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Fjords are known for their biodiversity and abundant aquaculture resources. However, climate and anthropogenic pressures are altering fjord biological, physical, and chemical processes that will undoubtedly change the ecosystem as a whole. To investigate the impact of climate change on fjord functioning, this study examines the impacts of drought conditions on the physical dynamics and salinity variations in a fjord known for its bolstering aquaculture industry in Northern Chilean Patagonia, the Reloncaví Fjord (41.5° S). Using a high-resolution hydrodynamic model and the Total Exchange Flow (TEF) framework, we analyzed the impacts of river discharge, tides, and wind during a dry year (2016) and a typical year (2018). In 2016, reduced freshwater input decreased exchange flow and increased salinity compared to 2018. In 2018, river discharge dominated TEF variability (74%), while tides and wind contributed 17% and 9%, respectively. In summer 2016, tidal and wind influences rose to 21% and 16%, highlighting their role under low freshwater conditions. Increased wind facilitated destratification, mixing high-salinity subsurface waters with fresh surface layers, affecting ecosystem dynamics. From these results we developed a method to predict long-term stratification variability (1980–2021), identifying critical ecological shifts. Logistic regression models showed significant links between stratification levels and harmful algal blooms (HABs) of Pseudchatonella spp. and Alexandrium catenella. Lower stratification was linked to higher Pseudchatonella spp. HABs in summer, while higher stratification correlated with Alexandrium catenella blooms in spring, tied to increased river discharge. These results suggest that severe HAB events in Northern Patagonia may become more frequent with climate change, underscoring the need to consider local environmental dynamics and stratification in HAB studies.
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1 Introduction

Fjords are characteristically long, narrow, and deep inlets with steep sides and one or more submarine sills (Inall and Gillibrand, 2010). These systems are often strongly stratified due to significant freshwater input which leads to a thin surface layer of freshwater outflow over a thick bottom layer of saline inflow, creating a buoyancy force that can inhibit vertical shear-driven mixing (Geyer and Ralston, 2011; Valle-Levinson, 2010). Fjords are abundant and diverse in high latitudes, and are prevalent in Chilean Patagonia, a region that spans the southern tip of South America from ∼41° to 55.9°S. Patagonian fjords host a rich marine biodiversity, including endemic species and endangered marine mammals, such as whales and dolphins (Hucke-Gaete et al., 2004; Buchan et al., 2010; Viddi et al., 2010; Bedriñana-Romano et al., 2023). In addition, fjords store 11 to 12% of the total organic carbon in the global ocean yet cover only ∼0.1% of the ocean surface area (Smith et al., 2015; Cui et al., 2022), highlighting their importance in climate regulation. Fjords in Chilean Patagonia also support a thriving finfish aquaculture industry, which has made Chile the world’s second largest producer of farmed salmon, after Norway (Food and Agriculture Organization of the United Nations (FAO), 2022).

Climate variability in Chilean Patagonia has been found to impact the frequency and severity of extreme events (Díaz et al., 2023; Mardones et al., 2021), altering the hydrological balance of watersheds and the freshwater input to fjords (Aguayo et al., 2019). For example, Patagonia faced an extreme drought in the summer and fall of 2016, causing reduced river discharge and environmental disturbances like major forest fires and harmful algal blooms (HABs) (Garreaud, 2018; León-Muñoz et al., 2018; Mardones et al., 2021). These changes were linked to a strong El Niño and the influence of the Southern Annular Mode (SAM) compounded with climate and anthropogenic change (Garreaud, 2018; León-Muñoz et al., 2018; Mardones et al., 2021). Future projections suggest northern Patagonia will experience more frequent extreme droughts, like the one in 2016, due to the worsening effects of climate change, which will become especially prominent during El Niño events (Garreaud, 2018). Aguayo et al. (2019) studied the impact of climate change on the Puelo River’s hydrology, a crucial freshwater source in Chile’s Northern Patagonia. Under the ‘Representative Concentration Pathway’ (RCP) 8.5 scenario they projected by 2030-2060 there will be a 10% annual freshwater decrease to the Reloncaví Fjord, which houses the majority of finfish aquaculture and is the main producer of mussel seed in the region. They also anticipate that extreme hydroclimatic events, like the significant 2016 drought, will double in frequency by 2030-2060 (Aguayo et al., 2019).

Considering the impact that climate and anthropogenic change is expected to have on the hydrological and ecological dynamics of fjord regions, it becomes evident that baseline fjord circulation and exchange patterns will also likely shift. Estuarine circulation is commonly defined as a two-layer circulation with a seaward flowing surface layer and a landward flowing subsurface layer (Shan et al., 2019). However, Valle-Levinson et al. (2014) showed that the circulation in fjords can evolve into varied vertical structures influenced by additional forces such as wind, remote factors such as density gradients, and tidal dynamics. Wind forcing, as detailed in studies by Giddings and MacCready (2017); Lange et al. (2020); Wan et al. (2022), and Soto-Riquelme et al. (2023), can significantly reshape the traditional two-layer model, potentially creating a more complex flow pattern. Soto-Riquelme et al. (2023) found that in Patagonian fjords, wind dynamics play a key role, with up-channel winds in winter disrupting density driven circulation and causing a three-layer vertical structure with surface inward flow. During spring and summer, downchannel winds enhanced two-layer estuarine circulation.

