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Holling’s classical functional response model describes the mechanistic foundations of the relationships between predation rate and prey density. As such, the model is pertinent to predators that actively search for prey, but not to stationary predators in which additional factors, such as flow speed, determine the rates of prey encounter. The main objective of this study was to measure the rates and corresponding efficiencies of zooplanktivory among different common species of coral-reef fishes under a wide range of prey densities and current speeds. All our experiments were carried out in a flume with different combinations of flow speeds (3-28.5 cm/s) and prey densities (210 - 1050 prey m-3). Nauplii of Artemia salina were used as prey. Despite major differences in the taxonomic origin of the studied species, their morphologies, and the types of shelters they use, the foraging performances of the fish, their predation rates, and the way those rates were affected by prey density and flow speed were surprisingly similar. Under a fixed prey density, capture rates did not change much as function of flow speed. Under conditions of equal prey flux, predation rates were always higher under conditions of high density and weaker flow than under lower density and faster flow. A sharp decline in capture efficiency with increasing flow speed was explained by a corresponding narrowing of the fish’s body orientation relative to the flow. In other words, with increasing flow speed, the fish gradually became more-narrowly oriented head-on onto the flow, exhibiting a decrease in the frequency of body turns (“maneuverability”). These trends, especially the reduced maneuverability under strong currents, can explain our findings that predation rates did not increase when the flow, hence prey flux, increased. Inter-specific differences in predation rates and efficiencies, however small, agree well with observed differences in the type of habitats the different species occupy.
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1 Introduction

Much like oases in the desert, coral reefs flourish in oligotrophic seas, where the productivity of the reef commonly exceeds by up to an order of magnitude that of phytoplankton in the surrounding open waters. The enigmatic source(s) of the allochthonous nutrients needed to support this exceptionally high productivity of the reef has long captivated coral-reef researchers (Odum and Odum, 1955; Erez, 1990). One possible source is the consumption of pelagic plankton by benthic animals in the reef. Indeed, Genin et al. (2009) and Wyatt et al. (2010) found that intense consumption of small picoplankton can provide sufficient nutrients to explain this so called “paradox of the reef”. However, the relative contribution of zooplankton predation, is yet poorly known, despite suggestions that such predation is a major link of the reef’s benthic-pelagic coupling (Morais and Bellwood, 2019; Morais et al., 2021).

Generally, predation is a fundamental ecological link that frequently determines key attributes of individuals, populations, and communities (Begon et al., 2006). While this notion is widely recognized, studies in which rates of predation are directly measured are claimed to be infrequent, especially in aquatic systems (Mihalitsis et al., 2022). However, quite a few examples of studies in which predation rates of zooplankton by marine fishes are found in the literature (e.g., Kingsford and MacDiarmid, 1988; Noda et al., 1992; Kiflawi and Genin, 1997; Holzman and Genin, 2003; Clarke et al., 2009; Finelli et al., 2009; Khrizman et al., 2018; Ishikawa et al., 2022). As indicated above, several studies recently highlighted the importance of fish zooplanktivory in the coral reef ecosystem (Brandl et al., 2019; Morais and Bellwood, 2019; Morais et al., 2021; Siqueira et al., 2021; Mihalitsis et al., 2022). However, none of those studies included direct measurements of predation rates. Instead, the alleged intensity of zooplanktivory in those studies was indirectly deduced from measurements of biomass and growth of different fish that, in turn, were incorporated in a Von Bertalanffy Growth Model. Thus, the contribution of zooplankton predation by fish to the overall productivity of the reef is still debatable (Allgeier and Cline, 2019; Brandl et al., 2019), further highlighting the need for direct measurements of that predation.

Planktivorous fish are ubiquitous members of fish communities in many coral reefs, especially across the western Indo-Pacific (Siqueira et al., 2021) and the Red Sea (Fishelson et al., 1974). In some reefs, such as the outer GBR, those fish form a “wall of mouths” (Hamner et al., 1988), that substantially reduces the zooplankton densities down current. Similar down-current depletions of zooplankton also occur in kelp forests, temperate rocky reefs, and over seamounts (Gaines and Roughgarden, 1987; Kingsford and MacDiarmid, 1988; Genin et al., 1994).

In coral reefs, many fishes belonging to this guild are site-attached (Hobson, 1991; Kiflawi and Genin, 1997), keeping their position near a shelter where they capture zooplankton that drift toward them with the currents (Sale, 1971; Fishelson et al., 1974). A similar mode of predation is found in freshwater streams, where many fish capture drifting prey while temporarily keeping a stationary place (O’Brien et al., 2001). The majority of site-attached fishes in the coral reef form social groups, where the group’s fidelity to the same shelter can last several months and beyond (Sale, 1971; Booth, 2016). The shelters used by those site-attached fishes include branching corals, rocky knolls and other complex substrates. The fish maintain their foraging space sufficiently close to the shelter, allowing a fast retreat when threatened (Fishelson et al., 1974; Hobson, 1991). Their foraging space is almost always found up-current of the shelter, with the individual fish commonly facing the oncoming current (Hobson, 1991; Engel et al., 2021). The fish rapidly switch their search direction and position relative to the shelter when the currents change direction (Bray et al., 1981; Hobson, 1991; Engel et al., 2021). While foraging, the fish actively avoid being swept by the currents to a position found down-current of the shelter (Engel et al., 2021; A. Genin unpublished observations).

