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Introduction

Ocean habitat characteristics change with depth. This is due to physical  properties such as light, temperature and hydrostatic pressure, but also species community. In some cases, this generates a boundary (e.g. when light is lost in the bathypelagic), and in others it varies continuously (e.g. for hydrostatic pressure). Various studies have noted general morphometric adaptations to living at different depths seen among species, even though vertical migration can cause their ranges to overlap. However, few have looked at intraspecific changes.





Methods

Here we investigate intraspecific variation for four species of demersal fish that inhabit a broad range of depths (200 m to over 2000 m). We test the hypothesis that intraspecific morphological variation will be similar to that seen among species.





Results

We find that there are significant phenotypic differences between fish taken at different habitat depths, especially associated with mouth gape size, eye size, body shape and organ mass, despite the potential for vertical migration. However, we find that these patterns vary among species.





Discussion

We consider the possible drivers and implications for maintaining intraspecific phenotypic differences.
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1 Introduction

Habitat characteristics in the oceans are often thought of as relatively constant over broad geographic distances. Circulation patterns, thermoclines and haloclines define oceanographic regions, but these are often not hard barriers to movement. However, while environmental transitions over geographic ranges can be gradual, change by habitat depth is relatively rapid. The deep sea can be divided into zones defined especially by light penetration and hydrostatic pressure (see Sutton, 2013). To a depth of 200m we define the epipelagic zone, where there is sufficient light penetration to support photosynthesis. From 200m to 1000m is the mesopelagic zone that still receives some light. Illumination is sufficient for visual predators, but too low for photosynthesis, and the zone is critical for the vertical transport of carbon through the water column (the biological carbon pump; see Stefanoudis et al., 2019). From 1000m to 4000m is the bathypelagic zone, where light penetration stops and nutrients falling from above (“marine snow”) become more important. The bathypelagic zone is the largest ecosystem on the planet, comprising almost 75% of ocean volume (Ramirez-Llodra et al., 2010). For every 10m of water depth, pressure increases by about 1 atmosphere (0.098 MPa), and pressure is slightly higher at a given depth at higher latitudes (see Rumble, 2023). At 2000m depth and a latitude of 45°, the pressure is 20.26 MPa (equivalent to 2,939 pounds per square inch). Oxygen is produced by photosynthesizing phytoplankton and atmospheric absorption, enhanced by turbulence, in the epipelagic zone, which can then be redistributed, accumulating in colder deep water. In the North Atlantic, the ‘North Atlantic Deep Water’ (NADW) is a region of high salinity and high oxygen, below the oxygen minimum layer, starting at about 1500m (see Talley et al., 2011).

The environmental differences are therefore extreme between oceanic zones, especially with respect to light and pressure. Even so, there are marine vertebrates that live across different zones in this habitat range, and four of these species are the subject of this study. They are all deep demersal fish species, the roundnose grenadier (RNG; Coryphaenoides rupestris), the spear-snouted grenadier (SSG; Coelorinchus labiatus), the cut-throat eel (CTE; Synaphobranchus kaupii) and the smooth head (SMO; Alepocephalus bairdii). We chose these four as they are all common in the same geographic area near the Hebrides in the Northeast Atlantic. Many species in the ocean migrate vertically in the water column either seasonally or on a diel pattern, often to shallower waters at night to forage, and to deeper waters during the day to avoid predation (Bandara et al., 2021). Little is known about diel vertical migration (DVM) for our subject species. Evidence can be based on the inclusion of pelagic prey species in the diets of deep-water demersal species. For RNG, a recent study indicated that ‘although the importance of pelagic prey was found, a diel vertical migration pattern could not be confirmed’ (Stenseng Høie, 2017). Consumption of pelagic prey had been reported earlier for this species (e.g. especially euphausids off Norway; Bergstad et al., 2003). Stenseng Høie (2017) proposed that pelagic prey may be taken by RNG at the deeper range of the prey’s diel migrations (and euphausids are known to migrate into deep water; Tremblay et al., 2020). One deep-sea shark species found down to 700m (Hexanchus griseus) shows a diel pattern, with consistent habitat depth during each daytime and nighttime period (Coffey et al., 2020). If typical, this would suggest that sampling at any time during the daytime period would give similar results. For a number of deep-sea demersal species, ontogenic migration has also been documented, with larvae found in shallower water and juveniles migrating to deeper water where they remain as adults (see Lin et al., 2012). Here we restrict our analyses to mature fish (based on size, or sexual maturity when possible).

