 0 (baseline) scenarios, water temperature in both estuaries (Figures S3B and S4B) was found to decrease about 0.5 °C near the mouth, while the temperature was almost constant in the areas upstream. Regarding salinity, in the maps representing the difference between SCEN 1 and SCEN 0 (Figures S3E and S4E), it was observed that both estuaries tended to become less saline, which was due to the increase of river discharges. This decrease in salinity and water temperature, as well as increased concentrations of nitrate and orthophosphate (increases of 0.9 and 0.01 mg PO4/L in both estuaries), will lead to an increase of dissolved oxygen in estuarine waters (increase 0.5 mg O2/L in the Minho estuary (Figure 10H) and 0.7 mg O2/L in the Lima estuary (Figure 11H)). Finally, in analysing the maps in the third column, representing the difference between ecological flow and baseline scenarios, it is noted that if ecological flows were discharged, there will be an increase in water temperature of 2 °C in the Lima estuary (Figure S4C) and of 0.5 °C in the Minho estuary (Figure S3C). Regarding salinity (Figures S3F and S4F), a larger saline intrusion was, once again, observed since the river discharges were very low. Given that river discharges of ecological flows were smaller compared to SCEN 0, a lower nutrient concentration was investigated (Figure 10C,F and Figure 11C,F), which caused a huge impact on the concentration of dissolved oxygen mainly in the Lima estuary. In fact, given the differences in river discharges between the baseline scenario and the drought scenario, a drastic decrease of 2 mg O2/L was found in the Lima estuary (Figure 11I), while in the Minho estuary (Figure 10I), only a decrease of 0.3 mg O2/L was observed.






4. Discussion


4.1. Model Calibration and Validation


The results of the water quality models normally showed significant deviations between predictions and observations when compared to the accuracy of the hydrodynamic models. This resulted in some model uncertainties, since these types of models present a greater complexity, and there were some limitations in the databases available for all variables under study.



In comparing the predictions with observations in model calibration (Figure 5A,B), the largest differences were found between predicted (black color) and observed (red color) nitrate in the winter months (December, January, and February) in both estuaries. This can be due to the fact that these periods are very rainy, and the river discharges are relatively high, providing transport of large amounts of nutrients (nutrients from human activities, agricultural field runoff, industrial effluents, and sewage from urban areas). For the remaining months, the model tended to underestimate concentrations. Regarding orthophosphate, the predictions followed the pattern of observations, but the model could not represent a few of the months because the data observed presented very high concentrations. These high concentrations indicated the possibility domestic effluents, industrial effluents, and sewage discharge existing along the estuaries [50], and these point sources were not accounted for in the numerical simulations performed. Another possibility of the model to present some deviations in nitrate may also be due to the denitrification rate, which may be faster than observed.



Regarding the observed differences between predicted and observed data of dissolved oxygen, the model reproduced the theoretical annual standard of dissolved oxygen since, in the summer months, there were lower concentrations of dissolved oxygen (higher consumption of oxygen than production), while in winter, there were higher concentrations of dissolved oxygen (higher production of oxygen than respiration (consumption)), and deviations were similar to other studies [88,89]. Another justification for this theoretical standard is that the higher the water temperature and salinity, the lower the concentration of oxygen; thus, in the summer months, where the water is warmer and more saline, lower concentrations of O2 are observed, but this could not be found in our observations. It is verified that, on average, the highest deviations were found near estuary mouths (Table 3) as well as in the winter months in both estuaries [83]. These differences are mainly due to the fact that there are large river discharges during the winter season and because a continuous temporary series was not imposed in the open water boundary for the period under study, but rather climatologic data were used.



With this, once again it can affirm that the differences found between predictions and observations may be due to several factors: (1) The model only considered algae as primary producers (e.g., cyanobacteria and microphytobenthos were not considered). If the activities of the remaining primary producers were also modeled, there could be some improvement in the adjustment between predicted and observed nutrient and dissolved oxygen concentrations, since there would be a higher nutrient consumption and higher photosynthesis [90]. (2) Point discharges of pollutants along estuaries were inserted and may cause local changes in nutrient concentration and dissolved oxygen. (3) Geochemical processes and substances were not considered in the model, which had large impacts on nutrient concentrations in the water column and in the mineralization processes. It is important to note that some of the factors mentioned may also have impact on the accuracy of the water quality module. Regarding the results obtained in the model validation, they were in the same range of accuracy as those determined during model calibration, demonstrating that the modules are able to accurately simulate the hydrodynamic and water quality processes under different and independent conditions. After this analysis, it can be assumed that the results of the model are reliable, and, in general terms, the model represents well the expected annual standards of the substances under study.




