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Abstract 
 

 The abundance, distribution, and diversity of cephalopod paralarvae from the upper 

water column (0-130 meters) in the northern Gulf of Mexico (GOM) was studied using samples 

collected during six ichthyoplankton surveys between 2009 and 2012. A total of 2240 

cephalopod paralarvae belonging to 21 families were examined. Octopodidae, Enoploteuthidae, 

and Ommastrephidae were the most abundant taxa collected in the time series. Five taxa had 

significantly different abundances between some sampling periods, while no significant 

differences in abundance occurred between any GOM regions (northwest GOM shelf, north-

central GOM shelf, West Florida Shelf, GOM slope, and GOM basin). The majority of taxa were 

found deeper in the water column at night than during the day. Loliginidae and Pyroteuthidae 

showed significant differences in abundances between day and night, while Octopodidae and 

Pyroteuthidae showed significant differences in abundances between depth bins at night, and 

no taxa showed significant differences in abundances between depth bins during the day. Some 

individual taxa also showed evidence of diel vertical migration, including Octopodidae and 

Pyroteuthidae. Statistical models showed that Enoploteuthidae abundance was affected by 

year, season, diel period, and depth bin, while Octopodidae abundance was affected by region, 

season, and fluorescence, and Loliginidae abundance was affected by light transmissivity, 

fluorescence, and year. Four clusters of taxa were identified, influenced mainly by the most 

abundant taxa. The composition and abundance of the paralarval community varied between 

years, seasons, diel periods, regions, and depths, although some levels of these factors (e.g., 

GOM slope and GOM basin) did not have significant differences. Abundance and distribution of 

paralarvae in epipelagic waters of the northern GOM is likely related to adult spawning timing 



 
 

ix 
 

and location, vertical paralarval movement, hydrographic features, and circulation patterns 

dominated by the Loop Current.
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Chapter One: Abundance, Distribution, and Diversity of the Paralarval Cephalopod 

Community in the Northern Gulf of Mexico 

1. Introduction 

1.1. Cephalopods 

Cephalopods are an important group of marine invertebrates consisting of octopods, 

squids, cuttlefish, and nautilus. Approximately 800 species of cephalopods exist today (Hoving 

et al. 2014). They range widely in size and are found in all areas of the ocean, from nearshore 

to deep-sea and from the tropics to polar regions. There are approximately 93 species of 

cephalopods representing 32 families in the Gulf of Mexico (GOM), though this number is likely 

to change with taxonomic revisions and discovery of new species (Judkins 2009). Some of the 

most commonly collected pelagic families are Enoploteuthidae, Cranchiidae, Pyroteuthidae, and 

Ommastrephidae (Judkins et al. 2017). The nearshore squid family Loliginidae is also abundant, 

as are several members of the octopus family Octopodidae (Judkins 2009). 

Cephalopods are often very influential in marine food webs as both predators and prey 

(Piatkowski et al., 2001). Most species are generalist predators that consume a wide variety of 

prey, including zooplankton, fish, crustaceans, and other cephalopods (Anderson et al. 2008, 

Rodhouse 2013, Rosas-Luis et al. 2016, Guerra-Marrero et al. 2020, Portner et al. 2020). They 

are in turn predated upon by a range of marine megafauna, including fishes (e.g., commercially 

important tuna), marine mammals, and seabirds.  

The position of cephalopods in marine food webs can be explored using food-web 

models, which often use stomach content analyses as inputs. These models show that the 

mean trophic level of squids is 3.65±0.39, but that their trophic level ranges between 2.35 and 

4.42 (Coll et al. 2013). Stable isotope analysis can also be used to estimate trophic positions. 
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Using this method, a recent study calculated trophic positions between 3.1 and 4.7 for six GOM 

cephalopod species (Richards et al. 2023). The wide range of trophic positions, spanning two 

trophic levels, illustrates the range of roles cephalopods play within marine food webs. 

Cephalopods have similar trophic positions to zooplanktivorous fishes, but lower trophic 

positions than many micronektivore and piscivore fishes (Richards et al. 2023). 

Additionally, species within the same family often show diverse trophic positions and 

diverse isotopic niche widths (Staudinger et al. 2019). Trophic position also increases with body 

size and ontogenetic shifts have been detected in some species (Staudinger et al. 2019). 

Squids in particular often have a large trophic impact on other parts of the food web and may be 

keystone species in some areas (Coll et al. 2013). Cephalopods are also important for 

transferring energy between trophic levels as they have high food conversion efficiency rates 

(Wells and Clarke, 1996). 

Cephalopods are found throughout the water column from the surface to the deep-sea. 

Of the many cephalopod taxa that inhabit the mesopelagic zone, a large proportion travel up to 

the surface waters in some form of diel vertical migration (DVM). Cephalopods show a range of 

DVM patterns, including the most common, nyctoepipelagic synchronous vertical diel migration, 

in which animals spend daytime in the meso- and/or the bathypelagic zones and migrate to the 

epipelagic zone at night, and mesopelagic asynchronous vertical migration, in which animals 

are found primarily in the mesopelagic during the day and move into or between the epi- or the 

upper mesopelagic at night (Judkins and Vecchione 2020). DVM in cephalopods is likely driven 

by prey distribution and can be constrained by temperature requirements (Watanabe et al. 

2006). DVM movements increase the contribution of cephalopods to carbon export from surface 

waters; thus they can be an important part of the biological carbon pump (Hidaka et al. 2001).  

Although humans have consumed cephalopods for millennia in some regions, fishing 

has intensified in recent decades, illustrated by increased landings (Ospina-Alvarez et al. 2022). 

Worldwide cephalopod catches were 3.7 million metric tons in 2020 (FAO 2022), down from the 
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2014 peak of 4.9 million metric tons, but similar to the 2018 catches of 3.6 million metric tons 

(FAO 2020). This is only 4.1% of the global capture fisheries production, but cephalopods are 

considered one of the four most high-value groups (FAO 2022). The jumbo flying squid 

Dosidicus gigas had the highest single taxon catch, followed by other ommastrephid and 

loliginid squids, and cuttlefish (FAO, 2022). 

In the United States, commercial harvest of cephalopods centers around three species: 

California market squid (Doryteuthis opalescens), longfin squid (Doryteuthis pealeii), and 

shortfin squid (Illex illecebrosus) (NOAA Fisheries 2020). These fisheries are managed under 

state or federal management plans which dictate catch quotas. Combined landings for the three 

species were 62,358 metric tons in 2020 (NOAA Fisheries 2022). Other species of cephalopods, 

including octopus, the Atlantic brief squid (Lolliguncula brevis), and the arrow squid (Doryteuthis 

plei), are also caught commercially, but in much lower quantities (Voss and Brakoniecki 1985, 

NOAA Fisheries 2022). The United States does not have any commercial cephalopod fishery 

within the GOM, but Mexico has a commercial fishery for octopus (Luis et al. 2020). Additionally, 

recreational and/or artisanal fishing for cephalopods occurs throughout the GOM.  

Many of the commercially important cephalopods discussed above are found in the 

neritic zone, especially those that have been fished the longest. Early research on cephalopods 

was almost entirely focused on these common neritic species, especially the loliginids and some 

octopods, as they were the easiest to access (Arkhipkin 2004). Research on pelagic 

cephalopods has increased in recent years, notably for the commercially valuable 

ommastrephids. However, even general biological knowledge is still lacking for many species, 

especially for deep-sea cephalopods that spend most of their lives in the midwater column, such 

as the genera Cirroctopus and Magnapinna, due in large part to the inaccessibility of their 

environment (Hoving et al. 2014). In the GOM, nearshore species are well-studied, while 

research on pelagic species is slowly increasing (Voss 1954, Judkins 2009, Sutton et al. 2022). 
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1.2. Paralarvae 

The first stage after hatching in the life cycle of most cephalopods is the paralarval 

stage, during which the animals are planktonic (Young and Harman 1988). Cephalopods that do 

not live in the water column at all during their lives, such as Octopus maya and Sepia officinalis, 

are considered to lack a paralarval stage (Vidal and Shea 2023). Termed “paralarvae” instead of 

“larvae” because they are very similar to the adult form and do not undergo metamorphosis, 

these young cephalopods have little locomotory control over their horizontal spatial position, 

similar to other members of the zooplankton community (Young and Harman 1988, Power 1989, 

Bartol et al. 2008, Vidal and Shea 2023). While paralarvae show most structural features of 

adults, they do have morphological specializations for a planktonic lifestyle that distinguish them 

from older conspecifics, including large chromatophores, rudimentary paddle-shaped fins, and 

few or no photophores (Vidal and Shea 2023). The duration of the paralarval stage varies widely 

between different taxa, from days to months [e.g., Sepiola atlantica (Sepiolidae): six days 

(Jones and Richardson 2010) and Robsonella fontaniana (Octopodidae): 70 days (Uriarte et al. 

2010)]. Due to their rapid growth, short paralarval phase, and patchy distribution, paralarvae are 

relatively rare in the plankton community, which makes them challenging to study.  

Research focusing on paralarvae, particularly in the wild, has expanded considerably in 

the last two decades. A number of studies on the distribution and abundance of paralarvae have 

been conducted in and around the Gulf of California, off the coast of the Iberian Peninsula, and 

off the coast of Brazil (e.g., Haimovici et al., 2002; Moreno et al., 2009; Roura et al., 2016; 

Ruvalcaba-Aroche et al., 2018; Araújo and Gasalla, 2019; Martínez-Soler et al., 2021). 

However, many regions are still lacking in knowledge about the paralarval community and there 

is a dearth of information about most taxa at the paralarval stage, especially for species that are 

not fished commercially. 

As zooplankton, paralarvae are often distributed higher in the water column than adults. 

Myopsid squid paralarvae are found in neritic waters, as are the paralarvae of many demersal 
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octopods (Moreno et al. 2009). Oegospid squid paralarvae are often found further offshore, 

along with the paralarvae of pelagic octopods. Many of these are distributed in the first few 

hundred meters of the water column (e.g., Bower and Takagi, 2004; Castillo-Estrada et al., 

2020).  

Some species of cephalopod undergo DVM as paralarvae, although vertical migration is 

less common in paralarvae than adults. Some species vertically migrate at one life stage, but 

not at another. For example, Bower and Takagi (2004) found that Gonatopsis borealis and 

Gonatus spp. paralarvae did not show any evidence of diel vertical migration, but Watanabe et 

al. (2006) found that adults of these taxa underwent diel vertical migration. In contrast, both 

Abralia redfieldi paralarvae and adults showed clear evidence of DVM (Castillo-Estrada et al. 

2020, Judkins and Vecchione 2020). However, Castillo-Estrada et al. (2020) found evidence of 

DVM in A. redfieldi in only one of two years of study, suggesting that more research is needed 

to confirm any migratory behavior.  

Paralarvae are difficult to study because they tend to be patchily distributed, so a greater 

number of samples is required to obtain adequate sample sizes for robust analysis of 

abundance and distribution. Net type and collection depth are also important. Many species of 

cephalopods are found in near-surface waters as paralarvae, requiring use of a net capable of 

surveying this habitat. The main gear used to collect paralarval cephalopods is the bongo net, 

which is used for depth-integrated oblique hauls (e.g., Moreno et al., 2009). Sampling with a 

focus on vertical distribution frequently uses a Multiple Opening/Closing Net and Environmental 

Sensing System (MOCNESS) (e.g., Castillo-Estrada et al., 2020). On occasion, a manta net is 

the optimal choice, as it is best for surveying species frequently found at or near the surface, 

such as the Sthenoteuthis oualaniensis - Dosidicus gigas complex (e.g., Vecchione, 1999). 

Cephalopod paralarvae are challenging to identify morphologically at the smallest sizes; 

many species are between one and two mm at hatching (e.g., Abralia trigonura: 1 mm, 

Ommastrephes bartramii: 1.3 mm, Octopus insularis: 1.7 mm) (Young and Harman 1985, 
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Villanueva et al. 2016). At these body sizes morphological characteristics such as funnel-locking 

mechanisms and tentacle clubs are so small that it can be difficult to pick out features using a 

standard dissecting microscope. Because of this, some studies make use of other types of 

microscopy, such as scanning electron microscopy and autofluorescence microscopy (Ramos-

Castillejos et al. 2010, Metz et al. 2015, Fernández-Álvarez et al. 2018). Additionally, many 

useful features for distinguishing between species in the same family or genus do not appear 

until later in the animal’s development, for example, within Ommastrephidae, the species 

Sthenoteuthis oualaniensis and Dosidicus gigas in the eastern Pacific cannot be distinguished 

by morphological identification until they attain mantle lengths of about 4 mm, at which point S. 

oualaniensis develops ocular and intestinal photophore while D. gigas does not (Ramos-

Castillejos et al. 2010).  

These challenges are common with even the most intact specimens. For specimens that 

have been damaged during capture, identification becomes even more difficult, especially if a 

useful body part, such as the tentacle club, has been separated from the body. Gelatinous 

species are often torn apart, and even more muscular species may lose arms, tentacles, or 

eyes or have the mantle everted. Due to these obstacles, taxa with especially distinctive 

features, such as the proboscis of paralarval ommastrephids, are often positively identified more 

frequently than those without such features. This suggests potential biases in the results of 

studies based on morphological identification. Taxa with distinctive features, such as the 

ommastrephids mentioned above, may be reported as more abundant, but this could be simply 

because they are easy to identify, while other taxa are left as “unidentified.” The challenge of 

identifying paralarvae morphologically means that many studies are only the family level (e.g., 

Haimovici et al., 2002; Ruvalcaba-Aroche et al., 2018; Araújo and Gasalla, 2019). DNA 

barcoding can be a useful alternative to morphological identification as it often allows for 

species-level identification of even damaged specimens (Taite et al. 2020). 
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In the offshore waters of the GOM, one can expect to find oegopsid squid and pelagic 

octopod paralarvae. At nearshore locations, one can expect to find myopsid squid paralarvae 

and the paralarvae of nearshore octopuses. The presence of paralarvae is dependent on the 

spawning period of the adults; however currently little is known about spawning patterns of 

cephalopods specifically within the GOM, especially for pelagic species. Although many studies 

have been conducted on sub-adult and adult cephalopods in the GOM, to date, very few have 

focused on offshore (i.e., non-loliginid) paralarvae. Sluis et al. (2021) studied the distribution and 

abundance of squid paralarvae in the northern GOM. Goldman and McGowan (1991) studied 

the distribution and abundance of ommastrephid squid paralarvae in the Florida Keys, in the far 

eastern portion of the GOM. Santana-Cisneros et al. (2021a; 2021b) studied octopod paralarval 

identification and dispersion in the southern GOM. Guarneros-Narváez et al. (2022) studied the 

distribution, abundance, and genetic structure of loliginid squid paralarvae in the southeastern 

GOM. García-Cordova et al. (2023) examined the distribution of myopsid and oegopsid squid 

paralarvae in the southeastern GOM. 

 

1.3. Gulf of Mexico 

The GOM is a semi-enclosed basin considered a marginal sea of the Atlantic Ocean. It is 

connected to the Caribbean Sea via the Yucatán Strait and to the western Atlantic Ocean 

through the Straits of Florida. Circulation in the GOM is driven by the Loop Current, part of the 

Gulf Stream system (Candela et al. 2002, Kourafalou et al. 2017). The Loop current flows into 

the GOM through the Yucatan Channel as the Yucatan Current (Candela et al. 2002), then flows 

clockwise around the eastern GOM, exiting through the Straits of Florida, where it becomes the 

Florida Current (Kourafalou et al. 2017). The northern extent of the Loop Current varies 

throughout the year, reaching between 24°N and 29°N (Maul 1977, Leben 2005). At its farthest 

northern extension, the current almost reaches the Mississippi Delta (Maul 1977, Schiller and 
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Kourafalou 2014). The longitudinal extent also varies; the Loop Current enters the GOM at 

around 86°W but the westward extension of the anticyclonic flow can reach 93°W (Leben 2005). 

At irregular intervals (between two weeks and 18 months), eddies split off from the Loop 

Current and travel to the west (Sturges and Leben 2000, Leben 2005). These Loop Current 

Eddies (LCEs) are large (average area: 38,768 km2) warm-core mesoscale anticyclones (Leben 

2005). LCEs are important in the westward transport of heat and salt, and the redistribution of 

river plumes (Elliott 1982, Morey et al. 2003). Surface chlorophyll concentration is lower in LCEs 

than in common GOM water; however, primary production in LCEs is higher than in the 

surrounding waters (Damien et al., 2021). Eddies can also transport zooplankton, sometimes 

large distances, due to long retention times (Condie and Condie 2016). Differences in plankton 

retention occur with depth, suggesting that plankton communities within the eddy may vary 

depending on its depth structure (Condie and Condie 2016). Warm-core eddies in the 

northwestern Atlantic Ocean support diverse species assemblages of paralarvae (Taite et al. 

2020). 

 The Mississippi River, one of the largest rivers in the world by amount of water 

discharged (15th largest, National Park Service, 2022), has a large impact on the GOM. It is an 

important source of freshwater and terrigenous sediments and nutrients. Variability in the 

extension of the river plume is dependent on river discharge and alongshore winds (da Silva 

and Castelao 2018). Maximum offshore extension is typically during summer, with minimum 

extension in fall/winter (da Silva and Castelao 2018). The continental shelf is always under the 

influence of the river plume, but during summer the plume can extend beyond the shelf break 

(approximately 200 to 250 kilometers) and in anomalous years can even reach 350 kilometers 

from the coast due to interactions with the Loop Current and LCEs (da Silva and Castelao 

2018).  

The Mississippi River plume has a large influence on biomass at various trophic levels of 

the pelagic food web. Lohrenz et al. (1990) found that primary production was enhanced at the 
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interface of the plume and Gulf Common Water, due in part to the combination of light 

availability, nutrient concentration, and salinity. Microzooplankton grazing rates were also 

highest at intermediate stations between the plume and more standard GOM waters (Liu and 

Dagg 2003). Overall zooplankton biomass, and specifically copepod abundance, has been 

found to be highest in the Mississippi Outflow region (Ortner et al. 1989). 

 The GOM experiences seasonality in several environmental conditions, including 

temperature. The surface temperatures are uniformly warm in the summer (~29°C and higher) 

and cooler in the winter, with the coldest surface temperatures along the northern edge (~19°C), 

while temperatures remain higher further south (up to ~26°C) (Allard et al. 2016). Spring and fall 

temperatures are transitional, with spring temperatures slightly higher than winter and fall 

temperatures slightly lower than summer (Allard et al. 2016). Offshore sea surface salinity is 

fairly constant throughout the year, with lower salinity waters present in fall and winter in 

nearshore areas (Allee et al. 2012). The near-shore region of the northern GOM experiences 

seasonal hypoxia in bottom-waters, but near-surface oxygen concentrations are relatively 

constant throughout the GOM over the seasonal cycle (Garcia 2014). In general, chlorophyll 

concentration is highly variable throughout the GOM (Pasqueron De Fommervault et al. 2017). 

Chlorophyll concentrations are highest in coastal waters where riverine input increases nutrient 

levels. In terms of the seasonal cycle, chlorophyll concentrations are highest in the winter and 

lowest in the summer (Pasqueron De Fommervault et al. 2017). Spring and fall have average 

chlorophyll concentrations closer to the summer values (Pasqueron De Fommervault et al. 

2017). 

 

1.4. Objectives 

This study will explore multiple aspects of cephalopod paralarvae ecology to better 

understand the abundance and distribution in the northern GOM and along the West Florida 

Shelf. Four main objectives will be addressed by the present study: 1) compare abundance and 
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spatial distribution of paralarvae across different time periods and regions, 2) compare day and 

night vertical abundance distribution of paralarvae in the upper water column, 3) investigate the 

influence of environmental, spatial, and temporal factors on paralarval abundance, and 4) 

quantify the diversity of the paralarval community to determine spatial and temporal differences. 

Paralarval abundance in the GOM is likely to vary spatially and temporally, which is 

mainly dependent on spawning times and locations, as well as water currents. Additionally, 

paralarvae are likely affected by environmental conditions including water temperature and 

salinity. As zooplankton, the abundance of paralarvae may also vary with chlorophyll 

concentration and sample collection depth. Paralarval abundance is also affected by predation 

as they are consumed by a variety of predators (York and Bartol 2016). Examining these factors 

will allow inferences to be made about the conditions they experience and potential exposure to 

anthropogenic activities. The results of this research will also fill a regional gap in knowledge of 

paralarval cephalopod ecology by considering a wide spatial area and multiple taxa. 

Additionally, these results are a baseline for future studies to compare the paralarval 

communities in different locations or times as well as identify possible changes in the northern 

GOM paralarval community. 

 

2. Methods 

2.1. Sample Collection 

Cephalopod paralarvae were collected by the Southeast Area Monitoring and 

Assessment Program (SEAMAP) during their annual plankton surveys in the northern GOM. 

SEAMAP is a joint state/federal/university program with partners including the NOAA Southeast 

Fisheries Science Center and the Florida Wildlife Research Institute that has been conducting 

surveys in the GOM since 1981. The samples used in this study were collected on surveys 

conducted in winter (January-March), spring (April-May), and early fall (August-September). 

Different areas were targeted in different seasons depending on SEAMAP objectives: mainly the 
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shelf break in the winter, with some sampling over the inshore continental shelf and offshore 

waters, offshore waters in spring, and continental shelf waters in fall. Individual sites were 

sampled in one, two, or all seasons. Stations were sampled regardless of time of day, so 

plankton collections were made around the clock, resulting in both daytime and nighttime 

samples (Southeast Area Monitoring and Assessment Program 2016). A CTD cast was 

conducted at the end of every station to obtain temperature, salinity, dissolved oxygen, 

transmissivity, and fluorescence profiles. The continuously sampled CTD data were binned to 

produce one observation per meter of deployment.  

The zooplankton sampling was carried out using a MOCNESS with a 1 m2 opening and 

nine 0.505 mm mesh nets. The first net (net 0) is open while the sampling gear descends 

through the water column and is generally discarded from analysis as it is an aggregate sample 

of the entire sampled portion of the water column. The remaining eight nets are opened and 

closed at specific, sequential depths to collect plankton from discrete depth bins. Depth bins 

were determined by water column depth; at shallow stations (<65 m), 10 m depth bins were 

used, while at stations with water depth greater than 65 m, 20 m depth bins were used. Each 

net is considered an individual sample. Therefore, each survey site has multiple samples 

collected on the same day. The MOCNESS records the opening and closing depths of each net 

and the MOCNESS software calculates the volume filtered by each net.  

Samples were initially preserved in 95% ethanol after collection and transferred to fresh 

ethanol after 24 hours. After the cruises, samples were sorted and cephalopods were removed, 

counted, and placed in separate vials at the Sea Fisheries Institute, Plankton Sorting and 

Identification Center (ZSIOP), in Szczecin, Poland. Each vial contained the cephalopods 

collected in a single net. 