In another study of RNG, genome re-sequencing showed non-synonymous fixed differences at coding loci above compared to below 1500 m, though there was no evident differentiation at neutral genetic markers (Gaither et al., 2018). This relationship was consistent across the geographic distribution range in the North Atlantic whenever samples had been collected (indicating a pattern that was not disrupted by DVM). Some of the fixed changes may be associated with loci with metabolic function, but most were associated with development (Gaither et al., 2018). Comparing among species has identified various morphological trends. For example, Kaariainen and Bett (2006) showed that average body size of large and small macrofauna, mesofauna and meiofauna all decreased with depth when comparing communities sampled at 150m and 1600m. Rex et al. (2006) also found evidence to support this trend, reporting that body size decreases across meiofauna, macrofauna and megafauna with increasing depth across all zones. This is predicted by Thiel’s (1975; 1979) size-structure hypothesis, which suggested that despite higher relative metabolic cost, the lower individual food demands of smaller individuals would promote a decrease in body size as food availability becomes limited with depth. However, the trend is not consistent. Collins et al. (2005) showed that for 76 demersal fish species trawled from between 800 and 4800 m, the mean body size of scavenging fish species increased with depth, while the size of non-scavenging fish decreased. They suggested that larger sizes in scavengers permitted higher swimming speeds and endurance, as well as improved mass-specific metabolic efficiency, allowing improved survival on sporadic scavenged food items.

Proportional morphometrics also show patterns among species predominantly inhabiting different depths. Neat and Campbell (2013) observed a trend for increased body elongation at greater habitat depths in c. 266 fish species found across the meso- and bathypelagic zones in the Northeast Atlantic. This change was linked to improved efficiency of anguilliform swimming. This form of locomotion is observed in long, slender fish such as eels, and involves wave-like side-to-side undulations across the body’s length, a movement best suited to light-deficient environments where the requirement for high-speed prey pursuit is redundant and predation pressure is reduced. Anguilliform swimming is more energy efficient in more viscous water, and water viscosity increases slightly with hydrostatic pressure and therefore depth (Likhachev, 2003). Another depth-associated pattern linked with feeding ecology is the trend for increased mouth gape size with depth, allowing bathypelagic species whose food is more limited to fill a more generalized predatory niche and access a wider range of food resources (Drazen and Sutton, 2017). For example, among 31 meso- and bathypelagic lanternfish and big-scale species, it was shown that mouth size increased among bathypelagic species independent of body size (Ebeling and Cailliet, 1974). Orbit (eye) size is another morphometric characteristic seen to vary with depth. The general trend in the literature is for reduction in eye size in the bathypelagic zone as compared to the mesopelagic (Warrant et al., 2003). No sunlight reaches the bathypelagic zone, with the only sources of light radiating from small bioluminescent organisms. According to Warrant (2000), increasing eye size in the bathypelagic merely improves long-distance sensitivity to bioluminescent point signals.

Relative organ mass shows some trends among species that inhabit different depths. The swim bladder is a gas-filled organ essential for maintaining buoyancy and therefore energy-efficient swimming. In many deep sea teleosts, the swim bladder contains lipids comprised mostly of cholesterol and phospholipids, which are saturated with oxygen bubbles thus providing buoyancy (Phleger, 1991, 1998). These oxygen bubbles are delivered to the swim bladder by the Root effect, which is a phenomenon observed in fish hemoglobin wherein decreasing pH and increased blood carbon dioxide concentration decrease the hemoglobin’s oxygen carrying capacity, resulting in oxygen dissociation and offloading into the swim bladder (Pelster and Weber, 1991). There has been some suggestion that the Root effect becomes limited at high hydrostatic pressures and is therefore not responsible for swim bladder inflation in deep sea species. This led to the belief that the lipids in the swim bladder themselves might aid oxygen dissociation and swim bladder inflation (Scholander, 1954; Phleger, 1998). If this were the case, a greater mass of lipids could be expected with increasing habitat depth. Changes in proportional liver mass may also be associated with habitat depth. Energy storage in three Coryphaenoides species (C. armatus, C. yaquinae and C. acrolepis) was shown to be mainly in the form of neutral lipids in the liver (Drazen, 2002). Large lipid energy stores in deep sea fish are associated with long periods of fasting (Musick and Cotton, 2015); indeed, Smith (1978) showed that the liver lipid stores of the highly food limited abyssal grenadier C. armatus were sufficient for survival for c. 186 days without feeding.

