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Marine Heatwaves Exceed Cardiac Thermal Limits of Adult Sparid Fish (Diplodus capensis, Smith 1884)
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Climate change not only drives increases in global mean ocean temperatures, but also in the intensity and duration of marine heatwaves (MHWs), with potentially deleterious effects on local fishes. A first step to assess the vulnerability of fishes to MHWs is to quantify their upper thermal thresholds and contrast these limits against current and future ocean temperatures during such heating events. Heart failure is considered a primary mechanism governing the upper thermal limits of fishes and begins to occur at temperatures where heart rate fails to keep pace with thermal dependency of reaction rates. This point is identified by estimating the Arrhenius breakpoint temperature (TAB), which is the temperature where maximum heart rate (fHmax) first deviates from its exponential increase with temperature and the incremental Q10 breakpoint temperature (TQB), which is where the Q10 temperature coefficient (relative change in heart rate for a 10°C increase in temperature) for fHmax abruptly decreases during acute warming. Here we determined TAB, TQB and the temperature that causes cardiac arrhythmia (TARR) in adults of the marine sparid, Diplodus capensis, using an established technique. Using these thermal indices results, we further estimated adult D. capensis vulnerability to contemporary MHWs and increases in ocean temperatures along the warm-temperate south-east coast of South Africa. For the established technique, we stimulated fHmax with atropine and isoproterenol and used internal heart rate loggers to measure fHmax under conditions of acute warming in the laboratory. We estimated average TAB, TQB, and TARR values of 20.8°C, 21.0°C, and 28.3°C. These findings indicate that the physiology of D. capensis will be progressively compromised when temperatures exceed 21.0°C up to a thermal end-point of 28.3°C. Recent MHWs along the warm-temperate south-east coast, furthermore, are already occurring within the TARR threshold (26.6–30.0°C) for cardiac function in adult D. capensis, suggesting that this species may already be physiologically compromised by MHWs. Predicted increases in mean ocean temperatures of a conservative 2.0°C, may further result in adult D. capensis experiencing more frequent MHWs as well as a contraction of the northern range limit of this species as mean summer temperatures exceed the average TARR of 28.3°C.
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INTRODUCTION

Rising ocean temperatures and the concurrent increase in anomalous thermal events (e.g., marine heatwaves—MHWs) (IPCC, 2014) can exceed physiological thresholds of marine organisms, compromising energetic processes (e.g., growth, reproduction, and behavior) and ultimately influencing their fitness and survival (Doney et al., 2012; Huey et al., 2012; Lefevre, 2016; Abram et al., 2017). These individual-level effects can scale-up to deleterious levels for populations and communities, with knock-on effects on the functioning of ecosystems (Pörtner and Peck, 2010). Predictions of marine species responses to temperature variability in future climate change scenarios requires an understanding of their physiological processes and limits (Sinclair et al., 2016).

One approach to estimate thermal tolerance and optima of fishes is through quantifying heart rate (fH) responses to thermal variability because increasing heart rate is a primary mechanism to fuel increased oxygen demand as temperature rises (e.g., Cooke et al., 2010; Casselman et al., 2012; Anttila et al., 2014; Drost et al., 2014; Ferreira et al., 2014; Sidhu et al., 2014; Hansen et al., 2017; Muller et al., 2020; Skeeles et al., 2020). When the maximum heart rate (fHmax) of fish fails to increase in proportion to the increased oxygen demand as temperatures rise, mismatches between oxygen supply and demand can arise and potentially impair energetic processes (Steinhausen et al., 2008; Farrell, 2009; Eliason et al., 2011, 2013) and may be compromised at critical maximum temperatures (Sandblom et al., 2016; Eliason and Anttila, 2017; Ekström et al., 2019; Skeeles et al., 2020). The point where fHmax stops keeping pace with the thermodynamic effects of temperature can be estimated as the Arrhenius breakpoint temperature (TAB) or the temperature where Q10 temperature coefficients decrease abruptly (TQB) and both metrics can be used as estimates of the upper thermal limits for energy homeostasis (Anttila et al., 2014; Ferreira et al., 2014; Sidhu et al., 2014; Skeeles et al., 2020). Further increases in temperature can eventually lead to an arrhythmic heartbeat (TARR) and potentially cardiac arrest, which normally occurs just below the upper critical temperature (TCRIT/CTmax) (Casselman et al., 2012; Anttila et al., 2013, 2014; Ekström et al., 2019; Skeeles et al., 2020). Measurements of fishes heart rate function at a range of temperatures may therefore provide important insights into how ocean warming and increases in extreme warming events, such as MHWs, can affect their energetic functioning (Fey et al., 2015; Ekström et al., 2019; Stillman, 2019).

The Diplodus sargus species group (comprising five species; Fricke et al., 2016) is distributed in the warm-temperate, shallow waters (<20 m depth) of the Mediterranean, North-east Atlantic, South-east Atlantic and Western Indian Oceans and is thought to be vulnerable to ocean warming due to a narrow (15–20°C) reproductive scope (Potts et al., 2014). Although this may be attributed to the stenothermy of the earliest life stages (eggs and larvae), no information exists on the upper thermal tolerance and performance of the larval or adult stages of this species complex (see Kemp, 2009; Madeira et al., 2012, 2013; van der Walt et al., 2021, for upper thermal tolerance of the juvenile stage).

