

[image: image1]
State of Satiation Partially Regulates the Dynamics of Vertical Migration












	 
	ORIGINAL RESEARCH
published: 25 February 2021
doi: 10.3389/fmars.2021.607228





[image: image]

State of Satiation Partially Regulates the Dynamics of Vertical Migration

Ryan P. Bos1*, Tracey T. Sutton2 and Tamara M. Frank2

1Harbor Branch Oceanographic Institute, Florida Atlantic University, Fort Pierce, FL, United States

2Halmos College of Natural Sciences and Oceanography, Dania Beach, FL, United States

Edited by:
Ana Colaço, Marine Research Institute (IMAR), Portugal

Reviewed by:
Daniel Yule, United States Geological Survey (USGS), United States
Rui Pedro Vieira, Centre for Environment, Fisheries and Aquaculture Science (CEFAS), United Kingdom

*Correspondence: Ryan P. Bos, Rbos2019@fau.edu

Specialty section: This article was submitted to Deep-Sea Environments and Ecology, a section of the journal Frontiers in Marine Science

Received: 16 September 2020
Accepted: 04 February 2021
Published: 25 February 2021

Citation: Bos RP, Sutton TT and Frank TM (2021) State of Satiation Partially Regulates the Dynamics of Vertical Migration. Front. Mar. Sci. 8:607228. doi: 10.3389/fmars.2021.607228

Vertical migrations into shallower waters at night are beneficial for migrators as they reduce predation risk and allow migrators to encounter a higher density of prey. Nevertheless, ocean acoustics data and trawl data have shown that a portion of some vertically migrating populations remain at depth and do not migrate. One hypothesis for this phenomenon is the Hunger-Satiation hypothesis, which in part states that the non-migrating portion of the migrating species-assemblage refrains from migrating if they have full or partially full stomachs from daytime or nocturnal feeding. However, stomach fullness of the non-migrating subpopulation compared to the migrating portion has rarely been studied, due to the difficulty in obtaining sufficient samples. The stomach fullness levels of numerically abundant crustacean and fish species with well-known depth distributions were quantified in the present study. Animals were captured during night trawls from discrete-depth intervals between 0 and 1,500 m. Stomach fullness indices were assigned from 0 to 5 and compared between migratory taxa caught in shallow and deep waters. Data from the crustaceans Acanthephyra purpurea, Gardinerosergia splendens, Plesionika richardi, and Systellaspsis debilis, as well as the fishes Lampanyctus alatus, Lepidophanes guentheri, and Notolychnus valdiviae, provided support for the Hunger-Satiation hypothesis, while data from the crustaceans Gennadas capensis and Gennadas valens and the fish Benthosema suborbitale did not. These findings suggest that stomach vacancy may be just one of several factors regulating the dynamics of vertical migration in those species whose behavioral plasticity suggests daily “choices” in whether or not to vertically migrate.
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INTRODUCTION

In all oceans, massive assemblages of deep-pelagic organisms undergo vertical migrations to shallower epipelagic waters at night. This migration behavior is referred to as diel vertical migration (DVM), and it is the largest animal migration on Earth in terms of abundance and biomass (rev. in Longhurst, 1976; Gjøsaeter and Kawaguchi, 1980; Cohen and Forward, 2005). The migratory assemblage comprises a variety of deep-sea biota, many of which are micronektonic (2–20 cm) crustaceans and fishes. DVM is beneficial because animals ascending to forage in surface waters at night encounter a larger prey density and do so under the cover of darkness, thereby reducing predation by visual predators (Foxton and Roe, 1974; Clark and Levy, 1988; Bollens and Frost, 1989). This phenomenon is controlled by a variety of exogenous and endogenous factors, with light generally regarded as the primary proximate driver triggering and controlling the extent of the vertical migration (Clarke, 1930; Ringelberg and van Gool, 2003; rev. in Cohen and Forward, 2005). In addition to light, however, DVM behavior can also be affected by a variety of other external factors such as currents (Bennett et al., 2002), tidal cycle (Hill, 1991), lunar cycle (Alldredge and King, 1980), food availability (Huntley and Brooks, 1982), as well as internal factors such as feeding periodicity (Mullin, 1963), circadian rhythms (Haney, 1993), and state of satiation (Waterman et al., 1939; rev. in Cohen and Forward, 2005). These factors may alter migration patterns between species and among individuals of the same species, leading to the observed lack of synchrony between migrators of the same species (rev. in Forward, 1988).