Remote forcing can also play a crucial role in the hydrodynamics of fjords. Density gradients in adjacent waters can lead to baroclinic pumping, as described by Stigebrandt (2012), which impacts the circulation within the fjord by imposing horizontal pressure gradients that alter water movement through the fjord’s mouth (Stigebrandt, 1990; Engqvist and Omstedt, 1992; Aure et al., 1996). According to Arneborg et al. (2004), in most of the fjords and inlets along the Swedish and Norwegian coasts, and the Baltic Sea, density fluctuations on the coast are the most important forcing mechanisms for water exchange. However, tidal forces add another dimension of complexity to fjord circulation. Theoretical analyses by Ianniello (1977) and later by Winant (2008) suggest that in deeper fjords, tidal forces can induce a three-layer residual flow. Valle-Levinson et al. (2014) offered observational support for this theory in Patagonian fjords, that tidal action can create this additional layer, emphasizing the need to consider a broader range of dynamic processes when analyzing subtidal circulation in fjords. However, these studies focused on understanding the strength and structure of residual flows without considering the effects of climate change. They also used Eulerian averages to quantify the subtidal circulation, which leaves out tidal pumping effects that could be important when quantifying the volume of exchange over long time scales.

The Total Exchange Flow (TEF) framework, as proposed by MacCready (2011), offers a robust methodology for quantifying the time-averaged net transport of volume and mass between the ocean and estuaries, segmented by salinity classes. This approach is particularly relevant for fjords in Northern Patagonia, where tidal amplitudes due to resonance phenomena are notable (Cáceres et al., 2003; Aiken, 2008), making the tidal influence on exchange flow potentially significant. The overall goal of this study is to determine how extreme drought conditions affect the physical functioning of stratified fjords. To reach this goal two specific research questions will be answered: 1) How does TEF vary in a stratified fjord throughout a drought year (2016) with low freshwater inflow and a year with typical freshwater inflow (2018), and 2) What is the relative importance of wind and tidal forcing on exchange flow between these two years? To answer these questions, we use numerical simulations of Reloncaví Fjord in Northern Patagonia to quantify the TEF during the drought and typical years. Reloncaví Fjord is known for its prolific salmon farming industry, which is extensive, yet sensitive to environmental changes. Notably, a harmful algal bloom (HAB) during the 2016 drought caused significant economic and ecological damage, with losses surpassing $800 million USD from the mortality of 40,000 tons of salmon, creating a social and sanitary crisis (León-Muñoz et al., 2018). The drought condition that Reloncaví Fjord faced in 2016 is the motivation for choosing it as a case study area. The work presented here underscores the urgent need to understand the intrinsic nature of fjord systems, especially those transitioning due to climate change, and the broader potential ecological implications of these shifts.




2 Study area

The Reloncaví Fjord is approximately 55 km long and on average 2.3 km wide with depths varying greatly from the head to the mouth of the fjord (Figure 1). The fjord is shallow upstream of the Cochamó River to the head of the fjord, where the Petrohué River is located, and in this region has an average depth of 50 m. The fjord is deepest, with an average depth of 400 m, close to the mouth. To the north and south of the Puelo River at the mid-reaches of the fjord, the average depths are 270 and 220 m, respectively (Castillo et al., 2012) (Figure 1). The fjord is surrounded by mountainous terrain on all sides and connects to the adjacent Reloncaví Sound.




Figure 1 | Study area and model domain. (A) Global map showing South America with a focus on Patagonia; the study area is highlighted within a box. (B) MIKE 3 FM hydrodynamic model domain with an unstructured mesh, centered on Northern Patagonia. The blue box marks the region used for hydro-meteorological data extraction. (C) Detailed view of the Reloncaví Fjord. The pink dashed line represents the cross-section at the fjord’s mouth used for Total Exchange Flow (TEF) analysis. The red square indicates a data extraction point for salinity, current profiles, and surface wind data. Green squares show CTD stations used for model validation. The yellow triangle marks the location of a weather station, and the pink triangle marks the ADCP location, both used for model validation. The cyan square represents the position of the tide gauge near the fjord’s head, also used for model validation. Major rivers are labeled, and the color bar illustrates the bathymetry.



Located in a temperate region, the Reloncaví Fjord experiences a snow-rain hydrological regime. These mixed regime patterns govern the river discharge in the area, with rivers reaching peak flows during winter (by rain) and spring (by snow melting) (Niemeyer and Cereceda, 1984). Among the rivers feeding into the fjord, the Puelo River is not only the largest in the area, but is also one of the largest in Patagonia, with an annual average discharge of approximately 650 m3s−1 (Niemeyer and Cereceda, 1984). The main peak is in winter due to precipitation (May–July average: 771–866 m3s−1) with a secondary, snowmelt peak in late spring (November–December average: 712–761 m3s−1) (Lara et al., 2005). This river’s average discharge is roughly double that of the Petrohué River, which itself has an average annual discharge of 280 m3s−1 (León, 2005). The Petrohué River reaches its peak flow during winter, with maximum discharges of around 450 m3s−1 (Castillo et al., 2012). In addition to these primary rivers, freshwater input to the Reloncaví Fjord is supplemented by several smaller sources. The Cochamo River, for example, contributes an average annual discharge of 20 m3s−1, while the nearby Canutillar hydroelectric plant adds around 75.5 m3s−1 to the system’s freshwater inflow (Castillo et al., 2012).

The Reloncaví Fjord is typically strongly stratified throughout the year with a thin surface layer of brackish water with mean salinities between 10.4 ± 1.4 g kg−1 in spring and 13.2 ± 2.5 g kg−1 in autumn (Castillo et al., 2012). Beneath the surface layer, changes in salinity are considerably less pronounced. For example, at 20 m depth, the salinity was found to be 32.2 g kg−1, increasing to 32.8 g kg−1 below 250 m depth close to the mouth in the study by Castillo et al. (2012). The winds are mainly down-fjord during winter (east to west), reinforcing the outflow of the freshwater upper layer, while the winds blow predominantly up-fjord during spring and summer (west to east) (Castillo et al., 2012). Inside the fjord (near the Puelo River), the maximum tidal amplitude is 6 m and tidal current velocities are approximately 0.1 m s−1 (Valle-Levinson et al., 2007).