This study examined samples collected between 2009 and 2012 during six surveys 

(Table 1). Samples were conducted in winter (late January through mid-March), spring (May), 

and early fall (late August through September). Eighty-nine individual sites were sampled during 
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the surveys (Figure 1). The number of sites occupied per survey ranged from 9 (early fall 2009) 

to 45 (winter 2009) (Table 1). The number of nets used per site in the SEAMAP sampling ranged 

from three to eight, resulting in between 60 and 246 samples collected per survey (Table 1). At 

deeper stations, sampling was conducted from 130 m depth to the surface, while at shallower 

stations, sampling was from near bottom to the surface. The volume of water filtered by the nets 

was typically between 200 and 400 m3, where larger volumes filtered generally indicate a larger 

depth range sampled.  

 

Table 1. Number of sites occupied and number of samples (not including net zeroes) collected 
in each survey used in this study. 
 

 Winter 
2009 

Early Fall 
2009 

Early Fall 
2011 

Winter 
2012 

Spring 
2012 

Early Fall 
2012 

Sites 
Occupied 

45 9 12 17 23 11 

Samples 
Collected 

246 61 60 94 115 61 

 

 
Figure 1. Sampling sites in the GOM (2009-2012, 6 cruises). 
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2.2. Specimen Identification 

Specimens were identified to the lowest taxonomic level possible based on identification 

guides by Sweeney et al. (1992), Vecchione et al. (2001), and Vidal, Shea, and Judkins 

(unpubld). Damaged or small (generally less than two mm mantle length) specimens often could 

not be identified and were classified as “unidentified squid” or “unidentified cephalopod.” 

Paralarvae were measured for dorsal mantle length to the nearest 0.1 mm using digital calipers 

and weighed to the nearest 0.01 g. Paralarvae were split into groups based on identification and 

archived in vials with one vial per taxon per sample. If a large number of paralarvae from a 

single taxon were present in one sample, they were split into multiple vials for archiving. 

 

2.3. Data Treatment 

 For each sample, the total depth covered by the net in meters was calculated, the depth 

bin sampled was identified, and the median point of the depth bin was calculated. Each sample 

was assigned to one of five regions based on Wilkinson et al. (2009): Northwestern GOM shelf, 

North-central GOM shelf, West Florida Shelf, GOM slope, and GOM Basin (Figure 2). These 

regions were selected from the three GOM regions (level I), then combining the seafloor 

geomorphological regions (level II) based on distance from coast (shelf, slope, other), and then 

splitting the shelf region into three regions based on coastal regions (level III) (Wilkinson et al. 

2009).  
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Figure 2. Sampling sites in the five GOM regions considered in this study. 
 

2.4. Analysis 

All analyses were carried out using R version 4.3.1 and RStudio (Posit team 2023, R 

Core Team 2023). Abundance modeling was performed using the R packages ape (v5.7-1; 

Paradis and Schliep 2019), car (v3.1-2; Fox and Weisberg 2018), mgcv (v1.8-42; Wood 2017), 

and mgcViz (Fasiolo et al. 2020). Community structure analyses and visualizations were carried 

out using the R packages BiodiversityR (v2.15-4; Kindt and Coe 2005), caret (v6.0-94; Kuhn 

2008), ggordiplots (v0.4.3; Quensen et al. 2024), labdsv (v2.1-0; Roberts 2023), 

RVAideMemoire (v0.9-83-3; Herve 2023), and vegan (v2.6-4; Oksanen et al. 2022). A full list of 

packages used in this study is provided in Appendix 1.  

Samples with extremely high counts of individual taxa were not removed from any 

analyses as they are real data points and their effect on the mean abundance is reflected in the 

standard deviation/standard error. All taxa were included in the analyses except for the 

abundance modeling, which included only three taxa with high abundance and frequency of 

occurrence. Unidentified individuals were not included in analyses, with one exception: all 
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paralarvae, including unidentified specimens, were combined into a single category 

(Cephalopoda) to include as a comparative group in the analyses. 

 

2.4.1. Abundance and Distribution 

The abundance of each taxon was calculated for all sampling periods and regions. The 

periods were: all cruises, 2009, 2011, 2012, winter 2009, early fall 2009, winter 2012, spring 

2012, and early fall 2012. The regions were the Northwestern GOM shelf, North-central GOM 

shelf, West Florida Shelf, GOM slope, and GOM basin (Figure 2). The abundance of paralarvae 

in each sample was calculated by dividing the count of paralarvae (all paralarvae together and 

individual taxa) by the volume of water filtered by the net and multiplying by 1000. The general 

prevalence of each taxon as well as all paralarvae together was then quantified using the 

following five metrics: 1) total number of individuals of the specified taxon collected in a given 

sampling period or region, 2) mean abundance (number of paralarvae per 1000 m3) and 

standard deviation of the specified taxon in a given period or region, 3) the percentage of all 

individuals (including unidentified) collected in a given sampling period or region belonging to 

the specified taxon, 4) the frequency of occurrence, or percent of samples collected in a given 

sampling period or region in which the specified taxon occurred, and 5) the number of samples 

collected in a given sampling period or region in which the specified taxon occurred. 

 Mean abundance was compared between different sampling periods and sampling 

regions for all taxa. The Wilcoxon test (used when two levels of grouping factor were present) or 

Kruskal-Wallis test (used if more than two levels of grouping factor were present) was used to 

test for significant differences in mean abundance between years, seasons, seasons in 2009, 

seasons in 2012, and regions. If the Kruskal-Wallis test was used and produced a significant p-

value, Dunn’s test with Holm’s p-value adjustment was used for post hoc multiple comparison 

testing on all possible pairs to determine which pairs of the grouping factor had significantly 
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different mean abundances.  Frequency of occurrence and mean abundance were considered 

in conjunction to identify the most common/abundant taxa. 

 

2.4.2. Vertical Distribution 

 The number of samples collected in each depth bin was calculated (Figure 3) and the 

five most frequently sampled bins along with the most frequently sampled bin deeper than 100 

m were selected for the vertical distribution analysis. Due to variation in collection depths, each 

sample was assigned to one of these six depth bins if its opening and closing depths fit within a 

depth bin. Samples that did not fit in any of the bins were removed from this portion of the 

analysis. Although the samples were collected at different times and in different locations, they 

were all used to assess the vertical distribution of the paralarvae. All metrics were calculated for 

each taxon individually as well as all specimens combined into one group. Before analyzing the 

mean abundances, the spread of abundances was visualized for each taxon. 

 Each taxon was then tested to identify taxa with significant diel differences in near-

surface (0-130 m) abundance. All samples containing at least one individual of the specified 

taxon were subset from the full set of samples and the abundance of the taxon in each sample 

was calculated as in the previous section. Then the samples were split between day and night 

and the average abundance and standard deviation at each time of day were calculated. The 

Wilcoxon test was used to determine if there was a significant difference between the average 

abundance during the day versus at night (α = 0.05). Samples from different depth bins were all 

considered together here.  

 This process was repeated to test for significant differences in abundance among depth 

bins. In this case, day and night samples were analyzed together. The Kruskal-Wallis test was 

used for taxa that were collected in more than two depth bins, while the Wilcoxon test was used 

for taxa that were collected in only two depth bins. If a taxon had a significant difference in mean 

abundance between depths (α = 0.05) from the Kruskal-Wallis test, the Dunn test with Holm’s p-
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value adjustment was used for follow-up pairwise testing to identify pairs of depth bins with 

significantly different mean abundances. 

 

 

Figure 3. Number of samples collected in each depth bin. 

 

 Mean abundance was calculated separately for daytime and nighttime samples for each 

taxon in each depth bin. Significant differences among depth bins were identified using the 

Kruskal-Wallis or Wilcoxon test, and the Dunn test with Holm’s p-value adjustment was used for 

follow-up testing. 

 The daytime and nighttime abundance-weighted mean depths were calculated for each 

taxon following Muhling et al. (2013). This metric identifies the center of distribution for each 

taxon. The following equation was used to calculate the abundance-weighted mean depth for 

each time of day separately for each taxon: 

𝑌𝑌 =  
∑ 𝑤𝑤𝑖𝑖𝑋𝑋𝑖𝑖𝑛𝑛
𝑖𝑖=1
∑𝑤𝑤𝑖𝑖

 



 
 

18 
 

where Y is the abundance-weighted mean depth at a specified time of day for a 

specified taxon, X is the median depth of the sample’s depth bin, and wi is the abundance of 

sample i. For each taxon, the day and night abundance-weighted mean depths were compared 

to make inferences about possible diel movement.  

 

2.4.3. Abundance Modeling 

Generalized additive modeling was used to examine the relationship between paralarval 

abundance (as counts) and a range of environmental, spatial, and temporal variables. Three 

common (high abundance and high frequency of occurrence) taxa were selected for abundance 

modeling: one oegopsid family (Enoploteuthidae), one myopsid family (Loliginidae), and one 

octopod family (Octopodidae). Each taxon was modeled individually. The explanatory variables 

considered in the modeling process were fluorescence, transmissivity, oxygen concentration, 

salinity, region, year, season, diel period, depth bin, and volume of water filtered. The response 

variable was count, or number, of paralarvae. 

Samples were assigned to one of six depth bins or removed from the dataset as 

described in the vertical distribution methods section above. The 1-meter binned CTD data were 

further binned to produce an average value for each variable over the actual open range of the 

net for each sample. Samples with missing CTD data were removed from the dataset. All 

variables were checked for outliers and samples containing an outlier in one or more 

explanatory variables were removed. Samples with outlying paralarvae count values were 

retained. Multicollinearity between explanatory variables was assessed using modified variance 

inflation factors (VIF) (DeRuiter 2019). Variables with a modified VIF above a threshold value of 

4 were removed from the analysis (DeRuiter 2019).  

The percentage of samples that had a value of zero for the response variable was 

calculated for all samples to evaluate whether the data were zero-inflated. Single variable and 

two variable tables were produced to explore sampling effort in time and space (Appendix 2). To 
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check for patterns in abundance due to multiple samples collected at same site, a boxplot was 

created of counts versus site ID. 

Generalized additive models (GAMs) were created using three distributions appropriate 

for count data: Poisson, quasi-Poisson, and negative binomial. All variables selected by the VIF 

process were included in the model, with the continuous variables as modified thin plate 

regression spline smoothers (Miller et al. 2016). Volume filtered was tested to determine 

whether it was appropriate to include as an offset term or as a covariate (Ieno et al. 2014). Each 

model was refined by converting smooth terms to parametric terms if the smoother was linear. 

The dispersion statistic was calculated (Zuur and Camphuysen 2013). The model summary was 

produced and the deviance explained was recorded. For the negative binomial model, the theta 

value (θ) was extracted from the model summary. 

 The model with the dispersion statistic closest to 1, indicating it was neither over- nor 

under-dispersed, and a positive adjusted R2 value was selected for further model fitting. 

Backward stepwise selection was used to obtain the best-fitting model (Appendix 2). In this 

procedure, the variable with the highest p-value in the model was removed and the model was 

re-run. The two models (one with the variable and one without) were compared using a multi-

model ANOVA and the Akaike Information Criterion (AIC). If either test indicated that the 

reduced model was better, the variable with the new highest p-value was removed from that 

model and it was re-run. The process was repeated until no variables had insignificant p-values 

(α = 0.05). At this point, the working model was considered the best model. The estimates of the 

parametric coefficients were extracted from the model summary. The smooth functions and the 

partial effects of the parametric model components were plotted for interpretation. 

 Model validation was conducted to verify whether the final model met the assumptions of 

the technique and could be used for a robust interpretation. Homogeneity of variance was 

verified by plotting the Pearson residuals versus the fitted values. Model misfit (or 

independence) was verified by plotting the Pearson residuals versus each covariate in the 
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model and each covariate not included in the model. Normality was verified by assessing a 

histogram and Q-Q plot of the Pearson residuals. Influential observations were identified using 

Cook’s distance with three thresholds (Appendix 2). To determine whether there were site-

specific patterns that were not captured in the model, a boxplot was created of the Pearson 

residuals versus site. Finally, independence between samples collected at multiple spatial 

locations was verified by calculating Moran’s I statistic using both the Pearson residuals and the 

original count data. Additionally, spatial correlation between samples collected at the same site 

versus at other sites was tested using Moran’s I. 

 

2.4.4. Community Structure 

 The beta-diversity (family composition and abundance) of the community was analyzed. 

The effects of the categorical variables year, season, diel period, region, and depth bin were 

examined. All samples containing at least one cephalopod of an identified taxon were used. To 

test whether beta-diversity differed by depth bin, the same subset of samples included in the 

analysis of vertical distribution was used. Counts were converted to abundance by dividing by 

the volume of water filtered by the sample and multiplying by 1000. Principal coordinates 

analysis (PCOA) was used to visualize similarities between samples based on their beta-

diversity. It was also used to determine which taxa were more likely to be found together and 

which taxa drove the patterns in beta-diversity.  

PCOA ordination was also used to visualize the dispersion and mean beta-diversity of 

samples for each of the variables listed above by plotting covariance ellipses and the centroid of 

each ellipse using the samples in each level of the grouping factor. The shape and size of these 

ellipses gives an idea of whether the dispersion of different groups varies while the location of 

the centroid gives an idea of whether the mean beta-diversity of the groups varies. All PCOA 

ordinations were created using non-transformed abundance data. 
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To determine if significant differences existed in the dispersion of samples among 

different levels of the grouping factors, which could also indicate changes in the variability of the 

beta-diversity, the PERMDISP algorithm was used, followed by a permutation-based 

multivariate analysis of variance (PERMANOVA) to determine if the dispersions calculated by 

PERMDISP were significantly different. This tests the null hypothesis of no significant difference 

in multivariate dispersion in the beta-diversity of paralarvae across observations grouped by the 

grouping factor under consideration (α = 0.05). If the PERMANOVA was significant, a pairwise 

PERMANOVA was performed to determine which pairs of levels of the grouping factor were 

significantly different in dispersion. 

Next, a PERMANOVA was run on the samples to determine if the grouping factor had a 

significant effect on the beta-diversity of the community. This tests the null hypothesis that there 

is no significant difference in the family composition and abundance (beta-diversity) of 

paralarvae among the levels of the grouping factor under consideration. A significant 

PERMANOVA following a significant PERMDISP means that the groups of samples differ in 

dispersion and potentially also in location. A significant PERMANOVA following a non-significant 

PERMDISP means that the groups of samples do not differ in dispersion, but do differ in 

location.  

If the PERMANOVA on samples’ taxa abundances was significant, a pairwise 

PERMANOVA was performed to identify which pairs of levels of the grouping factor were 

significantly different in beta-diversity. This tests the null hypothesis that there is no significant 

difference in the family composition and abundance of paralarvae among each pair of levels of 

the grouping factor. The PERMDISPs and PERMANOVAs were performed on square-root 

transformed abundance (# paralarvae per 1000 m3) data, as this transformation down-weighs 

the importance of the more abundant taxa and gives more value to rare taxa. PERMANOVAs 

produce an F-statistic that describes how well the model captures the variability in the 

multivariate data compared to what remains in the error portion, where a larger F-statistic 
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means the model performs better. The PCOA ordinations can illustrate the differences in 

dispersion and location. 

Finally, a canonical analysis of principal coordinates (CAP) was performed on the 

square-root transformed abundance data using each grouping factor to visualize the differences 

between groups of samples (based on grouping factor) and determine which levels of the 

grouping factor are the most similar. Axes on the CAP ordination maximize the separation 

between groups.  

Indicator power values for each taxon were calculated based on each grouping factor 

using square-root transformed abundance data and taxa with significant indicator power values 

were plotted on the CAP ordinations to show which taxa characterize specific groups of the 

grouping factor, if any. Indicator power values greater than 0.90 are very strong, indicating a 

taxon has high group specificity (i.e., individuals of the taxon are mainly found in one group) and 

group fidelity (i.e., individuals of the taxon are found in a majority of the samples belonging to 

one group). Values less than 0.50 indicate weak group specificity, group fidelity, or both, and 

values less than 0.25 suggest that the taxon is not a good representative of a group, but is still 

representative, if the indicator power value was significant.  

Additionally, CAP produces a classification model and tests the null hypothesis of no 

significant difference between the CAP-based model’s classification success rate of paralarvae 

community samples based on grouping factor versus one produced by a classifier using a 

random allocation model. The classification success rate shows how well the CAP-based model 

identifies which group a sample came from. Identifying which other groups samples in a group 

were misidentified as belonging to can indicate similarity between the groups.  
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3. Results 

Over the entire sampling period, 2240 paralarvae were examined from 637 samples. 

Sampling effort varied widely across time and space (Table 2, Table 3), based on opportunistic 

sampling on dedicated plankton surveys. 

 

Table 2. Sampling effort by year and season. 
 

 2009 2011 2012 Total 
Winter 246 0 94 340 
Spring 0 0 115 115 

Early Fall 61 60 61 182 
Total 307 60 270 637 

 

Table 3. Sampling effort by season and region. 
 

 NW GOM 
Shelf 

NC GOM 
Shelf 

WFS GOM 
Slope 

GOM 
Basin 

Total 

Winter 33 28 131 142 6 340 
Spring 0 0 15 65 35 115 

Early Fall 56 32 74 20 0 182 
Total 89 60 220 227 41 637 

 

Specimens were identified to the lowest possible taxonomic level, typically family, 

although genus and species level identifications were recorded where possible. Twenty-one 

families (1569 individuals) were identified. The families with the highest counts were 

Octopodidae (383 paralarvae), Enoploteuthidae (358), Ommastrephidae (335), Pyroteuthidae 

(192), and Loliginidae (140) (Figure 4). More than ten individuals were also collected and 

identified for the following taxa: Onychoteuthidae, Cranchiidae, Lycoteuthidae, Octopoteuthidae, 

and Argonautidae. The remaining identified taxa were Ancistrocheiridae, Chiroteuthidae, 

Sepiolidae, Cycloteuthidae, Joubiniteuthidae, Mastigoteuthidae, Thysanoteuthidae, and the 

singletons: Brachioteuthidae, Chtenopterygidae, Histioteuthidae, and Neoteuthidae. The 

remaining 671 paralarvae, or 30% of the total, could not be identified to family. These 

specimens were mostly very small (e.g., 1.2 mm mantle length) and/or damaged, so 
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distinguishing features had not yet been developed or were unable to be used for identification. 

They were identified as ‘unidentified squid’ for specimens that were clearly squid but could not 

be identified to a family or as ‘unidentified cephalopod’ for specimens that could not be identified 

to either squid or octopus.  

 

 

Figure 4. Number of individuals of each taxon collected from the six surveys, along with the 
individuals that could not be identified to family (Unid. Squid and Unid. Cephalopod). 
 

3.1. Abundance and Distribution 

Over the entire sampling period (six surveys), the mean abundance of all paralarvae was 

21.9 paralarvae 1000 m-3 (Table 4). The taxa with the highest mean abundance were Loliginidae 

(14.3 paralarvae 1000 m-3), Octopodidae (10.5 paralarvae 1000 m-3), Brachioteuthidae (9.80 

paralarvae 1000 m-3), Enoploteuthidae (9.35 paralarvae 1000 m-3), and Sepiolidae (7.79 

paralarvae 1000 m-3). However, only one individual of the family Brachioteuthidae was collected 

over all cruises, a frequency of occurrence of 0.157% (Table 5). Similarly, only five Sepiolidae 

individuals were collected; the family occurred in 0.314% of samples collected over all cruises 

(Table 5). The frequency of occurrence of the other high abundance taxa ranged from 7% to 
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23% (Loliginidae: 7.06%, Octopodidae: 22.6%, Enoploteuthidae: 23.1%). Other taxa with high 

abundance and high frequency of occurrence were Ommastrephidae (7.68 paralarvae 1000 m-3, 

24.5% of samples) and Pyroteuthidae (6.25 paralarvae 1000 m-3, 17.9% of samples). 

Taxa with significant differences in mean abundance between years were Loliginidae, 

Lycoteuthidae, Octopodidae, Pyroteuthidae, and the group of all paralarvae. Pairs of years with 

significant differences in abundance are given in Table 6. Only Loliginidae and Octopodidae 

showed significant differences in mean abundance between seasons, along with the group of all 

paralarvae. Pairs of seasons with significant differences in abundance are given in Table 7. To 

omit any effect of year on abundance, abundance was also compared between seasons within 

the same year. In 2009, only winter and early fall were surveyed. Three taxa (Enoploteuthidae, 

Loliginidae, and Octopodidae), as well as the group of all paralarvae, had significantly different 

mean abundances between seasons (Table 8). In 2012, three seasons were surveyed. Only the 

group of all paralarvae showed significant differences in mean abundance between seasons. 

Pairs of seasons with significant differences in abundance are given in Table 9. 

Only five taxa were identified in all five regions (northwestern GOM shelf, north-central 

GOM shelf, West Florida Shelf, GOM slope, and GOM basin): Cranchiidae, Enoploteuthidae, 

Octopodidae, Ommastrephidae, and Pyroteuthidae (Table 10). No taxa showed significant 

differences in mean abundance between regions. However, there were some qualitative 

differences in frequency of occurrence among regions for some taxa (Table 11). For example, 

Pyroteuthids were identified in 27.3% of slope samples, but fewer than 15% of samples in all 

other regions. Octopods were identified in 23.3-34.5% of shelf samples, but only 10% or less of 

slope and basin samples, respectively. Similarly, Loliginids were identified in 9.09-21.7% of shelf 

samples but fewer than 1% of slope and basin samples. 
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Table 4. Mean abundance and standard deviation of each cephalopod taxon in different sampling periods. The number of individuals 
of each taxon collected in each sampling period is listed in parentheses. These values were calculated from 637 samples. 
 