Site-attached fishes are not filter feeders (e.g., Nonacs et al., 1994); instead, they always strike individual prey. Their capture of a prey consists of three steps: (1) wait & search - slowly swimming near the shelter, waiting for a drifting prey to enter the foraging space; (2) strike - a rapid swim toward a detected prey, bringing their mouth sufficiently close to ingest the prey; (3) ram-jaw suction, an extremely rapid extension of the jaws in order to rapidly suck the prey (Coughlin and Strickler, 1990; Hobson, 1991; Wainwright et al., 2007). The duration of step 1 (wait & search) depends on the flow. Under constant prey densities, the frequency of prey arrival into the fish’s foraging space is a function of current speed (e.g., Finelli et al., 2009; Khrizman et al., 2018; Khrizman et al., 2024). However, the fish do not always increase their predation rates under stronger flows (Kiflawi and Genin, 1997; Clarke et al., 2009), allegedly due to flow-dependent biomechanical constraints that limit the ability of the fish to strike the prey at wide angles in respect to the flow direction (Kiflawi and Genin, 1997; O’Brien et al., 2001; Ella and Genin, 2023). In contrast, the fish’s functional response to changes in zooplankton density, is expected to monotonically increase with increasing prey densities (Kiflawi and Genin, 1997; Clarke et al., 2009), until a yet-unknown saturation level is reached (Holling, 1959).

The main objective of this study was to evaluate the effects of prey density and flow speed on the rates and efficiencies of plankton capture in 3 common species of site-attached coral-reef fishes under a wide, natural range of those parameters. Specifically, we examine the linearity of the fishes’ functional responses to increasing prey density, the occurrence of saturation, and the role of biomechanical limitations in determining the fishes’ functional responses to increasing flow speed.




2 Materials and methods



2.1 Study site

The study was carried out at the Interuniversity Institute for Marine Sciences in Eilat (IUI), northern Red Sea, Israel (29°30´ N, 34° 56´E). Fish were collected at the local coral reef, at 6-14 m depth. Detailed descriptions of the reef’s benthic communities are found in Fishelson (1971), Benayahu and Loya (1977), and Yahel et al. (1998). Briefly, those fringing reefs are dominated by stony corals, growing on a steep slope (10-30°). The currents are generally slow (average speed of 10 cm/s; maximum of ~50 cm/s) exhibiting a strong semidiurnal periodicity during the warm months (Genin and Paldor, 1998; Monismith and Genin, 2004). Northerly winds prevail >90% of the time. Due to a short fetch, the sea around our study site in the northern part of the Gulf is calm with waves < 0.5 m in height, except for rare times of strong southerly winds. The region is extremely arid, with average precipitation rate of 22 mm/y. The water is clear with visibility typically extending 10s of meters. Among the ca. 260 species of fish inhabiting the local reefs, the guild of zooplanktivorous fish is numerically the largest, comprising >40% of the total number of fish (Brokovich et al., 2006; Shaked and Genin, 2023).




2.2 Fish

The 3 site-attached species we studied (Figure 1) included 2 common damselfishes: Dascyllus marginatus (acronym: Dm; Standard length: 52 ± 6.36 mm) and Neopomacentrus miryae (Nm; 94 ± 10.9 mm) and a common serranid Pseudanthias squamipinnis (Ps; 103 ± 13.5 mm) (Figure 1). Dm is endemic to the Red Sea, Gulf of Aden and Gulf of Oman. Nm is endemic to the Red Sea. Ps is found throughout the Indian Ocean and West Pacific. Ps and Nm are the most abundant species in the local coral reefs (Khalaf and Kochzius, 2002; Brokovich et al., 2006; Megdadi et al., 2017). As other species belonging to the guild of diurnal, site-attached, coral-reef planktivores, the fish are generalist visual feeders (Coates, 1980) with diets consisting of meso-zooplankton that are usually larger than 400 µm in length (Noda et al., 1992; Hanson et al., 2016). The fish capture individual zooplankters using ram-jaw suction, as described above (Coughlin and Strickler, 1990; Hobson, 1991).




Figure 1 | Studied species. Pseudanthias squamipinnis (acronym Ps; mean ± sd standard length 6.2 ± 0.6 cm, N = 5), Dascyllus marginatus (Dm; 4.3 ± 0.5 cm, N = 6), and Neomopacentrus miryae (Nm; 6.8 ± 0.8 cm; N = 5). Fish standard lengths were measured by Ella and Genin (2023) using 3D photography.



The species we studied live in social groups, varying in size from several individuals, in Dm, to hundreds in Ps and Nm (Fricke, 1977; Megdadi et al., 2017). Typical group sizes in those species appear to be related to the type of shelters they use, with those living in association with single coral colonies (Dm) commonly form smaller groups than those associated with large rocky substrates (Ps, Nm) (Fricke, 1977; Khalaf et al., 2006).

Adult individuals were used in our experiments. In Ps, only females were used because males are morphologically different and considerably larger than females and their proportion in the groups are considerably lower (Shapiro and Lubbock, 1980). No such separation was used with the other species, where males and females are morphologically indistinguishable and the gender could not be determined without scarifying the fish.