4.2. Model Scenarios


As mentioned earlier, water quality in estuaries is closely linked to the characteristics of their river basins, as river discharges bring solutes, nutrients, dissolved carbon, and particulate matter, and their concentrations may depend greatly on the hydrological, biological, and climatic patterns of each region. Therefore, the occurrence of extreme events changes the degree of dilution or concentration of nutrients, their residence time, and the distribution of saline water and fresh water inside the estuaries.



When studying the behaviour of nutrients in estuaries, it is necessary to consider the high complexity of all processes and substances and their interactions with each other. For this reason, biogeochemical studies of nutrients rarely take into account a wide variety of substances and processes [91], and this study was no exception.



Through the analysis of the water temperature variable, it was verified that with the increase of the fluvial discharges (SCEN1) there was, on average, a slight decrease in the water temperature, while with the decrease of the discharges (SCEN2), there was an increase in the water temperature both in the summer and winter. These changes in water temperature will have a direct impact on estuarine stratification, species distribution and abundance, growth and development of ectothermic organisms (organisms unable to regulate their own body temperature, depending on the ambient temperature), fish populations (which can cause death of species sensitive to water temperature variations), primary production, and, in turn, the concentration of dissolved oxygen in the water column (with increasing water temperature, microbial metabolism increases, and there is a reduction solubility of the dissolved gases). Although the increase in water temperature has some negative aspects, it is important to highlight that when there is low river discharge (drought event), the volume of water in the estuary decreases as a rule and can have positive effects, such as promoting germination and growth of macrophytes on exposed substrates [92].



Another variable that influences the primary production of estuarine fauna and flora, as well as their spatial distribution, is salinity, as it will affect species distribution and stratification. In SCEN1, it was observed that with the increase of river flow, the estuary in summer and winter will tend to have less brackish water, while the estuary will tend to have a greater saline intrusion in SCEN2.



Regarding nitrate and orthophosphate, the high concentrations observed by the discharges were mainly the result of anthropogenic activities in the river basins, and these concentrations can change drastically in a short time. Through the concentrations of these variables, it is possible to verify that, when there are major fluvial discharges, there are higher concentrations of nitrate and orthophosphate. From the analysis of SCEN1, it was verified that both estuaries presented higher concentrations of nutrients in relation to SCEN0. With the high concentrations of nutrients observed in SCEN1 and the increase of the velocity inside the estuaries, the dissolved oxygen concentration would be expected to increase in the estuaries, as these nutrients do not limit the photosynthesis process, and there is a higher re-aeration rate; however, this direct relationship was not always observed (e.g., in the summer). There are other factors/variables that control dissolved oxygen concentrations in the estuaries, such as the rate of oxygen consumption by consumers and decomposing beings (in summer, the rate of oxygen consumption overlaps with production, and in winter the opposite is observed), and the variables of water temperature and salinity also play an essential role in the concentration of dissolved oxygen (the higher the water temperature and the salinity, the lower the dissolved oxygen concentration).



Finally, in analysing the nutrients in SCEN2, a large decrease in nutrients present in both estuaries was verified. This was due to the reduction of river flow through the dams, which, together with the increase in water temperature and salinity observed inside the estuaries, provided a decrease in dissolved oxygen concentration and made the estuaries more anoxic (e.g., sharp decrease of 2 mg O2/ L in the Lima estuary). The fact that estuaries are more anoxic can seriously impact fauna and flora, as some species may die or be forced to migrate to other areas [93,94,95,96]. Many species are sensitive to large variations in the dissolved oxygen concentration [97,98,99,100].





5. Conclusions


The model Delft3D was applied to Minho and Lima estuaries in order to study the impact of climate change, especially extreme river discharge events, on nutrient dynamics in two estuaries subject to different hydrological regimes. Numerical experiments were conducted testing three scenarios with different river discharges.



The results for flood discharge (SCEN 1) suggest a reduced impact on the existing biota inside the estuaries (in both seasons), since there will be a higher concentration of dissolved oxygen in winter (+0.5 mg O2/L in the Minho estuary and +0.7 mg O2/L in the Lima estuary), and the decrease of oxygen is low in the summer (–0.3 mg O2/L in the Minho estuary and –0.1 mg O2/L in the Lima estuary). Regarding nutrient dynamics, there were no major differences between SCEN1 and baseline (SCEN 0) in both estuaries; however, nitrate and orthophosphate concentrations were higher than SCEN 0 because river discharge was also higher.



