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Abstract:
Knowledge of community assemblages and biodiversity is important for monitoring health and
resilience in an ecosystem. Taxonomic and functional biodiversity of mesopelagic (200- 1000 m)
fishes is extremely rich in the Gulf of Mexico. The aim of this study was to compare calculations
of biodiversity and community structures at varying taxonomic resolutions for deep pelagic fishes
to inform future decisions about deep-sea ecosystem monitoring. This study analyzed biodiversity
and assemblage structure patterns from a biological inventory of deep-sea fishes collected with a
large mesh, commercial-sized, high-speed rope trawl in the Gulf of Mexico between June 21 st and
July 14th, 2011. Twelve stations were sampled 2-4 times each, collecting 37,431 pelagic fishes that
were identified to species resolution (with respective genus, family, and order taxonomic
groupings) from the epipelagic, mesopelagic, and upper bathypelagic zones (0-1800 m,
collectively). Alpha and beta biodiversity results were compared at each resolution for each net
deployment. Species resolution presented patterns in biodiversity that were different than genus,
family, and order resolutions utilizing the Shannon Diversity (1D) and Simpson’s Diversity (2D)
indices. Community structures were analyzed by creating Bray Curtis similarity matrices and
conducting ANOSIM and SIMPER analyses, taxon associations, a 2Stage resemblance coefficient
analysis, and a 2nd Stage nMDS plot on the varying taxonomic resolution data. The results show
that genus resolution data provided similar assemblage characterization utility as species data
when species resolution data was not available for measures of beta diversity and could be
effectively used to characterize an ecosystem after suspected environmental damage.

Keywords: pelagic fishes, Deepwater Horizon oil spill, taxonomy, community structure, species
associations, alpha diversity, beta diversity
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Introduction
Ecosystem services
Humans are increasingly utilizing goods and services from the deep sea (>200 m), where
ecosystem resiliency and vulnerability are not well understood (Armstrong et al., 2010).
Limitations on technology and funding have hindered our ability to study deep-sea pelagic
ecosystems, which occur below the epipelagic zone (0-200 m), and encompass the mesopelagic
(200-1000 m), the bathypelagic (1000 – 4000 m), the abyssopelagic (4000-6000 m), and the
hadopelagic (> 6000 m) zones (Gage and Tyler 1991, Sutton 2013, St. John et al., 2016). Despite
being the largest habitat on earth, the deep sea is underrepresented in scientific literature, which
has led to a gap in understanding of biodiversity and community structure (Webb et al., 2010).
Food provisioning, waste absorption, and climate regulation are ecosystem services that
the deep sea contributes to the Earth system (Falkowski et al., 2000, Thurber et al., 2014, St. John
et al., 2016, Hoagland et al., 2019). Mesopelagic fishes are estimated to make up approximately
10 billion metric tons of biomass, which humans may be able to utilize for fishmeal and fish oil in
the future (Irigoien et al., 2014, St. John et al., 2016, Hoagland et al., 2019). Specifically,
lanternfishes (family Myctophidae) and bristlemouth (family Gonostomidae) fishes may be used
for fishmeal, cosmetics, or fish oil supplements due to their large abundances in the mesopelagic
zone (St. John et al., 2016, Hoagland et al., 2019). Irigoien et al. (2014) found that mesopelagic
fish biomass has been historically underestimated by a factor of ten. Mesopelagic fishes are
primary food sources for many large, commercially important finfishes (including swordfishes),
marine mammals, king penguins, and some seabirds (Hoagland et al., 2019).
Diel vertical migration (DVM) in the Gulf of Mexico and around the world has been well
documented and observed in mesopelagic fishes (Clarke 1978, Clark and Levy 1988, Sutton and
Hopkins 1996a, Sutton et al., 2008). The deep-pelagic and other zones (e.g., coastal, epipelagic
and benthic ecosystems) of the ocean are highly connected and the ecosystems strongly interact
(Sutton 2013, Romero-Romero et al., 2019, Milligan & Sutton 2020). The world’s largest
migration of animals occurs in the mesopelagic realm through DVM, which transports carbon,
nutrients, and pollutants throughout the water column (Sutton 2013). Migrations depend on light
intensity, feeding opportunities, and predator avoidance (Kenaley 2008, D'Elia et al., 2016).
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Marine organisms can transport organic matter throughout the water column while carrying out
vertical migration which create aggregates that sink through the water column (marine snow and/or
sinking animal carcasses), and lateral advection of organic matter into deeper waters (Falkowski
et al., 2000, Sutton et al., 2008). Deep-pelagic fishes that perform DVM provide food for shallow
organisms and transports carbon to depth (Sutton 2013, Bianchi & Mislan 2016, Hoagland et al.,
2019, Zhang et al., 2019). Mesopelagic migrating fishes can transport 10-40% of total worldwide
carbon to depths >150 m (Davison et al., 2013). Between two and six billion tons of carbon are
sequestered annually through the mesopelagic zones, which is roughly equivalent to 2-6 times the
amount of carbon produced by automobiles every year worldwide (Hoagland et al., 2019).
Approximately a quarter of global carbon emissions are absorbed into the oceans from the
atmosphere and around one percent of phytoplankton-produced particulate organic carbon sinks
into the deep sea, where it is sequestered long term (estimated > 1000 years; Camilli et al., 2010,
Hoagland et al., 2019, Siegel et al., 2021).
As resources such as fish stocks and petroleum (including crude oil) are exhausted in
coastal regions, acquiring new resources requires exploration of new locations, typically in deeper
waters, and greater exploration and extraction efforts (Gréboval 2003, Morato et al., 2006).
Although technological advancements have created opportunities to expand resource usage and
collect biotic and abiotic samples, human utilization of the marine realm, such as fishing, waste
disposal, and fossil fuel acquisition now require more human effort from the stakeholder (someone
that has a vested interest in the ecosystem for personal or monetary reasons) to utilize the resources
than was previously required (Pauly et al., 1998, Morato et al., 2006, Mengerink et al., 2014).
Crude oil from wells deeper than 1500 m, considered “ultra- deep wells”, contribute more than
half of the United States’ oil production, and the demand for oil sources has increased as reservoirs
accessible in shallower water have become depleted (Murawski et al., 2019, Paris et al., 2020).
Hydrocarbons and other harmful chemicals introduced into the ocean can have lasting effects on
the ecosystem (Ainsworth et al., 2018). Moving to deeper waters comes with more risks to the
environment (Murawski et al., 2019, Sutton et al., 2020), with an increase in potential
anthropogenic disturbances on the biotic communities and abiotic habitats which have been
historically underrepresented in scientific literature (Webb et al., 2010, Montagna et al., 2013,
Thurber et al., 2014). A disturbance is defined by E.J. Rykiel (1985) as “a cause that results in a
2

perturbation or change in system state”. The ecological effects of disturbances can be difficult to
quantify, and biodiversity studies are a common tool in understanding human impacts in the
oceans. Ecological studies provide insight that can be implemented into future marine policies and
management protocols. Sustainable marine policies allow future generations to utilize ecosystem
services (Hoagland et al., 2019).
Biodiversity & Taxonomic Resolution
The insurance hypothesis states that environments with higher biodiversity are more
protected from declines in overall ecosystem productivity and function than areas of lower
biodiversity due to the independent responses of many species to a given disturbance (Yachi and
Loreau 1999). DeLong (1996) defines biodiversity as “a state or attribute of a site or area and
specifically refers to the variety within and among living organisms, assemblages of living
organisms, biotic communities, and biotic processes, whether naturally occurring or modified by
humans.” The loss of one species to a changing environment is more likely to be supplemented by
other species when the biodiversity is high to keep the ecosystem functioning, as opposed to an
environment where biodiversity is low (Yachi and Loreau 1999). This means that with low
biodiversity, the likelihood of an ecosystem collapse after a disturbance increases (DeLong 1996,
Yachi and Loreau 1999). Biodiversity in an ecosystem helps maintain productivity and stability,
which needs to be accounted for in future management and global change science, especially after
an ecological disturbance (Yachi and Loreau 1999, Duffy et al., 2017). There are three main types
of ecosystem diversity, Alpha (α), Beta (β), and Gamma (γ). Alpha diversity (α) is the diversity
within small areas or individual sites expressed here as a Hill number (biodiversity measure), Beta
diversity (β) is the biodiversity change between sites, and Gamma diversity (γ) is the biodiversity
of a broad area or ecosystem (Socolar et al., 2016). Hill numbers provide a robust, comparable
measure of diversity based on taxon richness, the exponential Shannon diversity, and the inverse
Simpson’s concentration (Hill 1973, Chao et al., 2014). Human impacts can change the α and β
diversity in a region. Human resource utilization in deeper waters increases the risk of disturbing
an ecosystem and the associated fauna that has historically been understudied (Webb et al., 2010,
Montagna et al., 2013, Thurber et al., 2014). Unfortunately, the Earth is currently undergoing
history’s sixth largest mass extinction and an estimated 21% of fishes globally have yet to be
described in scientific literature (Mora et al., 2008, Barnosky et al., 2011).
3

