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Aquaculture has become the fastest-growing sector of the food industry worldwide. The increase of intensive aquaculture practices, however, has been raising global concern about economic and social impacts, but mostly due to the associated potential environmental impacts. The aim of this report is to make a preliminary assessment of the impact of an intensive sea bass aquaculture (Dicentrarchus labrax, L. 1758) on surrounding coastal waters. The aquaculture site is located at the SW Iberian coast (Sines, Portugal), having 16 cages, each holding approximately 150,000 specimens at different stages of growth. We present a spatial and temporal description of environmental physical, chemical, and biological parameters taken in the course of four monitoring campaigns conducted between June 2018 and April 2019. All monitored parameters, except phosphate concentration in October only at one sampling station, showed values within the desirable ranges for marine finfish production and the natural range of Portuguese coastal waters. So far, results do not reveal any detrimental impact of the production units on local water quality, although more research is needed. The preliminary findings suggest that the lack of stress on the receiving waters may be attributed to the hydrodynamic regime in the production area, the feeding strategy, and the dimension of the production.
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INTRODUCTION

The oceans are an integral part of our society and economy, supplying living and non-living resources and providing a range of important goods and services. Undoubtedly, oceans are a major source of food worldwide serving as the primary source of protein of more than three billion people (United Nations, 2020). However, 90% of the global fish stocks are either overfished or fully fished (FAO, 2018). In response to the limited potential to increase wild fishery catches and the rising demand for seafood [driven by both population growth and increased per capita consumption (Godfray et al., 2010)], alternative sustainable food supplies (i.e., aquaculture) have been rapidly developing. This growth is further fostered by constant technologic improvements. Aquaculture is currently the fastest-growing food sector in the world (Diana, 2009; Troell et al., 2014; FAO, 2016; Granada et al., 2016), and the coastal and oceanic areas are seen as one of the most likely areas for large-scale expansion (Aguilar-Manjarrez et al., 2013).

The proliferation of intensive marine aquaculture, both in number of units and production areas, has been raising global concern about economic and social impacts, but mostly due to the potential environmental impacts associated with such practices (Focardi et al., 2005; Smith et al., 2010). Environmental effects of fish production on water quality are a primary concern for developing an ecologically responsible industry. Besides, aquaculture relies on a healthy environment to provide quality and safe products. Environmental impacts of intensive marine fish culturing are therefore widely documented (Frankic and Hershner, 2003; Grigorakis and Rigos, 2011), including analyses of its influence on physical and chemical properties of the water column (Sarà, 2007), ecological effects of aquaculture on nutrient concentration (e.g., Sarà et al., 2007), sediments (Wu et al., 1994; Kalantzi and Karakassis, 2006), and the biota (Guerrero-Galván et al., 1998). Intensive fish farming requires external inputs of feed, which can lead to nutrient and chemical pollution (e.g., Cao et al., 2007). In addition, suspended and dissolved matter can also originate from fish feces and excretions via gills and kidneys (Tovar et al., 2000). It should be noted that decomposition of organic matter is the main cause of oxygen demand in an aquaculture system (Wu et al., 1994; Pérez et al., 2014), making food wastage and feed quality potential inductors of oxygen depletion. Therefore, the adjustment of the given food according to fish needs is of utmost importance. Furthermore, organic wastes may add to suspended particulate matter (SPM) resulting in reduced water transparency, and nutrients can stimulate growth of phytoplankton, promoting the eutrophication of the system, and/or increase the risk of toxic algal blooms.

Physical, biogeochemical, biological, and geographical features can have direct effects on the growth of aquaculture species (e.g., Ferreira et al., 2007), so that the farm location plays a critical role in determining its productivity, environmental impact, and interactions with other ecosystem services (Gentry et al., 2017). For example, characteristics such as shallow depths and slow currents are likely to be risk factors for aquaculture operations (Jansen et al., 2016). Optimal conditions may depend on the cultured species; therefore, reference values/ranges for acceptable water quality parameters can be found in the literature (Wurts and Durborow, 1992; Australian and New Zealand Environment and Conservation Council [Anzeecc] and Agriculture and Resource Management Council of Australia and New Zealand [Armcanz], 2000; Stone and Thomforde, 2003; Bhatnagar et al., 2004; Ornamental Aquatic Trade Association [OATA], 2008; Sá, 2013; Alaska Department of Environmental Conservation [ADEC], 2016) even for specific species such as the European sea bass (Claridge and Potter, 1983; FAO, 2020), the cultured species in the region of interest of this study.