Concerning the ecological flow scenario (SCEN 2), it was concluded that with the reduction of river discharge, there will be a huge impact on the estuarine biota that exist in both estuaries and in nutrient dynamics. The Lima estuary, with the lower freshwater input, will be the most affected. There will be reduced nutrients supplied to the estuary, and it will become more anoxic (maximum decrease observed in the winter season of –2 mg O2/L), which may lead to the death or migration of some biological species and a reduction in the abundance and biomass of species with low mobility.



In summary, although the estuaries have some similar characteristics (e.g., latitudes and atmospheric conditions), differences in their hydrologic regimes induce dissimilar responses from local nutrient dynamics to the climate change impacts on freshwater inflows, especially under drought conditions. In fact, the smaller discharge of the Lima River results in higher impacts in the extreme drought events scenario (ecological flows, SCEN 2), with larger variations in the analysed variables.



Additionally, this research may also contribute to understanding the direct impact of building dams on rivers, since river inflows are controlled by dams in both estuaries in this study. In the future, significant precautions should be taken regarding the retention of fresh water in reservoirs located upstream of estuaries. The volume of river discharge will determine the ecological quality and health of the estuary as well as the availability of natural resources. A drastic reduction in discharge will have secondary consequences for the economic (e.g., aquaculture, pisciculture) and recreational (e.g., recreational fishing, scuba diving, tourism) sectors.



Finally, the use of water quality models nowadays is a powerful tool, as they provide valuable information to support stakeholders and authorities’ decisions. These models offer forecasts of estuarine dynamics and biogeochemistry, allow the isolated comprehension of different estuarine processes, and also serve to simulate possible scenarios of climate change in coastal water systems. It is important to note that, in these models, it is normal to have some degree of uncertainty and deviations from the observed data, since they are extremely intricate (complexity of the biogeochemical processes and their interactions). In addition, there are difficulties in obtaining high-quality databases.
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Figure 1. Map of the study area (A). Minho (B) and Lima (C) estuaries with sampling transects (T1–T7) and location of the oceanic float (point “P”). 
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Figure 2. Numerical bathymetry and tide gauge stations (red dots) used to extract sea surface elevation (A). Numerical grid (B). 
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Figure 3. River flow values used for both scenarios in the Minho (A) and Lima (B) estuaries. To simplify, the visual comparison of the ecological flow values for the Lima estuary were multiplied by 10. 
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Figure 4. Comparison between predicted (black dots) and observed (red dots) water temperature and salinity in transect 1 of the Minho (A,C) and Lima (B,D) estuaries, respectively. 
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Figure 5. Comparison between predicted (black dots) and observed (red dots) nitrate, ortho-phosphate and dissolved oxygen in transect 1 of the Minho (A,C,E) and Lima (B,D,F) estuaries, respectively. 
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Figure 6. Validation model comparison between predicted (black dots) and observed (red dots) water temperature (A), salinity (B), and dissolved oxygen (C) at point “P” shown in Figure 1, for the year 2013. Comparison between predicted (black dots) and observed (red dots) water temperature (D) and salinity (E) in the Lima estuary for the year 2019. 
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Figure 7. Annual longitudinal profiles of dissolved oxygen along the different transects and scenarios for the Minho (A,C,E) and Lima estuaries (B,D,F). 
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Figure 8. Mean nitrate (A–C), orthophosphate (D–F), and dissolved oxygen (G–I) for the Minho estuary in the summer season for the different scenarios. 
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Figure 9. Mean nitrate (A–C), orthophosphate (D–F), and dissolved oxygen (G–I) for the Lima estuary in the summer season for the different scenarios. 
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Figure 10. Mean nitrate (A–C), orthophosphate (D–F), and dissolved oxygen (G–I) for the Minho estuary in the winter season for the different scenarios. 
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Figure 11. Mean nitrate (A–C), orthophosphate (D–F), and dissolved oxygen (G–I) for the Lima estuary in the winter season for the different scenarios. 
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Table 1. Processes and substances selected for the water quality model.






Table 1. Processes and substances selected for the water quality model.