Taxonomy is the field of science that pertains to naming, describing, and classifying
organisms (Gillott 1995). Taxonomy is a hierarchical method that organizes flora and fauna into
progressively less-inclusive groups (from kingdom, phylum, class, order, family, genus, to
species). The taxonomic resolution at which a given assemblage is described has important
consequences for determining the health of the ecosystem, estimating biodiversity, and for
detecting patterns within faunal assemblages (Ellis 1985, Olsgard et al., 1998, Olsgard and
Somerfield 2000, Bailey et al., 2001, Anderson et al., 2005).
A taxonomic inventory detailing the taxa and sampled abundances of an assemblage or
ecosystem can be used to describe species richness patterns and biodiversity, and is essential for
assessing disturbances (Mora et al., 2008). However, in practical terms, there is typically a tradeoff between providing high-resolution taxonomic records and timely, cost-effective data for
disturbance assessments (Hewlett 2000). When compiling a taxonomic inventory, it is often
difficult to identify organisms to species taxonomic resolution due to factors like limited budgets,
limited time, or the overabundance of undescribed species, which are especially likely in poorly
studied areas (Maurer 2000, Mora et al., 2008). Unfortunately, by broadening the taxonomic
resolution, the outcomes for vital ecological analyses such as community structures and
biodiversity can become inconsistent (Timms et al., 2013). Depending on the aims of an ecological
disturbance assessment or study, the use of broader taxonomic resolutions such as family or order
may be appropriate. Olsgard et al., (1998), stated that higher taxonomic resolutions may be
substituted when finer taxonomic resolutions were not available for pollution studies of both
marine and terrestrial macroinvertebrates in areas where there were few to no shared species
between samples. In Olsgard et al., (1998), assemblage patterns were considered equivalent at all
taxonomic resolutions. In ecosystems with many associated species and high faunal movement
between ocean zones, such as the deep-pelagic Gulf of Mexico (Sutton et al., 2022), the effects of
substituting higher taxonomic resolutions are complex. The faunal assemblage has been
historically underrepresented, but the movements of pelagic fishes between ocean zones are better
understood (Clarke 1978, Clark and Levy 1988, Sutton and Hopkins 1996a, Sutton et al., 2008,
Sutton et al., 2010, Webb et al., 2010, Sutton 2013, Milligan & Sutton 2020).
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There is no consensus among professional taxonomists on the minimal taxonomic
resolution required for ecological assessments when species-level data, although preferred, are not
available for relatively lower intensity ecosystem monitoring. In a study of the effects of altering
taxonomic resolution on the community composition and beta diversity of terrestrial arthropods,
Timms et al., (2013), found genus level to be the optimal higher taxonomic level resolution.
Hernandez et al., (2013), stated that larval fishes (specifically shallow Gulf of Mexico larval
fishes) are not easily identified to species due to knowledge constraints about the life histories.
Higher identifications such as families are more attainable for taxonomy in the Gulf of Mexico,
but genus resolution had the highest similarity to species in results of both nMDS and ANOSIM
tests. This means that for other time-sensitive data collection, genus-level classifications can
demonstrate similar ecological patterns and generate similar ecological assemblages (Hernandez
et al., 2013). Mueller et al., (2013) found that the higher taxonomic resolutions for community
analyses significantly lost information for samples with low taxonomic diversity, conducted on
freshwater macroinvertebrates, periphyton, macrophytes, and fishes. Other past studies focused on
“taxonomic sufficiency”, particularly on macrofauna and freshwater arthropods, but a baseline for
the fish assemblage in the northern Gulf of Mexico before the Deepwater Horizon oil spill was
deficient (Olsgard et al., 1997, Hewlett 2000, Bailey et al., 2001, Cook et al., 2013, Timms et al.,
2013, Leasi et al., 2018, Sutton et al., 2022).
Other studies have demonstrated that identification to family is often the most feasible and
appropriate option for freshwater macroinvertebrate taxonomy studies for smaller data sets,
although species-level identification is always preferred (e.g., Hewlett 2000, Bailey et al., 2001).
Family, genus, and species resolutions were not found to significantly alter the results of a study
examining the effect of taxonomic resolution on the ordination of riffle and stream edge
communities of freshwater macroinvertebrates (Hewlett 2000). Somerfield & Clarke (1995), state
that species and genus had no notable effect on the analyses of taxon abundance when assessing
the effect of taxonomic resolution of nematodes and benthic macrofauna in an intertidal estuarine
environment in the United Kingdom. Many taxonomic resolution studies have been focused on
terrestrial fauna, macrofauna, meiofauna, freshwater invertebrates, and macrobenthic communities
to determine if there was a statistical difference between taxonomic resolutions (Olsgard et al.,
1997, Hewlett 2000, Bailey et al., 2001, Mueller et al., 2013, Timms et al., 2013, Leasi et al.,
5

2018). This will be the first study to focus on the effect of taxonomic resolution of mesopelagic
fishes on biodiversity and assemblage structure.
In their study, Timms et al., (2013) attributed the high correlation between genus and
species resolutions to the ratios between species and the higher taxonomic resolutions (genus,
family, order). Similarly, Bevilacqua et al., (2012) presented the idea that a surrogate taxonomic
resolution for species resolution could be used to convey community patterns where there was a
higher taxonomic ratio (ϕ). In the context of this study, higher ϕ and high Spearman correlations
mean that higher taxonomic resolutions (such as family or order) can be substituted for a lower
one (like species) without losing information on community patterns.
Bailey et al., (2001), discussed considerations for determining the sufficient or ideal
taxonomic resolution in an ecological assessment. For example, that study discussed whether
classifying a specimen to a lower taxonomic resolution (e.g., genus or species) changed the
outcome(s) of statistical analyses and purpose of the study, and whether a change was more easily
detected from a reference condition at a lower taxonomic resolution. How data are manipulated
and the level of detail used (i.e., which data transformations are used and the taxonomic resolution
of individual organism) are important considerations for calculations of biodiversity and
ecosystem health (Clarke and Ainsworth 1993, Olsgard et al., 1997, Hernandez et al., 2013).
Inappropriate transformations and broader taxonomic resolutions can alter the assessment of
community structure and biodiversity patterns in a pelagic ecosystem (Clarke and Green 1988,
Hernandez et al., 2013). Different data transformations will shift the emphasis to the common or
rare species in a taxonomic inventory (Clarke and Green 1988, Clarke and Ainsworth 1993).
Damage Assessments
Damage assessments occur after a disturbance to determine the extent of an environmental
impact and to determine if reparations are needed from the responsible party to make the
environment “whole” again in regards to the function and health of the ecosystem (Force 2010,
Lund and Pace 2010). When a disturbance occurs in U.S. waters, the U.S. Coast Guard, state
agencies, and Native American reservations assess and respond to the disturbance, then larger
federal agencies such as the National Oceanic and Atmospheric Administration (NOAA) may step
6

in and conduct a prolonged damage assessment and collect information such as a biological
inventory, water and plankton samples, and other time- sensitive data (Trustees, Deepwater
Horizon Natural Resource Damage Assessment, 2016). Sampling effort is the trade-off between
the type and size of sampling gear and the resources allotted for the project (e.g., budget or time
constraints) to evaluate the appropriate organisms and/or abiotic variables that may have been
impacted (Hoffmann et al., 2019). Choosing appropriate sampling gear, sites, collection
procedures, data organization, and sampling efforts are key to the success of the assessment
(Eldridge 1988). Damage assessments are complicated and may take several years to determine
the damage caused by a major disturbance (Trustees, Deepwater Horizon Natural Resource
Damage Assessment, 2016). Policy makers, fishermen, and governments use damage assessment
data to conduct business, evaluate and utilize ecosystem services, and monitor the ecosystem after
a disturbance or disaster (Yoskowitz et al., 2016). Complete inventories of effected organisms are
important in monitoring and the taxonomic resolution of the inventories is crucial. Knowledge of
the organisms in a disturbed area allows for more accurate monitoring and ecosystem health
assessments.
Deepwater Horizon Oil Spill
In 2010, the Deepwater Horizon oil spill occurred in the northern Gulf of Mexico,
approximately 66 kilometers off the Louisiana coastline (Montagna et al., 2013, Cook et al., 2020).
This oil spill is considered the worst marine spill in history due to its depth and scale (Montagna
et al., 2013). The source of the spill, the Macondo wellhead, was 1544 m below the surface, and
discharged oil for 87 days between April 20 and July 16, 2010 (Crone and Tolstoy 2010, Cook et
al., 2020). The failure of the blow-out preventor at the Macondo wellhead ultimately released 3.19
million barrels of oil into the northern Gulf of Mexico, before the wellhead was eventually capped
in July 2010 (Frank et al., 2020, RESTORE 2020). An estimated 68,000 barrels of oil per day were
dispensed during the active spill (Crone and Tolstoy 2010). In order for damage assessments to be
successful, the managers and decision-making agencies for future assessments have to choose a
procedure that aligns with the aims of the report which can include using public input and scientific
literature, as was the case with the Deepwater Horizon oil spill (RESTORE 2020).
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Unfortunately, in the deep pelagic Gulf of Mexico, faunal distributions, biodiversity, and
abundance information deficits have led to an undefined baseline from before the spill (Webb et
al., 2010, Mengerink et al., 2014, Judkins et al., 2017). For areas like the Gulf of Mexico that have
had an anthropogenic disturbance like the Deepwater Horizon oil spill, studying the mesopelagic
fishes is critical for assessing the damages and monitoring the ecosystem (Davison et al., 2013).
There has been a surge in deep pelagic scientific investigation since the oil spill and knowledge of
the Gulf of Mexico has increased due to intense sampling (Sutton et al., 2020). A 12% increase in
total fish records for the deep-pelagic Gulf of Mexico have been from scientific sampling and
biological inventories since the Deepwater Horizon oil spill (Sutton et al., 2020). DWHOS will
not be the last ultra-deep oil spill, but scientists and managers can use the disaster as a foundation
to better survey and respond for the health and sustainability of the deep pelagic ecosystem
(Murawski et al., 2019).
Aims
It is difficult to effectively manage resources from an ecosystem that has been historically
data-deficient compared to other ecosystems in aspects such as community composition,
resiliency, and recovery after a disturbance, such as the deep-pelagic Gulf of Mexico. This study
assessed biodiversity and community structure at various taxonomic resolutions from the deeppelagic Gulf of Mexico after an anthropogenic disturbance and analyzed patterns in multivariate
analyses. The results from this study can provide insight for the most appropriate taxonomic
resolution for future damage assessments based on the organisms and analyses being assessed.
The aim of this study was to compare calculations of biodiversity and community structures at
varying taxonomic resolutions for deep pelagic fishes of the Gulf of Mexico to inform future
decisions about deep-sea ecosystem monitoring.
Methods
Data Background
All data used in the present study were collected during the Offshore Nekton Sampling and
Analysis Program (ONSAP), as part of the Natural Resource Damage Assessment (NRDA) in the
northern Gulf of Mexico following the Deepwater Horizon oil spill. Dr. Tracey T. Sutton designed
and led the assessment at the request of the National Oceanic and Atmospheric Administration
8

(NOAA), alongside a crew of scientists, boat crew, and students (Cook et al., 2020). The ONSAP’s
main objective was to study the potential impact on the composition, distribution, and abundance
of deep-sea micronekton in the northern Gulf of Mexico due to the Deepwater Horizon oil spill.
Between November 2010 and September 2011, a series of four scientific cruises collected
faunal samples of deep-sea fishes and invertebrates in the northern Gulf of Mexico using the
Fisheries Research Vessel (RFV) Pisces. The four Pisces cruises were included in the ONSAP
damage assessment (Pisces 8, 9, 10, and 12), but this study will be using Pisces 10 as a case study.
The Pisces 10 cruise, conducted between June 21st and July 14th of 2011, had the highest
percentage of pelagic fishes identified to order, family, genus, and species resolutions (Table 2,
Appendix).
Collections were made with a modified Irish Herring Trawl. The net was an oblique trawl
net that had a graded, stretched mesh size of 3.2 m at the mouth that tapered to a smaller mesh in
the cod-end with a mesh size of 19mm (Marks et al., 2020). The net targeted large nekton in the
water column. All trawls were oblique and sampled either from 0-800 m (designated “Shallow”
tows) or from 0-1800 m (designated “Deep” tows).
Trawls were deployed at 12 stations (Figure 1) in the northern Gulf of Mexico near the
Deepwater Horizon oil spill location, with times centered around solar noon (“Day”) and midnight
(“Night”) to allow for vertical migration patterns (Cook et al., 2020, Marks et al., 2020). The
station coordinates were based on the sampling grid from the Southeast Area Monitoring and
Assessment Program (SEAMAP) conducted beginning in 1981, and the stations maintained the
station names from that program (Eldridge 1988, Cook et al., 2020). Each station was sampled
twice a day (day and night) either two or three times during the cruise (Cook et al., 2020, Marks
et al., 2020). See appendix Table 1 for details of the frequency of sampling for each site.

9

Figure 1 Stations of net deployments for Pisces 10 during ONSAP. Inset map magnified the sampled stations. The sampled
stations were used in SEAMAP (Eldridge 1988). Purple dots are the sampled stations. The yellow/orange square is the site of
the Deepwater Horizon oil spill. Bathymetry raster from NOAA’s ETOPO1 Global Relief Model (NOAA National
Geophysical Data Center, 2009) and the map was created in ArcGIS (ArcMap desktop version 10.1).