There are few data on phenotypic variation by depth within a species, and that will be the focus of this study. Even if individuals move vertically in the water column, it is possible that they adapt to live predominantly or perform particular functions within a defined habitat depth range. There are three main mechanisms by which intraspecific (ecotype) differences may be sustained, namely phenotypic plasticity, balanced polymorphism and reproductive isolation. Individuals that develop in different environments may exhibit morphological differences by plastic changes that occur during ontogenesis. Adaptive phenotypic plasticity has been proposed for a number of fish species, such as the differentiation between lake and river populations of the African cichlid Astatotilapia burtoni (Rajkov et al., 2018) and differentiation between pumpkinseed sunfish (Lepomis gibbosus) in static as compared to flowing water (Yavno and Fox, 2013). For some species, common garden experiments can be used to help determine the degree to which the difference is plastic (divergent phenotype with the same genetic background) or if it has a genetic component. The second mechanism for sustaining intraspecific variation is a balanced polymorphism. A genetic polymorphism sustained among male reproductive strategists in the bluegill sunfish (Lepomis macrochirus) was famously proposed by Dominey (1980). The fixed genetic differences by habitat depth in RNG (Gaither et al., 2018) were seen in spite of the fact that all appear to mate together in midwater (around 1000m; Neat, 2017; Gaither et al., 2018) which could be sustained by balanced polymorphism. The third mechanism involves reproductive isolation either through assortative mating or some physical boundary to dispersal. This should result in some level of differentiation due to genetic drift, not observed for RNG (Gaither et al., 2018).

Phenotypic variation within a species (either plastic or based on genotype) contributes significantly to direct and indirect ecological responses within an ecosystem community (Des Roches et al., 2018). Therefore, understanding intraspecific patterns of variation is critical to understanding and conserving ecosystem function. It is also important towards the effective management of stocks for deep water species. All four species included in this study are affected by fisheries; RNG and SMO are vulnerable to direct fisheries and SSG and CTE as large-scale bycatch (IUCN Redlist). In the eastern North Atlantic the regulatory body (NEAFC) recognizes only two of the species in our study, and for SMO this is only at category ‘4’ (to complement EEZ measures in order to ensure that total catches remain within e.g. catch limits advised by ICES). The one species for which there is an extensive direct catch (RNG) is listed as Critically Endangered by the IUCN Red list. Conspecific stocks for independent management are not currently identified by habitat depth, however, our data suggests that this should be an essential aspect of effective management for these species.

In this study we compare phenotypic variation by depth in four species of deep sea demersal fishes, all of which are found in habitats over a depth range from ~200m to 2km or more. We test the hypothesis that any variation will reflect environmental challenges. We find significant variation for adults across the sampled habitat depth ranges, but the patterns were not always consistent with expectations based on comparisons among species (e.g. Neat and Campbell, 2013; Drazen and Sutton, 2017).




2 Methods and methods



2.1 Sample collection & measurements

Four deep-sea species were investigated: RNG, SSG, CTE and SMO (Figure 1). All were captured by trawl fishing from the Northeast Atlantic, west of the Scottish Hebrides region (Figure 2) over a short period of time. Their sympatry and relative abundance was the reason for choosing these four species. Sample collection depths and numbers per species are shown in Table 1. The relationship between sampling depth and time of sampling had no consistent pattern (Supplementary Figure S1), and all sampling was during daylight hours (when species exhibiting DVM are expected to be in deep water). Fish were weighed (total weight ± 0.01g) immediately after capture before being tagged with unique identification numbers and frozen. Fish were measured when thawed, and all measurements (Table 2) were taken from the left side of all specimens, replicated 3 times and the average used for further analyses. Our measure of ‘elongation’ standardized length against weight to provide a single metric that could reflect both width and depth of the fish. To help control for possible ontogenic patterns, no juvenile samples were included, only those judged to be mature (based on size and gonadal development). To further check for this possible bias, metrics were re-measured using only the largest fish (upper half of the size range), and the morphotypic pattern comparing shallow and deep habitat ranges remained the same for all comparisons (data not shown). Sizes smaller than 120 mm were measured to the nearest 0.1 mm using dial Vernier calipers. Larger sizes were measured to the nearest 1 mm using either large Vernier calipers, spring joint calipers, or a tape measure. Due to damage incurred on the specimens during trawling, not all measurements were possible on every individual. The most common form of damage was to the tails, some of which were missing or broken. For this reason, total length measurements were not possible for all individuals, and pre-anal fin lengths (PAFL) were used as a substitute overall length measure (Savvatimsky, 1985; O’Hea et al., 2013).




