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Dissolved oxygen (DO), an important water-quality parameter required to support aquatic life, is a critical factor for determining the general biological health of the aquatic ecosystem, and the concentration of DO is a critical factor in determining salmon growth and welfare. This study used longitudinal DO concentration, recorded hourly from 21 aquaculture sites, each with loggers in three separate cages, in four areas in British Columbia, Canada, between 2015 and 2017. The measurements were evaluated based on the recommended DO concentrations for protection of salmonids from hypoxia. Using a two-stage time-series analysis, we described variations in DO concentrations measured over the study period and their associations with environmental factors. Based on the water quality criteria for DO concentration, 42.3, 56.5, and 1.2% of the hourly DO data from the overall 21 aquaculture sites were classified as ‘optimal’, ‘sub-optimal’, and ‘stressed’, respectively. The frequency of hypoxic episodes differed substantially among seasons, aquaculture sites and even among cages within sites. The effects of environmental variables on DO concentration had markedly different patterns depending on the season. Significant associations with DO concentrations were observed for temperatures in the summer and winter months, and both wind direction and remotely-sensed estimated absorption from phytoplankton [aph(443)] in the winter months. The time-series regression model results showed overall (year-round) associations of temperature, wind speed, and aph(443) with DO concentrations. Describing DO measurements at these aquaculture sites provided an understanding of how much they deviated from the recommended DO concentrations, as well as provide baseline information for future water resource planning, including continued and improved water quality monitoring in aquaculture areas.
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1 Introduction

Dissolved oxygen (DO) is one of the most critical parameters in aquaculture water-quality assessment and monitoring, as its appropriate level is required to support aquatic ecosystems. Fish and other aquatic species are sensitive to reduced DO levels, yet global oceanic DO content has been in steady decline (Schmidtko et al., 2017). The effect of DO on the growth and production of salmonids has been studied for decades, and adequate DO concentrations were found to have a critical role in maintaining their health, productivity and survival (Carter, 2005; Mallya, 2007). DO requirements of aquatic species vary and depend on numerous factors, including fish species, aquaculture system, water temperature, and fish life stages. Direct and indirect effects of reduced DO levels on fish health have been recognized (Mallya, 2007). Direct effects include the changes that significantly affect physiology, growth and developmental stages, feeding activities, reproduction, swimming capability, ability to withstand environmental stressors, behavior, and reproductive abilities of aquatic species (Thomas and Rahman, 2012; Langseth et al., 2014), as well as high-mortality events in severe cases (Shimps et al., 2005). Indirect effects are related to ecological disruption of spatiotemporal interactions between the targeted resources and fish distribution (Stramma et al., 2012). Therefore, minimum acceptable DO concentrations are recommended to prevent these negative impacts of hypoxic episodes in farmed fish.

Monitoring of DO concentrations and other water quality parameters is an important management practice necessary for maintaining the biological health and functioning capacity of aquatic ecosystems (Abdul-Aziz et al., 2007). In particular, DO monitoring serves as an indirect measure of the health of aquaculture systems (Pollock et al., 2007), and the establishment of efficient DO monitoring programs have become an integral part of aquaculture productions (Burke et al., 2021). Real-time continuous monitoring, using DO probes to monitor DO levels 24 h/day and intermittent monitoring with hand-held DO probes at specific times of the day, have become common practices in aquaculture industry (Wei et al., 2019). In both cases, data are repeatedly collected over a period of time and evaluated according to established criteria, some of which include a temporal component when determining thresholds. Our understanding indicates that despite numerous studies investigating the impact of dissolved oxygen (DO) concentration on the health of salmon, only a limited number of these have established a direct link between DO concentration threshold and salmon health. Specifically, it has been generally noted that Atlantic salmon are critically affected when DO concentrations fall below 4 mg/L (Stevens et al., 1998). Furthermore, one set of widely-used and well-established DO criteria in salmon aquaculture, provided by the United States Environmental Protection Agency (US EPA; U.S. Environmental Protection Agency, 1986), describe the impact of several levels of DO concentrations on various salmon life stages, and over various time periods (i.e. 0 [instant measurement], 7 and 30 days).

The availability of DO for aquatic organisms depends on complex interactions between a variety of biotic and abiotic factors. DO levels in an aquatic environment physically depend on the water temperature, with warming sea temperatures causing a significant decline in oxygen solubility and a reduced oxygenation of deeper sea waters (Remen et al., 2016). Atmospheric pressure also influences the exerting capacity of atmospheric wind on the water surface and, ultimately, the solubility of oxygen in the water body (Cox, 2003). The presence of chlorophyll-a pigment in most aquatic plants results in an increased release of oxygen through photosynthesis, which is estimated to have a more significant global impact than that of terrestrial plants (Peña et al., 2010; Correa-González et al., 2014). Concurrently, the coexistence of other living organisms, organic matter, and nitrogenous deposits in aquatic environments creates competition with fish for available DO (Gammons et al., 2011). This intricate interplay between DO levels and various environmental factors highlights the need for a clearer understanding of these local relationships to improve the management of DO levels at salmon aquaculture sites. This improved understanding should be valuable for the development of a mathematical model to predict DO levels in salmon cages (Alver et al., 2022).