Castillo et al. (2012) analyzed current velocity data collected from July to November 2008 during a typical hydrological year. They found a three-layer vertical pattern in the residual along-fjord circulation within Reloncaví Fjord with a thin (<5 m) outflow in the upper layer, a thick intermediate inflow layer (>5 m and <100 m) and a weak deep (>100 m) outflow layer (Valle-Levinson et al., 2007; Castillo et al., 2012). Castillo et al. (2012) revealed that along-channel advective terms were the most relevant in producing this three-layer vertical residual flow structure. However, near the Puelo River, where the fjord curves sharply and there is a strong baroclinic influence from river input, both advective and frictional forces were relevant.




3 Methodology



3.1 Hydro-meteorological data and analysis

To understand the general conditions and trends of the hydrological and atmospheric variables that influence the Reloncaví Fjord region, we analyzed meteorological data from 1980 to 2020. The atmospheric data were obtained from the CR2MET dataset (Boisier, 2023), (http://www.cr2.cl/datos-productos-grillados/) and ERA5. The ERA5 is the latest climate reanalysis produced by the European Centre for Medium-Range Weather Forecasts (ECMWF) under the Copernicus Climate Change Service (https://climate.copernicus.eu). The ERA5 dataset extracted for this study includes mean sea level (MSL) pressure (atmospheric pressure) and CR2MET provides precipitation data, both of which are from a grid point close to the Puelo River (Figure 1B). The hydrological data include discharge values from the Puelo River, which are modeled by the FLOW-IFOP hydrological system (Reche et al., 2021). This model utilizes precipitation and temperature time series data from the CR2MET gridded product to simulate runoff and calculate daily discharge time series for the period from 1980-2021.

To investigate long-term trends of these parameters, averages of MSL pressure, precipitation, and river discharge were calculated over the austral summer (January to March) from 1980 to 2020, followed by trend line estimation. This specific seasonal window was chosen for two key reasons: first, it coincides with the months of historically lowest river discharge (Niemeyer and Cereceda, 1984). Second, this seasonal window aligns with the time of historical biological activity in the fjord, in particular algal blooms (Mardones, 2020). The combination of low river discharge and high biological activity can interact and influence the system’s dynamics, making this period particularly interesting for studying ecosystem dynamics. We calculated linear trends for each parameter (MSL pressure, precipitation, and river discharge) using a least-squares regression model. Uncertainty was assessed by calculating the standard error of the estimated slope. The statistical significance of the trends were evaluated using the p-value associated with the slope estimate. These analyses provide insights into how each parameter has changed over the study period and allow us to assess whether these changes are significant.




3.2 Numerical models setup and simulations

A three-dimensional numerical model developed in MIKE 3 FM (Danish Hydraulic Institute (DHI), 2019) has been configured to simulate the hydrodynamics in the Reloncaví Fjord and the surrounding region. The model solves continuity, momentum, temperature, and salinity transport equations using the finite volume method (Danish Hydraulic Institute (DHI), 2019). In this study, the high-resolution model domain includes a large section of northern Patagonia including the Ancud Gulf, the inlet passage connecting the Ancud Gulf to the Pacific Ocean, Reloncaví Sound, and Reloncavi Fjord (Figure 1).

The model configuration is hydrostatic, with vertical discretization via hybrid coordinates that are sigma coordinates at the surface and z-level coordinates in the bottom layers. In total, there are 60 vertical layers, which were needed to accurately depict the near-surface stratification. In fact, the highest resolution of sigma coordinates, approximately 1 m vertical spacing, is in the upper water column. Horizontal eddy viscosity was characterized using the Smagorinsky formula (Smagorinsky, 1963), while the vertical eddy viscosity was incorporated through the κ–∊ turbulence scheme. This scheme solves the transport equations for both turbulent kinetic energy (κ) and the turbulent dissipation rate (∊) (Launder and Spalding, 1974; Rodi, 1984). Bathymetry was based on SHOA (Servicio Hidrográfico y Oceanográfico de la Armada) nautical chart soundings, and a digital elevation model was constructed using the natural neighbor method (Sibson, 1981). The domain was discretized using an unstructured grid of triangular elements of different sizes. The highest resolution is in the narrow and shallow coastal areas, with an average element size of 50 m, whereas the spatial resolution near the boundary is approximately 1000 m.

The modeling period for this study extends from winter 2015 through 2018. For the purposes of this investigation, data from the years 2016 and 2018 were exclusively examined as representative ‘dry’ and ‘typical’ years, respectively. Boundary conditions for the study, such as temperature, salinity, current velocities, and sea level, were obtained from the regional hydrodynamic model ‘D1-Chiloeé’ (Pinilla et al., 2020), which has been extensively utilized in other studies (Mardones et al., 2021; Pérez-Santos et al., 2021; Landaeta et al., 2023; Linford et al., 2023). Additionally, ‘D1-Chiloé’ is freely accessible on the CHONOS online platform at http://chonos.ifop.cl, promoting transparency and facilitating future research endeavors (Reche et al., 2021).

Freshwater inflows at the upstream model boundaries were derived from the FLOW-IFOP hydrological model. This model incorporates data from major rivers, specifically the Petrohué, Cochamó, and Puelo rivers, as illustrated in Figure 1, along with several other sources of considerably lesser magnitude. Based on FLOW-IFOP estimates, the average annual (1980-2021) freshwater discharge entering the Reloncaví Fjord was approximately 970 m3 s−1, with nearly 2/3 of this contribution from the Puelo River. The performance of the FLOW-IFOP model at the gauged river stations of the Chilean Water Authority is accessible on the Chonos Information System online platform (http://chonos.ifop.cl/flow/) (Reche et al., 2021).

