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Abstract 

In recent years interest in mesopelagic fishes has grown due to their ecological significance and 

economic potential. A major outstanding question is how the assemblage is potentially structured 

by mesoscale (10 - 100s km) oceanographic features such as eddies, fronts, and riverine plumes. 

Mesoscale features are known to influence micronekton and zooplankton’s spatial distributions 

but data on individual mesopelagic fish species’ responses are limited. The Gulf of Mexico (GoM) 

is an area of particular interest due to its diverse mesopelagic fish assemblage, its well-defined 

mesoscale oceanographic features, its history of anthropogenic impacts such as oil spills, and its 

diverse mesopelagic fish assemblage. The most speciose group of mesopelagic fishes in the GoM 

is the order Stomiiformes, a hyper-diverse order that plays a major role in ecosystem functioning 

due to their roles as midwater predators and the trophic links they form between surface and deep-

pelagic waters. The goal of this project was to determine whether mesoscale oceanographic 

features in the GoM such as the Loop Current, its associated eddies, and riverine plumes have a 

significant role in structuring the biomass distributions of Stomiiformes vertically in the water 

column and/or horizontally across depth strata. This project utilized Stomiiformes and 

oceanographic measurements obtained during the DEEPEND (Deep Pelagic Nekton Dynamics of 

the Gulf of Mexico) MOCNESS surveys that occurred between May 2015 – August 2018. Zero-

adjusted generalized additive mixed-effects models (GAMMs) were constructed to analyze the 

effects of mesoscale oceanographic features on the distributions of each selected species. Most 

species analyzed displayed upward and/or downward shifts to their vertical distributions in 

response to water mass. In terms of horizontal distributions, four taxa displayed limited spatial 

structuring in response to distance to the 200-m isobath and/or mean monthly Chl-a with three 

displaying inverse relationships and one displaying a direct relationship. Current ecosystem 

models are mostly based on either abundance or acoustically derived estimates of mesopelagic fish 

biomass, with species-level biomass estimates rare but potentially useful. Alterations of individual 

mesopelagic fish species distributions have potential impacts on carbon sequestration that need to 

be considered in future ecosystem modeling and management efforts.  
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1. Introduction 

1.1. The Ecological Importance of Mesopelagic Fishes 

Mesopelagic fishes inhabit the mesopelagic zone of the oceans (200 – 1000 m) which lies 

between the epipelagic (0 – 200 m) and the bathypelagic zones (1000 – 4000 m; Sutton, 2013). 

Mesopelagic fishes have the largest biomass of all marine vertebrates, with recent studies 

estimating their total biomass in excess of 11 billion tons (Irigoien et al., 2014). As such, 

mesopelagic fishes play significant roles in ecosystem functioning due to the trophic links they 

form between primary consumers and megafauna such as tuna, swordfish, and various marine 

mammals (Saunders et al., 2019). Additionally, many mesopelagic fishes display diel vertical 

migration (DVM) behaviors, where mesopelagic fishes migrate into the epipelagic zone to feed at 

dusk and then return to depth at dawn (Staby & Salvanes, 2019). DVM allows mesopelagic fishes 

access to the resource-rich epipelagic zone while simultaneously decreasing their predation risk 

(Staby & Salvanes, 2019). DVM is the largest migration (by biomass) on the planet, and it plays a 

critical role in the sequestration of carbon via the biological carbon pump (Davison et al., 2013). 

Recent model estimates put the annual flux of carbon by mesopelagic fishes at 1.5 ± 1.2 Pg C yr-1 

with estimates highly variable primarily due to uncertainties in the estimation of biomass and 

metabolic rates (Saba et al., 2021). Commercially, mesopelagic fishes have been viewed as a 

potentially harvestable resource since the 1970s (Gjøsæter & Kawaguchi, 1980). While some 

species have been investigated for human consumption, the primary interest has been from the fish 

meal and oil industries (Turchini et al., 2010). Recently, due to growing demands for aquacultural 

feed and marine omega-3s, interest in potential mesopelagic fisheries has grown (Grimaldo et al., 

2020). Although, mesopelagic fisheries have the potential to yield substantial amounts of proteins 

and omega-3s, impacts on critical ecosystem services are largely unknown due to knowledge gaps 

in the ecology (e.g., composition, diversity, and distribution) of the mesopelagic fish assemblage 

(Hidalgo & Browman, 2019).  

One major question that has been identified in terms of both mesopelagic fishes’ ecological 

importance and potential commercial viability is how the mesopelagic fish assemblage is 

structured in the World Ocean (St. John et al., 2016). Mesopelagic fishes’ biomass distributions 

vary widely across global and local (1 – 10s km) scales based on oxygen content (Klevjer et al., 

2016; Song et al., 2022), salinity (Wang et al., 2014), temperature (Fennell & Rose, 2015), surface 
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productivity (Proud et al., 2017) and solar light intensity (Aksnes et al., 2017). Additionally, 

mesoscale oceanographic features (e.g., eddies and fronts) through the alteration of these abiotic 

and biotic variables are also known to influence mesopelagic fish biomass patterns (Boswell et al., 

2020; Godø et al., 2012; Herring, 2010). Mesoscale oceanographic features refer to oceanographic 

features that operate on spatial scales of 10s to 100s of kilometers and temporal scales of days to 

months and are known to create regions of physical and biological heterogeneity in the seemingly 

homogeneous pelagic zone of the World Ocean (Bakun, 2006). Given the prevalence of mesoscale 

oceanographic features and their known impact on physical and biological systems the question of 

whether these features influence mesopelagic fish assemblages has been asked (St. John et al., 

2016). An area of particular interest in this regard is the Gulf of Mexico (GoM) due to its diverse 

mesopelagic fish assemblage, its well-defined mesoscale oceanographic features (Loop Current, 

eddies, frontal regions, etc.), and its history of anthropogenic impacts (e.g., oil spills and nutrient 

runoff; Sutton, Clark, et al., 2017; Sutton et al., 2020).  

1.2. The Gulf of Mexico’s Mesopelagic Fish Assemblage and Oceanographic Overview 

The GoM is a semi-enclosed and semi-tropical ocean basin that is connected to the 

Caribbean Sea via the Yucatan Channel and to the northern Atlantic Ocean through the Straits of 

Florida. The GoM contains a unique mesopelagic fish assemblage that is characterized by greater 

mesopelagic fish abundances, biomass, and richness than the adjacent Caribbean and Sargasso 

Seas which supports the GoM’s status as a unique biogeographic ecoregion in terms of 

mesopelagic fishes (Bangma & Haedrich, 2008; Sutton et al., 2017a). Recent, long-term 

micronekton trawl surveys have identified 897 species of fishes from the GoM to date which 

confirms previous findings that the GoM is one of the four most specious mesopelagic ecoregions 

in the World Ocean (Sutton et al., 2017; Sutton et al., 2020). Numerically, the GoM mesopelagic 

fish assemblage is dominated by the order Stomiiformes (particularly Cyclothone spp.) which 

make up around 75% of all deep-pelagic fishes caught and the order Myctophiformes which 

compose around 15% of the catch in recent surveys (Sutton et al., 2017b). The orders 

Stephanoberyciformes and Aulopiformes each contribute numerically more than 1% of the catch 

(Sutton et al., 2017b).  
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In terms of circulation patterns, the GoM can be divided into two distinct basins, the eastern 

and western GoM, that are dominated by two semi-permanent features of circulation. On the 

eastern side of the GoM circulation is dominated by the Loop Current system while the western 

side is dominated by a series of degraded anticyclonic and cyclonic eddies (Sturges et al., 2005). 

The Loop Current (LC), the dominant feature of the eastern GoM, is formed from warm waters 

entering the GoM through the Yucatan Channel from the Caribbean Sea (Sturges et al., 2005). As 

the current flows north towards the center of the GoM, it makes an anticyclonic (clockwise) turn 

before flowing south through the Straits of Florida where it becomes the primary source of the 

Gulf Stream (Figure 1; Sturges et al., 2005). The location of the LC can be highly variable with its 

northernmost extension reaching c. 28º N where it is in close proximity to the Mississippi River 

Delta (Vukovich, 2007). While the LC is in its northern position it will pinch off large anticyclonic 

eddies at irregular intervals before abruptly moving south where it takes a more direct path towards 

the Strait of Florida (Vukovich, 2007).  

Figure 1. The Loop Current and its Associated Eddies (Grieb et al., 2008) 
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In addition to the LC and its associated eddies the northern GoM is also impacted by 

riverine input from the Mississippi River, the largest river in North America. The Mississippi River 

and the neighboring Atchafalaya River on average discharge over 228,600 cubic meters of water 

per second into the northern GoM, a rate of discharge that is only expected to increase over the 

course of the next century (Tao et al., 2014). Typically, the discharge is strongest during the spring 

(March to June) and lowest in the fall (September to November; Gierach et al., 2013). At discharge, 

the riverine water forms a buoyant plume that floats above the denser marine water and is typically 

transported westward or eastward onto the Texas or Mississippi/Alabama Shelf (Dinnel & 

Wiseman, 1986). As the riverine water is transported eastward during the summer it can become 

entrained by the LC system (Figure 2) and travel as far south as the Florida Straits (Morey et al., 

2003). The large riverine discharge contains high concentrations of nutrients, specifically nitrate, 

which can stimulate areas of high primary productivity near shore but also offshore due to 

entrainment from the LC system (Dagg & Breed, 2003; Schiller et al., 2011; Vukovich, 2007). 

Figure 2. Low salinity Mississippi River water being entrained by the Loop Current System 

(Adapted from Morey et al. 2003)  



 

5 
 

 

1.3. Mesoscale Oceanographic Features Impacts on Horizontal Distribution Patterns of 

Mesopelagic Fishes 

One of the main mesoscale oceanographic features in the GoM is the northern extension of 

the LC and its associated anticyclonic and cyclonic eddies (Figure 1; Vukovich, 2007). Large 

anticyclonic (clockwise) eddies often referred to as “Loop Current Eddies” (LCE) usually shed off 

the LC every 6 to 17 months (Maul & Vukovich, 1993) and around 45% of these separations occur 

between the months of March and June (Vukovich, 2007). After shedding from the LC, the newly 

formed LCE will propagate westwards at speeds of around 1 – 5 km day-1 before eventually 

dissipating in the western GoM after around a year (Elliott, 1982). LCEs can reach diameters of 

300 to 400 km and influence the water column to depths of up to 1500 m (Cardona & Bracco, 

2016; Elliott, 1982; Zhang et al., 2023). In addition to the formation of LCEs, the eddy shedding 

process also involves the formation of cyclonic (anticlockwise) eddies (CE) which are the result 

of cold permutations that form on the western and eastern sides of the LC (Vukovich & Maul, 

1985). CEs are generally small (diameters of 80 to 120 km), and they travel in the direction of LC 

flow (Yucatan Channel to the Florida Straits; Vukovich & Maul, 1985). CEs have been observed 

along the boundaries of the LC and LCEs, and usually form and intensify in the northwestern 

portion of the LC boundary (Vukovich, 1988). CEs are often associated with LCEs persisting on 

their boundary regions moving around them in a clockwise manner (Vukovich, 1988). 

Generally, anticyclonic eddies are associated with convergent horizontal surface 

movements from the edges of the eddy towards the interior which results in downwelling 

conditions in the center (Figure 3b; Bakun, 2006). Due to these downwelling conditions, 

anticyclonic eddies are usually characterized by elevated sea surface heights, higher temperatures 

at depth, and lower surface productivity than surrounding water masses (Elliott, 1982; Herring, 

2010; Vukovich, 2007). Due to the link between surface productivity and mesopelagic fish 

biomass and abundances at the global scale, it has been hypothesized that anticyclonic eddies 

would support lower mesopelagic fish biomass than surrounding waters (Proud et al., 2017). 

Cyclonic eddies are generally associated with divergent surface movements from the center of the 

eddy outwards which leads to upwelling conditions in the center (Figure 3a; Bakun, 2006). Due to 

the upwelling conditions at their centers cyclonic eddies are generally characterized by depressed 

sea surface heights, lower temperatures at depth, and greater surface productivity (Vukovich, 2007; 

Vukovich & Maul, 1985). Following the same reasoning for anticyclonic eddies it has been 
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hypothesized that cyclonic eddies would support greater mesopelagic fish abundances and biomass 

than surrounding waters (Proud et al., 2017).  