Blacktail seabream Diplodus capensis (Smith, 1844) is endemic to southern Africa, comprising of two disjunct populations, one distributed along the south-eastern coast of southern Africa from Cape Point to southern Mozambique (Mann, 1992; Smith and Heemstra, 2012) and the other distributed from Namibia to southern Angola (Richardson, 2010). Throughout the distribution of D. capensis along South Africa’s coastal zone, changes in ocean temperature patterns are already occurring as a result of global climate change (Potts et al., 2015). The subtropical east coast is warming as a consequence of the strengthening of the Agulhas Current (Rouault et al., 2010). In contrast, temperatures in the warm-temperate south coast are predicted to become increasingly variable due to the strengthening and warming of the Agulhas Current’s water on the Agulhas Bank and an increase in upwelling favorable easterly winds (Maree et al., 2000; Roberts, 2005; Lutjeharms, 2007; Schlegel et al., 2017; Duncan et al., 2019). Discrete prolonged anomalous MHWs are expected to be more intense and longer in duration in this region and are predicted to increase in intensity and frequency over time (Schlegel et al., 2017). Consequently, coastal fishes of this warm-temperate region, including D. capensis will likely experience the greatest thermally mediated physiological impacts in South Africa (Duncan et al., 2019).

The aim of this study was to use an established technique to estimate cardiac indices of thermal tolerance (TAB, TQB, and TARR) for adult D. capensis and to relate these to the contemporary and predicted extreme thermal events. To achieve this, we used micro heart rate loggers to estimate fHmax under conditions of acute warming in a laboratory and used recent in situ coastal water temperatures to examine the likely physiological impact of changing temperatures on the species.



MATERIALS AND METHODS


Study Species and Sampling Method

For this study, 16 adult D. capensis individuals (mean ± SD: 0.49 ± 0.16 kg, range: 0.23–0.81 kg) were collected in summer (December 2017–January 2018) from the Port Alfred surf zone (33° 36′ 3.71″ S; 26° 54′ 38.49″ E; Figure 1A) along the warm-temperate south-east coast of South Africa using hook and line. After collection, all individuals were transported in a sealed 5,000 L aerated saltwater tank to the NRF-SAIAB Aquatic Ecophysiology Research Platform (AERP) laboratory at the Department of Ichthyology and Fisheries Science, Rhodes University, Makhanda. Individuals were next transferred to an aerated 5,900 L indoor cylindrical saltwater recirculating holding aquaculture system set at 20.0°C, the mean water temperature at which they were collected, and acclimated for a minimum of 36 h prior to the first experiment.
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FIGURE 1. (A) Recent mean February in situ coastal water temperatures for South Africa (from Smit et al., 2013) and the present known distribution of Diplodus capensis (https://portal.obis.org/taxon/273970); and (B) predicted mean February 2100 decadal coastal temperatures [0.2°C × 10 decades (from 2013) = 2°C in 2109; IPCC, 2014] and the predicted distribution of D. capensis based on an average TARR thermal index of 28.3°C. Study region (Port Alfred surf zone and Kenton-on-Sea) in the Eastern Cape indicated by black outlined rectangle.


Individuals remained in this system for the experimental period, which lasted 2 weeks with a photoperiod of 12 h L: 12 h D. Individuals were fed a mixed diet of squid (Loligo reynaudii) and sardine (Sardinops sagax) every other day and starved 36 h prior to the experiments. Salinity was kept constant at 35 ppt, dissolved oxygen was kept at 100% saturation, and pH remained in the range of 7.9–8.4 in accordance with the water quality parameters taken during fish collection. Ammonia, nitrate and nitrite was maintained at <0.25 mg. L–1, < 2 mg L–1; and < 0.1 mg L–1 (Salifert Test Kits). Water quality was monitored every second day. If water salinity, pH, ammonia, nitrate and nitrite were found to be high, a partial water change was conducted, whereby a quarter of the seawater was removed from the holding aquaculture system and replaced with either filtered rainwater (to lower high salinity and pH levels) or fresh seawater (to lower high ammonia, nitrate and nitrite levels).



Estimation of fHmax Indicators

The experimental trials to determine fHmax in adult D. capensis individuals using micro heart rate loggers followed the methodology outlined by Casselman et al. (2012) and Skeeles et al. (2020). Prior to experimental trials, D. capensis were individually placed into an aerated rectangular 250 L tank whereby the water temperature was lowered from 20.0°C to 14.0°C over a 3-h period (2.0°C h–1 decrease) using a Hailea, HS-90A chiller to meet the minimum summer water temperatures recorded for the study area over December 2017 and January 2018 when fish were collected. Each individual was then placed into a 250 L tank connected to an overall 800 L aerated recirculating system that had been dosed with 2-phenoxyethanol (C8H10O2; 0.2 ml. L–1). Once anaesthesia was induced (Summerfelt and Smith, 1990; Mylonas et al., 2005), the individual was immediately weighed to the nearest gram using a AEADAM PGL 3,000 g scale and moved to an operating trough for surgery, where anaesthetic seawater solution from the system was applied continuously over the gills to maintain respiration and anaesthesia.

