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Trophic Structure and Sources of Variation Influencing the Stable Isotope Signatures of Meso- and Bathypelagic Micronekton Fishes
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To better understand spatiotemporal variation in the trophic structure of deep-pelagic species, we examined the isotope values of particulate organic matter (POM) (isotopic baseline) and seven deep-pelagic fishes with similar diet compositions but contrasting vertical distributions across mesoscale features in the Gulf of Mexico using stable isotope and amino acid compound-specific isotope analyses. Species examined included four migratory (Benthosema suborbitale, Lepidophanes guentheri, Melamphaes simus, Sigmops elongatus) and three non-migratory zooplanktivorous fishes (Argyropelecus hemigymnus, Cyclothone obscura, Sternoptyx pseudobscura). Isotopic values of POM increased with depth, with meso- and bathypelagic samples characterized by higher δ13C and δ15N values relative to epipelagic samples. Despite similar diet compositions, mean δ15N values of fishes spanned 3.43‰ resulting in mean trophic position estimates among species varying by 1.09 trophic levels. Interspecific differences in δ15N were driven by higher δ15N values in the non-migratory and deepest dwelling C. obscura (10.61‰) and lower δ15N values in the migratory and shallowest dwelling L. guentheri (7.18‰) and B. suborbitale (8.11‰). Similarly, fish δ15NsourceAA values were correlated with depth, with the lowest values occurring in the migratory L. guentheri and B. suborbitale and highest values occurring in the non-migratory C. obscura. Our data suggest that depth-related trends in fish δ15N and δ15NsourceAA values are driven by shallower dwelling species feeding within epipelagic food webs supported by POM with lower δ15N values, while deeper dwelling, non-migratory species increasingly use food webs at depth supported by POM with elevated δ15N values. Horizontal isotopic variation was observed across a large mesoscale oceanographic feature (Loop Current), with POM, three migratory, and one non-migratory species characterized by higher δ13C and lower δ15N values in the anticyclonic Loop Current relative to surrounding water masses. Our results demonstrate that isotopic values of POM can vary significantly over relatively small horizontal and vertical scales and that baseline variation can be conserved in the signatures of higher-order consumers. By gaining a more thorough understanding of the sources contributing to isotopic variation of deep-pelagic fishes, this paper will inform the design and interpretation of future feeding studies in the pelagic realm and advances our knowledge of deep-pelagic food web structure.
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INTRODUCTION

The deep-pelagic ocean provides a suite of ecosystem services, including carbon sequestration, nutrient regeneration, and waste absorption, which are vital to ocean health (Mengerink et al., 2014; Thurber et al., 2014). Although its importance is well established, the deep pelagic is chronically understudied, with knowledge of ecosystem function lagging behind coastal and shelf systems (Webb et al., 2010). Currently, natural resource extraction and fisheries are expanding into the deep ocean before management strategies can be developed, resulting in a concerted effort to characterize deep-pelagic ecosystems so that the effects of anthropogenic activities can be assessed (Ramirez-Llodra et al., 2011; Mengerink et al., 2014; Murawski et al., 2020). In particular, recent research has centered on understanding deep-pelagic food webs, as trophic interactions regulate animal populations (especially in ecosystems with no physical refuge), determine energy pathways, and influence the resilience of communities to perturbation (Winemiller and Polis, 1996; Chipps and Garvey, 2007).

A thorough understanding of deep-pelagic food webs necessitates detailed trophic information of micronekton, small (2–10 cm) swimming fishes, crustaceans, and cephalopods that represent a dominant proportion of the global nekton biomass (Irigoien et al., 2014; Vereshchaka et al., 2019). Ubiquitous throughout the world’s oceans, micronekton play important roles in ecological and biogeochemical processes that underpin ecosystem services including carbon sequestration and fisheries production (Angel, 1989; Longhurst et al., 1990). Many micronekton undergo diel vertical migrations (DVM) through the water column to feed within the epipelagic zone (0–200 m) at night before returning to daytime depths in the meso- (200–1,000 m) or bathypelagic zones (1,000–4,000 m). Through DVM, micronekton represent an important source of connectivity between the epi-, meso-, and bathypelagic zones and have been shown to be important prey of consumers throughout the water column (Sutton and Hopkins, 1996; Moteki et al., 2001; Choy et al., 2013). Additionally, by feeding heavily on zooplankton, micronekton link higher-order consumers with primary and secondary production (Hopkins and Gartner, 1992; Hopkins et al., 1996). Considering their high global abundance and importance to pelagic food webs, describing micronekton trophic structure is critical to increasing our understanding of deep-pelagic ecosystem structure and function.