 All Years 2009 2011 2012 

Taxon All Seasons All Winter Early Fall Early Fall All Winter Spring Early Fall 

All Paralarvae 21.89 ± 31.19 
(2240) 

20.29 ± 20.93 
(953) 

18.58 ± 15.3 
(834) 

30.55 ± 39.86 
(119) 

24.86 ± 32.08 
(291) 

23.32 ± 41.76 
(996) 

8.86 ± 6.06 
(209) 

24.45 ± 22.6 
(220) 

46.7 ± 67.58 
(567) 

Ancistrocheiridae 3.24 ± 0.65 (7) 4.39 ± 0 (1) 4.39 ± 0 (1) 0 ± 0 (0) 2.61 ± 0 (1) 3.14 ± 0.43 (5) 0 ± 0 (0) 2.85 ± 0.24 (3) 3.57 ± 0.02 (2) 

Argonautidae 3.61 ± 0.58 
(11) 

3.71 ± 0.48 
(10) 

3.71 ± 0.48 
(10) 

0 ± 0 (0) 0 ± 0 (0) 2.54 ± 0 (1) 0 ± 0 (0) 2.54 ± 0 (1) 0 ± 0 (0) 

Brachioteuthidae 9.8 ± 0 (1) 9.8 ± 0 (1) 9.8 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 

Chiroteuthidae 4.09 ± 1.64 (6) 4.34 ± 1.78 (5) 4.34 ± 1.78 (5) 0 ± 0 (0) 0 ± 0 (0) 3.1 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 3.1 ± 0 (1) 

Chtenopterygidae 2.26 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 2.26 ± 0 (1) 2.26 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 

Cranchiidae 4.14 ± 1.6 (27) 3.96 ± 1.25 
(14) 

3.96 ± 1.3 (13) 3.98 ± 0 (1) 3.1 ± 0 (1) 4.57 ± 2.14 
(12) 

4.09 ± 1.83 (8) 8.2 ± 0 (3) 3.8 ± 0 (1) 

Cycloteuthidae 2.18 ± 0.25 (3) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 2.18 ± 0.25 (3) 2.32 ± 0.09 (2) 1.91 ± 0 (1) 0 ± 0 (0) 

Enoploteuthidae 9.35 ± 20.24 
(358) 

7.24 ± 5.37 
(128) 

6.47 ± 4.21 
(108) 

12.02 ± 8.78 
(20) 

5.75 ± 3.67 
(26) 

13.81 ± 33.39 
(204) 

4.88 ± 2.56 
(30) 

6.16 ± 3.94 
(32) 

32.05 ± 56.35 
(142) 

Histioteuthidae 2.94 ± 0 (1) 2.94 ± 0 (1) 2.94 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 

Joubiniteuthidae 2.87 ± 1.2 (3)  3.18 ± 1.53 (2) 3.18 ± 1.53 (2) 0 ± 0 (0) 0 ± 0 (0) 2.26 ± 0 (1) 2.26 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 

Loliginidae 14.35 ± 29.1 
(140) 

13.71 ± 12.67 
(34) 

4.71 ± 1.77 
(10) 

20.26 ± 13.22 
(24) 

19.28 ± 44.08 
(93) 

4.75 ± 4.74 
(13) 

4.75 ± 4.74 
(13) 

0 ± 0 (0) 0 ± 0 (0) 

Lycoteuthidae 4.76 ± 2.64 
(21) 

5.76 ± 2.14 
(12) 

5.87 ± 2.26 
(11) 

4.9 ± 0 (1) 6 ± 6.33 (3) 2.84 ± 0.46 (6) 2.25 ± 0 (1) 2.77 ± 0.23 (2) 3.09 ± 0.47 (3) 

Mastigoteuthidae 3.56 ± 1.11 (2) 4.35 ± 0 (1) 4.35 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 2.78 ± 0 (1) 2.78 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 

Neoteuthidae 3.46 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 3.46 ± 0 (1) 0 ± 0 (0) 3.46 ± 0 (1) 0 ± 0 (0) 

Octopodidae 10.51 ± 17.3 
(383) 

11.01 ± 23.72 
(126) 

7.13 ± 4.37 
(95) 

36.22 ± 61.38 
(31) 

13.3 ± 12.14 
(124) 

8.23 ± 9.4 
(133) 

5.6 ± 4.04 (36) 6.11 ± 2.54 
(18) 

10.9 ± 12.62 
(79) 

Octopoteuthidae 4.47 ± 4.19 
(20) 

3.15 ± 0.87 (4) 3.15 ± 0.87 (4) 0 ± 0 (0) 0 ± 0 (0) 4.95 ± 4.83 
(16) 

3.94 ± 0 (1) 4.88 ± 2.75 (3) 5.09 ± 5.67 
(12) 

Ommastrephidae 7.68 ± 7.67 
(335) 

7.86 ± 7.87 
(170) 

7.81 ± 8.19 
(157) 

8.35 ± 4.46 
(13) 

7.24 ± 7.7 (23) 7.48 ± 7.49 
(142) 

4.61 ± 3.01 
(33) 

10.91 ± 11.29 
(54) 

8.03 ± 6.56 
(55) 

Onychoteuthidae 4.56 ± 3.46 
(50) 

4.4 ± 2.37 (20) 4.4 ± 2.37 (20) 0 ± 0 (0) 0 ± 0 (0) 4.73 ± 4.36 
(30) 

3.69 ± 1.99 
(11) 

3.21 ± 0.39 (2) 6.79 ± 6.83 
(17) 

Pyroteuthidae 6.25 ± 4.86 
(192) 

6.86 ± 5.12 
(169) 

6.85 ± 5.14 
(167) 

7.91 ± 0 (2) 0 ± 0 (0) 3.38 ± 1.28 
(23) 

3.01 ± 0.79 
(11) 

2.61 ± 0 (1) 3.86 ± 1.64 
(11) 

Sepiolidae 7.79 ± 5.62 (5) 11.76 ± 0 (4) 11.76 ± 0 (4) 0 ± 0 (0) 0 ± 0 (0) 3.82 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 3.82 ± 0 (1) 

Thysanoteuthidae 3.65 ± 0.04 (2) 3.65 ± 0.04 (2) 3.65 ± 0.04 (2) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 
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Table 5. Percent of all paralarvae collected in each sampling period and frequency of occurrence in each sampling period. (% of All – 
percent of all paralarvae; % FO – percent frequency of occurrence) 
 

 All Years 2009 2011 2012 

Taxon All Seasons All Winter Early Fall Early Fall All Winter Spring Early Fall 

% of 
All 

% 
FO 

% of 
All 

% 
FO 

% of 
All 

% 
FO 

% of 
All 

% 
FO 

% of 
All 

% 
FO 

% of 
All 

% 
FO 

% of 
All 

% 
FO 

% of 
All 

% 
FO 

% of 
All 

% 
FO 

All Paralarvae 100 60.28 100 66.12 100 70.73 100 47.54 100 70 100 51.48 100 74.47 100 23.48 100 68.85 

Ancistrocheiridae 0.31 1.1 0.1 0.33 0.12 0.41 0 0 0.34 1.67 0.5 1.85 0 0 1.36 2.61 0.35 3.28 

Argonautidae 0.49 1.73 1.05 3.26 1.2 4.07 0 0 0 0 0.1 0.37 0 0 0.45 0.87 0 0 

Brachioteuthidae 0.04 0.16 0.1 0.33 0.12 0.41 0 0 0 0 0 0 0 0 0 0 0 0 

Chiroteuthidae 0.27 0.78 0.52 1.3 0.6 1.63 0 0 0 0 0.1 0.37 0 0 0 0 0.18 1.64 

Chtenopterygidae 0.04 0.16 0 0 0 0 0 0 0 0 0.1 0.37 0.48 1.06 0 0 0 0 

Cranchiidae 1.21 3.45 1.47 4.23 1.56 4.88 0.84 1.64 0.34 1.67 1.2 2.96 3.83 6.38 1.36 0.87 0.18 1.64 

Cycloteuthidae 0.13 0.47 0 0 0 0 0 0 0 0 0.3 1.11 0.96 2.13 0.45 0.87 0 0 

Enoploteuthidae 15.98 23.08 13.43 25.73 12.95 27.64 16.81 18.03 8.93 28.33 20.48 18.89 14.35 20.21 14.55 13.91 25.04 26.23 

Histioteuthidae 0.04 0.16 0.1 0.33 0.12 0.41 0 0 0 0 0 0 0 0 0 0 0 0 

Joubiniteuthidae 0.13 0.47 0.21 0.65 0.24 0.81 0 0 0 0 0.1 0.37 0.48 1.06 0 0 0 0 

Loliginidae 6.25 7.06 3.57 6.19 1.2 3.25 20.17 18.03 31.96 30 1.31 2.96 6.22 8.51 0 0 0 0 

Lycoteuthidae 0.94 2.67 1.26 2.93 1.32 3.25 0.84 1.64 1.03 3.33 0.6 2.22 0.48 1.06 0.91 1.74 0.53 4.92 

Mastigoteuthidae 0.09 0.31 0.1 0.33 0.12 0.41 0 0 0 0 0.1 0.37 0.48 1.06 0 0 0 0 

Neoteuthidae 0.04 0.16 0 0 0 0 0 0 0 0 0.1 0.37 0 0 0.45 0.87 0 0 

Octopodidae 17.1 22.61 13.22 19.54 11.39 21.14 26.05 13.11 42.61 53.33 13.35 19.26 17.22 20.21 8.18 6.96 13.93 40.98 

Octopoteuthidae 0.89 2.35 0.42 1.3 0.48 1.63 0 0 0 0 1.61 4.07 0.48 1.06 1.36 1.74 2.12 13.11 

Ommastrephidae 14.96 24.49 17.84 28.34 18.82 31.71 10.92 14.75 7.9 18.33 14.26 21.48 15.79 23.4 24.55 13.04 9.7 34.43 

Onychoteuthidae 2.23 5.34 2.1 5.54 2.4 6.91 0 0 0 0 3.01 6.3 5.26 9.57 0.91 1.74 3 9.84 

Pyroteuthidae 8.57 17.9 17.73 30.62 20.02 37.8 1.68 1.64 0 0 2.31 7.41 5.26 10.64 0.45 0.87 1.94 14.75 

Sepiolidae 0.22 0.31 0.42 0.33 0.48 0.41 0 0 0 0 0.1 0.37 0 0 0 0 0.18 1.64 

Thysanoteuthidae 0.09 0.31 0.21 0.65 0.24 0.81 0 0 0 0 0 0 0 0 0 0 0 0 
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Table 6. Taxa with significant differences in mean abundance between years. Bold years had 
significantly higher abundance than the year they are being compared to. Significant p-values 
are in bold. Pairwise p-values are adjusted using Holm’s method. 
 

Taxon p-value   Adj. p-
value 

  Adj. p-
value 

  Adj. p-
value 

All Paralarvae 0.006 2009 2011 1.000 2009 2012 0.006 2011 2012 0.105 
Loliginidae 0.008 2009 2011 0.450 2009 2012 0.007 2011 2012 0.028 

Lycoteuthidae 0.033 2009 2011 0.624 2009 2012 0.027 2011 2012 0.624 
Octopodidae 0.032 2009 2011 0.229 2009 2012 0.199 2011 2012 0.031 

Pyroteuthidae 4.289e-
06 

2009 NA NA 2009 2012 4.213e-06 NA 2012 NA 

 

Table 7. Taxa with significant differences in mean abundance between seasons. Bold seasons 
had significantly higher abundance than the season they are being compared to. Significant p-
values are in bold. Pairwise p-values are adjusted using Holm’s method. 
 

Taxon p-value   Adj. p-
value 

  Adj. p-
value 

  Adj. p-
value 

All Paralarvae 8.601e-05 Winter Spring 0.128 Winter Early 
Fall 

8.854e-05 Spring Early 
Fall 

0.642 

Loliginidae 2.134e-04 Winter Spring NA Winter Early 
Fall 

3.756e-04 Spring Early 
Fall 

NA 

Octopodidae 0.018 Winter Spring 0.934 Winter Early 
Fall 

0.018 Spring Early 
Fall 

0.357 

 

Table 8. Taxa with significant differences in mean abundance between seasons in 2009. Bold 
seasons had significantly higher abundance than the season they are being compared to. 
Significant p-values are in bold. 
 

Taxon   p-value 
All Paralarvae Winter Early Fall 0.017 

Enoploteuthidae Winter Early Fall 0.002 
Loliginidae Winter Early Fall 1.852e-04 

Octopodidae Winter Early Fall 0.002 
 

Table 9. Taxa with significant differences in mean abundance between seasons in 2012. Bold 
seasons had significantly higher abundance than the season they are being compared to. 
Significant p-values are in bold. Pairwise p-values are adjusted using Holm’s method. 
 

Taxon p-value   Adj. p-
value 

  Adj. p-
value 

  Adj. 
p-
value 

All Paralarvae 1.004e-
07 

Winter Spring 2.289e-
04 

Winter Early 
Fall 

6.380e-
07 

Spring Early 
Fall 

0.574 
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Table 10. Mean abundance and standard deviation of each cephalopod taxon in each sampling region. The number of individuals of 
each taxon collected in each sampling region is listed in parentheses. These values were calculated from 637 samples. 
 

Taxon NW GOM Shelf NC GOM Shelf West Florida Shelf GOM Slope GOM Basin 

All Paralarvae 24.14 ± 31.18 (281) 19.72 ± 15.46 (152) 23.99 ± 42.64 (990) 18.47 ± 16.9 (696) 29.39 ± 24.01 (121) 

Ancistrocheiridae 2.61 ± 0 (1) 0 ± 0 (0) 3.57 ± 0.02 (2) 3.62 ± 1.09 (2) 2.85 ± 0.34 (2) 

Argonautidae 4.03 ± 0.44 (4) 0 ± 0 (0) 3.77 ± 0 (1) 3.3 ± 0.54 (6) 0 ± 0 (0) 

Brachioteuthidae 0 ± 0 (0) 9.8 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 

Chiroteuthidae 0 ± 0 (0) 5.65 ± 0 (1) 3.1 ± 0 (1) 3.9 ± 1.9 (4) 0 ± 0 (0) 

Chtenopterygidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 2.26 ± 0 (1) 0 ± 0 (0) 

Cranchiidae 3.93 ± 0.82 (3) 3.1 ± 0 (1) 3.72 ± 0.68 (5) 4.44 ± 1.99 (17) 3.61 ± 0 (1) 

Cycloteuthidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 2.18 ± 0.25 (3) 0 ± 0 (0) 

Enoploteuthidae 8.63 ± 6.52 (53) 6.16 ± 3.76 (26) 14.63 ± 34.69 (188) 5.86 ± 4.13 (77) 8.26 ± 5.32 (14) 

Histioteuthidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 2.94 ± 0 (1) 0 ± 0 (0) 

Joubiniteuthidae 0 ± 0 (0) 0 ± 0 (0) 2.26 ± 0 (1) 3.18 ± 1.53 (2) 0 ± 0 (0) 

Loliginidae 9.06 ± 8.63 (15) 15.56 ± 13.63 (30) 17.02 ± 42.12 (94) 3.38 ± 0 (1) 0 ± 0 (0) 

Lycoteuthidae 4.9 ± 0 (1) 0 ± 0 (0) 4.97 ± 2.92 (14) 5.16 ± 2.97 (4) 2.83 ± 0.32 (2) 

Mastigoteuthidae 0 ± 0 (0) 2.78 ± 0 (1) 0 ± 0 (0) 4.35 ± 0 (1) 0 ± 0 (0) 

Neoteuthidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 3.46 ± 0 (1) 0 ± 0 (0) 

Octopodidae 15.72 ± 34.02 (74) 10.96 ± 10.59 (40) 9.79 ± 9.82 (222) 6.52 ± 4.62 (44) 5.13 ± 2.89 (3) 

Octopoteuthidae 3.94 ± 0 (1) 0 ± 0 (0) 5.19 ± 5.63 (12) 3.73 ± 1.91 (6) 2.94 ± 0 (1) 

Ommastrephidae 8.43 ± 6.42 (49) 9.16 ± 7.89 (23) 7.03 ± 6.54 (115) 6.59 ± 7.71 (101) 14.4 ± 12.46 (47) 

Onychoteuthidae 4.64 ± 2.27 (5) 3.2 ± 0.19 (2) 5.66 ± 5.32 (21) 4.09 ± 2.5 (22) 0 ± 0 (0) 

Pyroteuthidae 8.04 ± 8.65 (25) 7.82 ± 1.74 (10) 4.61 ± 2.06 (38) 6.66 ± 4.88 (116) 3.21 ± 0.68 (3) 

Sepiolidae 0 ± 0 (0) 0 ± 0 (0) 3.82 ± 0 (1) 11.76 ± 0 (4) 0 ± 0 (0) 

Thysanoteuthidae 0 ± 0 (0) 0 ± 0 (0) 3.68 ± 0 (1) 3.62 ± 0 (1) 0 ± 0 (0) 
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Table 11. Percent of all paralarvae collected in each sampling region and frequency of occurrence in each sampling region. (% FO – 
percent frequency of occurrence) 
 

Taxon 

NW GOM Shelf NC GOM Shelf West Florida Shelf GOM Slope GOM Basin 
% of All 
Paralarvae 

% FO % of All 
Paralarvae 

% FO % of All 
Paralarvae 

% FO % of All 
Paralarvae 

% FO % of All 
Paralarvae 

% FO 

All Paralarvae 100 64.04 100 61.67 100 65.91 100 58.15 100 31.71 

Ancistrocheiridae 0.36 1.12 0 0 0.2 0.91 0.29 0.88 1.65 4.88 

Argonautidae 1.42 4.49 0 0 0.1 0.45 0.86 2.64 0 0 

Brachioteuthidae 0 0 0.66 1.67 0 0 0 0 0 0 

Chiroteuthidae 0 0 0.66 1.67 0.1 0.45 0.57 1.32 0 0 

Chtenopterygidae 0 0 0 0 0 0 0.14 0.44 0 0 

Cranchiidae 1.07 3.37 0.66 1.67 0.51 1.82 2.44 5.73 0.83 2.44 

Cycloteuthidae 0 0 0 0 0 0 0.43 1.32 0 0 

Enoploteuthidae 18.86 32.58 17.11 31.67 18.99 21.36 11.06 20.26 11.57 14.63 

Histioteuthidae 0 0 0 0 0 0 0.14 0.44 0 0 

Joubiniteuthidae 0 0 0 0 0.1 0.45 0.29 0.88 0 0 

Loliginidae 5.34 12.36 19.74 21.67 9.49 9.09 0.14 0.44 0 0 

Lycoteuthidae 0.36 1.12 0 0 1.41 4.55 0.57 1.76 1.65 4.88 

Mastigoteuthidae 0 0 0.66 1.67 0 0 0.14 0.44 0 0 

Neoteuthidae 0 0 0 0 0 0 0.14 0.44 0 0 

Octopodidae 26.33 32.58 26.32 23.33 22.42 34.55 6.32 10.13 2.48 4.88 

Octopoteuthidae 0.36 1.12 0 0 1.21 3.64 0.86 2.2 0.83 2.44 

Ommastrephidae 17.44 24.72 15.13 16.67 11.62 25.91 14.51 25.11 38.84 24.39 

Onychoteuthidae 1.78 4.49 1.32 3.33 2.12 4.55 3.16 7.93 0 0 

Pyroteuthidae 8.9 14.61 6.58 10 3.84 13.64 16.67 27.31 2.48 7.32 

Sepiolidae 0 0 0 0 0.1 0.45 0.57 0.44 0 0 

Thysanoteuthidae 0 0 0 0 0.1 0.45 0.14 0.44 0 0 
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3.2. Vertical Distribution 

The most frequently sampled depth bins in order of frequency were 0-20 m, 20-40 m, 

40-60 m, 60-80 m, 80-100 m, 0-10 m, 20-30 m, and 100-130 m. The following depth bins were 

selected for analysis: 0-20 m, 20-40 m, 40-60 m, 60-80 m, 80-100 m, and 100-130 m. Of 637 

original samples, 607 fit within one of the six depth bins and were retained for subsequent 

analysis. In this subset of samples, 2136 paralarvae belonging to 21 taxa and two unidentified 

groups were collected. The most abundant taxa (Octopodidae, Enoploteuthidae, and 

Ommastrephidae) had over 300 individuals collected while the least abundant taxa 

(Brachioteuthidae, Chtenopterygidae, Histioteuthidae, and Neoteuthidae) were only collected 

once. 

Considering diel period, five taxa were only collected at one time of day. Nine families 

had a higher mean abundance in daytime samples while seven taxa and the group of all 

paralarvae had a higher mean abundance in nighttime samples (Table 12). Only two taxa had 

significantly difference abundances between day and night, Loliginidae and Pyroteuthidae. Both 

were significantly more abundant in daytime samples. Standard deviations were large for four of 

the five highest total count taxa, Enoploteuthidae, Loliginidae, Octopodidae, Ommastrephidae, 

as well as the group of all paralarvae, indicating high variability in abundance. 
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Table 12. Mean depth-aggregated abundance and standard deviation of each cephalopod taxon in daytime and nighttime samples. 
The number of individuals of each taxon collected in each time of day is listed in parentheses. Significant p-values are in bold. These 
values were calculated from 607 samples. 
 

Taxon Day Night p-value 

All Paralarvae 21.26 ± 26.36 (996) 22.88 ± 36.38 (1140) 0.533 

Ancistrocheiridae 2.85 ± 0.34 (2) 3.4 ± 0.7 (5) 0.434 

Argonautidae 3.55 ± 0.48 (4) 3.64 ± 0.66 (7) 0.927 

Brachioteuthidae 0 ± 0 (0) 9.8 ± 0 (1) only collected at one time of day 

Chiroteuthidae 2.41 ± 0 (1) 4.13 ± 1.66 (4) 0.5 

Chtenopterygidae 0 ± 0 (0) 2.26 ± 0 (1) only collected at one time of day 

Cranchiidae 4.33 ± 1.62 (10) 4.03 ± 1.64 (17) 0.413 

Cycloteuthidae 2.15 ± 0.34 (2) 2.26 ± 0 (1) 1 

Enoploteuthidae 6.83 ± 5.45 (111) 11.87 ± 27.72 (237) 0.799 

Histioteuthidae 0 ± 0 (0) 2.94 ± 0 (1) only collected at one time of day 

Joubiniteuthidae 3.26 ± 1.41 (2) 2.1 ± 0 (1) 0.667 

Loliginidae 26.34 ± 44.93 (94) 7.06 ± 6.61 (36) 0.015 

Lycoteuthidae 2.63 ± 1.12 (3) 4.58 ± 1.88 (14) 0.126 

Mastigoteuthidae 4.35 ± 0 (1) 2.78 ± 0 (1) 1 

Neoteuthidae 3.46 ± 0 (1) 0 ± 0 (0) only collected at one time of day 

Octopodidae 11.24 ± 21.92 (202) 9.91 ± 10.57 (158) 0.94 

Octopoteuthidae 3.87 ± 1.64 (7) 5.15 ± 5.64 (12) 0.95 

Ommastrephidae 9.17 ± 10.05 (175) 6.65 ± 4.98 (155) 0.468 

Onychoteuthidae 5.68 ± 4.66 (30) 3.65 ± 1.42 (18) 0.061 

Pyroteuthidae 7.46 ± 4.73 (93) 5.39 ± 5.04 (88) 0.001 

Sepiolidae 0 ± 0 (0) 7.79 ± 5.62 (5) only collected at one time of day 

Thysanoteuthidae 3.68 ± 0 (1) 3.62 ± 0 (1) 1 
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Considering depth aggregated over time of day, four taxa were only collected in one 

depth bin (Table 13). Seven of the remaining taxa and the group of all paralarvae were collected 

in all six depth bins. Only two taxa, Octopodidae and Ommastrephidae, as well as the group of 

all paralarvae, had significantly different mean abundances between depth bins (Table 13). 

However, none of the pairs of depth bins were significantly different for Octopodidae considering 

the Holm’s adjusted p-values. For Ommastrephidae, the mean abundance in the 0-20 m depth 

bin was significantly higher than that in the 60-80 m depth bin and the mean abundance in the 

20-40 m depth bin was also significantly higher than the 60-80 m depth bin. For the group all 

paralarvae, mean abundance was significantly higher in the 0-20 m depth bin compared to the 

80-100 m depth bin. The mean abundance of the 20-40 m depth bin was significantly higher 

than the 60-80 m, 80-100 m, and 100-130 m depth bins. The mean abundance of the 40-60 m 

depth bin was also significantly higher than the three deeper bins. 

Considering depth during the day, four taxa were not collected in daytime samples and 

another four were collected in only one depth bin during the day (Table 14). Only four taxa and 

the group of all paralarvae were collected in every depth bin during the day. Comparing mean 

abundances between depth bins for daytime samples, only the group of all paralarvae had a 

significant difference in mean abundance. However, none of the pairs of bins had significant 

Holm’s adjusted p-values.  
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Table 13. Mean time-of-day-aggregated abundance and standard deviation of each cephalopod taxon in each depth bin. The number 
of individuals of each taxon collected in each depth bin is listed in parentheses. Significant p-values are in bold. These values were 
calculated from 607 samples. 
 

