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Fresh submarine groundwater discharge (fresh SGD), the efflux of terrestrial groundwater directly into the ocean, is a ubiquitous pathway for nutrient-rich freshwater to coastal ecosystems, altering their hydrography, hydrochemistry, and primary productivity. Yet only little is known about the effects of fresh SGD on the fitness of higher trophic levels such as teleost fish. Otolith analysis revealed that somatic growth rates were significantly higher and settlement to reef habitat took place significantly earlier in juvenile gray demoiselle Chrysiptera glauca exposed to fresh SGD as compared to strictly marine conditions. Contrary to expectations, feeding conditions were comparable in both habitats. We propose that physiologically beneficial environmental conditions brought about by the submarine influx of cold acidic freshwater enabled juvenile fish to exhibit elevated growth rates, thereby increasing their survival potential. This effect would directly link changes in groundwater on land to variations in marine primary and secondary consumer biomass at the coast.
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INTRODUCTION

Submarine groundwater discharge (SGD) is an important, albeit subtle pathway for nutrient rich freshwater to coastal ecosystems (Johannes and Hearn, 1985; Lapointe and O’Connell, 1989; Slomp and Van Cappellen, 2004; Luo et al., 2018). The phenomenon referred to as SGD entails the recirculation of seawater as well as the influx of fresh terrestrial groundwater (fresh SGD) (Burnett et al., 2003; Moore, 2010) and occurs nearly ubiquitously at the shorelines (Moosdorf et al., 2015). Here we will focus on fresh SGD, since its ramifications on coastal ecology are far more incisive: globally, fresh SGD amounts to up to 10% of the gross river discharge (Taniguchi et al., 2002). The process is responsible for habitat modifications and niche partitioning in benthic communities via local changes in water temperature, salinity, and pH (Amato et al., 2016; Foley, 2018). Fresh SGD can drive a coastal ecosystem’s primary production via nutrient enrichment, which in turn leads to elevated primary and secondary consumer biomass (Dale and Miller, 2008; Waska and Kim, 2011; Encarnação et al., 2014; Hata et al., 2016; Utsunomiya et al., 2017; Lecher and Mackey, 2018; Piló et al., 2018). The assessment of factors influencing the abundance and growth of these consumers, in particular teleost fishes, is of ever-growing concern since this information is vital to predict consequences of anthropogenic actions on ecosystem functioning and productivity (Burnett et al., 2018; Shoji and Tominaga, 2018).

In marine fish early life stages rapid growth generally decreases predation mortality (Anderson, 1988; Houde, 1989). Improved feeding conditions are proposed to have positive effects on the condition and growth of teleost fishes (Jones, 1986). On settlement, juvenile reef fish suffer high rates of mortality which signifies this life history stage as an especially critical bottleneck for a fish cohort (Almany and Webster, 2006). Enhanced somatic condition, augmented growth, and earlier settlement are consequently indicators of elevated survival potential and confer higher fitness to reef fish (Booth, 1995; Suthers, 1998; Hoey and McCormick, 2004). Water temperatures, pH levels, dissolved oxygen content, and salinity divergent from the marine conditions a fish is adapted to may pose as physiological stressors, potentially negatively affecting condition and growth (Pauly, 1998; Choat and Roberson, 2002). Altered growth rates caused by the influx of fresh SGD to a coastal marine ecosystem are, therefore, highly likely to modify individual fitness and thereby population sizes in fishes.

Damselfishes are a widespread and abundant component of coastal fish communities around the world. Members of the family frequently serve as model organisms since they share life-history traits with the majority of benthic and coastal fishes and invertebrates (Simpson et al., 2016). Demersal, territorial adults produce pelagic larvae which are dispersed throughout the intertidal zone by tides and currents (Sale, 2002). Juveniles settle at first in small upper littoral rock or tide pools before dispersal onto the upper reef flat takes place (Gopinadha Pillai and Mohan, 1990).