The surgery entailed implanting leadless heart rate loggers into individuals (DST micro HRT, 8.3 mm × 25.4 mm, 3.3 g, Star-Oddi©, Iceland,1). The loggers were pre-programmed to measure heart rate and internal body temperature every 15 s for a minute (four readings) followed by 1 minute of recording ECG data at 200 Hz. This programmable setting was continuous for a 3-h period. The heart rate logger was attached with two sutures (Clinisut® silk suture; 3--0, South Africa2), one tied to the designated anterior hole and the other to the posterior end via a suture wrap (see Skeeles et al., 2020). A single incision of approximately 2.5 cm was made directly below the origin of the left pectoral fin (Figure 2a). This location allowed the heart rate logger to be situated immediately posterior to the pericardium membrane (Figure 2b). The heart rate logger was inserted into the cavity, with the two circular electrodes orientated sideways (positioned at a 45° angle ventrally and in direct contact with the musculature once sealed; Figure 2b). This orientation has been shown to be optimal for Sparids (Muller et al., 2020). The incision was stitched using the two sutures attached to the heart rate logger and coagulating antiseptic gel was applied externally to the wound.
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FIGURE 2. The position of the incision made on the individual adult sparid Diplodus capensis for the insertion of the Star-Oddi© micro HRT heart rate logger as well as the position of an individual adult D. capensis maintained throughout experiments. The position of the incision (red dashed line) was made directly below the origin of the left pectoral fin (a) relative to the pericardium (red), pelvic and pectoral girdles (gray) within the abdominal cavity for the insertion of the Star-Oddi© micro HRT heart rate logger orientated sideways (b). Sideways orientation was positioned at a 45° angle ventrally and in direct contact with the musculature. The position maintained throughout experiments for individual D. capensis was in an upright position in a weighted sling with a respiratory inflow valve (c).


After surgery, the fish was immediately returned to the rectangular 250 L tank, linked to the aerated 800 L recirculating system with 2-phenoxyethanol and placed in a weighted foam sling that kept the fish suspended in an upright position (Figure 2c). The tank had two inflows, the first of which was a respirator pipe nozzle positioned in the mouth of the fish so that respiration could be maintained and the second, an inflow to regulate water circulation and temperature (Figure 2c). The flow rate of the respirator was kept constant at 1 L min–1. After 1-h, the fish was removed from the sling and intraperitoneally injected with a solution of atropine sulfate (Sigma-Aldrich; 1.2 mg⋅kg−1) to inhibit vagal tonus to the heart, as well as a saline solution of isoproterenol (Sigma-Aldrich; 1.2 μg⋅kg−1) to stimulate cardiac adrenergic β-receptors (Casselman et al., 2012; Chen et al., 2015; Skeeles et al., 2020). A pilot study, to validate the action and efficacy of the drugs atropine sulfate and isoproterenol to induce fHmax and to assess any post-surgery effects on fHmax, was done prior to the experiment by monitoring the heart rate of two anaesthetized individuals (0.62 kg male and 0.47 kg female) at 20.0°C for a further ± 4 h after surgery (Appendix A Supplementary Material).

Five minutes after the intraperitoneal injection, the heart rate logger was set to start recording and the water temperature was raised using an AquaHeat 9.2 kW pump at 6.0°Ch−1 from 14.0 to 30.0°C. Water temperature was raised to 30.0°C as this value was indicative of the maximum summer water temperature in the study area between 2013–2018 (van der Walt et al., 2021) and at a rate of 6.0°Ch−1 to accommodate the maximum time for fHmax drug efficacy (±4 h; Appendix A Supplementary Figure A.1). At the end of the three-hour experiment, the individual fish was removed from the sling, euthanized using a lethal dose of 2-phenoxyethanol (0.5 ml L–1), and the logger retrieved, rinsed, dried and placed in the communication box to retrieve the heart rate data. This experimental protocol was repeated for 14 adult (330–340 mm TL) D. capensis.



Data Processing and Statistical Analysis of fHmax Indicators

Star-Oddi© heart rate loggers return heart rates (beats per minute–BPM) validated using a four-level quality index (QI 0 = great; QI 1 = good; QI 2 = fair; QI 3 = poor) (Muller et al., 2020; Skeeles et al., 2020). The QI of zero was validated with the loggers ECG output to ensure that the algorithm was working successfully and the QI’s were a true representation of the quality of recordings (Skeeles et al., 2020). For the pilot study, data from the heart rate loggers were filtered to accept only values with a QI of zero and the average heart rate was calculated before and after the addition of the intraperitoneal injection (Appendix A Supplementary Figure A.1). For the experimental protocol, data were filtered to accept only values with a QI of zero and binned into 0.25°C increments. A heart rate trial was considered successful if readings with a QI of zero spanned across at least 80% of the 0.25°C temperature increments. Also, if heart rate loggers yielded highly erratic fHmax recordings for an individual, they were excluded from the analysis.