 

Figure 3. General circulation patterns of cyclonic and anticyclonic eddies in the Northern 

Hemisphere (In the Southern Hemisphere the diagram would be identical except the rotation of 

spin would be flipped): (a) Cyclonic Eddy, (b) Anticyclonic Eddy (Adapted from Bakun, 2006)  

           

In terms of the mesopelagic fish assemblage, the LC and associated LCEs are generally 

correlated with lower acoustic backscatter (a proxy for biomass) and lower zooplankton and 

micronekton biomass than background GoM water, while CEs are correlated with increased 

acoustic backscatter and increased zooplankton and micronekton biomass than background GoM 

water (Boswell et al., 2020; Wormuth et al., 2000; Zimmerman & Biggs, 1999). Additionally, 

previous studies found that the biomass of the myctophid assemblage was significantly lower 

within the influence of the LC and its associated eddies (Gartner Jr et al., 1987; Wormuth et al., 

2000). However, there are some limitations to these findings. For instance, many studies (e.g., 

Wormuth et al., 2000 and Zimmerman & Biggs, 1999) that investigated mesopelagic fish 

assemblages in LCEs and CEs primarily sampled the upper 350 m of the water column, which 

would have excluded non-migrators including many species of the numerically dominant genus 

Cyclothone. Also, acoustic data, while incredibly useful for investigating assemblage structure, 

lack taxonomic resolution and has the potential to underrepresent mesopelagic fish biomass due to 

ontogenetic changes in swim bladder morphology in certain mesopelagic fish species (Biggs & 

Ressler, 2001; Davison, 2011; Dornan et al., 2019).  

a)

)) 

b) 
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Aside from an eddy’s circulation pattern the location of eddy formation may also impact 

how mesopelagic fish biomass is structured within eddies. In the northern Atlantic studies found 

that acoustic backscatter, species richness, and the diversity of mesopelagic fishes were elevated 

in anticyclonic eddies rather than reduced (Della Penna & Gaube, 2020; Devine et al., 2021; Godø 

et al., 2012). In the Mozambique Channel, a relatively narrow channel between Africa and 

Madagascar, a more complex situation was presented with both anticyclonic and cyclonic eddies 

hosting greater acoustic backscatter depending on the sampled year (Béhagle et al., 2014; Sabarros 

et al., 2009). One characteristic of anticyclonic eddies that results from their horizontal movements 

is that they will often entrain the waters in which they form and transport those waters to new 

locations (Bakun, 2006). This can result in anticyclonic eddies entraining more productive water 

masses at their cores which could “prime” the eddy with a more productive ecosystem (Della 

Penna & Gaube, 2020). In the northern Atlantic studies, the sampled anticyclonic eddies were 

observed to have originated in more productive coastal waters and showed distinctive trapping of 

near-surface Chl-a which was hypothesized to have contributed to greater acoustic backscatter 

(Della Penna & Gaube, 2020; Godø et al., 2012). In the relatively narrow Mozambique Channel 

anticyclonic eddies are known to entrain nearshore nutrients and phyto- and zooplankton which 

was also hypothesized to have contributed to greater mesopelagic fish biomass in the sampled 

anticyclonic eddy (Béhagle et al., 2014; Sabarros et al., 2009). However, in the GoM LCEs despite 

their proximity to the Mississippi River are characterized by similar oceanographic conditions as 

the LC (e.g., nutrient depleted and low Chl-a; Biggs, 1992), and so LCEs are unlikely to be 

“primed” with more productive ecosystems due to their formation within the LC.  

 Located at the periphery of the LC and its associated eddies are frontal boundaries which 

are defined as the gradient between two water mass types. In the northern GoM, frontal boundary 

regions (much like other boundary regions around the world) are known to concentrate and attract 

prey for upper trophic level predators and are known as regions of high larval fish diversity and 

biomass (Lindo-Atichati et al., 2012; Mohan et al., 2017; Richards et al., 1993). Frontal boundary 

regions associated with the LC and its LCEs are also areas of enhanced vertical mixing due to high 

levels of vertical shear (Biggs & Ressler, 2001). These areas of enhanced vertical mixing have the 

potential to create anomalously high nutrient concentrations which can lead to “halos” of locally 

high Chl-a concentrations around the periphery of LCEs (Biggs & Ressler, 2001). Additionally, 

Boswell et al. (2020) demonstrated that there is an increase in acoustic backscatter in frontal 
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boundaries in comparison to LC waters but less backscatter when compared to Gulf Common 

Waters, suggesting that the frontal boundary regions in terms of biomass were an intermediate 

between Gulf Common Waters and the Loop Current Origin Waters. However, it should be noted 

that the highest single acoustic backscatter signature in Boswell et al. (2020) occurred at night 

within a frontal boundary station. This could mean that mesopelagic fish biomass within the frontal 

boundaries may be particularly patchy with areas of both high and low biomass which could be 

due to the dynamic and transient nature of frontal boundary regions. 

 Coastal influences from the Mississippi River have also been known to potentially structure 

various fish assemblages in the northern GoM. For instance, larval fishes have been found to 

partition their habitat (Pruzinsky et al., 2020; Rooker et al., 2012), with certain species of tuna 

(e.g., Euthynnus alletteratus and Auxis thazard) and billfish (e.g., Istiophorus platypterus) 

primarily associated with nearshore regions (low salinity / high productivity) and others (e.g., 

Thunnus atlanticus) primarily inhabiting offshore regions (high salinity / lower productivity; 

Pruzinsky et al., 2020; Rooker et al., 2012). Additionally, a study of the northern GoM larval fish 

assemblage collected in the upper 100 m found that areas of lower surface salinity were associated 

with areas of increased diversity (Meinert et al., 2020). However, when the larvae of mesopelagic 

fishes were isolated from the entire larval assemblage, limited horizontal structuring was found in 

the presence of the lower salinity Mississippi River plume (Wang et al., 2021). Additionally, a 

study that investigated the adult myctophid assemblage in the northern GoM through 2011 found 

limited horizontal structuring despite the presence of the plume (Milligan & Sutton, 2020). It is 

worth noting that the effects of the Mississippi River plume have primarily been investigated in 

relation to nearshore taxa and fish larvae with few studies on the potential impacts on offshore 

species and specifically the mesopelagic fish assemblage in terms of biomass. However, localized 

highly productive regions in the GoM such as CEs have been shown to support greater mesopelagic 

fish biomass (Zimmerman & Biggs, 1999). Considering the Mississippi River plume is known as 

a transient region of high primary productivity it is reasonable to expect that it could potentially 

support greater mesopelagic fish biomass. However, the enhancement of mesopelagic fish biomass 

assumes that mesopelagic fishes are able to “hold station” within the plume region for an extended 

period of time which has yet to be demonstrated.   
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1.4. Mesoscale Oceanographic Features Impacts on Vertical Distribution Patterns of 

Mesopelagic Fishes 

Mesoscale oceanographic features can impact the vertical distributions of mesopelagic 

fishes. For instance, within LCEs it was noted that there was a deep accumulation of biomass in 

the lower mesopelagic (600 - 1,000 m) during both day and night when compared to surrounding 

water masses (Boswell et al., 2020). So, while there were decreases in biomass within the 

epipelagic and upper mesopelagic zones within LCEs this corresponded with an increase in lower 

mesopelagic biomass (Boswell et al., 2020). The increase in lower mesopelagic biomass suggests 

that simply examining the horizontal biomass distributions of mesopelagic fishes may not fully 

represent the entire impact that eddies have on biomass distributions. Additionally, within the LC 

and LCEs the center of mass of the DSL was found to be deeper during both day and night (Boswell 

et al., 2020).  Within sampled CEs in the GoM the opposite result was found with zooplankton, 

nekton, and the center of mass of the DSL found higher in the water column during both day and 

night (Cummings, 1984; Zimmerman & Biggs, 1999). From these studies it appears that the GoM 

mesopelagic fish assemblage is located deeper within LCEs and shallower within CEs compared 

to the residual Gulf water.  

In the GoM Boswell et al. (2020) suggested that the deepening of the deep scattering layer 

(DSL) during the day within LCEs was due to organisms remaining deeper to avoid the 

hydrodynamic effects (downwelling) of the LCEs. Studies in the North Atlantic that also found a 

depression in the DSL within the centers of the sampled anticyclonic eddies hypothesized that the 

“bowl shaped” depression in the DSL (Figure 4) was caused by the passive transport of lethargic 

mesopelagic fishes which would float along water masses of equal densities (Della Penna & 

Gaube, 2020; Godø et al., 2012; Kaartvedt et al., 2009). Eddy modeling has also shown that 

particles released at depth will gradually become distributed along isopyncals and that they will 

be displaced vertically by several hundred meters from where they were initially dispersed 

(Samuelsen et al., 2012). This rationale of passive transport could potentially explain daytime 

distributions in CEs as well since the isopyncals would be displaced upwards which would mean 

lethargic mesopelagic fishes residing along the same density water mass would in turn be displaced 

upwards. However, it is not clear the extent to which mesopelagic fish act as passive particles in 

the water column, especially with a recent study noting that Benthosema glaciale was more active 

at depth during the day than originally thought (Kaartvedt et al., 2023).  
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Figure 4. The “bowl shaped” depression found within the DSL of the sampled anticyclonic eddy 

in Northern Atlantic (Adapted from Godo et al., 2012) 

 

Productivity has also been noted as a possible reason for the alterations in mesopelagic 

fishes’ vertical distributions in eddies. For instance, the “doming” of the nitracline and the resulting 

increased productivity within sampled CEs was used to explain the upward shift in zooplankton 

and micronekton in the northern GoM (Wormuth et al., 2000; Zimmerman & Biggs, 1999). 

Additionally, zooplankton have been shown to exhibit enhanced DVM behavior in the presence of 

increased food availability in Sargasso Sea eddies and decreased DVM behavior in the presence 

of lower food availability (Eden et al., 2009; Goldthwait & Steinberg, 2008). This was also shown 

in micronekton off the coast of Australia where reduced DVM behavior was associated with 

“warm-core” eddies, which was hypothesized to be due to reduced food availability and metabolic 

benefits (Eden et al., 2009; Kwong et al., 2020). However, Boswell et al. (2020) noted in the GoM 

that the center of mass of the DSL at night and during the day correlated with surface Chl-a 

concentrations, with a deepening of the DSL with lower Chl-a concentrations. This would suggest 

another environmental driver related to productivity is influencing the vertical distributions of 

mesopelagic fishes since productivity alone does not adequately explain the upward or downward 

shifts in mesopelagic fishes’ vertical distributions unrelated to DVM (daytime distributions).  

Turbidity and thus light intensity may play a role in daytime vertical distributions since 

more productive waters increase turbidity and thus decrease light intensity at depth. Light 
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penetration is typically deeper within anticyclonic eddies due to lower productivity in the water 

column which results in lower turbidity (Bakun, 2006). Thus, in order for mesopelagic fishes to 

remain at their ideal light level (to avoid predation) they must inhabit a deeper depth (Aksnes et 

al., 2017). In cyclonic eddies the situation would be reversed due to increased productivity, so it 

would be expected that mesopelagic fishes would reside shallower in the water column. This idea 

would also potentially extend to other areas of high productivity and turbidity other than cyclonic 

eddies such as river plumes. On a global scale the light comfort zone hypothesis has support since 

it has been observed that light penetration depth is correlated with the depth of the DSL (Aksnes 

et al., 2017). Crustaceans and zooplankton that inhabit the mesopelagic zone and exhibit DVM 

behavior are also known to change their depth based on the intensity of light (Bandara et al., 2021; 

Dawidowicz & Pijanowska, 2018). Additionally, in the Southern Ocean a deepening of the DSL 

was also reported in association with anticyclonic eddies, with deeper light penetration noted as a 

possible influence (Penna et al., 2021). Light penetration has also been noted as a possible reason 

for depressed nighttime distributions of mesopelagic fishes in response to the lunar cycle (Drazen 

et al., 2011) but a reduction in DVM behavior in response to anticyclonic eddies has also been 

hypothesized. However, the lack of trawl data studies investigating the vertical distributions of 

mesopelagic fishes within the LC, LCEs, or CEs makes proving or disproving this theory within 

the GoM difficult since knowledge of individual taxa’s DVM behavior is required.  

1.5. Study Aims 

The primary aim of this study is to determine whether mesoscale oceanographic features 

such as the Loop Current, LCEs and the Mississippi River plume significantly affect the horizontal 

and/or vertical biomass distributions of six common species of mesopelagic stomiiform fishes 

from the northern Gulf of Mexico between 2015 and 2021. The secondary aim of this study was 

to describe the growth forms of the six selected stomiiform fishes using their calculated length-

weight parameters.  
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2. Methods 

2.1. DEEPEND Sampling Design and Sample Processing 

This project utilized mesopelagic fishes and oceanographic measurements previously 

obtained during the DEEPEND (Deep Pelagic Nekton Dynamics of the Gulf of Mexico) research 

program that occurred from May 2015 to May 2021 in the northern GoM. Each DEEPEND cruise 

lasted approximately 15 days and the cruises utilized in this project (DP01-DP07) occurred during 

May (2015-2017, 2021), July (2018), and August (2015, 2016, 2018). The DEEPEND cruises were 

designed to target specific oceanographic features (Loop Current, eddies, and Mississippi River 

plume) to investigate the natural drivers of pelagic ecosystem structure (Cook et al., 2020). To 

address this aim, the sample sites (Figure 5) on the DEEPEND cruises were chosen to survey as 

many mesoscale oceanographic features (e.g., LCEs and Mississippi River plume) as possible 

(Cook et al., 2020). The selection of stations and the timing of sampling was done in coordination 

with hindcasts and forecasts from the United States Naval Research Laboratory’s Hybrid 

Coordinate Ocean Model (HYCOM) and satellite imagery to predict the likely location of the 

targeted mesoscale oceanographic features (Cook et al., 2020; Johnston et al., 2019).  

Figure 5. Sample grid and station identifications used during the DEEPEND Consortium 

(adapted from Cook et al. 2020)  
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During the DEEPEND program, micronekton were captured using a 10-m2 Multiple 

Opening/Closing Net and Environmental Sensing System (MOCNESS). The deployment of the 

MOCNESS yielded one sample from the surface to 1500 m (downcast; not analyzed here) and five 

discrete-depth samples from 1500 – 1200 m (DB1), 1200 – 1000 m (DB2), 1000 – 600 m (DB3), 

600 – 200 m (DB4) and 200 – 0 m (DB5) with the rationale for these depth bins following classical 

ecological depth zones (Sutton et al., 2013) except for DB2 which targeted the likely depth of the 

Deepwater Horizon oil spill. Sampling occurred during the day (centered around noon) and at 

night (centered around midnight) to examine faunal depth distributions and DVM behaviors (Cook 

et al., 2020). Once captured, fishes were roughly sorted by taxon and then identified to the lowest 

possible taxonomic level (Cook et al., 2020). Identified fishes were then counted and weighted, 

when possible, to the nearest gram using a motion-compensated balance (Cook et al., 2020). If the 

fishes did not register on the shipboard scale their weight was listed as blank (~ 68% of collected 

specimens). The captured fishes were then preserved with ethanol or formalin (depending on their 

destination) and brought back to the lab where they are currently stored (Cook et al., 2020).  