A large-scale report of DO levels of salmon aquaculture sites in the Southwestern New Brunswick region of the Bay of Fundy (Page et al., 2005), stressed the importance of coastal water temperatures (with seasonal fluctuations) and movements (tidal), along with wind (air-sea oxygen exchange) as contributing factors. The researchers were interested in building regional predictive models, so also discussed anthropogenic influences from the release of organic waste in certain bays, where local fish processing plants or pulp mill effluent was found to severely reduce DO levels. Their empirical data came from a few single time series taken over the span of a few weeks in surrounding waters (near an aquaculture site) and from one cage within an aquaculture site. Interestingly, they recorded DO concentrations during an algal bloom event that lasted approximately 6 days, demonstrating huge variations (spikes and troughs) in DO levels, presumably from abnormal local levels of algae-induced photosynthesis and respiration.

This study was initiated as part of active water quality monitoring of all MOWI aquaculture sites in British Columbia (BC), Canada. Previous observations of intermittently low DO measurements in some aquaculture sites in BC brought up the need for a more detailed description and detection of any significant deviation from acceptable standards and recommended DO concentrations for the protection of various salmonid life-stages (Fisheries and Oceans Canada, 2015). Also, our study was motivated by the limited knowledge of DO patterns in aquaculture sites in our study area, and the unique large-scale availability of DO data in the region during the span of an entire farmed salmonid production cycle. The objectives of this study were two folds: first we wanted to describe the measurement of DO, based on the US EPA recommended DO concentrations (U.S. Environmental Protection Agency, 1986), evaluating low DO (hypoxic) episodes from aquaculture sites, and better understand the within- and among-site patterns of DO. Then, we investigated the potential effects of environmental factors such as temperature, wind speed, wind direction, precipitation, and remotely-sensed (sea surface) estimated absorption from phytoplankton, on DO levels on aquaculture sites.




2 Materials and methods



2.1 Dissolved oxygen data

Dissolved oxygen data provided by the salmon site operators for this study included time-series data from 21 marine aquaculture sites from four areas of BC, Canada: Quatsino Sound, Port Hardy, Broughton Archipelago, and Discovery Islands (Figure 1). At each site, DO concentration and water temperature were continuously recorded in real-time using in-cage DO loggers (Oxygen Optode 4531, Aanderaa Norway). The DO logger data were available from October 2nd 2015, to May 18th 2017, corresponding to one marine production cycle. At each site, three DO loggers were placed in different cages, two in arbitrarily-chosen separate cages (Cage 1 and 2) and one always near the feeding barge (Cage 3), except at Site 6, which included the data from only two cages (one of which was always near the feeding barge). Personnel were instructed to place the DO loggers at a 5 m depth. Most loggers were set to capture data on a 5-minute interval (77.8% of observations), but intervals ranged from every minute (1.2%) to hourly (<0.1%), as such, all measurements were aggregated on an hourly basis.




Figure 1 | Locations of the 21 salmon aquaculture sites and the four weather stations in British Columbia, Canada. The sites are numbered from 1 to 21 and grouped into four areas (Red: Quatsino Sound, Green: Port Hardy, Blue: Broughton Archipelago, and Yellow: Discovery Island). The four black symbols (boxed ‘x’) mark the weather stations that provided the environmental data.



Hourly temperature and DO data from the data logger database from each of the 21 sites were inspected for erroneous measurements, which may presumably be due to interference with DO loggers from debris, loggers being temporarily/intermittently out of the water, or instrumentation error. The hourly temperature and DO data were initially plotted over the study period for visual inspection for anomalous observations, and the temperature values were compared to the regional weather buoy values, operated by the National Oceanic and Atmospheric Administration (NOAA), and stationed in the Strait of Juan de Fuca. The buoy provided reference air and water temperatures (at a height of 3.4 m above and a depth of 2 m below water, respectively), in 20-minute intervals, and DO observations were removed at the very start and end of each series until the loggers’ temperatures were similar to the expected water temperatures. Sudden changes in logger DO and temperature values deemed inaccurate were removed. Following the recommendations by Abdul-Aziz et al. (2007), changes in DO concentrations that exceeded or fell below the average concentration within an interval of 6 hours by a rate of 1.5 mg/L/h were removed from further analyses. Additionally, changes in loggers’ temperatures greater than 5°C/h were removed from further analyses.