We hypothesize that fresh SGD alters the fitness of primary and secondary consumers through changes in water quality characteristics and enhanced primary productivity in coastal marine ecosystems. We consequently aim at investigating the small-scale effects of fresh SGD on the growth rates of juvenile gray demoiselle Chrysiptera glauca in two contrasting tide pools in Mauritius to predict meso-and large-scale impacts of the process on secondary consumer biomass in coastal ecosystems. Semi-enclosed tide pools influenced by fresh groundwater seepage constitute a valuable field laboratory since these environments exhibit markedly lowered water temperatures, pH, and salinities combined with elevated nutrient loadings due to high water residence times at low tide (Foley, 2018).



MATERIALS AND METHODS


Study Sites

The intertidal zone of Mauritius is characterized by volcanic rock (Montaggioni, 1982) and serves as a habitat to early life stages of various reef fishes (Sato et al., 2008). Mauritius’ lagoons are highly impacted by dissolved nutrient input from SGD (Burnett et al., 2006; Ramessur et al., 2012). The main source of anthropogenic derived nutrients in fresh SGD in Mauritius are domestic and industrial sewage as well as agricultural activities such as sugar cane farming (Ramessur, 2002). Sampling took place in two tide pools situated at the West coast of Mauritius: one characterized by visible fresh submarine groundwater seepage in Albion (375 m2, 20°12′59.5″S, 57°23′48.2″E) and another strictly marine one in Flic-en-Flac (350 m2, 20°16′17.7″S, 57°22′13.9″E) (Figure 1). Both tide pools were located in lagoons of fringing reefs and sheltered from waves by reef crests. Even though post-larvae of C. glauca are usually recruited to tidal pools all year round, there is a profusion of them during November–December (Gopinadha Pillai and Mohan, 1990). Sampling from October 2017 to January 2018 also allowed for investigating a period with high precipitation rates and strong expected effects from fresh SGD (Oehler et al., 2018) (see Supplementary Table S1).
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FIGURE 1. The island of Mauritius in the South-West Indian Ocean with the two sampling tide pools at its West coast: Stars mark the locations of (A) a tide pool influenced by submarine groundwater discharge at Albion, (B) a strictly marine tide pool at Flic-en-Flac.




Environmental Parameters, Substrate Compositions, and Fish Densities

Local influx of fresh SGD is known to significantly alter the water quality characteristics of coastal ecosystems (Moosdorf et al., 2015). We used in situ measurements of physico-chemical parameters to characterize the hydrography and hydrochemistry of the two study tide pools. Water temperature, pH level, oxygen content, and salinity were recorded at both locations during rising tide conditions at mid tide cycle once per month using a WTW multiprobe. Further, hobo loggers were deployed for 24 h inside both tide pools in November 2017. This allowed for the assessment of water depth, temperature, and salinity fluctuations along a full tidal cycle (see Supplementary Figure S1). Water samples for subsequent nutrient measurements were collected in replicates once per month. Per sample 50 ml of seawater were filtered (Sterile Syringe Filter, Corning, CA 0.2 μm), transferred to pre-rinsed centrifuge tubes (with a headspace remaining) and stored frozen (–20°C) in the laboratory. Nutrient analyses of water samples were performed in the laboratory of the Mauritius Oceanography Institute in Albion, Mauritius. Nitrite, nitrate, silicate, and phosphate concentrations were determined using standard methods with a discrete analyser (Systea Easychem Plus) equipped with a 5 cm reading cell.

To evaluate substrate composition, a 50 × 50 cm rectangle containing a grid of 25 10 cm × 10 cm squares was placed randomly 10 times inside each tide pool. Relative substrate cover was assessed visually for each placement. Since visual counts are a common methodology to quantify organism densities in reef environments (Halford and Thompson, 1994), we counted juveniles while wading in transects through each tide pool once per month. We tracked the waded distance via the global positioning system (Garmin GPSMAP 64s) and counted C. glauca individuals in a range of 50 cm to each side. Every sampling month we covered ca. 60 m × 1 m, equivalent to an area of ca. 60 m2. Identification from on top the water surface was possible since juveniles of C. glauca are easily distinguishable from other damselfish species by their gray color and the fluorescent V on the dorsal side of the head (Allen and Steene, 1987). The total number of individuals was set in relation to tide pool area and pooled across sampling months.