 2.2. Species Selection and Biomass Estimation 

2.2.1 Species Selection 

 To examine the potential impacts of mesoscale oceanographic features on the biomass 

distribution patterns of stomiiform fishes in the northern GoM six species; Cyclothone pallida, 

Cyclothone pseudopallida, Sigmops elongatus, Chauliodus sloani, Photostomias guernei, and 

Stomias affinis were selected to be modeled. These six species were selected due to their high 

abundance within the northern GoM, their diversity of DVM behaviors and depth ranges, and 

specimen availability.  
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Table 1: Stomiiform fishes examined in study. Size ranges represent the measurement of fishes 

collected during DEEPEND. M = Mesopelagic zone and B = Bathypelagic zone (Data collected 

from Sutton et al., 2020; R. Milligan, unpublished data). 

 

2.2.2 Biomass Estimation Procedure 

Estimating the biomass of the mesopelagic fishes caught during the DEEPEND survey was 

confounded by several issues. Due to the small size of the fishes, most species did not register a 

weight on the motion-compensated balance, even though individuals were weighed in bulk per 

species. Simply reweighing all preserved specimens on shore was not an option due to the 

extremely large number of individuals and the distribution/destruction of specimens for other 

projects. As a result, to obtain a consistent and unbiased biomass estimation a modified version of 

the biomass estimation methodology used in Sutton and Hopkins (1996) was utilized. 

The estimation of individual species biomass was conducted in a two-step process which 

first involved obtaining each species’ individual length-weight parameters from the available 

preserved specimens. Estimation of individual length-weight parameters began by first selecting 

20 to 50 preserved specimens from each species as recommended in Froese (2006). The selected 

preserved specimens were chosen to include as large a size range as possible for each species and 

specimens that had noticeably distended stomachs were excluded. Next each specimen’s standard 

length (SL) was taken to the nearest 0.1 millimeters using calipers and their wet weight (WW) was 

determined (nearest 0.001 g). Specimens were then baked in pre-weighed aluminum weigh boats 

at 50º C until a constant dry weight was obtained (around 48 – 72 hours). The baked specimens 

Species 
Size Range 

(SL) 

Daytime 

Depth 

Primary 

Habitat 
DVM Type 

Cyclothone pallida 11 – 60 mm 200 - 1200 m M/B Non-migrator 

Cyclothone pseudopallida 16 – 53 mm 200 - 1000 m M/B Non-migrator 

Sigmops elongatus 14 – 322 mm 200 - 1000 m M 
Partial 

migrator 

Chauliodus sloani 10 – 242 mm 200 - 1000 m M 
Partial 

migrator 

Photostomias guernei 34 – 120 mm 200 – 600 m M 
Partial 

migrator 

Stomias affinis 15 – 180 mm 200 – 600 m M 
Partial 

migrator 
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were then weighed to the nearest 0.001 g to determine their dry weight (DW). DWs were used 

instead of WWs in the biomass calculation process to avoid potential differences in water loss 

caused by preservatives and to eliminate complications due to “blotting” time and exposure to air 

which have been found to influence wet weights by up to 25% (Jonasson, 1972). Additionally, 

DW has uses in various ecological modeling applications such as carbon export models or 

ecosystem-based models (Woodstock et al., 2022). However, WWs were used in comparisons to 

other studies that calculated LWRs as it was the most common weight type used.  

Once the SLs, DWs, and WWs were determined individual length-weight parameters were 

estimated using the logarithmic form of the equation: 𝑊 = 𝑎𝑆𝐿𝑏 , where W is either wet or dry 

weight (g), SL is standard length (cm), a is the initial growth index (the intercept), and b is the 

allometric growth coefficient (the slope; Froese 2006). The initial growth index (a) and the 

allometric growth coefficient (b) were then estimated using a simple linear regression model within 

R software 4.3.1 (R Development Core Team, 2023). In order for the estimated parameters to be 

used for a taxa’s biomass estimation the coefficient of determination (R2) value of the linear model 

needed to be greater than 0.90 as used in López-Pérez et al. (2020). 

The second step of the biomass estimation process involved applying the estimated length-

weight (SL – DW) parameters to the available length data. While the length data collected during 

the DEEPEND cruises is fairly complete, only a maximum of 25 individuals were measured at sea 

per species, per net sample (to the nearest mm, Cook et al., 2020). Thus, nets that contained more 

than 25 individuals for a species included individuals that were not measured. This meant that the 

length-weight parameters could not be applied directly to all the length data. So, for those net 

samples that included more than 25 individuals the geometric mean of the SL of that sample was 

used to calculate the dry weight for the unaccounted-for specimens. For those net samples that 

included all SLs (net samples with 25 or fewer individuals), the length-weight parameters were 

applied directly, and the dry weights were calculated. The total dry weight per net sample was then 

prorated by the volume of water filtered to obtain the final dry weight biomass estimate.  

It is worth noting that while the SLs collected during the DEEPEND program were from 

fresh fish and the SLs used to calculate the length-weight parameters were from preserved 

specimens the SLs should be comparable. This is because while some studies have reported 

potential SL losses of around 1-3% due to preservation in ethanol this is believed to be caused by 
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the distortion of specimens rather than by the physical loss of SL (Kristoffersen and Salvanes, 

1998). For this reason, highly distorted specimens were omitted in the specimen selection process.  

2.3. Environmental Variables and Data Filtering 

 Biomass distribution models for the six species of interest were modelled against several 

environmental variables. The environmental variables (Table 2) considered included distance to 

nearest 200-m isobaths (representing coastal influences), minimum surface salinity (representing 

riverine influence), mean monthly Chlorophyll-a (Chl-a) concentration (surface productivity and 

riverine influence), water mass type (following Johnson et al., 2019), depth bin, and diel cycle 

(day/night). The water mass types were Gulf Common Water (CW), Anti-Cyclonic Ring Water 

(AR), mixed type (MIX), and Mississippi River plume water (RW). Distance to nearest 200 m 

isobath was obtained from the DEEPEND dataset and was previously calculated using the General 

Bathymetric Chart of the Ocean (GEBCO). Minimum surface salinity was measured via in situ 

MOCNESS sensors and was obtained from the DEEPEND Dataset (Cook et al., 2020). Mean 

monthly Chl-a was previously determined by analyzing satellite images from the Moderate 

Resolution Imaging Spectroradiometer (MODIS) satellite data and was obtained from the 

DEEPEND dataset (Cook et al., 2020). “CW”, “AR”, and “MIX” water mass types were identified 

previously based on the mean recorded temperature between 200 and 600 m depths and visual 

analysis of temperature-salinity profiles using data from the in situ MOCNESS sensors (Johnston 

et al., 2019). The “RW” water mass type was classified here using the minimum recorded surface 

salinity, with stations having surface salinities of less than 34 PSU being classified as “RW” 

following Morey et al. (2003).  

Since depth bin was included as an explanatory variable, samples collected during the 

downcast (Net 0) were excluded from the analysis since it was a single oblique sample. However, 

preserved specimens caught in downcast samples were still used for the estimation of the length-

weight parameters. Additionally, each species was represented by a “day” and “night” model to 

account for differences in depth ranges and response to the selected environmental variables due 

to diel cycle. Deployment was added as a random effect to each model to account for a lack of 

independence between successive depth bins samples.  
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Table 2. Chosen environmental variables and their possible interpretations (adapted from 

Milligan and Sutton 2020) 

Variable (Unit) Indication of … Source 

Distance to 200-m 

Isobath (kms) 
Coastal Influences 

General Bathymetric Chart of the Oceans 

(GEBCO), http://www.gebco.net 

Minimum Surface 

Salinity (PSU) 
Riverine Influence In situ MOCNESS sensors 

Mean Monthly Chl-a 

Concentration (mg m-3) 

Surface Productivity 

and Riverine 

Influence 

Nasa Goddard Space Flight Center, Ocean 

Ecology Laboratory, Ocean Biology  

Processing Group (2021) 

Water Mass Type (CW, 

AR, MIX, RW) 

LC, LCEs, Frontal 

Boundaries, and 

Riverine Influence 

In situ MOCNESS sensors in accordance 

with Johnston et al. (2019) and Morey et al. 

(2003) 

Depth Bin (DB1, DB2, 

DB3, DB4, DB5) 
Vertical Distribution In situ MOCNESS sensors 

 

2.4. Presence-Absence and Biomass Distribution Statistical Analysis  

2.4.1. Zero-Adjusted GAMLSS Models 

            The biomass distribution data were analyzed in R 4.3.1 (R Development Core Team, 2022) 

using “Generalized Additive Models for Location, Scale and Shape” (GAMLSS) utilizing the R 

package gamlss (Rigby & Stasinopoulos, 2005). GAMLSS models differ from traditional 

generalized linear model (GLMs) and generalized additive models (GAMs) in their ability to 

model location (e.g., mean), scale (e.g., variance), and shape (skewness and kurtosis) parameters 

of a chosen distribution as nonlinear functions of the predictors (Rigby & Stasinopoulos, 2005). 

GAMLSS models’ ability to model distribution parameters allows for increased flexibility in the 

model fitting process and allows a user to examine potential divers of the various scale and shape 

parameters independently from the location parameter (e.g., mean biomass; Rigby & 

Stasinopoulos, 2005). Like GAMMs, GAMLSS models have the ability to allow for non-linear 

relationships between a response variable and multiple explanatory variables and are able to 

accommodate simple random effects (Rigby & Stasinopoulos, 2005).  

An inherent problem with analyzing biomass-sampling data, particularly down to the 

species level, is the presence of zeros. This is because sampling usually yields some proportion of 
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zeros where the species being examined were simply not captured in a particular sample (e.g., 

trawl, trap, etc.). Biomass data are typically modeled using Gaussian, Log-Normal, or Gamma 

distributions, however the presence of zeros excludes the use of these distributions (Thorson, 

2018). To combat the issue of zeros biomass-sampling data are often analyzed using zero-adjusted 

models which consist of two components: the probability of capturing a species and the expected 

biomass given that the species is present (Thorson, 2018). Due to the presence of zeroes within all 

the species datasets the biomass data were chosen to be modeled using zero-adjusted models.  

Within the GAMLSS framework zero-adjusted models consist of a continuous and discrete 

portion (Figure 6; Enea et al., 2019). The continuous portion of the model includes all nonzero 

values of the response variable (e.g., dry weight biomass) and is modeled using any continuous 

distribution available in the gamlss package (e.g., Gamma, Gaussian, Log-Normal, etc.; Enea et 

al., 2019). The continuous portion of the model contains all the location, scale, and space 

parameters. The discrete component of the zero-adjusted model models the probability of 

zero/occurrence with a point mass at zero (Figure 6; Enea et al., 2019). This portion of the model 

is represented in the GAMLSS framework by the symbols nu or xi0 (Figure 6; Enea et al., 2019). 

The main advantage of this framework is that it allows for both presence-absence and mean dry 

weight biomass to be modeled within a single model which cuts the amount of GAMLSS models 

that need to be fitted in half. Additionally, it allows all distribution parameters (e.g., mean biomass, 

variance, and occurrence) to be explained by different sets of explanatory variables.  



 

19 
 

 

Figure 6. Visual representation of a zero adjusted gamma distribution (ZAGA) within the gamlss 

framework. Consists of a Gamma distribution over the continuous portion and a point mass at zero 

(adapted from Rigby et al., 2019) 

 

2.4.2. Term Selection and Smoothing  

 Collinearity was tested before model construction to avoid possible statistical issues 

associated with correlation between explanatory variables (Zuur et al., 2010). Collinearity was 

determined by comparing the explanatory variables using pair-plots and then confirming the 

inclusion of variables using variance inflation factors (VIF) by sequentially dropping the covariate 

with the highest VIF score until the all the VIF scores were below three (Zuur et al., 2010). Due 

to the high level of collinearity between minimum surface salinity and water mass type, minimum 

surface salinity was not included in the starting (“full”) models. The two remaining continuous 

variables (mean monthly Chl-a and distance to 200-m isobath) were then included in the full model 

using the penalized B-spline function pb() (Eilers & Marx, 1996; Heller et al., 2007). Penalized B-

splines or “P-splines” were chosen due to their flexibility, ease of use, and their ability to shrink 

to a linear term if required (Eilers & Marx, 1996). The final full models before term selection were 

as follows:  
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Eq.1: Probability of Occurrence ~ Water Mass Type*Depth Bin + pb(Mean Chl-a Concentration) 

+ pb(Distance to 200 m Isobath) + re(random = ~1| Deployment)  

 

Eq. 2: Dry Weight Biomass Conditional on Presence ~ Water Mass Type*Depth Bin + pb(Mean 

Chl-a Concentration) + pb(Distance to 200 m Isobath) + re(random = ~1| Deployment) 

 

2.4.3. Depth Bin and Water Mass Selection 

 Due to limited sample sizes and depth ranges all depth bins and water masses were not able 

to be examined for every species. Depth bins that contained less than 1% of a taxa’s total 

abundance were removed from consideration along with water masses that included less than three 

trawls with collected individuals. This was to ensure the core depth ranges of the taxa were 

examined and that the models were able to compile as at least three samples are required to allow 

for a measure of its variance. Additionally, if models did not compile after depth bin and water 

mass selection additional depth bins or water masses were dropped until the model compiled.  