Once collected, specimens were identified to the lowest taxonomic resolution possible and
stored in a 10% formalin/seawater mixture (Cook et al., 2020). The specimens that were not
identified at sea were later identified to the lowest taxonomic resolution possible on shore and then
inventoried by Dr. Tracey T. Sutton in the Oceanic Ecology Lab at Nova Southeastern University.
The ONSAP data set is unique in that it is the largest and most comprehensive inventory for the
Gulf of Mexico, with expert identification to species level available for many specimens (Judkins
et al., 2017, Cook et al., 2020).

10

Statistical Analysis
Data not classified to species (24.89% of the total fishes collected from Pisces 10) were
omitted from further analyses so that the effect of taxonomic resolution could be isolated and
examined directly. Only specimens from trawls with valid net volume data were utilized for this
study. Statistics were calculated on valid Actinopterygii data from the Pisces 10 cruise using
PRIMER-e v. 7 (Clarke and Gorley 2015) and R Studio (version 1.4.1106; R Core Team 2020).
To assess differences in the effects of taxonomic resolution and transformation on community
assemblage composition, community data were plotted in a 2 Stage nMDS and analyzed to
compare the community structures and pattens in multivariate analyses.
The taxonomic ratio (ϕ) was calculated for genus, family, and order taxonomic resolutions
(Timms et al., 2013, Bevilacqua et al., 2012).

Equation 1: Φ =
Where: t is the number of taxa for the higher taxonomic resolution than species
s is the total number of species

ϕ was calculated for genus: species, family: species, order: species to determine if a higher taxon
was a sufficient proxy for species resolution data.
Biodiversity Estimation using Hill Numbers (α diversity)
Hill (1973) stated that diversity can be expressed by a single numerical value, but there is
no single definition or formula that works best for every ecosystem. The number of different
species in a sample and the relative abundances of sampled organisms can be used to calculate
biodiversity with formulas from a group of different indices called Hill numbers (Chao et al.,
2014). Together, Hill numbers can describe the biodiversity in a sample or ecosystem and can be
compared across samples. Hill (1973) developed these indices to represent the biodiversity of a
sample by taking the proportions of rare and commonly sampled species into account (Hill 1973,
Chao et al., 2014).
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The first three Hill numbers are commonly used to characterize the diversity of biological
assemblages (Chao et al 2014), and are equivalent to species richness (0D), the exponential of
Shannon Entropy (Shannon and Weaver 1949; (1D)), and the inverse Simpson concentration
(Simpson 1949; (2D)) because they allow for direct comparisons for complex situations of
ecological biodiversity (Hill 1973). Species richness (0D) describes the number of species that are
represented in a sample of a given size and weighs rare species equally to common species (Hill
1973, Chao et al., 2014). The Shannon diversity (1D) and Simpson’s concentration (2D) indices
account for species richness and evenness (the number of individuals per species in relation to
other species) in the samples, with Simpson’s concentration placing relatively more emphasis on
common species (Shannon and Weaver 1949, Simpson 1949).
Shannon diversity and Simpson’s concentrations can be thought of as probabilities. The
Shannon diverisity values are determining the probability of randomly choosing the next taxon in
a community. The probability of choosing a specific species becomes more uncertain due to the
richness and evenness within a community. Higher Shannon diversity values result in more chaos
(higher entropy) in the environment (Shannon and Weaver 1949). Simpson’s Diversity is a
probability value representing the likelihood that two individuals randomly selected will be from
the same taxa and is calculated emphasizing common species (Gregorius and Gillet 2008).
Biodiversity Indices via Hill Numbers (α diversity)
For this study, diversity indices were calculated for cycle (night or day deployment) and
depth (shallow or deep) at each taxonomic resolution being tested (order, family, genus, and
species). The net deployments were categorized into four deployment categories for estimating
diversity: “deep day”, “deep night”, “shallow day”, and “shallow night” following Chao et al.,
(2014) and Hsieh et al., (2016). The biodiversity rarefaction curves were created using the iNEXT
package in R Studio (version 1.4.1106; Chao et al., 2014, Hsieh et al., 2016, R Core Team 2020).
The iNEXT (iNterpolation and EXTrapolation) package calculates the indices and creates plots to
visualize Hill numbers. Rarefaction is a statistical model in ecology that estimates the species
richness based on a given number of samples or individuals (Chao and Jost 2012, Chao et al.,
2014). The iNEXT package takes the sample size and creates an “estimator” from a reference
sample of the interpolated data to expand the data set to double the number of samples. The percent
12

observed gives an estimate for how well the patterns were being maintained when the data set was
expanded (Chao et al., 2014). The iNEXT package uses bootstrapping to estimate confidence
intervals around the curve and the Hill number desired to estimate species diversity for a data set
(Chao et al., 2014, Hsieh et al., 2016). The package extrapolated abundance data for comparisons
of the variables (taxonomic resolution and category) so the sample sizes were equivalent due to
the sensitivity of the indices (Chao et al., 2014, Hsieh et al., 2016). The number of reboots gives
more replicates to the data for the program to detect patterns within the sampled community, and
9999 reboots were used in this study. The package uses (interpolated) abundance data to create the
rarefaction curve, then generates extrapolated data based on the number of reboots and the
confidence interval to expand the sample size (Chao et al., 2014, Hsieh et al., 2016). Taxon
richness (q=0) was calculated from Chao et al., (2014) and Hsieh et al., (2016) as:
/(

𝐷=

)

𝑝

Where S is the number of species, p is the relative abundance, i is the i-th taxon, and q ≠ 1
*The relative abundance is not included in the calculation when q = 0.

The exponential of Shannon entropy (q=1) was calculated from Chao et al., (2014) and Hsieh et
al., (2016) as:
𝐷 = lim 𝐷 = exp −
→

𝑝𝑖 log 𝑝𝑖

Where S is the number of species, p is the relative abundance, and i is the i-th taxon

The inverse of Simpson concentration (q=2) was calculated from Chao et al., (2014) and Hsieh et
al., (2016) as:
𝐷 = 1/

𝑝

Where S is the number of species, p is the relative abundance, and i is the i-th taxon
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Hill numbers were plotted for each taxonomic resolution and deployment category as a
rarefaction/extrapolation curve and compared to the outputs of the other taxonomic resolution and
category data (Chao et al., 2014, Hsieh et al., 2016). Statisticallly different categories were
indicated by non-overlapping confidence intervals in the rarefaction curves.
Community Composition Analysis (β diversity)
Areas of high taxonomic diversity, comparable to the deep Gulf of Mexico, have found
finer taxonomic resolutions to be beneficial for statistical analyses (Maruer 2000, Bevilacqua et
al., 2012, Muller et al., 2013). However, the transformation of the data must also be considered.
The community composition was analyzed by comparing the results of multivariate analyses at
varying taxonomic resolutions and data transformations. Both variables can alter community
patterns in an ecosystem (see Clarke and Green 1988, Hernandez et al., 2013). Abundance data
were analyzed using four taxonomic resolutions: order, family, genus, and species, and six data
transformations: no transformation, square root, fourth root, log(X+1), standardization, and
presence/ absence.
Deep-pelagic fish abundances were standardized for effort by dividing the specimen count
per taxon by the volume of water trawled for that deployment. The species data were used to create
pooled data at higher taxonomic resolutions in Primer-e software (version 7, Clarke & Gorley
2015), then six transformations were applied to each taxonomic resolution. Transformations
applied on the data consisted of the following: 1. No transformation used densities of fishes
directly. 2. Standardization converted the data to relative abundances (as a proportion of the
sample total). 3. Square root transformation placed slightly more emphasis or weight on common
species over rare species. 4. Fourth root and 5. Log(X+1) transformations placed more weight on
rare species than common with Log(X+1) being the more severe transformation of the two. 6.
Presence/absence transformation weighed all species equally and was the most severe of all six
transformations. Following transformations, distance matrices were created using the Bray Curtis
similarity matric (Clarke and Gorley 2015, Bray and Curtis 1957).
An analysis of similarities (ANOSIM) test was conducted at each taxonomic resolution
and data transformation to determine whether depth or cycle differentiated the samples based on
14

the community structure, and if so, which variable had the greatest effect (Clarke and Gorley
2015). An ANOSIM was used to isolate the effect of a factor in a community. The null hypothesis
for an ANOSIM test was that for a community, there were no differences among groups of samples
(Somerfield et al., 2021a). ANOSIMs were run as two-way, unordered, crossed designs with 9999
permutations.
Each ANOSIM results in an R statistic and a p-value that were interpreted together. A pvalue less than 0.05 indicated significant differences between groups. Somerfield et al., (2021b)
discussed the R statistic range and state that because the null hypothesis of the ANOSIM was that
there were no differences among and between groups (resulting in an R statistic close to 0, either
positive or negative), the higher positive R creates grouping in the data (Somerfield et al., 2021b).
The R statistics range from -1 to 1. Positive R statistics mean that there was more separation
between groups than within groups (grouping was occurring), and negative R statistics mean that
there was more separation within groups than between groups, which was not as likely (Somerfield
et al., 2021b). An R statistic of one means that there was strong separation and grouping due to
the factor being tested (Clarke and Gorley 2015, Somerfield et al., 2021a). R statistics of one
indicate that groups have more group overlap and were completely similar, and values of zero have
no similarity.
A similarity percentage (SIMPER) analysis was conducted from significant ANOSIM
results. A SIMPER analysis was used to determine the taxa responsible for the dissimilarity in a
community. The percentage contribution was the total influence of that taxon on the dissimilarity
of the community. The higher the percentage, the more dissimilar the communities were because
of that taxon. The highest contributing taxa were displayed in a table for comparisons. Highest
contributing taxa were described as taxa that were found to contribute ≥ 1% of the total or taxa
found in the top 10 of the taxa contributing ≥ 1% of the total.
To assess the frequency of co-occurring taxa, multiple dendrograms were created to show
associations between taxa at each taxonomic resolution. These plots showed how often different
taxa were found together in the community. A similarity matrix using the index of association
(Clarke & Gorley 2015) with no transformation applied was created for each taxonomic resolution.
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No transformation was used because the index of association similarity matrix was created as if a
Bray Curtis similarity matrix was created from standardized data (by total) and analyzed between
species (not samples), so no prior transformation was needed (Clarke and Gorley 2015). The
dendrogram was plotted by group average of the similarity values with a similarity profile
(SIMPROF) test used to determine significant clusters (using p = 0.01 and 9999 permutations).
SIMPROF tests determined whether there was structure in samples, and if so, the taxa that most
commonly occur together in the dataset were grouped together. Species that had 100% similarity
were always found together, so the higher the similarity value, the more the taxa group together.
Only species that contributed 1% of the total abundance were plotted for clarity of the plot.
To assess the relationship between data transformations and taxonomic resolutions,
Spearman rank values were calculated by running a 2Stage resemblance coefficient analysis. A
2Stage resemblance coefficient analysis was run on the Bray Curtis matrices for each
transformation and taxonomic resolution “community” and a similarity matrix was created with
Spearman rank correlation values to compare the 24 “communities” across variables (values in
Appendix Table 5). A dendrogram was created to show similarities by plotting Spearman
correlations (ρ- values, labeled “Correlation”) between the varying taxonomic resolutions and
transformations (“Communities”). A 2nd Stage non-metric multidimensional scaling (nMDS) plot
was created to compare the correlation of the communities (Clarke and Gorley 2015). Clarke and
Gorley (2015) describe a 2nd Stage nMDS as a compilation of many nMDS plots into one. The
resulting 2nd Stage MDS plot was a 2-D representation of the Bray Curtis similarity matrices
created from the varying resolutions and transformations on the community that describes the
relationships between the multivariate community patterns (Clarke & Gorley 2015). The lower the
stress value in the nMDS, the better the representation of the data, with a maximum usable value
of approximately 0.3 (Clark and Gorley 2015). A 2nd stage nMDS plot was created from the 24
similarity matrices using 5000 restarts. The nMDS plot displayed how similar communities were
to one another based on the community structure on a non-scaled axis plot. Each data point on the
plot had a correlation value which described the relationship between two points. Similarity within
ecosystems (or samples) meant that the taxa were found in the same proportions, not the same
abundances. The correlation can be used as a similarity value to compare between Bray Curtis
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similarity matrices, where multivariate (community) patterns with a correlation of one have
complete similarity and values of 0 have no similarity (Clarke & Gorley 2015).