Feeding Conditions

Fish were caught with hand nets, stored in ambient seawater for 1–2 h before being euthanized by transfer to a 30% ethanol/seawater solution. In the laboratory, fish were gradually transferred to 50 and 70% ethanol/freshwater solution (Döring et al., 2018). Specimens of C. glauca were measured by standard length (distance between the tip of the snout and the posterior end of the last vertebra, SL, nearest mm), eviscerated, and weighed (EM, ±0.001 g). We identified food organisms to class level. As plants (macrophytes) were among the principal food components in the stomachs of juvenile C. glauca, numerical counts were regarded as not suitable. We, therefore, followed the recommendations from literature and used the frequency of occurrence method for stomach content analysis (Hyslop, 1980). Further, a condition index (CI) was calculated for each individual by using b of the length-weight relationship (Suthers, 1998) (Eq. 1):
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Chlorophyll a concentrations were recorded once at the end of the sampling period in January 2018 using a MANTA water quality multi-probe (Eureka Environmental Engineering).



Otolith Preparation and Reading

The lapilli otoliths were dissected under a stereomicroscope, cleaned with deionized water, and stored dry in FEMA-cells (26 × 76 mm). Otoliths were fixed on glass slides using 2-component adhesive (Araldite 2020/A and Araldite 2020/B) and ground sequentially on glass plates by silicon carbide (SiC) powder with grit sizes of 400 and 800. After polishing with waterproof SiC grinding paper (grain size of 5 μm), otoliths in immersion oil were examined with a digital microscope (Keyence VHX-5000) using transmitted light at a magnification of 400×–800×. With the digital microscope it was possible to compose depth-stitchings of different focus levels. Daily deposition of increments on the lapillus otolith has been validated in a number of species from this family (Pitcher, 1988; Thresher et al., 1989; Wellington and Victor, 1989; Thorrold and Milicich, 1990) and we therefore assumed that increments on the lapilli of C. glauca were deposited daily (Wellington and Victor, 1992). The increment closest to the core of the otolith was assumed to be formed at the day of hatching, as is the case in many other species from the family Pomacentridae (Wellington and Victor, 1989). The number of increments was determined from 3 replicate increment counts. The mean count was accepted if the counts deviated by less than 10%, otherwise the otolith was rejected (n = 7) (Wilson and Meekan, 2002). Increment counts were conducted and otolith radius (OR) was measured using ImageJ 1.49 (Rasband, WS, US National Institutes of Health, Bethesda, MD)1. Peripheral otolith growth is a valuable condition index in juvenile reef fishes since it is correlated with RNA/DNA ratios, an indicator for protein biosynthesis in teleost fishes (Clemmesen and Doan, 1996; Suthers, 1998). We, therefore, digitally measured the widths of the last two complete peripheral increments of the otolith. The settlement mark was identified as the first increment of a transition zone, characterized by a rapid narrowing in increment width (Wilson and McCormick, 1997; Retzel et al., 2007) (Supplementary Figure S2).



Growth Model

The relationship between SL and juvenile age (in days) was modeled using the Gompertz growth curve (Stevenson and Campana, 1992) (Eq. 2):
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Daily somatic growth rates thus are described with first derivate of Eq. 2 (Döring et al., 2018) (Eq. 3):
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where SLt is the larval length at a given time t, SL0 is the fish length on the day of hatching, and k the specific growth rate. G characterizes the exponential decline of the specific growth rate.