2.4.4. Distribution Selection 

 Three distributions were considered for each species model. Two of the considered 

distributions, zero adjusted gamma (ZAGA) and zero adjusted inverse Gaussian (ZAIG) 

distributions, were considered for all species and were available in the default gamlss package. 

Both ZAGA and ZAIG distributions have previous uses in fisheries science as well as in the 

investigation of insurance/medical claims (Bortoluzzo et al., 2011, Di Lorenzo et al. 2022). The 

third distribution considered was chosen based upon fitting each individual species’ non-zero dry 

weight biomass data with various distributions using the FitDist function and selecting the 

distribution that had the lowest corrected Akaike information criterion (AICc) score. The best 

fitting distribution was then constructed using the package gamlss.inf (Enea et al., 2019). The 

gamlss.inf package allows users to create custom zero-adjusted distributions using any of the 

available distributions within the gamlss suite of distributions (Enea et al., 2019). The other zero 

adjusted distributions that were considered included zero adjusted generalized gamma (GG), 

generalized inverse Gaussian (GIG), exponential (EXP), and Weibull (WEI; Table 3). Three full 
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models were then constructed using the three chosen distributions (ZAGA, ZAIG, and 

GG/GIG/EXP/WEI) and the final full model was chosen based on a comparison of AICc scores 

and the visual inspection of their residuals (Gruber, 2009). After distribution selection ten of the 

twelve constructed GAMMs were modeled using a ZAGA distribution and two were modeled 

using a zero adjusted WEI distribution (Table 3).  

 

Table 3. AICc scores of each tested distribution. The chosen distribution is bolded. Species are 

represented by a three-letter code: 1) CPA = Cyclothone pallida; 2) CPS = Cyclothone 

pseudopallida; 3) SEL = Sigmops elongatus; 4) CSL = Chauliodus sloani; 5) PGU = 

Photostomias guernei; 6) SAF = Stomias affinis.  

 Day Night 

 Distribution AICc Notes Distribution AICc Notes 

C
P

A
 ZAGA -211.3 Lowest AICc  ZAGA -294.7 Lowest AICc  

ZAIG -116.9  ZAIG 8363  

GIG -183.8  GIG -290.7  

C
P

S
 ZAGA -208.4 Lowest AICc  ZAGA -345.5 Lowest AICc 

ZAIG -91.7  ZAIG 5211.6  

GG -198.8  WEI -208.3  

S
E

L
 ZAGA 94.3 Lowest AICc ZAGA 219.7 Lowest AICc  

ZAIG 49.2 Not Valid ZAIG 221.9  

GIG 99.3  GIG 261.1  

C
S

L
 ZAGA -66.2 Lowest AICc ZAGA 141.6 Lowest AICc  

ZAIG 7115  ZAIG 143.1  

GP - Did not compile WEI 303.8  

P
G

U
 ZAGA 31.1  ZAGA 37 Lowest AICc 

ZAIG 1431  ZAIG 47.4  

WEI 18.5 Lowest AICc  EXP 67.8  

S
A

F
 ZAGA 18.4 Lowest AICc  ZAGA 30.6  

ZAIG 28.5  ZAIG -25.4 Not Valid 

GIG 27.7  WEI -19.9 Lowest AICc 
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2.4.5 Term Selection and Predicted Values  

 After the construction of the full models, term selection was conducted by backwards 

selection using the StepGAIC function which compared the difference between the corrected AIC 

scores (dAICc) of the full and reduced models. If the removal of a variable from the model resulted 

in a positive dAICc score, then the model fit was worsened, and that variable was retained. If the 

removal of a variable resulted in a negative dAICc score, then the model fit improved, and that 

variable was removed from the final model. This process was repeated for the mean biomass, scale 

parameter (variance), and presence-absence portions of the model until a minimum adequate 

model (MAM) was obtained. The MAM was then validated using residual and worm plots. Worm 

plots are detrended Q-Q plots which are constructed based on levels of the model’s covariates 

(e.g., water mass and depth bin). This allowed for a comparison of model fit at different levels and 

combinations of the covariates which allowed for further refinement of the fit.  

 After model construction and validation, predicted mean biomasses and predicted 

probabilities of occurrence for each model were calculated using the function ggpredict within the 

ggeffects package (Lüdecke, 2018). The function ggpredict generates predicted values and 

prediction intervals which allows for the visual interpretation of complex models on the response 

scale (e.g., mean biomass and predicted probability of occurrence; Lüdecke, 2018). The predicted 

mean biomass and predicted probability of occurrence values were then used to visualize the trends 

between mean biomass/probability of occurrence and the final response variables for each model. 

For comparisons between water masses and depth bins the generated prediction intervals were 

used to judge significant differences between groups with no overlap indicating a significant 

difference. It should be noted that the function ggpredict generates prediction intervals based upon 

a Gaussian distribution so the error bars produced should be seen as approximates for all predicted 

mean biomass plots (Lüdecke, 2018).  
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3. Results 

3.1. Length-Weight Regressions of Six Analyzed Stomiiformes  

 A total of 181 individuals belonging to two families and six species were analyzed to 

determine each individual species’ length-weight parameters (Figure 7, Table 4). The 

determination coefficients (R2) for the individual length-weight regressions were generally high 

(mean value of 0.945) and were all above 0.90 (Table 1). Dry weight-derived parameter a values 

ranged from 0.00036 (Stomias affinis) to 0.00093 (Cyclothone pseudopallida; Figure 7, Table 4). 

Dry weight-derived parameter b values ranged from 2.3048 (Sigmops elongatus) to 3.3293 

(Cyclothone pallida; Figure 7, Table 4). Wet weight-derived parameter a values ranged from 

0.00241 (Stomias affinis) to 0.00662 (Sigmops elongatus; Figure 7, Table 4). Wet weight-derived 

parameter b values ranged from 2.5485 (Sigmops elongatus) to 2.9331 (Cyclothone pseudopallida; 

Figure 7, Table 4).  
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Figure 7. Length-weight regressions for the six analyzed Stomiiformes: Chauliodus sloani (a), Cyclothone pallida (b), Cyclothone 

pseudopallida (c), Photostomias guernei (d), Sigmops elongatus (e), and Stomias affinis (f). Wet weight length-weight regressions are 

in gray (left) and dry weight length-weight regressions are in white (right). Plots are on the log10 scale.  

(a) (b) 

(c) (d) 
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Table 4. Length-weight parameters for analyzed Stomiiformes:  aWW: wet weight intercept, bWW: wet weight allometry coefficient, 

aDW: dry weight intercept, bDW: dry weight allometry coefficient, n: sample size, R2: coefficient of determination, SL: standard 

length 

Species 
Size Range 

(SL cm) 
n aWW bWW R2 aDW bDW R2 

Cyclothone pallida 1.58 - 4.36 46 
0.00369 

(0.00291, 0.00468) 

2.8776 

(2.6382, 3.1270) 
0.923 

0.00042 

(0.00032, 0.00053) 

3.3293 

(3.0730, 3.5856) 
0.940 

Cyclothone pseudopallida 1.73 - 3.82 75 
0.00366 

(0.00292, 0.00459) 

2.9331 

(2.7123, 3.1538) 
0.908 

0.00093  

(0.00077, 0.00113) 

2.5314  

(2.3488, 2.7140) 
0.911 

Sigmops elongatus 1.25 - 12.05 22 
0.00662 

(0.00552, 0.00795) 

2.5485 

(2.3919, 2.7050) 
0.983 

0.00077  

(0.00119, 0.00188) 

2.3048  

(2.1962, 2.4987) 
0.969 

Chauliodus sloani 1.89 - 10.11 22 
0.00472 

(0.00332, 0.00670) 

2.6921 

(2.4373, 2.9462) 
0.961 

0.00055  

(0.00040, 0.00076) 

2.8507  

(2.6197, 3.0816) 
0.969 

Photostomias guernei 4.67 - 10.15 18 
0.00482 

(0.00234, 0.00992) 

2.7840 

(2.4110, 3.1570) 
0.934 

0.00067  

(0.00028, 0.00162) 

2.7585  

(2.3065, 3.2105) 
0.907 

Stomias affinis 1.97 - 11.13 17 
0.00241 

(0.00145, 0.00403) 

2.8594 

(2.5752, 3.1435) 
0.968 

0.00036  

(0.00021, 0.00063) 

2.9290  

(2.6241, 3.2338) 
0.966 
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3.2. Generalized Additive Mixed Model (GAMM) Results 

3.2.1 Cyclothone pallida 

3.2.1.1 Cyclothone pallida Presence-Absence: Data Selection 

Data collected from 0 - 200 m were omitted from both day and night models due to the low 

number of individuals present. Cyclothone pallida was additionally only absent from a single 600 

- 1000 m trawl sample therefore that depth bin was also excluded from both day and night full 

presence-absence models since a calculation of variance was unable to be obtained due to the 

presence of only a single zero (Table 5).  

3.2.1.2 Cyclothone pallida Presence-Absence: Minimum Adequate Model (MAM) Results 

The probability of C. pallida occurrence was only significantly affected by depth bin during 

both day and night (Figure 8, Table 6 and 7). The depth bin with the lowest predicted probability 

of C. pallida occurrence was from 1200 - 1500 m with values ranging from 74.0% during the day 

to 73.6% at night which was significantly lower than the other depth bin (Figure 8). The predicted 

probability of C. pallida occurrences from 1000 - 1200 m and 200 – 600 m were not significantly 

different from each other during both day and night with values during the day ranging from 91.8% 

(1000 - 1200 m) to 93.5% (200 - 600 m) and values at night ranging from 94.8% (1000 - 1200 m) 

to 96.3% (200 - 600 m; Figure 8). A 100% probability of occurrence was assumed for the 600 - 

1000 m depth bin, in which C. pallida was only absent from a single daytime CW trawl sample 

(Figure 8).  
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Table 5. Summary table of modelled depth bins and water masses in full daytime and nighttime models for all modeled taxa. Includes 

whether the interaction term (Depth Bin x Water Mass) and the random effect (deployment) was included in full model before term 

selection. P/A: Presence-absence portion of model. Biomass: The mean biomass portion of model. 

    Day Night 

Species 
Depth 
Bins Water Masses 

Interaction 
Term  

Random 
Effect 

Depth 
Bins Water Masses 

Interaction 
Term  

Random 
Effect 

C. pallida            

  P/A 1, 2, 4 AR, CW, MIX, RW Yes Yes 1, 2, 4 AR, CW, MIX, RW Yes Yes 

  Biomass 1, 2, 3, 4 AR, CW, MIX, RW Yes Yes 1, 2, 3, 4 AR, CW, MIX, RW Yes Yes 

C. pseudopallida            

  P/A 3, 4 AR, CW, MIX, RW Yes Yes 3, 4 AR, CW, MIX, RW Yes Yes 

  Biomass 3, 4 AR, CW, MIX, RW Yes Yes 3, 4 AR, CW, MIX, RW Yes Yes 

S. elongatus            

  P/A 3, 4 AR, CW, RW Yes Yes 4, 5 AR, CW, RW Yes Yes 

  Biomass 3, 4 AR, CW, RW Yes Yes 4, 5 AR, CW, RW Yes Yes 

C. sloani            

  P/A 4 AR, CW, RW No No 4, 5 AR, CW, RW Yes Yes 

  Biomass 4 AR, CW, RW No No 4, 5 AR, CW, RW Yes Yes 

P. guernei            

  P/A 3 AR, CW, RW No No 3, 4 AR, CW No Yes 

  Biomass 3 AR, CW, RW No No 3, 4 AR, CW No Yes 

S. affinis            

  P/A 3, 4 CW No Yes 5 AR, CW No No 

  Biomass 3, 4 CW No Yes 5 AR, CW No No 
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Table 6. Summary table of all daytime MAM models and their retained variables after term 

selection. Includes a comparison of the AICc scores between full models and MAM  

Species MAM 
Full Model 

AICc 
MAM 
AICc 

C. pallida   
 

-139.24   P/A ~ depth_bin + re(random = ~1 | deployment) -101.4 

  Biomass ~ tpyc.class x depth_bin + re(random = ~1 | deployment) 
 

C. pseudopallida  
-151.87 -236.29   P/A ~ tpyc.class + depth_bin + re(random = ~1 | deployment) 

  Biomass ~ tpyc.class x depth_bin + re(random = ~1 | deployment) 

S. elongatus  
210.72 84.18   P/A ~ pb(chla_monthly_9km) + re(random = ~1 | deployment) 

  Biomass ~ tpyc.class x depth_bin + re(random = ~1 | deployment) 

C. sloani  
-51.05 -72.53   P/A ~ 1 

  Biomass ~ pb(chla_monthly_9km)  

P. guernei  
31.08 6.01   P/A ~ pb(dist.to.200m_km)  

  Biomass ~ pb(dist.to.200m_km)  

S. affinis  

40.25 4.56 
  

P/A ~ pb(chla_monthly_9km) + pb(dist.to.200m_km) +     
re(random = ~1 | deployment) 

  Biomass ~ depth_bin + re(random = ~1 | deployment) 
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Table 7. Summary table of all nighttime MAM models and their retained variables. Includes a 

comparison of the AICc scores between full models and MAM 

Species MAM 
Full Model 

AICc 
MAM 
AICc 

C. pallida   
 

-222.8   P/A ~depth_bin + re(random = ~1 | deployment) -168.96 

  Biomass ~ tpyc.class x depth_bin + re(random = ~1 | deployment)  

C. pseudopallida  

-346.94 -350.99   P/A ~ tpyc.class + depth_bin + re(random = ~1 | deployment) 

  Biomass ~ tpyc.class x depth_bin + re(random = ~1 | deployment) 

S. elongatus  

180.9 108.12   P/A ~ tpyc.class + depth_bin + re(random = ~1 | deployment) 

  Biomass ~ tpyc.class x depth_bin + re(random = ~1 | deployment) 

C. sloani  

114.60 104.81 
  P/A 

~ tpyc.class x depth_bin + pb(dist.to.200m_km)  +  
re(random = ~1 | deployment) 

  Biomass ~ tpyc.class + depth_bin + re(random = ~1 | deployment) 

P. guernei  

167.90 32.79   P/A ~ re(random = ~1 | deployment) 

  Biomass ~ depth_bin + re(random = ~1 | deployment) 

S. affinis  

-13.50 -30.11   P/A ~ 1 

  Biomass ~ pb(dist.to.200m_km)  
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Figure 8. Predicted probability of Cyclothone pallida occurrence in relation to depth bin during 

day (a) and night (b).  