An additional damselfish, Chromis dimidiata (80-90 mm), was studied as part of a complementary work using the same experimental procedures but different levels of flow speeds and examined parameters. The results of this species are reported in the Supplementary Information.




2.3 The flume

Predation experiments were carried out in a recirculating flume (Figure S1). Briefly, the flume was 330 L in volume, with a glass walled working section, 200 cm in length and 30 × 30 cm in cross-section. The fish were kept inside the working section using plastic-coated wire mesh (1 cm mesh size) 50 cm up-current and a few cm down-current of the work section. A small skeleton of a branching coral or a short piece of PVC pipe, ~4 cm in diameter (Figure S1) were placed as a shelter near the down-current end of the work section. The type of shelter was species dependent, using the coral skeleton for Dm, which in the reef finds shelter inside branching corals, and the pipe for Ps, Nm, and Cd, which typically find shelter in perforated rocks and knolls.

A propeller driven by a 560 W DC motor (Doer Electric Corporation, Cedarburg, Wisconsin, USA) and regulated by an electric motor speed controller generated water movement within the flume. An acoustic Doppler current meter (ADV, Nortek, Norway) was used to calibrate the flume’s controller to generate flows in the range of 3-28.5 cm/s. A 1 cm wide benthic boundary layer was found along the flume’s walls, in which the fish were rarely found. Water temperature was maintained at ± 3° C of the ambient sea-surface temperature. Part of the water in the flume was replaced almost daily, by allowing 1 hr-long exchange with freshly-pumped, pre-filtered seawater. During that time, the propeller was set to high speed and a 65 µm net was tightly inserted in the flume to remove sediments and other suspended particles. Additionally, fouling organisms growing on the walls were scrubbed off every 2-3 weeks, thereby maintaining clear walls for the side-looking video camera. The light intensity in the flume was ~180 µmol m-2 s-1, provided by fluorescent lights from above. This light intensity was similar to that prevailing at the local reef during midday at ~10 m, a depth at which the studied species were common. A natural light-dark cycle was maintained throughout the period of our experiments.

All trials used a single fish in the flume. Different combinations of flow speed and prey density covered the range of 3 to 28.5 cm/s and 210 to 1050 prey m-3, respectively (Table 1). These values were well within those occurring in the coral reef of Eilat (Genin et al., 1995; Genin and Paldor, 1998; Reidenbach et al., 2006; Khrizman et al., 2018) and other coral reefs (e.g., Noda et al., 1992; Gahan et al., 2023).


Table 1 | Details of the experiments performed and the number of replicates.






2.4 Experimental protocol

Fish were collected by scuba divers at depths of 5-14 m in the coral reef off the Interuniversity Institute for Marine Sciences of Eilat (IUI) using either a gill net for fish that reside over rocky substrates (Nm, Ps) or by lightly anesthetizing fish using diluted clove-oil for the coral-associated Dm. The captured fish were transferred to the laboratory for pre-acclimation in 8 L individual holding tanks containing running seawater. Following this initial acclimation, lasting a few days to several weeks, an acclimated fish was transferred to the flume for 3-7 days prior to the onset of its experiments. To avoid acclimation to a certain flow speed, different speeds were used during the acclimation period. A fish was considered acclimated and ready for trials once it readily exited its shelter and commenced feeding immediately after we added prey to the flume.

Throughout that period, the fish were fed with live, 24-36 hrs post-hatching nauplii of Artemia salina. At that stage, their mean [± SD] length was 600 [ ± 70] µm (n = 50), similar to size of the fish’s natural prey in the reef. Note, however, that in comparison with copepods, a common taxon in the fish diet (Hobson, 1991; Noda et al., 1992), Artemia nauplii are poor swimmers and lack an escape response from approaching fish (Trager et al., 1994). However, in the context of this mechanism-oriented study, the use of a single type of non-evasive prey had many advantages, including the logistic ease of getting high numbers of live prey and a use of identical prey in all our experiments, an approach that minimized confounding effects in experiments designed to resolve the effects of only prey density and flow speed.

Each day started with a preparation of syringes (10 ml) filled with the intended numbers of prey for the trials of that day. Using a syringe with a piece of a thin, flexible, transparent tubing attached to its opening, the nauplii were manually collected from a holding tank under a dissecting microscope. Trials using different, haphazardly ordered combinations of prey densities and flow speeds were performed with the same individual fish no more than 4 times a day, with breaks lasting ≥30 min between consecutive trials. To keep the fish hungry during trials, they were kept unfed for at least 12 hrs prior to the initiation of trials. To prevent feeding during the introduction of the nauplii to the flume, the fish were chased into the shelter by introducing a long plastic rod into the flume. During the prey introduction interval, the flow was temporarily raised and the nauplii were gradually ejected from the syringe to the flume near the propellor, assuring their mixing throughout the flume. Following the setting of the controller to the target flow speed, the plastic rod withdrawn, upon which the (now acclimated) fish immediately commenced feeding. Each trial lasted 30 or 60 s, depending on the target flow speed, keeping the trial duration equal to or shorter than the time it took the water to complete a full revolution. Thereby, predation during the trial did not reduce the density of prey in the water flowing by the fish. Upon the completion of a trial, the plastic rod was re-introduced, chasing the fish back to shelter, and the surviving nauplii were collected by filtering the water through a 65 µm plankton net, mounted on an aluminum frame that tightly fitted the flume’s cross section. The filtering stage lasted ~5 min with the flow set at 6 cm/s, thus allowing at least four complete revolutions of the recirculating water through the net. The surviving nauplii were counted using a dissecting microscope. Twenty-eight “control runs” ran under different flow speeds, with no fish in the flume, showed a recapture success of 98 ± 2%.