The aim of this report is to make a preliminary assessment of the impact on the surrounding coastal waters of a fish aquaculture (sea bass), located at the SW Iberian coast (Sines, Portugal). We present spatial and temporal characteristics of environmental physical, chemical, and biological parameters taken in the course of four monitoring campaigns (conducted between June 2018 and April 2019) in the vicinity of the sea bass cage culture.



MATERIALS AND METHODS


Site Location and Production Characterization

The aquaculture site is located in Sines, in the western coast of Portugal, on a coastal stretch with a significant presence of infrastructures (Figure 1) that support important economic activities at a local and national scale. There are two large production centers of oil and gas, the Galp refinery and the Repsol petrochemical industrial complex, both connected via pipelines to the oil-bearing and petrochemical terminal of the port. A thermoelectric station is located on the southeastern end of Sines, at approximately 3.5 km from the aquaculture site. The station pumps seawater to be used in the cooling process and releases an effluent via two open 4.5-m deep channels, distancing approximately 400 m northwest from the intake. On a yearly average, the power plant uses 40 m3 s–1 of water (Salgueiro et al., 2015). The port of Sines is located on the south, being the main entryway of primary energy, in the form of fossil fuels (crude, coal, and natural gas) in Portugal. As a deep-water port, it is also one of the most important entry routes of containerized cargo. Besides the fishing and leisure ports, there is a commercial port made of five terminals: liquid bulk, liquid natural gas, petrochemical, container, and multipurpose terminal.
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FIGURE 1. The study site: (A) overview of the Sines coast, highlighting the main infrastructures depending on the ocean; (B) aquaculture location inside the container terminal; (C) production cages (viewpoint from the ground facilities, near Station 1).


Water circulation in the Sines coastal area is conditioned by the dominant wind regime (Barton, 2001). Coastal upwelling is frequent during the spring and summer months, triggered by dominant northerly winds, pumping colder subsurface waters to the upper layers along the coast (Relvas et al., 2007; Kämpf and Chapman, 2016). Outside the upwelling season, the presence of a poleward flow is a well-established characteristic along the Portuguese west coast (Relvas et al., 2009). However, tide may also change local-scale circulation, generating tidal currents that overlap wind-induced currents (Trindade et al., 2016). Coastal topography and bathymetry also play an important role in shaping coastal circulation at a local scale. Water circulation in the vicinity of the study site is strongly conditioned by the breakwater, presenting lower velocities when compared with outside area. Tidal currents are the dominant forcing in this shallow area (mean depth of 24 m), promoting the water renewal of the system.

The aquaculture site is located near the container terminal (Figures 1B,C) and consists of 16 cages, each holding approximately 150,000 specimens at different stages of growth, allowing for a yearly production of up to 500 metric tons of European sea bass (Dicentrarchus labrax). It is an intensive system, with feed delivered continuously from land to the cages through a pressurized pipe system. A continuous adjustment of the amount of feed delivered to fish is made, based on a constant monitoring of fish behavior using underwater cameras. Table 1 summarizes the reference/range values of acceptable water quality parameters for marine finfish species, including the European sea bass.


TABLE 1. Acceptable water quality parameters for marine finfish aquaculture.
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Sampling and Processing

Physical, chemical, and biological in situ parameters were acquired at four sampling stations along the aquaculture units (Figure 1), one station north of the fish cages (Station 1, 14 m deep), other station between two cages in the middle of the production area (Station 2, 21 m deep), one station in the southern extremity of the cages (Station 3, 25 m deep), and the last station south of the cages transect (Station 4, 30 m deep). Samples and data were collected from June 2018 until April 2019 during four field campaigns, on 2018-06-29, 2018-10-25, 2019-03-12, and 2019-04-30. In the campaigns conducted in June and October 2018, only stations 1 and 3 were sampled. In total, 10 water quality parameters and indicators were evaluated in each campaign for each station, namely, temperature (T), pH, dissolved oxygen (DO), turbidity, SPM, nutrients (ammonia, nitrites and nitrates, phosphates, and silicates), and phytoplankton biomass indexed as chlorophyll-a concentration (Chl-a).

In situ temperature was measured using a Conductivity Temperature Depth probe (model NXIC, from FSI, Cataumet, Massachusetts, United States), whereas oxygen and pH measurements were performed using a multiparametric probe (model EXO2, from YSI, Yellow Springs, Ohio, United States). The aforementioned parameters were acquired along the water column at each sampling station. For the remaining parameters, that is, turbidity, SPM, nutrients, and Chl-a, surface (0.5-m depth), and bottom (12 m for Station 1, 20 m for Station 2, 22 m for Station 3, and 18 m for Station 4), water samples were collected at each sampling station for further laboratory analysis. Turbidity was determined using a laboratory compact infrared turbidity meter (Lovibond TB 210 IR). The remaining parameters were determined analytically in the laboratory and are described in Analytical Determinations.