Stable isotope analysis (SIA) is a tool commonly used to describe trophic structure in pelagic systems (Peterson and Fry, 1987; Vander Zanden and Rasmussen, 2001). Stable isotopes of carbon undergo small levels of fractionation during trophic transfer and can be used to delineate energy pathways from primary producers to consumers (DeNiro and Epstein, 1978; Wada et al., 1991). Nitrogen stable isotopes undergo larger levels of fractionation during trophic transfer and can be used to make estimations of trophic position and food chain length (Minagawa and Wada, 1984; Post, 2002). While the utility of SIA in ecology is well established, correct interpretation of SIA data is difficult, as numerous sources of variation unrelated to an organism’s diet can contribute to the isotopic signatures of consumers (Boecklen et al., 2011). For instance, because a consumer’s isotopic signature is determined by both its trophic position and the isotope value of basal carbon sources, high isotopic variability in primary producers over fine spatiotemporal scales can result in isotopic variation in consumers not reflective of a change in trophic status (Popp et al., 2007). Traditionally, variation at the base of the food web has been accounted for via comprehensive sampling of primary producers, which can be logistically challenging in pelagic systems. Amino acid compound-specific isotope analysis (AA-CSIA) allows for changes in trophic status to be distinguished from isotopic variation at the base of the food web (Popp et al., 2007; Bradley et al., 2015). The method uses two groups of individual amino acids that undergo differing levels of 15N enrichment during trophic transfer. “Source” amino acids undergo minimal 15N enrichment with each trophic step (<1‰) (e.g., phenylalanine, serine, glycine, lysine, tyrosine) and have been shown to accurately reflect the δ15N values of primary producers at the base of food webs (McClelland and Montoya, 2002; Popp et al., 2007; Chikaraishi et al., 2009). Comparatively, “trophic” amino acids (e.g., alanine, aspartic acid, glutamic acid, isoleucine, proline, valine) undergo larger, predictable levels of 15N enrichment and can be used to estimate trophic position (McClelland and Montoya, 2002; Chikaraishi et al., 2009). Because AA-CSIA incorporates both baseline and trophic information within a single sample, trophic position estimates can be made without having to characterize the isotopic values of primary producers (Popp et al., 2007; Bradley et al., 2015).

Delineations of energy pathways and trophic position estimations are critical to understanding deep-pelagic food webs and are uncommon for the Gulf of Mexico (GOM) and many pelagic systems (McClain-Counts et al., 2017; Richards et al., 2018). However, for SIA data to be interpreted correctly, a thorough understanding of how biological and environmental sources of variation affect isotope values of consumers is needed. Using SIA and AA-CSIA, we examined the isotope values of particulate organic matter (POM) and seven deep-pelagic fishes with similar diet compositions but contrasting vertical distributions over two sampling years and across a large mesoscale feature in the GOM. By selecting species with similar diet compositions and contrasting depth distributions, we aimed to highlight isotopic variation related to spatial and temporal factors while keeping variation related to diet at a minimum. The species selected included four vertical migrators (Myctophiformes: Benthosema suborbitale, Lepidophanes guentheri; Beryciformes: Melamphaes simus; Stomiiformes: Sigmops elongatus) and three non-migratory species (Stomiiformes: Argyropelecus hemigymnus, Cyclothone obscura, Sternoptyx pseudobscura). Vertically migrating species exhibited daytime depth distributions ranging from the upper mesopelagic zone (B. suborbitale) to the lower meso- and upper bathypelagic zones (M. simus) and nighttime distributions concentrated within the epi- and upper mesopelagic zones (Figure 1 and Table 1). Non-migratory species exhibited contrasting depth distributions ranging from the upper mesopelagic zone (A. hemigymnus) to the bathypelagic zone (C. obscura) (Figure 1 and Table 1). All species are zooplanktivorous and feed primarily on copepods (B. suborbitale, C. obscura, M. simus), a mixture of copepods and small euphausiids (L. guentheri, S. elongatus), copepods and ostracods (A. hemigymnus), and copepods and polychaetes (S. pseudobscura) (Hopkins and Baird, 1985; Hopkins and Gartner, 1992; Hopkins et al., 1996; Burghart et al., 2010).
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FIGURE 1. Vertical bar plots representing the standardized abundance of migratory (top row) and non-migratory (bottom row) species collected with day and night MOCNESS tows from 2015 to 2016. Plots represent catch data for each species combined across four oceanographic cruises and not data solely from individuals used for stable isotope analysis. Abundances were standardized by the volume of water filtered during MOCNESS tows as described in Cook et al. (unpublished data).



TABLE 1. Summary table depicting sample totals of deep-pelagic fishes for each sampling year and each water type (LCW, Loop Current Water; GCW, Gulf Common Water) and mean (± SD) δ13C, δ15N, and C:N values for each species.
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Using these seven species of micronekton as model taxa, we ask the following questions: Does depth of occurrence and vertical migration type affect the stable isotope values of micronekton with similar diet compositions? Are differences among species driven by differences in diet or by variation at the base of the food web? Finally, how spatially (horizontal and vertical) variable are the isotopic values of primary producers and deep-pelagic micronekton in the GOM?