Results
Taxonomic Ratios (Φ)
There were 22 orders, 98 families, 235 genera, and 427 species represented in the 37,431
fishes identified to species resolution used in this study. The taxonomic ratios were: genus: species
ϕ = 0.55, family: species ϕ = 0.23, order: species ϕ = 0.05.

Biodiversity Indices via Hill Numbers
Richness (0D) curves were plotted in Figure 2 for each net deployment category. Genus,
family, and order resolutions had confidence intervals that overlapped for all deployment
categories (Figures 2B, 2C, 2D), which indicated that no significant differences existed at these
resolutions. At species resolution (Figure 2A), all confidence intervals overlapped, except that
“deep day” did not overlap until around 15,000 individuals.
The observed and expected taxon richness results are displayed in Table 1 and described
the fit of the rarefaction curve to the observed data. “Shallow night” categories had the lowest
percent observed for all resolutions. Species resolution had the lowest overall percent observed
range (72-77%), genus and family resolutions had slightly higher and larger ranges (74 - 90% and
77 - 90%, respectively), and finally, order resolution had the highest percent observed values,
ranging from 90-100%. The higher the percentage, the better the sample set described the overall
taxon richness across taxonomic resolutions and categories.
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Figure 2. Richness (0D) curves plotted by deployment category. Solid lines depict interpolated richness and dashed lines represents the extrapolated richness. Colored bands
around the lines are the 95% confidence interval for each deployment. Overlapping confidence intervals indicate categories were not significantly different. Richness was
calculated for A) species resolution, B) genus resolution, C) family resolution, and D) order resolution.
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Table 1 Asymptotic diversity estimates with related statistics from Figure 2. Richness for each deployment category (“deep day”,
“shallow day”, “deep night”,” shallow night”) at each taxonomic resolution tested. The deployment, taxonomic resolution,
observed richness (“observed”), asymptotic estimator of richness (“Estimator”), observed richness from the interpolated sample
divided by the estimator richness from extrapolated sample (“percent observed”), and the standard error for each deployment of
each taxonomic resolution are displayed below. The estimated richness was calculated using rarefaction from the iNEXT package
in R and calculated estimated values from samples equal to or less than the smallest sample size of each category.

Category

Resolution

Observed

Estimator

Percentage
Observed

Standard
Error

Lower
Confidence
Level

Upper
Confidence
Level

Deep Day

Species

283

389.237

73%

31

343.526

469.469

Shallow Day

Species

219

289.608

76%

24

256.370

352.411

Deep Night

Species

295

383.041

77%

24

345.836

447.745

Shallow Night

Species

240

335.210

72%

31

290.760

418.585

Deep Day

Genus

162

196.129

83%

16

176.217

243.932

Shallow Day

Genus

134

160.943

83%

12

145.350

197.955

Deep Night

Genus

179

198.691

90%

9

187.303

225.698

Shallow Night

Genus

149

201.871

74%

24

171.626

271.508

Deep Day

Family

70

77.999

90%

6

72.146

99.820

Shallow Day

Family

60

71.998

83%

9

63.177

150.303

Deep Night

Family

84

100.199

84%

10

89.300

133.511

Shallow Night

Family

70

90.641

77%

13

76.417

136.389

Deep Day

Order

20

21.000

95%

2

20.090

31.063

Shallow Day

Order

17

17.000

100%

1

17.000

18.505

Deep Night

Order

21

21.500

98%

1

21.030

29.441

Shallow Night

Order

18

20.000

90%

4

18.181

40.126
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Shannon diversity (1D) curves are plotted in Figure 3 for each deployment category
(Figure 3A, 3B, 3C, 3D). Genus, family, and order resolutions displayed the same general pattern
across all four categories. 1D values for each category from highest to lowest were: “deep day”,
“shallow day”, “deep night”, “shallow night”. At species resolution, shallow night and deep night
categories overlapped confidence intervals, meaning the deployments were not significiantly
different in regards to Shannon diversity and separate from “deep day” and “shallow day”
categories on the plot. None of the other confidence intervals overlapped, so all other categories
were significantly different.
The observed and expected diversity values are displayed in Table 2 and described the fit
of the rarefaction curve to the observed data. “Deep day” and “shallow day” categories had the
lowest overall percent observed (97%). Species resolution had the lowest overall percent observed
range (97-99%), genus resolution had a slightly higher range (98 - 99%), family had 99% percent
observed data, and finally, order resolution had the highest percent observed values, with 100%
observed data. The results indicated that Pisces 10 sampled enough to adequately describe
diversity.
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Figure 3. Shannon Diversity (1D) curves plotted by deployment category. Solid lines depict interpolated richness and dashed lines represents the extrapolated richness. Colored
bands around the lines are the 95% confidence interval for each deployment. Overlapping confidence intervals indicate categories were not significantly different. 1D was
calculated for A) species resolution, B) genus resolution, C) family resolution, and D) order resolution
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Table 2 Asymptotic diversity estimates with related statistics from Figure 3. Shannon diversity (1D) for each deployment
category (“deep day”, “shallow day”, “deep night”,” shallow night”) at each taxonomic resolution tested. The deployment,
taxonomic resolution, observed 1D (“observed”), asymptotic estimator of 1D (“Estimator”), observed 1D from the interpolated
sample divided by the estimator 1D from extrapolated sample (“percent observed”), and the standard error for each deployment of
each taxonomic resolution are displayed below. The estimated 1D was calculated using rarefaction from the iNEXT package in R
and calculated estimated values from samples equal to or less than the smallest sample size of each category.

Category

Resolution

Observed

Estimator

Percentage
Observed

Standard
Error

Lower
confidence
level

Upper
confidence
level

Deep Day

Species

52.246

53.635

97%

0.901

52.246

55.401

Shallow Day

Species

46.647

47.945

97%

0.989

46.647

49.883

Deep Night

Species

41.575

42.202

99%

0.534

41.575

43.248

Shallow Night

Species

41.819

42.590

98%

0.703

41.819

43.967

Deep Day

Genus

34.659

35.116

99%

0.562

34.659

36.130

Shallow Day

Genus

26.606

27.015

98%

0.518

26.606

28.105

Deep Night

Genus

23.683

23.865

99%

0.330

23.683

24.530

Shallow Night

Genus

21.531

21.767

99%

0.365

21.531

22.448

Deep Day

Family

10.977

11.034

99%

0.205

10.977

11.372

Shallow Day

Family

7.798

7.850

99%

0.147

7.798

8.109

Deep Night

Family

6.076

6.099

100%

0.091

6.607

6.262

Shallow Night

Family

5.107

5.132

100%

0.102

5.107

5.310

Deep Day

Order

4.925

4.931

100%

0.067

4.295

5.055

Shallow Day

Order

3.846

3.852

100%

0.050

3.846

3.954

Deep Night

Order

3.584

3.586

100%

0.032

3.584

3.658

Shallow Night

Order

3.243

3.246

100%

0.039

3.243

3.319
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Simpson’s diversity (2D) curves are plotted in Figure 4 for each deployment category
(Figure 4A, 4B, 4C, 4D). Genus, family, and order resolutions displayed the same general pattern
across all four categories. 2D values for each category from highest to lowest were: “deep day”,
“shallow day”, “deep night”, “shallow night”. At species resolution, “deep day” and “shallow day”
categories overlapped confidnece intervals, and “shallow night” and “deep night” categories
overlapped confidence intervals, meaning the deployments were not significiantly different in
reguards to 2D within the groups. The two grouped categories were not significantly different from
one another but were significantly different from the other two that created a group in the series.
None of the other confidence intervals overlapped, so all other categories were significantly
different for genus, family, and order resolution data.
The observed and expected diversity values are displayed in Table 3 and described the fit
of the rarefaction curve to the observed data. The values for 2D fit within the curve at all taxonomic
resolutions, which resulted in 100% observed values in Table 3.
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Figure 4 Simpson’s Diversity (2D) curves plotted by deployment category. Solid lines depict interpolated richness and dashed lines represents the extrapolated richness. Colored
bands around the lines are the 95% confidence interval for each deployment. Overlapping confidence intervals indicate categories were not significantly different. 2D was
calculated for A) species resolution, B) genus resolution, C) family resolution, and D) order resolution
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Table 3 Asymptotic diversity estimates with related statistics from Figure 4. Simpson’s diversity (2D) for each deployment
category (“deep day”, “shallow day”, “deep night”,” shallow night”) at each taxonomic resolution tested. The deployment,
taxonomic resolution, observed 2D (“observed”), asymptotic estimator of 2D (“Estimator”), observed 2D from the interpolated
sample divided by the estimator 2D from extrapolated sample (“percent observed”), and the standard error for each deployment of
each taxonomic resolution are displayed below. The estimated 2D was calculated using rarefaction from the iNEXT package in R
and calculated estimated values from samples equal to or less than the smallest sample size of each category.