Statistical Analyses

Inter tide pool differences in the linear relationships between the log-transformed data on SL and EM, as well as between SL and OR were tested. The assumption of parallel lines was met for the relationship between SL and EM, intercepts were consequently compared using analysis of covariance. Since no significant differences were found, the relationship between SL and EM of all sampled juveniles was described using a single power function. Further, since the assumption of parallel lines was not met, linear regression analysis was performed to describe the relationship between SL and OR for each tide pool individually (Villegas-Hernández et al., 2007). For all data the assumptions of normal distribution (Shapiro–Wilk-test, p > 0.05) and homogenous variances (Bartlett-test, p > 0.05) were tested (Howell, 2007). One-way analysis of variance (ANOVA) was employed to compare the monthly pooled density and age at settlement values between tide pools. Since data did not meet the assumption of equal variances a nonparametric Mann-Whitney-U-test was used to test for inter tide pool differences in chlorophyll a concentrations. Factorial ANOVA was employed to explore the effects of the categorical predictors tide pool and sampling month on the explanatory variables CI, mean peripheral otolith increment width, and somatic growth rates. To achieve normal distribution and variance homogeneity, data on somatic growth rates were log-transformed. All statistical analyses were carried out in JMP Pro 14.0.0 (SAS Institute Inc., Cary, NC)2. Sample sizes for all conducted statistical analyses are listed in Table 1.


TABLE 1. Number of juvenile Chrysiptera glauca used for the respective analysis.
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RESULTS


Tide Pool Hydrography and Hydrochemistry

Water temperature and pH in the tide pool at Albion steadily increased from October 2017 to January 2018 and were usually markedly lower than in the tide pool at Flic-en-Flac (Figures 2A,B). Water in both tide pools was generally supersaturated with oxygen and dissolved oxygen content was higher in the tide pool at Flic-en-Flac as opposed to the one at Albion in all months except November (Figure 2C). Salinity in the tide pool at Flic-en-Flac continuously ranged around 35 while in the tide pool at Albion salinity was below 20 in most months (Figure 2D). Nitrite, Nitrate, and Silicate concentrations were generally substantially higher in the tide pool at Albion than in the one at Flic-en-Flac. All three parameters exhibited increasing trends inside both tide pools throughout the sampling period (Figures 2E–G). Phosphate concentrations, on the other hand, were very similar and exhibited decreasing trends from October to January (Figure 2H).
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FIGURE 2. Monthly time series of physico-chemical parameters recorded inside a tide pool influenced by fresh SGD at Albion (SGD, gray dots) and inside a strictly marine tide pool at Flic-en-Flac (Marine, black triangles): (A) Water temperature, (B) water pH, (C) water dissolved oxygen content, (D) salinity, (E) nitrite, (F) nitrate, (G) silicate, and (H) phosphate concentrations.


In November environmental parameters were, as an exception, sampled closer to high tide, explaining the divergent salinity, oxygen, and pH levels for this month (Supplementary Figure S1). All these observations suggest a strong influx of fresh SGD into the Albion tide pool hence this tide pool will be referred to as influenced by fresh “SGD.” Contrary, the Flic-en-Flac tide pool provided strictly marine environmental conditions for the study species and this tide pool is henceforth called “marine.”



Benthic Cover and Juvenile Densities

Relative benthic cover compositions were quite different between both tide pools. While no sessile algae were recorded in the tide pool influenced by fresh SGD, the bottom of the marine tide pool was to a great extant covered by macroalgae and turfalgae (Table 2). We also found that C. glauca densities were not significantly different in the two study tide pools (ANOVA, F(1, 8) = 0.2497, p = 0.6326) (Table 2).


TABLE 2. Mean benthic cover composition (% ±SD) and juvenile Chrysiptera glauca densities (individuals 100 m–2 ±SD) in a tide pool affected by fresh submarine groundwater seepage (SGD) and in a strictly marine one (marine).
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Feeding Conditions

Almost all juveniles examined for the present study fed on a mix of filamentous green algae, crustacean copepods, moluscs, and plant detritus. Moreover, the diet occasionally included calcifying corals, gastropods, insects/arachnids of terrestrial origin, and ichthyoplankton. Plastic particles or fibers were found in the stomachs of 16% of all fish (Table 3). Two factorial ANOVA revealed no significant differences in juvenile CI throughout tide pools and months (F(7, 104) = 1.70, p = 0.12). Mean chlorophyll a concentrations [± standard deviation (SD)] were significantly higher in the strictly marine tide pool (0.50 ± 0.20 μg/l) when compared to the tide pool influenced by SGD (0.39 ± 0.07 μg/l) (Mann–Whitney-U-test, Z = –2.23, n1 = 86 and n2 = 156, p < 0.05).