The difference between the number of nauplii introduced to the flume prior to the trial and those that survived the trial, together with the trail’s duration, were used to calculate predation rates (prey s-1). The values of predation rates were then used to calculate capture efficiency, defined as the percent of prey captured from the total approaching the fish, that is, predation rate divided by the flux. Note that the area used to calculate the flux was the cross section of the flume (width X height of water; 30 X 30 cm).

Details on the setting and number of replicates used are reported in Table 1. The study took about a decade to complete (1999-2009). Within that period, the trials with each species were completed through a single series of back-to-back trials, lasting several months. Within a series, different individuals were collected at the reef one after the other, so that no individual would remain in the lab more than 2-3 months. Long breaks between species allowed interim processing and analyses of data prior to proceeding with the next species. Due to logistic reasons, a break lasting several years was taken prior to the initiation of experiments with Cd.

The collected fish were returned to the reef, preferably to the exact sites where they had been collected. The methods used to collect and handle the fish were carried out under a permit from Israel Nature & Parks Authority and fully complied with the ethical rules of animal treatment at the Hebrew University of Jerusalem.




2.5 Orientation to the flow

A video camera was used to measure the body orientation of the fish with respect to the direction of the flow as viewed from above. Here, our goal was to examine the narrowing of the orientation of the fish with respect to the direction of the oncoming flow as the flow speed was increased, as reported by Kiflawi and Genin (1997) for a few individual fish. Down-looking video recordings of the fish were obtained in the flume during foraging under different flow speeds. Single video frames were digitized using ImageJ in order to measure the angle between the flume’s longitudinal axis (i.e., the flow direction) and the direction of a digitized line connecting the fish’s snout and the base of its tail. The measured angles were converted to absolute values, disregarding left and right with respect to the flow direction. Zero angles referred to a head-on orientation to the flow, while 90° corresponded to a situation where the fish projected its full side to the flow. Video records, each lasting 10 min, were made for each individual (N=3), for each flow speed (3, 6, 9, 12, 15, 18, and 21 cm/s) for each of the 3 studied species. Approximately 50 frames were haphazardly selected from each 10 min record, yielding a total of 3042 data points.

The data were processed to provide the 95th percentile of the angles and their variance for each flow speed. The former value was used as a measure of horizontal width of the up-current “aperture” of the fish’s foraging space. The variance was considered a proxy of the frequency of left-right turnings (hereafter “maneuverability”) of the fish under each flow speed.




2.6 Statistical analysis

The effect of flow speed on predation rates was tested using Mixed-Design Two-Way Repeated Measures ANOVA with 6 levels of flow speed (3, 6, 9, 12, 15, and 21 cm/s), used as Within-Subject Variable. Two levels of prey density, low and medium (210 and 630 prey m-3, respectively) and three species (Ps, Dm, and Nm) were used as Between-Subject Factors, as detailed in Table 1. Bonferroni post hoc was used to test for differences between pairs of species. The same test was used to test the effect of prey density, using its 4-5 levels (210, 420, 630, 840, and, except for Nm, 1050 prey m-3) as Within-Subject Variable, with the two levels of flow speed (4 and 12 cm/s) and species being Between-Subject Factors. The dependent variables, predation rates and capture efficiency, were tested separately using the same tests. For efficiency, log-transformed values were used in order comply with the assumptions of homogeneity of variance (Levene’s test). Following a finding of an overall significant effect of species in the above ANOVA, a Bonferroni Post Hoc test was used to test the differences between pairs of species.

Linear relationships between flow speed and the 95th percentile of the orientation angles and between flow speed and the log-transformed variance of the orientation angles were tested for each flow speed and each species using ANCOVA with flow speed as a covariate and species as a fixed factor and Bonferroni post hoc test of differences between species. To test the equality of the intercepts, flow speed was centered on 12 cm/s by subtracting 12 from the original values.

A logarithmic fit of the relationships between flow speed and the variance of the angles in each category of flow speed was tested in two steps: in the first step, performed separately for each species, the fit to a logarithmic regression was tested. After corroborating that fit, the original values were log-transformed and tested using ANCOVA with flow speed as a covariate and species as a fixed factor. Bonferroni post hoc was used to test for differences between pairs of species.

Assumptions of sphericity and homogeneity of variance were verified in each test, as needed. All statistical tests were carried out using SPSS (v. 28).





3 Results

The results of all statistical tests are listed in Tables 2, 3.


Table 2 | Mixed-Design Two-Way Repeated Measures ANOVA testing the effects of prey density (A, B) and of flow speed (C, D) as Within-Subjects factors, on predation rates (A, C) and on predation efficiencies (B, D), with two Between-Subjects Factors: species and flow speed in A, B or species and prey density in C, D.




Table 3 | Statistical tests of the relationships between flow speed and the fish’s orientation angles with respect to the flow direction.