2.2 Production impairment classification, two-number criteria and low DO episodes

The hourly DO measurements (n= 275,206) were summarized for each cage within each site for the duration of the study period from October 2015 to May 2017. DO values were aggregated into hourly intervals, capturing hourly minimum, mean and maximum. Mean hourly DO values were categorized into the following exposures: stressed DO levels (<4 mg/L), sub-optimal DO levels (4 to ≤7 mg/L), or optimal DO levels (>7 mg/L), as per the production impairment classification for salmonids (U.S. Environmental Protection Agency, 1986). Other criteria provided by the US EPA (U.S. Environmental Protection Agency, 1986) include the so-called ‘two-number criteria’, which differ from the production impairment classification in that the two-number criteria cover a certain period of time. The criteria include three rolling averages, namely: the 7-day minimum, 7-day mean, and 30-day mean that were calculated for each cage within each site in our study. The 7-day minimum DO concentration was calculated as a rolling 7-day average of the daily minimum DO concentrations; this measurement is deemed necessary to prevent short-term exposure of other salmonid life stages to potentially critical low DO concentrations. The 7-day mean DO concentrations (necessary to protect the short-duration and most-sensitive early-life stages in salmonids) were calculated as a rolling 7-day average of the mean daily DO concentrations. The 30-day mean DO concentration (a necessary reporting time frame to protect later salmonid life stages) was calculated as a rolling 30-day average of the mean daily DO concentrations (U.S. Environmental Protection Agency, 1986). We compared the three ‘two-number criteria’ for each cage from each site to the US EPA recommended threshold DO concentrations of 5 mg/L for the 7-day minimum and 6.5 mg/L for the 7-day mean and 30-day mean (U.S. Environmental Protection Agency, 1986).




2.3 Time-series regression modelling

Daily minimum DO concentration in each cage in a site were calculated and then the average DO concentration of the three minimum DO concentrations was obtained for each day and each site. These DO concentrations will hereafter be called ‘daily average minimum DO concentration’ (n=7,114). We initially described the daily average minimum DO concentration data from the 21 sites using a time-series plot. We used a time-series regression modeling approach to investigate the effects of daily maximum water temperature, daily total precipitation (sum of rainfall and snowfall), daily wind speed (maximum gust above 30 km/h, constant value of 30 when gust was ≤ 30 km/h), daily wind direction (maximum gust above 30 km/h, missing value when gust is ≤ 30 km/h), and daily regionally-averaged spectral absorption coefficient from phytoplankton [aph(443)], on the daily average minimum DO concentrations over the study period. Historical data of daily total precipitation and daily wind speed during the study period were retrieved from the weather archive of the Government of Canada (Government of Canada, 2018). The total precipitation, wind speed and wind direction data were retrieved from four weather stations nearest to the four geographical regions where the aquaculture sites were located. Weather data for farms 1 and 2 were retrieved from Solander, weather data for farms 3 to 6 were retrieved from Herbert, weather data for farm 7 and farm 9 were retrieved from Port Hardy, and weather data for the rest of farms were retrieved from Fanny Island (Figure 1). The remotely-sensed data for the sea surface estimates of daily absorption from phytoplankton, reported as a coefficient of aph(443 nm) m-1, a surrogate measure of phytoplankton cell abundance, were made available through the OceanColor Data website (NASA Ocean Color, 2018) at 4 km resolution (grids), which is curated by the National Aeronautics and Space Administration (NASA Goddard Space Flight Center et al., 2018). With these daily aph(443 nm) coefficients, a daily regional average, covering the study region, was extracted from the following spatial extent: -128.25 and -125.0 (Longitude), and 50.25, and 51.25 (Latitude), and days with missing values, presumably from cloud-cover, were replaced with a constant minimum value of 0.003 (representing halfway between the minimum value in the dataset and zero).

As a first step to the analyses, we described the distribution of the predictor values by season, and then the relationships between the predictors and daily average minimum DO concentrations through Spearman’s correlation. Then, in the model-building processes, we controlled for the long-term trends in the data since our focus was a short-term association between the predictors and daily average minimum DO measurements; i.e. in our example, whether day-to-day changes in daily average minimum DO concentrations were related to: daily maximum temperature, daily total precipitation, daily maximum wind speed, daily wind direction (max. gust), and daily regionally-averaged aph(443) coefficient (Bhaskaran et al., 2013). However, the daily average minimum DO concentrations data were shown to be dominated by seasonal patterns and long-term trends, which made it necessary to control for these patterns in the regression model to effectively separate them out from the short-term associations between daily average minimum DO concentrations and the predictor variables [temperature, precipitation, wind, and aph(443)]. We achieved this by fitting a cubic spline function to time by using 7 knots per year, which has been reported to provide adequate control for long-term trends in time-series (Bhaskaran et al., 2013). In total, we used 11 knots, corresponding to the period of one 18-month marine production cycle. Then, we used two-stage time-series regression models to establish the effects of the predictors on the daily average minimum DO concentrations. First, a mixed regression model with an exponential autocorrelation was fitted with the predictors as fixed effects for each aquaculture site, then we used a random-effects meta-analysis to generate overall effect estimates for each predictor across all aquaculture sites. A forest plot was used to present the variability in the estimates with the 95% confidence interval for the predictors across the aquaculture sites. Statistical significance was set at P < 0.05.