Figure 1 | (A) roundnose grenadier (RNG: Coryphaenoides rupestris); (B) spear-snouted grenadier (SSG: Coelorinchus labiatus); (C) cut-throut eel (CTE: Synaphobranchus kaupii); (D) smoothhead (SMO: Alepocephalus bairdii).






Figure 2 | Sampling locations off the Hebrides, UK for each species.




Table 1 | Number of fish sampled by depth.




Table 2 | Morphological measurements.



After the external measurements were recorded, the left operculum was removed with scissors and the first gill arch removed. The number of gill rakers on the upper and lower limb of the gill arch were counted. The liver, swim bladder, gonads and heart were removed and weighed (wet after draining on absorbent paper) to the nearest 0.1 g, or, for organs weighing less than 1 g, to the nearest 0.001 g. The digestive tract was identified and removed. The change in pressure experienced when specimens are captured and brought to the surface can cause fish to regurgitate their stomachs and further components of the digestive system, so these organs were often found, to varying degrees, either in the main body cavity, or everted into the mouth. The pyloric caeca bundle was removed from the digestive tract, and the number of fingers counted. Prior to comparison between individuals, all length measurements and organ weights were standardized to correct for allometry (after Costa et al., 2003). First, all length measurements were log transformed and regressed against log PAFL and log weight measurements against log total weight. Individuals were checked to be within three standard deviations of the regression line, and regressions were checked for significance. We used the allometric formula described in Costa et al. (2003) to adjust for size or weight bias. This was, ACi = logOCi – [β x (log PAFLi – log MPAFL)] where Aci is the logarithmic character measurement for the ith specimen, OCi is the unadjusted character measurement, β is the common group regression coefficient (for the character against PAFL or total weight), and MPAFL is the mean PAFL for that species (PFAL is replaced by total weight for the relevant measures).

Sex could not be confidently determined from all specimens, thus gonad weight was excluded from multivariate analyses in case of sex bias by depth. When sex was estimated by gonadal weight and just the most common sex sampled was included, the same morphotypic patterns between habitat depth ranges were seen as when all samples were included (data not shown). Bergstad et al. (2021) found little or no sexual dimorphism for growth for six deep-sea fish species at the mid-Atlantic ridge (including RNG).




2.2 Statistical analyses

Tests for normality (Shapiro-Wilk test) and equal variance (Levene’s test) showed that some sample sets violated these assumptions, and so all comparisons of individual measures were done using the non-parametric Mann Whitney U-test. Significance was assessed correcting for type one errors using the Bonferroni correction. We compared individual characters between two depth ranges, below and above 1,500m. This permitted each range to include a sufficient sample size. It is also consistent with potential ecological and environmental drivers of differentiation, associated with light penetration, oxygen saturation, temperature, hydrostatic pressure, species community, etc. A pairwise correlation matrix was generated using the Spearman correlation among individual characters to guide character selection for the Random Forest analysis. For reference, we calculated the student’s t statistic for these comparisons, and note that for each species the number of comparisons (91) meant that the threshold for significance after Bonferonni correction was 0.0005 (t = 3.65 or higher). Random Forest is robust in isolating the influence of redundant, highly correlated predictors (Hanberry, 2023). However, the usual practice in dealing with collinearity is to minimize its potential effect by selecting variables whose correlation coefficients are below a certain threshold (e.g., |r| <0.7 in Dormann et al. (2013)). Here we chose a threshold of 0.6.