The TAB was calculated using piecewise linear regression models (Quasi-Newton estimation) fitted to the Arrhenius plot [natural logarithm of the heart rate (ln (fHmax)] against the inverse of temperature in Kelvin (1,000 K–1)] (STATISTICA, v. 12, Statsoft). Heart rate data for temperature bins from 14°C to the temperature corresponding to maximum fHmax were used for the TAB analysis (Ferreira et al., 2014). The incremental Q10 of fHmax for individual fish was determined for every 1.0°C increase using the equation outlined by Ferreira et al. (2014):
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where fH1 and fH2 are heart rates at first T1 and second T2 temperatures, respectively. The incremental Q10 breakpoint (TQB) was estimated by finding the linear equation of the two consecutive points above and below 2.0 and calculating the temperature at which the two lines intersect (Quasi-Newton estimation, STATISTICA, v. 12, Statsoft). The value of 2.0 was selected as it is regarded as a regular rate of change of routine metabolism with temperature for fish (Drost et al., 2014). The Tmax indicator was observed as the temperature at which fHmax reached its absolute maximum value. The TARR indicator was observed as the temperature at which fHmax first began to decrease rapidly after fHmax plateaued, resulting in assumed cardiac arrhythmia. T-tests were performed to compare TAB and TQB; TAB and TARR; TQB and TARR in RStudio (version 4.0.0). Normality of distributions were tested using a Shapiro-Wilk test for each indice and homoscedasticity was tested using the Levene’s test for each comparison. When normality and homogeneity assumptions were not satisfied, Wilcoxon tests were performed in place of the parametric tests.



Marine Heatwaves and the Thermal Tolerance of Diplodus capensis

Hourly in situ water temperature data (2013–2018) was provided by the South African Environmental Observation Network (SAEON, Elwandle Node, Port Elizabeth, Eastern Cape) for Kenton-on-Sea (mooring Kariega_CTlog_Lower, measuring depth < 2 m), which is situated approximately 30 km from Port Alfred (Figure 1A). Hourly temperatures were averaged to give daily water temperatures upon which MHWs were identified using the heatwave R package 0.4.5 (Schlegel and Smit, 2018) in RStudio (version 4.0.0) to characterize their frequency, intensity, and duration (Appendix B Supplementary Material).

Following Hobday et al. (2016), a MHW was defined as a “discrete prolonged anomalously warm water event.” In this case, “discrete” means an identifiable event with recognizable start and end dates, “prolonged” implies a duration of at least 5 days, and “anomalously warm” temperatures relative to a baseline climatology and threshold (Oliver et al., 2019). The climatological mean and seasonally varying 90th percentile threshold was calculated for each calendar day of the year by pooling all data within an 11-day window across all years (Hobday et al., 2016; Schlegel et al., 2017; Oliver et al., 2019). Marine heatwaves were identified as periods of time when temperatures exceeded the seasonally varying 90th percentile threshold for at least 5 days (Schlegel et al., 2017; Oliver et al., 2019). Furthermore, discrete events with well-defined start and end dates but with “breaks” between events lasting ≤ 2 days followed by subsequent ≥ 5 day events were considered to be continuous events (Hobday et al., 2016; Schlegel et al., 2017).

After the events were defined, a set of metrics were calculated including the duration (time from start to end dates, in days), mean and maximum intensity (measured as anomalies relative to the climatological mean, in °C), and cumulative intensity (the integrated intensity over the duration of the event, analogous to degree-heating-days; °C -days) (Schlegel et al., 2017).



Predicted Marine Heatwaves and Links to the Thermal Tolerance of Diplodus capensis

Predicted future daily water temperatures for the beginning of the next century, in the same study area, were approximated by adding 2.0°C to the recent five-year daily in situ water temperatures. A conservative temperature increase of 2.0°C was used as, globally, SST is predicted to increase by 0.2°C per decade (IPCC, 2014). Marine heatwaves were then identified using the process described above (Appendix C Supplementary Material). This was done in order to estimate how future temperature increases of 2.0°C may shift/increase MHW events into adult D. capensis physiologically preferred threshold (TAB/TQB), above their physiologically preferred threshold, and within and above their physiologically tolerable TARR threshold.



Predicted Impact of Increasing Mean Sea Temperatures on the Distribution of Adult Diplodus capensis

In order to assess the relationship between mean coastal temperatures and the distribution of D. capensis, the current distribution of D. capensis3 was plotted against mean summer (February) in situ temperatures recorded along the South African coastline between 1972 and 2012 (Smit et al., 2013). A uniform rate of temperature increase of 0.2°C per decade for the whole coastline was then used, in line with the global average (IPCC, 2014), and added to the mean summer in situ temperatures to estimate future (2100) SST values. Thermal habitat lost in the future was estimated by removing habitat with mean summer temperatures above the physiologically tolerable TARR of the species.



RESULTS

Twelve of the 14 individuals tested (mean ± SD: 0.51 ± 0.17 kg, range: 0.23–0.81 kg) yielded interpretable results for fHmax and a high heart rate logger efficiency, whereby the desired QI of zero was attained, i.e., ∼ 95% across the 0.25°C temperature increments for each trial (Appendix D Supplementary Figure D.1). For the remaining two individuals (mean ± SD: 0.35 ± 0.05 kg, range: 0.31–0.39 kg), the Star-Oddi© heart rate loggers stopped recording after an hour.