Atmospheric drivers, including wind stress and heat fluxes across the sea surface, were incorporated into the model using spatially and temporally variable fields derived from the WRF-IFOP atmospheric model (Reche et al., 2021). The WRF model (Skamarock et al., 2008) has a spatial resolution of 3 km, offering a finer resolution than global models, yet it remains relatively coarse for capturing intricate topographical features and local wind details.

The different models were extensively validated in their ability to reproduce wind, river discharge, salinity, and current velocity data. Detailed validation results, including statistical comparisons with observational data, are provided in the Supplementary Material accompanying this manuscript.

To achieve the goals of this study, which include assessing the effects of river inflow, wind stress, and tides on exchange flow dynamics within Reloncavi Fjord, a series of process-oriented simulations were performed. The first, our base model denoted ‘RTW-1’, integrates all forcing components—rivers, tides, and wind. Subsequently, to isolate the impact of wind stress, a ‘No-Wind’ scenario, ‘RT-2’, was run using the same base configuration but omitting wind influence. Finally, a third model, ‘R-3’, incorporates only the riverine input. The ‘R-3’ model, while primarily considering river input, also accounts for external density changes from the ‘D1-Chiloe’ regional model’s boundary conditions. This approach allows us to capture the estuarine variability driven not just by rivers but also by external density variations. Comparing the results from ‘RTW-1’ with those from ‘RT-2’ and ‘R-3’ allows for a detailed assessment of the contributions from each force separately, thereby enhancing our understanding of their individual roles in shaping the exchange flow. In addition, to isolate the contributions of tides, wind and river to the TEF, we will subtract the values of TEF outflow, Qout, from one model run with another. For example, to isolate the contribution of tides to the TEF outflow, we will subtract Qout from R-3 from Qout from RT-2. It should be noted that when referring to ‘tides’ within our simulations, it is essential to clarify that we are focusing on the subtidal components of tidal dynamics. This means that while diurnal and semidiurnal tidal forces are included in our models, we specifically examine the effects beyond these tidal signals, mainly over fortnightly tidal cycles.




3.3 Total Exchange Flow (TEF)

The TEF analysis framework (MacCready, 2011) quantifies the transport of volume and salinity both into and out of the estuary in salinity space and employs isohaline coordinates to separate the inflow and outflow into salinity classes. TEF captures both tidal and subtidal dynamics to perfectly satisfy the Knudsen relations (Burchard et al., 2018). Following MacCready (2011), the tidally averaged (denoted by ⟨⟩) transport Q(S) through the cross-sectional area A(s > S), which has a salinity s above a specific value S is defined as:



where u is the incoming velocity normal to  . The exchange flow volume transport with respect to salinity class,  , is then obtained by differentiating   with respect to S,



The negative sign in front of   ensures that a positive value of this derivative represents an inflow for a specific salinity class. To obtain TEF values that are less sensitive to the number of salinity bins, which could lead to spurious increases in transport, MacCready et al. (2018) recommended using a dividing salinity (Sdiv), which separates the inflowing higher salinity water from the outflowing lower salinity water. This partitioning is achieved by locating the salinity at which the flux function q(S) transitions from positive (inflow) to negative (outflow) values, or vice versa, corresponding to the extremum of the cumulative transport function Q(S) where its derivative   equals zero. Once the dividing salinities have been found, the TEF values can be quantified as,



Here, Qin and Qout represent the TEF inflow and outflow volumes at the estuary mouth. Lorenz et al. (2019) further developed this mathematical concept, demonstrating the proper convergence of the dividing salinity method and its applicability to exchange flows with more than two layers. We adopt this approach that includes multi-layered exchange flows termed the ‘Extended Dividing Salinity Method’, and readers are referred to Lorenz et al. (2019) for more details.

Similarly, the inward and outward salt flux,   and  , are defined as,



Once these are found, the flux-weighted average inflow and outflow salinities can be quantified as,



The difference between   and   describes the stratification, quantified as the transport-weighted salinities of the exchange flow as,



This value of ΔS will be used to understand how stratification in the fjord varies in the dry and typical years as well as to understand how different forcing mechanisms such as tides, wind and river alter stratification during the investigated years. TEF analyses will be carried out in the section located at the mouth of the Reloncaví Fjord.





4 Results



4.1 Trends in precipitation, river inflow, and wind

The MSL pressure and precipitation from the austral summer to fall of 1980 to 2020 in the Reloncaví Fjord area and the Puelo River discharge all revealed trends toward drier conditions (Figure 2). The MSL pressure (Figure 2A) shows a positive trend, indicating that the pressure increases by 0.032hPayear−1, while the precipitation time series indicates that rainfall will decrease by −0.85mmyear−1 over the 40-year period (Figure 2B). Most significantly, and likely a product of the decreasing rainfall, river discharge decreases by −10.18m3 s−1 year−1 (Figure 2C). These trends have been determined with statistical confidence, as the uncertainties derived from Monte Carlo simulations are smaller than the trend slopes. These results suggest a long-term trend toward drier conditions in the region. We will now consider the monthly variability of the river inflow into Reloncaví Fjord, focusing on the Puelo River, which is the largest contributor of freshwater. The discharge will be considered during the year of the extreme drought, 2016, and the year with more typical precipitation, 2018 (Figure 2B).




Figure 2 | Time series of the austral summer (January to March) averages from 1980-2020 for (A) Mean Sea Level Atmospheric Pressure [hPa], (B) Precipitation [mm/year], and (C) discharge from the Puelo River [m3s−1]. The black dashed line in each subplot denotes the linear trend line. The slope and p-values of these trend lines were determined using linear regression.



The monthly average flow rates of the Puelo River for 2016 and 2018 (Figure 3A) show a decrease during the austral summer months (January-February) followed by a progressive increase from the fall through to spring (April-November) in both years. Despite this overarching trend, differences between the two years are evident. The year 2016, marked by severe drought conditions, showed the lowest flow rates (< 500m3s−1) not just in the summer (January-March) but also spanning the entire fall (April to June) and the beginning of winter (July). Conversely, in 2018, while adhering to the same cyclical pattern as 2016, the discharge values were below 500m3s−1 only during the summer months of February and March and were higher than those of 2016 except for the month of August (Figure 3A).




