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Submarine groundwater discharge (SGD), the direct discharge of groundwater into the sea, is abundant around the globe. Fresh SGD can occur as focused flow in submarine springs. However, little is known on the impact of submarine springs on marine organisms. For a better understanding of the interaction between SGD and its surrounding organisms, the impact of SGD on the abundance of fish was investigated in a coastal lagoon of Tahiti, French Polynesia. The study is based on the assumption of an enhanced biological production due to increased amounts of nutrient input caused by terrestrial groundwater supply into the sea. Biofouling processes and zooplankton samples were used as indicators for elevated nutrient input due to submarine springs. The main objective was to investigate the effect on the abundance of fish assuming a higher fish abundance possibly caused by a bottom-up control. Presented data show a significantly higher abundance around a submarine spring as well as significantly larger growth of algal turfs exposed to groundwater discharge. Zooplankton evaluations suggest slightly higher abundances around the submarine spring. The results suggest elevated nutrient concentrations transmitted by submarine springs may cause a bottom-up control resulting in a higher abundance of fish around the investigated submarine spring.
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INTRODUCTION

Scientific interest in submarine groundwater discharge (SGD), the direct discharge of groundwater to the coastal waters, has strongly increased over the past years, highlighting its influence on coastal nutrient budgets (Moore, 2010; Moosdorf et al., 2015), global water budgets (Burnett et al., 2003; Kwon et al., 2014), and global biogeochemical cycles (Slomp and Van Cappellen, 2004; Cole et al., 2007; Beusen et al., 2013; Cho et al., 2018). Its effect on marine flora and fauna in turn has been studied rarely (e.g., Fujita et al., 2019; Lilkendey et al., 2019). These recent studies point towards a bottom-up influence of SGD on fish abundance and fitness.

We present a detailed photographic study of fish at a submarine spring site located in a coastal lagoon of Tahiti, French Polynesia accompanied by observations on nutrients, primary (biofouling) and secondary production (zooplankton).

Due to their location between continental and marine ecosystems, coastal lagoons are often described as boundary environments (Sarno et al., 1993). Their prevailing sedimentary deposition in tropical zones is often characterized by the accumulation of calcium carbonate remains and calcium carbonate producing organisms (Duck and da Silva, 2012). Determined by the local climate conditions and the degree of hydrological access salinity values can alternate from freshwater to hypersaline (Kjerfve, 1986). Coastal lagoons are highly productive ecosystems with water depths that rarely exceed a few meters (Kjerfve, 1986). The coastal lagoon presented in this study (Trou de Lagon) exhibits several SGD spots of which we used two for our investigations.

Submarine groundwater discharge consists of two main fractions: recirculated seawater and terrestrial groundwater discharging into the ocean (Burnett et al., 2003). The latter, here called “fresh SGD” referring to the fresh fraction of the often brackish actual discharge, is an important pathway of terrestrial pollutants including nutrients, trace metals, pharmaceuticals, various pollutants and other terrestrial substances into the coastal ocean (Knee and Paytan, 2011). Fresh SGD can discharge diffusely, e.g., from a coarse grained coastal sediment, in a focused way from conduits (here called “submarine springs”) (Slomp and Van Cappellen, 2004). Submarine springs generally influence their surrounding environment, by changing salinity, temperature, nutrient and sediment concentrations (Miller and Ullman, 2004; Oehler et al., 2018) or by creating morphological features on the sea floor (Stieglitz and Ridd, 2000). Ecological impacts of SGD were mostly derived from postulating an impact from elevated nutrient content (e.g., Johannes, 1980; Miller and Ullman, 2004; Slomp and Van Cappellen, 2004; Tait et al., 2014).

Direct impacts of terrestrial groundwater inflow through elevated nutrient concentrations was reported to enhance biological production as well as species diversity of coastal ecosystems in a limited number of studies (Lecher and Mackey, 2018). However, fishermen in many regions all over the world observe higher fish abundance around submarine springs and attribute the flourishing influence to the freshwater (Moosdorf and Oehler, 2017). This effect was scientifically confirmed only in locations in Japan reporting significantly higher abundances or biomass of fish (Utsunomiya et al., 2015; Hata et al., 2016; Shoji and Tominaga, 2018; Fujita et al., 2019). In Mauritius, a positive effect of fresh SGD on fitness of juvenile fish was observed (Lilkendey et al., 2019).