After feeding in shallow waters at night, vertical migrators descend back to cold, deep-pelagic waters, where they digest and defecate. In doing so, they contribute to active-nutrient flux by expediting the flux of carbon, nitrogen, and phosphorus to deeper waters (Dam et al., 1995; Hidaka et al., 2001; Steinberg et al., 2002, 2008) and are therefore important for biogeochemical cycles. The studies by Steinberg et al. (2002, 2008) demonstrated that sinking particulate organic carbon could supply only a portion of the carbon required by the zooplankton community in the mesopelagic realm. They argue that a significant fraction of the excess C demand can be transported by migrating zooplankton via excretion (DOC) and respiration (inorganic C). A variety of field studies suggest that up to 45% of the flux of organic particles from surface to deeper waters may be due to transport by vertically migrating zooplankton that feed at the surface and actively respire and excrete waste products at depth (rev. in Bollens et al., 2011; Bianchi et al., 2013). In some cases, the biogeochemical impact of DVM is extreme, as consumption of oxygen in shallower waters by deep-pelagic organisms may intensify oxygen depletion in oxygen minimum zones (Bianchi et al., 2013).

Acoustic backscattering and trawl data have shown that in some cases, a portion of migrating populations undertake a nocturnal ascent, while the other portion remains at depth (Youngbluth et al., 1989; Onsrud and Kaartvedt, 1998; Kaartvedt et al., 2012). Cessation of migration during nocturnal feeding periods has been documented in both shrimp and fishes (Roe, 1984; Hopkins et al., 1994; Kaartvedt et al., 2009) and during periods of high food availability such as spring phytoplankton blooms (Geller, 1986). Refraining from migrating into more productive waters during periods of decreased predation pressure is counterintuitive. However, one factor that has been hypothesized to play a major role in regulating migratory behavior is state of satiation. Clarke (1934), Kozhov (1947), and Ponomareva (1971) all suggested that state of satiation had a strong influence on the migration behavior of various crustaceans, and these observations formed the basis of the Hunger-Satiation hypothesis (Simard et al., 1985; Atkinson et al., 1992; Gibbons, 1993). According to this hypothesis, a hungry individual might push the upper limit of the light envelope by migrating earlier in order to enhance its chances of obtaining prey, which would also make it easier for predators to find, while a better-fed individual might be less willing to expose itself to these higher light levels. Hunger/satiation could also explain these bimodal population distributions, in that some individuals, having fed the night before or sufficiently at depth during the day, would remain in safer, deeper depths at night (rev. in Pearre, 2003). Laboratory studies of Euphausia superba show that state of satiation alters their locomotory behavior, with full guts associated with decreased swimming and a quiescent state (Tarling and Johnson, 2006). Stomach fullness data are sparse and conflicting for micronektonic crustaceans and fishes (Donaldson, 1975; Hu, 1978; Roe, 1984), with some studies indicating that they fed throughout their entire depth distribution and others showing that they apparently fed only in surface waters during their nocturnal migrations.

After the largest oil spill in history, Deepwater Horizon (2010), numerous trawl surveys were conducted in 2011 and again in 2015–2017 to study deep-pelagic communities and potential consequences of the spill. A large number of samples were collected from a variety of depths, which presented an unprecedented opportunity to observe “natural” variations in migration patterns and predicted anthropogenic influences. We utilized specimens collected during these cruises, to conduct an analysis of the correlation between state of satiation and vertical migration behavior. We analyzed the stomach fullness of 10 species of migrating and non-migrating individuals of migratory fishes and shrimps, as well as compared the migration behavior of 14 crustacean species collected at discrete depths.



MATERIALS AND METHODS

Crustacean and fish samples were collected in the GoM over a span of 6 years on cruises aboard the M/V Meg Skansi in 2011, as part of the Offshore Nekton Sampling and Analysis Program (ONSAP), and R/V Point Sur in 2015–2017, as part of Deep Pelagic Nekton Dynamics of the Gulf of Mexico (DEEPEND) Consortium research (Sutton et al., 2020). The sampled stations coincide with pre-established locations and nomenclature of the Southeast Area Monitoring and Assessment Program sampling grid (Figure 1).
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FIGURE 1. The locations of sampled stations during ONSAP and DEEPEND. Blue, red, and yellow circles indicate locations of collections of crustacean and fish samples used for both stomach fullness/vertical migration analyses, stomach fullness analyses, and vertical migration analyses.