 

3.2.1.3 Cyclothone pallida Biomass: Data Selection 

For both day and night C. pallida mean biomass models all water masses (AR, CW, and 

RW) and both continuous environmental variables (monthly Chl-a and distance to 200-m isobath) 

were included in the full model (Table 5). Data collected from 0 - 200 m were omitted from both 

day and night models due to the low number of individuals present (Table 5).  

3.2.1.4 Cyclothone pallida Biomass: Minimum Adequate Model (MAM) Results 

Mean C. pallida biomass was best explained by the interaction between depth bin and water 

mass during both day and night (Figure 9, Table 6 and 7). Predicted mean C. pallida biomass 

during both day and night peaked at 600 – 1000 within CW (Day: 0.48 g 104 m-3, Night: 0.41 g 

104 m-3), MIX (Day: 0.57 g 104 m-3, Night: 0.30 g 104 m-3), and RW (Day: 0.36 g 104 m-3, Night: 

0.34 g 104 m-3) but within AR predicted mean biomass peaked between 1000 - 1200 m (Day: 0.44 

g 104 m-3, Night: 0.40 g 104 m-3; Figure 9). Predicted mean C. pallida biomass during day and 

(a) (b) 
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night was lowest within the 1200 - 1500 m depth bin for CW (Day: 0.02 g 104 m-3, Night: 0.03 g 

104 m-3), MIX (Day: 0.02 g 104 m-3, Night: 0.02 g 104 m-3), and RW (Day: 0.03 g 104 m-3, Night: 

0.02 g 104 m-3), while predicted mean biomass within AR was lowest from 200 - 600 m (Day: 0.01 

g 104 m-3, Night: 0.01 g 104 m-3; Figure 9). AR’s departure from the other three water masses in 

these cases seems to indicate that C. pallida biomass is exhibiting a downward vertical shift within 

AR which is further supported by C. pallida biomass within AR being over double the amount 

(Day: 0.05 g 104 m-3, Night: 0.08 g 104 m-3) of the other water masses within the 1200 - 1500 m 

depth stratum (Figure 9). Additionally, the potential downward shift in C. pallida’s vertical 

distribution in AR was most apparent in the nighttime model where there was a significant 

difference between AR and the other water masses within the 200 – 600 m, 1000 – 1200 m, and 

1200 – 1500 m depth bins (Figure 9).  

Another notable pattern is that while CW and RW follow similar patterns in most depth 

strata, RW differed from CW within the 200 - 600 m depth bin and exhibited the highest biomass 

of all water masses within this range during day (0.22 g 104 m-3) and night (0.10 g 104 m-3; Figure 

9). This could potentially signify a slight upward shift in vertical distribution within RW compared 

to the other water masses. Additionally, this potential upward shift in C. pallida’s vertical 

distribution within RW was most apparent in the daytime model where predicted mean biomass in 

RW was significantly higher than the other water masses within the 200 – 600 m depth bin (Figure 

9).  
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Figure 9. Interaction plot describing the relationship between depth bin and water mass type for 

predicted mean biomass values of Cyclothone pallida during day (a) and night (b).  

(a) 

(b) 



 

33 
 

 

3.2.2. Cyclothone pseudopallida 

3.2.2.1 Cyclothone pseudopallida Presence-Absence: Data Selection 

For both day and night C. pseudopallida models all water masses (AR, CW, MIX, and RW) 

and both continuous environmental variables (monthly Chl-a and distance to 200-m isobath) were 

included in the full model (Table 5). Only data collected from 200 – 600 m and 600 – 1000 m were 

included in both day and night full models (Table 5). Data  

3.2.2.2 Cyclothone pseudopallida Presence-Absence: Minimum Adequate Model (MAM) Results 

The probability of C. pseudopallida occurrence was best explained by depth bin and water 

mass during both day and night (Figure 4, Table 6 and 7). The probability of C. pseudopallida 

occurrence was lowest within the 200 – 600 m depth bin during both day and night with a predicted 

probability of occurrence of 75% at night and 74.8% during the day (Figure 4). The predicted 

probability of occurrence within the 600 – 1000 m depth bin was 89.2% at night and 94% during 

the day (Figure 10).  

 During the day the water mass with the highest probability of C. pseudopallida occurrence 

was RW, with a predicted probability of occurrence of 100% (Figure 10). CW followed closely 

behind RW with a predicted probability of C. pseudopallida occurrence of 95% (Figure 10).  MIX 

had a predicted probability of occurrence of 87% during day and AR had a predicted probability 

of occurrence of 56% which was the lowest value (Figure 10). During the day the differences 

between waters masses were all significant.  

At night the water masses with the highest probability of C. pseudopallida occurrence were 

RW and CW, with predicted probabilities of occurrence of 96% and 95.5% respectfully (Figure 

10). The water masses with the lowest probability of C. pseudopallida occurrence were MIX and 

AR with predicted probabilities of occurrence of 75% and 61.5% respectfully (Figure 10). CW and 

RW were not significantly different from each other, and both had significantly higher probabilities 

of C. pseudopallida occurrence than AR and MIX (Figure 10). The predicted probability of C. 

pseudopallida occurrence was not significantly different in AR and MIX (Figure 10). 
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Figure 10. Predicted probability of Cyclothone pseudopallida occurrence during day (a) and night (b) in relation to depth bin and water 

mass. 

(b) (a) 
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3.2.2.3 Cyclothone pseudopallida Biomass: Data Selection 

For both day and night, all water masses (AR, CW, MIX, and RW) and both continuous 

environmental variables (monthly Chl-a and distance to 200-m isobath) were included in the full 

models (Table 5). Only data collected from 200 - 600 m and 600 - 1000 m were included in both 

day and night full models due to insufficient data in the other depth bins (Table 5). 

3.2.2.4 Cyclothone pseudopallida Biomass: Minimum Adequate Model (MAM) Results 

Mean C. pseudopallida biomass was best explained by the interaction between depth bin 

and water mass during both day and night (Figure 11, Table 6 and 7). During the day within the 

200 – 600 m depth bin predicted mean C. pseudopallida biomass was highest within RW (0.15 g 

104 m-3), CW (0.13 g 104 m-3) and MIX (0.08 g 104 m-3) which all had significantly higher biomass 

than AR (0.01 g 104 m-3; Figure 11). Predicted mean C. pseudopallida biomass was not 

significantly different in CW, MIX, and RW within the 200 – 600 m depth bin (Figure 11). Within 

the 600 – 1000 m depth bin C. pseudopallida biomass was highest within AR (0.10 g 104 m-3), CW 

(0.05 g 104 m-3), and MIX (0.09 g 104 m-3) which all had significantly greater predicted mean 

biomass than RW (0.02 g 104 m-3; Figure 11). Predicted mean C. pseudopallida biomass was not 

significantly different in AR, CW, and MIX within the 600 –1000 m depth bin (Figure 11). 

At night within the 200 – 600 m depth bin predicted mean C. pseudopallida biomass was 

significantly highest within RW (0.05 g 104 m-3) and CW (0.06 g 104 m-3). Predicted mean C. 

pseudopallida biomass within MIX (0.02 g 104 m-3) was significantly higher than AR (0.01 g 104 

m-3) which possessed the lowest predicted mean biomass among the water masses within the 200 

– 600 m depth bin (Figure 11). Predicted mean C. pseudopallida biomass within the 600 – 1000 

m depth bin was highest within AR (0.07 g 104 m-3), MIX (0.05 g 104 m-3) and RW (0.02 g 104 m-

3; Figure 11). AR had significantly greater biomass than CW (0.05 g 104 m-3) but MIX and RW 

were not significantly different than CW which had the lowest predicted mean C. pseudopallida 

biomass within the 600 – 1000 m depth bin (Figure 11).  
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Figure 11. Interaction plot describing the relationship between depth bin and water mass type for 

predicted mean biomass values of Cyclothone pseudopallida during day (a) and night (b).  

(a) 

(b) 
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3.2.3. Sigmops elongatus 

3.2.3.1 Sigmops elongatus Presence-Absence: Data Selection 

For both day and night S. elongatus presence-absence models all water masses except for 

MIX (AR, CW, and RW) were included in the full models along with both continuous 

environmental variables (monthly Chl-a and distance to 200-m isobath; Table 5). In the full day 

presence-absence model for S. elongatus only data collected from 200 – 600 m and 600 – 1000 m 

were included in the full model and in the full night presence-absence model only data collected 

from 0 – 200 m and 200 – 600 m were included in the full model due to insufficient data in the 

other depth bins (Table 5).  

3.2.3.2 Sigmops elongatus Presence-Absence: Minimum Adequate Model (MAM) Results 

 The probability of S. elongatus occurrence during the day was significantly affected by 

mean monthly Chl-a (Figure 5, Table 6). The relationship between predicted probability of S. 

elongatus occurrence and mean monthly Chl-a was roughly linear with the predicted probability 

of occurrence decreasing with increasing values of monthly Chl-a (Figure 5). The predicted 

probability of S. elongatus occurrence ranged from 66% at mean monthly Chl-a levels of 0.05 mg 

m-3 to 16% at mean monthly Chl-a values of 1.38 mg/m-3 (Figure 5).  

The probability of S. elongatus occurrence at night was significantly affected by depth bin 

and water mass type (Figure 5). Predicted probability of S. elongatus occurrence was highest in 

the 0 - 200 m depth bin with a predicted probability of occurrence of 76.6 % compared to a 

predicted probability of occurrence in the 200 – 600 m depth bin of 38.4 % (Figure 5). Predicted 

probability of S. elongatus occurrence was significantly higher in CW (70 %) compared to AR 

(55.5 %) and then RW (47 %) across depth bins. Predicted probability of S. elongatus occurrence 

was significantly higher in AR compared to RW in the 0 - 200 m depth bin but they were not 

significantly different in the 200 – 600 m depth bin.  
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Figure 12. Predicted probability of Sigmops elongatus occurrence during day (a) and night (b) in 

relation to mean monthly Chl-a (a), depth bin (b), and water mass type (b).  
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3.2.3.3 Sigmops elongatus Biomass: Data Selection 

For both day and night S. elongatus mean biomass models all water masses except for MIX 

(AR, CW, and RW) were included in the full models along with both continuous environmental 

variables (monthly Chl-a and distance to 200-m isobath; Table 5). In the full day mean biomass 

model for S. elongatus only data collected from 200 – 600 m and 600 – 1000 m were included in 

the full model and in the full night mean biomass model only data collected from 0 – 200 m and 

200 – 600 m were included in the full model due to insufficient data in the other depth bins (Table 

5).  

3.2.3.4 Sigmops elongatus Biomass: Minimum Adequate Model (MAM) Results 

Predicted mean S. elongatus biomass was best explained by the interaction between depth 

bin and water mass during both day and night (Figure 13, Table 6 and 7). During the day mean 

predicted S. elongatus biomass was highest in the 600 - 1000 m depth bin (Figure 13). The water 

mass with the highest predicted S. elongatus biomass was AR (0.28 g 104 m-3), followed by RW 

(0.17 g 104 m-3), and then CW (0.10 g 104 m-3; Figure 13). AR and RW had significantly greater 

predicted mean S. elongatus biomass than CW, but they were not significantly different from each 

other (Figure 13). In the 200 - 600 m depth bin predicted S. elongatus biomass was significantly 

higher within RW (0.05 g 104 m-3; Figure 13) than AR and CW which shared the same predicted 

mean biomass value (0.002 g 104 m-3; Figure 13).  

 At night all water masses reached highs in S. elongatus predicted mean biomass in the 200 

- 600 m depth bin and lows in mean biomass in the 0 - 200 m depth bin (Figure 13). In the 200 - 

600 m depth bin S. elongatus predicted mean biomass was significantly higher in RW (0.31 g 104 

m-3) than AR (0.14 g 104 m-3) and CW (0.10 g 104 m-3; Figure 13). Within the 0 - 200 m depth bin 

predicted mean S. elongatus biomass was also significantly higher in RW (0.15 g 104 m-3) than AR 

(0.01 g 104 m-3) and CW (0.05 g 104 m-3; Figure 13). The main difference between water masses 

came between AR and CW with CW having significantly higher predicted S. elongatus biomass 

in the 0 - 200 m depth bin than AR (0.05 g 104 m-3 vs 0.01 g 104 m-3).  