Taxon 0-20 m 20-40 m 40-60 m 60-80 m 80-100 m 100-130 p-value 

All Paralarvae 24.09 ± 25.99 
(448) 

29.29 ± 4.23 
(770) 

26.19 ± 38.87 
(511) 

12.29 ± 7.81 
(177) 

11.53 ± 8.9 
(126) 

11.51 ± 8.83 
(104) 

6.19E-06 

Ancistrocheiridae 2.85 ± 0 (1) 3.36 ± 0.92 (3) 3.08 ± 0.67 (2) 3.58 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0.716 
Argonautidae 4.13 ± 0.36 (4) 3.41 ± 0.59 (4) 0 ± 0 (0) 3.18 ± 0.28 (3) 0 ± 0 (0) 0 ± 0 (0) 0.052 
Brachioteuthidae 9.8 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) only collected in one 

depth bin 
Chiroteuthidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 3.25 ± 0 (1) 3.1 ± 0 (1) 4.23 ± 2.57 (3) 0.861 
Chtenopterygidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 2.26 ± 0 (1) only collected in one 

depth bin 
Cranchiidae 4.02 ± 0 (1) 4.29 ± 1.95 (8) 6.35 ± 2.24 (5) 3.34 ± 0.63 (2) 3.6 ± 0.55 (8) 3.4 ± 1.62 (3) 0.361 
Cycloteuthidae 1.91 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 2.39 ± 0 (1) 0 ± 0 (0) 2.26 ± 0 (1) 0.368 
Enoploteuthidae 9.72 ± 14.4 (87) 13.79 ± 33.54 

(163) 
6.94 ± 4.6 (59) 5.29 ± 3.69 

(26) 
6.34 ± 4.92 (9) 4.92 ± 1.95 (4) 0.729 

Histioteuthidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 2.94 ± 0 (1) only collected in one 
depth bin 

Joubiniteuthidae 0 ± 0 (0) 4.26 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 2.18 ± 0.11 (2) 0.667 
Loliginidae 5.91 ± 2.72 (13) 14.2 ± 14.09 

(41) 
28.39 ± 58.54 
(68) 

12.06 ± 6.05 
(7) 

2.84 ± 0 (1) 0 ± 0 (0) 0.544 

Lycoteuthidae 3.68 ± 1.06 (2) 6.8 ± 0 (2) 4.54 ± 1.94 (5) 4.03 ± 2.67 (5) 3.79 ± 0.98 (2) 2.25 ± 0 (1) 0.652 
Mastigoteuthidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 4.35 ± 0 (1) 2.78 ± 0 (1) 0 ± 0 (0) 1 
Neoteuthidae 3.46 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) only collected in one 

depth bin 
Octopodidae 10.4 ± 9.98 (71) 11.3 ± 10.94 

(133) 
16.81 ± 35.91 
(94) 

5.27 ± 3.23 
(30) 

6.13 ± 4.23 
(22) 

5.45 ± 3.65 
(10) 

0.049 

Octopoteuthidae 3.06 ± 0.17 (2) 6.37 ± 6.42 (11) 3.91 ± 0.33 (3) 0 ± 0 (0) 3.26 ± 0 (1) 2.56 ± 0.65 (2) 0.43 
Ommastrephidae 9.21 ± 8.66 (83) 8.94 ± 9.25 

(117) 
6.76 ± 4.75 (75) 3.67 ± 2.06 

(16) 
5.01 ± 2.98 
(20) 

15.01 ± 15.61 
(19) 

0.013 

Onychoteuthidae 4.22 ± 2.17 (5) 6.79 ± 6.34 (19) 4.46 ± 1.76 (10) 3.24 ± 0.89 (7) 4.58 ± 0 (2) 3.79 ± 2.1 (5) 0.524 
Pyroteuthidae 10.12 ± 9.46 

(24) 
5.48 ± 3.06 (29) 6.16 ± 4.42 (42) 6.27 ± 4.41 

(34) 
6.15 ± 4.54 
(28) 

4.95 ± 3.75 
(24) 

0.104 

Sepiolidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 3.82 ± 0 (1) 0 ± 0 (0) 11.76 ± 0 (4) 1 
Thysanoteuthidae 3.62 ± 0 (1) 3.68 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 1 
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Table 14. Mean abundance and standard deviation of each cephalopod taxon in each depth bin in daytime samples. The number of 
individuals of each taxon collected in each depth bin in daytime samples is listed in parentheses. Significant p-values are in bold. 
These values were calculated from 607 samples. 
 

Taxon 0-20 m 20-40 m 40-60 m 60-80 m 80-100 m 100-130 m p-value 

All Paralarvae 18.45 ± 18.55 
(155) 

25.1 ± 21.84 
(334) 

30.94 ± 44.8 
(293) 

12.74 ± 7.42 
(97) 

13.01 ± 9.55 
(66) 

12.3 ± 10.61 
(51) 

0.006 

Ancistrocheiridae 0 ± 0 (0) 3.09 ± 0 (1) 2.61 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 1 
Argonautidae 4.03 ± 0 (1) 3.77 ± 0 (1) 0 ± 0 (0) 3.19 ± 0.4 (2) 0 ± 0 (0) 0 ± 0 (0) 0.259 
Brachioteuthidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) not collected at 

this time of day 
Chiroteuthidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 2.41 ± 0 (1) only collected in 

one depth bin 
Chtenopterygidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) not collected at 

this time of day 
Cranchiidae 0 ± 0 (0) 6.08 ± 2.99 (4) 3.8 ± 0 (1) 0 ± 0 (0) 3.74 ± 0.56 (5) 0 ± 0 (0) 0.209 
Cycloteuthidae 1.91 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 2.39 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 1 
Enoploteuthidae 5.14 ± 3.54 (15) 8.27 ± 7.44 (40) 6.94 ± 4.68 (32) 4.78 ± 1.98 (15) 8.46 ± 5.83 (6) 5.52 ± 2.33 (3) 0.313 
Histioteuthidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) not collected at 

this time of day 
Joubiniteuthidae 0 ± 0 (0) 4.26 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 2.26 ± 0 (1) 1 
Loliginidae 5.19 ± 3.13 (3) 17.76 ± 15.32 

(31) 
63.65 ± 86.66 
(60) 

0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0.145 

Lycoteuthidae 0 ± 0 (0) 0 ± 0 (0) 2.61 ± 0 (1) 2.64 ± 1.58 (2) 0 ± 0 (0) 0 ± 0 (0) 1 
Mastigoteuthidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 4.35 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) only collected in 

one depth bin 
Neoteuthidae 3.46 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) only collected in 

one depth bin 
Octopodidae 10.81 ± 9.81 

(15) 
9.38 ± 7.93 (60) 22.48 ± 43.72 

(78) 
5.35 ± 2.6 (20) 6.88 ± 4.56 (19) 5.45 ± 3.65 (10) 0.208 

Octopoteuthidae 2.94 ± 0 (1) 4.43 ± 3.39 (3) 4.08 ± 0.2 (2) 0 ± 0 (0) 3.26 ± 0 (1) 0 ± 0 (0) 0.733 
Ommastrephidae 11.96 ± 12.12 

(46) 
10.81 ± 11.76 
(68) 

6.49 ± 4.18 (33) 4.02 ± 2.93 (9) 6.66 ± 4.58 (8) 20.6 ± 25.68 (11) 0.232 

Onychoteuthidae 2.31 ± 0 (1) 8.79 ± 7.55 (16) 5.7 ± 1.69 (6) 3.44 ± 0.98 (5) 4.58 ± 0 (2) 0 ± 0 (0) 0.144 
Pyroteuthidae 7.84 ± 6.26 (7) 6.76 ± 3.33 (12) 8 ± 5.36 (28) 9.04 ± 5.53 (20) 6.49 ± 3.8 (12) 6.08 ± 4.67 (14) 0.81 
Sepiolidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) not collected at 

this time of day 
Thysanoteuthidae 0 ± 0 (0) 3.68 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) only collected in 

one depth bin 
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Considering depth at night, one taxon was not collected in the nighttime samples (Table 

15). Seven were collected in only one depth bin. Octopodidae, Pyroteuthidae, and the group of 

all paralarvae had significant differences in mean abundance. None of the pairs of bins had 

significantly different abundances for Octopodidae considering the Holm’s adjusted p-values. 

For Pyroteuthidae, the only significant difference in mean abundance was between the 0-20 m 

depth bin and the 100-130 m depth bin, of which the shallower bin had higher abundance. For 

the group of all paralarvae, both the 0-20 m and the 20-40 m depth bins had significantly higher 

mean abundance than the 80-100 m depth bin. 

Although few taxa had significant differences in mean abundance among depth bins, 

likely due to high variability in abundance among samples and/or few samples, qualitative 

conclusions about vertical distribution can be made (Figure 5). For example, during the day, 

Enoploteuthidae has fairly even abundance throughout the near-surface water column (0-130 

m). However, at night, the abundance in the top two depth bins (0-20 m, 20-40 m) is higher than 

in the deeper bins suggesting possible diel vertical migration. Similarly, Pyroteuthidae shows 

relatively even abundance during the day, but at night the abundance in the surface depth bin 

(0-20 m) is higher than the other bins and the other bins all have lower abundance than they did 

during the day. Octopodidae showed the highest daytime abundance in one of the middle depth 

bins (40-60 m) while the other bins had roughly equal abundance during the day. At night, the 

surface two depth bins (0-20 m, 20-40 m) had higher abundance than the lower bins and no 

individuals were collected in the deepest depth bin (100-130 m). 
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Table 15. Mean abundance and standard deviation of each cephalopod taxon in each depth bin in nighttime samples. The number of 
individuals of each taxon collected in each depth bin in nighttime samples is listed in parentheses. Significant p-values are in bold. 
These values were calculated from 607 samples. 
 

Taxon 0-20 m 20-40 m 40-60 m 60-80 m 80-100 m 100-130 m p-value 
All Paralarvae 28.73 ± 30.24 

(293) 
33.74 ± 56.41 
(436) 

21.32 ± 31.52 
(218) 

11.83 ± 8.33 
(80) 

10.12 ± 8.24 
(60) 

10.82 ± 7.27 
(53) 

0.001 

Ancistrocheiridae 2.85 ± 0 (1)  3.5 ± 1.26 (2) 3.56 ± 0 (1) 3.58 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0.849 
Argonautidae 4.16 ± 0.43 (3) 3.29 ± 0.65 (3) 0 ± 0 (0) 3.15 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0.193 
Brachioteuthidae 9.8 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) only collected in one depth 

bin 
Chiroteuthidae 0 ± 0 (0)  0 ± 0 (0) 0 ± 0 (0) 3.25 ± 0 (1) 3.1 ± 0 (1) 6.04 ± 0 (2) 0.368 
Chtenopterygidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 2.26 ± 0 (1) only collected in one depth 

bin 
Cranchiidae 4.02 ± 0 (1) 3.4 ± 0.36 (4) 7.62 ± 0.53 (4) 3.34 ± 0.63 (2) 3.37 ± 0.56 (3) 3.4 ± 1.62 (3) 0.289 
Cycloteuthidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 2.26 ± 0 (1) only collected in one depth 

bin 
Enoploteuthidae 11.8 ± 16.92 (72) 18.86 ± 45.76 

(123) 
6.93 ± 4.66 (27) 5.86 ± 5.05 

(11) 
3.52 ± 0.84 (3) 3.72 ± 0 (1) 0.23 

Histioteuthidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 2.94 ± 0 (1) only collected in one depth 
bin 

Joubiniteuthidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 2.1 ± 0 (1) only collected in one depth 
bin 

Loliginidae 6.18 ± 2.73 (10) 9.12 ± 11.21 (10) 4.89 ± 2.42 (8) 12.06 ± 6.05 
(7) 

2.84 ± 0 (1) 0 ± 0 (0) 0.282 

Lycoteuthidae 3.68 ± 1.06 (2) 6.8 ± 0 (2) 5.18 ± 1.78 (4) 5.42 ± 3.34 (3) 3.79 ± 0.98 (2) 2.25 ± 0 (1) 0.44 
Mastigoteuthidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 2.78 ± 0 (1) 0 ± 0 (0) only collected in one depth 

bin 
Neoteuthidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) not collected at this time of 

day 
Octopodidae 10.24 ± 10.29 

(56) 
13.51 ± 13.47 
(73) 

6.09 ± 2.91 (16) 5.12 ± 4.55 
(10) 

3.64 ± 1.34 (3) 0 ± 0 (0) 0.043 

Octopoteuthidae 3.17 ± 0 (1) 7.34 ± 7.81 (8) 3.56 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 2.56 ± 0.65 (2) 0.361 
Ommastrephidae 7.32 ± 4.68 (37) 7.15 ± 5.67 (49) 7 ± 4.8 (42) 3.33 ± 0.56 (7) 4.35 ± 2.04 

(12) 
11.28 ± 10.29 
(8) 

0.054 

Onychoteuthidae 4.85 ± 2.16 (4) 3.46 ± 0.1 (3) 3.21 ± 0.45 (4) 2.73 ± 0.41 (2) 0 ± 0 (0) 3.79 ± 2.1 (5) 0.519 
Pyroteuthidae 11.42 ± 11.15 

(17) 
4.74 ± 2.76 (17) 4.16 ± 1.7 (14) 4.25 ± 1.71 

(14) 
5.89 ± 5.25 
(16) 

3.95 ± 2.66 
(10) 

0.028 

Sepiolidae 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 3.82 ± 0 (1) 0 ± 0 (0) 11.76 ± 0 (4) 1 
Thysanoteuthidae 3.62 ± 0 (1) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) 0 ± 0 (0) only collected in one depth 

bin 
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Figure 5. Mean abundance and standard error in each depth bin by time of day for all taxa. The white bars (left) indicate daytime 
values while the black bars (right) indicate nighttime values. The range of abundance values on the x-axis varies between taxa.
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Of the sixteen taxa collected at both times of day, ten, as well as the all paralarvae 

group, had a deeper abundance-weighted mean depth during the day than at night (Figure 6). 

This pattern is more evident for the frequently occurring taxa, with eight of the ten most 

frequently occurring taxa having a deeper abundance-weighted mean depth during the day. The 

largest differences among the most frequently occurring taxa were for Octopodidae and 

Argonautidae, for both of which the abundance-weighted mean depth is 17 m deeper in day 

versus night and Enoploteuthidae, for which the abundance-weighted mean depth is 14 m 

deeper in day versus night. The two taxa of the most frequently occurring group with deeper 

abundance-weighted mean depths at night were Ommastrephidae, 4 meters deeper, and 

Onychoteuthidae, 9 meters deeper. 

 

 

Figure 6. Abundance-weighted mean depth during the day and at night for each taxon. 
 

3.3. Abundance Modeling 

3.3.1. Data Exploration 

 The abundance modeling process started with 607 samples that fit within the six depth 

bins. Of these, 80 samples had missing CTD data and were removed from the dataset, resulting 

in 527 samples for analysis. Eleven samples had outlying values of salinity and transmissivity 
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and were removed from the dataset, resulting in 516 samples. Four variables had initial 

modified VIFs above the cut-off of 4: density, temperature, salinity, and season. After sequential 

removal of density and temperature, none of the remaining variables had a modified VIF above 

the cut-off and all were included in the model. Sampling effort varied considerably in time and 

space (Appendix 2).  

 

3.3.2. Enoploteuthidae 

 The response variable, count of Enoploteuthidae, had three outlying values (26 

paralarvae, 32 paralarvae, and 54 paralarvae) while all other values were less than 10. A high 

percentage of the samples (76%) contained zero Enoploteuthidae paralarvae. Sites with at least 

one non-zero count appeared to be more likely to have other samples with non-zero counts, 

suggesting there may be patterns due to repeated measurements from the same object (site) 

(Appendix 2). The refined negative binomial model had a positive adjusted R2 value and the 

dispersion statistic closest to 1 of the three models and was selected for further model fitting. 

The dispersion statistic was 1.08, indicating that the model was likely not overdispersed. 

The best-fitting model produced by backwards selection of variables included volume 

filtered as a smooth term and year, season, diel period, and depth bin. The dispersion statistic of 

this model was 1.179, indicating that it is likely not overdispersed. This model explained 21.4% 

of the deviance in the data while the adjusted R2 was 0.0612. The estimated value of θ was 

0.289. Volume filtered showed a bimodal behavior, with the highest expected counts when 

volume filtered is approximately 225 m3 or above 425 m3, although the confidence interval is 

very wide on the right side of the plot (Figure 7). Counts did not differ significantly between 

years. Counts were statistically equal in winter and early fall, but significantly lower in spring. 

Nighttime counts were significantly higher than daytime counts. Counts in the four shallowest 

bins are not different, while those in the two deepest bins are significantly lower. Detailed model 

output can be found in Appendix 2. 
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Model validation indicates slight heterogeneity of variance along with non-normality in 

the error terms (Appendix 2). There were no obvious patterns between the residuals and any of 

the variables in the model, indicating good model fit. Additionally, there were no obvious 

patterns between the residuals and any of the variables not in the model, indicating that none of 

the variables needed to be added into the model. The Cook’s distances suggest that there are 

no strongly influential points, but there may be weakly influential observations.  

The Moran’s I calculated on counts between sites was -0.004 with a p-value of 0.743. 

Therefore, the null hypothesis of zero spatial autocorrelation cannot be rejected, meaning the 

count of Enoploteuthidae between different sites is not correlated based on distance. Finally, the 

Moran’s I on counts within sites was 0.468 with a p-value of 0. The null hypothesis of zero 

spatial autocorrelation is thus rejected. Therefore, the count of Enoploteuthidae in two samples 

taken at the same site is more likely to be similar than in a sample taken at a different site. This 

suggests that a random intercept should be added to the model to account for correlation 

between samples taken at the same site. 

 

3.3.3. Octopodidae 

 The response variable count of Octopodidae ranged from 0 to 20 with no outliers. A high 

percentage of the samples (77%) contained zero Octopodidae paralarvae. Sites with at least 

one non-zero count appeared to be more likely to have other samples with non-zero counts, 

suggesting there may be patterns due to repeated measurements from the same object (site) 

(Appendix 2). The refined negative binomial model had a positive adjusted R2 value and the 

dispersion statistic closest to 1 of the three models and was selected for further model fitting. 

The dispersion statistic was 1.275, indicating possible slight overdispersion.  
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Figure 7. Fitted smooth effect of volume filtered and predictor of each parametric model component of the Enoploteuthidae count 
model. Rug plot (at the foot of each plot) shows observations of the explanatory variable.
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The best-fitting model produced by backwards selection included volume filtered, 

fluorescence, season, and region, all as parametric terms. As no smoothers were included in 

the final model, it is essentially a generalized linear model. The dispersion statistic of this model 

was 1.207, indicating the model may be slightly overdispersed. This model explained 23.8% of 

the deviance in the data while the adjusted R2 was 0.122. The estimated value of θ was 0.287. 

Count of Octopodidae increased slightly with increasing volume filtered and increased at a 

greater rate with increasing fluorescence (Figure 8). Counts are expected to be the same in the 

NW GOM shelf and WFS, but significantly lower in the other regions. Counts are expected to be 

the same in winter and spring, but significantly higher in early fall. Detailed model output can be 

found in Appendix 2. 

Model validation indicates slight heterogeneity of variance along with non-normality in 

the error terms (Appendix 2). There were no obvious patterns between the residuals and any of 

the variables in the model, indicating good model fit. Additionally, there were no obvious 

patterns between the residuals and any of the variables not in the model, indicating that none of 

the variables needed to be added into the model. The Cook’s distances suggest that there are 

no strongly influential points, but there may be weakly influential observations.  

 The Moran’s I calculated on counts between sites was 0.0189 with a p-value of 0.0282. 

Therefore, the null hypothesis of zero spatial autocorrelation is rejected, meaning the count of 

Octopodidae between different sites is slightly but significantly correlated based on distance. 

Sites close together are more likely to have similar counts of Octopodidae than sites farther 

away. This suggests that a spatial autocorrelation structure should be added to the model. 

Finally, the Moran’s I calculated on counts within sites was 0.1748 with a p-value of 1.9645e-09. 

The null hypothesis of zero spatial autocorrelation is therefore rejected. The count of 

Octopodidae in two samples taken at the same site is thus more likely to be similar than in a 

sample taken at a different site. This suggests that a random intercept should be added to the 

model to account for correlation between samples taken at the same site. 
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Figure 8. Predictor of each parametric model component of the Octopodidae count model. Rug 
plot (at the foot of each plot) shows observations of the explanatory variable. 
 

3.3.4. Loliginidae 

The response variable, count of Loliginidae, had one outlying value of 47 paralarvae, 

while all other values were less than 10 paralarvae. A very high percentage of the samples 

(93%) contained zero Loliginidae paralarvae. Sites with at least one non-zero count appeared to 

be more likely to have other samples with non-zero counts, suggesting there may be patterns 



 
 

45 
 

due to repeated measurements from the same object (site) (Appendix 2). The refined quasi-

Poisson model had a positive adjusted R2 value and the dispersion statistic closest to 1 of the 

three models and was selected for further model fitting. The dispersion statistic was 2.33, 

indicating that the model was still overdispersed.  

The best-fitting model produced by backwards selection included transmissivity and 

fluorescence as smooth terms, volume filtered as a parametric term, and year. The dispersion 

statistic of this model was 1.780, indicating that the model was still overdispersed. This model 

explained 66% of the deviance in the data while the adjusted R2 was 0.75. Transmissivity 

showed a highly variable pattern, with the highest expected counts when transmissivity is 

approximately 91% or 97% (indicating clear water), with a decrease between those values. The 

confidence interval is very wide at values below approximately 87%, indicating high uncertainty 

in that range (Figure 9). Fluorescence showed an almost linear positive effect, with the highest 

expected counts when fluorescence is between approximately 3.5 and 6. Counts are expected 

to decrease slightly with increasing volume filtered. Counts are expected to be significantly 

higher in 2011 or 2012 than in 2009. As the model is still overdispersed, the quasi-Poisson 

distribution is likely not the most appropriate distribution for these data. Therefore, the results of 

the final model should be interpreted with caution. Detailed model output can be found in 

Appendix 2. 

Model validation indicates serious heterogeneity of variance along with non-normality in 

the error terms (Appendix 2). There were no obvious patterns between the residuals and any of 

the variables in the model, indicating good model fit. There were no obvious patterns between 

the residuals and any of the variables not in the model, except for diel period. The F-test for this 

variable was significant, indicating that there is a relationship between the residuals and diel 

period, which suggests that it should have been included in the model. The Cook’s distances 

suggest that there are two strongly influential points, which have a noticeable effect on the 
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model produced on the set of samples containing them. Additionally, there may be weakly 

influential observations.  

 

 
Figure 9. Fitted smooth effects of transmissivity and fluorescence and predictors of each 
parametric model component of the Loliginidae count model. 
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The Moran’s I calculated on counts between sites was 0.00290 with a p-value of 0.308. 