Samples were collected using a 10-m2 Multiple Opening and Closing Net and Environmental Sensing System (MOCNESS) equipped with 3-mm nylon mesh nets (Wiebe et al., 1976). Samples were gathered from five discrete depth ranges: 0–200; 200–600; 600–1,000; 1,000–1,200; and 1,200–1,500 m. Sampling was conducted at each station during daytime, centered at solar noon, and nighttime, centered at midnight. Crustaceans and fishes were fixed in 10% formalin and sent to the Oceanic Ecology Laboratory (fishes) and the Deep-Sea Biology Laboratory (crustaceans) at Nova Southeastern University for identification and analysis.


Sample Processing

After species identifications were complete, the wet mass of crustaceans and fishes was measured to the nearest 0.01 g (P114 balance, Denver Instruments). Carapace length (decapod crustaceans), body length (euphausiids), and standard length (fishes) were measured to the nearest 0.1 mm using digital calipers (CO030150, Marathon Management®). Carapace lengths were measured as the distance between the posterolateral end of the carapace and the insertion of the eyestalk, and standard lengths were measured as the distance from the anterior tip of the rostrum or lower jaw to the posterior margin of the hypural plates. The trawls included in analyses were chosen if there was a full complement of nets for which there were flow data available, and specimens for this study were selected indiscriminately from nighttime trawls conducted in Gulf Common Water (T300 ≤ 13.46°C; Johnston et al., 2019). Selecting specimens from one water mass (Gulf Common Water) was intended to reduce potential effects imparted by physicochemical water properties rather than satiation, the focus of this study. For stomach fullness index (SFI) analyses, not all individuals of a species from a given trawl were included in analysis, as there were a lot of individuals in a given trawl (i.e., some of the trawls from ONSAP had hundreds of specimens of the same species). For calculating the mean proportion of migrants of each species, all individuals of a given species from each 2011 and 2015–2017 cruise were included in analyses, if also fitting the trawl criteria described above. If fewer than 10 individuals for any species were collected in an entire cruise, all trawls from that cruise were excluded from calculations of the mean proportion of migrants for that species.



Stomach Fullness Indices

Crustacean and fish SFI were quantitatively estimated using a scale of 0–5 [(adapted from Sutton and Hopkins (1996) and Carmo et al. (2015)]. According to this scale, 0 = completely empty; 1≤20% of the total capacity of the stomach was filled with prey; 2 = 20–50% of the total capacity of the stomach was filled with prey with moderate expansion and elongation of the stomach; 3 = 51–70% of the total capacity of the stomach was filled with prey, with visible expansion or turgor of the stomach; 4 = 71–95% of the total capacity of the stomach was filled with prey; and 5≥95% of the total capacity of the stomach was filled with prey with visible prey items seen through the stomach wall or prey bulging out of the recently severed connection between the buccal cavity and esophagus.



Mean Proportion of Migrants

Data from ONSAP and DEEPEND, as well as published data on nocturnal and diurnal distributions of micronektonic crustaceans and fishes (Donaldson, 1975; Roe, 1984; Hopkins et al., 1989, 1994; Burdett et al., 2017; Frank et al., 2020), were used to classify taxa as migrators or non-migrators. Only taxa identified as migratory were included in this study (Table 1). Individuals from migratory taxa were classified as being migrators or non-migrators based on their daytime depth distributions. The core daytime distributions of each species were calculated using only day trawls from all depths. Net 1 (1,200–1,500 m) was excluded from vertical migration analyses because very few individuals of any species in this study were found at those depths. Substantial portions of the Allosergestes pectinatus, Allosergestes sargassi, Benthosema suborbitale, Nematoscelis atlaticus/microps, Notolychnus valdiviae, Plesionika richardi, Sergestes atlanticus, Sergestes edwardsi, Sergestes henseni, Systellaspis debilis, Thysanopoda acutifrons/orientalis, and T. aequalis/obtusifrons subpopulations were present between 300 and 600 m during the day (Hopkins et al., 1994; Burdett et al., 2017; Frank et al., 2020), and these species were classified as migrators if captured at depths of 0–200 m at night. Acanthephyra purpurea, Gardinerosergia splendens, Gennadas capensis, Gennadas valens, Lampanyctus alatus, and Lepidophanes guentheri were primarily found below 600 m during the day and were classified as migrators if caught between 0 and 600 m at night. All of the species in this study were classified as strong migrators, based on the rationale provided by Burdett et al. (2017). Standardized abundances for each net were calculated by dividing the total counts by the total volume filtered for that net. The standardized abundances for the migrating and non-migrating subpopulations were summed for a total species abundance, and the proportion of migrants was calculated by dividing the abundance of migrators by the total species abundance. An unweighted mean was calculated to avoid statistical bias when comparing ONSAP and DEEPEND samples, as there were significantly larger catches in the ONSAP trawls that could systematically bias the analysis.