3.1 Effects of prey density

A nearly linear functional response to increasing density with no apparent saturation was observed in the 3 studied species (Figure 2). Prey density had a significant effect on predation rates (Mixed-Design Two-Way Repeated Measures ANOVA, F1,3 = 596.6, p < 0.0001), with no significant effect of flow speed (two levels) and non-significant interaction between prey density and flow speed. Across all prey densities and two flow speeds included in this analysis, predation rates by Nm were 1.4-1.7 times higher than those of Ps and Dm (Figure 2B), resulting in an overall significant effect of species on predation rates (Mixed-Design Two-Way Repeated Measures ANOVA, F1,2 = 28.96, p < 0.0001) and significant interaction between prey density and species (p < 0.001). However, Bonferroni post hoc test indicated that only the difference between Nm and the other two species was significant (p < 0.05), with no significance difference between Ps and Dm (Table 2).




Figure 2 | Effects of prey density on predation rate. (A) Mean ( ± sd) predation rates as function of prey density in the 3 species under two levels of flow speed (4 and 12 cm/s; dashed and full lines, respectively). (B) Combined plots of the means of all species (color coded) under flow speeds of 4 (upper panel) and 12 cm/s (lower panel). To improve visualization, error bars are not plotted in (B) For statistics see Table 2.



The linear functional response reported in Figure 2 indicated no saturation up to the maximum prey density examined (1050 prey m-3). The effect of prey density on the efficiency of prey capture (Figure 3) was indiscernible, however statistically significant (Mixed-Design Two-Way Repeated Measures ANOVA, F1,3 = 5.55, p < 0.003). Capture efficiencies were strongly affected by flow speed (p < 0.0001; Table 2), being ~2X higher under slow (4 cm/s) than fast (12 cm/s) flows (p < 0.0001). The overall effect of species on capture efficiency was significant (p < 0.003), however, again, Bonferroni post hoc test indicated that the capture efficiency of only Nm was higher than Ps and Dm, with no significant difference between the latter two. The higher capture efficiencies of Nm were most conspicuous under weak flows (Figure 3B).




Figure 3 | Effects of prey density on capture efficiency, defined as the percent of prey captured by the fish from those approaching it during a trial. (A)- Mean (± sd) efficiencies in the range of 210-1050 prey/m3 under flow speeds of 4 cm/s (dashed lines) and 12 cm/s (full lines) in Ps (top panel), Dm (mid panel) and Nm (lower panel). (B) - Visualization of inter-specific differences for the 3 species (color coded as in A) under flow speeds of 4 cm/s (dashed lines) and 12 cm/s (full lines). Note the higher capture efficiencies of Nm, especially under the weaker flow. For statistics see Table 2.






3.2 Effects of flow speed

The effects of flow speed on predation rates (Figure 4) were generally smaller than those of prey density, especially under conditions of low prey density (210 prey m-3). Under the higher density (630 prey m-3), the functional response was weakly unimodal, exhibiting maxima at different, species-specific speeds. Overall, the effect of flow speed on predation rates was significant (Mixed-Design Two-Way Repeated Measures ANOVA, F1,5 = 9, p < 0.0001; Table 2). Under strong flows (≥ 12 cm/s), Ps exhibited higher predation rates than those of the other species, whereas under weak flows (≤ 9 cm/s) Nm had the highest predation rates (Figure 4B), resulting in an overall significant effect of species (p < 0.0001). However, Bonferroni post hoc test indicated a significant difference only between Dm and the other two species. The interactions between flow speed and prey density and between flow speed and species were highly significant (p < 0.0001; Table 2).




Figure 4 | Effects of flow speed on predation rate. (A) Mean ( ± sd) predation rates as function of flow speed in the 3 species under 2 levels of prey density (dashed line: 210 prey m-3; full lines: 630 prey m-3). (B) Combined plots of the means of all species (color coded) under prey density of 210 prey m-3 (upper panel) and 630 prey m-3 (lower panel) prey m-3. To improve visualization, error bars are not plotted in (B). For statistics see Table 2.



A sharp, nearly exponential decrease in the efficiency of prey capture with increasing flow speed was observed in all species (Figure 5), declining from 40-50% at 3 cm/s to approximately 10% at 15-21 cm/s (Mixed-Design Two-Way Repeated Measures ANOVA, F1,5 = 9, p < 0.0001; Table 2). As the effect of flow speed on the rate of predation was small, especially under low prey densities (Figure 4), the observed decline in efficiency was due to the fish’s inability to effectively utilize higher fluxes of prey when the density of prey remained constant but the number of prey passing by the fish per unit of time (i.e., prey flux) increased due to the increasing flow speeds. Neither prey density nor the interaction between flow speed and prey density had a significant effect on the capture efficiency, but the effect of the interaction between flow speed and species was (p < 0.0001; Table 2). Despite a general similarity among the 3 studied species (Figure 5), the small inter-specific differences in the capture efficiency between them were statistically significant (p < 0.0003). Bonferroni post hoc test indicated significant differences (p < 0.05) between Dm and the two other species but not between Ps and Nm (Table 2).




Figure 5 | Effects of flow speed on the capture efficiency of prey and on the variance of the orientation angle. Left axes (color coded dashed and full lines): average ( ± sd) capture efficiency as function of flow speed under two levels of prey density: 210 prey m-3 (dashed lines) and 630 prey m-3 (full lines) for Ps, Dm, and Nm. Right axes (green dotted lines): the variance of the orientation angles was copied from Figure 7B) to demonstrate the fit between the three plotted lines for each species. The scale of the right axes was set so that the plots of the orientation variance would be positioned close to the respective plots of capture efficiencies. For statistics see Table 2.