Category

Resolution

Observed

Estimator

Percentage

Standard

Observed

Error

Lower

Upper

confidence

confidence

level

level

Deep Day

Species

24.498

24.570

100%

0

24.498

25.442

Shallow Day

Species

24.253

24.352

100%

1

24.253

25.394

Deep Night

Species

21.445

21.476

100%

0

21.445

22.032

Shallow Night

Species

21.356

21.401

100%

0

21.356

22.098

Deep Day

Genus

18.581

18.622

100%

0

18.581

19.321

Shallow Day

Genus

13.674

13.705

100%

0

13.674

14.277

Deep Night

Genus

11.966

11.976

100%

0

11.966

12.271

Shallow Night

Genus

10.229

10.239

100%

0

10.229

10.608

Deep Day

Family

5.746

5.749

100%

0

5.746

5.943

Shallow Day

Family

4.669

4.672

100%

0

4.669

4.833

Deep Night

Family

2.710

2.710

100%

0

2.710

2.776

Shallow Night

Family

2.324

2.324

100%

0

2.324

2.388

Deep Day

Order

3.580

3.581

100%

0

3.580

3.662

Shallow Day

Order

2.992

2.993

100%

0

2.992

3.053

Deep Night

Order

2.462

2.462

100%

0

2.462

2.509

Shallow Night

Order

2.187

2.187

100%

0

2.187

2.240
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Community Composition Analysis
Results from the Analysis of Similarities (ANOSIM) are displayed in Table 4. The
majority of results showed significant effects of both diel period (“cycle”) and depth stratum on
community structure, but with some exceptions. One exception occurred at family resolution for
the cycle variable on data with no transformation as well as for square root transformed data. The
rest of the exceptions occurred at order resolution, mainly showing an insignificant effect of cycle
variable. Insignificant cycle effects occurred at all transformations at order resolution. R statistics,
overall, were highest for the depth variable. For family and order taxonomic resolutions, depth had
larger R statistics in general, but not in every transformation.
Although the ANOSIM results indicated that depth had more of an effect on the community
structure than cycle, only five R statistics were above 0.5, indicating that the difference within and
between the Bray Curtis similarity values was not strongly separated. Most of the R statistics were
below 0.5 for this data set.
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Table 4 Analysis of Similarities results from each transformed taxonomic resolution Bray Curtis similarity matrix. Cycle and
depth were tested as unordered factors. The bolded R statistics and corresponding p-values are those that were significant based
on the p-value (p ≤ 0.05).

Taxonomic resolution

Transformation
None
Square Root

Species

Fourth root
Log(X+1)
Presence/ absence
Standardization
None
Square Root

Genus

Fourth root
Log(X+1)
Presence/ absence
Standardization
None
Square Root

Family

Fourth root
Log(X+1)
Presence/ absence
Standardization
None
Square Root
Fourth root

Order
Log(X+1)
Presence/ absence
Standardization

Factor
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth
Cycle
Depth

R Statistic
0.109
0.336
0.164
0.450
0.155
0.456
0.166
0.457
0.107
0.393
0.219
0.321
0.110
0.341
0.148
0.463
0.131
0.501
0.129
0.502
0.100
0.466
0.236
0.336
0.056
0.178
0.087
0.431
0.113
0.595
0.114
0.590
0.109
0.621
0.201
0.144
0.050
0.120
0.065
0.216
0.045
0.314
0.043
0.336
0.020
0.267
0.201
0.040

p value
0.0330
0.0001
0.0050
0.0001
0.0030
0.0001
0.0020
0.0001
0.0150
0.0010
0.0020
0.0002
0.0290
0.0002
0.0090
0.0001
0.0080
0.0001
0.0080
0.0001
0.0190
0.0001
0.0008
0.0001
0.1250
0.0060
0.0610
0.0001
0.0250
0.0001
0.0260
0.0001
0.0180
0.0001
0.0030
0.0150
0.1450
0.0300
0.1000
0.0030
0.1590
0.0001
0.1650
0.0001
0.3060
0.0002
0.0040
0.1980
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A Similarity Percentage (SIMPER) analysis was conducted for both depth and cycle for
those data with significant ANOSIM results. The SIMPER results for both factors are displayed in
Tables 5-8 and Table 9-12 for depth and cycle, respectively. The overall dissimilarity between
depths increased as we move from higher (i.e., Order) to lower (i.e., Species) taxonomic
resolutions. Five of the six data transformations (no transformation, square root, fourth root,
log(X+1), and standardization) resulted in taxa that contributed to the differences (dissimilarity)
between samples. Overall, the highest contributing taxa were fishes from the order
Myctophiformes, specifically from the family Myctophidae. The species with the highest percent
contributions were Ceratoscopelus warmingii (contributing between 1.03-6.61% dissimilarity),
Notoscopelus resplendens (contributing between 1.04-5.99% dissimilarity), and Diaphus
perspicillatus (contributing between 1.07-4.26% dissimilarity) in Table 5. The highest
contributing genera to differences in sampling groups were Ceratoscopelus (contributing between
1.51-7.04% dissimilarity), Notoscopelus (contributing between 1.46-6.64% dissimilarity),
Diaphus (contributing between 1.18-16.74% dissimilarity), Cubiceps (contributing between 1.203.41% dissimilarity), and Caranx (contributing between 1.36-4.36% dissimilarity) in Table 6. One
family, Carangidae, contributed between 3.00-8.48% of the dissimilarity for five of the six data
transformations (presence/ absence excluded) in Table 7. Myctophidae was found in four of the
six transformations (no transformation, square root, fourth root and standardized) and contributed
between 3.23- 45.74% of the dissimilarity. Order resolution had two taxa that were found in the
results of four of the five significant transformations, Myctophiformes (contributing 9.60-52.05%
dissimilarity) and Perciformes contributing 7.64-13.50% dissimilarity) in Table 8. Stomiiformes
contributed between 8.18-22.02% dissimilarity and was found in the results of three of the four
data transformations (no transformation, square root, and fourth root).
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Species

Table 5 SIMPER results for significant deep and shallow communities from the ANOSIM (significant “depth” ANOSIM
results). Species dissimilarity at the significant transformation is displayed at the top of each section. Average dissimilarity (“Av.
Dissimilarity”) describes the average dissimilarity contributed to a community with the presence of the taxon. Contributing
percent (%) is the percent the taxon contributes to the total. Cumulative percent (%) is the accumulating total of the contributing
percentages of the total. Only taxa contributing 1% or more dissimilarity (or the top 10 contributing taxa if there were many that
contributed >1%) are included in the table. For a table of all values, see Appendix Table 3.

Groups: Deep & Shallow
Av.Dissimilarity
Contributing %
No Transformation Average dissimilarity = 67.16
Ceratoscopelus warmingii
4.44
6.61
Notoscopelus resplendens
4.02
5.99
Sigmops elongatus
3.81
5.68
Diaphus dumerilii
3.58
5.33
Diaphus perspicillatus
3.10
4.62
Chauliodus sloani
2.87
4.28
Lepidophanes guentheri
2.64
3.94
Sternoptyx diaphana
2.19
3.27
Cubiceps pauciradiatus
2.06
3.07
Hygophum hygomii
1.70
2.53
Square Root Average dissimilarity = 58.04
Ceratoscopelus warmingii
1.45
2.50
Notoscopelus resplendens
1.41
2.43
Diaphus dumerilii
1.31
2.25
Diaphus perspicillatus
1.27
2.18
Sigmops elongatus
1.05
1.81
Lepidophanes guentheri
1.03
1.77
Nannobrachium lineatum
0.97
1.67
Cubiceps pauciradiatus
0.97
1.67
Diaphus mollis
0.91
1.56
Hygophum hygomii
0.84
1.45
Fourth Root Average dissimilarity = 54.94
Omosudis lowii
0.62
1.14
Ceratoscopelus warmingii
0.61
1.11
Diaphus perspicillatus
0.61
1.11
Nannobrachium lineatum
0.61
1.10
Notoscopelus resplendens
0.60
1.10
Sternoptyx pseudobscura
0.58
1.05
Log(X+1) Average dissimilarity = 54.93
Omosudis lowii
0.67
1.22
Sternoptyx pseudobscura
0.64
1.17
Nannobrachium lineatum
0.64
1.16
Diaphus perspicillatus
0.59
1.07

Cumulative %
6.61
12.60
18.27
23.60
28.22
32.50
36.44
39.70
42.77
45.30
2.50
4.93
7.18
9.36
11.17
12.94
14.62
16.28
17.85
19.30
1.14
2.25
3.36
4.46
5.56
6.61
1.22
2.39
3.55
4.62
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Av.Dissimilarity
Contributing %
Notoscopelus resplendens
0.57
1.04
Ceratoscopelus warmingii
0.56
1.03
Presence/ Absence Average dissimilarity = 53.09
Omosudis lowii
0.56
1.05
Standardization Average dissimilarity = 58.77
Sternoptyx diaphana
3.45
5.87
Sigmops elongatus
2.88
4.90
Notoscopelus resplendens
2.88
4.89
Ceratoscopelus warmingii
2.84
4.83
Chauliodus sloani
2.44
4.16
Diaphus dumerilii
2.21
3.76
Diaphus perspicillatus
2.05
3.50
Cubiceps pauciradiatus
1.79
3.05
Lepidophanes guentheri
1.75
2.98
Nannobrachium lineatum
1.74
2.95

Cumulative %
5.67
6.69
1.05
5.87
10.76
15.66
20.49
24.65
28.41
31.91
34.96
37.94
40.89
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Table 6 SIMPER results for significant deep and shallow communities from the ANOSIM (significant “depth” ANOSIM
results). Genus dissimilarity at the significant transformation is displayed at the top of each section. Average dissimilarity (“Av.
Dissimilarity”) describes the average dissimilarity contributed to a community with the presence of the taxon. Contributing
percent (%) is the percent the taxon contributes to the total. Cumulative percent (%) is the accumulating total of the contributing
percentages of the total. Only taxa contributing 1% or more dissimilarity (or the top 10 contributing taxa if there were many that
contributed >1%) are included in the table. For a table of all values, see Appendix Table 3.

Groups: Deep & Shallow
Av.Dissimilarity
Contributing %
No Transformation Average dissimilarity = 62.98
Diaphus
1.36
16.74
Ceratoscopelus
1.16
7.05
Notoscopelus
0.88
6.64
Sigmops
1.02
6.06
Chauliodus
1.12
4.56
Hygophum
0.84
4.41
Sternoptyx
1.00
4.41
Lepidophanes
1.07
4.20
Caranx
0.58
4.08
Cubiceps
1.00
3.27
Square Root Average dissimilarity = 51.41
Diaphus
1.48
5.07
Ceratoscopelus
1.50
3.40
Notoscopelus
1.20
3.30
Sigmops
1.20
2.45
Lepidophanes
1.30
2.41
Nannobrachium
1.29
2.38
Caranx
0.94
2.34
Cubiceps
1.29
2.26
Hygophum
1.20
2.23
Sternoptyx
1.16
1.94
Fourth Root Average dissimilarity = 47.66
Omosudis
3.21
1.67
Ceratoscopelus
1.56
1.64
Nannobrachium
1.28
1.64
Diaphus
1.40
1.63
Notoscopelus
1.41
1.58
Caranx
1.26
1.36
Lampanyctus
1.49
1.22
Cubiceps
1.31
1.20
Dolicholagus
1.26
1.18
Ariosoma
1.29
1.15