As changes in ecosystems are often based on alterations in nutrient fluxes, Johannes (1980) argued that ignoring SGD may lead to profound misinterpretation of ecological data in terms of coastal pollution, benthic zonation and productivity. His data indicated that SGD locally delivers several times more nitrate to coastal waters at the assessed location than river runoff does. This is supported by other authors, partly associated with harmful algae blooms, at various locations (e.g., Laroche et al., 1997; Paerl, 1997; Gobler and Sañudo-Wilhelmy, 2001; Smith and Swarzenski, 2012; Liu et al., 2017). Paytan et al. (2006) reported enhanced anthropogenic nutrient loads from SGD is also likely to contribute to reef degradation.

Few authors reported on nutrient fluxes delivered by SGD on marine biota. For example, macrophyte tissue reflecting δ15N of SGD showing higher nitrogen concentrations, larger leaves and blades, reduced macrophytes biodiversity and higher biomass (Kamermans et al., 2002; Umezawa et al., 2002; Lapointe et al., 2005; Amato et al., 2016). Studies lacking δ15N data but conducted in known SGD areas also show these tendencies as e.g., in the most investigated green macroalgae Ulva. Williams and Carpenter (1988) worked on the productivity of small micro filamentous epilithic algae, so called “algal turfs”, resulting in a significantly higher primary production per unit chlorophyll-a of ammonium treated algal turfs. The bryozoan Pentapora fascialis also showed changes of colony growth, size, and mortality around SGD (Novosel et al., 2005; Cocito et al., 2006).

According to Liu et al. (2017) environmental factors influencing zooplankton abundance and diversity are mainly chlorophyll-a concentration, temperature and salinity. As SGD influences these factors and as zooplankton is highly depending on primary producers, zooplankton is here used as an indicator for SGD and its influence on higher trophic levels. In the present study, primarily mesozooplankton will be investigated. Based on the key role of zooplankton in early life history of fish Liu et al. (2017) pointed out that changes in zooplankton abundance as well as in its composition have significant impacts on the recruitment and dynamics of fish.

The present study investigates the effect of a submarine spring on the abundance of fish in a coastal lagoon of Tahiti, French Polynesia, assuming a bottom-up control caused by elevated nutrient concentrations from a submarine spring.



MATERIALS AND METHODS

To investigate the abundance of fish a stationary photo sampling was performed. To visualize the nutrient input and emphasize the effect on primary- and secondary production a short-term in situ biofouling experiment as well as a zooplankton sampling of small sampling size were conducted. These two parameters were used as indicator of elevated nutrient concentrations released by the submarine groundwater spring at Trou de Lagon.


Study Site

Experiments were performed from 20th February until 3rd March 2017. Tahiti is a volcanic island located at 17° 24′ S and 149° 07′ W (Figure 1). It is part of the so called Society Island archipelago, with a surface of 1042 km2 (Rougerie et al., 1997). The island is composed mainly of basaltic material (Frouin, 2000) and surrounded by an almost continuous barrier reef disconnected from the coastline by a narrow lagoon of 100 to 800 m width and a rather small tide-range of about ±0.15 m (Rougerie et al., 1997).
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FIGURE 1. Location of Tahiti, French Polynesia (B) and sampling site (A).


The climate of Tahiti Island is influenced by the Southern Oscillation. Trade winds blow primarily from the northeast during summer (rainy season) and southeast during winter. The mean rainfall is 150 cm y–1 and the air temperature generally between 20–33°C. Tahiti is located in the western area of the south pacific gyre with sea surface temperatures between 26–30°C and sea surface salinity values of 35.5–36.3. The high salinity values are caused by the negative P-E differentials leading to increasing surface salinity whereas values may decrease during rainy season (Delcroix and Hénin, 1991; Rougerie et al., 1997).