This time-series regression model was first used to investigate the effects of the predictors on DO for each season (defined by their respective solstice/equinox dates for summer, autumn, winter, and spring), focusing on each predictor by including only one environmental predictor in each model (univariable association) for each season. For this investigation, only observations from 13 sites (Site 3, 4, 7, 8, 9, 11, 13, 14, 16, 17, 18, 19, and 21) were used because the observations from the remaining eight sites did not span all four seasons. Second, the two-stage time-series regression model was used to identify significantly influential predictors on DO and inform the multivariable model-building process in the first step, regardless of season. The model selection process also included the addition of linear splines for those predictors which were visually determined to require the placement of a knot, based on locally-weighted smoothing (LOWESS) scatterplots. As a result, daily maximum temperatures had a knot placed at 10°C, and the daily maximum wind speed at 55 km/h, thus producing linear estimates of DO concentrations for each section of each spline (i.e. two estimates per predictor).





3 Results



3.1 Two-number criteria, production impairment classification

The distributions for hourly observation of DO for the 21 aquaculture sites, across their three cage locations, are presented as boxplots in Supplementary Figure 1, along with production impairment classification cutoffs at 4 and 7 mg/L (Table 1). The overall proportions of the hourly DO measurements for the 21 aquaculture sites were 42.3, 56.5, and 1.2% in the ‘optimal’, ‘sub-optimal’, and ‘stressed’ classifications, respectively. The hourly observation of DO for the total 21 sites were also presented by the two-number criteria (Figure 2 and Table 1). The overall proportions of 21 sites that did not meet the criteria were 20.2, 40.4, and 40.3% for 7-day minimum, 7-day mean, and 30-day mean, respectively. No site managed to perfectly meet or exceed all three types of the two-number criteria during the study period across all three cages. Cages 1 and 3 in Site 5, and Cage 2 in Site 1, 12 and 16 showed that the DO concentrations were higher than the three types of the two-number criteria during the study period.


Table 1 | Proportion of hourly observations of dissolved oxygen concentration, based on ‘Production Impairment Classification’ and ‘Two-number Criteria’, as described by the United States Environmental Protection Agency.






Figure 2 | Two-number criteria summaries of 7-day minimum, 7-day mean, and 30-day mean. The dashed vertical black lines at 5 mg/L represent the criterion for 7-day minimum, and the dashed vertical black lines at 6.5 mg/L represent the criteria for the 7-day mean and the 30-day mean. The color for each site corresponds to its respective aquaculture area (see Figure 1).



The proportion of time points classified as either ‘sub-optimal’ or ‘stressed’, according to production impairment classifications (DO <7 mg/L; also referred to as hypoxic episodes) for the 21 sites revealed spatiotemporal trends (Figure 3). The proportion of hypoxic episodes was shown to be higher in the southeastern region than its northwestern counterpart. In addition, there was a visual seasonal trend to the hypoxic episodes among the 21 farms, where starting in August, until November, there was a remarkably higher proportion of hypoxic episodes (DO <7 mg/L), while in contrast, the time period from February to May appeared to have the lowest proprotions.




Figure 3 | Proportions of hypoxic episodes, calculated as the number of hours with dissolved oxygen concentrations less than 7 mg/L divided by the total number of observed hours, stratified across aquaculture sites to show (A) geographical and (B) temporal distributions. Note that blank months represent those months with missing DO values.






3.2 Association between DO and other environmental factors

The relation of daily average minimum DO concentration and daily maximum temperature revealed distinct patterns based on whether the temperatures at the aquaculture sites were below or above 10°C (Figure 4). At lower temperatures (≤10°C), rising temperatures were linearly associated with decreasing DO concentrations, whereas at higher temperatures, increasing temperatures were associated with an increase in DO concentrations. In addition, it was found that DO concentrations were substantially different among cages, even in the same aquaculture site, as shown in the case of farms 3, 5, 11, and 13 (Figure 4).




Figure 4 | Locally-weighted smoothing (LOWESS) line plots showing the relationship between hourly dissolved oxygen concentration and temperature for each cage within each of the 21 aquaculture sites. The time-series regression models included temperature as a linear spline, with a knot placed at 10°C, marked here for reference (dashed vertical lines). The color for each site corresponds to its respective aquaculture area (see Figure 1).