Cumulative %
16.74
23.78
30.43
36.49
41.05
45.46
49.87
54.07
58.15
61.42
5.07
8.47
11.77
14.22
16.63
19.02
21.36
23.61
25.84
27.78
1.67
3.31
4.95
6.58
8.16
9.51
10.73
11.93
13.11
14.26
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Av.Dissimilarity Contributing %
Log(X+1) Average dissimilarity = 47.49
Omosudis
3.07
1.80
Nannobrachium
1.26
1.71
Ceratoscopelus
1.36
1.51
Notoscopelus
1.33
1.46
Caranx
1.32
1.37
Lampanyctus
1.49
1.30
Dolicholagus
1.27
1.28
Ariosoma
1.30
1.23
Cubiceps
1.27
1.23
Diaphus
1.13
1.18
Presence/ Absence Average dissimilarity = 45.56
Omosudis
3.50
1.64
Photostylus
2.42
1.49
Dysalotus
1.62
1.27
Mentodus
1.46
1.22
Alepisaurus
1.46
1.19
Anoplogaster
1.36
1.12
Scopelogadus
1.25
1.11
Maulisia
1.33
1.10
Poromitra
1.12
1.03
Ichthyococcus
1.22
1.03
Standardization Average dissimilarity = 52.55
Diaphus
1.29
10.37
Sternoptyx
1.51
8.57
Notoscopelus
1.01
5.56
Sigmops
1.16
5.49
Ceratoscopelus
1.20
5.41
Chauliodus
1.25
4.65
Caranx
0.64
4.36
Nannobrachium
1.17
3.71
Hygophum
0.85
3.47
Cubiceps
1.01
3.41

Cumulative %
1.80
3.51
5.02
6.48
7.85
9.15
10.43
11.67
12.90
14.08
1.64
3.12
4.39
5.61
6.80
7.92
9.03
10.13
11.16
12.19
10.37
18.94
24.50
30.00
35.40
40.05
44.42
48.12
51.60
55.01
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Table 7 SIMPER results for significant deep and shallow communities from the ANOSIM (significant “depth” ANOSIM
results). Family dissimilarity at the significant transformation is displayed at the top of each section. Average dissimilarity (“Av.
Dissimilarity”) describes the average dissimilarity contributed to a community with the presence of the taxon. Contributing
percent (%) is the percent the taxon contributes to the total. Cumulative percent (%) is the accumulating total of the contributing
percentages of the total. Only taxa contributing 1% or more dissimilarity (or the top 10 contributing taxa if there were many that
contributed >1%) are included in the table. For a table of all values, see Appendix Table 3.

Groups: Deep & Shallow
Av.Dissimilarity Contributing %
No Transformation Average dissimilarity = 52.57
Myctophidae
24.05
45.74
Stomiidae
4.83
9.18
Gonostomatidae
4.51
8.58
Carangidae
3.52
6.70
Sternoptychidae
2.97
5.64
Nomeidae
2.07
3.94
Congridae
1.07
2.03
Bathylagidae
0.72
1.37
Paralepididae
0.70
1.33
Ariommatidae
0.69
1.30
Square Root Average dissimilarity = 42.06
Myctophidae
5.55
13.18
Carangidae
2.23
5.30
Gonostomatidae
2.13
5.06
Stomiidae
1.88
4.46
Nomeidae
1.78
4.22
Sternoptychidae
1.42
3.37
Congridae
1.30
3.10
Omosudidae
1.18
2.80
Bathylagidae
1.15
2.74
Paralepididae
1.05
2.50
Fourth Root Average dissimilarity = 40.31
Omosudidae
1.44
3.58
Myctophidae
1.30
3.23
Carangidae
1.21
3.00
Platytroctidae
1.07
2.66
Bathylagidae
1.03
2.55
Congridae
1.00
2.48
Nomeidae
0.94
2.33
Ariommatidae
0.88
2.18
Alepisauridae
0.86
2.15
Alepocephalidae
0.84
2.08
Log (X+1) Average dissimilarity = 39.88
Omosudidae
1.56
3.90

Cumulative %
45.74
54.93
63.50
70.21
75.85
79.79
81.82
83.18
84.51
85.82
13.18
18.48
23.54
28.00
32.22
35.59
38.69
41.50
44.24
46.73
3.58
6.81
9.81
12.47
15.02
17.50
19.83
22.02
24.16
26.24
3.90
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Av.Dissimilarity Contributing %
Carangidae
1.18
2.95
Platytroctidae
1.12
2.81
Bathylagidae
1.12
2.80
Congridae
1.08
2.71
Ariommatidae
0.97
2.43
Nomeidae
0.96
2.41
Alepisauridae
0.88
2.20
Phosichthyidae
0.87
2.19
Monacanthidae
0.87
2.17
Presence/ Absence Average dissimilarity = 40.29
Omosudidae
1.47
3.65
Platytroctidae
1.26
3.12
Alepocephalidae
1.22
3.03
Cetomimidae
1.17
2.89
Alepisauridae
1.07
2.65
Anoplogastridae
1.00
2.49
Bramidae
0.90
2.23
Melanonidae
0.85
2.12
Moridae
0.84
2.07
Notosudidae
0.80
1.99
Standardization Average dissimilarity = 35.91
Myctophidae
9.16
25.52
Sternoptychidae
3.93
10.94
Gonostomatidae
3.37
9.39
Stomiidae
3.15
8.78
Carangidae
3.05
8.48
Nomeidae
1.77
4.94
Congridae
1.07
2.97
Ariommatidae
0.80
2.24
Bathylagidae
0.75
2.08
Omosudidae
0.58
1.61

Cumulative %
6.85
9.66
12.46
15.16
17.60
20.00
22.21
24.39
26.57
3.65
6.77
9.80
12.69
15.34
17.83
20.06
22.18
24.25
26.24
25.52
36.46
45.85
54.63
63.11
68.05
71.02
73.26
75.34
76.95

34

Order

Table 8 SIMPER results for significant deep and shallow communities from the ANOSIM (significant “depth” ANOSIM
results). Order dissimilarity at the significant transformation is displayed at the top of each section. Average dissimilarity (“Av.
Dissimilarity”) describes the average dissimilarity contributed to a community with the presence of the taxon. Contributing
percent (%) is the percent the taxon contributes to the total. Cumulative percent (%) is the accumulating total of the contributing
percentages of the total. Only taxa contributing 1% or more dissimilarity (or the top 10 contributing taxa if there were many that
contributed >1%) are included in the table. For a table of all values, see Appendix Table 3.

Groups: Deep & Shallow
Av.Dissimilarity Contributing %
No Transformation Average dissimilarity = 46.20
Myctophiformes
24.05
52.05
Stomiiformes
10.17
22.02
Perciformes
6.24
13.50
Aulopiformes
1.46
3.17
Anguilliformes
1.35
2.92
Osmeriformes
0.88
1.90
Tetraodontiformes
0.67
1.44
Square Root Average dissimilarity = 29.74
Myctophiformes
8.48
28.50
Stomiiformes
3.91
13.15
Perciformes
3.85
12.93
Osmeriformes
1.87
6.27
Aulopiformes
1.80
6.06
Anguilliformes
1.74
5.86
Tetraodontiformes
1.50
5.05
Stephanoberyciformes
0.89
2.98
Zeiformes
0.87
2.93
Gadiformes
0.83
2.78
Fourth Root Average dissimilarity = 23.64
Myctophiformes
2.67
11.30
Osmeriformes
1.93
8.18
Tetraodontiformes
1.81
7.64
Perciformes
1.68
7.12
Lophiiformes
1.57
6.64
Beryciformes
1.34
5.66
Stomiiformes
1.30
5.51
Zeiformes
1.27
5.38
Gadiformes
1.25
5.27
Polymixiiformes
1.24
5.25
Log(X+1) Average dissimilarity = 22.29
Osmeriformes
2.14
9.60
Tetraodontiformes
2.06
9.23
Lophiiformes
1.57
7.04
Zeiformes
1.48
6.65

Cumulative %
52.05
74.07
87.56
90.73
93.65
95.55
97.00
28.50
41.65
54.58
60.85
66.91
72.77
77.82
80.80
83.74
86.52
11.30
19.48
27.12
34.24
40.88
46.54
52.05
57.43
62.71
67.96
9.60
18.83
25.87
32.52
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Av.Dissimilarity Contributing %
Gadiformes
1.45
6.48
Beryciformes
1.37
6.15
Myctophiformes
1.35
6.03
Polymixiiformes
1.29
5.80
Lampriformes
1.22
5.48
Perciformes
1.20
5.39
Presence/ Absence Average dissimilarity = 20.97
Lophiiformes
2.75
13.13
Beryciformes
2.22
10.59
Polymixiiformes
1.95
9.32
Lampriformes
1.94
9.27
Tetraodontiformes
1.69
8.04
Pleuronectiformes
1.64
7.82
Osmeriformes
1.39
6.61
Gadiformes
1.34
6.38
Zeiformes
1.33
6.34
Syngnathiformes
1.20
5.74

Cumulative %
39.00
45.15
51.19
56.99
62.47
67.86
13.13
23.73
33.05
42.31
50.35
58.18
64.79
71.17
77.51
83.25
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The dissimilarity between day and night increased as taxonomic resolutions moved from
higher to lower taxonomic resolutions. The species with the highest percent contributions from
Table 9 were Ceratoscopelus warmingii (contributing between 1.19-8.61% dissimilarity),
Notoscopelus

resplendens

(contributing

between

1.11-7.35%

dissimilarity),

Diaphus

perspicillatus (contributing between 1.29-5.54% dissimilarity), and Nannobrachium lineatum
(contributing between 1.00-2.96% dissimilarity). The highest contributing genera to differences in
sampling groups were Ceratoscopelus (contributing between 1.83-9.29% dissimilarity),
Notoscopelus (contributing between 1.70-8.48% dissimilarity), Hygophum (contributing between
1.26-6.55% dissimilarity), Caranx (contributing between 1.48-4.05% dissimilarity), and
Nannobrachium (contributing between 1.57-3.43% dissimilarity) in Table 10. Eight families
contributed highly to the dissimilarity for three of the four data transformations in Table 11:
Carangidae (contributing between 3.55-7.31% dissimilarity), Congridae (contributing between
2.62-3.00% dissimilarity), Nomeidae (contributing between 2.69-4.63% dissimilarity),
Bathylagidae (contributing between 1.71-2.94% dissimilarity), Acropomatidae (contributing
between 2.49-2.80% dissimilarity), Scombrolabracidae (contributing between 2.42-2.67%
dissimilarity),

Ariommatidae

(contributing

between

2.07-2.66%

dissimilarity),

and

Monacanthidae (contributing between 2.19-2.39% dissimilarity). Order resolution had three taxa
that contributed more than 10% in the one significant transformation (standardization) in Table
12. Myctophiformes contributed 38.16% dissimilarity, Stomiiformes contributed 29.18%
dissimilarity, and Perciformes contributed 15.02% dissimilarity.
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Table 9. SIMPER results for significant night and day communities from the ANOSIM (significant “cycle” ANOSIM results).
Species dissimilarity at the significant transformation is displayed at the top of each section. Average dissimilarity (“Av.
Dissimilarity”) describes the average dissimilarity contributed to a community with the presence of the taxon. Contributing
percent (%) is the percent the taxon contributes to the total. Cumulative percent (%) is the accumulating total of the contributing
percentages of the total. Only taxa contributing 1% or more dissimilarity (or the top 10 contributing taxa if there were many that
contributed >1%) are included in the table. For a table of all values, see Appendix Table 4.