TABLE 3. Frequency of occurrence of food organisms (to phylogenetic class level) and particles in the stomachs of Chrysiptera glauca (as percentage of all juveniles) sampled in either a tide pool influenced by fresh submarine groundwater discharge (SGD), in a strictly marine tide pool (marine), as well as in both tide pools combined (total).
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Otolith Growth, Somatic Growth, and Settlement

Since there was no observable spatial difference in the relationship between juvenile standard length (Figure 3) and eviscerated mass (EM), a common power function is given as follows: EM = 0.0019 × SL3.4507, r2 = 0.99.
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FIGURE 3. Relationship between lapillus (green) radius (dark green solid line) and juvenile Chrysiptera glauca (blue silhouette) standard length (light green dashed line) inside a tide pool influenced by fresh submarine groundwater seepage (SGD, gray circles), and in a strictly marine tide pool (marine, black triangles).


Two factorial ANOVA showed no significant differences in juvenile peripheral otolith growth throughout tide pools and months (F(7, 87) = 1.00, p = 0.44). The linear relationships between SL and OR showed a proportionality between otolith growth and fish somatic growth (inside the fresh SGD influenced tide pool: OR = 87.140321 + 9.9018163 × SL, r2 = 0.95, and inside the strictly marine tide pool: OR = 42.1809 + 12.571021 × SL, r2 = 0.95) (Figure 3).

For each sampling location we computed a distinctive Gompertz growth function (Figure 4): SGD tide pool: SLt = 7.26 × e2.85 (1−e(0.0099 × t)), r2 = 0.89; marine tide pool: SLt = 7.21 × e2.78 (1−e(0.0083 × t)), r2 = 0.91. The first derivative of the Gompertz growth models gave us the daily somatic growth rates, which served to back-calculate the amount of somatic tissue individuals were able to accumulate in both tide pools per day. For all months, somatic growth rates were significantly higher in juveniles sampled in the fresh SGD influenced tide pool when compared to their conspecifics sampled in the marine tide pool. Also, in both tide pools juvenile somatic growth rates were significantly higher in November and January than in October (ANOVA, F(7, 78) = 32.2585, p < 0.0001, Tukey HSD, p < 0.05).
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FIGURE 4. Relationship between standard length (light green dashed line, mm), somatic growth rates (mm per day), and age (days) as deducted from otolith (green) increment counts (dark green numbers) in juvenile Chrysiptera glauca (blue silhouette). Gray and black solid lines represent Gompertz growth curves (GGC), gray and black dashed lines represent growth rates (mm per day) calculated from first derivative of the GGC. Gray circles indicate individuals sampled inside a tide pool influenced by fresh submarine groundwater seepage (SGD), and black triangles those sampled in a strictly marine tide pool (marine).


Chrysiptera glauca individuals sampled in the SGD influenced tide pool settled at a significantly younger age (19.9 ± 2.8 days, n = 33) than their counterparts taken from the strictly marine tide pool (22.1 ± 2.7 days, n = 29) (ANOVA, F(1, 61) = 9.67, p < 0.01).



DISCUSSION

While the impact of fresh SGD on benthic and pelagic primary producer community structuring is rather well studied, little is known about the process’ effects on the fitness of consumers in higher trophic levels such as teleost fish (Lecher and Mackey, 2018). Determination of factors influencing the fitness of fish in coastal environments is, however, of consistently high concern to make predictions about anthropogenic impacts on marine ecosystems and, ultimately, on fisheries’ productivity. We show that somatic growth rates were significantly higher and settlement to reef habitat took place significantly earlier in juvenile gray demoiselle C. glauca exposed to fresh SGD when compared to strictly marine conditions. Since feeding conditions were comparable among tide pools, we propose that physiologically beneficial environmental conditions rather than food availability elevate the survival potential of marine fish exposed to fresh SGD.