The object of sampling and analysis in this study were the waters surrounding the aquaculture cages, not the farmed specimens. As such, ethical approval for this study was not required according to the Basel Declaration guidelines1.



Analytical Determinations

Suspended particulate matter was determined by filtration of surface and bottom water samples with Whatman GF/F filters (nominal pore size 0.7-μm and 4.4-cm diameter), previously submitted to 450°C for 4 h and weighted following Van Der Linde (1998). After filtration, the filters were carefully rinsed with ultrapure water to eliminate the salt and dried for 2 h at 50°C and weighted again. This process was done twice, to guarantee correct filter dryness given by the weight stability. The SPM concentration was then obtained through the weight difference (before and after filtration) and considering the filtered volume. For the determination of the organic and inorganic fractions, the filters were submitted further to 450°C for 4 h and weighted. Again, the organic and inorganic fractions were obtained through weight differences.

To determine the inorganic nutrient concentrations, triplicate water samples were collected in each sampling station at surface and bottom waters. These were filtered through GF/C Whatman filters (nominal pore size 1.2-μm and 4.7-cm diameter) and immediately frozen for later colorimetric analysis with a Tecator FIAstar 5000 Analyser, North Ryde, New South Whales, Australia. Nitrite (NO2–), nitrate (NO3–), phosphates (PO43–, hereafter referred to as P), and silicates (SiO2, hereafter referred to as Si) were determined according to Bendschneider and Robinson (1952); Grasshoff (1977), Murphy and Riley (1962), and Fanning and Pilson (1973), respectively. As nitrite levels in coastal waters are typically very low, the nitrite and nitrate sum were used (NO3– + NO2–, hereafter referred to as N). Ammonium (NH4+) concentrations were determined using manual colorimetric methods in filtered samples according to Koroleff (1969). Detection limits (DLs) determined were 0.16 μmol L–1 for P, 0.20 μmol L–1 for NH4+, 0.36 μmol L–1 for N, and 7.12 μmol L–1 for Si.

Chlorophyll-a concentration was obtained by pigment analysis using high-performance liquid chromatography. Surface and bottom water samples for each sampling station were filtered onto Whatman GF/F filters (nominal pore size 0.7-μm and 2.5-cm diameter). The filters were frozen and kept at −80°C until extraction. Pigments were extracted with 3 mL of 95% cold-buffered methanol (2% ammonium acetate) for 30 min at −20°C, in the dark. Pigment extracts were analyzed using a Shimadzu (Tokyo, Japan) Prominence-I LC 2030C 3D with a Fluorescent Detector [Shimadzu RF-20A Prominence (e.g., 350–800 nm)], with the LabSolution Lite version 5.82 software. Chromatographic separation was carried out using a monomeric C8 column (Symmetry C8, 15 cm long, 4.6 mm in diameter, and 3.5-μm particle size). The solvent gradient followed Zapata et al. (2000), adapted by Mendes et al. (2007), with a flow rate of 1 mL min–1, an injection volume of 100 μL, and 40-min elution program.



Statistical Analysis

Descriptive statistics were used to report acquired and determined data. For the parameters obtained with probes (T, S, pH) and turbidity, the mean of each sampling station is reported numerically. Besides, mean values for collected data in each field campaign (all stations averaged) are also provided. In addition, standard deviation is reported for each mean. Suspended particulate matter and its organic and inorganic fractions are given as the total average of all sampling stations obtained in field campaigns. Vertical profiles are shown graphically for DO, and mean values for data collected during field campaigns (all stations averaged) are provided. Nutrient concentrations were reported numerically as averages of all stations per sampling campaign, due to high percentage of results obtained below the determined DL of the analytical methods. The maxima obtained for each nutrient in each campaign are also reported. Chlorophyll-a concentrations were described through the determined range of values and graphically detailing all results.