Groups: Day & Night
Av. Dissimilarity Contributing %
No Transformation Average dissimilarity = 61.97
Ceratoscopelus warmingii
5.34
8.61
Notoscopelus resplendens
4.56
7.35
Diaphus perspicillatus
3.38
5.45
Diaphus dumerilii
3.38
5.45
Sigmops elongatus
2.30
3.72
Lepidophanes guentheri
2.29
3.70
Chauliodus sloani
2.28
3.68
Hygophum hygomii
2.26
3.64
Cubiceps pauciradiatus
2.08
3.35
Nannobrachium lineatum
1.67
2.69
Square Root Average dissimilarity = 53.86
Ceratoscopelus warmingii
1.69
3.14
Notoscopelus resplendens
1.50
2.79
Diaphus perspicillatus
1.38
2.57
Diaphus dumerilii
1.24
2.31
Hygophum hygomii
1.04
1.92
Cubiceps pauciradiatus
0.96
1.77
Lepidophanes guentheri
0.94
1.75
Nannobrachium lineatum
0.86
1.60
Diaphus mollis
0.82
1.52
Caranx crysos
0.72
1.33
Fourth Root Average dissimilarity = 51.15
Ceratoscopelus warmingii
0.67
1.31
Diaphus perspicillatus
0.66
1.30
Notoscopelus resplendens
0.61
1.19
Notoscopelus caudispinosus
0.51
1.00
Nannobrachium lineatum
0.51
1.00
Diaphus dumerilii
0.51
1.00
Log(X+1) Average dissimilarity = 51.11
Diaphus perspicillatus
0.66
1.29
Ceratoscopelus warmingii
0.61
1.19
Notoscopelus resplendens
0.57
1.11
Notoscopelus caudispinosus
0.54
1.06

Cumulative %
8.61
15.97
21.42
26.87
30.58
34.28
37.96
41.60
44.95
47.65
3.14
5.93
8.50
10.81
12.73
14.51
16.26
17.86
19.38
20.71
1.31
2.61
3.80
4.80
5.80
6.80
1.29
2.48
3.59
4.65
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Av.Dissimilarity Contributing %
Nannobrachium lineatum
0.54
1.05
Hygophum hygomii
0.51
1.00
Presence/ Absence Average dissimilarity = 49.58
Notoscopelus caudispinosus
0.45
0.91
Pseudoscopelus scriptus
0.34
0.69
Ichthyococcus ovatus
0.34
0.69
Nesiarchus nasutus
0.33
0.67
Vinciguerria nimbaria
0.33
0.67
Hygophum reinhardtii
0.33
0.66
Synagrops bellus
0.32
0.65
Eustomias hypopsilus
0.32
0.64
Argyropelecus hemigymnus
0.31
0.63
Selar crumenophthalmus
0.31
0.63
Standardization Average dissimilarity = 57.51
Ceratoscopelus warmingii
3.53
6.14
Notoscopelus resplendens
3.11
5.40
Chauliodus sloani
3.02
5.24
Sternoptyx diaphana
2.47
4.29
Diaphus perspicillatus
2.41
4.19
Sigmops elongatus
2.39
4.15
Diaphus dumerilii
2.14
3.72
Cubiceps pauciradiatus
1.78
3.10
Lepidophanes guentheri
1.59
2.76
Nannobrachium lineatum
1.55
2.70

Cumulative %
5.70
6.70
0.91
1.60
2.30
2.97
3.64
4.31
4.95
5.60
6.23
6.86
6.14
11.54
16.78
21.07
25.26
29.42
33.13
36.24
38.99
41.70
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Table 10. SIMPER results for significant night and day communities from the ANOSIM (significant “cycle” ANOSIM results).
Genus dissimilarity at the significant transformation is displayed at the top of each section. Average dissimilarity (“Av.
Dissimilarity”) describes the average dissimilarity contributed to a community with the presence of the taxon. Contributing
percent (%) is the percent the taxon contributes to the total. Cumulative percent (%) is the accumulating total of the contributing
percentages of the total. Only taxa contributing 1% or more dissimilarity (or the top 10 contributing taxa if there were many that
contributed >1%) are included in the table. For a table of all values, see Appendix Table 4.

Groups: Day & Night
Av.Dissimilarity Contributing %
No Transformation Average dissimilarity = 57.47
Diaphus
9.68
16.84
Ceratoscopelus
5.34
9.29
Notoscopelus
4.87
8.48
Hygophum
3.76
6.55
Sigmops
2.33
4.05
Lepidophanes
2.29
3.99
Chauliodus
2.28
3.97
Cubiceps
2.08
3.62
Caranx
1.92
3.35
Nannobrachium
1.88
3.27
Square Root Average dissimilarity = 46.60
Diaphus
2.40
5.15
Ceratoscopelus
2.04
4.38
Notoscopelus
1.89
4.05
Hygophum
1.54
3.30
Cubiceps
1.15
2.46
Lepidophanes
1.13
2.43
Nannobrachium
1.10
2.35
Caranx
1.07
2.30
Sigmops
0.81
1.73
Ariosoma
0.73
1.58
Fourth Root Average dissimilarity = 42.91
Ceratoscopelus
0.87
2.02
Notoscopelus
0.80
1.86
Diaphus
0.73
1.69
Nannobrachium
0.67
1.57
Caranx
0.63
1.48
Hygophum
0.58
1.34
Cubiceps
0.57
1.33
Ariosoma
0.52
1.22
Lepidophanes
0.52
1.21
Lestrolepis
0.51
1.19

Cumulative %
16.84
26.13
34.60
41.15
45.21
49.20
53.16
56.78
60.13
63.40
5.15
9.53
13.58
16.87
19.33
21.77
24.12
26.42
28.15
29.73
2.02
3.88
5.57
7.13
8.61
9.95
11.28
12.50
13.70
14.89
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Av.Dissimilarity Contributing %
Log(X+1) Average dissimilarity = 42.79
Ceratoscopelus
0.78
1.83
Notoscopelus
0.73
1.70
Nannobrachium
0.70
1.63
Caranx
0.66
1.54
Cubiceps
0.59
1.38
Ariosoma
0.56
1.32
Lestrolepis
0.55
1.30
Dolicholagus
0.54
1.27
Lampanyctus
0.54
1.26
Hygophum
0.54
1.26
Presence/ Absence Average dissimilarity = 40.80
Synagrops
0.47
1.16
Ichthyococcus
0.46
1.13
Nesiarchus
0.45
1.09
Leptostomias
0.42
1.03
Selar
0.42
1.03
Scombrolabrax
0.41
1.00
Howella
0.41
1.00
Standardized Average dissimilarity = 51.50
Diaphus
5.62
10.91
Ceratoscopelus
3.53
6.86
Notoscopelus
3.30
6.41
Chauliodus
3.02
5.86
Sternoptyx
2.87
5.57
Hygophum
2.70
5.24
Sigmops
2.41
4.68
Caranx
2.09
4.05
Cubiceps
1.78
3.47
Nannobrachium
1.77
3.43

Cumulative %
1.83
3.53
5.15
6.69
8.07
9.39
10.68
11.95
13.22
14.48
1.16
2.29
3.39
4.42
5.45
6.45
7.44
10.91
17.77
24.17
30.03
35.59
40.83
45.52
49.57
53.04
56.47
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Table 11. SIMPER results for significant night and day communities from the ANOSIM (significant “cycle” ANOSIM results).
Family dissimilarity at the significant transformation is displayed at the top of each section. Average dissimilarity (“Av.
Dissimilarity”) describes the average dissimilarity contributed to a community with the presence of the taxon. Contributing
percent (%) is the percent the taxon contributes to the total. Cumulative percent (%) is the accumulating total of the contributing
percentages of the total. Only taxa contributing 1% or more dissimilarity (or the top 10 contributing taxa if there were many that
contributed >1%) are included in the table. For a table of all values, see Appendix Table 4.

Groups: Day & Night
Av.Dissimilarity Contributing %
Fourth Root Average dissimilarity = 34.39
Myctophidae
1.38
4.00
Carangidae
1.22
3.55
Congridae
0.94
2.75
Nomeidae
0.93
2.69
Bathylagidae
0.92
2.68
Acropomatidae
0.86
2.49
Scombrolabracidae
0.84
2.46
Ariommatidae
0.83
2.42
Monacanthidae
0.75
2.19
Paralepididae
0.73
2.11
Log(X+1) Average dissimilarity = 34.22
Carangidae
1.24
3.61
Congridae
1.03
3.00
Bathylagidae
1.00
2.94
Nomeidae
0.96
2.80
Scombrolabracidae
0.91
2.67
Ariommatidae
0.91
2.66
Acropomatidae
0.86
2.50
Monacanthidae
0.82
2.39
Chlorophthalmidae
0.82
2.39
Paralepididae
0.82
2.39
Presence/ Absence Average dissimilarity = 33.35
Acropomatidae
0.93
2.80
Scombrolabracidae
0.81
2.42
Howellidae
0.80
2.41
Melanonidae
0.79
2.37
Notosudidae
0.79
2.37
Balistidae
0.78
2.33
Priacanthidae
0.77
2.31
Caproidae
0.74
2.21
Monacanthidae
0.74
2.21
Tetraodontidae
0.73
2.20

Cumulative %
4.00
7.55
10.30
12.99
15.67
18.17
20.62
23.04
25.24
27.35
3.61
6.61
9.55
12.35
15.02
17.68
20.18
22.57
24.95
27.34
2.80
5.21
7.62
9.99
12.37
14.70
17.01
19.22
21.43
23.63
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Av.Dissimilarity Contributing %
Standardization Average dissimilarity = 38.33
Myctophidae
12.27
32.00
Stomiidae
4.31
11.24
Sternoptychidae
3.76
9.80
Gonostomatidae
2.85
7.44
Carangidae
2.80
7.31
Nomeidae
1.77
4.63
Congridae
1.00
2.62
Ariommatidae
0.79
2.07
Bathylagidae
0.66
1.71
Melamphaidae
0.60
1.57

Cumulative %
32.00
43.24
53.04
60.48
67.79
72.42
75.03
77.10
78.81
80.38
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Table 12. SIMPER results for significant night and day communities from the ANOSIM (significant “cycle” ANOSIM results).
Order dissimilarity at the significant transformation is displayed at the top of each section. Average dissimilarity (“Av.
Dissimilarity”) describes the average dissimilarity contributed to a community with the presence of the taxon. Contributing
percent (%) is the percent the taxon contributes to the total. Cumulative percent (%) is the accumulating total of the contributing
percentages of the total. Only taxa contributing 1% or more dissimilarity (or the top 10 contributing taxa if there were many that
contributed >1%) are included in the table. For a table of all values, see Appendix Table 4.