MATERIALS AND METHODS


Study Design and Sample Collection

Sample collections for this study took place during four oceanographic cruises in 2015–2016, with cruises conducted in May (spring) and August (summer) of each year. While sampling stations for each cruise fell within the same geographic area, the stations visited varied due to the changing position of the Loop Current (Figure 2). Circulation in the eastern GOM is dominated by the anticyclonic Loop Current, which brings warm, oligotrophic water northward into the GOM before deflecting eastward and then exiting through the Florida Straits. Northward extension into the GOM by the Loop Current is highly variable and introduces significant spatial heterogeneity to the pelagic GOM (Vukovich and Crissman, 1986; Davis et al., 2002). Previous studies have shown that currents associated with the Loop Current and mesoscale eddies can act to concentrate primary and secondary production and in turn can alter the spatial distribution of higher-order consumers such as tunas, billfishes, and marine mammals (Davis et al., 2002; Rooker et al., 2013). In order to examine the influence of the Loop Current on deep-pelagic trophic structure, sampling sites were classified as either falling within Loop Current water (LCW) or within the surrounding water mass, hereafter referred to as Gulf common water (GCW), following designations described by Johnston et al. (2019). In addition to LCW and GCW sites, Johnston et al. (2019) identified sampling sites along the fronts between the Loop Current and Gulf common water that exhibited characteristics intermediate to the two water masses. These sites, classified as “mixed” by Johnston et al. (2019), did not yield SIA samples for this study.
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FIGURE 2. Maps of the northern Gulf of Mexico showing sample collection locations during spring (white circles), summer (black circles), and spring and summer (gray circles) for oceanographic cruises conducted in 2015 (left panel) and 2016 (right panel). Dashed and solid lines represent approximate location of the Loop Current defined by 20-cm sea surface height anomaly (SSHA) during spring and summer sampling periods, respectively. Water surrounding the Loop Current was classified as Gulf Common Water following Johnston et al. (2019). Loop Current positions were created using remotely sensed sea surface height data available through the Copernicus Marine Environmental Monitoring Service.


Micronekton were collected using a Multiple Opening and Closing Net with Environmental Sensing System (MOCNESS), which sampled discrete depth strata from the surface to 1,500 m depth. The depth strata sampled included 0–200 m (epipelagic), 200–600 m (upper mesopelagic), 600–1,000 m (lower mesopelagic), 1,000–1,200 m (bathypelagic), and 1,200–1,500 m (bathypelagic) (Milligan et al., 2018; Cook et al., unpublished data). Micronekton samples selected for SIA were measured to the nearest millimeter for standard length (SL) and frozen at −20°C. Samples selected for AA-CSIA, which were only collected during 2016, were stored in liquid nitrogen at sea before long-term storage at −80°C. In order to characterize the isotopic baseline, samples of particulate organic matter (POM) were collected from the surface, epi-, meso-, and bathypelagic zones at each station. Epi- and mesopelagic samples were collected from the deep chlorophyll maximum (mean depth, 76.6 m) and oxygen minimum zone (mean depth, 426.6 m), respectively, while bathypelagic samples were collected from maximum trawl depth (∼1,500 m). Exact depths for the deep chlorophyll maximum and oxygen minimum varied by station and were visually identified during the downcast of a CTD sensor conducted prior to MOCNESS deployment (Cook et al., unpublished data). Water collections for POM samples were made using 12-L Niskin bottles attached to the CTD rosette and filtered across pre-combusted (2 h at 450°C) 47-mm glass microfiber filters (GF/F) with a 0.7 μm pore size and frozen at −20°C.



Stable Isotope Analysis

Following collection at sea, white muscle tissue was dissected from the lateral musculature of micronekton, rinsed with deionized water, and examined under a microscope for the presence of bones. Cleaned samples were then lyophilized, homogenized, weighed (∼1 mg sample), and wrapped in tin capsules. Prior to SIA, samples of POM were placed in a drying oven at 60°C until a constant weight was achieved (∼24 h) and then folded and wrapped into tin capsules. The C:N of fishes in the present study were low (species mean C:N range, 3.32–3.53), suggesting lipids would not significantly confound the interpretation of δ13C values. Thus, all statistical analyses were performed on uncorrected δ13C values. Samples for SIA were analyzed at the University of California at Davis Stable Isotope Facility (UC Davis SIF) using an elemental analyzer (PDZ Europa ANCA-GSL) interfaced with an isotope ratio mass spectrometer (PDZ Europa 20–20). The long-term standard deviation for instrumentation precision at the UC Davis SIF for SIA is 0.2 and 0.3‰ for δ13C and δ15N, respectively. Isotopic ratios are presented in delta notation relative to the international standards Vienna PeeDee Belemnite (VPDB) and air for carbon and nitrogen, respectively.

Sample preparation for AA-CSIA followed a similar protocol to SIA except a larger amount of tissue (∼3 mg) was dissected, lyophilized, homogenized, and stored in 2-ml glass dram vials prior to submission. Sample preparation for AA-CSIA at UC Davis SIF followed protocols outlined in Yarnes and Herszage (2017). Briefly, samples were hydrolyzed with 6 M HCl to isolate amino acids before derivatization using esterification-acetylation to yield N-acetyl isopropyl esters. The nitrogen isotope compositions of the resulting N-acetyl amino acid isopropyl esters were determined using a gas chromatograph (Thermo Trace GC 1310) linked to an isotope-ratio mass spectrometer (Thermo Scientific Delta V Advantage IRMS) via a GC IsoLink II combustion interface. Samples were injected into a DB-1301 (Agilent Technologies) column (60 m × 0.25 mm × 1.0 μm film) at a temperature of 255°C (splitless, 1 min) under a constant flow rate of 1.2 ml/min. During analysis, all samples were analyzed in duplicate with triplicate measurements made if values exceeded expected measurement error ± 1‰ (Yarnes and Herszage, 2017). Norleucine was used as an internal standard during analysis, while two amino acid compounds developed by the UC Davis SIF were comeasured during analysis of fish samples and were used for calibration and normalization of amino acid data. Standard deviation for all amino acids averaged ± 0.38‰. The δ15Nsource AA values for each species are presented as the weighted mean of the four source amino acids phenylalanine, lysine, glycine, and serine, while δ15NTrophic AA represents the weighted mean of the three trophic amino acids alanine, leucine, and glutamic acid (Bradley et al., 2015; Gloeckler et al., 2018). Both source and trophic amino acids were weighted by the standard deviation of each amino acid (Bradley et al., 2015; Gloeckler et al., 2018).