Note that efficiency was calculated using the flux of prey across the full cross section of the flume, disregarding the observation that fish’s foraging space narrowed down with increasing flow speed, as presented by Ella and Genin (2023). In that paper, we show that the decrease in capture efficiency with increasing flow speed (Figure 5) does not always occur when the fluxes are calculated using the actual, flow-dependent “apertures” of the foraging space (addressed below in the Discussion).




3.3 Prey flux

Under identical levels of prey flux, the combinations of weak flow (3-6 cm/s) and high density (630 prey m-3) resulted in 2 to 4 times higher predation rates than in combinations of fast flow (10-21 cm/s) and low prey density (210 prey m-3) (Figure 6). This difference is consistent with the aforementioned findings that predation rates were strongly affected by prey density but not by flow speed (Figures 2, 3).




Figure 6 | Effects of prey flux on predation rate. Mean ( ± sd) predation rates as function of prey flux in the studied species under prey densities of 210 prey -3 (dotted lines) and 630 prey-3 (full lines). Each point indicates a different combination of prey density and flow speed.






3.4 Body orientation

The linear decrease in the 95th percentile of the orientation angles with increasing flow speed (Figure 7A) was highly significant (p < 0.0001; Table 3). Similarly significant (ANCOVA, p < 0.0001) was the decrease in the variance of those angles with increasing flow speed (Figure 7B), with a significant effect of species (p < 0.02) and a non-significant interaction between species and flow speed (Table 3). Bonferroni post hoc tests indicated that the angles of the 95th percentile and the variance were significantly higher (p < 0.05) in Ps than in the other two species (Figure 7), while Dm and Nm were not significantly different one from another (Table 3).




Figure 7 | Effect of flow speed on body orientation during foraging. (A) - The 95th percentiles of the orientation angles under different flow speeds for the 3 different species (color coded). Linear regression equations and R2 values are indicated next to each line using the same coded colors. Angles exceeding 90° under weak flows indicate down-current orientations. (B) - The corresponding variance of the orientation angles and their respective logarithmic regression lines. Regression equations and R2 values are color-coded as in (A). For statistics see Table 3.






3.5 C. dimidiata

In general, the trends of predation rates as function of prey density and flow speed observed for Chromis dimidiata (Supplementary Material) were similar to those reported above for Ps, Nm, and Dm.





4 Discussion

The site-attached coral reef fishes we studied were surprisingly similar in their flow-dependent body orientation (rheotaxis), their predation rates and the way those rates were affected by prey density and flow speed. This similarity prevails despite major differences in their taxonomic origin at the family level, their morphologies, the group sizes they typically form, and the types of shelters they use. On a much larger scale, McLean et al. (2021) found that similar environments host similar trait compositions in reef fish assemblages across the world despite the species’ separation by thousands of kilometers and millions of years of evolution. Thus, environmental conditions have likely shaped global patterns in reef fish traits regardless of geography, species identity, or evolutionary history (Bellwood et al., 2017), as observed among the different species explored in our study. This similarity, together with ample evidence that such planktivorous fishes are generalist feeders (Hobson, 1991; Noda et al., 1992; A. Genin unpublished data), suggest that feeding biology is not the principal contributor to the separation of their niches. Other factors such as waves, biomechanical constraints imposed by rapid currents and waves (Fulton et al., 2005; Finelli et al., 2009), different types of shelters the fishes use, and their own exposure to predation (e.g., Hixon, 1991; Hixon and Beets, 1993; Holbrook and Schmitt, 2002) and parasites (e.g., Mikheeva et al., 2020) may have a greater role in determining the habitats the species occupy. For example, Dm is an obligatory resident of live branching corals (Fricke, 1980; Goldshmid et al., 2004), rendering their group sizes limited by the size of the home coral. Therefore, this species cannot form groups of hundreds of individuals, as Ps and Nm do because they occupy large rocky substrates and knolls. Nevertheless, in both types of habitats the fish use a similar rheotactic behavior and exhibit similar responses to changes in prey density and flow speed.

On the other hand, some of the inter-specific differences observed in this study, however small, can contribute to the understanding of the fishes’ adaptations to different types of habitats. For example, differences in predation rates under different flow speeds (Figure 4) indicate that Nm is best adapted to conditions of slow currents while Ps to fast currents. This conclusion agrees well with our extensive, qualitative survey carried out in exposed and sheltered coral reefs around the Straits of Tiran in the southern Gulf of Aqaba (Genin et al., 1994). While in the exposed reefs (mean current speed of ~40 cm/s), Ps flourishes, no Nm is found at those sites. Both species are similarly abundant at sheltered habitats (10-15 cm/s) throughout the Gulf.

A saturation of predation rates under conditions of high prey densities is expected under the classical model of functional response (Holling, 1959). However, no saturation was apparent in our experiments (Figure 2). The most likely explanation is that the range of prey densities we used (210-1050 m-3) did not reach a saturation level. Higher densities sometimes occur over coral reefs, both in Eilat (Holzman et al., 2005) and elsewhere (Noda et al., 1992).