Tahiti generally consists of two major volcanoes called Tahiti-Nui (the bigger part of the island) and Tahiti-Iti (the smaller part of the island) which are aligned in NW-SW (Duncan et al., 1994). The study site is called Trou du Lagon which is located on Tahiti-Iti in a low populated area. One of the main food production in form of agriculture and livestock cultivation is located in the region of Afaahiti-Taravao, Papeari, and Vairao at the isthmus of the island which is the transition from Tahiti-Nui to Tahiti-Iti (Cunningham, 1961). The study site is located directly within this area which leads to the assumption that the elevated nutrient concentrations are caused by the agriculture and livestock production.

Trou de Lagon is an oval basin in shape (Figure 1A) with depths from two to thirty meters enclosed in a shallow water body connected to the lagoon. The sampling area ranges about 200 m × 200 m around the sampling sites with three submarine springs in 11.6, 5.5, and 3.5 m water depth. The springs are of small size and do not exhibit any expression at the water surface. The distance to the shore line is about 850 m, the distance to the reef about 800 m. As Tahiti is a volcanic island, the substrate is basalt, which is mostly covered by corals, due to the oligotrophic water conditions, the lack of sediments and the nearby barrier reef. The in situ biofouling and photo sampling experiments were performed at two different springs at the same study site during the same time. While no direct geochemical characterization of the springs is available, given the geology of the island and the SGD from Tahiti in general (cf. Haßler et al., 2019) two springs that close to each other can be expected to originate from the same aquifer and behave similarly. The sampling was performed at 17° 46‘S and 149° 19’W in about 130 m distance to each other. The study site exhibits very little disturbances due to divers or fishermen.



Physical and Chemical Parameters

To demonstrate the presence of submarine discharge, water samples were taken directly from the discharge spot using falcon tubes. The sampling was performed daily during the stationary photo sampling and once during the biofouling experiment. The sampling solely provided salinity data as temperature adapted too quickly to the ambient seawater temperature. To estimate the groundwater discharge temperature of the submarine spring at Trou de Lagon temperature was measured manually at different accessible groundwater discharge spots within the eulittoral zone around the island. These measurements were performed by using a rod-thermometer. Nitrate and phosphate concentrations of the spring at Trou de Lagon were taken from Haßler et al. (2019), who performed a field study in January 2016.



Biofouling Process

In order to indicate the assumed elevated primary production a short-term in situ experiment was conducted. A total of 26 plastic panels of ten by ten centimeters size were strung on a rope and tied around corals in 3.5 m depth, through the submarine spring (Figures 2, 3). The objective was to expose the central panels to the submarine spring to monitor the biofouling process caused by the spring, and observe the range of influence to both sides of the spring. The panels on the outer parts of the line exposed to fully marine seawater were used as control panels. For identification purposes, the groundwater exposed panels were marked with cable ties. For further evaluations, all panels were distinguished in spring and control panels.
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FIGURE 2. Experimental design of the 10-day in situ biofouling experiment in 3.5 m water depth. In total 26 settlement panels were used, five panels exposed to the submarine spring and twenty-one to seawater.
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FIGURE 3. Settlement panels (10 × 10 cm) stringed on a rope and fastened across the submarine spring (↓).


After 10 days, the panels were taken out of the water and dried for several days not exposed to direct sunlight. To analyze, front and back side of each panel were scanned by using an Epson Perfection V330 photo scanner. All scans were cropped at a height of seven centimeters to cut out the rope influenced part of the panels. Within this part most of the settlement took place but the focus of analysis was on the panels’ surfaces. The cropping and all further analyses were performed by using the software ImageJ (Version 1.51 f). To finally quantify the amount of settlement as percentage of covered area, a scale was entered using the Set Scale function. Therefore, a line of known distance on one of the panels was used as scale reference. The Type of Image was set on RGB Color and the Color Threshold function was used. To define the areas of settlement the Color Space was set on HSB, which are the three properties to describe a color (Hue, Saturation and Brightness). On an interval of 0–255, given by ImageJ, thresholds were set by trial and error and applied for all panels equally. The hue was set from 0 to 115, saturation from 26 to 255 and brightness from 115 to 255. Applying these settings, the areas of investigation were defined in red (Figure 4, right) to finally determine the settled areas in percent by using the function Analyze Particles. The front and back sides of all 26 panels were evaluated separately to gain two separate datasets which can be considered as replicates. In total, five panels where marked as groundwater discharge exposed and eleven as seawater exposed (control).
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FIGURE 4. One of 26 settlement panels exposed to the submarine spring (left: settled areas in green, yellowish; right: identical areas in red to quantify the proportion of settlement in percent by using ImageJ).