Data Analysis

Interspecific differences in the δ13C and δ15N values of POM and fishes were examined using a three-factor multivariate analysis of variance (MANOVA), with δ13C and δ15N included as dependent variables and species, sampling year (2015, 2016), and water type (LCW, GCW) as independent variables. Following MANOVA, analysis of variance (ANOVA) was used to explore interspecific differences in δ13C and δ15N. Intraspecific variation in δ13C and δ15N was explored using ordinary least squares regression to characterize the relationship between standard length (SL) and δ13C and δ15N. For species with statistically significant relationships between length and δ13C or δ15N, length was used as a covariate in two-factor analysis of covariance (ANCOVA) to assess the effects of sampling year and water type on each isotope for each species. Similarly, variation in POM δ13C and δ15N within each depth zone was assessed using two-factor ANCOVA, with sampling year and water type included as independent variables and depth of water collection included as a covariate. Following ANOVA/ANCOVA, a posteriori differences among means were analyzed using Shaffer’s multiple comparison procedure (Shaffer’s MCP), as it is less affected by unbalanced sample sizes relative to other post hoc tests and adjusts to control for type I error during multiple comparisons (Shaffer, 1986; Bretz et al., 2016). ANOVA/ANCOVA tests met assumptions of normality and homoscedasticity, which were checked through visual inspection of residual plots and normal qq plots. All statistical analyses were performed in R (R version 3.6.0) using the car and multcomp packages (Hothorn et al., 2008; Fox and Weisberg, 2019).



Trophic Position Estimates

Trophic position (TP) estimates were made using both SIA and AA-CSIA data. TP estimations using SIA followed Eq. 1 where δ15Ni represents the nitrogen signature of an individual, δ15Nbase represents the nitrogen signature of the pyrosome, Pyrosoma atlanticum, and trophic enrichment factor (TEF) represents the enrichment of 15N with each trophic step (3.15‰ following Valls et al., 2014). Primary consumers are useful when setting isotopic baselines because their slower tissue turnover rates and longer generation times allow for the integration of isotopic baselines over broader spatiotemporal scales (Post, 2002). Pyrosomes are filter-feeding pelagic tunicates known to feed on POM and have been used as model primary consumers in several studies examining pelagic food web structure (Cherel et al., 2010; Ménard et al., 2014). The utility of pyrosomes to delineate isotopic baselines is enhanced in regions like the GOM, which are characterized by low chlorophyll α concentrations and phytoplankton communities dominated by small flagellates rather than diatoms, which have been shown to be unassimilated during pyrosome feeding (von Harbou et al., 2011; Pakhomov et al., 2019). The mean δ13C (-22.40 ± 0.63) and δ15N (3.15 ± 0.92) values of 22 P. atlanticum collected during this study were higher than δ13C and δ15N values of epipelagic POM, suggesting that pyrosomes are suitable for setting the isotopic baseline in the pelagic GOM.
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Trophic position estimations using data derived from AA-CSIA followed Eq. 2. In the equation, δ15NTr–AA represents the weighted mean of the three trophic amino acids alanine, leucine, and glutamic acid, and δ15NSrc–AA represents the weighted mean of three source amino acids glycine, lysine, and phenylalanine (Bradley et al., 2015; Gloeckler et al., 2018). The terms β, which represents the difference in δ15N values of trophic and source amino acids of primary producers, and TEFTr–Src, which represents the average isotopic enrichment between trophic and source amino acids in consumers, were set to 3.6 and 5.7‰, respectively, following Bradley et al. (2015). As mentioned above, AA-CSIA samples and subsequent TP estimations using AA-CSIA were conducted during the 2016 sampling year only.
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RESULTS


POM SIA

Particulate organic matter isotope values were variable within each depth zone, with individual δ13C values spanning 4.0‰ in the bathypelagic zone and varying by as much as 6.69‰ in surface samples. Similarly, individual δ15N values spanned 4.25‰ in the mesopelagic zone and varied by as much as 6.7‰ in the epipelagic zone. POM δ13C values differed significantly among depth zones (ANOVA: F3,63 = 17.10, p < 0.001), with differences among zones interacting with year (F3,63 = 8.08, p < 0.001) due to lower δ13C values for meso- and bathypelagic samples in 2015 relative to 2016 (Supplementary Tables S1, S2). Generally, POM δ13C values were lowest in the epipelagic zone and highest in the mesopelagic zone, while surface and bathypelagic samples were intermediate (Table 2 and Figure 3A). POM δ15N values varied significantly among depth zones (ANOVA: F3,63 = 20.11, p < 0.001) and water types (F1,63 = 5.71, p < 0.05) (Supplementary Tables S1, S2), with δ15N values significantly higher in GCW (mean ± SD, 4.25 ± 1.81) relative to LCW (mean ± SD, 2.40 ± 2.60). Among depth zones, δ15N values of surface and epipelagic samples were similar (p > 0.05, Shaffer’s MCP) but significantly lower than meso- and bathypelagic samples (p < 0.05, Shaffer’s MCP for each), while POM δ15N values from the meso- and bathypelagic zones were statistically similar to each other (p > 0.05, Shaffer’s MCP) (Table 2 and Figure 3A).