The fHmax of all 12 individuals increased with temperature, peaking at an average of 152 beats min–1 ±17 SD at 28.0 ± 1.7°C (Figure 3A and Table 1). The highest fHmax was generally followed by a plateau and decline in heart rate, which signified the beginning of cardiac arrhythmia (TARR) (Figure 3A). The average TARR was 28.3°C ± 1.7°C SD (Table 1). Piecewise linear regression models for the 12 individuals yielded detectable Arrhenius breakpoint temperatures (TAB) ranging from 19.8 to 23.4°C with an average of 20.8°C ± 1.0°C SD (Figure 3C and Table 1). The incremental Q10 breakpoint (TQB) was similar to the TAB [Wilcoxon W-test; W (22) = 58.5, p = >0.452], ranging from 19.0 to 22.5°C with an average of 21.0°C ± 1.0°C SD (Figure 3B and Table 1). The TARR, however, was significantly different to the TAB [Wilcoxon W-test, W (22) = 0.00, p = <0.01] and TQB [T-test, T (22) = 12.89, p = <0.01].
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FIGURE 3. Maximum heart rate (fHmax) (A), incremental Q10 analysis of fHmax for 1.0°C increments (B), and Arrhenius plots of natural log of maximum heart rate [ln (fHmax)] against the inverse temperature in Kelvin (1,000 K−1) (C) of twelve adult Diplodus capensis in response to increasing water temperature from 14.0°C. The blue vertical line represents the average maximum heart rate (fHmax = 152 beats min–1 at 28.0°C). The red vertical line represents the average arrhythmic temperature (TARR = 28.3°C). The gray horizontal solid line represents the average Q10 breakpoint (Q10 < 2.0). The purple vertical line represents the incremental Q10 breakpoint temperature (TQB = 21.0°C). The green vertical line represents the average Arrhenius breakpoint temperature (TAB = 20.8°C).


TABLE 1. Biological information, fHmax index values for individual blacktail, Diplodus capensis in response to acute warming.
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Analysis of daily water temperatures between 2013 and 2018, showed 16 MHWs (Figure 4A and Table 2). Two MHW events (event 5 and 14) resulted in temperatures above 26.6°C, which is one standard deviation (−1.7°C SD) below adult D. capensis average TARR (28.3°C) thermal index (Figure 3A). Event 14, which occurred between 27 December 2015 and 6 January 2016 (mean intensity = 3.1°C; maximum intensity = 4.0°C above climatological mean) was the most intense summer MHW within this five-year period, when maximum temperatures reached 29.5°C exceeding adult D. capensis average TARR (28.3°C) (Figure 4A and Table 2). Five other MHW events were identified (Figure 4A and Table 2) that may also have physiologically compromised adult D. capensis, with temperatures above the TAB/TQB (22.0–26.6°C) threshold. Within the 20% of the days where daily in situ water temperatures were physiologically preferred for adult D. capensis (average TAB/TQB), three MHW events were identified (Figure 4A and Table 2). Within the 47% of the days where daily in situ water temperatures were low and below adult D. capensis physiologically preferred average TAB/TQB, six MHWs were identified, of which one occurring between 2 August and 19 August 2014 lasted 18 days, reaching maximum temperatures of 23.8°C (Figure 4A and Table 2).
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FIGURE 4. (A) Recent (2013–2018) and (B) predicted next century (2109–2114) daily mean (black line) and maximum (gray line) in situ water temperatures for the warm-temperate south-east coast study area indicating the identification of marine heatwave (MHW) events (red shaded areas) above the seasonally varying 90th percentile threshold (orange line) in relation to adult Diplodus capensis thermal indices (TARR, TAB, and TQB). Blue line represents the climatological mean. Red dashed horizontal line and shaded red rectangle represents the mean arrhythmic temperature and standard deviation (mean TARR ± SD = 28.3°C ± 1.7°C). Green dashed horizontal line and shaded green rectangle represents the mean Arrhenius breakpoint temperature and standard deviation (mean TAB ± SD = 20.8°C ± 1.0°C). Purple dashed horizontal line shaded purple rectangle represents the mean incremental Q10 breakpoint temperature and standard deviation (mean TQB ± SD = 21.0°C ± 1.0°C). Red circled numbers represent the event numbers of the identified MHWs. Predicted daily and maximum in situ water temperatures were calculated from recent daily and maximum in situ water temperatures by adding 2.0°C [0.2°C × 10 decades (from 2013) = 2°C in 2109; IPCC, 2014] resulting in the same MHW events being determined as the current MHW events based on the climatological mean and seasonally varying 90th percentile threshold.


TABLE 2. The number, duration (time from start to end dates of MHW event, in days), peak (day within duration of MHW event with highest temperature), mean intensity (mean temperature anomaly value relative to the climatological mean during the MHW event, in °C), maximum intensity (highest temperature anomaly value relative to the climatological mean during the MHW event, in °C), and cumulative intensity (sum of daily intensity anomalies over the duration of the MHW event, in °C days) metrics for marine heatwave (MHW) events calculated from recent (2013–2108) and predicted (2109–2114) daily in situ water temperatures for the warm-temperate south-east coast study area.
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Likely Climate Change Scenario

A 2.0°C increase in water temperature by the beginning of the next century shifts the number of MHWs into different thermal thresholds (TAB, TQB, and TARR). Four of the MHW events occur within adult D. capensis TARR threshold (26.6–30.0°C), with maximum temperatures reaching 30.1°C, exceeding its average TARR (28.3°C). Six MHW events are above the TAB/TQB threshold (22.0–26.6°C), and four within the physiologically preferred TAB/TQB threshold (19.8–22.0°C) for adult D. capensis (Figure 4B). Only two MHW events are below the physiologically preferred TAB/TQB threshold for adult D. capensis (Figure 4B).