Therefore, the null hypothesis of zero spatial autocorrelation cannot be rejected, meaning the 

count of Loliginidae is not correlated based on distance. Sites close together are no more likely 

to have similar counts of Loliginidae than sites farther away. Finally, the Moran’s I calculated on 

counts within sites was 0.0676 with a p-value of 1.99e-06. This means that the null hypothesis 

of zero spatial autocorrelation is rejected. Therefore, the count of Loliginidae in two samples 

taken at the same site is more likely to be similar than for a sample taken at a different site. This 

suggests that a random intercept should be added to the model to account for correlation 

between samples taken at the same site. 

 

3.4. Community Structure 

 A total of 361 samples containing at least one identified paralarva were used to 

test year, season, diel period, and region effects, while 343 samples were used to test for effects 

of depth. The PCOA ordination diagram does not show any obvious groupings of samples, 

although there does appear to be some slight separation between clusters of samples with 

similar taxa composition and abundance. (Figure 10). The first principal coordinate axis explains 

only 7.72% of the variability in the composition and abundance of the samples and the second 

PCO-Axis explains only 6.84% of the variability. These two values are very close, so units on 

the two axes are approximately equivalent.  

The original species weighted biplot vectors figure shows only five taxa with enough 

influence to be visibly separate from the cluster of taxa in the middle of the diagram (Figure 10). 

These are the most commonly collected taxa: Enoploteuthidae, Loliginidae, Octopodidae, 

Ommastrephidae, and Pyroteuthidae. Of these, Octopodidae is the single most important taxon 

driving the observed patterns among samples because its vector has the longest component 

along the (marginally) most important axis (axis-I). It also has the third longest component along 

the second-most important axis. Enoploteuthidae and Ommastrephidae have about the same 
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length along axis-I, but Enoploteuthidae is longer along axis-II so it is the second most influential 

taxon in driving the patterns. Ommastrephidae is slightly more influential than Loliginidae and 

Pyroteuthidae is similar or even slightly more influential than them. 

 

 

Figure 10. PCOA ordination diagram and species weighted biplot vector plot (non-transformed 
abundance data). ENO – Enoploteuthidae, LOL – Loliginidae, OCD – Octopodidae, OMM – 
Ommastrephidae, PYR – Pyroteuthidae. 
 

The species weighted biplot vector plot with the vectors fourth-root transformed shows 

which taxa are likely to be collected in the same samples (Figure 11). Loliginidae and 

Octopodidae are likely to be found together and far less likely to be found with any of the other 

taxa. Pyroteuthidae and Ommastrephidae are more likely to be found in the same samples than 

other taxa. Onychoteuthidae, Cranchiidae, Sepiolidae, Chiroteuthidae, Octopoteuthidae, 

Cycloteuthidae, Histioteuthidae, Chtenopterygidae, and Joubiniteuthidae are more likely to be 

found with Ommastrephidae and Pyroteuthidae than other taxa, but because most of those taxa 

have very short vectors, any inferences made about them are not robust. Based on the direction 

of its vector, Enoploteuthidae may be found alongside Octopodidae and Loliginidae or 

Ommastrephidae, Pyroteuthidae, and the cluster of taxa in the direction of Ommastrephidae 
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and Pyroteuthidae. Lycoteuthidae and Thysanoteuthidae are more likely to be found alongside 

Enoploteuthidae, but with very short vectors, this inference is not robust. The taxa Argonautidae, 

Ancistrocheiridae, Brachioteuthidae, Mastigoteuthidae, and Neoteuthidae are less likely to be 

found alongside Enoploteuthidae, Lycoteuthidae, and Thysanoteuthidae as their vectors point 

the opposite direction. However, they all have very short vectors so these inferences are not 

robust. 

 

 

Figure 11. Species weighted biplot vector plots from non-transformed abundance data, with 
vectors non-transformed, left, and vectors fourth-root transformed, right. ANC – 
Ancistrocheiridae, ARG – Argonautidae, BRA – Brachioteuthidae, CHI – Chiroteuthidae, CHT – 
Chtenopterygidae, CRA – Cranchiidae, CYC – Cycloteuthidae, ENO – Enoploteuthidae, HIS – 
Histioteuthidae, JOU – Joubiniteuthidae, LOL – Loliginidae, LYC – Lycoteuthidae, MAS – 
Mastigoteuthidae, NEO – Neoteuthidae, OCD – Octopodidae, OCT – Octopoteuthidae, OMM – 
Ommastrephidae, ONY – Onychoteuthidae, PYR – Pyroteuthidae, SEP – Sepiolidae, THY – 
Thysanoteuthidae.  
 

For year, the PCOA ellipses for 2009 and 2012 are more similar than that for 2011 and 

their centroids are closer together than the 2011 centroid is to either of them (Figure 12). This 

suggests that these years have more similar paralarval communities. The results of the 

PERMANOVAs suggest that the variability (dispersion) of the family composition and 
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abundance (beta-diversity) is different between 2011 and the other two years, but doesn’t differ 

between 2009 and 2012 (Table 16). Additionally, the different years could have different 

variabilities in the beta-diversity and different average beta-diversities, or just different 

variabilities (dispersions), since the assumption of homogeneity of multivariate dispersions was 

not met.  

 

 
Figure 12. PCOA ordination diagram with samples coded by year collected. 
 

Table 16. Tests for significant differences in the variability of beta-diversity and the average beta-
diversity of the paralarval community between years. Significant p-values are bolded. Pairwise 
p-values are adjusted using Holm’s method. 
 

   2009 vs. 2011 2009 vs. 2012 2011 vs. 2012 
 F-statistic p-value Adj. p-value Adj. p-value Adj. p-value 

Variability 
(dispersion) 

15.582    0.0001 3.955e-06 0.1852 5.647e-08 

Average beta-
diversity 

(location) 

13.011 0.0001 0.0003 0.0003 0.0003 
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The CAP ordination does not show much separation between the groups, suggesting the 

communities do not differ greatly (Figure 13). Four taxa had significant indicator power values 

for the year grouping factor, but all had indicator power values less than 0.5, suggesting that 

they occurred in multiple years and/or not in a majority of samples from a given year (Table 

A3.1). Pyroteuthidae predominantly characterizes 2009 samples, Loliginidae and Octopodidae 

are indicators for 2011 samples, and Octopoteuthidae characterizes 2012 samples.  

 

 
Figure 13. Canonical analysis of principal coordinates ordination for year. 
 

For season, the winter and spring ellipses have fairly similar shapes and sizes, while the 

early fall ellipse differs from the other two, suggesting that the variability of the beta-diversity is 

different between early fall and the other seasons, but not between winter and spring; however 

this is not supported by the PERMANOVA on dispersion (Table 17). All three centroids seem 
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equidistant, suggesting that all seasons have different paralarval communities (Figure 14). 

Additionally, the different seasons could have different variabilities (dispersions) and different 

average beta-diversities, or just different variability in beta-diversity, since the assumption of 

homogeneity of multivariate dispersions was not met. 

 

 
Figure 14. PCOA ordination diagram with samples coded by season collected. 
 

Table 17. Tests of significant differences in the variability of beta-diversity and average beta-
diversity of the paralarval community between seasons. Significant p-values are bolded. 
Pairwise p-values are adjusted using Holm’s method. 
 

   Winter vs. 
Spring 

Winter vs. 
Early Fall 

Spring vs. 
Early Fall 

 F-statistic p-value Adj. p-value Adj. p-value Adj. p-value 
Variability 

(dispersion) 
3.3005 0.0385 0.0128 0.3079 0.0773 

Average beta-
diversity 

(location) 

11.725 0.0001 0.0006 0.0003 0.0006 
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The CAP ordination does not show much separation between the groups, suggesting the 

communities do not differ greatly (Figure 15). Six taxa had significant indicator power values for 

the season grouping factor, but all had indicator power values less than 0.4, suggesting that 

they occurred in multiple seasons and/or not in a majority of samples from a given season 

(Table A3.2). Pyroteuthidae is characteristic of winter samples, Ommastrephidae, 

Enoploteuthidae, and Ancistrocheiridae are representative of spring samples, and Loliginidae 

and Octopodidae are characteristic of early fall samples.  

 

 
Figure 15. Canonical analysis of principal coordinates ordination for season. 
 

For diel period, the shapes and sizes of the ellipses are similar and the centroids are 

close, but not overlapping, which suggests that their variability (dispersion) is the same, but they 

may have significantly different average beta-diversity (locations) (Figure 16). This is supported 
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by the results of the PERMANOVAs, which found no difference in the variability of the beta-

diversity but a significant difference in the average beta-diversity (Table 18). Therefore, the 

composition and abundance of the paralarval community is different at different times of day.  

 

 
Figure 16. PCOA ordination diagram with samples coded by time of day collected. 
 

Table 18. Tests of significant differences in the variability of beta-diversity and average beta-
diversity of the paralarval community between diel periods. Significant p-values are bolded. 
 

   
 F-statistic p-value 

Variability (dispersion) 1.103 0.2922 
Average beta-diversity (location) 3.085 0.0001 
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The CAP ordination shows slight separation between the groups, suggesting differences 

between the daytime and nighttime communities are minor (Figure 17). Only one taxon, 

Octopodidae, had a significant indicator power value for the diel period grouping factor (indVal = 

0.2577), but the low value suggests that it was found in samples at both times of day and/or not 

found in a majority of samples from the specified time of day (Table A3.3). It was characteristic 

of daytime samples.  

 

 
Figure 17. Canonical analysis of principal coordinates ordination for diel period. 
 

The ellipses and centroids for region appear to split into two groups based on the shape 

and size of the ellipses and location of the centroids: GOM slope and GOM basin vs. NW GOM 

shelf, North-central GOM shelf, and West Florida Shelf (Figure 18). The results of the 

PERMANOVA on dispersion indicate that the variability of the beta-diversity is the same in 
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different regions (Table 19). The results of the PERMANOVA on location (average beta-

diversity) support the conclusions from the PCOA that different assemblages of paralarvae are 

present in different regions. Specifically, the average beta-diversity of the paralarval community 

is significantly different between the GOM slope and all shelf regions, but not between the GOM 

slope and GOM basin (Table 20). Additionally, the average beta-diversity differs between the 

GOM basin and all shelf regions. The average beta-diversity also differed between the NC GOM 

shelf and the WFS, but not between the NW GOM shelf and NC GOM shelf or the NW GOM 

shelf and the WFS. 

 

 
Figure 18. PCOA ordination diagram with samples coded by the region in which they were 
collected. 
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Table 19. Tests of significant differences in the variability of beta-diversity (dispersion) and 
average beta-diversity (location) of the paralarval community between regions. Significant p-
values are bolded.  
 

   
 F-statistic p-value 

Variability (dispersion) 0.9398 0.4386 
Average beta-diversity (location) 7.0781 0.0001 

 

Table 20. Tests of significant differences in the average beta-diversity (location) of the paralarval 
community between pairs of regions. Significant p-values are bolded. Pairwise p-values are 
adjusted using Holm’s method. 
 

 NW GOM Shelf NC GOM Shelf WFS GOM Slope 
NC GOM Shelf 0.2764    

WFS 0.1964 0.0115   
GOM Slope 0.0010 0.0010 0.0010  
GOM Basin 0.0116 0.0084 0.0084 0.1554 

 

The CAP ordination shows some separation between GOM slope and GOM basin and 

the shelf regions, which reflects the results of the PERMANOVA on average beta-diversity, but it 

is not very distinct (Figure 19). Four taxa had significant indicator power values for the region 

grouping factor, but all had indicator power values less than 0.4, suggesting that they occurred 

in multiple regions and/or not in a majority of samples from a given region (Table A3.4). 

Pyroteuthidae was an indicator of GOM slope samples, Ommastrephidae and Ancistrocheiridae 

characterized GOM basin samples, and Loliginidae characterized NC GOM shelf samples.  
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Figure 19. Canonical analysis of principal coordinates ordination for region. 
 

Finally, the ordination for depth bin suggests that the beta-diversity of pairs of depth bins 

are similar: 0-20 m and 20-40 m, 40-60 m and 60-80 m, and 80-100 m and 100-130 m (Figure 

20). The 0-20 m and 20-40 m bins are most different from the 80-100 m and 100-130 m bins 

while the middle depth bins are in-between the other two groups. The shape of the 80-100 m 

and 100-130 m ellipses appear different than the others, which suggests they may have 

different variability in beta-diversity (dispersions). However, this was not supported by the 

PERMANOVA on dispersion (Table 21). The PERMANOVA on average beta-diversity (locations) 

indicated that a different assemblage of paralarvae is present in different depth bins. The two 

shallowest depth bins (0-20 m and 20-40 m) have significantly different average beta-diversity 

compared to the three deepest bins, but are not different from each other or the third shallowest 

depth bin (40-60 m) (Table 22). The 40-60 m depth bin only had significantly different average 
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beta-diversity relative to the deepest depth bin (100-130 m). The three deepest depth bins did 

not have significantly different average beta-diversities between each other. 

 

 
Figure 20. PCOA ordination diagram with samples coded by the depth bin in which they were 
collected. 
 

Table 21. Tests of significant differences in the variability of beta-diversity (dispersion) and 
average beta-diversity (location) of the paralarval community between depth bins. Significant p-
values are bolded.  
 

   
 F-statistic p-value 

Variability (dispersions) 0.5607 0.7221 
Average beta-diversity (location) 3.8352 0.0001 
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Table 22. Tests of significant differences in the average beta-diversity (location) of the paralarval 
community between pairs of depth bins. Significant p-values are bolded. Pairwise p-values are 
adjusted using Holm’s method. 
 

 0-20 20-40 40-60 60-80 80-100 
20-40 0.9869     
40-60 0.6080 0.5190    
60-80 0.0396 0.0230 0.1602   

80-100 0.0024 0.0024 0.0624 0.4950  
100-130 0.0015 0.0015 0.0015 0.1036 0.4950 

 

The CAP ordination does not show much separation between the groups, especially the 

0-20 m and 20-40 m depth bins, suggesting the communities do not differ greatly (Figure 21). 

The 100-130 m depth bin is the most distinct group, but it still overlaps with the others. Four 

taxa had significant indicator power values for the depth bin grouping factor, but all had indicator 

power values less than 0.2, suggesting that they occurred in multiple depth bins and/or not in a 

majority of samples from a given depth bin (Table A3.5). Cranchiidae characterized the 80-100 

m depth bin while Chiroteuthidae, Joubiniteuthidae, and Pyroteuthidae characterized 100-130 m 

depth bin.  
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Figure 21. Canonical analysis of principal coordinates ordination for depth bin. 
 

4. Discussion 

This study details the abundance and distribution of twenty-one cephalopod taxa 

sampled from the northern GOM. Abundance was compared between time periods, regions, 

and depths. Additionally, modeling the abundance of three common taxa identified factors that 

influenced their abundance. Community composition and abundance was also analyzed to 

identify differences in the paralarval community among time periods, regions, and depths.  

While most paralarvae could be morphologically identified to the family level, 30% could 

not be identified more precisely than ‘unidentified squid’ or ‘unidentified cephalopod’. This is a 

common issue when working with paralarvae using morphological keys. To cope with this 

challenge, DNA barcoding is becoming a more popular tool for identifying paralarvae (e.g., 

Olmos-Pérez et al., 2018; Taite et al., 2020). However, barcoding may have other issues, as it 
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depends on accurate identification of individuals in a database such as GenBank or BOLD. For 

species that have not had sequences deposited in such databases, DNA barcoding is often no 

more useful than morphological identification. In their study comparing morphological and 

molecular identification of paralarval and juvenile cephalopods, Taite et al. (2020) found that 

experts could accurately identify most young cephalopods, although some congeners were 

misidentified. A larger problem was that accurately identified sequences were not available in 

GenBank for all taxa (Taite et al. 2020). Other specimens morphologically identified as a certain 

species were found to be genetically distinct from individuals in GenBank classified as the same 

species (Taite et al. 2020). The findings of Taite and colleagues suggest that while DNA 

barcoding can be an extremely useful tool for identifying young cephalopods, especially in the 

absence of an expert, work needs to be done to clarify, correct (when necessary), and complete 

such genetic databases. 

 

4.1. Abundance and Distribution 

In this study, the most abundant and frequently collected taxa were Octopodidae, 

Enoploteuthidae, Ommastrephidae, Pyroteuthidae, and Loliginidae. These results agree with 

previous studies of juvenile and adult cephalopods that found these taxa to be among the most 

numerous families collected in the GOM (Judkins 2009, Judkins et al. 2017). Previous studies 

focusing on paralarvae throughout the GOM similarly found high abundance of Enoploteuthidae, 

Loliginidae, Ommastrephidae, and Octopodidae (Santana-Cisneros et al. 2021b, Sluis et al. 

2021, García-Cordova et al. 2023). 

 Taxa with lower abundance and frequency of occurrence may simply be less numerous, 

but it is also likely that some of these taxa mainly inhabit deeper waters as paralarvae than 

those sampled in this study. For example, several pelagic taxa, including Bolitaenidae, 

Histioteuthidae, and Chiroteuthidae, were collected infrequently or not at all in this study, 

suggesting that their paralarvae are likely found below the sampled surface layer (0-130 m) 
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(Judkins et al., 2017). As juveniles and adults, these taxa are typically collected below the 

surface layer sampled here (e.g., below 600 m for Bolitaenidae and below 200 m for 

Histioteuthidae) (Judkins and Vecchione 2020). If paralarvae show the same general 

distribution, the low counts observed here could be expected. 

 Abundance of all paralarvae was highest in the early fall sampling season, but 

paralarvae from many taxa were present year-round, indicating that they may have extended 

and/or multiple spawning seasons throughout the year. Rocha et al. (2001) identified two 

extended spawning strategies, multiple spawning and intermittent terminal spawning, both 

exhibited by taxa known to occur in the GOM (e.g., Ommastrephidae and Loliginidae, 

respectively). Species in these families are also known to have multiple spawning seasons in a 

single year, e.g. Doryteuthis pealeii (Loliginidae) has two main spawning cohorts in the 

Northwest Atlantic (Hatfield and Cadrin 2002) and Ommastrephes bartramii (Ommastrephidae) 

has two main spawning cohorts in the North Pacific (Vijai et al. 2014). Although few studies 

have been conducted on reproductive timing of cephalopods specifically in the GOM, spawning 

strategies are likely similar to those found in other regions. 

 Of the most abundant taxa, Enoploteuthidae, Ommastrephidae, Pyroteuthidae, and 

Octopodidae were collected in all regions of the GOM. Loliginidae was primarily collected in the 

shelf regions, with only one individual collected in the slope region and none collected in the 

basin region. This is expected as Loliginidae are neritic as adults and spawning occurs inshore, 

so few paralarvae are expected to be transported offshore. Enoploteuthidae were collected 

more often in the shelf regions than the offshore regions, although they are considered pelagic 

squids. This could suggest that they spawn closer to shore or that the paralarvae are 

transported closer to shore by surface/shallow currents (González et al. 2005, Johnson et al. 

2009, Santana-Cisneros et al. 2021a). Ommastrephidae was found at approximately the same 

abundance and frequency of occurrence throughout all regions except the north-central shelf 

region, which could also suggest inshore transport. Pyroteuthidae were found at equal 
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abundance and frequency of occurrence in the shelf and basin regions, but twice as often in the 

slope region. In other regions (e.g., northwest Atlantic), adult Pyroteuthidae were collected at 

offshore stations (Vecchione and Pohle 2002). If adult pyroteuthids in the GOM follow the same 

distribution patterns, the spatial distribution of the paralarvae may indicate dispersal due to 

currents. Paralarvae from the family Octopodidae were collected at much higher rates in the 

shelf regions than the offshore regions. As the individuals identified to this family are mainly 

from the genera Octopus and Macrotritopus, which are known to be neritic, benthic taxa, these 

findings are expected. Octopus paralarvae collected in slope and basin waters may belong to 

other genera, or could indicate offshore transport, which has been suggested by previous 

research as well as demonstrated in dispersal modeling studies (Roura et al. 2016, Santana-

Cisneros et al. 2021a).  

Spatial distribution in the Gulf of Mexico could also be influenced by eddies. Although the 

samples used in this study were not collected in eddies, it’s known they can retain and transport 

zooplankton, including paralarvae. Eddies may have a strong effect on the transport of 

paralarvae with a longer paralarval duration in particular, since eddy propagation speed ranges 

from ~0.2 – 3.5 km/day, depending partly on latitude (Zhang et al. 2024). 

 

4.2. Vertical Distribution 

Most taxa had the highest abundances in the shallower depth bins. Exceptions include 

Chiroteuthidae, Histioteuthidae, Mastigoteuthidae, and Sepiolidae. This suggests that these 

taxa are located at deeper depths even at the paralarval stage. As adults they are mesopelagic 

taxa so it is reasonable to expect that the paralarvae do not distribute up to the surface 

(Quetglas et al. 2010, Judkins and Vecchione 2020, Escánez et al. 2022). Other taxa, including 

Argonautidae, Loliginidae, and Thysanoteuthidae were more abundant in the shallower depth 

bins. These are known to be epipelagic or neritic taxa, so a shallower distribution is expected for 

the paralarvae (Bower and Miyahara 2005, Jereb et al. 2010, Finn 2016). 
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 Although most taxa do not show clear evidence of diel vertical migration, Pyroteuthidae, 

Octopodidae, Enoploteuthidae, and Onychoteuthidae may migrate vertically as paralarvae 

based on differing depths of maximum abundance between day and night samples. 

Enoploteuthid paralarvae have been shown to vertically migrate in other areas, including the 

Caribbean Sea and Northeast Atlantic (Diekmann et al. 2006, Castillo-Estrada et al. 2020). 

Juvenile and adult Enoploteuthids are also known to perform diel vertical migration (Guerra-

Marrero et al. 2020, Judkins and Vecchione 2020). 

 This study found that enoploteuthid paralarvae were most abundant between 20-40 

meters at night and 20-40 and 80-100 meters during the day (average abundance was almost 

equal between these two depth bins). However, as there was no significant difference in 

abundance between depth bins at either time of day, the abundance in all depth bins could be 

statistically equal. Studies conducted in the Caribbean Sea found the highest abundance of 

Abralia spp. paralarvae, a genus in the family Enoploteuthidae, in the 38-48 m depth bin 

(combined day and night sampling) and that of Abralia redifieldi in the 0-25 m depth bin at night 

and the 0-25 and 50-75 m depth bins during the day (Castillo-Estrada et al. 2020, García-

Guillén et al. 2023). In the Gulf of California and adjacent Pacific Ocean, Enoploteuthidae 

paralarvae were most abundant in the 0-17 m and 17-34 m depth bins (combined day and night 

sampling) (Ruvalcaba-Aroche et al. 2018). In the subtropical eastern North Atlantic, 

enoploteuthid paralarvae were most abundant in the 10-50 m and 50-100 m depth bins at night 

(very similar abundances) and in the 100-150 m depth bin during the day (Diekmann et al. 

2006). Ruvalcaba-Aroche et al. (2018) identified features of water masses associated with the 

highest abundance, including the mixed layer and thermocline, as well as warm and well-

oxygenated water. Preference for features such as these could explain differences in the depth 

of maximum abundance in different studies. 