In the dataset of daily average minimum DO concentrations from the 21 aquaculture sites, 95% of the values fell within the range of 2.94 to 8.44 mg/L, with a median value of 5.87 mg/L. These sites exhibited relatively lower DO concentrations during summer and autumn, whereas they recorded relatively higher DO concentrations during spring and winter (Figure 5). The daily maximum temperature had a 95% range between 6.89 and 13.29°C with a median value of 9.22°C, and the temperature showed a seasonal trend that was inversely related to DO. Daily precipitation ranged from none (<1 mm) to 76.80 mm, and 45% of the days during the study period had no precipitation (<1 mm), while 55% of the total precipitation data recorded had ≥1 mm of precipitation (averaging 8.45 mm). The minimum recorded wind speed (maximum daily gust) was 30 km/h, as expected since that is the minimum reported by the weather stations, with the maximum speed as high as 163.00 km/h, with 18% of the observations with winds less than 30 km/h. The wind speed showed similar distributions across seasons, although average wind speed was the highest and the lowest in summer and winter, respectively. When aph(443) values were available, the minimum recorded aph(443) coefficient value was 0.006, with the maximum at 0.352, however, 72% of the observations had missing values and were given a constant of 0.003. The aph(443) values increased from spring to a peak in the summer with the smallest average values in autumn and winter. The distribution of wind direction displayed a very clear bimodal shape, in which the observations of wind direction concentrated either near 100° or near 300°. Westerly winds were dominant in the spring and summer months, while easterly winds were more prominent in the autumn and winter months. Consequently, wind direction was also categorized as ‘southwest wind’ and ‘northeast wind’.




Figure 5 | Distributions of daily minimum dissolved oxygen concentration, daily maximum temperature, daily total precipitation, daily wind speed (max. gust above 30 km/h), and daily regionally-averaged aph(443) coefficients, stratified by seasons (identical colors in all plots) for all 21 aquaculture sites. Bottom panel shows circular histograms of daily wind direction (max. gust above 30 km/h; N = 360°), also stratified by seasons.



The correlation matrices of daily average minimum DO concentrations and environmental predictors showed markedly different patterns depending on seasons (Supplementary Figure 2). For example, the season for which maximum temperature had the strongest correlation with DO concentrations was in spring (ρ = -0.24), with changes in direction and magnitude in other seasons (summer ρ = 0.12; autumn ρ = -0.15, and winter ρ = -0.12). In the case of wind speed, daily average minimum DO was shown to have mildly positive correlations in autumn and winter (ρ = 0.32 and 0.28, respectively), but nearly no correlations in spring and summer (ρ = -0.05 and 0.05, respectively). The aph(443) values produced the strongest negative correlation with daily average minimum DO in autumn (ρ= -0.29), with very weak negative correlations in the spring and summer (ρ = -0.05 and -0.09, respectively), and nearly no correlation in the winter months (ρ = 0.03).




3.3 Time-series regression modelling

As observed in Figure 6, there were temporal gaps in the data recorded from the loggers, where most sites (n=13) included some data for all four seasons, while others were more intermittent and managed to only include a couple of seasons. Initial time-series plots of daily average minimum DO concentrations and daily maximum temperature seemed to reveal an inverse relationship (Figure 6). However, during summer the decrease in daily average minimum DO concentration did not appear to correspond to the increase in daily maximum temperature. The observations of daily average minimum DO concentration and daily maximum temperature showed different patterns depending on the recorded temperature (colder [ ≤ 10°C] vs. warmer water [>10°C]), and this trend was commonly observed across 21 aquaculture sites (Figure 4). Without stratifying the effect of colder and warmer water with a linear spline, the overall estimate of the effect of daily maximum temperature (β=0.01; 95% CI: -0.04, 0.06) on daily average minimum DO concentration in univariable analysis was not significant. However, with the addition of a spline, the overall estimates of the effect of daily maximum temperature on daily average minimum DO concentration was significant for both groups (colder water [β=-0.17; 95% CI: -0.30, -0.04] and warmer water [β=0.07; 95% CI: 0.04, 0.11]).




Figure 6 | Time-series plots of daily average minimum dissolved oxygen (DO) concentration (black dots) and daily maximum temperature (gray dots) across the 21 aquaculture sites in British Columbia between October 2015 and May 2017. Y-axis represents both DO concentration (mg/L) and temperature (°C). The color for each site corresponds to its respective aquaculture area (see Figure 1).



Seasonal trends were assessed with complete data from 13 aquaculture sites. The overall effect for daily maximum temperature was positive in the spring and summer (β = 0.115, P = 0.083; β = 0.095, P = 0.007, respectively) and negative in the autumn and winter (β = -0.073, P = 0.458; β = -0.532, P < 0.001, respectively), noting that both summer and winter were statistically significant (Table 2). None of the remaining environmental predictors were found to be statistically significant (P > 0.05) in all four seasons, except for both wind direction (SW vs. NE; P = 0.016) and aph(443) (P = 0.002) during the winter period.