RESULTS

Temperature (Table 2) shows seasonal trends, increasing from June (2018-06-29: 15.86°C ± 0.40°C) to October (2018-10-25: 17.80°C ± 0.37°C) and decreasing toward March (2019-03-12: 15.15°C ± 0.23°C) and April (2019-04-30: 15.17°C ± 0.18°C). Salinity shows little variability throughout the sampling campaigns, varying from a minimum station average of 35.72 (both stations 1 and 3 in June: 2018-06-29) to a maximum of 36.06 (Station 4 in April: 2019-04-30). The vertical profiles of temperature and salinity for each station showed weak gradients along the water column: temperature decreased 0.74°C in average, whereas salinity average variation along the water column was 0.10. The pH displays an increase throughout the sampling campaigns, varying from 8.25 ± 0.03 in June (2018-06-29) to 8.42 ± 0.05 in October (2018-10-25) and to 8.77 ± 0.10 in April (2019-04-30). No pH data were obtained in March (2019-03-12). Along the water column, the pH variation was in the order of hundredths (except in Station 3 in April, where the variation was in the order of tenths). For the three parameters mentioned above, in all campaigns, all sampling stations showed great similarity to each other. Turbidity obtained in June (2018-06-29), October (2018-10-25), March (2019-03-12), and April (2019-04-30) was 0.96 ± 0.38, 1.15 ± 0.45, 2.59 ± 2.89, and 1.18 ± 0.66 NTU, respectively. Stations 1 and 4 always presented the lowest turbidity values (station average). Along the water column, turbidity was higher at the bottom than at the surface in all sampling stations in the four campaigns.


TABLE 2. Physical–chemical parameters per station average and standard deviation for each campaign: 2018-06-29, 2018-10-25, 2019-03-12, and 2019-04-30.

[image: Table 2]The inorganic and organic fractions of the SPM are shown in Figure 2. Suspended particulate matter concentration never exceeded 6.80 mg L–1 (absolute maximum found in 2019-03-12 in Station 3, bottom). Generally, the surface stations are dominated by the organic fraction, with 65.78 ± 10.56% of particulate organic matter, whereas bottom stations are dominated by the inorganic fraction, with an average of 56.85% ± 15.38% of particulate inorganic matter.
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FIGURE 2. Percentage of particulate inorganic and organic matter in surface (top) and bottom (down) samples on 2018-06-29, 2018-10-25, 2019-03-12, and 2019-04-30. In June 2018, only stations 1 and 3 were sampled on the surface. In October 2018, only stations 1 and 3 were sampled at the surface, and only Station 1 was sampled on the bottom.


The nutrient concentrations are given in Table 3. High percentages of nutrients below the DL of the used methods denote low concentrations. N concentrations increased from June until March (1.02 ± 0.26 μmol L–1 in 2018-06-29, 3.27 ± 1.07 μmol L–1 in 2018-10-25, and 12.46 ± 3.87 μmol L–1 in 2019-03-12) and decreased in April (4.14 ± 1.77 μmol L–1 in 2019-04-30). The maximum concentrations obtained for each campaign, in chronological order, were 1.21, 4.08, 19.68, and 7.69 μmol L–1. Regarding NH4+, almost every station presented values below the DL. In October (2018-10-25), only one station (Station 3 - bottom) displayed a quantifiable concentration of 0.95 μmol L–1 of NH4+, and in March (2019-03-12), only stations 2 and 3 (bottom) had quantifiable NH4+ concentrations with an average of 1.33 ± 0.45 μmol L–1 (maximum of 1.64 μmol L–1). The P concentrations were 0.38 ± 0.01 μmol L–1 in June (2018-06-29), 0.49 ± 0.19 μmol L–1 in October (2018-10-25), 0.29 ± 0.10 μmol L–1 in March (2019-03-12), and 0.18 ± 0.00 μmol L–1 in April (2019-04-30). In the same chronological order, the found maxima were 0.39, 0.72, 0.40, and 0.19 μmol L–1 of P. All Si measurements were below the DL.


TABLE 3. Nutrients per field campaign average, standard deviation, maximum, and percentage of samples above the DL of the method.

[image: Table 3]The variations of DO concentration along the water column in the sampling stations throughout the field campaigns are shown in Figure 3. The DO average was 7.99 ± 0.38 mg L–1 in June (2018-06-29), 7.60 ± 0.33 mg L–1 in October (2018-10-25), 8.07 ± 0.44 mg L–1 in March (2019-03-12), and 8.43 ± 0.52 mg L–1 in April (2019-04-30). In the field campaigns carried out in March and April, where all stations were sampled, Station 4 always presented the highest oxygen concentrations (absolute maximum 9.65 mg L–1 in April at the subsurface). In March, Station 2 clearly had the lowest concentrations of oxygen, although it is never less than 7.23 mg L–1. Nonetheless, the absolute minimum was found at Station 3 in October (6.92 mg L–1 at the bottom).
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FIGURE 3. Dissolved oxygen in the water column of the four sampling stations on 2018-06-29, 2018-10-25, 2019-03-12, and 2019-04-30. In June and October 2018, only stations 1 and 3 were sampled.