Figure 3 | Comparison of river discharge and wind stress for 2016 (red) and 2018 (gray). (A) The monthly average Puelo River discharge, (B) the monthly average east-west wind stress (τx), and (C) the monthly average north-south wind stress (τy).



The wind stress reveals yearly differences in intensity and direction, as well as between the years 2016 and 2018. Overall, the east-west wind stress (τx) is more intense than the north-south (τy) for both years (Figures 3B, C) due to the mountainous terrain surrounding the entrance of the fjord funneling the wind in an east-west orientation (Figure 1). During the summer months (January to March), the east-west wind stress is largely positive (east), and therefore the wind is directed into the fjord. This trend shifts in fall and, more notably, in winter (April to August), when the wind stress is negative (west) and therefore directed out-fjord. However, this is more prevalent in 2018, as the wind velocities in fall and winter of 2016 were overall weak in comparison. Subsequently, in spring (November and December), the direction of the wind stress was again predominantly positive. The north-south component of wind stress (τy), although weaker in magnitude than the east-west component, is almost consistently positive throughout both years, indicating a predominantly northward directed wind.




4.2 Total Exchange Flow (TEF) in 2016 vs. 2018

The Total Exchange Flow (TEF) at the mouth of the Reloncaví Fjord was calculated for the years 2016 and 2018. The first simulation considers forcing from river discharge, wind stress, and tides (RTW-1) (Figure 4). The bulk TEF values were lower in 2016 than 2018 by approximately 14.3% for Qin and 16.7% for Qout (Figure 4). The annual-mean salinity transport with respect to salinity classes,  , spans higher salinity classes in 2016, with the maximum salinity exceeding 33 g kg−1 in 2016 while it remained less than 33 g kg−1 in 2018. This suggests that the water column was overall saltier in 2016 than 2018, likely due to the decreased precipitation in the region and decreased freshwater inflow to the fjord, which subsequently weakened the exchange flow.




Figure 4 | Annual-mean salinity transport qS(S) for 2016 (black line) and 2018 (blue line) with respect to salinity class. The TEF inflow (Qin) and outflow (Qout) values integrated over the salinity bins are given in the legend.



The tidally averaged yet temporally varying exchange flow values and their associated salinity classes exhibit a dependency on the river inflow, QR, in both the ranges of salinity and the strength of the exchange flow (Figures 5A, C, D, F). When river discharge dropped below 500m3s−1 for extended periods of time (more than one month), the range of salinities found in the fjord decreased, trending toward higher values. This occurred twice in 2016, namely from mid January to mid April, and May to the start of July with the most limited salinity range being ∼ 32−33 g kg−1 (Figures 5A, C). In 2018 the river discharge was overall higher and therefore the range of salinities in the fjord was consistently wider and fresher than 2016. There was only one time period, from mid January to early March, when the river discharge fell below 500m3s−1 for over one month. During this time period the range of salinity in the fjord was limited to ∼ 30−32.7 g kg−1 (Figures 5D, F). When river discharge was low in both 2016 and 2018, there were several instances with inflow at both the high and low ends of the salinity range, indicating that the freshest water in the fjord at these times was being advected into the fjord rather than out. This is most pronounced in 2016, particularly in March to early April and in June, however it also occurs in February 2018 although much weaker in comparison to 2016 (Figure 5F).




Figure 5 | (A) Time series of daily river discharge QR, (B) the east-west wind stress with positive values denoting an in-fjord wind stress and negative values denoting out-fjord wind stress, and (C) the tidallyaveraged TEF salinity profile for 2016 with positive values denoting inflow and negative values denoting outflow. Subplots (D-F) are the same as (A-C) but for 2018. The transparent gray boxes represent times when the river discharge was under 500m3s−1. The arrows show instances of inflow at low salinities found only when river discharge was low.



The influence of wind stress on TEF dynamics is qualitatively less apparent than the river, but could be the cause of the inflow of low salinity waters during low river discharge. This phenomenon may occur when baroclinic forcing is weak, allowing in-fjord wind to weaken or reverse the typical near-surface outflow of the estuarine circulation. In fact, during the ‘inflow’ events, the wind is predominantly directed eastward (in-fjord) with pulses exceeding 0.05 Pa (Figures 5B, E). This will be expanded upon more in the following sections.




4.3 Exchange flow drivers

Temporal variations in TEF outflow, Qout, revealed that river discharge was by far the main driver of the TEF outflow, with the tide the second largest contributor and the wind the third (Figure 6) for both 2016 and 2018. While the ordering of contributing forces remained consistent between the two years, the magnitudes of their contributions differed, suggesting variations in the relative importance of these forces under different conditions. In both years, river discharge was the dominant contributor in all seasons, particularly during winter and spring when TEF was at its peak. The river’s contribution to the outflow was 66.2% for 2016 and 73.5% for 2018, while the tidal contribution was 22.1% for 2016 and 17.3% for 2018, never surpassing that of the river. The contribution from wind was most apparent during the summer months in 2016 and in the winter of 2018. The annual average of the wind contribution was 12.3% in 2016 and 9.1% for 2018 (Figure 6).




Figure 6 | Temporal variations in TEF outflow Qout contributions in the Reloncaví Fjord Mouth for (A) 2016 and (B) 2018. The plots illustrate the comparative monthly outflow volumes (Qout), categorized by the driving forces: Total (black line), Wind (teal line), Tide (purple line), and River (orange line). Seasonal annotations provide the percentage contributions of wind, tide, and river forces.