The functional response model characterizes the rates of predation as function of prey density (Holling, 1959; Denny, 2014). There, the density of the prey determines the rate at which a predator encounters prey through a coefficient α, relating capture rate (C) to prey density (N). This scenario applies to predators that actively search for prey across some area or space. Different mechanisms are likely for predators in which prey encounter depends on additional parameters, such as flow speed. Examples include a flow-depended feeding by passive suspension feeders such as crinoids (Leonard et al., 1988) and corals (Sebens and Johnson, 1991; Fabricius et al., 1995) and by site-attached fishes (Kiflawi and Genin, 1997; O’Brien et al., 2001; Clarke et al., 2009; Finelli et al., 2009). Therefore, our findings (Figure 4) that flow speed only had a minor effect on predation rates were surprising. The major effect of prey density on the fish’s functional response (Figure 2), render those fish similar to active, terrestrial predators for which the classical functional response model had been developed. That flow had such a small effect of the fish’s functional response (Figure 4), requires an explanation.

A simple explanation was suggested by Kiflawi and Genin, 1997, based on their observation that the fish’s body orientations to the right and left of the oncoming current became more narrowly distributed around the flow direction as flow speed increased (O’Brien et al., 2001). That is, the “aperture” through which the prey drifts into the fish’s foraging space shrinks as flow becomes stronger. This conclusion was corroborated by our observations, using the 95th percentile of the fish orientation angles (Figure 7A). When such shrinking occurs, an “effective” flux should be considered for each flow speed; that is, the flux through the actual, flow-dependent size of the aperture. This idea was tested in our companion paper (Ella and Genin, 2023), indicating that the above explanation applies for Dm, but not for Ps and Nm. In fact, in Nm predation rates decreased when the flow speed exceeded 9 cm/s despite a corresponding increase in the effective flux. Obviously, mechanisms other than the shrinkage of the aperture should be considered in order to explain the absence of flow-driven increase in predation rates. An alternative explanation is related to the fish’s maneuverability during its foraging movements. If turnings to the left or right of the oncoming current becomes bio-mechanically more limited as flow speed increases, it may restrict the ability of the fish to turn sufficiently fast in order to strike a prey that appears far on its right (or left). Figure 7 showed that wide turns (>70°) with respect to the flow direction rarely occurred when the flow was stronger than 15 cm/s. The close similarity between the logarithmic slopes of the declines in the “maneuverability” and the capture efficiency (Figure 5) supports this explanation. In other words, under the assumption that the variance in the orientation angle can be used as a proxy of foraging maneuverability, the sharp decrease in that maneuverability with increasing flow speeds can explain the absence of increasing predation rates under higher prey fluxes.

An additional explanation refers to the time a fish would need to strike the “next prey”. In situ observations of prey strikes by Dm made by Engel et al. (2021) indicated that under strong currents of 13-17 and >17 cm/s, almost all strikes (95th and 100%, respectively) targeted prey that was found up-current relative to the strikes’ initiation points. Therefore, we suggest that a fish would avoid striking a “next” prey, once it drifted past (down-current of) its present location. Occurrence of such “pass-over” cases become more likely under higher flow speeds. Figure 2 of Ella and Genin (2023) shows that under flow speeds of 15 and 20 cm/s, the mean duration of a strike by Nm, Ps, and Dm is ~380 ms, or a maximum of 2.6 prey/s when prey are caught continuously, one after the other. Under prey density of 630 m-3 and flow speed of 15 cm/s, the flux of prey across the flume (0.3 X 0.3 m) is ~8.5 s-1, whereas under a slower flow (3 cm/s) and the same prey density the flux is 1.7 s-1. This difference means that under a continuous series of strikes, the fish would be able to capture all the prey drifting by it under the weaker flow (3 cm/s) and higher density (630 m-3) but only ~30% of the flux under the stronger flow.

Likely, each of the three explanations suggested above can contribute to the observation that the functional responses of the fish we studied does not depend on prey flux, only on prey density. In our opinion, based on a visualization of the fish foraging movements (Video S1), the shrinking aperture and the reduced maneuverability contribute the most.

Several caveats should be considered. The first, as mentioned above, is our use of Artemia nauplii as prey. Those nauplii are poor swimmers and do not use an escape response, as copepods do (Trager et al., 1994). Copepods are the dominant taxon in the diet in fishes belonging to the guild of the species we studied (Hobson, 1991; Noda et al., 1992; A. Genin unpublished observations). The advantage of using those readily available nauplii was their similarity in size and general morphology to the fish’s natural prey and the uniformity of the prey used in different trials. A second caveat is introduced by our use of a single fish at a time. In nature, all those fish live in social groups, never alone. Our attempts to add more fish to the flume failed because they always incited enduring aggressive interactions, inhibiting predation by both subordinate and dominant individuals. A third caveat that should be considered is our use of a flume with walls that could restrict the fish movements. Obviously, the use of a flume was the only way to independently control flow speed and prey density. On the other hand, the use of a flume with a 30 X 30 cm cross section seems to introduce some, however not an extreme restriction on the foraging of fish in which prey strikes are, on average, 2-6 cm long (Ella and Genin, 2023).