 This study found highest onychoteuthid abundance in the 0-20 m depth bin at night and 

the 20-40 m depth bin during the day. In the Caribbean Sea, Onychoteuthis banksii, a species in 
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the family Onychoteuthidae, was most abundant in the 0-25 m depth bin at night and the 0-25 m 

and 25-50 m depth bins during the day (Castillo-Estrada et al. 2020). In the subtropical eastern 

North Atlantic, onychoteuthid abundance was highest in the 10-50 m depth bin both at night and 

during the day (Diekmann et al. 2006). These results suggest that vertical distribution is similar 

in different regions, but there may be temporal variations. Additional fine-scale sampling in 

various regions would allow for more robust conclusions. 

 In this study, Pyroteuthidae paralarvae were most abundant in the 0-20 m depth bin at 

night and in the 60-80 m depth bin during the day. In the Gulf of California and adjacent Pacific 

Ocean, pyroteuthid paralarvae were most abundant in the 17-34 m and 34-51 m depth bins 

(combined day and night sampling) (Ruvalcaba-Aroche et al. 2018). In the subtropical eastern 

North Atlantic, they were most abundant in the 50-100 m depth bin at night and in the 100-150 

m depth bin during the day (Diekmann et al. 2006). Comparing these studies suggests there 

may be regional variation in the depths inhabited by this group. 

 This study identified the highest ommastrephid abundance in the 100-130 m depth bin 

both at night and during the day. In the Caribbean Sea, Ornithoteuthis antillarum, a species in 

the Ommastrephidae family, was most abundant in the 0-25 m and 25-50 m depth bins at night 

and the 0-25 m and 50-75 m depth bins during the day (Castillo-Estrada et al. 2020). In the Gulf 

of California and adjacent Pacific Ocean, paralarvae of two ommastrephid species were equally 

abundant in three depth bins between 0 and 65 m depth (Ruvalcaba-Aroche et al. 2018). These 

differences may be due in part to species-specific vertical distributions. At least four species of 

ommastrephids are found in the GOM, including Ornithoteuthis antillarum, while two other 

species, Dosidicus gigas and Sthenoteuthis oualaniensis, are the most frequently collected 

ommastrephids in the Gulf of California. 

 It has been suggested that differing day and night abundances are due to net avoidance 

(Vecchione 1981), but this seems unlikely in this study as the paralarvae are far smaller than the 

mouth of the net and likely would not be able to swim out of the way. Additionally, to reduce net 
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avoidance, the nets used in these surveys were dyed black and tow speed averaged two knots. 

Furthermore, other studies have suggested no net avoidance in paralarvae on the basis of day 

and night catches lacking significant differences in abundance (Goldman and McGowan 1991, 

Röpke et al. 1993).  

Although vertically-stratified sampling does allow for the analysis of diel vertical 

migration, the precision of the results are constrained by the size of the depth bins. This study 

used 20- or 30-meter depth bins; other studies on paralarvae have used 10 meter, 17 meter, 20 

meter, 25 meter, or even larger depth bins (Goldman and McGowan 1991, Diekmann et al. 

2006, Ruvalcaba-Aroche et al. 2018, Castillo-Estrada et al. 2020, García-Guillén et al. 2023). 

Such wide depth bins compared to the size of the animals suggests that shorter migrations 

cannot be precisely identified. A subset of the samples used in this study were collected over 

narrower depth ranges, so analyzing these samples separately could provide a more precise 

picture of paralarval vertical migration. Another factor influencing the results is that sites in this 

study were not sampled multiple times in a consecutive day-night cycle, which would allow 

better detail on site-specific diel vertical migration. 

 Other groups of diel-vertically migrating zooplankton, such as krill, migrate between 150 

and 300 m from depth to the surface, although it’s unlikely all individuals make the farthest 

migration (Riquelme-Bugueño et al. 2020). Some pteropods, a group of holoplanktonic 

mollusks, also vertically migrate with maximum daytime abundance between 200 and 600 m 

and maximum nighttime abundance between 0 and 200 m (Shedler et al. 2022). Vertical 

migration depends on individual swimming capability. Laboratory tests have recorded squid 

paralarvae swimming speeds of 16.2-48.4 mm-1 (squids 1.8 mm DML) and 4-8 mm-1 (squids 

2.65 mm ML) (Bartol et al. 2008, Vidal et al. 2018). These values suggest that it would take 

cephalopod paralarvae 1.5 hours or less to cover 20 meters, assuming their vertical swimming 

speed is the same as their horizontal swimming speed. Such speeds suggest that paralarvae 

could easily migrate through the portion of the water column sampled in this study. 
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4.3. Abundance Modeling 

4.3.1. Environmental and Temporal Variables 

This study found that water density was highly correlated with temperature, salinity, year, 

season, and depth bin. This is expected as density is determined mainly by salinity and 

temperature and temperature varies both with depth and seasonally in the GOM. The high 

correlation of density with year may be partly due to only having one season of 2011 samples, 

which led to a smaller range of temperatures being observed in that year. Due to these 

collinearities, an effect of salinity, season, year, or depth bin in a model may actually be due to 

temperature or density. For example, paralarvae may be more abundant at certain temperatures 

(Yoo et al. 2014, Uriarte et al. 2018), but as temperature was not included in the models, the 

model results may show that it is certain seasons or depth bins that have high abundance, when 

in fact the abundance is dependent on the temperature, and the high abundance in certain 

seasons or depth bins is just a side effect of the temperature dependence. 

 

4.3.2. Enoploteuthidae 

 Some samples had extremely high counts of Enoploteuthidae paralarvae relative to the 

median count, indicating that Enoploteuthidae may be patchily distributed as paralarvae. 

Enoploteuthid species are thought to spawn individual eggs in the plankton every few days 

(Young and Harman 1985, Young and Mangold 1994). This spawning strategy suggests that 

paralarvae may be aggregated due to physical conditions rather than the paralarvae coming 

from a single egg mass or spawning event. There were no obvious correlations between the 

count of Enoploteuthidae and any of the predictor variables. This could be due to the 

aggregation of samples from different cruises masking any relationships at a single time of year. 

It could also suggest that enoploteuthid paralarval abundance is dependent primarily on 

spawning times and locations rather than environmental conditions or overall time of 

year/location. Additionally, enoploteuthid paralarvae have a paralarval duration of approximately 
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1.25 months (average of 41.5 days for Abralia trigonura) (Bigelow 1992). This may be short 

enough that the effect of environmental conditions and/or time and location on paralarval 

abundance may not be observable. 

 The final model for Enoploteuthidae abundance included the variables volume filtered, 

year, season, diel period, and depth bin. The effect of the smooth term of volume filtered is 

small, but indicates that the count of Enoploteuthidae increases with more water filtered, 

although there is a slight dip between 250 and 400 m3. Counts did not vary significantly between 

years. This means that enoploteuthid abundance is unlikely to be affected by year alone. Count 

of Enoploteuthidae is lower in the spring than the other two seasons, and higher at night than in 

the day. Count of Enoploteuthidae was not different between the four shallowest depth bins, 

while it was lower in the two deepest depth bins.  

Based on the adjusted R2 value, the model explains only about 6% of the variability in 

the count of Enoploteuthidae. This is a low value, although not unusual for biological data, 

suggesting that important variables may have been omitted from the model or that the structure 

of the model could be improved. For example, other recent studies of enoploteuthid paralarvae 

abundance identified other important variables than the ones identified by the model in this 

study. The model of enoploteuthid paralarval abundance in the northern GOM created by Sluis 

et al. identified distance to the Loop Current, sea surface height, and year as important 

variables (2021). Their results suggest that paralarval abundance is higher along fronts or eddy 

boundaries, potentially due to elevated primary and secondary production there (Sluis et al. 

2021). In the southern GOM, García-Cordova et al. (2023) found that the variables chlorophyll-a 

concentration, depth, dissolved oxygen, sea surface temperature, water density, and geographic 

position were important in modeling the abundance of enoploteuthid paralarvae. Their results 

found highest enoploteuthid paralarval abundance in Caribbean Sea waters, but also in the 

frontal zones of the Yucatan Sea Water and Yucatan Upwelling Water (García-Cordova et al. 

2023). Some of the variables identified as important by these studies were not included in this 
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study; however, their importance in other studies suggests they could be useful to consider here 

as well.  

 

4.3.3. Octopodidae 

 The octopus species included in Octopodidae for this study are merobenthic, with 

paralarval durations of 21 to 60 days (Vidal and Shea 2023). The eggs are attached to 

structures on the benthos in a den and cared for by the female (Rocha et al. 2001). As these 

eggs are likely to hatch around the same time, it’s possible that all the paralarvae in a single 

sample came from a single brood, especially if the paralarvae are small (more recently hatched, 

meaning less time to be dispersed). There were no obvious relationships between the predictor 

variables and the count of Octopodidae. This could indicate that aggregating samples from 

different seasons, years, and spatial locations masks any relationships that may exist in a 

portion of the time/location. It could also indicate that the variables analyzed in this study are not 

the ones that paralarvae count is related to and there may be other variables that were not 

included which are related to paralarvae count.  

 The selected model for octopod abundance included the variables region, season, 

fluorescence, and volume filtered. The effect of volume filtered is small but positive, indicating 

higher counts with increased amount of water filtered, which is logical. The effect of 

fluorescence is also positive, suggesting that octopod abundance increases with increasing 

primary productivity. Paralarval octopus feed on a variety of zooplankton, which likely have 

higher abundance in areas of higher primary productivity. Octopod count was lower in the NC 

GOM shelf region and the two offshore regions than in the NW GOM shelf and WFS regions. 

Octopod count was higher in the early fall than the other two seasons. Based on the adjusted 

R2, this model explains only about 12.2% of the variability in count of Octopodidae, which is 

fairly low, but not unreasonable for this type of data. The low adjusted R2 suggests that some 



 
 

71 
 

important variables may have been left out of the model or that the structure of the model does 

not fit the population well. 

 Similar models produced for populations in other regions suggest other variables that 

may drive octopod abundance. For example, a model of paralarval octopod presence in the 

northeastern Atlantic (western Iberian coast) identified month, latitude, depth, upwelling index, 

and sea surface temperature as important predictors while a model of abundance in the same 

region identified year, longitude, depth, and upwelling index as important predictors (Moreno et 

al. 2009). Moreno et al. (2009) note that paralarval abundance and distribution are likely driven 

by spawning location and cross-shelf transport. In the same area, Roura et al. (2016) identified 

month, depth, and upwelling strength as important variables in determining octopod paralarval 

abundance. They observed that the distribution and abundance of paralarval octopus are likely 

driven by coastal upwelling and the vertical position of the paralarvae within the water column 

may enable transport across the shelf (Roura et al. 2016). 

 

4.3.4. Loliginidae 

 One sample had an extremely high count of Loliginidae paralarvae relative to the median 

count, which indicates that Loliginidae may be patchily distributed as paralarvae, especially 

directly after hatching. Most loliginid species attach eggs to the benthos at communal spawning 

grounds where multiple females lay eggs (Griswold and Prezioso 1981, Shashar and Hanlon 

2013). This reproductive strategy results in many paralarvae in the same area, leading to 

patchiness and occasional samples with high numbers of paralarvae. There were no obvious 

relationships between count of Loliginidae and any of the predictor variables. As discussed with 

the other two taxa, this may be due to sample aggregation or missing variables. It could also 

suggest that loliginid paralarval abundance is dependent primarily on spawning times and 

locations rather than environmental conditions or overall time of year/location. Doryteuthis 

pealeii, which is classified as an intermittent terminal spawner, is known to have multiple 
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spawning events in a year along the Atlantic coast of North America (Rocha et al. 2001, Hatfield 

and Cadrin 2002). Loliginid species show a range of paralarval durations from of approximately 

0.25 to 2 months (e.g., 50-60 days for Doryteuthis pealeii) (Vidal and Shea 2023). This may be 

short enough that the effect of environmental conditions and/or time and location on paralarval 

abundance may not be visible. 

The selected model for loliginid abundance is overdispersed and violates some of the 

model assumptions, including homogeneity of variance and normality. As such, its results 

should be interpreted with caution. The model included the variables year, fluorescence, 

transmissivity, and volume filtered. The effect of volume filtered is small but negative, indicating 

decreasing counts with increased amount of water filtered, which is counterintuitive. This result 

may be affected by the patchiness of the paralarvae, which could have an effect on the estimate 

of the parameter. The smoothers for fluorescence and transmissivity show small effects; 

fluorescence a slight increase in mid-values and transmissivity a slight increase at the low and 

high 90%’s, with a decrease in the mid-90s. These results suggest that loliginid abundance 

increases with increasing primary productivity to a certain level and that the amount of 

suspended material in the water has a slight effect on loliginid abundance. Count of Loliginidae 

was higher in samples collected in 2011 and 2012 versus 2009. This could suggest that loliginid 

abundance increased over the sampled years. Based on the adjusted R2, this model explains 

about 75% of the variability in count of Loliginidae, which is quite high and may suggest model 

overfitting.  

In the southern GOM, a study on the loliginid squid species Doryteuthis plei found that 

chlorophyll-a, depth, water density, and geographic position were important in explaining the 

variation in distribution and abundance (García-Cordova et al. 2023). They found that 

abundance corresponded to frontal zones of Yucatan Upwelling Water and Yucatan Sea Water, 

which arose from intrusions of coastal upwelling water (García-Cordova et al. 2023). In the 

northeastern Atlantic off western Iberia, modeling found that loliginid squid presence was driven 
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by month, latitude, depth, upwelling index, and sea surface temperature, while abundance was 

driven by upwelling index and sea surface temperature (Moreno et al. 2009). They suggest that 

the paralarvae are advected from the spawning location to areas with cooler, more productive 

upwelled waters, enhancing their survival (Moreno et al. 2009). An analysis of the distribution of 

loliginid species in the South Brazil Bight found that highest paralarval abundance was 

associated with seasonal upwelling and the intrusion of nutrient-rich waters in the nearshore, 

northernmost portion of the region (Araújo and Gasalla 2018). 

 

4.3.5. Model Caveats 

Based on model validation, all the models showed evidence that the model assumptions 

were violated to some extent, indicating that the results should be interpreted with caution. In 

the Enoploteuthidae and Loliginidae models, samples with outlying values were retained in the 

models as these are true observations of abundance. However, they are at least weakly 

influential on the results of the model (based on Cook’s distance), and it is likely that removing 

them from the model would produce slightly different results that would be better fitted to the 

average abundance of squid. The skewness of the residuals and heterogeneity of variance 

suggest that a different model distribution may perform better than those tested here.  

All three taxa modeled showed high percentages of samples with no paralarvae. 

Paralarvae are known to occur infrequently in the water column compared to other planktonic 

groups as well as being patchily distributed, so the high percentages of samples with no 

paralarvae are expected (Boletzky 2003). This indicates likely zero-inflation of the data and 

suggests that models with a zero-inflated distribution family, such as zero-inflated Poisson or 

zero-inflated negative binomial, may perform better than the standard versions of the same 

families, as were used here.  

One feature of the sample collection that was not addressed in the models was that 

several samples were collected at the same site. Moran’s I calculated on samples within sites 
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was significant and positive, indicating that the count of the taxon in samples taken at the same 

site was more likely to be similar than in samples collected at different sites. Addressing this 

correlation could be done with a generalized additive mixed model, which adds a random 

intercept to deal with the dependency structure (Zuur et al. 2014). Additionally, spatial and/or 

temporal autocorrelation structures may be required to meet the assumption of independence 

as the count of the taxon may be correlated between samples collected close together in space 

or time. For example, validation of the Octopodidae abundance model found weak but 

significant spatial correlation between sites, indicating that a spatial autocorrelation structure 

may be required to meet the independence assumption of the model. 

 

4.4. Community Structure 

 The paralarval community in this study was grouped into four clusters of taxa. The 

Loliginidae-Octopodidae cluster is a logical pairing as both are neritic (Jereb et al. 2010, Rosa et 

al. 2019). Additionally, a study of paralarval diversity in the Southeastern Brazilian Bight similarly 

found that Loliginidae and Octopodidae grouped together and characterized the inner shelf 

(Araújo and Gasalla 2019). This study found that Pyroteuthidae and Ommastrephidae are also 

likely to be found together, but not with Loliginidae or Octopodidae, which is expected as they 

are oceanic squids. However, in the Sargasso Sea and subtropical eastern North Atlantic, these 

taxa were found to have opposite distributions (Diekmann and Piatkowski 2002, Diekmann et al. 

2006). Interestingly, this study found that Enoploteuthidae is likely to be found alongside any of 

the other four taxa. As an oceanic squid, the expectation was that it would be grouped with 

Pyroteuthidae and Ommastrephidae. This was the case in the Southeastern Brazilian Bight, 

where Enoploteuthidae was frequently found alongside Ommastrephidae (Araújo and Gasalla 

2019). In the Sargasso Sea, Enoploteuthidae was more commonly found alongside 

Pyroteuthidae (Diekmann and Piatkowski 2002).  
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In this study, Onychoteuthidae and Cranchiidae were both more likely to be found 

alongside Ommastrephidae and Pyroteuthidae, while in the Sargasso Sea, both taxa were likely 

to be found alongside Pyroteuthidae, but not Ommastrephidae (Diekmann and Piatkowski 

2002). In the subtropical eastern North Atlantic, Onychoteuthidae was likely to be found 

alongside Ommastrephidae but not Pyroteuthidae, while Cranchiidae was found with both, 

based on subfamily (Diekmann et al. 2006). These differences suggest that assemblages may 

be driven by different factors in different regions or that differences in the individual species 

found in a given region may affect assemblages at the family level. 

 This study found that the paralarval community differed between different years, being 

more similar between 2009 and 2012 than either of those years and 2011, which could indicate 

the differences in sampling effort among years. This result may also reflect seasonal changes in 

the paralarval community, as 2011 was only sampled in one season. However, it could also 

represent a temporary change in the paralarval community due to the Deepwater Horizon oil 

spill. Variations in the overall zooplankton assemblage were identified in May and June 2010, 

but did not persist significantly in July 2010 (Carassou et al. 2014). If the cephalopod community 

showed a similar trajectory, the variability identified in the 2011 community is unlikely to be due 

to the oil spill. Additional sampling of the zooplankton community also showed no significant 

differences in beta-diversity between summer 2010 and other years (Daly et al. 2021). However, 

cephalopods often show large annual fluctuations in population abundance, due in part to 

sensitivity to environmental variation, so the effects of the Deepwater Horizon oil spill could 

persist in the cephalopod community longer than in the zooplankton community as a whole 

(Rodhouse et al. 2014). 

The paralarval community also varied between seasons. This variability is likely due to 

different spawning seasons and paralarval durations among the different taxa. Despite these 

differences, the analysis also suggested that beta-diversity is more similar between winter and 

early fall than winter and spring or early fall and spring, while beta-diversity in the spring was 



 
 

76 
 

more similar to winter. This could reflect lower sampling effort in the spring or it could suggest a 

gap in spawning that results in differences in the taxa present and their abundances between 

spring and early fall. Seasonal differences in assemblages were also identified in the Gulf of 

California, which was hypothesized to be due to changes in temperature and productivity (De 

Silva-Dávila et al. 2015). 

The beta-diversity of the paralarval community also varied between daytime and 

nighttime samples. This could be due to different taxa migrating into or out of the sampled 

portion of the water column as the day progresses. Diel differences in the zooplankton 

community, both in abundance and taxa composition, have been recorded in a range of 

locations (Nakajima et al. 2008, Kimmel et al. 2010). As members of the plankton community, 

cephalopod paralarvae likely follow similar patterns. 

 The composition and abundance of the paralarval community in the GOM slope and 

GOM basin regions was not different. The beta-diversity of the three shelf regions was different 

from the slope and basin regions, which is expected as Loliginidae and Octopodidae are 

influential taxa that are mainly found on the shelf (Jereb et al. 2010, Rosa et al. 2019). The beta-

diversity also varied between the NC GOM shelf and the WFS, but not between the NW GOM 

shelf and the NC GOM shelf or the NW GOM shelf and the WFS. This indicates that although 

the NC GOM shelf and the WFS are contiguous, the paralarval communities in the regions are 

different in either taxa composition and/or abundance. The beta-diversity does not differ 

between the other pairs of shelf regions. However, this study does not identify the causes of 

these differences or lack thereof. Modeling studies have identified cross-shelf dispersal in 

ichthyoplankton (Lara-Hernández et al. 2019, Vasbinder et al. 2023) and cephalopod paralarvae 

may experience similar dispersal patterns. These studies identify areas of the shelf that are 

more connected than others, which could result in a more similar plankton community, including 

paralarvae, in those areas. 
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The difference in the paralarval community between depths suggests that the taxa found 

at the surface are either not found in the deeper bins or found in much lower abundance, and 

vice versa. The vertical distribution analysis in this study explains which taxon/taxa may be 

influencing this difference, most likely Loliginidae. The second depth bin (20-40 m) also had a 

different beta-diversity from the three deepest depth bins which suggests it has a similar 

assemblage to the shallowest depth bin. The shift in the paralarval community likely occurs over 

the 40-60 m depth bin, as it does not have different beta-diversity from any of the depth bins 

except the deepest one. Further investigation could suggest causes for this, such as physical 

oceanographic features including the thermocline. The three deepest depth bins do not vary in 

taxa composition and abundance, which indicates that below 60 m (at least down to 130 m) the 

paralarval community is similar.  

 

5. Conclusions 

This study examined different aspects of cephalopod paralarval ecology in the northern 

GOM. Paralarvae were collected in fewer than two-thirds of the samples, with much lower 

frequency of occurrence for individual taxa. Enoploteuthidae, Loliginidae, Octopodidae, 

Ommastrephidae, and Pyroteuthidae were identified as the most abundant taxa. Most taxa did 

not show significant differences in abundance between years, seasons, or regions. The majority 

of abundant taxa were found throughout the upper water column (0-130 m). Some taxa, 

including Pyroteuthidae, showed evidence of diel vertical migration. Most were found deeper 

during the day than at night, on average. The abundance models created in this study all had 

some degree of model misspecification and violation of model assumptions. However, they do 

suggest that different factors influence the abundance of the different taxa, although there are 

some similarities. Year was important for the squid taxa, while fluorescence was important for 

the neritic taxa. Finally, the analysis of community structure identified differences in the 

composition and abundance of the paralarval community between years, seasons, diel periods, 
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regions, and depth bins, although some similar communities were identified, including the GOM 

slope and GOM basin, the shallowest depth bins, and the deepest depth bins. However, this 

study, like many that focus on paralarvae, is strongly impacted by extreme variability in 

abundance (patchiness), which affected the results, including average abundances and the 

existence of significant differences in abundance. 

The results of this study provide useful information about the cephalopod paralarval 

community in the northern GOM. They can be compared with paralarvae abundance and 

distribution information in other regions to understand differences in the communities and 

identify any similarities. These results can also be reviewed in conjunction with studies on 

juvenile and adult cephalopods in the GOM to make connections between different life cycle 

stages. The models also suggest directions for future modeling efforts in terms of model type 

and the variables that may be important to be included. These data also provide a baseline of 

cephalopod paralarvae abundance and distribution to compare to previously collected samples 

or future samples. The scale of the data in space and time also provides suggestions on where 

or when to target certain taxa. 
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Appendix 2. Supplementary Methods and Results of Abundance Modeling 

A2.1. Methods 

Steps of the methods not explicitly described in the main body of the thesis are 

described herein. Additionally, the individual steps of the model creation, selection, and 

validation process are described in more complete detail. 