TABLE 1. Numerically dominant crustacean and fish species counts utilized for quantitative stomach fullness analyses.
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Data Analysis

The migratory taxa selected for SFI analyses are among the numerically dominant species from each deep-sea crustacean and fish family in the GoM (Hopkins et al., 1994; Burdett et al., 2017; Nichols, 2018; Milligan and Sutton, 2020). For assemblage-level analyses, the proportion of individuals with an SFI of “0” was compared between migrating and non-migrating individuals of migratory taxa during ONSAP and DEEPEND to assess whether individuals captured in shallow waters had less full stomachs than those caught at depth. This was achieved by using contingency tables and analyzing the significance of these differences with the chi-squared frequency analysis or Fisher’s exact test. The key assumption that must be met when using a chi-squared analysis is that no more than 20% of the replicates can be less than five (Greenwood and Nikulin, 1996). If more than 20% of the count data had less than five replicates, the Fisher’s exact test was used. Intraspecific and intrafamilial comparisons were made for crustaceans and fishes, while crustaceans were compared with fishes only at the assemblage level. During the analyses, it became clear that there were visible differences in the mean proportion of migrants for some crustacean species from samples collected 1 year after the oil spill (ONSAP) and those collected 5–7 years after the spill (DEEPEND), so statistical analyses were conducted on these data as well. The mean proportion of migrants for each species was statistically compared between ONSAP and DEEPEND cruises using Welch’s t-test or the Mann–Whitney Rank Sum to detect changes in migration behavior between the two cruise schemes.



RESULTS


Stomach Fullness Analyses

The SFI of 588 individuals from 10 species of crustaceans and fishes were analyzed (Table 1). No individual had a completely full stomach (a “5” on the stomach fullness scale), and a majority (80.9%) of individuals had partially full stomachs (1–3). The crustaceans fell into two categories—Group 1: those with a greater proportion of migrators with an SFI of “0” as opposed to non-migrators (A. purpurea, G. splendens, P. richardi, and Systellaspsis debilis) and Group 2: those with a greater proportion of non-migrators than migrators with an SFI of “0” (G. capensis and G. valens). When grouping all the crustacean species in Group 1 together from both cruises, the proportion of migrators with an SFI of “0” was significantly greater than that of the non-migrators when compared with migrators and non-migrators with SFIs “1–4,” respectively (Figure 2A; Welch’s t-test; p = 0.0068). When examining trends within individual species in Group 1, the vertically migrating carideans A. purpurea, P. richardi, and S. debilis had a significantly higher proportion of migrators with an SFI of “0” relative to non-migrators when compared with the migrators and non-migrators of each species with SFIs of “1-4,” respectively (Fisher’s exact; p = 0.0177; p = 0.0083; respectively; chi-squared; p = 0.0146, Figures 2B,D,E). The same trend was observed for G. splendens individuals, although these differences were not statistically significant (Fisher’s exact; p = 0.1259; Figure 2C).
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FIGURE 2. The mean proportion of migrating and non-migrating individuals of Group 1 crustacean taxa at each stomach fullness index (SFI). (A) Group 1 crustaceans collected during ONSAP and DEEPEND (analyzed together); (B) Acanthephyra purpurea; (C) Gardinerosergia splendens; (D) Plesionika richardi; and (E) Systellaspis debilis. ***denotes significance (α = 0.05) between groups.