Mean summer in situ water temperatures recorded between 1972 and 2012 throughout the current distribution of D. capensis increase from 11.0°C at Cape Point to 27.0°C in northern KwaZulu-Natal (Figure 1A). Mean summer temperatures currently do not exceed the estimated average TARR thermal index (28.3°C) for adult D. capensis. If mean summer temperatures increase by 2.0°C by the beginning of the next century (2100), they will be above the estimated average TARR thermal index in northern KwaZulu-Natal, possibly resulting in a contraction of the distribution range of the species (Figure 1B).



DISCUSSION

We found that the occasional, recent summer MHWs already exceeds the thermal limits for cardiac function in adult D. capensis along the south-east coast of South Africa. As the frequency and intensity of these events is predicted to intensify in the future, summer MHWs may be increasingly detrimental to the physiological functioning, performance and overall survival of adult D. capensis. Increases in mean summer water temperatures may also result in a contraction in the overall distribution of this species as mean summer temperatures may exceed the average TARR thermal index in tropical northern KwaZulu-Natal (Figure 1).

The fHmax thermal indices for adult D. capensis were consistent among individuals, with the estimated TARR being 6.0–7.4°C higher than TAB (p = <0.05) and 6.8–8.3°C higher than TQB (p = <0.05), with a 0.8–0.9°C difference between TAB and TQB (p = >0.05). The difference between the TARR and TAB (5.1°C) and between the TAB and TQB (0.84°C) for another South African adult endemic sparid, the red roman Chrysoblephus laticeps (TAB = 18.7–20.1°C, TARR = 23.8–25.2°C; TQB = 17.1–20.7°C) (Skeeles et al., 2020), were smaller than D. capensis and may explain their different distribution patterns. Chrysoblephus laticeps is primarily distributed in the warm-temperate and cool-temperate biogeographical regions of South Africa (Skeeles et al., 2020), whereas D. capensis is primarily distributed in the warm-temperate and subtropical regions. Adult C. laticeps is also found in deeper waters (0–100 m; Götz et al., 2008) than D. capensis (0–40 m; Mann, 1992), where temperatures are likely to be less variable and cooler.

The large difference between TAB and TQB with TARR, suggests that adult D. capensis can withstand relatively short-term water temperature increases which are characteristic of eurythermic species (Sidhu et al., 2014). Even though this window is relatively wide, the impacts of long-term increases in water temperature beyond TAB is uncertain. Since the metabolic Q10 effect of warming on tissue oxygen demand is > 2.0 (i.e., no significant difference between TAB and TQB) however, it is likely that cardiac failure may begin at a temperature well below the temperature that triggers TARR, making the margins functionally narrower than observed (Sidhu et al., 2014). This narrow functional thermal margin may explain why adult D. capensis do not spawn at temperatures higher than 20.0°C (Potts et al., 2014), which further coincides with the mean TAB value of 20.8°C for this study.

We acknowledge that our fHmax thermal indices results and methodology is entirely based on anaesthetized fish (also see Skeeles et al., 2020). Anaesthetics can influence heart rate and, therefore, the accuracy of the TAB thermal index (see Casselman et al., 2012). Anaesthetizing fish, however, can endogenously stimulate fHmax for a given temperature under standardized conditions which is quite difficult when a fish is actively swimming (Skeeles et al., 2020). Nevertheless, future studies should include free-swimming individuals with surgically implanted heart rate loggers not under the influence of anaesthetics within a swim-tunnel exposed to various acute increases in temperature (different heating rates) as a comparison. Swimming activity will induce fHmax and a further cardiac comparison can be made with D. capensis at resting heart rate. This will provide a better understanding of D. capensis real-world cardiac physiological response to contemporary and predicted MHWs and temperature variability. The TARR thermal index, furthermore, in this study was also an estimate and may not be a true representation of the actual TARR (see Gilbert, 2020). This is owing to the difficulties in keeping ECG trace on for the entire duration of the experimental trials as the heart rate loggers battery life will become depleted.

A recent analysis of inshore (in situ) and offshore (optimally interpolated SST—OISST; Reynolds et al., 2007) temperature data spanning a 21-year time series (in situ—40 years, OIST—33 years) indicated that MHWs along the warm-temperate region are more intense and longer in duration than those along the cool-temperate and subtropical regions of South Africa (Schlegel et al., 2017). In this study, within a recent five-year period (2013–2018), 16 MHWs were identified using in situ daily mean water temperatures in the study area, with the hottest MHW attaining 28.4°C, occurring at the same time as the strong El Niño event of 2015/2016 in the northern and tropical Indian Oceans (Gupta et al., 2020), and the longest MHW lasting 18 days (Table 2). These events exceed the maximum mean water temperature, duration and count (25.0°C for 10 days; mean event count of 1.5 ± 1.8 SD) of events recorded within the same region (Schlegel et al., 2017). This, however, could be an artefact of using a longer time series of temperature data over 30 years compared to 5 years for the climatological mean. The average TARR thermal index of 28.3°C was also exceeded during this study. This indicates that adult D. capensis in the study area may already be vulnerable and physiologically impaired as a result of an increase in the intensity and frequency of MHWs in this study area.