Zooplankton Abundance

As a further indicator of elevated nutrient concentrations, a zooplankton sampling of small sampling size was performed. The sampling was carried out by using an APSTEIN plankton net of 55 μm mesh size and a unscrewable net beaker (sampling container) within a water column of 5 m. A total of twelve hauls was performed, six hauls around the submarine spring within a radius of about 3 m and six at the control site. Each haul was performed from the boat in the same way. After each haul, the inside of the net was rinsed with filtered sea water (55 μm) in order to collect the entire sample in the sampling container. After rinsing, the container was unscrewed and the content transferred in 50 ml Kautex container by using a funnel and a squeeze bottle with filtered sea water (55 μm). Each sample was preserved in 60% alcohol and stored in a fridge at six degrees Celsius until analysis.

To analyze the zooplankton abundance the hardware Hydroptic ZooScan ZSCA02 together with the software Vuescan (Version 8.4.57), ZooProcess and Plankton Identifier was used, following the procedure described by Gorsky et al. (2010). To determine the zooplankton abundance each sample was first transferred into a sieve of 55 μm mesh size to separate it from the alcohol. To scan the isolated sample, it was poured directly into a transparent frame (15 cm × 24 cm) inserted in the scanning cell. The frame includes a 5-mm step. De-ionized water was poured up to the edge of the step beforehand to avoid forming a meniscus on the periphery of the image. To obtain one vignette (image) of each single individual overlapping organisms and organisms touching the side of the frame were physically separated from each other or from the frame before digitizing. Organisms touching the sides of the frame are automatically removed from the data set (Gorsky et al., 2010). The density of individuals was below 1000–1500 organisms within the scanning area which is sufficient to reduce overlapping organisms (Gorsky et al., 2010). To recheck that organisms are not overlapping, each scan was reviewed and overlapping individuals separated manually by using the software ImageJ. Each 16-bit raw image was normalized and converted into an 8-bit full gray scale image and processed by subtracting the background and removing the frame edges. The rolling ball method (Sternberg, 1983) provided by the ZooProcess software was used for background subtraction.

For automatic classification (Plankton Identifier) of objects across all scanned images into major groups a learning file of selected categories was used. The learning file contained vignettes of single objects of different taxonomic groups. Each folder within the learning file represented one taxonomic group. Additional folders of abiotic objects as e.g., fibers, bubbles as well as blurry objects were also part of the learning file. To reduce the error rates all automatically classified objects were re-validated manually, and any misidentified objects were moved to the appropriate taxonomic group. The final images are digitized with 96-dpi and pixels of 24284 – 15296 in size with a pixel resolution of 10.58 μm. These 8-bit gray level images require about 350 MB storage and can be handled easily by regular PC ìs (Figure 5). Finally, the zooplankton was classified into six major groups above genus level (Copepods, Appendicularia, Chaetognatha, Malacostraca, Polychaeta, and fish eggs). The classification on a species level is not feasible using the software Plankton Identifier. The abundance was calculated for each haul per site as well as for each of the six groups per site given in the number of individuals per volume of water (Ind. L–1).
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FIGURE 5. Examples of scanned objects (vignettes) (A) Ostracoda (Oligostraca), (B) Calanoida (Copepoda), (C) Zoea (Decapoda), (D) Zoea (Decapoda), (E) Egg, (F) Appendicularia (Tunicata), (G) Chaetognatha (Metazoa), (H) Zoea (Decapoda), (I) Harpacticoida (Copepod), (J) Polychaeta (Annelida), (K) Fish Larvae.