 

40 
 

 

Figure 13. Interaction plot describing the relationship between depth bin and water mass type for 

predicted mean biomass values of Sigmops elongatus during day (a) and night (b).  

 

(a) 

(a) (a) 
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3.2.4. Chauliodus sloani 

3.2.4.1 Chauliodus sloani Presence-Absence: Data Selection 

For both day and night C. sloani presence-absence models all water masses except for MIX 

(AR, CW, and RW) were included in the full models along with both continuous environmental 

variables (monthly Chl-a and distance to 200-m isobath; Table 5). In the full daytime presence-

absence model for C. sloani only data collected from 200 - 600 m were included in the full model 

due to insufficient data in the other depth bins (Table 5). For this reason, the random effect term 

(deployment) was dropped from the full daytime model. The full night presence-absence model 

for C. sloani excluded trawl samples from the 600 - 1000 m, 1000 - 1200 m, and 1200 - 1500 m 

depth bins due to insufficient data (Table 5).  

3.2.4.2 Chauliodus sloani Presence-Absence: Minimum Adequate Model (MAM) Results 

The probability of C. sloani occurrence during the day was not significantly affected by 

any of the variables (Table 6).  

The probability of C. sloani occurrence at night was best explained by the interaction 

between depth bin and water mass (Figure 14, Table 7). The predicted probability of C. sloani 

occurrence within AR and RW was highest within the 200 – 600 m depth bin (AR: 47%, RW: 82%) 

and lowest within the 0 - 200 m depth bin (AR: 34%, RW: 46%; Figure 14). The predicted 

probability of C. sloani in CW was the opposite of AR and RW with the highest predicted 

probability coming within the 0 - 200 m depth bin (58%) and the lowest coming within the 200 - 

600 m depth bin (46%; Figure 14). The differences between water masses were largely 

insignificant except in the 200 – 600 m depth bin where predicted C. sloani occurrences in RW 

were significantly higher than CW and AR (Figure 14).  

The probability of C. sloani occurrence at night was also best explained by the distance to 

the nearest 200-m isobath (Figure 14, Table 7). The predicted probability of C. sloani occurrence 

decreased linearly with increasing distance from the shelf break with the nearest stations having 

predicted probabilities of C. sloani occurrence of 76% while the farthest stations from the shelf 

break had predicted probabilities of occurrence of 33% (Figure 14).  
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Figure 14. Interaction plot describing the relationship between depth bin and water mass type for 

predicted probability of occurrence values of Chauliodus sloani at night (a). Predicted probability 

of Chauliodus sloani occurrence in relation to distance to 200-m isobath at night (b).  

 

(a) 
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3.2.4.3 Chauliodus sloani Biomass: Data Selection 

For both day and night C. sloani mean biomass models all water masses except for MIX 

(AR, CW, and RW) were included in the full models along with both continuous environmental 

variables (monthly Chl-a and distance to 200-m isobath; Table 5). In the full daytime mean 

biomass model for C. sloani only data collected from 200 – 600 m were included in the full model 

due to insufficient data in the other depth bins (Table 5). For this reason, the random effect term 

(deployment) was dropped from the full daytime model. The full night mean biomass model for 

C. sloani only included trawl samples from the 0 - 200 m and 200 - 600 m depth bins due to 

insufficient data in the other depth bins (Table 5).  

3.2.4.4 Chauliodus sloani Biomass: Minimum Adequate Model (MAM) Results 

Mean C. sloani biomass during the day was best explained by mean monthly Chl-a (Figure 

9, Table 6). The relationship between predicted mean C. sloani biomass and monthly Chl-a was 

generally cubic with peaks in predicted biomass of 0.09 g 104 m-3at 0.42 mg m-3 and another peak 

of 0.06 g 104 m-3 at 1.38 mg m-3 (Figure 15). Predicted C. sloani mean biomass reached lows of 

0.01 g 104 m-3 at 0.1 mg m-3 and 1.10 mg m-3 (Figure 15).  

Mean C. sloani biomass at night was best explained by depth bin and water mass type 

(Figure 15, Table 7). Predicted mean C. sloani biomass was highest within the 200 – 600 m depth 

bin (0.17 g/104 m3) and lowest within the 0 – 200 m depth bin (0.11 g/104 m3; Figure 9). Predicted 

mean C. sloani was highest within RW (0.25 g/104 m3), followed by CW (0.11 g/104 m3), and last 

by AR (0.05 g/104 m3; Figure 15). The differences between depth bins and water mass types were 

insignificant as their prediction intervals significantly overlapped (Figure 15). There was 

additionally significant variability in C. sloani predicted biomass between deployments (random 

effect) which may potentially indicate an additional driver of C. sloani biomass distributions not 

captured in the model. 
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Figure 15. Predicted mean Chauliodus sloani biomass in relation to mean monthly Chl-a during 

the day (a), depth bin at night (b), and water mass type at night (b).  
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3.2.5. Photostomias guernei 

3.2.5.1 Photostomias guernei Presence-Absence: Data Selection 

 For the full daytime presence-absence model for P. guernei all water masses except for 

MIX (AR, CW, and RW) and data collected from 600 – 1000 m were included in the full model 

due to insufficient data in MIX and the other depth bins (Table 5). The exclusion of all but a single 

depth bin meant that deployment (random effect) and the interaction term between depth bin and 

water mass type were dropped from the full daytime model (Table 5). For the full nighttime 

presence-absence model for P. guernei only data collected from AR and CW and the 200 – 600 m 

and 600 – 1000 m depth bins were included due to insufficient data in MIX, RW, and the other 

depth bins (Table 5). Both continuous environmental variables (monthly Chl-a and distance to 

200-m isobath) were included in both full models (Table 5). 

3.2.5.2 Photostomias guernei Presence-Absence: Minimum Adequate Model (MAM) Results 

 The probability of P. guernei occurrence during the day was only significantly affected by 

distance to the nearest 200-m isobath (Figure 16, Table 6). The predicted probability of P. guernei 

occurrence increased with increasing distance from the shelf break with the nearest station having 

a predicted probability of occurrence of 30% and the furthest station having a predicted probability 

of occurrence of 55% (Figure 16).  

 The probability of P. guernei occurrence at night was only significantly affected by depth 

bin (Figure 16, Table 7). The predicted probability of P. guernei occurrence was highest in the 200 

– 600 m depth bin (28%) and lowest in the 600 – 1000 m depth bin (12%) but these differences 

were determined to be insignificant due to the overlap in their prediction intervals (Figure 16).  
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Figure 16. Predicted probability of Photostomias guernei occurrence in relation to distance to the 

nearest 200-m isobath during the day (a) and depth bin at night (b).  

 

(a) 

(b) 
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3.2.5.3 Photostomias guernei Biomass: Data Selection 

For the full daytime mean biomass model for P. guernei all water masses except for MIX 

(AR, CW, and RW) and data collected from 600 - 1000 m were included in the full model due to 

insufficient data in MIX and the other depth bins (Table 5). The exclusion of all but a single depth 

stratum meant that deployment (random effect) and the interaction term between depth bin and 

water mass type were dropped from the full daytime model (Table 5). For the full nighttime mean 

biomass model for P. guernei only data collected from AR and CW and the 200 – 600 m and 600 

– 1000 m depth bins were included due to insufficient data in MIX, RW, and the other depth bins 

(Table 5). Both continuous environmental variables (monthly Chl-a and distance to 200-m isobath) 

were included in both full day and night mean biomass models (Table 5). 

3.2.5.4 Photostomias guernei Biomass: Minimum Adequate Model (MAM) Results 

 Mean P. guernei biomass during the day was best explained by distance to the nearest 200-

m isobath (Figure 17, Table 6). Predicted mean P. guernei biomass decreased with increasing 

distance from the shelf break with predicted biomass nearest to the shelf break being 0.11 g 104 m-

3 and predicted biomass farthest from the shelf break being 0.04 g 104 m-3 (Figure 17).  

Mean P. guernei biomass at night was not sufficiently explained by any of the explanatory 

variables (Table 7).  
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Figure 17. Predicted mean Photostomias guernei biomass in relation to distance to the nearest 200 

m isobath during the day.  

 

3.2.6. Stomias affinis 

3.2.6.1 Stomias affinis Presence-Absence: Data Selection 

 For the full daytime presence-absence model for S. affinis only data collected from CW 

and the 200 – 600 m and 600 – 1000 m depth bins were included in the full model due to 

insufficient data in the other water masses and depth bins (Table 5). The exclusion of all but a 

single water mass meant that the interaction term between depth bin and water mass type was 

dropped from the full daytime model (Table 5). For the full nighttime presence-absence model for 

S. affinis only data collected from AR, CW and the 0 - 200 m depth bin were included due to 

insufficient data in MIX, RW, and the other depth bins (Table 5). The exclusion of all but a single 

depth stratum meant that deployment (random effect) and the interaction term between depth bin 

and water mass type were dropped from the full daytime model (Table 5). Both continuous 

environmental variables (monthly Chl-a and distance to 200-m isobath) were included in both full 

models (Table 5). 
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3.2.6.2 Stomias affinis Presence-Absence: Minimum Adequate Model (MAM) Results 

The probability of S. affinis occurrence during the day and at night was significantly 

affected by distance to the nearest 200-m isobath (Figure 18 and 19, Table 6 and 7). During both 

day and night, the predicted probability of S. affinis occurrence increased with increasing distance 

from the shelf break (Figure 18 and 19). During the day the predicted probability of S. affinis 

occurrence at the station closest to the shelf break was 34% and the predicted probability at the 

furthest station from the shelf break was 64% (Figure 18). At night the predicted probability of S. 

affinis occurrence at the closest station to the shelf break was 5% and the predicted probability at 

the station furthest from the shelf break was 67% (Figure 19).  

The probability of S. affinis occurrence during the day was also significantly affected by 

monthly Chl-a (Figure 18, Table 6). The predicted probability of S. affinis occurrences generally 

increased with increasing monthly Chl-a values with the predicted probability of S. affinis 

occurrence increasing 11% from the lowest monthly Chl-a station (17%) to the station with the 

highest mean monthly Chl-a value (28%, Figure 18). There was a large increase in predicted 

occurrences from 0.17 mg m-3 to 0.50 mg m-3 where the predicted probability of S. affinis 

occurrence increased from 17% to 70% before decreasing back to 20% at 1.00 mg m-3 (Figure 18).  
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Figure 18. Predicted probability of Stomias affinis occurrence during the day in relation to distance 

to the nearest 200-m isobath (a) and mean monthly Chl-a (b).  

(b) 

(a) 

(b) 
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Figure 19. Predicted probability of Stomias affinis occurrence at night in relation to distance to the 

nearest 200 m isobath.  

 

3.2.6.3 Stomias affinis Biomass: Data Selection 

For the full daytime mean biomass model for S. affinis only data collected from CW and 

the 200 – 600 m and 600 – 1000 m depth bins were included in the full model due to insufficient 

data in the other water masses and depth bins (Table 5). The exclusion of all but a single water 

mass meant that the interaction term between depth bin and water mass type was also dropped 

from the full daytime model (Table 5). For the full nighttime mean biomass model for S. affinis 

only data collected from AR, CW and the 0 – 200 m depth bin were included due to insufficient 

data in MIX, RW, and the other depth bins (Table 5). The exclusion of all but a single depth bin 

meant that deployment (random effect) and the interaction term between depth bin and water mass 

type were also dropped from the full daytime model (Table 5). Both continuous environmental 

variables (monthly Chl-a and distance to 200-m isobath) were included in both full models (Table 

5). 
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3.2.6.4 Stomias affinis Biomass: Minimum Adequate Model (MAM) Results 

Mean S. affinis biomass during the day was best explained by depth bin (Figure 20, Table 

6). Predicted S. affinis mean biomass during the day was significantly higher within the 600 - 1000 

m depth bin (0.20 g 104 m-3) than the 200 - 600 m depth bin (0.01 g 104 m-3; Figure 20).  

Mean S. affinis biomass at night was not explained by any of the environmental variables 

(Table 7). 

Figure 20. Predicted mean Stomias affinis biomass during the day in relation to depth bin.  
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4. Discussion 

This study calculated the LWRs and examined the spatial distributions of six stomiiform 

fishes in the northern GoM in relation to various mesoscale oceanographic features such as the 

LC, LCEs, and the Mississippi River plume. Overall, the LWRs calculated for the stomiiform 

fishes examined displayed high coefficient of determination values (R2 > 0.90) and five of the six 

species possessed allometric growth coefficients within the normal range (2.5 – 3.5). In terms of 

spatial distributions, the main results of this study showed that the stomiiform fishes examined 

largely display species-specific responses to mesoscale oceanographic features at the temporal and 

spatial scales examined. The most widespread and consistent trend across taxa was a deepening of 

vertical distributions in response to the LC and LCEs. The horizontal distributions of the 

stomiiform fishes were marginally affected by the environmental variables examined with some 

notable exceptions, namely in response to distance to nearest 200-m isobath (P. guernei) and Chl-

a (S. elongatus). In general, this study confirms previous findings that the mesopelagic assemblage 

in the northern GoM is primarily structured by depth and is only weakly horizontally structured in 

response to the examined mesoscale oceanographic features. Additionally, this study indicates that 

responses to such mesoscale oceanographic features are largely species dependent with individual 

species displaying various responses to the examined features.  