In order to mitigate physiological impairments or avoid thermal stress, adult D. capensis may also seek spatial thermal refuge by moving to more favorable conditions (cooler or deeper waters), in their highly heterogeneous thermal environment. Signs of this behavioral thermoregulatory strategy have been demonstrated in other species using acoustic telemetry, where fish move into nearshore shallow tidal creeks on an incoming tide and to deeper cooler waters on the outgoing tide, potentially using these deeper areas as a thermal refuge to avoid extreme warm temperatures (Murchie et al., 2013). Acoustic telemetry studies on adult D. capensis with coded sensor tags and a thermal sensor array would be a useful way to understand if fish actively avoid high temperatures by seeking cooler or deeper waters.

Although the addition of 2.0°C to the five-year daily temperature series provides a rough prediction of future ocean temperatures, it does offer a sense of expected physiological stress across the distribution of adult D. capensis. Based on this prediction, it appears that extreme summer water temperatures (26.8–30.0 °C) may occur 6% more of the days, shifting further into the physiological “danger zone” (mean TARR = 28.3°C), with daily maximum temperatures of up to 30.0°C occurring. These findings suggest that if adult D. capensis average TARR is fixed (hard-upper cardiac limit to thermal tolerance; Morgan et al., 2021), they may not survive this scenario, as water temperatures extend beyond the average TARR. Furthermore, they may not be able to adapt in pace with climate warming, suggesting low potential for evolutionary rescue (Doyle et al., 2011; Klerks et al., 2019; Leeuwis et al., 2021). Adult D. capensis may therefore be living at the edge of their upper thermal cardiac limits, with temperature peaks that exceed physiological limits and could cause hypoxia (Leeuwis et al., 2021) resulting in high mortality (Deutsch et al., 2008; Huey et al., 2012; Genin et al., 2020).

When compared with adults, juvenile D. capensis from the same study region had a wider thermal window and higher mean CTmax end-point of 35.0°C in summer (van der Walt et al., 2021). This suggests that juvenile D. capensis may be more eurythermic and less vulnerable to predicted increases in MHW events compared to their adult counterparts. This may be attributed to the general patterns of increasing thermal sensitivity with body size—larger (older) fish being more thermally sensitive than smaller (younger) fish (Pörtner et al., 2008; Pörtner and Peck, 2010; Dahlke et al., 2020), and may explain why juveniles are able to inhabit highly thermally variable environments such as intertidal pools and estuaries.

In the case of the warm-temperate south-east coast of South Africa, temperature variability is likely to increase (Duncan et al., 2019; van der Walt et al., 2021). An increase in the intensity and frequency of upwelling events, which has contributed to the intensification of temperature variability, has already been recorded along the South African south coast (Duncan et al., 2019). Extreme variability in temperatures is often lethal to fish. A recent regionally extensive MHW event, with high temperatures of 24.0–26.0°C occurring for a number of days, followed by an upwelling event, with temperatures rapidly decreasing to as low as 10°C was recorded along the South African east coast at the end of summer 2021. The South African “ibhloko” (isiXhosa term for “blob”) resulted in extensive fish and invertebrate kills, with numerous species including D. capensis affected (Dayimani, 2021; Department of Environment, Forestry and Fisheries, 2021). Similar events have resulted in fish mortality along the warm-temperate south-east coast, with Hanekom et al. (1989) documenting fish kills, including D. capensis, between 10 January 1984 and March 1989. With predicted increased climate warming and temperature variability in this region, these events could occur more frequently and result in greater numbers of fish kills.

The findings of this study indicate that the suitable thermal habitat for adult D. capensis along the tropical edge of their distribution (in the northern KwaZulu Natal) may be lost if mean summer temperatures increase by 2°C at the beginning of 2100 (Figure 1B). Range contractions such as this may effectively reduce population sizes and even cause population declines (Neuheimer et al., 2011; Wernberg et al., 2011; Smale and Wernberg, 2013; Deutsch et al., 2015). Poleward expansions of Diplodus populations in response to ocean warming have already been observed for D. bellotti from its endemic origin (Senegal to Cape Blanco in Mauritania) in the West African upwelling region to the Atlantic coast of the Iberian Peninsula (Robalo et al., 2020). A poleward range expansion and an equatorward range contraction was also predicted for D. capensis in the Angola Benguela Frontal Zone (Potts et al., 2014). The mechanism for the D. capensis range contraction along the west coast of southern Africa, however, was thought to be driven by changes in reproductive scope, which in turn may have been influenced by adult thermal physiology. When considered together with the findings of this study, it appears that species belonging to the genus Diplodus are susceptible to ocean warming, particularly at their warm water limit and are likely to shift their distributions in future ocean conditions. This may have major implications for the coastal fisheries that rely on these species as demonstrated by Smale et al. (2019) investigating the predicted global effects MHWs have on ecological goods and services.