	
Substances

	
Processes






	
Algae [Non-Diatoms]

	
Potential minimum dissolved oxygen [OXYMin]




	
Net primary production and mortality [GroMrt_Gre]




	
Dissolved Oxygen [OXY]

	
Potential minimum dissolved oxygen [OXYMin]




	
Uptake of nutrients by growth of alga [NutUpt_alg]




	
Variation of primary production within day [VAROXY]




	
Horizontal dispersion velocity dependence [HDisperVel]




	
Denitrification in water column [Denwat_NO3]




	
Nitrification of ammonium [Nitrif_NH4]




	
Reaeration of oxygen [RearOXY]




	
Composition [Compos]




	
Ammonium [NH4]

	
Uptake of nutrients by growth of alga [NutUpt_alg]




	
Nitrification of ammonium [Nitrif_NH4]




	
Composition [Compos]




	
Nitrate [NO3]

	
Uptake of nutrients by growth of alga [NutUpt_alg]




	
Denitrification in water column [DenWat_NO3]




	
Nitrification of ammonium [Nitrif_NH4]




	
Composition [Compos]




	
Orthophosphate [PO4]

	
Uptake of nutrients by growth of alga [NutUpt_alg]




	
Ad(de)sorption of orthophosphorus to inorganic matter




	
Composition [Compos]
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Table 2. Error values for tidal water levels.
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Estuary

	
Stations

	
Root-Mean-Square Error (RMSE) (m)

	
SKILL

	
Bias (m)






	
Minho

	
Barra

	
0.111

	
0.994

	
−0.0068




	
Caminha

	
0.072

	
0.997

	
−8.8287 × 10−4




	
Seixas

	
0.201

	
0.974

	
0.0066




	
Vila Nova de Cerveira

	
0.048

	
0.998

	
−4.203 × 10−4




	
Segadães

	
0.056

	
0.997

	
−4.2299 × 10−4




	
Lima

	
Viana do Castelo

	
0.046

	
0.999

	
−1.1767 × 10−4
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Table 3. RMSE and cost function (CF) values for the transepts shown in Figure 1. RMSE unities are water temperature (°C), salinity (ppt), nitrate (mg NO3/L), orthophosphate (mg PO4/L), and dissolved oxygen (mg O2/L).






Table 3. RMSE and cost function (CF) values for the transepts shown in Figure 1. RMSE unities are water temperature (°C), salinity (ppt), nitrate (mg NO3/L), orthophosphate (mg PO4/L), and dissolved oxygen (mg O2/L).





	
Estuary

	
Variable

	
T1

	
T2

	
T3

	
T4

	
T5

	
T6

	
T7




	
RMSE

	
CF

	
RMSE

	
CF

	
RMSE

	
CF

	
RMSE

	
CF

	
RMSE

	
CF

	
RMSE

	
CF

	
RMSE

	
CF






	
Minho

	
Water Temperature

	
1.34

	
0.30

	
1.00

	
0.21

	
0.81

	
0.20

	
0.87

	
0.17

	
0.78

	
0.17

	
1.01

	
0.25

	
1.45

	
0.26




	
Salinity

	
4.12

	
0.27

	
1.16

	
0.05

	
0.54

	
0.02

	
0.37

	
0.02

	
0.27

	
0.01

	
0.40

	
0.02

	
0.59

	
0.04




	
Dissolved Oxygen

	
1.72

	
3.04

	
1.57

	
2.75

	
1.42

	
2.69

	
1.58

	
2.35

	
1.58

	
1.88

	
1.40

	
1.73

	
1.52

	
1.81




	
Nitrate

	
1.03

	
1.58

	
0.91

	
1.05

	
0.82

	
0.97

	
0.97

	
1.08

	
1.20

	
1.50

	
0.98

	
1.64

	
0.92

	
1.58




	
Orthophosphate

	
0.05

	
0.66

	
0.09

	
0.83

	
0.14

	
0.80

	
0.13

	
0.73

	
0.12

	
0.73

	
0.09

	
0.57

	
0.08

	
0.75




	
Lima

	
Water Temperature

	
0.63

	
0.17

	
0.74

	
0.20

	
0.56

	
0.12

	
0.65

	
0.16

	
0.65

	
0.15

	
0.77

	
0.19

	
0.96

	
0.24




	
Salinity

	
1.17

	
0.10

	
1.68

	
0.16

	
1.71

	
0.13

	
1.99

	
0.16

	
2.73

	
0.30

	
2.93

	
0.40

	
2.60

	
0.28




	
Dissolved oxygen

	
1.68

	
2.65

	
1.42

	
2.13

	
1.52

	
2.36

	
1.43

	
1.75

	
1.46

	
1.65

	
1.39

	
1.69

	
1.32

	
1.34




	
Nitrate

	
0.73

	
1.98

	
0.81

	
2.02

	
0.84

	
1.86

	
0.97

	
1.33

	
1.08

	
2.11

	
1.51

	
1.69

	
1.05

	
2.01




	
Orthophosphate

	
0.05

	
1.09

	
0.05

	
1.10

	
0.05

	
1.07

	
0.17

	
0.56

	
0.20

	
0.71

	
0.17

	
0.80

	
0.13

	
0.98
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