For the Group 2 crustaceans, which were both Gennadas species in the family Benthesicymidae, a higher proportion of individuals with an SFI of “0” were present in the non-migrators compared with the migrators, but these differences were not statistically significant (Mann–Whitney; p = 0.212; Figure 3A), and there was no significant difference between the proportion of migrators and non-migrators with an SFI of “0” (G. capensis; Fisher’s exact; p = 0.4921; G. valens; p = 0.0566; respectively; Figures 3B–C).
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FIGURE 3. The mean proportion of migrating and non-migrating individuals of Group 2 crustacean taxa at each stomach fullness index (SFI). (A) Group 2 crustaceans collected during ONSAP and DEEPEND (analyzed together); (B) Gennadas capensis; and (C) Gennadas valens.


The fishes also fell into the two categories as described above for the crustaceans: Group 1 (L. alatus, L. guentheri, and N. valdiviae) and Group 2 (B. suborbitale). When grouping all migratory fish species together from Group 1, individuals that undertook a nocturnal ascent had a significantly higher proportion of individuals with an SFI of “0” as opposed to those that refrained from migrating (Welch’s t-test; p = 0.0190; Figure 4A).
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FIGURE 4. The mean proportion of migrating and non-migrating individuals of Group 1 and Group 2 fish taxon at each stomach fullness index (SFI). (A) Group 1 fishes for ONSAP; (B) Lampanyctus alatus; (C) Lepidophanes guentheri; (D) Notolychnus valdiviae; and (E) Group 2 fish Benthosema suborbitale. ***denotes significance between groups.


Looking at individual species, the vertically migrating myctophids L. alatus and N. valdiviae had a significantly higher proportion of migrators with an SFI of “0” relative to non-migrators (Fisher’s exact, p = 0.0013, p = 0.0053, Figures 4B,D), whereas data for L. guentheri and the Group 2 fish B. suborbitale indicated that there were no significant differences between the proportion of migrators and non-migrators with an SFI of “0” (Fisher’s exact, p = 0.0823, Figure 4C, Fisher’s exact, p = 0.3824, Figure 4E).



Vertical Migration Analyses

Four of the 14 species (A. sargassi, S. atlanticus, S. edwardsi, and N. atlantica/microps) had a significantly higher mean proportion of migrants during DEEPEND relative to ONSAP (Table 2). In contrast, there was a significant decrease in mean proportion of migrants for T. acutifrons/orientalis during DEEPEND relative to ONSAP. Although the mean proportion of migrants during DEEPEND was higher for G. splendens, G. capensis, G. valens, P. richardi, and S. henseni, and lower for A. purpurea, S. debilis, and T. aequalis/obtusifrons, these differences were not statistically significant, indicating no change in migration behavior for these species.


TABLE 2. The mean proportion of migrants of numerically abundant migratory crustacean taxa between ONSAP (2011) and DEEPEND (2015–2017).

[image: Table 2]There was a substantially greater proportion of migrating individuals (0.56) in the Group 1 crustaceans with an SFI of “0” during ONSAP (one year after the oil spill) compared to non-migrators (0.12), and this difference was not statistically significant (Welch’s t-test, p = 0.0867, Figure 5A). However, for the DEEPEND (5–7 years after the spill) samples, a significantly higher proportion of migrating individuals had an SFI of “0” relative to non-migrators (Welch’s t-test, p = 0.0395), suggesting a significant change in migration behavior between the two cruise schemes. For the Group 2 crustaceans, there were no significant differences between the migrating vs. non-migrating subpopulations for ONSAP (Mann-Whitney, p = 0.0786) and DEEEPEND (Welch’s t-test, p = 0.8413, Figure 5B).
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FIGURE 5. The mean proportion of migrating and non-migrating individuals of Group 1 (A) and Group 2 (B) crustacean taxa at each stomach fullness index (SFI), with ONSAP and DEEPEND samples analyzed separately. *** denotes significance between groups.