CONCLUSION

Collectively, the fHmax thermal indices recorded during this study suggest that when summer in situ daily water temperatures exceed 21.0°C (mean TAB/TQB), adult D. capensis may be physiologically compromised up to an estimated cardiac collapse at 28.3°C (average TARR index). The number of contemporary MHW events were surprisingly high, with maximum temperatures experienced during the hottest MHW event equal to adult D. capensis average TARR thermal index, suggesting that they may already be physiologically vulnerable. Predicted increases in the frequency and intensity of MHWs in this region may ultimately further compromise adult D. capensis by lowering its survival as temperatures exceed the fixed TARR threshold, narrowing their thermal window for acclimation as well as adaptation. Finally, predicted increases in mean summer temperatures beyond 28.3°C at the northern edge of this species range may result in range contraction.
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Recent (2013-2018) Predicted (2109-2114)

Event Number Duration (n) Start date Date peak End date Start date Date peak End date Mean intensity (°C) Maximum intensity Cumulative intensity
(°C) (°C days)
14 11 2015/12/27 2016/01/04  2016/01/06  2111/12/27  2112/01/04  2112/01/06 3.1 4.0 33.7
10 15 2014/09/04 2014/09/16  2014/09/18  2110/09/04  2110/09/16  2110/09/18 25 3.9 37.7
7 9 2014/06/27 2014/07/03 ~ 2014/07/05  2110/06/27  2110/07/03  2110/07/05 23 3.2 20.4
5 5 2014/01/19 2014/01/22  2014/01/23  2110/01/19  2110/01/22  2110/01/23 2.7 3.2 187
15 5 2016/04/14 2016/04/16  2016/04/18  2112/04/14  2112/04/16  2112/04/18 2.7 341 185
12 6 2015/10/19 2015/10/20  2015/10/24  2111/10/19  2111/10/20  2111/10/24 28 30 138
6 7 2014/02/09 2014/02/13  2014/02/15  2110/02/09  2110/02/13  2110/02/15 22 28 182
13 7 2015/11/30 2015/12/02  2015/12/06  2111/11/30  2111/12/02  2111/12/06 1.9 2.8 134
9 18 2014/08/02 2014/08/18  2014/08/19  2110/08/02  2110/08/18  2110/08/19 2.0 27 36.8
4 9 2013/10/03 2013/10/05  2013/10/11 2109/10/03  2109/10/05  2109/10/11 21 25 19.3
3 8 2013/07/09 2013/07/12 ~ 2013/07/16  2109/07/09  2109/07/12  2109/07/16 1.8 2.1 14.4
8 B 2014/07/14 2014/07/17  2014/07/18  2110/07/14  2110/07/17  2110/07/18 15 2.0 7.5
16 6 2016/10/21 2016/10/23  2016/10/26  2112/10/21 2112/10/23  2112/10/26 1.8 2.0 10.5
2 8 2013/05/22 2013/05/23  2013/05/29  2109/05/22  2109/05/23  2109/05/29 1.4 1.9 1.4
1 6 2013/04/28 2013/05/02  2013/05/03  2109/04/28  2109/05/02  2109/05/03 1.6 1.9 9.7
11 6 2015/05/20 2015/05/23  2015/05/25  2111/05/20  2111/05/23  2111/05/25 14 1.3 6.8

The MHW events are listed according to most severe event to least sever event in accordance with mean and maximum intensity. Predicted daily in situ water temperatures were calculated from recent daily in situ water
temperatures plus 2.0°C [0.2°C x 10 decades (from 2013) = 2°C in 2109, IPCC, 2014] resulting in identical metrics for both recent and predicted MHW events in relation to the climatological mean and seasonally
varying 90t percentile threshold.
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Sex Female
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Mass (kg) 0.65
Length (cm TL) 33.0
Relative ventricular mass (%) 2.0
Highest fiymax (beats min~") 150
T at highest fiymax (°C) 30.0
Tarr (°C) 30.3
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Tas (°C) 22.0
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145
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Female

Mature
Stage 2

0.66
32.0
241
145
26.0
26.3
23.4
19.6

Fish 5

Male

Spent
Stage 4

0.57
30.0
1.9
156
27.8
28.0
21.3
21.4

Fish 6

Female

Mature
Stage 2

0.56
30.0
1.9
150
28.8
29.0
20.5
21.3

Fish 7

Female

Mature
Stage 2

0.64
30.0
29
162
255
25.8
20.4
20.8

Fish 8

Female

Mature
Stage 2

0.48
34.0
1.4
115
30.5
30.8
21.0
21.7
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Female

Mature
Stage 2

0.34
30.0
1.
188
28.0
28.3
20.2
21.9
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Female

Mature
Stage 2

0.42
30.0
1.4
158
26.5
26.8
19.9
19.9

Fish 11

Female

Mature
Stage 2

0.31
30.0
1.0
167
27.3
2735
20.6
21.0

Fish 12

Female

Mature
Stage 2

0.23
30.0
0.8
161
26.8
27.0
19.8
22.5

Average

0.49
31.0
1.6
162
28.0
28.3
20.8
20.9

SD

017
2.0
0.5
17
1.7
1.7
1.0
1.1

fumax values include the cardiac arrhythmia temperature (Tagr), Arrhenius break temperature (Tag) and incremental Q1o breakpoint temperature (Tqg).
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