In 2016, the river’s contribution to TEF outflow, albeit still predominant, represented a smaller proportion compared to that of 2018, particularly during the summer and fall seasons, in these periods, the contribution hovered around 62% (62.52% for summer and 62.91% for fall; Figure 6). The reduction in the river’s relative contribution allows the influences of wind and tide to emerge more prominently. For example, during periods of low river discharge (< 500 m3s−1 in summer 2016), the wind and tidal contributions to the TEF outflow increased to ∼ 16 and 21%, respectively, Figure 6A), compared to the same season in 2018 when wind contributed 13% and tide contributed 15% to TEF outflow (Figure 6B). This implies that when river discharge is weak, higher-frequency forcing can augment, inhibit, or attenuate TEF. For example, in the tide only simulation (difference between RT-2 and R-3), the TEF outflow oscillates at a fortnightly periodicity (Figure 6 and Wavelet details in Supplementary Figures S6C, G in the Supplementary Material). Wind, on the other hand, alters the TEF outflow at even higher frequencies in the ∼ 5−10 day synoptic band (Supplementary Figures S6B, F) such that wind influence can surpasses that of tides and river on short temporal scales, even with minor wind changes (<0.05-0.1 Pa). This aspect will be explored further in the following section.




4.4 Wind effects on TEF, salinity, and circulation

Despite the surface wind being a secondary factor in the dynamics of the Total Exchange Flow (TEF), its role becomes important under specific circumstances, notably during periods of minimal river discharge (<500 m3s−1), such as was observed in the summer and early fall of 2016. We examined the exchange flow over approximately 40 days during this period to analyze the exchange flow compared to wind variability, near-surface salinity, and the vertical subtidal flow structure at the mouth of the fjord (Figure 7). In-fjord (eastward) wind pulses occurred every ∼ 5−10 days while the river discharge was sustained below < 500 m3s−1 (Figure 7A). The in-fjord wind influenced the exchange flow by mixing the near-surface layer and advecting the fresher surface water into the fjord (Figure 7). In addition, the TEF outflow was augmented at mid-range salinities during the pulses, which translated as augmented subtidal outflow at deeper depths which is found, for example, on March 1st, 6th, 12th, 20th, 25th, April 3rd and most pronounced on April 9th (Figure 7D). Once the in-fjord wind relaxed, the TEF outflow was enhanced at the mid to lower salinity bins as stratification in the near-surface layers was re-established.




Figure 7 | Time series at the Reloncaví Fjord mouth during the end of summer and early fall (2016) to investigate the influence of wind forcing. (A) The east-west wind stress, τx, and river discharge, QR. (B) The TEF with respect to salinity bins. (C) Subtidal salinity profile from the surface to 30 m depth. (D) Subtidal current velocities at the fjord’s mouth. Negative values denote outflow and positive values denote inflow. The vertical dashed lines indicate times when both the river discharge is below 500 m3/s and the wind is directed in-fjord.



The intricate interplay between river and wind influence demonstrates how specific wind patterns can alter fjord dynamics by promoting vertical mixing and modifying the salinity profile and current structure, but only under certain hydrological regimes. This emphasizes the nuanced and situational impact of wind on fjord ecosystems during critical periods of low river discharge. In fact, in years with more typical river discharge, such as 2018, the wind was not able to influence TEF to such a degree (Figure 5F). The summer months of 2016 were when the devastating harmful algal bloom was present in Northern Patagonia, implying that parameters such as these could be indicators as to when the fjord ecosystem will be susceptible to hazards such as harmful algal blooms. This will be considered further in the discussion section. First, the influence of the different forcing mechanisms (river, tide, and wind) on stratification will be investigated.




4.5 Stratification

When comparing stratification conditions between 2016 and 2018, the latter year generally exhibits higher ΔS values, indicating a more stratified water column (Figure 8). To elucidate the roles of tides and wind on destratification processes in the fjord, we investigated how ΔS changes depending on the river, tide, and wind forcing. Seasonal variations in ΔS were found in all simulations, influenced by seasonal variations in river inputs, which were most pronounced during the high runoff periods in winter and spring (July to December). When considering the model output that included only river input (R-3, red lines in Figure 8), this simulation resulted in the most stratified conditions for both years.




Figure 8 | Temporal variation of stratification ΔS (Sin − Sout) over the years (A) 2016 and (B) 2018. The black line represents ΔS including river, tide, and wind as forcing mechanisms (RTW-1 case), the blue line includes river and tides only (RT-2 case), and the red line includes only river contributions (R-3 case).



In the simulation that includes both rivers and tide effects (RT-2, blue line in Figure 8), ΔS still varies along with the river flow seasonal cycles, however, stratification is decreased from that of the river-only case (R-3). Focusing on 2016, from summer to fall (January to July), tides decreased stratification by ∼ 1 g kg−1, however, during winter and spring, when river discharge values were at their peak, the tides were able to decrease stratification by nearly 3 g kg−1. This is not a surprise as the more freshwater available to mix, the more effective the tides are at mixing.

Comparing the model output that included river and tides (RT-2, blue line) to the output with all forcing considered (RTW-1, black line) allows us to assess the additional impact of wind on the destratification in addition to the tide (Figure 8). In both 2016 and 2018, the wind was largely found to attenuate the stratification although in some instances it did slightly enhance stratification. This observation suggests that the wind’s direction, aligning with or opposing the baroclinic pressure gradient, affects stratification. During the summer and fall of 2016 in particular, the period characterized by very low river discharge (< 500 m3s−1), the in-fjord winds, though still relatively weak, led to a discernible escalation in destratification that nearly homogenized the water column (Figure 8A March and June). Moreover, the wind’s effect operates at higher frequencies compared to the other forcing factors (tides and river). While these high-frequency wind events during low river discharge conditions might not have a significant impact on annual scales, they can be critical over short time periods. Such events can alter the fjord’s physical and biogeochemical structure for several days, potentially affecting the local ecosystem dynamics, particularly with rapidly developing harmful algal blooms (HABs). We will now discuss the results of this study, extrapolating our findings to explore whether historical river discharge and stratification conditions can be used as indicators of hazardous conditions in the Reloncaví Fjord, particularly concerning HABs.