DISCUSSION


Evidence or Lack Thereof for the Hunger-Satiation Hypothesis

Discrete-depth abundance and distribution data from ONSAP (2011) and DEEPEND (2015–2017) confirm that numerically dominant mesopelagic fishes and shrimps undertake “asynchronous” vertical migrations (i.e., some individuals of a population migrate each night while some do not; Table 2). This phenomenon has been reported previously in the GoM and elsewhere (Hopkins et al., 1989, 1994; Hopkins and Gartner, 1992; Onsrud and Kaartvedt, 1998; Kaartvedt et al., 2009; Dypvik et al., 2012). Quantitative stomach fullness indices for the non-migrating portions of Group 1 crustaceans (A. purpurea, P. richardi, G. splendens, and S. debilis) and Group 1 fishes (L. alatus, L. guentheri, and N. valdiviae) suggest that being partially sated (SFI 1–3) may lead individuals to forego daily migration behavior, whereas an individual with an SFI of “0” is more likely to vertically migrate (Table 1 and Figures 2A–E, 4A–D). If partially sated, the metabolic cost of swimming upward hundreds of meters may be avoided. Stomach fullness data from Foxton and Roe (1974), Donaldson (1975), Heffernan and Hopkins (1981), Roe (1984), Hopkins and Sutton (1998), and Podeswa (2012) confirm that A. purpurea, G. splendens, L. alatus, L. guentheri, N. valdiviae, P. richardi, and S. debilis feed primarily at night. These conclusions were based on the observations that either stomach fullness indices were higher or gut contents less digested, for nighttime, surface-sampled individuals when compared to individuals captured in deep waters. None of these studies statistically compared stomach fullness indices between the migrating and non-migrating subpopulations. The trend observed for 7 of the 10 species targeted in the present study was a higher mean proportion of migrating individuals with an SFI of “0” relative to the non-migrating subpopulation, with data for A. purpurea, L. alatus, N. valdiviae, P. richardi, and S. debilis being statistically significant (Table 1 and Figures 2, 4).

Observations of diet composition by Foxton and Roe (1974), Merrett and Roe (1974), Donaldson (1975), Clarke (1978), Roe (1984), Flock and Hopkins (1992), and Podeswa (2012) suggest the possibility of feeding at depth during the day by A. purpurea, G. splendens, G. capensis, G. valens, L. alatus, L. guentheri, N. valdiviae, P. richardi, and S. debilis. For example, Foxton and Roe (1974) noted the presence of the ostracod Conchoecia lophura, which is distributed between 400 and 600 m during night and day, in the foregut of S. debilis collected from 250 m at sunset. This observation suggests that either this prey item was consumed earlier in S. debilis’ migration or at depth during the day. The few data on complete stomach evacuation that are available for decapod crustaceans range from 1–13 h under normal circumstances to 2–3 days in laboratory studies with starved organisms (Omori, 1974; Murtaugh, 1984). However, Murtaugh’s 1984 calculation is based on the coastal species Neomysis mercedis, which has a different life-history than deep-pelagic organisms and should therefore be viewed with caution. Based on Murtaugh’s 1984 observations, Mincks et al. (2000) recommended using 6 h as the average time of stomach evacuation and implemented this estimate for calculating vertical particle flux by deep-pelagic crustaceans. Integrating this estimate with data from the present study suggests that the non-migrating individuals of migrating taxa with SFIs > 0 fed successfully during the day at their normal daytime depths rather than digesting food left over from the previous night’s migration.

The migration behavior of the Group 2 crustaceans (G. capensis and G. valens) was not associated with their state of satiation in terms of having completely empty stomachs (Table 1 and Figures 3A–C). Previous studies in the GoM and North Atlantic Ocean on various species of Gennadas found that a large portion of the population did not migrate (Heffernan and Hopkins, 1981; Hopkins et al., 1994) or appeared to spread upward rather than migrating as a compact unit (Roe, 1984). Gut content analyses showed that the guts contained a large portion of greenish material likely to be detritus or marine snow (Heffernan and Hopkins, 1981; Roe, 1984; Mincks et al., 2000), and two of these studies from the northeast Atlantic and Arabian Sea suggested that Gennadas feeds continuously throughout its depth range (Roe, 1984; Mincks et al., 2000). These observations provide an explanation for why some individuals may refrain from undertaking the nocturnal ascent, as a large portion of their food is plentiful at their daytime depths (Donaldson, 1975; Heffernan and Hopkins, 1981; Hopkins et al., 1994). If Gennadas individuals were refraining from migrating to preferentially feed on marine snow or another prey item at depth to conserve energy, it would be expected that non-migrators would have a smaller percentage of individuals with an SFI of “0” relative to migrators. However, there was no significant difference between the percentage of migrators vs. non-migrators with an SFI = 0, and none of the migrators had completely empty stomachs. Heffernan and Hopkins (1981) also reported that <5% of migrating G. capensis and G. valens possessed empty stomachs. As Gennadas appears to feed continuously throughout its depth range and does not display any consistent diel feeding pattern (Roe, 1984; Mincks et al., 2000), it is also possible that migrating individuals started their migrations with an SFI of “0” and fed at deeper depths early in their migrations.