The encountered cold, acidic, nutrient-rich fresh SGD is known to condition benthic marine macro faunal communities (Amato et al., 2016; Foley, 2018; Piló et al., 2018). The interactions between substrate for algae cultivation, macrophytic food abundance, and damselfish densities can be manifold (Wellington and Victor, 1985; Ceccarelli et al., 2005; Ceccarelli, 2007; Hoey and Bellwood, 2010) and intraspecific density dependent effects were additionally shown to modify growth in damselfish (Booth, 1995). We followed up on this relationship by visually assessing substrate cover composition and C. glauca densities within each tide pool. The strictly marine tide pool was to a great extant covered with macroalgae, while these benthic primary producers were completely absent from the tide pool influenced by SGD. Due to similar values in shelter providing rocks and in juvenile densities, it can be suspected that density dependent mortality as well as predator induced stress are comparable in both tide pools (Schmitt and Holbrook, 1999; Holbrook and Schmitt, 2002).

Feeding conditions are proposed to be directly related to somatic wealth and growth in fishes (Jones, 1986), and are thus expected to have important ramifications for juvenile survival and recruitment (Hoey and McCormick, 2004). Further, nutrient rich fresh SGD has the potential to elevate chlorophyll a levels and macrophyte abundances in coastal marine ecosystems (Machado and Imberger, 2014; Welti et al., 2015; Amato et al., 2016; Honda et al., 2018). To test for inter tide pool differences in feeding conditions, we investigated juvenile stomach contents and nutritional condition as well as chlorophyll a concentrations. In juvenile reef fishes, otolith growth rates as condition indices are regarded as superior to morphometric (e.g., length to mass) relationships (Suthers, 1998). We, therefore, analyzed somatic energy storage (i.e., CI) combined with peripheral otolith growth to assess the nutritional wealth of C. glauca individuals in the two study tide pools. Both indices showed neither significant spatial nor temporal differences. C. glauca is omnivorous and demonstrably able to utilize a variety of food sources (Hiatt and Strasburg, 1960; Gopinadha Pillai and Mohan, 1990). Stomach contents analysis showed that C. glauca’s diet is highly dependent on green algae and plant detritus. Taking into account the markedly higher benthic algae abundance and chlorophyll a levels in the marine tide pool, and that nutritional condition (CI and peripheral otolith growth) was temporally and spatially constant, feeding conditions for C. glauca could not be assumed to be more favorable in the SGD tide pool.

Back-calculation of size from otoliths assumes that there is proportionality between otolith and somatic growth rates (Vigliola et al., 2000). We verified this assumption by calculating a regression relationship between otolith radius and SL for each tide pool. Because of a lower slope inside the tide pool influenced by fresh SGD, a significant interaction between somatic growth and site was detected. An otolith growth uncoupled from somatic growth in acidic waters was previously described in juvenile ocellated wrasse Symphodus ocellatus and attributed to the “growth effect” (Di Franco et al., 2019): slower-growing individuals have a tendency to have larger otoliths than their faster-growing counterparts at the same length (Campana, 1990).

In reef fishes it is likely that linkages between early life stages occur when there is selection for a cumulative trait, e.g., body size. They can be effective not only between life history stages of the same individual, but also between generations through maternal effects, e.g., size at hatching (Leis and McCormick, 2002). In brown demoiselle Neopomacentrus filamentosus individuals that survived intense selective mortality 1–3 months after settlement were those fish that were larger at hatching and the ones that grew faster during planktonic life (Vigliola and Meekan, 2002). In our case a strong carry over effect of larval fitness at hatching on juvenile growth cannot be expected since length at hatching did not differ markedly between both sampled populations (SGD tide pool: 7.26 mm; marine tide pool: 7.21 mm).

Predatory mortality severely affects population sizes and is often highest for the youngest recruits (Hixon, 1991; Almany and Webster, 2006). A rapid increase in body length, however, generally enhances the survival chances in marine fish early life stages [growth-mortality hypothesis (Anderson, 1988; Houde, 1989)]. Somatic growth rates at a given age were in the range of previously published values for the species (Gopinadha Pillai and Mohan, 1990) and consistently higher in juveniles sampled in the SGD influenced tide pool than in juveniles taken from the marine tide pool. Previous studies in damselfish have shown that faster growing larvae settle at a younger age (Thorrold and Milicich, 1990). Settlement in C. glauca occurred inside a time frame frequently observed in damselfishes (Wellington and Victor, 1989). Further, the faster growing C. glauca individuals sampled in the SGD influenced tide pool indeed settled at a significantly younger age when compared to their slower growing counterparts taken from the strictly marine tide pool. Earlier settlement decreases the planktonic larval duration, a life history stage particularly prone to high mortality rates (Leis, 1991). Thus, the observed elevated somatic growth rates and earlier settlement can be expected to elevate survival potential and ultimately confer higher fitness to individuals sampled in the fresh SGD influenced tide pool as compared to the strictly marine tide pool (Houde, 1989; Thorrold and Milicich, 1990; Hoey and McCormick, 2004).