To estimate the ability of morphological features to discriminate between individuals collected at different depths, two approaches were considered, a supervised approach consisting of Random Forest classification, and an unsupervised approach consisting of clustering based on Random Forest generated distances. In Random Forest classification, the model is trained to recognize multivariate differences in morphological traits between two depth ranges (<1500m and >1500m) and the outputs is a measure of accuracy by which individuals can be assigned to their true depth range based on a selected combination of traits. The Random Forest clustering takes a different approach and performs clustering (based on a generated distance matrix) without considering sampling depth. The identified clusters are then confronted to actual sampling depths to identify depths patterns in morphology and assess the relevant depths (amongst the depths sampled in this study) at which such patterns occur.

For both approaches, covariates were first selected based on their degree of correlation (correlation less than 0.6; Supplementary Tables S1–S4) and variables were kept if their mean decrease in classification accuracy (a measure of variable importance in Random Forest) was positive (i.e. their inclusion improved classification accuracy). As Random Forest classification is sensitive to class imbalance, a sample of individuals from two depth categories (<1500m and >1500m) was drawn at random (40 per depth category for RNG and SSG, and 25 for CTE and SMO), and the Random Forest classification was run on this sample repeated 100 times. Each iteration consisted of a random Forest of 1000 trees. Classification accuracy for each forest was calculated using cross-validation as Random Forest builds a tree using 66% of the data (In Bag sample, IB) and assess classification accuracy on the 33% of the data not used to build that tree (Out Of Bag sample, OOB). All data are used as for each tree IB and OOB samples are drawn at random. Overall classification accuracy and variable importance were calculated as the average of the 100 iterations. The clustering analysis was performed by first generating a distance matrix between individuals using unsupervised Random Forest and applying partitioning around medoid (Kaufman and Rousseeuw, 1990) to the distance matrix (Shi and Horvath, 2006; Gibb et al., 2017; Régnier et al., 2017). For each species considered, the distance matrix was generated from 100 forests each consisting of 2000 trees. The number of clusters was then determined using both the Gap statistic (Tibshirani et al., 2001) and the Dunn index (Halkidi et al., 2001). Assessment based on all variables was also examined using the Permutation MANOVA non-parametric multivariate test, with 1,000 iterations.





3 Results

Because of the small geographic range among sampling sites for each species (see Figure 2), we assumed that there would be no population variation associated with geographic distance. The log transformations of all measurements had significant regressions with PAFL or total weight, and just one SMO individual was removed as an outlier. There were no significant differences found from pairwise comparisons of morphological features in SMO found at the two different depth categories (above and below 1500m; Supplementary Table S5), however there were significant differences for RNG, SSG and CTE (Tables 3, 4). The pattern was not consistent among species. Figure 3 shows the relative changes for five representative characteristics that showed the a strong effect (gape size, orbit diameter, elongation, liver weight and swim bladder weight; see Tables 3, 4 for the full set of characters). Swim bladder weight showed a significant difference within all three of these species, and the pattern was not consistent (Figure 3). Swim bladder weight was proportionally heavier at depth for RNG but lighter for SSG and CTE. Orbit diameter (relative size of the eye) showed the same pattern of increasing with depth for all three species, significant for all three species. For the other 3 characteristics (gape size, elongation and liver weight), SSG and CTE showed the same trend with increased depth while RNG showed the opposite, though not all of these trends were significant (Tables 3, 4). There were no significant differences for either of the meristic measures (gill raker number and number of pyloric caeca) across all species by depth. Some characteristics showed a high correlation with others, and this is shown in Supplementary Tables S1–S4.


Table 3 | Body dimensions for RNG (round-nosed grenadier), SSG (spear-snouted grenadier) and CTE (cut-throat eel), all log transformed and adjusted for allometry (see methods).




Table 4 | Organ weights for RNG (round-nosed grenadier), SSG (spear-snouted grenadier) and CTE (cut-throat eel), all were log transformed and adjusted for allometry (see methods).






Figure 3 | Morphological variation comparing shallow (S) and deep (D) fish collected below or above 1500m. The 5 measures shown are among those that differ with the greatest significance. For this illustration, linear measures are divided by pre-anal fin length, while mass is divided by overall weight.