Stationary Photo Sampling

To investigate the effect of the submarine spring on the abundance of fish, a 10-day stationary photo sampling was implemented. Two GoProHero4 cameras were mounted on the bottom of the reef, one camera in about one meter distance to the submarine spring in 5.5 m depth recording the presence of fish around the submarine spring. The second camera was installed in 5.4 m depth as a control. The control site was chosen in a way that the surrounding area was ideally of the same structure and certainly not influenced by the submarine spring. The distance between both cameras was 56 m. In order to install the cameras two small camera mounts were built to guarantee a secure hold as well as to reduce possible thievery (Figure 6). Recorded were images instead of videos in order to enhance the battery capacity. The cameras were set to take images at an interval of one shot per minute. The change of batteries and memory cards took place once a day at 7:30 AM. In consequence, the daily recording started at the same time and ended with the complete battery discharge. Status lights and sounds were deactivated. In order to extend the batteries capacity each camera was equipped with one GoPro battery BacPac. By using the battery packs, images were taken up to 10 h per day, resulting in about 400 to 600 pictures per day. To evaluate the photo sampling the number of fish at the spring and control site images was counted manually. To visualize a potential difference in quantity straightforward as well as to compare the obtained data easier, the number of fish recorded in the images were grouped in categories. For example, one up to five fish, six up to ten fish. Species were not identified. Distant fish in the very depth of the images were neglected during the counting process. In total 7206 Images were evaluated with 3603 images per site (Figure 7).
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FIGURE 6. Installation built for the stationary photo sampling (left: metal loops fixed onto a metal plate to interlock the GoPro camera housing; right: mounting process of the metal construction as fixation for the 10-day photo sampling).
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FIGURE 7. Example of higher fish abundance regarding three-dimensionality and different substrate manifestation in the depth of the images [left: spring site with less substrate, right: control site with more pronounced substrate and a higher number of fish in the depth of the image (orange circle)].




Statistics

The Statistical analysis was carried out by using the software R-Studio (Version 1.0.143). The assumptions of normal distributed data and homoscedasticity were tested by graphical and numeric methods. The type of distribution was investigated by plotting normal q-q plots, histograms as well as by performing the Shapiro–Wilk test. Homoscedasticity was verified by the F-test. Log transformations were applied when the assumptions of normal distribution and homoscedasticity were not fulfilled. The subsequent hypotheses testing was carried out either by using the parametric two sampled T-test or the non-parametric Mann–WhitneyU-test depending on whether the assumptions were fulfilled. The frequencies of counted categorized fish were analyzed by applying the Chi–squared Test of homogeneity. Therefore, the data was displayed in a contingency table. Based on this table the test evaluates the distribution of frequencies compared to the expected frequency (Köhler et al., 2012). The test was applied on the same number of images at both sites at the respective days. The data set consists of one factor (site) with two factor levels (spring and control) and one response variable depending on which data set was tested (settlement, abundance, counts).



RESULTS


Physical and Chemical Parameters

The manually measured groundwater spring temperatures at different submarine springs within the eulittoral zone around the island were between 23.0 and 24.0°C whereas at Trou de Lagon the temperature at the control site (seawater) of the photo sampling was between 29.2 and 30.2°C. The salinity values at the photo sampling and biofouling experiment resulted in salinities between 18.5 and 26.5 (still mixed with seawater) at the submarine spring and between 35.4 and 35.9 at the control site. The nutrient concentration of the submarine spring at Trou de Lagon was measured in 2016, resulting in concentrations of 5.7 mmol m–3 NOx and 3.7 mmol m–3 PO4. Concentrations in seawater sampled at a control site were below 0.4 mmol m–3 PO4 and below 0.3 mmol m–3 NOx (Haßler et al., 2019).



Biofouling Process

The settlement of algal turf on the groundwater exposed settlement panels was significantly higher compared to the seawater exposed panels (non-parametric Mann–Whitney U-test, p = 0.004 and p = 0.030 on panel front and back sides, respectively). The panels exposed to the submarine spring exhibit elevated settlement compared to the seawater exposed control panels. The largest amount of settlement in area percent of the submarine spring exposed panels is located above the total amount of settlement of the seawater exposed panels (Figure 8). The groundwater exposed panels displayed a median settlement of 6.5% whereas the seawater exposed panels exhibit a median settlement of 2.7%. The panel front sides were settled more intensively (medians 10.3 and 3.6% for groundwater and seawater exposed panels, respectively) than the back sides (medians 3.7 and 2.1% on groundwater and seawater exposed panels). The median settlement area thus increased by factor 2.4 of the groundwater exposed panels (2.8 at the front sides, 1.8 at the back sides). From Figure 9 it can be seen that related to the center of the spring the increasing biofouling process exhibited a shift to the right of front and back sides, respectively.
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FIGURE 8. Biofouling processes of settlement panels exposed to a submarine spring and a control section of seawater.
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FIGURE 9. Biofouling processes of 26 settlement panels exposed to a submarine spring and the seawater control section. The biofouling process on the front and the back sides of the settlement panels are illustrated separately. Each data point is one panel in the same distance to the submarine spring as in the field experiment.