Table 2 | Estimates produced from univariable associations between the average daily minimum dissolved oxygen concentration and various environmental predictors, stratified by seasons.



The most parsimonious model with statistically significant predictors included the following environmental predictors: daily maximum temperature (spline, with knot at 10°C), daily maximum wind speed (spline, with knot at 55 km/h), and daily regionally-averaged aph(443) coefficient (pooled estimates presented in Figure 7). Across all 21 aquaculture sites, higher temperatures (>10°C), faster wind speeds (>55 km/h), and daily regionally-averaged aph(443) coefficients were all positively associated with daily average minimum DO concentrations (P = 0.010, P = 0.043, and P = 0.047, respectively). When accounting for temperature, wind speeds and aph(443), precipitation and wind direction were not statistically significant predictors (P = 0.532 and P = 0.169, respectively; models not shown).




Figure 7 | Forest plots produced from the two-stage time-series analysis, showing the meta-analysis results, across all 21 aquaculture sites, from coefficients derived from mixed multivariable regressions of the average daily minimum dissolved oxygen concentration as the outcome and various environmental predictors as fixed effects, with both long-term seasonal trends (cubic spline function with 7 knot per year) and short-term autocorrelation (exponential). The environmental predictors included daily estimates for maximum temperature (spline with knot placed at 10°C) with lower temperature estimates (≤10°C) and higher temperature estimates (>10°C), wind speed (max. gust above 30 km/h; spline with knot placed at 55 km/h and re-scaled [10-2]) with slower wind speed estimates (≤55 km/h) and faster wind speed estimates (>55 km/h), and regionally-averaged aph(443) coefficients. I2 represent the level of heterogeneity across the aquaculture sites, and the confidence interval color for each site corresponds to its respective aquaculture areas (see Figure 1). Pooled estimates from all 21 aquaculture sites are also presented with their 95% confidence intervals.



The results of the meta-analysis of the effect of daily maximum temperature on daily average minimum DO concentration were shown with their respective forest plots (Figure 7). For the lower temperature estimates (≤10°C), the 95% confidence interval of the estimate marginally included 0, while the 95% confidence interval of the estimate for the higher temperature group entirely fell on the positive side. The overall linear association between lower temperature (≤10°C) and daily average minimum DO was not statistically significant (P = 0.154), while the pooled linear association between higher temperature (>10°C) and daily average minimum DO across all sites was statistically significant (P = 0.010) (Figure 7). Interestingly, there did not appear to have a geographical pattern to the association of DO with either lower or higher temperatures with wide variety of effects among sites within areas. The 95% confidence interval of estimate of the group of slower wind speed marginally included 0, while the 95% confidence interval of estimate of the group of faster wind speed entirely fell on the positive side (Figure 7). The association between daily maximum wind gust speed and daily average minimum DO, for slower maximum speeds (≤55 km/h), was not statistically significant (P = 0.505), while it was statistically significant (P = 0.043) for faster maximum speeds (>55 km/h) (Figure 7). The 95% confidence interval of estimate of aph(443) was above 0 (Figure 7). The daily regionally-averaged aph(443) coefficient was positive and statistically significant (P = 0.047) (Figure 7), while there was no obvious geographical trend to the effect of aph(443) on daily average minimum DO concentrations – perhaps with the exception of the Discovery Islands area (yellow horizontal lines from Site 15 to 21 in Figure 7), where aph(443) appears to have a slightly more consistent effect on daily average minimum DO concentrations than the remaining areas.





4 Discussion

By using in-cage DO logger data concurrently with historical remotely-sensed and regional weather data, we were able to analyze spatiotemporal patterns of DO concentrations in relation to environmental variables. The frequency of hypoxic episodes was substantially different among aquaculture sites and among seasons. The time-series regression modelling results emphasized the significance of seasonal effect on DO concentrations, and how much the effect of environmental variables on DO concentrations varied among the aquaculture sites.