TABLE 2. Summary table depicting sample totals of particulate organic matter for each sampling period and mean (± SD) δ13C, δ15N, and C:N values for each depth zone.
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FIGURE 3. (A) Isotope biplot displaying mean (± SD) δ13C and δ15N values for particulate organic matter from each depth zone (squares) and individual δ13C and δ15N values for all vertically migrating (blue circles) and non-migrating (green circles) fish species. (B) Individual δ13C and δ15N values of vertically migrating species. (C) Individual δ13C and δ15N values of non-migrating species.


Within each depth zone, the influence of sampling year and water type on POM isotope values differed between δ13C and δ15N. Differences between sampling years were only observed in δ13C data, while differences between water types only occurred in δ15N data (Table 3). Significant interannual differences in δ13C values occurred in all depth zones, with surface and epipelagic POM δ13C values higher in 2015 relative to 2016, while meso- and bathypelagic samples were higher in 2016 relative to 2015 (p < 0.05, Shaffer’s MCP for each). Mean δ15N values from surface and epipelagic samples were lower in LCW relative to samples collected from GCW (p < 0.05, Shaffer’s MCP for each). No differences in δ13C and δ15N values were observed between water types in meso- or bathypelagic samples (Table 3).


TABLE 3. Mean (± SD) δ13C and δ15N stable isotope ratios of particulate organic matter among sampling years (2015/2016) and water types (Loop Current/Common Water).
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Deep-Pelagic Fish SIA

Despite feeding on similar prey, there was considerable variation in the δ13C and δ15N values of the seven species of fishes examined (Figure 3). The δ13C values of non-migratory fishes were more variable than migratory species, with δ13C values of non-migrators almost completely separated in isotope space from one another (Figure 3). Fish δ13C values differed significantly among species (ANOVA: F6,347 = 92.16, p < 0.001) and water types (F1,347 = 23.95, p < 0.001), with differences among species varying significantly between GCW and LCW (F6,347 = 5.08, p < 0.001) (Supplementary Tables S3, S4). In GCW, interspecific differences were driven by high δ13C values in C. obscura and low values in S. pseudobscura, with the four migratory species and the non-migratory A. hemigymnus displaying intermediate δ13C values (Figure 4). Interspecific differences for δ13C in LCW differed slightly due to higher δ13C values in A. hemigymnus, B. suborbitale, L. guentheri, and S. elongatus relative to samples from GCW (Figure 4).
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FIGURE 4. Boxplots depicting interspecific differences in mean (± SD) δ13C values for migratory (blue shades) and non-migratory (green shades) deep-pelagic fishes collected in Loop Current water and Gulf common water. Differing letters among species denote significant differences.


Individual fish δ15N values spanned 7.62‰, with mean δ15N values of non-migratory fishes encompassing a broader range (2.34‰) than migratory species (1.76‰). The δ15N values of fishes differed significantly among species (ANOVA: F6,347 = 131.24, p < 0.001), with interspecific differences varying between GCW and LCW (F6,347 = 7.28, p < 0.001). δ15N values of fishes also differed between years (F1,347 = 5.20, p < 0.05), with values slightly lower in 2015 relative to 2016, and differed between water types (F1,347 = 34.42, p < 0.001), with δ15N values lower in LCW relative to GCW (Supplementary Tables S3, S4). In both water types, differences among species were primarily driven by high δ15N values in C. obscura and low values in L. guentheri and B. suborbitale (Figure 5), while the migratory M. simus and S. elongatus and the non-migratory A. hemigymnus and S. pseudobscura were characterized by intermediate δ15N values (Figure 5).
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FIGURE 5. Boxplots depicting interspecific differences in mean (± SD) δ15N values for migratory (blue shades) and non-migratory (green shades) deep-pelagic fishes collected in Loop Current water and Gulf common water. Differing letters among species denote significant differences.


Standard length was correlated with δ13C and δ15N values in both migratory and non-migratory fishes. Specifically, statistically significant relationships between δ13C and standard length were observed in the migratory L. guentheri (p < 0.05; R2 = 0.11), M. simus (p < 0.001; R2 = 0.40), S. elongatus (p < 0.001; R2 = 0.15), and in the non-migratory C. obscura (p < 0.001; R2 = 0.25). Similarly, significant relationships between standard length and δ15N were observed for all migratory species: B. suborbitale (p < 0.01; R2 = 0.12), L. guentheri (p < 0.001; R2 = 0.43), M. simus (p < 0.001; R2 = 0.73), S. elongatus (p < 0.001; R2 = 0.23), and for the non-migratory C. obscura (p < 0.01; R2 = 0.15). Subsequent ANCOVA indicated the effect of sampling year and water type on isotope values varied by species, with no consistencies between migrators and non-migrators (Table 4). Intraspecific interannual variability was minimal, with no differences in δ13C observed between sampling years and interannual differences in δ15N only occurring in the migratory L. guentheri and non-migratory A. hemigymnus and S. pseudobscura (p < 0.05, Shaffer’s MCP for each). The effect of water type was more pronounced, with the migratory B. suborbitale, L. guentheri, and S. elongatus and the non-migratory A. hemigymnus possessing higher δ13C and lower δ15N values in LCW relative to GCW (p < 0.05, Shaffer’s MCP for each) (Table 4).