Zooplankton

The total zooplankton abundance of six hauls at Trou de Lagon was slightly higher around the submarine spring (2.57 Ind. L–1 ± 0.10 Ind. L–1) than at the control site (2.36 Ind. L–1 ± 0.16 Ind. L–1). The median abundance was with 0.46 Ind. L–1 around the submarine spring and 0.33 Ind. L–1 at the control site slightly higher around the spring. The most abundant taxa at both sites were Copepoda followed by Appendicularia, Chaetognatha, Malacostraca, Polychaeta, and fish eggs. Copepoda were taken here as a proxy for elevated nutrient concentrations. The total copepod abundance was 1.97 Ind. L–1 ± 0.09 Ind. L–1 around the submarine spring and 1.82 Ind. L–1 ± 0.14 Ind. L–1 at the control site. The median copepod abundance of six hauls was 0.35 Ind. L–1 around the submarine spring and 0.25 Ind. L–1 at the control site. The evaluation of Copepod abundances per haul (Figures 10, 11) resulted in slightly higher abundances around the submarine spring in four out of six hauls (two, three, five, and six) compared to the control sites. However, the applied non-parametric Mann–Whitney U-test did not result in a significantly higher copepod abundance (p = 0.7) around the submarine spring compared to the control site.
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FIGURE 10. Copepod abundances sampled within a diameter of six meters around a submarine spring and a seawater control site.
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FIGURE 11. Copepod abundances sampled at the submarine spring site within a diameter of six meters around the submarine spring and the seawater control site.




Stationary Photo Sampling

With the stationary photo sampling we analyzed the number of fish around a submarine spring and a control site. The number of fish, here presented in frequencies of counted categories, declined stronger at the control site compared to the submarine spring site (Figure 12). Five out of seven categories were counted more frequent at the submarine spring site compared to the control site. Categories of zero fish and six until ten fish were counted more frequent at the control site. The frequency distribution of counted categories (Figure 12) follows more or less a Poisson distribution. The factor results of spring and control site presents the increase in categories of higher number of fish (Figure 12, secondary axis). Category 0 was counted more often by factor 8.2, category 1–5 by factor 1.0, category 6–10 by factor 0.7, category 11–15 by factor 1.0, category 16–20 by factor 1.9, category 21–25 by factor 5.4, category 26–30 by factor 4.2, category 31 → by factor 11.7. Despite the eight times more frequent category of zero fish and the similar outcome of category 1–5, 6–10, and 11–15 fish the evaluation resulted in a higher presence of fish at the submarine spring site. According to the Chi–Square test of homogeneity the frequencies of counted categories significantly differ (p < 0.001) from one another in favor of the submarine spring site.
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FIGURE 12. Categorized frequencies of counted fish around a submarine spring and a seawater control site. The secondary axis depicts the ratio Spring/Control. Note that the left (Frequency) axis is on logarithmic scale while the right (Ratio) axis is linear.




DISCUSSION

The presence of the submarine springs was confirmed visually, in salinity and temperature measurements. The temperatures of the submarine springs at Trou de Lagon are assumed to be equivalent to the manually measured temperatures at the different groundwater discharge spots within the eulittoral zone around the island. The salinity differences between the submarine spring site and control site underscore the effect of the submarine spring on the environmental parameters. The remaining low salinity values of the spring site are caused by the immediate mixing of ground and seawater whilst discharging. Nitrogen and phosphorus concentrations were elevated at the submarine spring sites compared to samples of seawater at a control site (Haßler et al., 2019). The reduced salinity within the spring as well as the nutrient concentrations support our hypothesis of fresh SGD as a source of nutrient enrichment at the groundwater discharge site.