In random forest classification, the 3 most important variables for RNG were gape size, maximum width and swim bladder weight. For SSG, the 3 most important variables were gape length, orbit diameter and swim bladder weight. Orbit diameter, head depth and gape size were the 3 most important variables for CTE. Finally, the 3 most important variables for SMO were gape size, head depth and pre-orbital length. Overall classification accuracy was 80.24% for RNG, 68.39% in SSG, 87.61% in CTE and 57.84% in SMO. Cross-validated classification accuracy for each depth category is presented in Table 5. The permutation MANOVA test was significant for RNG (p=0.0009), SSG (p=0.0059, and CTE (p=0.0009), but not for SMO (p=0.209).


Table 5 | Percentage of individuals of each species assigned to shallow (< 1500 m) and deep (> 1500 m) regions, based on a supervised Random Forest classification of morphological features.



For the cluster composition analysis, the results were largely consistent with the other assessments. For RNG, there was one cluster (white in Figure 4) well represented at the shallower depths of 720m (40.9%) and 1060m (50%) and in lower proportions at lower depths (0% at 1400m, 17.2% at 1640m and 29.6% at 1830m). Another cluster (black in Figure 4) dominated between 1640m and 1830m (68.9% and 44.4% respectively) and a third cluster was represented at all depths (grey in Figure 4). This suggests deep and shallow morphotypes with considerable overlap at intermediate depths. For SSG, there is a dominant cluster (white in Figure 4) present at all depths but representing 100% of individuals at the shallow depths of 990m, 87.5% of individuals at 1090m and 58.62% of individuals at 1551m and in lower proportions at higher depths (6.45% at 1801m, 30.43% at 1835m and 14.28% at 1844m). Black and grey clusters (Figure 4) dominated the higher depths between 1801m and 1844m, suggesting a deep morphotype. For CTE while the shallower depth was represented by a mixture of four clusters, one cluster (black in Figure 4) dominated the range 1540-2023m, suggesting a deep morphotype. For SMO the pattern is unclear, since there seem to be clusters of the same type in both the shallowest and deepest samples. This is consistent with the lower random forest assignment in this species, and the lack of significant differences in pairwise comparisons either side of 1500m.




Figure 4 | Cluster composition for each species and sampling depth (RNG, SSG, CTE and SMO from left to right). The shading represents different proportions of clusters at each depth (see text for further details).






4 Discussion

Three of the four deep water species studied showed significant phenotypic variation with depth, and all of these three had a similar, elongated, body form. SMO, which is a fusiform fish, did not show significant pairwise variation. All show correct random forest assignment to depth category at some level, though this is weakest in SMO. If the driver of phenotypic variation was differential plastic growth in different environments, it may be expected that all would show the trends associated with inter-specific variation with habitat depth (e.g. Neat and Campbell, 2013), and so all would vary in a similar way. Instead, there was considerable variation in the pattern seen for different species. Among the 15 morphometrics measured, only the meristic measures showed no significant variation. Inter-orbital width, body depth and gape length were only significant in one of the three species (Table 3). Of the measurements that showed significant variation in two or more species, some were strongly correlated for most species, such as gape size and length, liver weight and swim bladder weight. However, this was less so for RNG, which showed lower correlations among all measures than for the other species (Supplementary Tables S1–S4). SSG and CTE had the most characteristics significantly different between depth ranges. In the random forest analysis gape size or length appeared as one of the most important variables in all of the 4 species considered and orbit diameter important for two of them. Data were consistent with shallow and deep water morphotypes for all species except for SMO, where the interpretation would need to be more complicated (Figure 4).