Taken together, those 3 caveats render our results pertinent to the mechanisms underlying the effects of flow speed and prey density, rather than the absolute values of predation rates that are found in situ. While we are confident that the nearly linear increase in predation rate with increasing prey density (Figure 2) holds under in-situ conditions, the slope of that increase and the predation-rate values may be different.

Our study provides the most extensive quantitative information to-date on predation rates by zooplanktivorous coral-reef fishes and the effects of prey density and flow speed on those rates. The rapid advent of ocean optics, including an in-situ visualization of zooplankton (Orenstein et al., 2020; Robinson et al., 2021), together with recent advances in computerized tracking of fish in situ (Engel et al., 2021), assure the prospects of extending our flume study to in-situ conditions.
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(A) Effect of prey density on predation rates
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(B) Effect of prey density on predation efficiency (log transformed)

Factor

Prey
prey * flow
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Flow
Species
Error (prey)

Post Hoc (Ps, Dm, Nm)

(C) Effect of flow speed on predation rates

Factor

SS
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(D) Effect of flow speed on predation efficiency (log transformed)

Factor

Flow
Flow * prey
Flow * species
Prey
Species
Error (flow)

Post Hoc (Ps, Dm, Nm)

SS

771 5 444.4 < 0.0001
0.06 5 035 NS
2.68 10 7.72 <0.0001
0.18 1 125 NS
4.12 2 14.2 < 0.0003
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The bottom row in each part indicates the results of Bonferroni Post Hoc testing differences among pairs of species. In that row, the 3 letters in the second column respectively indicate the 3
species listed in the first column. Different letters in the second column indicate a species that significantly differed (p < 0.05) one from another.
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(A) ANCOVA testing the effect of flow speed on the 95% percentile of body orientation
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(B) Logarithmic regression and the 95% Confidence Interval of the variance in the orientation angles (y) under different
flow speeds (f) using the equation: y =a + b * Ln (f)

Species A b R2 95% Cl of a 95% Cl of b
Nm -678 2072 0.96 -841 to -515 1680-2463
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Ps 644 2107 0.99 714 to - 573 19372277

(C) ANCOVA testing the effect of flow speed on the log-transformed variance of the orientation angles

Factor SS F p-value
Flow (covariate) 2.5 1 196.1 < 0.0001
Species (fixed) 0.132 2 5.18 <0.02
Error 0.217 17
Post hoc (Ps, Dm, Nm) abb

(A) Testing the linear regression between flow speed and the 95% percentile of the orientation angles, using species as a fixed factor.

(B) Coefficients and 95% confidence intervals of the logarithmic regression between the variance of the fish’s orientation (angle?) and flow speed.

(C) ANCOVA of the linear regression between the long-transformed angle-variance and flow speed. Flow speed was scaled to the mid-point of the flow speed (12 cm/s) so that this mid-point was
used for the intercept instead of zero. The results of Bonferroni post hoc pairwise comparisons between species are indicated in the bottom row of A and C. In that row, the 3 letters in the second
column respectively indicate the 3 species listed in the first column. Different letters in the second column indicate a species that significantly differed (p < 0.05) one from another.





OEBPS/Images/fmars-11-1330477-g005.jpg
Capture efficiency (%)

P. squamipinnis 2500

80 2000
60 1500
40 1 1000
201 [ 500
0 ' ' iz I
0 6 9 12 15 18 21

Flow speed (cm/s)

Orientation variance (degz)

— — 210 prey m2
—630 prey m2
- Angle var






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Marine Science





OEBPS/Images/fmars-11-1330477-g007.jpg
>

95th percentile of body angles (deg)

Variance of body angles (deg?)

140

120

100

80

60

40

20

1500

1250

1000

750

500

250

x Nm
. e Dm
® Ps

y=-4.22x + 114.9
R?=0.96

X,

y=-3.7x+96.3
R?=0.96
y=-463x+1115
R?=0.95
5 10 15 20
Flow speed (cm/s)

x Nm

y = -678*In(x) + 2072 o D
R?=0.96 ¢ Nm

y = -644*In(x) + 2107

Flow speed (cm/s)





OEBPS/Images/fmars-11-1330477-g003.jpg
Capture efficiency (%)

L ——=4cmls
80, P- squamipinnis

60

L e S SRE

20 -z 3

80, D. marginatus
0 200 400 600 800 1000
Prey density (#/m3)
80
60
40
20

0

0 200 400 600 800 1000
Prey density (#/m3)





OEBPS/Images/fmars.2024.1330477_cover.jpg
& frontiers | Frontiers in Marine Science

Effects of flow speed and prey density on
the rate and efficiency of prey capture in
zooplanktivorous coral-reef fishes





OEBPS/Images/fmars-11-1330477-g001.jpg





OEBPS/Images/table1.jpg
Individuals
per species

Dependent

variable Co-factor

Species

Trials or samples per species

Predation rate, 210, 420, 630, 840,

predation efficiency Prey Density 1050° Flow speed o Ps, Dm, Nm 1
prey m™
Predation rate, : ’ s
ST Flow speed 369,12,15, 21 emls Prey density 210, 630 prey m Ps, Dm, Nm 4
Body Grientation Flow speed 3,69, 12,15, 21 cm/s = = Ps, Dm, Nm 7 (Dm-3)

“Density of 1050 m > was not examined for Nm.

192

192

99,1100, 1116
in Ps, Dm, Nm, respectively