The migration pattern of the Group 1 fishes (L. alatus, L. guentheri, and N. valdiviae) appeared to be associated with state of satiation (Table 1 and Figures 4B–D), whereas that was not the case for the only Group 2 fish (B. suborbitale; Table 1 and Figure 4E). All four of these species are strong vertical migrators that preferentially consume the deep-dwelling, strongly migrating copepod forage taxon Pleuromamma (Hopkins et al., 1996), with L. alatus and B. suborbitale consuming nearly identical numbers (Hopkins and Baird, 1985), so it is not immediately clear why the migratory behavior of B. suborbitale was not correlated with state of satiation. It is possible that B. suborbitale may have a faster metabolism than L. alatus, L. guentheri, and N. valdiviae and thus has an increased need to migrate because of its active lifestyle. Myctophids like B. suborbitale with large eyes and silvery scales are thought to be strong vertical migrators that follow isolumes (Barham, 1971), as opposed to less active myctophids like L. alatus, L. guentheri, and N. valdiviae with relatively small eyes and all black bodies. Another potential reason for the lack of a correlation between state of satiation and migratory behavior in B. suborbitale may be that B. suborbitale has a shallower core daytime range (200–600 m) than L. alatus and L. guentheri (200–1,000 m) in the northern GoM (Gartner, 1993; Hopkins et al., 1996). Therefore, it has to migrate shorter distances to get to shallower waters. N. valdiviae also has a core daytime range of 200–600 m (Gartner, 1993; Hopkins et al., 1996), and it could be expected that it would behave similarly to B. suborbitale. However, N. valdiviae has been reported to feed on a broader spectrum of prey when copepods are not available for consumption (Merrett and Roe, 1974), and this observation might explain the smaller proportion of migrants of that species relative to B. suborbitale. For energy conservation purposes, it is possible that a desired state of satiation outweighs the need to invest energy in vertical migrations, and this may be proportional to the distance that must be traveled to reach the desired prey. Thus, non-migrating L. alatus, L. guentheri, and N. valdiviae may be more ecomorphologically and physiologically suited to refrain from migrating relative to B. suborbitale individuals.

Interestingly, there was a significantly higher proportion of Group 1 migrators with SFI “0” when compared with the Group 1 non-migrators for the DEEPEND cruises, whereas no significant difference was found for either the Group 1 migrators and non-migrators for ONSAP (Figure 5A), as well as the Group 2 crustaceans for ONSAP and DEEPEND (Figure 5B). In addition, there was a statistically significant increase in the mean proportion of migrants for the sergestids A. sargassi, S. atlanticus, S. edwardsi, and the euphausiid N. atlantica/microps between the ONSAP and DEEPEND datasets (Table 2). Ursella et al. (2018) postulated that migration behavior in zooplankton was not a mandatory behavior and this was related to food availability in deeper waters and environmental conditioning (i.e., if less food is available at depth, more zooplankton would migrate). However, there were no significant differences in migration behavior or SFI between ONSAP and DEEPEND samples for the Group 1 crustaceans A. purpurea, G. splendens, P. richardi, and S. debilis for which satiation data are available, and the same was true for the Group 2 benthesicymids G. capensis and G. valens, as well as the sergestids A. pectinatus and S. henseni and the euphausiid T. aequalis/obtusifrons. In addition, a significant decrease in migration behavior was observed for T. acutifrons/orientalis. While there are differences in preferred prey/feeding mode for some of the species, there are no data on any changes in zooplankton abundances in the GoM during the period of the current study, so the reason for the changes or lack thereof in migration behavior remains to be determined and warrants further investigation.



CONCLUSION

In conclusion, results from this study provide the first statistically rigorous support for a key aspect of the Hunger-Satiation hypothesis, that state of satiation is correlated with vertical migration behavior in asynchronous vertical migrators, which in this case are numerically dominant components of a low-latitude mesopelagic ecosystem. The biogeochemical impact of vertical migration is a global-scale phenomenon given the immense size of the mesopelagic realm. Thus, understanding the drivers of vertical migration is critically important, especially given the changes predicted to occur based on climate change.
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