TABLE 4. Mean (± SD) δ13C and δ15N stable isotope ratios of deep-pelagic fishes between sampling years (2015/2016) and water types (Loop Current/Common Water).
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AA-CSIA and Trophic Position Estimates

Mean δ15NsourceAA values of fishes echoed patterns in δ15N values, with the migratory L. guentheri and B. suborbitale displaying the lowest mean δ15NsourceAA values and the non-migratory and deepest dwelling C. obscura displaying the highest (Figure 6). The migratory M. simus and S. elongatus and non-migratory A. hemigymnus and S. pseudobscura had similar δ15NsourceAA values that fell between the end members of L. guentheri and C. obscura (Figure 6). Significant positive linear relationships were observed between bulk δ15N values and δ15NsourceAA values (p < 0.01; R2 = 0.90) (Figure 6A) and between mean δ15NsourceAA values and median nighttime depth (p < 0.05; R2 = 0.81) (Figure 6B). Mean TPSIA estimates spanned 1.09 trophic levels, with all species except C. obscura placed between the third and fourth trophic level (Table 5). Comparatively, TPAA–CSIA estimates exhibited a narrower range of 0.62 trophic levels and placed all species between the third and fourth trophic level. Differences in mean TP estimates between the two methods varied by species, with close agreement between estimates for S. pseudobscura, L. guentheri, and M. simus but a relatively large disparity in C. obscura, with TPAA–CSIA estimates 0.9 TLs lower than TPSIA estimates (Table 5).
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FIGURE 6. (A) Bulk tissue δ15N values of deep-pelagic fishes as a function of δ15NsourceAA values. (B) δ15NsourceAA values as a function of median nighttime depth of occurrence. δ15NsourceAA represents the averaged value for each fish species. Blue circles represent vertical migrators, green circles represent non-migrators, and error bars represent the standard error for each species.



TABLE 5. Comparison of mean (± SD) trophic positions for each fish species created using bulk SIA and AA-CSIA.
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DISCUSSION


Variation in POM SIA

The isotopic values of POM varied considerably among and within the vertical depth zones of the northern GOM. The high level of variation is consistent with previous GOM studies that documented POM values collected from similar depths spanning 6–10‰ and 5–13‰ for δ13C and δ15N, respectively, Fernández-Carrera et al. (2016). Despite the high degree of variation, POM δ13C and δ15N values differed among depth zones, with a pattern of enrichment between the epipelagic and meso- and bathypelagic zones. The observed enrichment, particularly in 15N, between epipelagic and deep-pelagic samples (>200 m) is consistent with previous studies, which showed that POM values increase most strongly above 200 m (3–10‰), then remain relatively constant through the meso- and bathypelagic zone, as we found (Altabet, 1988; Altabet et al., 1991; Emeis et al., 2010; Fernández-Carrera et al., 2016).

The isotopic enrichment of POM with depth observed in our samples has been documented in pelagic systems throughout the world’s oceans and is attributed to microbial degradation as POM sinks through the water column (Altabet, 1988; Mintenbeck et al., 2007; Hannides et al., 2013). During microbial reworking, bonds containing 14N are preferentially broken, leaving the residual material isotopically heavier and isotopically distinct from newly formed particles in the epipelagic zone (Mintenbeck et al., 2007; Hannides et al., 2013). Additionally, as POM sinks, microbial activity and disturbance from zooplankton swimming and feeding enhances physical degradation resulting in different size fractions that vary from large (>53 μm), fast sinking particles to small (0.7–53 μm), suspended particles (Altabet, 1988; Gloeckler et al., 2018). SIA and AA-CSIA of POM has shown that small suspended particles at depths >200 m have δ15N and δ15NsourceAA values that are enriched relative to newly formed particles (of both size classes) near the ocean’s surface and to large particles throughout the meso- and bathypelagic zones (Hannides et al., 2013; Gloeckler et al., 2018). The finding that δ15N and δ15NsourceAA values of POM undergo distinct changes with depth provides important context, as it suggests that variation among higher-order consumers could reflect variation at the base of the food web and not a change in trophic status.



Variation in Deep-Pelagic Fish SIA

The isotopic values of deep-pelagic fishes differed significantly among species, with variation among species appearing to be depth related. The low δ13C and δ15N values among migratory species, which share broadly overlapping depth distributions, suggest a shared reliance on recently formed primary production within the epipelagic zone. In contrast, the variation in δ13C values of non-migratory species was significant, with minimal isotopic overlap among species. The pattern of 13C enrichment within non-migratory species is interesting, as it did not perfectly align with vertical distributions due to lower δ13C values in S. pseudobscura relative to the shallower dwelling A. hemigymnus. The low δ13C values in S. pseudobscura, which were similar to δ13C values of the migratory B. suborbitale and L. guentheri, suggest that S. pseudobscura uses food webs supported by production derived in the epipelagic zone despite a depth of distribution that centers below 700 m. In contrast, higher δ13C values in A. hemigymnus and C. obscura suggests that both species feed within food webs supported by POM with higher δ13C values within the meso- and bathypelagic zone.