 

A2.1.1. Data Exploration 

  Cleveland dotplots were produced to identify any outliers in the continuous variables. 

Outliers were plotted versus spatial variables to determine if the collection location of the 

sample could explain the outlying values. Pair plots were used to identify any collinearity 

between variables. Correlation coefficients were produced for pairs of continuous variables, 

boxplots were produced for continuous-categorical pairs, scatterplots were produced for pairs of 
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continuous variables, and barplots were produced for pairs of categorical variables. Plots were 

examined to determine the presence and strength of collinearities between variables.  

To objectively select uncorrelated variables for analysis, variance inflation factors were 

calculated. Specifically, squared scaled generalized variance inflation factors (ssGVIF) were 

calculated for all continuous and categorical variables (DeRuiter 2019). The variable with the 

highest ssGVIF was removed from the analysis and the ssGVIFs were recalculated. This 

process was repeated until all ssGVIFs were below a threshold value of 4.  

Continuous variables with outliers were plotted against each other to see if the 

correlation between them was driven by the outlying samples. The correlation coefficient 

between those continuous variables was calculated without the outlying samples to confirm their 

effect. If the outlying values could not be explained by their location or other factors, suggesting 

they are due to CTD errors, and they had a large impact on correlations between variables, 

those samples were removed from the dataset. 

 All continuous variables were replotted to check for remaining outliers. The pairplot 

matrix was plotted with the subset of data to check for changes in collinearity after the removal 

of samples with outliers. Variable selection via variance inflation factors was repeated. The 

selection process ended when no more variables had ssGVIFs greater than 4 and all remaining 

variables were recorded for input into the model. 

 The percentage of samples that had a value of zero for the response variable was 

calculated for all samples to determine whether the data were zero-inflated. The percentage of 

zeroes was further calculated for each level of the categorical variables to determine whether 

the percentage varied between levels. 

 To visualize possible relationships between the response variable and the predictor 

variables, scatterplots and boxplots were created with the continuous and categorical variables, 

respectively, plotted against the response variable. 
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A2.1.2. Model Creation 

 As the data are counts, the modeling process began with a generalized additive model 

(GAM) with a Poisson distribution. All variables selected by the VIF process were included in the 

model, with the continuous variables as modified thin plate regression spline smoothers. The 

sampling effort variable, volume filtered, was included as the natural logarithm of the value. After 

the model was run, the dispersion statistic was calculated (Zuur and Camphuysen 2013). The 

model summary was produced and the deviance explained was recorded. The effective degrees 

of freedom (EDF) for each smoother and the estimate for the natural logarithm of volume filtered 

variable were checked.  

 Based on the model results, a modified model was built and run using the following 

changes. If the estimate for the natural logarithm of volume filtered variable was approximately 

equal to 1, it was included in the new model as an offset variable. If it was not approximately 

equal to 1, it was included in the new model as a smoother as the original value, not the natural 

logarithm. If any smoothers had an EDF approximately equal to 1, this indicated that the 

relationship was linear and the smoother was removed while the variable was retained in the 

model as a parametric term. 

 After the modified Poisson GAM was run, the dispersion statistic was calculated. The 

model summary was produced and the deviance explained was recorded. The EDF for each 

smoother was checked and if any were approximately equal to 1, the smoother was removed 

while the variable was retained in the model as a parametric term. If any variables were newly 

switched from smoothers to parametric terms, the secondarily modified model was run and the 

overdispersion was calculated. If no variables were newly switched from smoothers to 

parametric terms, the dispersion statistic of the originally modified model was examined. If the 

dispersion statistic of the model under consideration was greater than 1, the model was over-

dispersed and a new model with a quasi-Poisson distribution was created. 
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 The same process was used to create and analyze the quasi-Poisson GAM. If the 

dispersion statistic of the final modified model was still greater than 1, a new model with a 

negative binomial distribution was created. The same process as the Poisson and quasi-

Poisson GAMs was used to create and analyze the negative binomial GAM, with the addition of 

extracting the θ value from the model output. 

 

A2.1.3. Model Selection 

 After a model was produced with no smoothers with an EDF approximately equal to 1 

and a dispersion statistic approximately equal to 1, a model selection process was carried out. 

For all hypothesis tests, a significance level of 5% was used. First, a multi-model analysis of 

variance (ANOVA) was used to compare the models with a dispersion statistic parameter 

approximately equal to 1. The Akaike information criterion (AIC) was also compared for the 

models. The model considered “better” by these two measures was selected for further model 

selection. First, all smoothers with an EDF approximately equal 0, which indicates that the term 

was shrunk to zero, were removed from the model formula. This model was run and the model 

summary checked to confirm that these variables were already not part of the model. Next, 

variables were removed using backwards selection based on p-value: the variable with the 

highest p-value in the model was removed and the model was re-run. The dispersion statistic 

was calculated and the model summary was produced.  

 The two models (one with the variable and one without) were compared using a multi-

model ANOVA and the AIC. If either test indicated that the reduced model was better, the model 

summary of that model was examined and if any variables had p-values greater than 0.05, the 

variable with the new highest p-value was removed and the model was re-run. The process was 

continued as described above until no variables had insignificant p-values. At this point, the 

working model was considered the best model. The smooths functions and the partial effects of 

the parametric model components were plotted for interpretation. 
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A2.1.4. Model Validation 

 Model validation was conducted to verify whether the model determined to be the best 

met the assumptions of the technique used and could be used for a robust interpretation. The 

homogeneity of variance was verified by plotting the Pearson residuals versus the fitted values. 

Model misfit (or independence) was verified visually by plotting the Pearson residuals versus 

each covariate in the model and each covariate not in the model and a LOWESS (locally-

weighted polynomial regression) smoother was added to each plot (continuous variables only) 

to determine that there was no relationship between the variable and the residuals.  

 To verify this mathematically, a linear model was created relating the Pearson residuals 

to the variables not in the model, one at a time. If the F-test on the linear model of the residuals 

versus the explanatory variable and the linear model of the residuals versus no variables was 

insignificant, then the absence of a relationship between the residuals and the variable was 

confirmed. If the F-test was significant, then the variable should have been included in the 

model. Normality was verified by creating a histogram and Q-Q plot of the Pearson residuals.  

 Influential observations were identified using Cook’s distance. Three thresholds were 

used: absolute Cook’s distance values greater than 0.5, absolute Cook’s distance values 

greater than 4 divided by the number of samples, and absolute Cook’s distance values greater 

than 3 times the mean Cook’s distance value. The Cook’s distance values were plotted with the 

thresholds as horizontal lines to visualize the samples that exceeded each threshold.  

 To determine whether there were site-specific patterns that were not captured in the 

model, a boxplot was created of the Pearson residuals plotted by site ID. Finally, independence 

between samples collected at multiple spatial locations was verified by calculating Moran’s I 

using both the Pearson residuals and the original count data. Additionally, spatial correlation 

between samples collected at the same site versus at other sites was tested using Moran’s I. 
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A2.2. Results 

Additional results not explicitly stated in the main body of the thesis are included here. 

Additionally, all models tested are listed. Model output and model equations are included for the 

selected best-fitting models. The same three distributions were used for modeling all three taxa. 

Their equations are specified as follows: 

 Poisson:  Yi ~ Poisson(μi) E(Yi) = μi  var(Yi) = μi 

Quasi-Poisson:  Yi ~ Poisson(μi, θi)  E(Yi) = μi   var(Yi) = νi(μi) = θiμi 

Negative binomial: Yi ~ NB(μi, θ)  E(Yi) = μi  var(Yi) = μi + μ2i/θ 

 

A2.2.1. Data Exploration 

 There were 11 salinity outliers with values of less than 33, while all remaining values fell 

between 34.5 and 36.7. These were all collected at 2 sites offshore of the Florida Panhandle, 

the closest to shore sites. These sample eleven samples also had outlier transmissivity values 

of 0%. Transmissivity values of 0% suggest an error with the CTD instrument. The remaining 

continuous variables did not have any outlying values. 

 The following variable pairs had high Pearson correlation coefficients: temperature and 

density, salinity and transmissivity, and salinity and density. There appeared to be strong 

correlation between temperature and year, temperature and season, and temperature and depth 

bin. Possible correlation was identified between fluorescence and depth bin, oxygen and depth 

bin, density and year, density and season, and density and depth bin. Five variables had 

ssGVIF values above the cut-off of 4: density, temperature, salinity, transmissivity, and season. 

The correlation between salinity and transmissivity was apparently driven by the eleven samples 

with outlying values for both variables – without those samples the correlation between them 

was -0.0001 as opposed to 0.871. 

 Due to the influence of these samples and because their values were potentially due to 

errors in the CTD instruments, the eleven samples were removed from the dataset, leaving 516 
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samples. Re-running the variance inflation factor function on the subset of data produced four 

variables with ssGVIFs above the cut-off: density, temperature, salinity, and season. Density 

was removed and the function re-run. Two variables had ssGVIFs above the cut-off: 

temperature and season. Temperature was removed and the function re-run. None of the 

remaining variables had a ssGVIF above the cut-off. 

 Sampling effort varied considerably in time and space (Tables A2.1 - A2.6). Almost equal 

numbers of samples were collected in 2009 and 2012, but less than a quarter of the number in 

2011. More samples were collected in winter than in early fall and fewest were collected in 

spring. Many more samples were collected in the West Florida Shelf and GOM slope regions 

than in the other regions, especially the GOM basin region. More samples were collected in the 

two shallowest bins than in the four remaining bins. 

 

Table A2.1. Sampling effort in time and space (single variable). (Based on 516 samples). 
 

Variable       
Year 2009 2011 2012    

 247 57 212    
Season Winter Spring Early Fall    

 226 113 177    
Diel Period Day Night     

 282 233     
Region NW GOM Shelf NC GOM Shelf WFS GOM Slope GOM Basin  

 86 56 144 191 39  
Depth Bin 0-20 m 20-40 m 40-60 m 60-80 m 80-100 m 100-130 m 

 149 153 90 48 40 36 
 

Table A2.2. Sampling effort by year and season. (Based on 516 samples.) 
 

 Winter Spring Early Fall 
2009 187 0 60 
2011 0 0 57 
2012 39 113 60 
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Table A2.3. Sampling effort by year and region. (Based on 516 samples). 
 

 NW GOM 
Shelf 

NC GOM 
Shelf 

WFS GOM Slope GOM Basin 

2009 56 32 55 98 6 
2011 11 14 32 0 0 
2012 19 10 57 93 33 

 

Table A2.4. Sampling effort by season and region. (Based on 516 samples). 
 

 NW GOM 
Shelf 

NC GOM 
Shelf 

WFS GOM Slope GOM Basin 

Winter 30 25 59 106 6 
Spring 0 0 15 65 33 

Early Fall 56 31 70 20 0 
  

Table A2.5. Sampling effort by year and depth bin. (Based on 516 samples). 
 

 0-20 m 20-40 m 40-60 m 60-80 m 80-100 m 100-130 m 
2009 57 62 41 33 27 27 
2011 24 23 8 1 1 0 
2012 68 68 41 14 12 9 

 

Table A2.6. Sampling effort by season and depth bin. (Based on 516 samples). 
 

 0-20 m 20-40 m 40-60 m 60-80 m 80-100 m 100-130 m 
Winter 42 44 43 38 31 28 
Spring 46 45 22 0 0 0 

Early Fall 61 64 25 10 9 8 
 

A2.2.2. Enoploteuthidae 

 There were no obvious relationships between count of Enoploteuthidae and the 

continuous predictor variables based on the scatterplots. Collinearity, described by the Pearson 

correlation coefficient, was very low between the count of Enoploteuthidae and the continuous 

variables. Additionally, there were no apparent relationships between count of Enoploteuthidae 

and the categorical predictor variables from a visual inspection of the boxplots. 

 From the entire set of 516 samples, 76% had a value of 0 from the response variable 

count of Enoploteuthidae. The percentage of zeroes was fairly consistent between years (70-

80%), seasons (72-86%), cruises (70-86%), regions (67-85%), and, to a slightly lesser extent, 
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depth bins (63-92%). It did seem as though sites with at least one non-zero count were likely to 

have other samples with non-zero counts, suggesting there may be patterns due to repeated 

measurements from the same object (site) (Figure A2.1). 

All models from the first portion of the model creation and selection process are given in 

Table A2.7. Models are listed sequentially in the order they were created. Changes between 

models in each distribution family include the conversion of the volume filtered term from a 

parametric to a smooth term and smooth terms being linear (edf ~= 1) and converted to 

parametric terms. 

 

Figure A2.1. Boxplot of count of Enoploteuthidae for all samples (left) and samples with fewer 
than 10 paralarvae (right) by site showing potential correlation between abundance within sites. 
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Table A2.7. Model equations and summary statistics for Enoploteuthidae. In all equations μ is the count of Enoploteuthidae. (Quasi: 
quasi-Poisson; NB: negative binomial; Distrib.: distribution family; Dis.: dispersion statistic; Dev.: deviance explained; AR2: adjusted 
R2; Est.: estimate for the parameter of natural logarithm of volume filtered) 
 

Distrib. Model Equation Dis. Dev. AR2 Est. θ 
Poisson log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 

ƒ4(salinityi)+ β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel periodi + β5 x depth bini + 
β6 x ln(volume filteredi) 

4.34 37.4% 0.36 0.43998  

Poisson log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 
ƒ4(salinityi)+ ƒ5(volume filteredi) + β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel 
periodi + β5 x depth bini  

3.37 42.8% 0.431   

Quasi log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 
ƒ4(salinityi)+ β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel periodi + β5 x depth bini + 
β6 x ln(volume filteredi) 

3.57 33% 0.215 0.21860  

Quasi log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 
ƒ4(salinityi)+ )+ ƒ5(volume filteredi) + β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel 
periodi + β5 x depth bini 

3.10 38% 0.278   

NB log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 
ƒ4(salinityi)+ β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel periodi + β5 x depth bini + 
β6 x ln(volume filteredi) 

1.09 22% 0.0628 0.54519 0.2934 

NB log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 
ƒ4(salinityi)+ ƒ5(volume filteredi) + β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel 
periodi + β5 x depth bini  

1.08 24.6% 0.0767  0.3111 
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 Both the multi-model analysis of variance (ANOVA) and the AIC showed that the 

negative binomial model with volume filtered as a smoothed term was better (ANOVA p-value = 

0.03772, AIC with smoothed term = 927.897 vs. AIC with parametric term = 931.832). The 

smoothers for fluorescence, transmissivity, and oxygen all had EDF approximately equal to 

zero, indicating they were selected out of the model during the model building process. A model 

was coded without them in order to compare with future reduced models. 

For model selection, the region variable (p-value = 0.90) was removed and the model 

was re-run. The overdispersion is 1.179, indicating the model was likely not overdispersed. The 

deviance explained by the model is 21.4% and the adjusted R2 is 0.0612. The estimated value 

of θ is 0.289. This model was compared with the model containing region. The multi-model 

ANOVA showed no difference between them, but the AIC of the model without region was lower 

(925.664 vs. 927.897). The EDF for the smoother for salinity was approximately equal to zero, 

indicating that it was selected out of the model during the model building process. A final GAM 

was created without salinity in the code, but the results of the model were not different than the 

previous. 

The final model was as follows: 

counti ~ NB(μi, 0.289) 

E(counti) = μi   

var(counti) = μi + μ2i/0.289 = μi + 3.46 x μ2i 

log(μi) = -1.11 + ƒ(volume filteredi) + β1 x yeari + β2 x seasoni + β3 x diel periodi + β4 x depth bini  

 The effects of each term are plotted in Figure 7 in the main body of the thesis. The 

effects and significance of each parametric term as well as the model summary metrics are 

given in Table A2.8 and Table A2.9. The significance of each smooth term is given in Table A2.9. 

Model equations changing one variable at a time while the other variables are held at the base 

level are given in Table A2.10. 
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Table A2.8. Model summary output of the final Enoploteuthidae model. P-values of parametric 
terms are produced via ANOVA and describe the significance of the variable as a whole. 
 
Parametric Terms 

 df Chi.sq p-value  
Year 2 8.209 0.0165  

Season 2 20.077 4.37e-05  
Diel Period 1 3.856 0.0496  
Depth Bin 5 14.223 0.0143  

Approximate Significance of Smooth Terms 
 edf Ref.df Chi.sq p-value 

Volume Filtered 3.362 9.000 11.36 0.00754 
Model Metrics 

 Deviance 
Explained 

Adjusted R2 θ  

 21.4% 0.0612 0.289  
 

Table A2.9. Parametric coefficients of the final Enoploteuthidae model. Estimates and 
significance are relative to the base level of the factor. Positive values of the intercept indicate 
that the count of paralarvae is higher relative to the count in the base level, while negative 
values indicate the opposite. Insignificant values mean that the level does not have significantly 
different counts than the base level. 
 

 Estimate Std. Error z-value p-value 
Intercept -1.1100 0.3023 -3.671 0.000241 

Year, relative to 2009 
2011 -0.5214 0.4790 -1.089 0.276325 
2012 0.5758 0.3544 1.625 0.104258 

Season, relative to Winter 
Spring -1.1133 0.4134 -2.693 0.007087 

Early Fall 0.5544 0.3382 1.639 0.101135 
Diel period, relative to Day 

Night 0.4350 0.2215 1.964 0.049559 
Depth bin, relative to 0-20 m 

20-40 m 0.2993 0.2758 1.085 0.277926  
40-60 m 0.1309  0.3231 0.405 0.685464 
60-80 m -0.2087  0.4193  -0.498 0.618571 

80-100 m -1.0073  0.5121 -1.967 0.049202 
100-130 m -1.6248 0.6341 -2.562 0.010401 
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Table A2.10. Model equations for each variable holding the other variables at the base level. 
 

 Significance Relative 
to Base Level 

Level Model Equation 

Year (season, diel period, and depth bin set to base level): 
 NA 2009 log(μi) = -1.1100 + ƒ(volume filteredi) 
 Non-significant 2011 log(μi) = -1.1100 + ƒ(volume filteredi) - 0.5214 
 Non-significant 2012 log(μi) = -1.1100 + ƒ(volume filteredi) + 0.5758 

Season (year, diel period, and depth bin set to base level): 
 NA Winter log(μi) = -1.1100 + ƒ(volume filteredi) 
 Significant Spring log(μi) = -1.1100 + ƒ(volume filteredi) - 1.1133 
 Non-significant Early Fall log(μi) = -1.11 + ƒ(volume filteredi) + 0.5544 

Diel period (year, season, and depth bin set to base level): 
 NA Day -1.1100 + ƒ(volume filteredi) 
 Significant Night -1.1100 + ƒ(volume filteredi) + 0.4350 

Depth bin (year, season, and diel period set to base level): 
 NA 0-20 m log(μi) = -1.1100 + ƒ(volume filteredi) 
 Non-significant 20-40 m log(μi) = -1.1100 + ƒ(volume filteredi) + 0.2993 
 Non-significant 40-60 m log(μi) = -1.1100 + ƒ(volume filteredi) + 0.1309 
 Non-significant 60-80 m log(μi) = -1.1100 + ƒ(volume filteredi) - 0.2087 
 Significant 80-100 m log(μi) = -1.1100 + ƒ(volume filteredi) - 1.0073 
 Significant 100-130 m log(μi) = -1.1100 + ƒ(volume filteredi) - 1.6248 

 

The model has perhaps some heterogeneity of variance (Figure A2.2). The Pearson 

residuals include much higher magnitude positive values than negative values (approximately 8 

vs -1). Additionally, the positive values of the residuals decreased along the x-axis except for 

three high values, which were the three samples with the highest counts. This suggests the 

model was not very good at predicting very high values. Approximately one quarter of the 

residuals were positive while the remaining were 0 or negative. This suggests that the model 

more frequently overestimated values, although only by a small amount. It underestimated 

values less frequently, but by a larger amount.  

There were no obvious patterns between the residuals and any of the variables in the 

model, indicating good model fit. Additionally, there were no obvious patterns between the 

residuals and any of the variables not in the model, indicating that none of the variables needed 

to be added into the model. 
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Figure A2.2. Plot of Pearson residuals versus fitted values indicating heterogeneity of variance. 
The filled circles indicate observations with large counts of Enoploteuthidae. 
 

The histogram of the residuals is right-skewed, suggesting that the error terms are not 

normally distributed (Figure A2.3). The Q-Q plot indicates the same problem (Figure A2.3). The 

values mostly fall along the line except for at the right end of the plot, where they fall above the 

line. The Cook’s distances suggest that there are no strongly influential points (Cook’s distance 

greater than 0.5), but there are 23 potentially influential observations based on the threshold 

three times the mean of the Cook’s distance. 
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Figure A2.3. Model validation plots indicating violation of the assumptions of normality and 
heterogeneity of variance. 
 

A2.2.3. Octopodidae 

 Based on the Pearson correlation coefficients and scatterplots, there were no continuous 

variables strongly related to count of Octopodidae. The boxplots also show no strong 

relationships between count of Octopodidae and the categorical variables. 
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 From the entire set of 516 samples, 77.13% of the samples had a value of zero for the 

response variable, suggesting it may be zero-inflated. The percentage of samples with a count 

of Octopodidae equal to zero was variable between years (47-83%), seasons (66-93%), cruises 

(47-93%), regions (63-95%), and, to a lesser extent, depth bins (73-89%). There may be some 

correlation between samples taken at the same site based on the boxplot of site; it suggests 

that sites with one sample of above zero count are likely to have additional above-zero counts 

samples (Figure A2.4). 

 All models from the first portion of the model creation and selection process are given in 

Table A2.11. Models are listed sequentially in the order they were created. Changes between 

models in each distribution family include the conversion of the volume filtered term from a 

parametric to a smooth term and smooth terms being linear (edf ~= 1) and converted to 

parametric terms. 