 

4.1. Length-Weight Relationships 

 The LWRs for six stomiiform fishes in the northern GoM were obtained during this study 

with all the length-weight models constructed possessing high coefficients of determination values 

(R2 > 0.90). Of the six species of Stomiiformes analyzed five of the six possessed allometric growth 

coefficients (parameter b) within the 2.5 – 3.5 range highlighted in Froese (2006) as the normal 

range of allometric growth coefficients in fishes. Of the stomiiform fishes examined three 

displayed isometric growth (b = 3), two negative allometric growth (b < 3), and one exhibited 

positive allometric growth (b > 3). While few studies used DWs in their calculations of LWRs 

when comparisons are made using the obtained LWRs based upon WWs the allometric growth 

coefficients obtained were in line with previous studies from the western GoM and Tropical 

Atlantic (Chi-Espínola et al., 2023; Lopez-Perez et al., 2020).  

 Chauliodus sloani, P. guernei, and S. affinis all exhibited isometric growth. Isometric 

growth means that these taxa grew proportionally the same in weight and length as they aged and 
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indicates that they did not exhibit any significant changes in body form as they grew (Froese 2006). 

While the allometric growth coefficients of P. guernei (2.76 ± 0.45 vs. 2.94) and S. affinis (2.93 ± 

0.3 vs. 3.07) were not significantly different from the results of Sutton and Hopkins (1996) the 

allometric coefficient of C. sloani (2.85 ± 0.23 vs. 2.54) was significantly higher. Differences in 

the allometric growth coefficients between studies may be related to seasonality as samples 

collected in Sutton and Hopkins (1996) were collected year-round while the current study only 

analyzed samples collected from May to August. Additionally, differences in individual’s 

nutritional condition between studies may have also resulted in the observed differences as smaller 

individuals in relatively worse nutritional condition than larger individuals can elevate the 

allometric growth coefficient (Froese 2006).  

Sigmops elongatus and C. pseudopallida exhibited negative allometric growth. Negative 

allometric growth in fishes is typically characteristic of individuals becoming more elongated with 

age which is typical of the elongated body plans and high-water contents of taxa like S. elongatus 

and C. pseudopallida (Lopez-Perez et al., 2020). The growth form of Sigmops elongatus agreed 

with findings by Lancraft et al., (1988) who used a similar methodology in obtaining LWRs (b = 

2.305 vs. 2.628). While LWR derived from DWs for C. pseudopallida was unable to be compared 

due to a lack of studies using DWs when using its WW derived LWR its allometric growth 

coefficient was in line with other studies from the region (Chi-Espínola et al., 2023).  

Cyclothone pallida was the lone species that exhibited positive allometric growth (faster 

growth in weight than length) which is atypical of the genus Cyclothone, which usually exhibits 

negative allometric growth (Lopez-Perez et al., 2020; Chi-Espínola et al., 2023). Direct 

comparisons to other studies using the LWRs derived from DWs were not possible due to a lack 

of studies that used a similar methodology. When the LWR of C. pallida was calculated using 

WWs it was considered to have isometric growth, which was similar to the WW derived estimate 

of C. pseudopallida. Lopez-Perez et al. (2020) found that the growth form for an individual species 

may change depending on whether dry weights or wet weights were used. It appears likely that 

this is what is occurring with C. pallida in this study. It is interesting that C. pseudopallida given 

its similarity to C. pallida did not display a similar trend especially considering their allometric 

growth coefficients derived from WWs were similar (C. pallida: 2.7359 vs. C. pseudopallida: 

2.9331). However, C. pallida and C. pseudopallida do have different water and lipid contents 
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which could potentially contribute to these differences in DW derived LWR estimates (M. Kayama 

and Y. Ikeda, 1975).  

The allometric growth coefficient obtained for S. elongatus fell outside the normally 

accepted range (b = 2.5 – 3.5). While allometric growth coefficients outside the normal range are 

often derived from limited size ranges, the size range used (1.25 - 12.05 cm) was similar to the 

size classes used in Lancraft et al. 1988 (2.0 – 15.0 cm). A potential reason for the relatively small 

allometric growth coefficient obtained for S. elongatus is a difference in the relative nutritional 

condition of “small” and “large” individuals. Small individuals that are in a better nutritional 

condition at the time of sampling compared to larger individuals have the tendency to shift the 

allometric growth coefficient downward (closer to two; Froese 2006). Given that the S. elongatus 

specimens used in the calculation of its LWR came from multiple cruises and the relative 

conditions of individual specimens was not investigated it is difficult to determine an exact cause 

for the potential differences in nutritional condition. Ultimately it may simply be due to the 

variability surrounding calculating LWRs.  

Calculations of LWRs in general can be highly variable with size range, nutritional 

condition, gonadal mass, season, gut content, and preservation type all potentially influencing the 

calculated parameters (Froese, 2006; Lopez-Perez et al., 2020; Mazumder et al. 2016). Given that 

all the individuals used in the estimations of the examined taxa’s LWRs were collected from May 

to August the inclusion of individuals from different seasons may be beneficial. Future studies may 

also consider the use of eviscerated dry weights as recommended in Lopez-Perez et al. (2020) due 

to its ability to limit the effects of gonadal mass and gut content on the obtained parameters. 

Additionally, the inclusion of larger size classes and the use of multiple weight types to calculate 

LWRs is recommended especially in comparison to other studies that often use larger size classes 

and different methodologies in LWR calculations. Growth stanzas, which were not considered in 

the present study, could be potentially investigated considering that they have been noted in 

stomiiform fishes in other studies of LWRs (e.g., Czudaj et al., 2022). The LWRs presented in the 

current study add to the existing but limited literature on LWRs in mesopelagic fishes and provide 

useful LW parameters for the conversion of lengths to either WWs or DWs for the examined taxa. 
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4.2. Spatial Structuring 

4.2.1 Effect of Water Mass on Vertical Distributions 

Water masses impact on the vertical distributions of the examined stomiiform fishes was 

widespread with the interaction between water mass and depth bin being retained in some form 

within four of the six species analyzed (C. pallida, C. pseudopallida, S. elongatus, and C. sloani). 

While the alterations to vertical distributions were largely species specific there were general 

patterns seen across taxa, the most prevalent being a deepening of day and night vertical 

distributions within LC origin waters compared to the other water masses.  

 One of the primary theories as to why the vertical distributions of mesopelagic fishes are 

shifted downward within anticyclonic eddies is related to alterations of individuals’ light comfort 

zones (Penna et al. 2021). Light comfort zones (LCZs) refer to an organism’s preferred range of 

irradiance levels which has been hypothesized to optimize one’s ability to forage and avoid visual 

predation (Kaartvedt et al., 2017). Light penetration depth has been pointed to as a first order driver 

structuring the vertical distributions of mesopelagic organisms with studies on various spatial and 

temporal scales and in various biogeographical regions throughout the World Ocean supporting 

this assertion (Aksnes et al., 2017; Kaartvedt et al. 2017; Langbehn et al. 2019; Widder and Frank, 

2002). While studies of mesoscale eddies’ effect on the vertical distributions of mesopelagic 

organisms and light intensity together are rare (but see: Penna et al., 2021) given that the depth of 

the DSL is known to fluctuate based on relatively small changes in light (e.g., by weather, lunar 

cycle, etc.) it is reasonable to assume that the large scale alteration of optical properties within the 

water column caused by the LC and LCEs would alter the vertical distributions of mesopelagic 

organisms in some way (Kaartvedt et al., 2017; Last et al., 2016; Strömberg et al. 2002; Tarling et 

al. 1999).  

The LC and LCEs are associated with deeper light penetration than background Gulf waters 

(due to lower productivity) and thus could shift LCZs downwards which may explain the 

downward shifts seen in C. pallida, C. pseudopallida, S. elongatus, and C. sloani (Zhang et al., 

2023). Alterations to LCZs may also explain the limited magnitude of DVM and/or the reduced 

DVM rates seen in S. elongatus and C. sloani under LC conditions. While alterations to light 

penetration depth is usually discussed in the context of daytime vertical distributions, light 

penetration has also been known to affect nighttime distributions as well (Drazen et al., 2011; Last 
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et al., 2016). Under LC conditions diel vertically migrating organisms’ upper depth range may be 

deeper compared to Gulf Common water, thus altering the magnitude of their migration.  

The effects of RW on the vertical distribution of C. pallida may offer additional support 

for light penetration depth being the primary driver of changes in vertical distributions seen in the 

current study. There was a notable upward shift in the vertical distribution of C. pallida within 

RW which may be due to an upward shift in LCZ of C. pallida.  RW is characterized by high 

productivity and high turbidity (opposite of LC and LCEs) which will theoretically lead to 

shallower light penetration. Under the influence of RW organism’s LCZs may be shifted upwards 

and thus explain the upward shift seen in the vertical distribution of C. pallida. Additionally, an 

increased probability of occurrence within the upper mesopelagic (200 - 600 m) within RW was 

observed in C. sloani. This could potentially be interpreted as a decrease in the DVM rates of C. 

sloani within RW potentially because of low salinity conditions (Luo et al., 2000). However, the 

predicted occurrence of C. sloani was not significantly different from the other water masses 

within the epipelagic and the low salinity plume is contained to the upper 15 -30 m of the water 

column. This may indicate that the change in predicted probabilities may be due to an upward shift 

in individuals from the lower mesopelagic (600 – 1000 m). Adding support to this hypothesis is 

the fact that the 600 – 1000 m depth bin for C. sloani at night was not analyzed in the current study 

due to only a single specimen being present in RW in that depth bin, which was lowest among the 

water masses analyzed. This potentially indicates that C. sloani is exhibiting a shallower 

distribution within RW than the other water masses.  

Another proposed hypothesis behind the deepened vertical distributions and alterations of 

DVM patterns seen in anticyclonic eddies is related to downwelling conditions (Boswell et al., 

2020; Della Penna & Gaube, 2020; Godo et al., 2012). The center of anticyclonic eddies is 

characterized by downwelling conditions and thus it has been suggested that the deepening of the 

DSL is related to either the passive transport of lethargic mesopelagic organisms and/or 

mesopelagic organisms actively following their prey that have been shifted downward (Godo et 

al., 2012). DVM behavior has also been hypothesized to be altered by LC conditions due to the 

increased metabolic cost of migrating within LC conditions due to downwelling but also the 

potential increased distance if the organism’s daytime distribution is shifted downwards (Boswell 

et al., 2020).  



 

58 
 

 

Aside from alterations to LCZs and downwelling conditions, another potential factor in the 

deeper vertical distributions seen within LC conditions is thermal constraints. While unlikely in C. 

pallida and C. pseudopallida due to their persistence throughout the water column, it could be a 

factor for the larger stomiiform fishes examined due to their relatively narrower vertical ranges. 

Thermal constraints to vertical distributions have been hypothesized in C. sloani in the tropical 

Atlantic where the population forgoes DVM and resides permanently at depth (~800 m) primarily 

below 12 – 15 ºC (Eduardo et al. 2020). Unlike the tropical Atlantic however, the C. sloani 

population in the northern GoM is still present in some degree in the epipelagic zone of the LC 

despite the temperatures being higher than 12 – 15 ºC, so temperature is not entirely sufficient in 

explaining changes to vertical distributions in this case but could be investigated further. 

Disentangling the relative roles that light penetration depth, downwelling conditions, and 

temperature play in the observed patterns is not possible in the current study because they covary 

within the GoM setting. However, given that light penetration is already a likely first-order driver 

of the vertical distributions of mesopelagic organisms and potentially explains all the observed 

patterns it seems likely that it is the primary driver of the observed alterations in vertical 

distributions, especially given that the role of mesopelagic organisms as passive particles in water 

column is disputed and the prey sources of many of the mesopelagic taxa examined are also largely 

structured by light (Kaartvedt et al., 2009; Kaartvedt et al., 2023). Additionally, the effects of 

downwelling and/or temperature would not explain the upward shifts in vertical distributions seen 

in C. pallida and potentially C. sloani. Ultimately in situ light measurements are required to 

demonstrate that alterations of LCZs are driving the observed vertical patterns.  

Stomias affinis and P. guernei were not observed to be vertically structured by water mass 

in the present study. The LCZs of mesopelagic organisms can potentially cover a large range of 

light levels (up to 10 orders of magnitude) so the changes in light penetration depth may have not 

been substantial enough to affect the preferred LCZs of S. affinis or P. guernei (Kaartvedt et al., 

2017). Additionally, S. affinis and P. guernei are highly mobile taxa so they may be unaffected by 

downwelling conditions if that is the primary driver of vertical distributions.  

4.2.2. Note on MIX Water Mass Type (Vertical Distributions) 

 Conclusions about the MIX water mass type’s impact on the vertical distribution of the 

examined taxa are largely inclusive due in part to the low relative number of MIX stations sampled 
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and the high variability at these stations. As a result, it was only able to be investigated in C. pallida 

and C. pseudopallida. In terms of vertical distributions, C. pallida and C. pseudopallida 

distributions within MIX were either indistinguishable from their distributions in AR, CW, and 

RW or they tended to fall in between AR and CW. This seems to indicate that the vertical 

distributions of the examined Cyclothone were deepened in some cases within MIX but not in the 

same magnitude as AR. This potentially supports the conclusions of Johnson et al. (2019) that 

proposed MIX as an “intermediate” between AR and CW in terms of structuring the mesopelagic 

assemblage. However, as mentioned previously due to the high variability in biomass and in 

predicted occurrence within MIX it is difficult to draw definitive conclusions about MIX’s impact 

on the mesopelagic assemblage.  