Depth-driven variation in micronekton δ15N values has been observed in deep-pelagic assemblages in the Atlantic (Parzanini et al., 2017), Pacific (Gloeckler et al., 2018; Romero-Romero et al., 2019), and Mediterranean Sea (Valls et al., 2014), and our data suggest that depth is an important factor influencing the δ15N values of GOM assemblages as well. For example, δ15N values were lower in B. suborbitale and L. guentheri, which have epipelagic nighttime distributions, relative to M. simus and A. hemigymnus, which have nighttime distributions in the mesopelagic zone. Additionally, the highest δ15N values belonged to the non-migratory C. obscura, which has the deepest depth of occurrence of the species examined. The trend of higher δ15N values in deeper-dwelling species was not reflected in the values of S. pseudobscura, which was isotopically similar to B. suborbitale and characterized by lower δ15N values relative to the shallower dwelling species such as M. simus, S. elongatus, and A. hemigymnus. Despite a center of distribution below 700 m, the δ15N values for S. pseudobscura suggests the use of food webs with similar isotopic baselines to those of migratory species foraging in the upper meso- and epipelagic zones (Hopkins and Baird, 1985; Hopkins et al., 1996). Diet analysis of S. pseudobscura in the GOM has shown selection for epipelagic prey, with >90% of the identified copepod species consumed by S. pseudobscura possessing population centers above 75 m (Hopkins et al., 1996). To date, there has been no explanation for the occurrence of epipelagic prey in S. pseudobscura, but downwelling of prey items, net feeding, and the hypothesis that epipelagic copepods are the prey of S. pseudobscura’s prey have been ruled out during previous investigations (Hopkins and Baird, 1985; Hopkins et al., 1996). While our results cannot offer a mechanism to link S. pseudobscura to epipelagic prey, the isotopic similarities between S. pseudobscura and migratory species provides additional support for the assertion that S. pseudobscura feeds at depth in the lower meso- and upper bathypelagic zones on prey with δ15N values indicative of an epipelagic origin and offers an interesting example of vertical connectivity in GOM pelagic food webs.

Interspecific differences in δ15N values could be influenced by slight differences in the diet compositions of the species examined and should be considered. With the exception of large S. elongatus and S. pseudobscura, which can feed on decapod crustaceans and fishes, all species have diets composed of small crustaceans, including frequent consumption of copepods from the genus Pleuromamma (Hopkins and Baird, 1985; Hopkins et al., 1996; Burghart et al., 2010). Based on available diet data, hypothesized trophic structure would suggest S. elongatus and S. pseudobscura occupy trophic positions higher than the other five species. Assuming dietary relationships among taxa remain similar to those outlined by Hopkins et al. (1996), observed interspecific variation in δ15N was greater than, and different from, variation predicted from feeding patterns. Specifically, that M. simus, A. hemigymnus, and C. obscura, which feed on copepods and ostracods, possess δ15N values similar to S. elongatus and elevated relative to S. pseudobscura, is counter to known diet data. Interspecific differences in δ15N values instead suggests differences among species are driven by differential use of food webs supported by isotopically distinct POM pools, with deeper-dwelling species more likely to use food webs at depth supported by small, suspended particles with elevated δ13C and δ15N values.

The δ15NsourceAA values in fishes were variable but reflected trends in δ15N, with lower δ15NsourceAA values in the shallowest migratory species (L. guentheri, B. suborbitale) and higher values in the deepest dwelling C. obscura. The contrasting δ15NsourceAA values provides further evidence supporting the assertion that variation among species is underpinned by differential use of food webs supported by POM with isotopically distinct signatures. Similar results were reported in the Pacific by Gloeckler et al. (2018) who found that micronekton δ15NsourceAA values increased with depth, suggesting that non-migratory species inhabiting the lower meso- and bathypelagic zones increasingly rely on food webs supported by small, suspended particles relative to species in the epi- and upper mesopelagic zones.

It is noteworthy that C. obscura appears to receive carbon from deep-suspended particles, as it was the second most abundant species collected during midwater sampling of the GOM behind its congener, Cyclothone pallida (Sutton et al., 2017). The δ15NsourceAA values of C. pallida, which has a median depth distribution slightly shallower than C. obscura, displayed elevated δ15NsourceAA values (4.3 ± 2.7) and appeared to be supported by small, suspended particle-based food webs in the Pacific (Gloeckler et al., 2018). Members of the genus Cyclothone are one of the most numerous vertebrates on the planet (Nelson et al., 2016), and it is interesting that two highly abundant deep-pelagic species appear to feed within food webs supported by suspended particles at depth, which, until recently, were not known to significantly contribute to the production of deep-pelagic micronekton (Gloeckler et al., 2018). While C. pallida and C. obscura both appear to utilize suspended particle-based food webs, Gloeckler et al. (2018) found that δ15NsourceAA values for the upper mesopelagic Cyclothone braueri and C. alba more closely resembled source values of large, sinking particles in the epi- and mesopelagic zones. The contrasting δ15NsourceAA values among members of Cyclothone again suggests that utilization of small particle food webs appears to be primarily driven by differences in depth distribution among species (Gloeckler et al., 2018).