5 Discussion

As climate change continues to reshape global weather patterns, its impact on regional hydrological cycles is becoming increasingly evident, particularly in environments such as Northern Patagonia. The 2016 drought in Patagonia offers a case study of these impacts, serving as a potential harbinger of future conditions under more frequent and severe climate-driven hydrological anomalies as documented by Aguayo et al. (2019). In this context, our investigation into the Total Exchange Flow (TEF) dynamics within the Reloncavi Fjord during such an extreme event reveals insights into the balance between freshwater inputs and other physical drivers, such as wind and tides, in determining the overall exchange with the adjacent ocean.

Our results delineate the varying impacts of river discharge, tides, and wind on the fjord’s hydrodynamics, with river flow consistently identified as the dominant force, particularly during winter and spring (JulyDecember). In the austral summer and fall of 2016, the dominance of river flow diminished due to the drought conditions, allowing for wind and tidal forces to destratify the water column, reduce TEF, and periodically reverse the typical estuarine circulation structure. Is it a coincidence that 2016, which coincided with one of the strongest harmful algal bloom (HAB) events on record in the Northern Patagonian Fjords (resulting in up to USD 800 million in losses to salmon aquaculture, according to GlobalHAB, 2023), also saw reduced river discharge and destratification? We will now attempt to determine if there are links between historical instances of these conditions and other documented HABs in the region.

While river discharge is the primary driver of TEF in Reloncaví Fjord, wind can influence the dynamics over much shorter temporal scales (5-10 days, Figure 7; Supplementary Figure S6). Our results have shown that during periods of low river discharge, even weak wind events can cause the stratified upper layer to mix, indicating that dense subsurface waters can reach the surface (Figure 7), allowing chemical tracers such inorganic nutrients to reach the surface layer, potentially altering the fjord’s ecological balance, as suggested by the findings of León-Muñoz et al. (2018) during the 2016 HAB event in North Patagonia. In the Strait of Georgia, a semi-enclosed estuarine area in Canada, Moore-Maley and Allen (2022), used a high-resolution biophysical coupled model to demonstrate that wind-driven upwelling plays a crucial role in controlling surface nutrients and water properties. They showed how episodic upwelling, steered by mountainous topography and influenced by prevailing wind patterns, can produce significant positive nitrate anomalies along the shores. At the head of the Comau Fjord, upwelling conditions were also reported due to wind influence and contributed to the injection of nutrients and other biogeochemical parameters into the surface layer (Crosswell et al., 2022; Díaz et al., 2023). In a study by Díaz et al. (2023), upwelling was produced by dominant southern wind which uplifted deep water rich in nutrients and organic matter. This was proposed as the main mechanism generating a HAB event of Heterosigma akashiwo in the Comau Fjord during the autumn 2021.

These findings suggest that wind-driven processes may play a role in nutrient dynamics and the formation of HABs under specific river flow conditions. However, predicting HAB occurrences still presents a formidable challenge due to the complex interplay of eco-physiological factors and physical and chemical processes (Berdalet et al., 2016), including variations in salinity, temperature, light and nutrient availability, all of which favor different species. Our understanding of these processes that control HAB dynamics in general is incomplete, making their parameterization in numerical models extremely difficult (Berdalet et al., 2016). The intricate nature of these interactions not only hinders the development of decision support tools for effective management and regulation but also highlights the difficulty of generalizing predictive models for HAB occurrences due to the unique conditions each algal species require. Our study found that low-river discharge conditions permit wind forcing to destratify the upper water column, allowing for any present subsurface biochemical conditions (typically found below the pycnocline) to reach the surface. Therefore, a potential indicator for HABs in general, independent of species specific conditions, could be fjord stratification conditions. Therefore, we investigate whether variations in river discharge and the ensuing changes in stratification conditions could serve as a reliable and easily quantifiable proxy for HABs decision support and forecasting.



5.1 Stratification as an indicator for HABs

Wind, river discharge, and stratification interact to shape the exchange flow, with low river discharge conditions driving destratification. This destratification (low ΔS) could play a significant role in the ecosystem’s response to environmental conditions, influencing the likelihood of HAB events. In this context, while the correlation between winds and exchange flow during low discharge conditions remains an essential aspect of our analysis, it is clear that river discharge has a more direct relationship with stratification.

To explore the relationship between stratification and harmful algal blooms (HABs), we conducted a statistical analysis correlating reconstructed stratification levels (ΔS) from 1980 to 2021 with documented HAB events. The initial correlation between river discharge and stratification in the Reloncaví Fjord was established using data from 2016 and 2018 (Figure 9). Following this, we reconstructed long-term stratification conditions using the river flow data from the FLOW-IFOP model (described in Section 3.1) over the period 1980 to 2021. For each year, the seasonal stratification index (ΔS) was calculated for all four seasons (summer, fall, winter, spring), allowing for a comprehensive analysis of long-term trends. This analysis was paired with a logistic regression model (Ralston and Moore, 2020; Lane et al., 2009), which evaluated how different stratification levels influenced the probability of specific HAB species occurrences.




Figure 9 | Correlation between river discharge QR and stratification ΔS for 2016 and 2018 combined. The black lines are the linear regression lines with the R2 value. The color gradient represents the magnitude of TEF volume outflow, Qout.