Data regarding species diversity of Tahiti lagoons are scarce. Studies on macrobenthic communities were mostly undertaken of soft bottom communities at the most populated region of the island nearby Papeete or Faaa Airport (e.g., Frouin and Hutchings, 2001). The authors described the resulting biomass and species diversity as low in comparison with most other areas within the South Pacific Ocean. Some fish species identified in the context of this study are: different types of Holothuroidea; Chaetodontidae: Chaetodon ornatissmus, Chaetodon mertensii, Chaetodon unimaculatus, Focipiger flavissimus, Forcipiger flavissimus; Balistidae: Odonus niger, Balistapus undulatus, Rhinecanthus aculeatus, Balistoides viridescens; Scaridae: Scarus oviceps; Aulostomidae: Aulostomus chinensis; Pomacanthidae: Centropyge flavissima, Pygoplites diacanthus; Pomacentridae: Chromis margaritifer; Labridae: Thalassoma hardwicke, Halichoeres trimaculatus; Acanthuridae: Zebrasoma scopas, Acanthurus triostegus the latter is often found grazing on hard substrate near freshwater discharge where certain algae grow (Kuiter and Tonozuka, 2001).

The frequency of counted categories of larger fish groups was significantly higher at the submarine groundwater spring site. Our hypothesis of a higher presence of fish around submarine springs can thus be confirmed for the site of the present study. While categories including small groups of fish were counted in similar frequencies at both sites, categories of larger groups were counted significantly more often at the submarine spring site (Figure 12). Despite the possibility, that factors such as wind stress or waves may have certain influence, that we could not control or measure in this study, we conclude that the main cause for the increased abundance of fish around the spring is the elevated nutrient inflow by groundwater discharge enhancing primary production leading to a higher availability of prey.

An adaptation to changing environmental conditions as e.g., the seahorse Hippocampus guttulatus in Tiralongo and Baldacconi (2014) is not considered as the nutrient input at Trou de Lagon is punctual and thus avoidable. Fish at Trou de Lagon are assumed to prefer the proximity of the spring due to higher availability of nutrients and prey. Tiralongo and Baldacconi (2014) worked on a H. guttulatus population found in the Mar Piccolo of Taranto (Ionian Sea) known for its substantial pollution and oscillations of environmental parameters. This declining and endangered species, inhabit preferably seagrass and macroalgal meadows. Yet, the population is well adapted to the highly polluted environment showing a clear preference to artificial hard substrate over the usual seagrass. The authors’ assumption of the abundant population is lacking fishing pressure and good availability of food caused by the artificial eutrophication. However, it is questionable whether this result can be linked to the present study. Fish at Trou de Lagon inhabit a general oligotrophic environment being attracted by a submarine spring carrying higher nutrient concentrations, whereas H. guttulatus inhabit a highly eutrophic environment but mainly found in the western part of the lagoon, which is in direct contact with the open sea allowing a water exchange.

Apart from nutrient input also temperature should be considered to effect the distribution of fish around the study sites. Groundwater discharge temperatures in lower latitudes generally tends to be lower than its ambient seawater (Shaban et al., 2005; Ka’eo Duarte et al., 2006; Johnson et al., 2008). As dissolved oxygen (DO) increases with lower temperature and salinity values, here caused by the submarine spring, it might also influence the abundance of fish around submarine springs although the observed flow rate at Trou de Lagon is low. Salinity and temperature values could not be measured precisely as ground and seawater mixed immediately during the sampling.

A variability in refuge possibilities due to higher manifestation of substrate between sites was tried to rule out by the camera set up. Recorded were image sections with approximately the same amount of substrate within close proximity to the camera at both sites (spring and control). However, a difference in substrate manifestation took place at the very far back of the control site images.

A higher abundance of fish due to recruitment after spawning depending on seasonal variations of temperature, inducing algal blooms in spring or autumn, were excluded as the climate is tropical with only two distinct seasons. However, it is worth mentioning that instead of seasonal variations in temperature as in higher latitudes other variations as rain and dry season do have an effect on reproduction (Flecker and Feifarek, 1994) and may influence processes. Furthermore, seasonal variation is not assumed to cause such selective higher fish abundance.