Effects of Water Type on Isotopic Values

The δ15N values of surface and epipelagic POM and four fish species were significantly lower in LCW relative to samples collected in GCW. The magnitude of isotopic variation between the two water types appeared to be depth related, as differences in POM δ15N values were greatest at the surface and decreased with increasing depth (Table 3). Similarly, differences in fish δ13C and δ15N values between water types were greatest for species with epipelagic nighttime distributions (B. suborbitale and L. guentheri), less pronounced in species with mesopelagic nighttime distributions (S. elongatus, A. hemigymnus), and absent for the deepest dwelling C. obscura. The pattern of higher δ13C and δ15N values in anticyclonic features like the Loop Current is consistent with previous investigations of epipelagic micronekton and zooplankton in the northern GOM (Dorado et al., 2012; Wells et al., 2017). Interestingly, the mean differences in δ15N values observed between fish collected in LCW and GCW, which ranged from 1.80‰ (L. guentheri) to 0.39‰ (S. elongatus), were less than the isotopic differences observed in surface-dwelling flying fishes (1.95‰) and Sargassum-associated crustaceans (5.4‰) collected from anticyclonic (Loop Current) and cyclonic features by Wells et al. (2017).

Isotopic differences in POM and micronekton collected within cyclonic and anticyclonic features are driven by differences in nitrogen cycling, which result in isotopically distinct nitrogen sources fueling production at the base of the food web (Montoya et al., 2002; Dorado et al., 2012; Wells et al., 2017). The Loop Current and other anticyclonic features in the GOM are areas of convergence, characterized by increased stratification and downwelling, which depresses nitracline depths and limits the amount of isotopically enriched deepwater nitrate entering the photic zone (Biggs et al., 1988; Biggs, 1992). In the absence of new, upwelled nitrate, phytoplankton in the Loop Current and anticyclones have been shown to be supported by regenerated nitrogen and by isotopically light nitrogen derived from diazotrophy (cyanobacteria Trichodesmium spp.), resulting in phytoplankton with lower δ15N values that can then be reflected in the δ15N values of higher-order consumers (Montoya et al., 2002; Dorado et al., 2012). By contrast, phytoplankton in cyclonic eddies or in neritic waters (i.e., common water) are largely supported by isotopically enriched deepwater nitrate or isotopically enriched dissolved inorganic nitrogen associated with the terrestrial environment and Mississippi River leading to higher δ15N values in phytoplankton and higher-order consumers (Dorado et al., 2012). Although turnover rates for deep-pelagic fishes are unknown, B. suborbitale, L. guentheri, and S. elongatus have life spans of 1–3 years, so assumed tissue turnover rates of several weeks are reasonable (Lancraft et al., 1988; Gartner, 1991). While the currents associated with the anticyclonic Loop Current are not strong enough to trap micronekton, the Loop Current and associated eddies can be 100 s of kilometers in diameter, persist for months to years, and dominate circulation in the upper layer of the GOM (Vukovich and Crissman, 1986; Biggs, 1992). Thus, due to the persistence of the Loop Current over timescales greater than hypothesized tissue turnover rates, the conservation of isotopic baselines unique to a particular water type in micronekton is feasible, particularly for short-lived species with relatively shallow distributions. Due to a lack of appropriate samples and funding, we were unable to explicitly test the hypothesis that differing sources of nitrogen-drive isotopic differences between water types using AA-CSIA. While these results should be interpreted carefully due to low sample sizes in LCW, our results, combined with those of previous studies in the GOM, suggest that distinct isotopic baselines within mesoscale features can be conserved in deep-pelagic micronekton and should be considered when examining the trophic structure of pelagic assemblages.

In summary, we found marked differences in the δ13C and δ15N values of seven micronekton species with similar diet compositions over relatively small vertical and horizontal spatial scales in the pelagic GOM. Variation in δ13C and δ15N values among species was related to depth of occurrence and migration type, with deeper-dwelling, non-migratory species typically having higher δ13C and δ15N values relative to shallower-dwelling, migratory species. Depth-related trends in δ15N were similar in δ15NsourceAA data, with higher δ15NsourceAA values in species occupying deeper depths. Taken together, the correlation between depth and δ15N and δ15NsourceAA data suggests that deeper-dwelling species increasingly rely on food webs supported by small, suspended POM particles, which possess higher δ15N and δ15NsourceAA values relative to newly formed particles in the epipelagic zone. Additionally, we observed significant differences in the δ13C and δ15N values of epipelagic POM and micronekton collected in the anticyclonic Loop Current relative to surrounding water masses (LCW). Isotopic differences in samples collected from the two water masses is driven by differences in nitrogen cycling, which results in isotopically distinct nitrogen sources fueling production at the base of the food web. These results suggest the trophic structure of GOM deep-pelagic assemblages is influenced by both feeding relationships and nutrient source dynamics at the base of the food web, which can vary over small spatial scales. By highlighting factors contributing to variation in isotopic values of deep-pelagic species, this study broadens our understanding of deep-pelagic trophic structure and will inform the interpretation of SIA data in future studies of pelagic systems.
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