The interplay between food levels, metabolism, and somatic growth may be complex (Auer et al., 2015), but direct effects of environmental parameters on growth and survival in marine fish are generally regarded as stronger than the indirect ones exhibited by enhanced food availability (Houde, 2008). Additionally, we show that feeding conditions were comparable in both study tide pools. Our results, therefore, lead us to conclude that physiologically beneficial environmental conditions brought about by the submarine influx of cold acidic freshwater enabled juvenile fish to exhibit elevated growth rates in the SGD influenced tide pool.

Even in waters well saturated with oxygen, increased temperatures caused by climate change will act as stressors on low-latitude fishes, hampering growth via metabolic constraints (Rodgers et al., 2018). The submarine influx of cold freshwater, on the other hand, may act as a buffer against elevated water temperatures, thereby enhancing growth in ectothermic organisms. Further, teleost fishes almost always exhibit better growth rates in intermediary salinity conditions (Boeuf and Payan, 2001). This has been correlated with a lower standard metabolic rate and explained by a salinity dependent food conversion efficiency (Kinne, 1960; Imsland et al., 2001). Lowered pH also tends to increase the growth rates in marine fish (Di Franco et al., 2019; Jarrold and Munday, 2019). This could potentially be explained by either increased energy intake or reduced energy expenditure in acidified waters (Munday et al., 2009). First evidence of enhanced growth in temperate juvenile marbled sole Pseudopleuronectes yokohamae caused by the influx of nutrient rich fresh SGD was presented only recently by Fujita et al. (2019). The authors proposed a positive relationship between fish growth, SGD derived nutrient loadings, and elevated primary producer as well as primary consumer (i.e., prey) abundances but were unable to conclusively substantiate a connection between these trophic levels. We, on the other hand, propose that elevated somatic growth rates in juvenile fish subjected to fresh SGD are caused by a combination of the aforementioned physiological effects and not necessarily food availability.

Past studies have shown that small-scale field experiments are suitable to estimate fitness of reef fishes at large scales (Steele and Forrester, 2005). Still, it remains to be determined how much the local variations in water quality caused by fresh SGD affect the biomass of marine secondary consumers on larger geographical scales. Investigations combining otolith microchemistry (e.g., oxygen isotopy) and age reading are warranted to further assess whether even non-territorial fishes exposed to fresh SGD exhibit signs of increased survival potential (Thorrold et al., 1997; Kim and Lee, 2003). Due to elevated primary productivity, food is not necessarily a limited resource in coastal ecosystems influenced by fresh SGD (Jones, 1986; Lecher and Mackey, 2018). Thus, even small changes in ambient hydrography and hydrochemistry caused by the influx of fresh groundwater will lead to differences in growth, which - over time - will translate into significant differences in population sizes (Retzel et al., 2007), elevating the biomass available to a fishery.

A range of stressors increasingly threatens coastal marine ecosystems, yet these habitats provide livelihoods through fisheries to 260 million people (Teh and Sumaila, 2013). Anthropogenic modifications to the hydrography and hydrochemistry of coastal marine ecosystems through altered groundwater fluxes will have significant implications for a system’s carrying capacity and fisheries productivity (Burnett et al., 2018). Given the ubiquitous nature of fresh SGD (Taniguchi et al., 2002) our work highlights the need for groundwater fluxes to be included in environmental management plans. It furthermore illuminates future challenges such as balancing anthropogenic freshwater use and coastal fisheries’ productivity, particularly given the potential for climate change to aggravate freshwater scarcity.
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