The results of this analysis (Figure 10) demonstrated that Pseudchatonella spp. is strongly associated with low stratification levels, particularly during the summer months when river discharge is reduced, leading to destratification (Figure 10A). The statistical model revealed a significant inverse relationship between ΔS and HAB occurrence for this species, with the probability of occurrence exceeding 50% when stratification levels were low (p-value < 0.05). Notably, when focusing on the post-1990 period, which includes more comprehensive monitoring records, the probability of occurrence increased to 68% (Figure 10B). These findings support the hypothesis that low-discharge-induced destratification fosters conditions favorable for Pseudchatonella spp. blooms, consistent with prior research that links salinity fluctuations to the proliferation of this ichthyotoxic species (Mardones et al., 2019).




Figure 10 | Reconstructed stratification index ΔS and its relationship with harmful algal blooms (HABs) from 1980 to 2021. (A, C, E, G) show monthly averages (gray line) of ΔS alongside seasonal averages (black line) for summer, fall, winter, and spring, respectively. HAB events are represented by different symbols and colors corresponding to the species involved, indicating the presence of blooms for each year. (B, D, F, H) display logistic regression models that assess the probability of HAB occurrence for each species as a function of the stratification index. A significant inverse relationship is found for Pseudchatonella spp. during summer months (B), where low ΔS (destratification) is linked to a higher probability of occurrence (p-value < 0.05). In contrast, Alexandrium catenella shows a positive relationship with higher stratification (increased ΔS) during spring (H). Other species display weaker or nonsignificant relationships, indicating that stratification alone may not fully explain their occurrence.



In fall and winter, no significant relationships with any species were observed, with p-values greater than 0.05 (Figures 10C–F). This suggests that during these seasons, stratification levels may not play a dominant role in driving the occurrence of harmful algal blooms.

In contrast, the relationship for Alexandrium catenella presented a different pattern. This species was more closely associated with periods of high stratification during the spring, a season characterized by increased river discharge (Figure 10G). The logistic regression model confirmed a positive relationship between higher stratification and the occurrence of Alexandrium catenella blooms, suggesting that these conditions may contribute to the species’ ability to thrive during this period (Figure 10H).

While Pseudchatonella spp. and Alexandrium catenella showed clear relationships with stratification levels, other species examined in this analysis did not exhibit significant patterns, with p-values greater than 0.05. This suggests that, for these species, stratification alone may not be a primary driver of bloom occurrences, and additional environmental factors may play a more critical role.

Overall, our findings emphasize the significant role that seasonal changes in river discharge play in shaping stratification dynamics in the fjord and how these dynamics influence the occurrence of specific HAB species. Low-discharge-induced destratification in summer is strongly linked to the occurrence of Pseudchatonella spp., while high-discharge-induced stratification during spring is linked to Alexandrium catenella blooms. However, we do not claim to present a mechanistic explanation for the bloom generation process; rather, our analysis provides insights into which species are associated with varying degrees of stratification.

Further research is necessary to explore the complex interactions between environmental factors and HABs, especially considering other influences such as nutrient availability, climatic indices like ENSO, and larger-scale oceanographic changes. Nevertheless, this study contributes valuable insights into the dynamics of HABs in Patagonian fjords and underscores the importance of stratification as a key environmental factor influencing the distribution and frequency of these blooms.




5.2 Study limitations

The configuration and validation of our model have been crucial in examining exchange flow dynamics and stratification within the Reloncaví Fjord. Although the model successfully reproduces the general stratification structure of the fjord (see Supplementary Material), it is not a perfect representation. There is an inherent loss of stratification due to diffusion or numerical mixing. Limited measurements during the modeling period do not allow for extensive evaluation of the model’s performance in space and time. Furthermore, the atmospheric model with a 3 km resolution is likely insufficient to capture the intricacies of wind patterns within the fjord, characterized by its steep and complex topography. Therefore, there is some uncertainty in using the atmospheric model, but now there are no higher-resolution data sources available and we believe that the validation shows that the model can accurately capture long-term variability, which was the focus of the present study.

Another potential concern is that the R-3 model simulation intends to focus solely on river inputs, but it also includes changes to the offshore boundary salinity conditions. The variation in ocean salinity generates horizontal salinity gradients that are not associated with river-induced variability. We do believe that these variations are small compared to the river input, particularly in Reloncavi Fjord. However, future research should evaluate the influence of offshore salinity variability on TEF and stratification in fjord regions. In addition to improving numerical models, increasing in-situ observations, such as networks of oceanographic buoys, is also necessary. These will contribute to the future understanding of the natural and anthropogenic processes that affect Patagonian fjords.





6 Conclusion

Our research on the Total Exchange Flow (TEF) dynamics in the Reloncaví Fjord, particularly under the severe drought conditions of 2016, uncovers a complex interaction among freshwater inputs, wind, and tidal forces that influence estuarine exchange processes. Results showed the crucial role of river discharge in shaping the fjord’s annual exchange flow dynamics, while also highlighting the significant, albeit more transient, impact of wind in modulating subsurface water dynamics. Findings suggest that in 2016, when precipitation and river discharge were reduced due to drought conditions, wind and tidal effects played a more dominant role. Wind mixing was able to destratify the upper water column, enabling subsurface saltier waters and their associated biogeochemical conditions to reach the surface. Moreover, in 2018, when river discharge and precipitation were more typical, TEF results responded to river discharge and were less sensitive to higher-frequency wind forcing.

Additionally, our statistical analysis linking river discharge, wind forcing, and stratification ΔS with harmful algal blooms (HABs) highlighted the susceptibility of the fjord to HAB events under certain conditions. Using logistic regression models, we found a significant inverse relationship between ΔS and the occurrence of Pseudchattonella spp. blooms during the summer. Low stratification levels, indicative of destratification due to reduced river discharge, were associated with a higher probability of HAB events for this species. Conversely, Alexandrium catenella blooms were more strongly linked to higher stratification levels during the spring, reflecting the influence of increased freshwater input.
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