The MIX water mass was notably not representing a single set of physical conditions as 

processes at the LC boundary likely occurred at finer scales than could be simulated in the 

classification process (i.e., < 3 h and < 4 × 4 km; Johnson et al., 2019). As a result, a variety of 

oceanographic conditions (e.g., convergent or divergent fronts) may be taking place within MIX 

that are simply not represented in the study and may have resulted in the high variability in 

mesopelagic biomass observed. Boundary regions are highly dynamic and thus their impacts on 

the mesopelagic assemblage may be difficult to discern, especially at the scales examined. Further 

sampling of these regions and potentially further fine scale designations of their oceanographic 

conditions may help to clarify their potential impacts on the mesopelagic assemblage in future 

studies.   

4.2.3. Reponses to Coastal Influences (Distance to 200-m Isobath) and Productivity (Mean 

Monthly Chl-a) 

There was evidence of limited horizontal structuring in response to distance to nearest 200- 

m isobath, with P. guernei and S. affinis having increased probabilities of occurrence with greater 

distance from the shelf break and C. sloani having increased probabilities closer to the shelf break. 

This potentially indicates horizontal structuring in response to coastal influences as has been 

previously noted in tuna and billfish larvae which partition their habitats with certain species 

preferring coastal or oceanic conditions (Pruzinsky et al., 2020; Rooker et al., 2012).  

The increased probability of capture of C. sloani closer to the shelf break aligns with 

previous literature that has noted its occurrence along continental slopes and in coastal regions in 
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areas such as North Carolina, Australia, the Western GoM and the Arbian Sea (Aguilar-Medrano 

et al., 2020; Butler et al., 2001; Gartner et al., 2008; Williams et al., 2001). Nearshore regions in 

northern GoM are characterized by high terrestrial runoff and high Chl-a and thus are likely to 

support greater primary and secondary productivity which C. sloani may be taking advantage of.  

In previous studies P. guernei and S. affinis have been found in slope and offshore regions 

though literature on their horizontal distributions is rather limited (Aguilar-Medrano et al., 2020; 

Butler et al., 2001). In the present study the increased probabilities of P. guernei and S. affinis 

capture further from the shelf break may indicate that they are primarily oceanic species in the 

northern GoM perhaps in response to presumed limited vertical ranges offered in nearshore waters. 

Interestingly, P. guernei displayed decreased biomass further away from the shelf break at night 

(the inverse of its predicted occurrence) which potentially indicates an increase in smaller 

(potentially juvenile) P. guernei further from the shelf break. As previously discussed, other 

pelagic larval fishes (e.g., Swordfish and Tuna) often utilize these offshore oligotrophic regions so 

these areas may offer a favorable habitat for smaller P. guernei (Pruzinsky et al., 2020; Rooker et 

al., 2012).  

In terms of productivity, the examined taxa largely displayed no evidence of structuring in 

response to mean monthly Chl-a. On the global scale mesopelagic fish biomass is largely 

correlated with upper ocean productivity (Proud et al. 2017). However, on smaller spatial and 

temporal scales (e.g., 10 – 100 kms, days – months) the connection between mesopelagic fish 

biomass and productivity is not always apparent and can often be complex (Saijo et al., 2017, 

Woods et al. 2023). The lack of structuring observed in response to Chl-a may be due to spatial 

and temporal lags between primary productivity and mesopelagic fish biomass and occurrence 

which were not accounted for in the present study but should be considered in the future. Overall, 

this study suggests that bottom-up processes are not significantly impacting the examined 

stomiiform fishes’ distribution patterns at the scales examined which suggests that another 

potential driver is responsible for the observed patterns.  

Sigmops elongatus was an exception to the overall trend with its daytime probability of 

occurrence inversely related to mean monthly Chl-a and RW. Other studies have noted inverse 

relationships between Chl-a and species occurrence specifically in the case of Electrona antarctica 
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in the Southern Ocean (Loots et al., 2007). In E. antarctica the inverse relationship with Chl-a was 

due to its decreased abundance north of the Antarctic Polar Front (which represented its northern 

limit) and its absence in shelf regions (Loots et al., 2007). Sigmops elongatus was not significantly 

affected by distance to 200 m isobath which suggests that its response to Chl-a is not related to its 

pelagic nature and thus may be related to another factor. Predicted mean Sigmops elongatus 

biomass was elevated within RW which suggests that the reductions in occurrence are likely driven 

by smaller S. elongatus. If smaller S. elongatus are driving the trend, then potentially they are 

subjected to greater predation risk within these highly productive areas leading to either greater 

mortality or avoidance. With fewer “smaller” S. elongatus the S. elongatus captured would likely 

be larger individuals which would elevate its predicted mean biomass in these regions. Larger S. 

elongatus are also known to reside deeper in the water column than smaller individuals so they 

may be largely unaffected by RW or localized areas of high productivity which considering that 

Chl-a was not retained in the biomass model appears to be the case (Lancraft et al. 1988).   

There were two cases where Chl-a was retained (C. sloani and S. affinis) and the responses 

were complex with biomass peaks at around 0.50 mg/m3. In the case of S. affinis the peak in 

biomass was associated with the station “B175” (Figure 5) which when removed from the model 

meant that Chl-a was no longer retained. Station B175 is in the vicinity of DeSoto Canyon which 

has the potential to alter the distribution patterns of mesopelagic fishes, as has been the case in 

other undersea canyons (e.g., Kenchington et al., 2020). Undersea canyons allow deep-living taxa 

access to the more productive continental slope and can potentially host greater fish diversity, 

abundance, and biomass which can make them hotspots for upper trophic level taxa (Genin, 2004).  

However, despite B175 being one of the most sampled stations (sampled during all seven cruises) 

further work needs to be done in the region to draw any significant conclusions about DeSoto 

Canyon’s potential impacts on the mesopelagic assemblage. A peak in C. sloani biomass was also 

found at station B175 but even when data from station B175 was excluded from analysis the peak 

remained, likely indicating another driver influencing their distribution patterns.  

Evidence of horizontal structuring in the examined taxa in response to coastal influences 

was limited at the spatial and temporal scales examined. Even in cases where distance to 200 m 

isobath or Chl-a were retained it was often not conserved between day and night models (except: 

S. elongatus and S. affinis) which hints at the magnitude of structuring (if present) being marginal. 



 

62 
 

 

The limited horizontal spatial structuring observed namely in response to distance to 200 m isobath 

may be due to the vast majority of the trawl samples analyzed being seaward of the 1500 m isobath. 

Thus, the limited spatial structuring observed may simply be the edge of a potential spatial 

gradient. Overall, the limited evidence of horizontal structuring supports previous literature on the 

mesopelagic fish assemblage in the GoM which has suggested that the assemblage has only limited 

horizontal structure in the offshore space (Milligan and Sutton, 2020; Ross et al., 2010; Wang et 

al., 2021).   

4.3. Caveats and Future Considerations  

4.3.1. Caveats 

Studies of biomass are inherently biased by the inclusion of larger individuals which can 

effectively “drown out” the effects of smaller individuals. This was especially the case in this study 

due to the MOCNESS’s bias towards the collects of smaller specimens. While this bias was 

probably minimal in the case of the Cyclothone examined due to their small range, it was apparent 

in the analysis of the larger, higher trophic level stomiiform fishes examined whose size range is 

much wider (e.g., S. elongatus). The low numbers of specimens for many examined taxa meant 

that a relatively small number of larger specimens were weighted more heavily in the models based 

on biomass which may partially explain the discrepancies between presence-absence and biomass 

models seen in S. elongatus and P. guernei.  

The modelled data were often characterized by high variability, which makes detection of 

patterns in the data more difficult. The high variability seen in the biomass data is likely partially 

related to the patchy distribution of mesopelagic fishes at fine scales (10s -100s m). Mesopelagic 

fishes are known to occur in aggregations with other pelagic fauna and have been observed to 

exhibit patchy distributions patterns that may be largely structured by small scale environmental 

cues (Auster et al., 1985; Greenlaw et al., 1985; Duhamel et al., 2000). Considering that this study 

was conducted using trawl data it is difficult to determine how much influence these fine scale 

cues have on the study’s outcomes and how much this “patchiness” is potentially obscuring 

potential structuring patterns on the spatial and temporal scales utilized.  

The high variability seen in the model data is also likely related to the larger stomiiform 

fishes examined being inherently rare due to their position as higher trophic level predators. 
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Modeling the spatial distributions of rare species in general is difficult due to methodological 

restraints and low abundances (Zhang et al., 2020). As a result, the models for a few taxa, namely 

P. guernei and S. affinis were largely based on a handful samples (20 – 30) which may have led to 

high variability in the generated predicted occurrence and biomass values. Additionally, in these 

cases the interaction between depth bin and water mass was not always investigated due to limited 

sample sizes particularly in the different water masses (except CW). As a result, many of the 

observed patterns in vertical distributions seen in other taxa (e.g., C. pallida and C. sloani) may 

have been present but simply could not be investigated. 

In terms of sampling, less sampling was conducted in the mesoscale features examined 

(e.g., LC, LCEs, and river plumes) compared to CW which meant that not all water masses could 

be compared for all taxa (namely MIX). Additionally, the depth bins utilized in sampling were 

rather broad which may have obscured the impacts on vertical distributions. The use of broad depth 

bins also made determining the magnitude of the alterations to vertical distributions seen in C. 

pallida, C. pseudopallida, S. elongatus, and C. sloani difficult. Changes to vertical distributions in 

response to environmental drivers (e.g., light) may occur on scales of 10s – 100s m which may 

have not been adequately captured in the present study.  

4.3.2. Future Considerations 

 The reported deepening of vertical distributions and reduced/subdued DVM rates in the 

examined taxa within the LC and LCEs have the potential to alter the biological carbon pump in 

the northern GoM with potential reductions in carbon sequestration. Modeling of carbon transport 

in warm core eddies near Australia noted that reduced DVM rates within “warm core eddies” 

resulted in lower overall carbon flux out of the epipelagic (Kwong et al., 2020). Due to the highly 

transient nature of the LC and LCEs the potential magnitude is unknown and would require further 

exploration. However, given that acoustic surveys suggest that this pattern may be persistent across 

the GoM’s mesopelagic fish assemblage there may be a large impact on the region’s ability to 

sequester carbon in these LC affected regions that should be considered in future studies of carbon 

transport in the GoM (Boswell et al., 2020; Zimmerman and Biggs, 1999).  

 A notable mesoscale feature that was not examined in this study was cyclonic eddies (CEs) 

since they were not sampled during the timeframe of the study. CEs would potentially have the 

inverse effect as LCEs on carbon export due to potentially elevated rates of DVM and a shallower 



 

64 
 

 

mixed layer which could offset the effects of potentially shallower daytime distributions. CEs have 

the potential to offset the effects of the LC and LCEs on carbon transport though as discussed 

above further research to quantify the magnitude of the impact LC, LCEs, and CEs have on carbon 

transport is required to confirm this. Additionally, investigation of CEs may help clarify the drivers 

behind the structuring patterns observed in this study.  

Another thing to consider is that while this study primarily looked at trawls from May to 

August the potential impact mesoscale eddies have on mesopelagic fish biomass patterns can vary 

seasonally. In subtropical gyres and in the GoM, anticyclonic eddies are shown to have increased 

total Chl-a in the wintertime when compared to surrounding water masses and cyclonic eddies 

(Damien et al., 2021; Dufois et al., 2016; Gaube et al., 2019; Siegel et al., 2011). This enhanced 

productivity is due to a combination of the deeper mixed layers generally found within anticyclonic 

eddies and enhanced convective mixing in the winter (Damien et al., 2021; Dufois et al., 2016). 

This results in nutrient rich waters being transported up into the euphotic zone during the winter 

which stimulates production (Damien et al., 2021; Dufois et al., 2016). Future studies should 

consider the lifetime of LCEs especially as their presumed effects diminish, as their impact on 

mesopelagic fish structuring may be altered during an eddy’s lifetime. 

Given the species-specific responses to the mesoscale features examined, future studies 

should consider modeling further taxa. A notable group that was not included in this study was the 

order Myctophiformes. Myctophiformes are the second most abundant order in the GoM making 

up around 15% of the catch in recent surveys and make up a significant part of the diel vertically 

migrating portion of the mesopelagic assemblage (Sutton et al., 2017b). Alterations to the 

Myctophid assemblage would likely have large impacts on carbon sequestration and also higher 

trophic level organisms. Additionally, the family Sternoptychidae was notably left out of this study 

but could be included in future studies due to their large abundance in the northern GoM and DVM 

behavior. Investigating further species of Cyclothone (e.g., Cyclothone obsura) may be considered 

as well due in part to their large biomass in the northern GoM and the relatively small number of 

studies investigating their distribution patterns and potential ecological significance. 
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5. Conclusion 

The results of this study showed that stomiiform fishes largely display species-specific 

responses to mesoscale oceanographic features at the temporal and spatial scales examined. The 

most widespread and consistent trend across taxa was the alteration of vertical distributions as a 

function of water mass. The horizontal distribution of stomiiform fishes were marginally affected 

by the environmental variables examined with some exceptions in the cases of S. elongatus (Chl-

a) and P. guernei (distance to nearest 200-m isobath). This project additionally hints at potential 

alterations of the biological carbon pump in the confines of the LC and its associated eddies that 

need to be considered in further studies of regional carbon transport. Ultimately further sampling 

is required particularly within these mesoscale features (e.g., LC and LCEs) to confirm many of 

the distribution patterns observed. The inclusion of in situ light measurements, further sampling 

of mesoscale features, and the inclusion of more taxa may help in disentangling the potential 

drivers of the spatial structuring observed and determine if these patterns can be generalized to the 

entire northern GoM mesopelagic assemblage. 
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