The results from the two-number criteria, demonstrating the frequency of hypoxic episodes from 7-day minimum, 7-day mean and 30-day mean thresholds, suggests that both acute and chronic exposures to low DO were occurring simultaneously in aquaculture production systems. This is an important finding, especially when considering that the 30-day mean criterion is deemed to be a period sufficient to produce negative effects on the growth and reproduction of adult salmonids (U.S. Environmental Protection Agency, 1986). In our study, the chronic exposures (30-day mean) to low DO occurred at any moment in all of three cages in 14 of the 20 sites with data for all three cages (Sites 2, 4, 7, 8, 9, 11, 13, 14, 15, 17, 18, 19, 20, and 21; excluded Site 6 with only two cages) during the study period. The low DO concentration resulted from either a series of frequent short-term exposures or prolonged exposures to low DO concentration over a long period of time. Continuous exposure of fish to DO concentrations less than 6.5 mg/L in benthic waters or in vertical stratification have been reported to alter fish physiological processes and spatial distribution (Zhang et al., 2015). To comprehend the impact of low dissolved oxygen (DO) concentrations on overall aquaculture performance, it is crucial to assess fish health, growth and mortality. Unfortunately, we did not have access to health events or mortality data, fish weight information, or feed conversion rate data for the aquaculture sites in our study. Consequently, the effect of chronic exposure to low DO concentrations on the growth and reproductive capacity of salmonids in the study sites remains purely speculative and should be approached with caution. Producers, however, have observed increased mortalities associated with lower DO in fish with pre-existing conditions (e.g. gill damage, deformities, etc.), and during fish-handling events (e.g. sea lice treatments and harvesting). Nevertheless, the observation of short- and long-term hypoxic episodes in these 14 sites are worth noting and likely have an impact on the suitability of these sites for growing salmon, either because of a direct influence on mortality and productivity, or simply by having populations of fish more susceptible to sudden fluctuations in oxygen levels in coastal waters.

Spatial variation in DO concentrations across aquaculture areas and sites was observed in this study, and the variation was more obvious for low DO episodes, as defined by the production impairment classification and the two-number criteria. Previous publications also found substantial spatial variation in DO levels of salmon sea cages (Johansson et al., 2006; Johansson et al., 2007; Oppedal et al., 2011; Solstorm et al., 2018). This variation might be related to aquaculture management practices, geological or geographical locations of the aquaculture sites (Page et al., 2005), environmental and climatic factors, and the oxygen fluctuation and consumption conditions within sites. Geographically, we found that the proportion of hypoxic episodes, based on the production impairment classification, varied among areas (Figure 3A), suggesting that some of the causes of low DO may be occurring at a larger regional scale.

Although we did not have information on the stocking density of each cage in our study, presence of fish within cages and their stocking density have been found to relate to variations in DO levels and cage-level oxygen consumption dynamics (Johansson et al., 2007). Larger cages with increased total biomass is linked to a decrease in DO levels and an increased risk of hypoxia due to greater oxygen consumption rate (Alver et al., 2023). Also, other factors such as the horizontal variability in water current speed and direction, sea cage physical structure (including netting), net fouling, and even the position of the cages within aquaculture sites may be responsible for some of the spatial and cage-level variations in hypoxic patterns (Johansson et al., 2006; Johansson et al., 2007; Solstorm et al., 2018). When producers observe hypoxic events on sites and/or in specific cages, they likely will adapt their feeding strategies, run air diffusers (passing air bubbles through deeper waters to oxygenate and create water movement) and increase net cleaning frequencies to improve water circulation.

The application of the time-series regression modeling approach to water quality and other environmental data allows the assessment of potential relationships between water quality and environmental parameters (Huang and Schmitt, 2014). The variables that we examined in the time-series regression analyses have been previously recognized as potential influential factors for DO concentrations within sea cages (Li et al., 2018). Importantly, the chosen time scale for a study can also have a potentially large impact on the observed associations between the environmental variables and DO concentrations (Rajwa-Kuligiewicz et al., 2015). Thus, for our study to focus on the short-term association between DO concentration and the environmental predictors, we controlled for long-term trends (i.e. seasonality) by a piecewise polynomial function in our time-series regression analyses, as demonstrated in Figure 4 with smoothed curves of DO concentration over time (Bhaskaran et al., 2013).

Previously published studies reported that low levels of DO concentration were commonly observed during the warmer months (Page et al., 2005; Mansour et al., 2008), and it is a well-known fact that the amount of oxygen that can dissolve in water is inversely proportional to the temperature of water. However, our findings show a pattern for the higher temperature ranges, both in the summer months (Table 2) and with a linear spline (knot at 10°C; Figure 7), that there is more dissolved oxygen (measured as daily average minimum DO) as the water gets warmer (Figure 4). Similarly, the seasonal trend of DO concentration was not necessarily the lowest during summer (Huang and Schmitt, 2014). Interestingly, Rajwa-Kuligiewicz et al. (2015) have also reported that higher concentration of DO was observed with higher water temperature over both short and long-time scales, in which the relation of DO concentration and water temperature appeared to make a hysteretic loop, rather than an inversely proportional linear relation. This loop may be caused by the cyclical patterns of other climatic conditions, such as a light-driven photosynthesis of algae, than from strictly water temperatures. In our study, looking at seasonal patterns for DO and environmental predictors (Figure 5), we can see relatively consistent temperature profiles in spring and autumn, while we observed high DO concentration during spring and low DO concentration during autumn, in conjunction with relatively high aph(443) in spring and low aph(443) in autumn, and completely opposite wind directions between the two seasons – all of which may have contributed to these results. Therefore, while oxygen solubility and DO concentration in aquatic ecosystems are primarily temperature-dependent (Remen et al., 2014), the effect of temperature on DO concentration in salmon aquaculture sites in BC, Canada may be reversed by other driving factors, in what are most likely multifactorial hypoxic episodes.