The significantly higher abundance of fish is suggested to be the result of nutrient inflow by the groundwater discharge enhancing primary production as presented in the short-term biofouling experiment.

Lapointe (1997) found epilithic algal communities such as algal turfs as well as macroalgae and coralline algae increasing with increasing nutrient concentrations. During our short-term biofouling experiment, a visible settlement of small filamentous sessile algae took place, which was significantly higher on the groundwater compared to the seawater exposed panels. The biofouling process on the front sides was higher compared to the back sides of the settlement panels. The latter might be a result of the light exposure with a higher light irradiation on the front sides caused by the alignment to the sun. The back sides of the panels were aligned in south-eastern direction receiving light irradiation for a fractional amount of the day, whereas the front sides where aligned more in direction north-west receiving light irradiation during almost the entire daytime. The extent of biofouling along the transect (Figure 9) exhibited a shift of elevated settlement to the right which might be caused by slight currents moving the mixing plume to the right or the freshwater exposed panels have not been marked precisely.

The result of the biofouling experiment supports the previously assumed higher productivity due to elevated nutrient concentrations around SGD sites (e.g., Williams and Carpenter, 1988; Lapointe, 1997; Novosel et al., 2005; Cocito et al., 2006). Factors such as wave energy, exposure to winds or regional advection as causes of the different manifestation in settlement between ground and seawater exposed panels are excluded. These factors would in contrast cause a mixing of fresh and seawater during short or long term events neutralizing the groundwater effect rather leading to a homogeneous algal turf manifestation.

The total zooplankton abundance at the groundwater discharge site was just slightly and insignificantly higher compared to the control site. The overall abundance was very low at both sites, based on the in general oligotrophic tropic waters of low production (Dias et al., 2015). An even lower total abundance of 0.068 Ind. L–1 was found by Carleton and Doherty (1998) in a lagoon of Tuamotu Archipelago, located within the same archipelago as Tahiti. As expected the most abundant taxon at both sampling sites were Copepods which are the most important grazer of nano- and microplankton and the main diet of planktivorous fish.

The outcome of the present work is in line with results from Obama Bay, Japan, showing a significantly higher abundance of fish at a groundwater discharge site (Utsunomiya et al., 2015). Also, a significantly higher abundances of turban snail, hermit crabs and gammarids were reported at the groundwater discharge site (Utsunomiya et al., 2015). The authors assumed the higher abundance of fish might be the result of the 18 times higher gammarid abundance being the major prey for these fish. The higher abundance of fish around the submarine spring at Trou de Lagon may thus be the result of a bottom-up control as hypothesized.

Diversity of fish species was not evaluated in the frame of this work, as a proper identification of species could not be performed by using the recorded images. Obstacles were e.g., the distance of fish to the camera, turbidity or the salinity gradient blurring the sight. The proportion of juvenile and adult fish could not be estimated on the basis of the implemented sampling. Therefore, a 3D video-based technique (Neuswanger et al., 2016) should be considered for further investigations.

Difficulties which occurred during the image evaluation should be taken into account for further investigations. Difficulties in counting fish occurred for example due to the three-dimensionality of the water body, changing image sections caused by the daily change of batteries, different manifestations of substrate as well as rapidly changing turbidity. The three-dimensionality of the water body made it difficult to count as the distances to the actual study site cannot be estimated precisely. In addition with different substrate complexity the counting involves subjective decisions. More substrate causes more shelter and nutrition for fish. A varying amount of substrate between two sites may also influence the abundance of fish (McClanahan, 1994; Gratwicke and Speight, 2005) which may be an additional variable besides the submarine spring. The cameras were set up in a way to record the same amount of substrate image sections at both sites. A little higher substrate complexity occurred in the distance of the control site images. To overcome this obstacle distant fish in the very depth of the images were neglected during the counting process as they were basically out of the study site clearly evident by very small sizes and blurriness caused by the distance. Double counting of fish was minimized by recounting.

While there are abundant research questions that need answering regarding the impact of submarine springs on flora and fauna, the here presented results are the first to show that submarine springs do attract fish in tropical settings. This result is assumed to be induced by the nutrient inflow of the submarine spring as presented in our in situ biofouling experiment.
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