 

 

Figure A2.4. Boxplot of count of Octopodidae for all samples (left) and samples with fewer than 
10 paralarvae (right) by site showing potential correlation between abundance within sites. 
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Table A2.11. Model equations and summary statistics for Octopodidae. In all equations μ is the count of Octopodidae. (Quasi: quasi-
Poisson; NB: negative binomial; Distrib.: distribution family; Dis.: dispersion statistic; Dev.: deviance explained; AR2: adjusted R2; 
Est.: estimate for the parameter of natural logarithm of volume filtered) 
 

Distrib. Model Equation Dis. Dev. AR2 Est. θ 
Poisson log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 

ƒ4(salinityi)+ β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel periodi + β5 x depth bini + β6 
x ln(volume filteredi) 

3.198 34% 0.213 0.66821  

Poisson log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 
ƒ4(salinityi)+ ƒ5(volume filteredi) + β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel periodi 
+ β5 x depth bini  

3.231 35.4% 0.243   

Poisson log(μi) = α + ƒ1(transmissityi) + ƒ2(oxygen concentrationi) + ƒ3(volume filteredi) + β1 x 
regioni + β2 x yeari + β3 x seasoni + β4 x diel periodi + β5 x depth bini + β6 x fluorescencei + 
β7 x salinityi 

3.249 35.3% 0.243   

Quasi log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 
ƒ4(salinityi)+ β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel periodi + β5 x depth bini + β6 
x ln(volume filteredi) 

3.686 29.4% 0.176 0.77158  

Quasi log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + ƒ4(salinityi) 
+ ƒ5(volume filteredi) + β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel periodi + β5 x 
depth bini 

3.592 29.5% 0.173   

Quasi log(μi) = α + ƒ1(transmissityi) + β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel periodi + 
β5 x depth bini + β6 x fluorescencei + β7 x salinityi + β8 x oxygen concentrationi + β9 x 
volume filteredi 

3.625 29.5% 0.171   

NB log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 
ƒ4(salinityi)+ β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel periodi + β5 x depth bini + β6 
x ln(volume filteredi) 

1.255 25.7% 0.141 0.83442 0.298 

NB log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 
ƒ4(salinityi)+ ƒ5(volume filteredi) + β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel periodi 
+ β5 x depth bini  

1.231 25.9% 0.141  0.298 

NB log(μi) = α + ƒ1(transmissityi) + ƒ2(oxygen concentrationi) + β1 x regioni + β2 x yeari + β3 x 
seasoni + β4 x diel periodi + β5 x depth bini + β6 x fluorescencei + β7 x salinityi + β8 x 
volume filteredi 

1.275 26.1% 0.141  0.306 
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 Multi-model ANOVA failed to reject the null hypothesis that the models explained the 

same amount of deviance, indicating that none of the negative binomial models was any better 

than the others. The AIC also indicated no difference between the models, as the ΔAIC was less 

than 2 for all of the models (NB1: 924.0747, NB2: 923.3154; NB3: 922.8681). Since none of the 

models were considered significantly better, the third model was chosen for further model 

selection. Since the two smoothers in this model, transmissivity and oxygen concentration, had 

EDF approximately equal to zero, they were already selected out of the model. The model was 

re-coded to remove them from the model formula. This essentially converted the model to a 

generalized linear model, as no smoothers were included. A backwards selection process was 

carried out on this model to find the best-fitting model (Table A2.12). 

 

Table A2.12. Models produced by the backwards selection process. The first row is the model 
chosen by the selection process above. The dispersion statistic, deviance explained, adjusted 
R2, θ, and AIC are for the model produced after the variable listed in the first column was 
removed. The multi-model ANOVA column indicates whether the model produced after the 
variable was removed is significantly different than the model with that variable. (ns: non-
significant) 
 

Variable 
Removed 

p-value Dispersion 
Statistic 

Deviance 
Explained 

Adjusted 
R2 

θ Multi-
model 
ANOVA 

AIC 

None NA 1.27467 26.1% 0.141 0.306 NA 922.8675 
Diel 

Period 
0.977 1.272 26.1% 0.143 0.306 ns 920.8682 

Year 0.792 1.243 26% 0.146 0.305 ns 917.2679 
Depth Bin 0.24 1.236 24.3% 0.129 0.292 ns 913.6607 

Salinity 0.149 1.207 23.8% 0.122 0.287 ns 913.4876 
 

 The final negative binomial model was specified as follows: 

counti ~ NB(μi, 0.287) 

E(counti) = μi 

var(counti) = μi + μ2i/0.287 = μi + 3.48 x μ2i 

log(μi) = α + β1 x regioni + β2 x seasoni + β3 x fluorescencei + β4 x volume filteredi 
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The effects of each term are plotted in Figure 8 in the main body of the thesis. The 

effects and significance of each parametric term as well as the model summary metrics are 

given in Table A2.13 and Table A2.14. Model equations changing one variable at a time while 

the other variables are held at the base level are given in Table A2.15. 

 

Table A2.13. Model summary. P-values of parametric terms are produced via ANOVA and 
describe the significance of the variable as a whole. 
 
Parametric Terms 

 df Chi.sq p-value  
Region 4 18.636 9.26e-04  
Season 2 21.038 2.7e-05  

Fluorescence 1 13.390 2.53e-04  
Volume Filtered 1 4.842 0.0278  

Model Metrics 
 Deviance 

Explained 
Adjusted R2 θ  

 23.8% 0.122 0.287  
 

Table A2.14. Parametric coefficients of the final Octopodidae model. Estimates and significance 
are relative to the base level of the factor for categorical variables. Positive values of the 
intercept indicate that the count of paralarvae is higher relative to the count in the base level, 
while negative values indicate the opposite. Insignificant values mean that the level does not 
have significantly different counts than the base level. Significant values are bolded. 
 

 Estimate Std. Error z-value p-value 
Intercept -1.9726 0.4539 -4.346 1.39e-05 

Fluorescence 0.3902 0.1066 3.659 0.000253 
Volume Filtered 0.0030 0.0014 2.201 0.027769 

Region, relative to NW GOM Shelf 
NC GOM Shelf -1.0597 0.4420 -2.398 0.016499 

WFS 0.0326 0.3243 0.100 0.919954 
GOM Slope -0.9051 0.3616 -2.503 0.012305 
GOM Basin -1.6902 0.7577 -2.231 0.025702 

Season, relative to Winter 
Spring -0.0207 0.3935 -0.053 0.958129 

Early Fall 1.1479 0.2594 4.425 9.66e-06 
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Table A2.15. Model equations for each categorical variable holding the other variable at the 
base level. 
 

 Significance Relative 
to Base Level 

Level Model Equation 

Region (season set to base level): 
 NA NW GOM 

Shelf 
log(μi) = -1.973 + 0.390 x fluorescencei + 0.003 x 
volume filteredi 

 Significant NC GOM 
Shelf 

log(μi) = -1.973 - 1.060 + 0.390 x fluorescencei + 
0.003 x volume filteredi 

 Non-significant WFS log(μi) = -1.973 + 0.033+ 0.390 x fluorescencei + 
0.003 x volume filteredi 

 Significant GOM Slope log(μi) = -1.973 - 0.905+ 0.390 x fluorescencei + 
0.003 x volume filteredi 

 Significant GOM Basin log(μi) = -1.973 - 1.690 + 0.390 x fluorescencei + 
0.003 x volume filteredi 

Season (region set to base level): 
 NA Winter log(μi) = -1.973 + 0.390 x fluorescencei + 0.003 x 

volume filteredi 
 Non-significant Spring log(μi) = -1.973 - 0.021 + 0.390 x fluorescencei + 

0.003 x volume 
 Significant Early Fall log(μi) = -1.973 + 1.148 + 0.390 x fluorescencei + 

0.003 x volume filteredi 
 

 The model likely has slight heterogeneity of variance. The scatterplot of Pearson 

residuals versus fitted values shows that most residuals are small negative values, meaning that 

the model more frequently overestimated values, although only by a small amount (Figure 

A2.5). The positive residuals have higher magnitudes, indicating that the model underestimated 

values less frequently, but by a larger amount. The Pearson residuals include much higher 

magnitude positive values than negative values (approximately 8 vs -1). Additionally, the 

positive values of the residuals decreased along the x-axis. The samples with the highest 

counts of Octopodidae had generally high residuals, although only one of the three highest 

residuals was from a sample with a high count. This suggests that the model may not perform 

well in fitting the observations with high counts. 
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Figure A2.5. Plot of Pearson residuals versus fitted values indicating heterogeneity of variance. 
The filled circles indicate observations with large counts of Octopodidae. 
 

 The scatterplots and boxplots of residuals versus covariates in and not in the model do 

not show any patterns, indicating that the model fits well and that the samples are independent. 

This was confirmed by conducting F-tests on linear models of the residuals versus each variable 

not in the model individually. The histogram of the residuals is right-skewed, suggesting that the 

error terms are not normally distributed (Figure A2.6). The qqplot indicates the same problem 

(Figure A2.6). The values mostly fall along the line except for at the right end of the plot, where 

they fall above the line. The Cook’s distances suggest that there are no strongly influential 

points (Cook’s distance greater than 0.5), but there are 26 potentially influential observations 

based on the threshold three times the mean of the Cook’s distance. The boxplot of the 

residuals versus site suggests that samples within sites may be correlated – residuals at a 

single site appeared more likely to be similar than residuals from different sites. 
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Figure A2.6. Model validation plots indicating violation of the assumptions of normality and 
heterogeneity of variance. 
 

A2.2.4. Loliginidae 

 Based on the Pearson correlation coefficients and scatterplots, there were no continuous 

variables strongly related to count of Loliginidae. The boxplots also showed no strong 

relationships between count of Loliginidae and the categorical variables. 
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 From the entire set of 516 samples, 92.83% had a value of 0 from the response variable 

count of Loliginidae. The percentage of samples with a count of Loliginidae equal to zero was 

variable between years (72-98%) and reached 100% for at least one level of the remaining 

categorical variables: seasons (85-100%), cruises (72-100%), regions (79-100%), and depth 

bins (90-100%). Based on the boxplot of count of Loliginidae versus site, it appears that most 

sites had no Loliginids in any samples, but those that did had multiple samples with Loliginids 

(Figure A2.7). This suggests there may be correlation between samples at a single site. 

All models from the first portion of the model creation and selection process are given in 

Table A2.16. Models are listed sequentially in the order they were created. Changes between 

models in each distribution family include the conversion of the volume filtered term from a 

parametric to a smooth term and smooth terms being linear (edf ~= 1) and converted to 

parametric terms. 

 

 

Figure A2.7. Boxplot of count of Loliginidae for all samples (left) and samples with fewer than 10 
paralarvae (right) by site showing potential correlation between abundance within sites. 
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Table A2.16. Model equations and summary statistics for Loliginidae. In all equations μ is the count of Loliginidae. (Quasi: quasi-
Poisson; NB: negative binomial; Distrib.: distribution family; Dis.: dispersion statistic; Dev.: deviance explained; AR2: adjusted R2; 
Est.: estimate for the parameter of natural logarithm of volume filtered) 
 

Distrib. Model Equation Dis. Dev. AR2 Est. θ 
Poisson log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 

ƒ4(salinityi)+ β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel periodi + β5 x depth bini 
+ β6 x ln(volume filteredi) 

2.90 64.5% 0.688 -1.449  

Poisson log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 
ƒ4(salinityi)+ ƒ5(volume filteredi) + β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel 
periodi + β5 x depth bini  

2.61 64.8% 0.702   

Poisson log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 
ƒ4(salinityi) + β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel periodi + β5 x depth bini 
+ β6 x volume filteredi 

2.59 64.8% 0.706   

Quasi log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 
ƒ4(salinityi)+ β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel periodi + β5 x depth bini 
+ β6 x ln(volume filteredi) 

2.48 66.4% 0.743 -1.204  

Quasi log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 
ƒ4(salinityi) + ƒ5(volume filteredi) + β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel 
periodi + β5 x depth bini 

2.61 65.2% 0.724   

Quasi log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 
ƒ4(salinityi) + β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel periodi + β5 x depth bini 
+ β6 x volume filteredi 

2.33 66.4% 0.749   

NB log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 
ƒ4(salinityi) + β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel periodi + β5 x depth bini 
+ β6 x ln(volume filteredi) 

0.806 65.2% -0.0535 -1.54 0.233 

NB log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + ƒ3(oxygen concentrationi) + 
ƒ4(salinityi) + ƒ5(volume filteredi) + β1 x regioni + β2 x yeari + β3 x seasoni + β4 x diel 
periodi + β5 x depth bini  

0.838 65.3% -0.0665  0.221 

NB log(μi) = α + ƒ1(transmissityi) + ƒ2(oxygen concentrationi) + ƒ3(salinityi) + β1 x regioni + 
β2 x yeari + β3 x seasoni + β4 x diel periodi + β5 x depth bini + β6 x fluorescencei + β7 x 
volume filteredi 

0.754 65.2% -0.129  0.223 
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 Multi-model ANOVA and AIC both indicated there were no differences between the three 

negative binomial models. Further model selection only produced underdispersed models with 

negative adjusted R2 values, suggesting that the negative binomial distribution is not 

appropriate for this data. The three quasi-Poisson models, which were all overdispersed, had 

very similar deviance explained and adjusted R2 values, suggesting that there were no 

differences between the three models. Since none of the models were considered significantly 

better, the third model was chosen for further model selection. Since two smoothers in this 

model, transmissivity and salinity, had EDF approximately equal to zero, they were already 

selected out of the model. The model was re-coded to remove them from the model formula.  

A backwards selection process was carried out on this model to find the best-fitting model (Table 

A2.17). 

 

Table A2.17. Models produced by the backwards selection process. The first row is the model 
chosen by the selection process above. The dispersion statistic, deviance explained, and 
adjusted R2 are for the model produced after the variable listed in the first column was removed.  
 

Variable Removed p-value Dispersion Statistic Deviance Explained Adjusted R2 

None NA 2.328 66.4% 0.749 
Region 1 2.574 64.4% 0.728 
Season 1 2.131 68.2% 0.774 

Depth Bin 1 1.718 66.1% 0.748 
Oxygen Concentration 0.672 4.434 56.3% 0.440 

Salinity 0.995 4.434 56.3% 0.440 
Diel Period 0.294 1.780 66.0% 0.750 

 

As the model is still overdispersed, the quasi-Poisson distribution may not be 

appropriate for these data. Therefore, the results of the final model should be interpreted with 

caution. The final quasi-Poisson model was specified as follows: 

counti ~ Poisson(μi, θi) 

E(counti) = μi 

var(counti) = νi(μi) = θiμi 

log(μi) = α + ƒ1(fluorescencei) + ƒ2(transmissityi) + β1 x yeari + β2 x volume filteredi 
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 The effects of each term are plotted in Figure 9 in the main body of the thesis. The 

effects and significance of each parametric term as well as the model summary metrics are 

given in Table A2.18 and Table A2.19. The significance of each smooth term is given in Table 

A2.19. Model equations showing each level of the categorical variable are given in Table A2.20. 

 

Table A2.18. Model summary. P-values of parametric terms are produced via ANOVA and 
describe the significance of the variable as a whole. 
 
Parametric Terms 

 df F p-value  
Year 2 30.92 2.21e-13  

Volume Filtered 1 21.24 5.16e-06  
Approximate Significance of Smooth Terms 

 edf Ref.df F p-value 
Transmissivity 7.364 9.000 4.014 5.77e-06 
Fluorescence 7.352 9.000 8.364 < 2e-16 

Model Metrics 
 Deviance 

Explained 
Adjusted R2   

 66% 0.75   
 

Table A2.19. Parametric coefficients of the final Loliginidae model. Estimates and significance 
are relative to the base level of the factor. Positive values of the intercept indicate that the count 
of paralarvae is higher relative to the count in the base level, while negative values indicate the 
opposite. Insignificant values mean that the level does not have significantly different counts 
than the base level. Significant p-values are bolded. 
 

 Estimate Std. Error t-value p-value 
Intercept -2.1581 0.8029 -2.688 0.00743 

Volume Filtered -0.0111 0.0024 -4.609 5.16e-06 
Year, relative to 2009 

2011 3.1644 0.4068 7.780 4.23e-14 
2012 1.7983 0.7348 2.447 0.01474 

 

Table A2.20. Model equations showing the effect of each level of the categorical variable year. 
 

 Significance Relative 
to Base Level 

Level Model Equation 

Year: 
 NA 2009 log(μi) = -2.158 + ƒ(fluorescencei) + ƒ(transmissityi) - 0.011 x 

volume filteredi 
 Significant 2011 log(μi) = -2.158 + 3.164 + ƒ(fluorescencei) + ƒ(transmissityi) - 

0.011 x volume filteredi 
 Significant 2012 log(μi) = -2.158 + 1.798 + ƒ(fluorescencei) + ƒ(transmissityi) - 

0.011 x volume filteredi 
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Model validation shows heterogeneity of variance, indicating a violation of the 

assumption of homogeneity of variance (Figure A2.8). The scatterplot of Pearson residuals 

versus fitted values shows that most residuals are small negative values, meaning that the 

model more frequently overestimated values, although only by a small amount. The positive 

residuals have higher magnitudes, indicating that the model underestimated values less 

frequently, but by a larger amount. The Pearson residuals include much higher magnitude 

positive values than negative values (approximately 12 vs. -3). Additionally, the positive values 

of the residuals decreased along the x-axis, except for the residual with the highest fitted value, 

which had a medium residual value. There was a large gap in fitted values between 8 and a 

single point with a fitted value of approximately 30. The sample with the outlying value for count 

of Loliginidae had a fairly high residual value, but other samples had higher residuals. This 

suggests that the model may not perform well in fitting the observations with very high counts, 

but possibly also not observations with medium counts. 

 

 
Figure A2.8. Plot of Pearson residuals versus fitted values indicating heterogeneity of variance. 
The filled circles indicate observations with large counts of Loliginidae. 
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 The scatterplots of residuals versus covariates in the model appear to show slight 

patterns, but follow-up testing with F-tests on linear models of the residuals versus each 

variable individually did not find any significant relationships between the residuals and the 

variables. The boxplot of residuals versus year did not show any patterns. The scatterplots and 

boxplots of residuals versus covariates not in the model do not show any patterns, indicating 

that the model fits well and that the samples are independent. This was confirmed for all 

variables not in the model using F-tests as described above, except for the variable diel period. 

The F-test for this variable was significant, indicating that there is a relationship between the 

residuals and diel period, which suggests that it should have been included in the model. 

The histogram of the residuals Is right-skewed, suggesting that the error terms are not 

normally distributed (Figure A2.9). Most samples fall into a single bin (-1 to 0) and very few 

samples fall in either tail. The Q-Q plot indicates the same problem (Figure A2.9). The values 

mostly fall along the line in the middle portion of the plot, but they fall slightly below the line at 

the left side and extend far above the line at the right side. 

The Cook’s distances suggest that there are two strongly influential points (Cook’s 

distance greater than 0.5), which have a noticeable effect on the model produced on the set of 

samples containing them. Additionally, there are ten potentially influential observations based on 

the threshold three times the mean of the Cook’s distance. The boxplot of the residuals versus 

site suggests that samples within sites may be correlated – residuals at a single site appeared 

more likely to be similar than residuals from different sites. 
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Figure A2.9. Model validation plots indicating violation of the assumptions of normality and 
heterogeneity of variance. 
 

Appendix 3. Canonical Analysis of Principal Coordinates Classification Scheme and 

Indicator Power Values 

A3.1. Year 

The CAP for year produced an overall classification success rate of 61.22% on 17 axes. 

We can assume that this model is significantly better than a random allocation model as the p-
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value was significant (0.0047) and the measured accuracy falls within the 95% confidence 

range. However, classification success varied between years, with 70.92% of 2009 samples 

being assigned to the correct year, but only 35% of the 2011 samples being assigned to the 

correct year. More 2009 samples were assigned to 2012 than 2011, indicating that beta-diversity 

in 2009 was more similar to 2012 than 2011. More 2011 samples were assigned to 2012 than 

2009, indicating that the beta-diversity in 2011 was more similar to 2012 than 2009. Finally, 

more 2012 samples were assigned to 2009 than 2011, indicating that the beta-diversity in 2012 

was more similar to 2009 than 2011. These results are supported by the PCOA ordination 

(Figure 12). 

 

Table A3.1. Taxa indicator power values and significance for year. 
 

Taxon Indicator Power 
Value 

Group p-value 

Loliginidae 0.3469 2011 0.0001 
Octopodidae 0.4600 2011 0.0001 

Octopoteuthidae 0.0736 2012 0.0163 
Pyroteuthidae 0.3860 2009 0.0001 

 

A3.2. Season 

The CAP for season produced an overall classification success rate of 70.64% on 20 

axes. We can assume that this model is significantly better than a random allocation model as 

the p-value was significant (0.0012) and the measured accuracy falls within the 95% confidence 

range. However, classification success varied between seasons, with 87.22% of winter samples 

being assigned to the correct season, but only 8% of the spring samples being assigned to the 

correct season. More winter samples were assigned to early fall than spring, indicating that 

beta-diversity in winter was more similar to early fall than spring. More spring samples were 

assigned to winter than early fall, indicating that the beta-diversity in spring was more similar to 

winter than early fall. Finally, more early fall samples were assigned to winter than spring, 

indicating that the beta-diversity in early fall was more similar to winter than spring. 
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Table A3.2. Taxa indicator power values and significance for season. 
 

Taxon Indicator Power 
Value 

Group p-value 

Ancistrocheiridae 0.0930 Spring 0.0091 
Enoploteuthidae 0.2600 Spring 0.0284 

Loliginidae 0.2318 Early Fall 0.0011 
Octopodidae 0.3370 Early Fall 0.0015 

Ommastrephidae 0.2768 Spring 0.0184 
Pyroteuthidae 0.3695 Winter 0.0001 

 

A3.3. Diel Period 

The CAP for diel period produced an overall classification success rate of 59.56% on 16 

axes. We can assume that this model is significantly better than a random allocation model as 

the p-value was significant (0.0002) and the measured accuracy falls within the 95% confidence 

range. Classification success was approximately equal between periods, with 58.89% of 

daytime samples being assigned to the correct period and 60.22% of nighttime samples 

assigned to the correct period.  

 

Table A3.3. Taxa indicator power values and significance for diel period. 
 

Taxon Indicator Power 
Value 

Group p-value 

Octopodidae 0.2577 Day 0.0466 
 

A3.4. Region 

The CAP for region produced an overall classification success rate of 50.42% on three 

axes. We can assume that this model is significantly better than a random allocation model as 

the p-value was significant (3.221e-07) and the measured accuracy falls within the 95% 

confidence range. However, classification success varied widely between regions, with 78.05% 

of GOM slope samples being assigned to the correct region, but 0% of the NW GOM shelf, NC 

GOM shelf, and GOM basin samples being assigned to the correct region. Both NW GOM shelf 

and NC GOM shelf samples were identified as WSF or GOM slope samples, while GOM basin 
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samples were identified as GOM slope or WFS samples. GOM slope samples that were not 

identified correctly were identified as WFS while WFS samples that were not identified correctly 

were identified as GOM slope.  

 

Table A3.4. Taxa indicator power values and significance for region. 
 

Taxon Indicator Power 
Value 

Group p-value 

Ancistrocheiridae 0.1150 GOM Basin 0.0097 
Loliginidae 0.2194 NC GOM Shelf 0.0021 

Ommastrephidae 0.3063 GOM Basin 0.0004 
Pyroteuthidae 0.1934 GOM Slope 0.0205 

 

A3.5. Depth Bin 

The CAP for depth bin produced an overall classification success rate of 30.03% on 

three axes. We fail to reject the null hypothesis that there is no significant difference between 

the CAP-based model’s classification success rate and that of a random allocation model (p-

value = 0.2162). Classification success varied widely between depth bins, with 80.21% of 20-40 

m depth bin samples being assigned to the correct depth bin, but 0% of the 0-20 m and 80-100 

m depth bin samples being assigned to the correct depth bin. 

 

Table A3.5. Taxa indicator power values and significance for depth bin. 
 

Taxon Indicator Power 
Value 

Group p-value 

Chiroteuthidae 0.0491 100-130 m 0.0359 
Cranchiidae 0.1041 80-100 m 0.0038 

Joubiniteuthidae 0.0647 100-130 m 0.0111 
Pyroteuthidae 0.1409 100-130 m 0.0143 
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