In our study, no significant association was observed between daily average minimum DO concentration and total precipitation, which is consistent with previous studies (Tyler et al., 2009; Rajwa-Kuligiewicz et al., 2015). From our time-series regression analysis, however, maximum wind gust speed >55 km/h tended to increase daily average minimum DO concentration across the sites (Figure 7). This finding further supports the evidence that increased wind-speed, which improves the air-water oxygen transfer process, does lead to a better DO supply in the water column. Effects of wind mixing include the diffusion of atmospheric oxygen through air-water interface, vertical mixing, and breaking up of any vertical stratification of the water column, all of which may lead to relieving hypoxia (Scully, 2010; Jonasson et al., 2012; Ni et al., 2016).

Lastly, the association between DO concentration and aph(443) was found to be significant. The ability to successfully capture remotely sensed data, such as sea surface aph(443) coefficients, depends heavily on having clear (cloud-free) skies. During the study period, we had aph(443) data for only about 28% of the days, and the missing data were replaced with a constant minimum value of 0.003 (representing halfway between the minimum value and zero). Considering that phytoplankton activity is related to sunlight, this was deemed biologically appropriate for these analyses, however, knowledge of the effects of clouds on aph(443) coefficients would better inform these assumptions. For example, future adjustments could be based not only on the use of missing absorption data, but also on using cumulative or historical sunlight data to better capture both temporal exposure and intensity to solar radiation. Ideally, researchers would be able to estimate regional amounts of phytoplankton biomass and know if this biomass is alive and undergoing photosynthesis or respiration, or if it is dead/dying and consuming oxygen as it naturally decays in the coastal waters. Part of the issue also relates to defining an appropriate geographical region, and currently, the resolution is set at 4 km, which is problematic for coastal waters surrounded by land. One solution, as was done for this study, is to average all aph(443) measurements taken in the larger study region, but ideally, future resolution of remotely-sensed data would allow for site-level information to be captured.

One limitation of this study is the somewhat irregular interval in the measurement of DO concentration across the sites. There were many missing data points and temporal gaps over days and weeks, and at some sites and cages there were gaps of missing data for months. These temporal gaps may have introduced some biases into our analysis, especially in the analysis of seasonal periodicity in the DO time-series (Burke et al., 2021). Consequently, due to limited availability of data, we investigated the effects of the environmental factors only on the average daily average minimum DO concentrations, not on the hourly DO concentration, in the time-series regression modelling. Other explanatory variables such as water flow, salinity, microalgal biomass, salmon stocking density, feeding patterns, disease incidence, amount of available sunlight (solar radiation), pH, inorganic nutrients, and other aquaculture management practices (including cage-level aeration with diffusers and increased net cleaning frequencies) may affect DO dynamics and thus ultimately salmon health and productivity. This study also highlighted the importance of measuring DO over a long period, across multiple seasons, to capture and better understand long-term seasonal trends in DO time-series. Moreover, the availability of ambient dissolved oxygen (DO) concentration data would enable a valuable comparison with the DO observations within fish cages, potentially enhancing the analytical depth of our study. This is due to the fact that the distribution of DO levels within a fish cage is contingent on ambient DO levels, which can exhibit seasonal variations (Alver et al., 2022).

In summary, our study confirms that certain aquaculture areas, in British Columbia, do experience repeated short- and long-term hypoxic episodes, below the recommended optimal concentrations (>7 mg/L), with some sites reaching ‘stressed’ levels of DO concentration (<4 mg/L). The DO dynamics among aquaculture sites showed substantial variations across areas and across cages within sites. Our study provided some evidence that DO concentration is not necessarily inversely proportional to temperature in aquaculture sites, but rather that it depends on multiple other environmental factors. Using time-series regression analysis, temperature, wind (gust) speed, and absorption due to phytoplankton [aph(443)] were found to be important variables for predicting DO levels. Exploring DO dynamics is not only necessary for understanding the current biological state and detecting deviation from recommended concentrations to safeguard salmonids but also useful to plan for active monitoring of water quality parameters. Furthermore, the information from this study can help inform baseline parameters for predictive and simulation-type models for regional DO concentrations (Eze and Ajmal, 2020).
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16 0.001 0487 0512 0.099 0341 0.378
17 0 0.794 0.206 0.230 0.541 0.609
18 0.001 0.785 0.213 0.265 0.555 0.551
19 0.003 0.943 0.054 0.471 0.838 0.875
20 0.015 0.984 0.001 0.680 0.978 1
21 0.003 0897 0.100 0339 0.765 0.754
Overall 0012 0566 0422 0201 0404 0.403

‘The measurements were taken from 21 aquaculture sites in British Columbia (see Figure 1) between October 2015 and May 2017.
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