The Chl-a concentrations, index for phytoplankton biomass, in surface and bottom waters for all campaigns are shown in Figure 4. The obtained Chl-a ranged between 0.18 and 7.38 μg L–1. Maxima were found in April (2019-04-30) in all four stations at surface and bottom, with the absolute maximum in Station 2 (7.38 μg L–1).
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FIGURE 4. Total Chl-a in μg L–1, at the surface (top) and bottom (down) of the four sampling stations on 2018-06-29, 2018-10-25, 2019-03-12, and 2019-04-30. In June 2018, only stations 1 and 3 were sampled on the surface. In October 2018, only stations 1 and 3 were sampled.




DISCUSSION

Aquaculture activities are usually associated with detrimental environmental effects on its surroundings (Read and Fernandes, 2003; Cole et al., 2009), with its magnitude determined by the type of aquaculture and the hydrodynamic and biogeochemical features of the site. The preliminary results presented in this work, however, reveal a scenario of no impact of an intense finfish aquaculture on local water quality. This is evidenced by the range of values of monitored parameters, and their variation throughout the sampling campaigns, which are within the reference ranges considered acceptable for each parameter. Only one parameter, namely, the P concentration obtained in October in Station 3, was above the ideal threshold.

Dissolved oxygen concentrations, for instance, do not show evidence of oxygen depletion or a sharp decrease in the aquaculture vicinity, a frequent occurrence at such sites, irrespective of local environmental conditions or cultivated fish species (Wu et al., 1994; Sarà, 2007; Sriyasak et al., 2015). Organic matter produced by fish feces or unconsumed feed is usually pointed out as the major cause of oxygen consumption at aquaculture sites (Wu et al., 1994; Pérez et al., 2014). However, the results suggest that this is not the case at Sines and that the aquaculture activity is not promoting anoxia. Besides, the dominance of the inorganic matter fraction in bottom waters indicates a stronger influence from the sediment substrate than organic matter originated from aquaculture activity in the region.

Water transparency parameters such as turbidity also indicate good water quality conditions, as well as the nutrient concentrations. Observations indicate that the system is not being enriched by nutrient, meaning that the aquaculture is not promoting the eutrophication of the site. Again, this is a common outcome of aquaculture in semiclosed coastal areas, such as bays, chocked lagoons, or estuaries (Islam, 2005; Qi et al., 2019).

Chlorophyll-a concentrations usually respond to the nutrient-rich water at aquaculture sites by having concentrations above background levels (Sarà et al., 2011). Our Chl-a results are contrary to this, considering that the observed values fall within the typical range observed for the Portuguese coastal area (Brito et al., 2012; Sá, 2013). The evident phytoplankton biomass maximum in April is a common feature in the Atlantic (north Atlantic bloom at mid and high latitudes), also being related to the coastal upwelling events that occur in spring and summer months along the Portuguese coast (Kämpf and Chapman, 2016).

The apparent undetectable impacts of the aquaculture on the monitored parameters may be due to their rapid dispersion. The strong influence of the costal hydrodynamic, together with the tide, and the wide entrance and the relatively shallow depth of the port promote a low residence time of the water at the cage site. As such, the good water quality observed in all campaigns can be explained by intense flushing and water renewal at the site. This feature of a well-mixed system is evident in the temperature and salinity vertical profiles, denoting the absence of stratification in the water column in all four sampling stations, for all campaigns.



CONCLUDING REMARKS

So far, results do not reveal any detrimental impact of the production units on local water quality. Although more research is needed, these preliminary findings suggest that (1) the hydrodynamic regime in the production area is responsible for a fast renewal of the water in the system, preventing local water quality conditions to deteriorate, and (2) the feeding strategy (forms to supply the feed, frequency of feeding, etc.) and the dimension of production units are not imposing stress on the receiving waters.

New approaches to aquaculture have been recently proposed aiming at reducing habitat degradation, among other benefits (Barrington et al., 2010; Granada et al., 2016; Gunning et al., 2016; Nardelli et al., 2019; Zhou et al., 2019). However, such novel and frequently costly approaches may be considered unnecessary, if site conditions allow for the operation of aquaculture production without noticeable environmental impacts. The aquaculture production area described in this work seems to be such a place, as suggested by the preliminary results. Further monitoring campaigns are necessary, however, for a full assessment of the influence of fish farming at the site. The present survey has been extended in time and has been complemented with analysis of satellite imagery of ocean color and temperature. Therefore, a more comprehensive approach will be completed and published in the future.
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