In general, SSG and CTE shared similar patterns, while RNG showed the opposite pattern. The only exception was orbit diameter, with all three at least trending to a proportionally larger eye in deep water habitat. This was the opposite as seen when compared among some species (Warrant et al., 2003) but may be expected if individuals captured at depth spend time in shallower depths where there is some penetration of light, but not as much as for those captured in shallower depths. Larger eyes in deeper water has also been reported for Halobatrachus toadfishes (Collette et al., 2006). The RNG showed the pattern seen or predicted from interspecific comparisons for all other characteristics in Figure 3. The other two species showed the opposite pattern for each of these characters. Taken together these results indicate little consistency, suggesting that a common plastic response to similar environments is unlikely. It is possible that some pattern of diel or ontogenic vertical migration is disrupting the pattern of difference by depth, and perhaps differently in different species. However, we didn’t generate any particular bias based on when we collected samples (Supplementary Figure S1), and all samples were collected during the day (when predator species are expected to be at depth). Genetic data for RNG indicates a consistent segregation by depth, and for all species, the emergence of a pattern with depth suggests a real pattern, as vertical migration may be expected to disrupt rather than generate such a pattern. Furthermore, all samples measured were adults (minimizing any ontogenic effect). It may be that for species inhabiting depths below a certain threshold, there is segregation either side of that threshold. Here we took that potential boundary to be around 1500m, based on environmental characteristics (see methods), and consistent with results from the earlier genomic study (Gaither et al., 2018).

The other potential mechanisms to generate phenotypic variation are population differentiation and incipient speciation, or a balanced polymorphism. Population differentiation was evidently not the case for the RNG based on genome re-sequencing data. Gaither et al. (2018) used 44,650 neutral loci, sufficient to detect an FST of 0.0007 with a power of 0.86, and found no significance between sample sets taken at 750m compared to 1,800m. There were, however, fixed non-synonymous differences at loci especially associated with morphology and muscle function comparing 1,800m to all other sample depths. Together with indications that RNG mate together at ~1000m (Neat, 2017), the more likely explanation for phenotypic variation in this species would seem to be a balanced polymorphism. There are no genetic data available for SSG and CTE, but various aspects distinguish them from RNG. They both show more significant changes associated with depth than RNG and both include benthic crustaceans in their diet (Saldanha and Bauchot, 1986; Cohen et al., 1990). All three eat fish and some cephalopods, but RNG likely take more pelagic crustaceans (Cohen et al., 1990; Stowasser et al., 2009). The fact that SSG and CTE show the opposite of the trends seen in inter-specific comparisons, suggests that the driver may again be balanced polymorphism rather than population differentiation. Perhaps this is associated with different strategies at different depths such that in shallower habitats the ecotype requires a smaller mouth, greater elongation and more energy storage associated with the swim bladder and liver. Diet differences with depth have been reported for other related deep sea fish species, such as Coryphaenoides armatus showing different fatty acid profiles below and above 3000m, and for Antimora rostrata either side of 2000m (Stowasser et al., 2009).

With respect to the conservation and management of deep sea species, either population differentiation or a balanced polymorphism associated with habitat depth implies a need for separate management of allowable catches at different depths. The retention of evolutionary potential will likely depend on forms suited to different depths, given that there is significant phenotypic variation across the range. For a given species the proportional need for different ecotypes will likely depend on environmental changes over time, which may be affected by climate change and other processes. Under current management, there is a ban against trawling in over 800m in UK waters. Under regulation (EU) 2016/2336, the EU fleet will be banned from bottom fishing in all EU waters >400m depth, apart from within the 2009-2011 fishing footprint. Even within the 2009-2011 fishing footprint, EU vessels will be prohibited from bottom fishing in any areas that may be closed to protect VMEs (vulnerable marine ecosystems). However, protecting only deep water habitats would risk depletion of the shallow water phenotypes. We investigated four species, and find that they show phenotypic variation in different habitats, a finding that should be of concern to management. Future genetic work will likely reveal the true nature of these differences, and determine if there are genetic differences at different depths for SMO, even though no strong phenotypic differences were found. These results have broader implications for understanding the evolution of biodiversity in the sea, and the importance of variance with habitat depth.
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Coryphaenoides rupestris 23 720m
(roundnose grenadier - RNG) 30 1060m
29 1400m
30 1640m
27 1830m
Coelorinchus labiatus 8 990m
(spearheaded grenadier - SSG) 8 1090m
29 1551m
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23 1835m
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(cutthroat eel - CTE) 29 1540m
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(smoothhead - SMO) 13 1040m
30 1529m
6 1797m
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RNG 82.98% (76.00-89.05) 79.25% (67.5-86.31)
SSG 70.57% (62.22-78.94) 66.22% (57.5-75.00)
CTE 94.03% (90.00-96.7) 81.2% (72.00-90.1)
SMO 59.60% (51.7-67.85) 56.08% (40.00-72.00)