Groups: Day & Night
Av.Dissimilarity Contributing %
Standardization Average dissimilarity = 32.15
Myctophiformes
12.27
38.16
Stomiiformes
9.38
29.18
Perciformes
4.83
15.02
Anguilliformes
1.40
4.36
Tetraodontiformes
0.98
3.05
Aulopiformes
0.90
2.80
Osmeriformes
0.70
2.19
Stephanoberyciformes
0.63
1.96
Zeiformes
0.21
0.66
Gadiformes
0.19
0.60

Cumulative %
38.16
67.34
82.36
86.71
89.76
92.57
94.75
96.72
97.37
97.98
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Average dissimilarities for each taxonomic resolution and data transformation are
displayed in Table 13 and were calculated in Primer-e version 7. The general trend of a decrease
in dissimilarity (increase in similarity) with higher taxonomic resolutions was apparent for both
“cycle” and “depth” variables. The “depth” variable had higher average dissimilarity overall,
consistent with the ANOSIM results which resulted in higher R statistics for “depth” than for
“cycle”. The untransformed samples showed the highest dissimilarity values across taxonomic
resolutions and these values decreased as the transformations emphasized progressively rarer taxa.
Standardization did not follow the structure of the other data transformations and created a separate
group in the results. At order resolution, the standardization transformation resulted in an
insignificant p-value for “depth”.
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Table 13. Average dissimilarity SIMPER values for the “depth” and “cycle” variables (also listed in Tables 5-8 and Tables 9-12). (*)
after the values mean that the results from the ANOSIM were not significant for that variable.
Taxonomic
Resolution
Transformation
None
Square Root
Fourth Root
Log(X+1)
Presence/
Absence
Standardization

Species

Genus

Family

Order

Day and
Night
61.97
53.86
51.15
51.11

Deep and
Shallow
67.16
58.04
54.94
54.93

Day and
Night
57.47
46.60
42.91
42.79

Deep and
Shallow
62.98
51.41
47.66
47.49

Day and
Night
48.79*
36.99*
34.39
34.22

Deep and
Shallow
51.57
42.06
40.31
39.88

Day and
Night
43.86*
27.47*
21.23*
19.99*

Deep and
Shallow
46.20
29.74
23.64
22.29

49.58

53.09

40.80

45.56

33.35

40.29

17.94*

20.97

57.51

58.77

51.50

52.55

38.33

35.91

32.15

27.23*
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Taxa Associations
An index of association (co-occurring taxa association) of fishes at order taxonomic
resolution was plotted as a dendrogram (cluster analysis) in Figure 5. There were 12 orders and
11 significantly different groups. The orders with the highest association were Aulopiformes and
Myctophiformes but did not significantly occur together in the sample. Only orders Beryciformes
and Lophiformes showed significant co-occurrence.

Orders
Figure 5 Dendrogram using an Index of Association resemblance matrix with SIMPROF groups at order taxonomic resolution.
The x-axis displays the order name and the corresponding SIMPROF group symbol. The dendrogram was plotted by group
averages with 9999 restarts and p ≤ 0.01 to be significant.
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The dendrogram for fish associations at family resolution was plotted in Figure 6. There
were 36 families and 28 significantly different groups. Six co-occurring groups were shown in the
dendrogram and consisted of the groups: 1. Giganturidae, Platytroctidae, and Omosididae 2.
Alepisauridae and Anoplogastirdae 3. Bramidae and Serrivomeridae 4. Chiasmodontidae and
Gempylidae 5.

Tetraodontidae, Monacanthidae, and Balistidae, and 6. Ariommatidae and

Acropomatidae.

Of the 28 clusters, only two consisted of members from the same order. Families
Tetraodontidae, Monacanthidae, and Balistidae created a significant group away from the order
Tetraodontiformes. Families Chiasomodontidae and Gempylidae created a SIMPROF group from
the order Perciformes. These significant groups co-occurred at approximately 40% and 60%,
respectively. Comparable to order resolution, families Myctophidae (order Myctophiformes) and
Paralepipidae (order Aulopiformes) had the highest association in Figure 6 with an approximate
co-occurrence of 75%.
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Figure 6 Dendrogram using an Index of Association resemblance matrix with SIMPROF groups at family taxonomic resolution. The x-axis
displays the family name and the corresponding SIMPROF group symbol. The dendrogram was plotted by group averages with 9999 restarts
and p ≤ 0.01 to be significant.
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The dendrogram for fish associations at genus resolution was plotted in Figure 7. Genus
resolution resulted in 58 SIMPROF groups, where two groups contained members of the same
order. Eleven significantly different groups with co-occuring genera emerged that consisted of 1.
Aluterus, Auxis, Carangoides 2. Diodon, Synagrops, Monacanthus, Cantherhines, Lagocophalus
3. Parasudis and Selar 4. Cyclothone and Pollichthys 5.Antigonia and Diplospinus 6.
Chlorophthalmus and Vinciguerria 7. Lobiachia and Malacosteus 8. Eustomias and Nemichthys
9. Ariomma and Scopeloberyx 10. Caranx and Selene, and 11. Benthosema and Lestidiops.
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Figure 7 Dendrogram using an Index of Association resemblance matrix with SIMPROF groups at genus taxonomic resolution. The x-axis displays the genus name and
the corresponding SIMPROF group symbol. The dendrogram was plotted by group averages with 9999 restarts and p ≤ 0.01 to be significant.

In Figure 8, there were 101 species in 69 significantly different groups (at a p ≤ 0.01). Six
of the significant groups contained members from a single order. Due to the number of significant
clusters of species, groups of three or more significant species were grouped together and given a
one letter code (A-J), presented in Figure 8 and Table 14. Only one significant group contained
species from the same taxonomic family. Groups A and B were composed of species from the
order Perciformes and Myctophiformes, described in Table 14. Group C contained species from
the family Myctophidae, order Myctophiformes. Group D, E, G, and H did not contain any species
from the order Perciformes. Group G was the most unique, containing species from the orders
Zeiformes and Anguilliformes, which were not associated together or separately in any other
significant group of three or more species.

Group F contained species from the order

Myctophiformes (2 species), Perciformes (1 species), and Stomiiformes (1 species). Groups I and
J also contained species from the order Perciformes that were associated with species from the
order Tetraodontiformes.
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A

B

C D

E

F

G

H

I

J

Figure 8 Dendrogram using an Index of Association resemblance matrix with SIMPROF groups at species taxonomic resolution. The x-axis displays the species
name and the corresponding SIMPROF group symbol. Key is below for clarity. Letters on x-axis below SIMPROF clusters correspond to significant clusters of
three or more species. The dendrogram was plotted by group averages with 9999 restarts and p ≤ 0.01 to be significant.
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Key
A

B
C
D

H
I

E
F
G

J
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Table 14. Significantly co-occurring species occurring in SIMPROF groups of three or more species with associated
taxonomic classification.

SIMPROF
symbol

Code

Species

Family

Order

A

Diaphus bertelseni

Myctophidae

Myctophiformes

A

Trachurus lathami

Perciformes

A

Diaphus garmani

Carangidae
Myctophidae

Myctophiformes

B

Scopeloberyx bannikovi

Melamphidae

Stephanoberyciformes

B

Caranx crysos

Carangidae

Perciformes

B

Caranx hippos

Carangidae

Perciformes

B

Diaphus taaningi

Myctophidae

Myctophiformes

B

Selene setapinnis

Carangidae

Perciformes

C

Diaphus problematicus

Myctophidae

Myctophiformes

C

Hygophum macrochir

Myctophidae

Myctophiformes

C

Hygpohum taaningi

Myctophidae

Myctophiformes

D

Scopeloberyx robustus

Melamphidae

Stephanoberyciformes

D

Cetostoma regani

Cetomimidae

Stephanoberyciformes

D

Mentodus facilis

Platytroctidae

Osmeriformes

Melamphaidae

Stephanoberyciformes
Aulopiformes

E

Poromitra “gibbsi” keene
undescribed jm 1

E

Alepisaurus cornuta

Alepisauridae

E

Anoplogaster cornuta

F

Lampanyctus tenuiformis

Anoplogastridae Beryciformes
Myctophidae
Myctophiformes

F

Diaphus rafinesquii

Myctophidae

F

Margrethia obtusirostra

F

Psenes cyanophrys

Gonostomatidae Stomiiformes
Perciformes
Nomeidae

G

Antigonia combatia

Caproidae

Zeiformes

G

Ariosoma anale

Congridae

Anguilliformes

G

Antigonia capros

Caproidae

Zeiformes

Myctophiformes
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SIMPROF
symbol

Code

*
*
*
*

H

Cyclothone pallida

Gonostomatidae Stomiiformes

H

Pollichthys mauli

Phosichthyidae

Stomiiformes

H

Astronesthes similus

Stomiidae

Stomiiformes

H

Xanthichthys ringens

Balistidae

Tetraodontiformes

I

Cantherhines pullus

Monacanthidae

Tetraodontiformes

I

Lagocephalus lagocephalus

Tetraodontiformes

I

Diodon holcanthus

Tetraodontidae
Diodontidae

Tetraodontiformes

I

Synagrops bellus

Acropomatidae

Perciformes

J

Aluterus schoepfili

Monacanthidae

Tetraodontiformes

J

Auxis rochei rochei

Scombridae

Perciformes

J

Carangoides bartholomaei

Carangidae

Perciformes

Species

Family

Order

56

Community Composition Analysis
The dendrogram displayed in Figure 9 shows the results of the 2Stage resemblance
coefficient analysis which compared the 24 Bray Curtis similarity matrices created from the six
data transformations at the studied four taxonomic resolutions. Similarities between the
community structures of the fish abundances were depicted by the length in the branches of the
plot. The community similarities created groups in the communities from each taxonomic
resolution and transformation on the fish data, which created branching in the plot.
The strongest relationships were between fourth root and log(X+1) transformations for all
four taxonomic resolutions. The most similar communities from the Spearman rank values were
between 0.997 – 0.980: species log(X+1) and species fourth root (0.997), genus log(X+1) and
genus fourth root (0.995), family log(X+1) and family fourth root (0.991), order log(X+1) and
order fourth root (0.980). Standardization transformations for the four taxonomic resolutions
created an isolated cluster at approximately 0.75, so the similarity within groups with a
standardization data transformation were more similar than the similarity between groups of
different data transformations. Presence/ absence transformations resulted in the least similar
communities. The least correlated cluster branch (least related) occurred at approximately 0.575
and separated no transformation (all taxonomic resolutions), standardized (all taxonomic
resolutions), and order square root transformed communities from presence/ absence (all
taxonomic resolutions), log(X+1) (all taxonomic resolutions), fourth root (all taxonomic
resolutions), and species, genus, and family square root transformed communities. The full matrix
of Spearman rank values can be found in Appendix Table 5.
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Figure 9 Dendrogram showing the similarity of the fish communities as a result of a 2Stage resemblance coefficient analysis. The xaxis are the Bray Curtis similarity matrices for each transformation on the four resolutions (species, genus, family, and order). The
labels display the resolution and transformation. Log(X+1) and presence/absence labels have been shortened to Log and PA,
respectively, for clarity. The y-axis shows the Spearman rank correlation value (0-1; labeled “correlation”). The grey dashed line
represents the 1.0 Spearman rank value. The closer the value to 1, the more similar the communities. The dendrogram was plotted by
group average.
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Figure 10 displays a 2nd Stage nMDS ordination between community structures based on
the taxonomic resolution and transformation. The distance between points in the nMDS increased
with higher taxonomic resolution. (Figure 10). The low stress value indicated that the plot was a
good representation of the original data.
Species resolution points were the closest together of any taxonomic resolution as a whole.
Genus resolution points were slightly farther apart than species, represented by a longer line
connecting the points (standardized points excluded due to the isolated group created in the plot
and in Figure 9). Family resolution points were farther apart than genus. Finally, order resolution
points were the most spread out of the four taxonomic resolutions. Species resolution, regardless
of the transformation on the data, had the most similar communities. More severe transformations
(more emphasis on rare fishes) created less similar communities. Both transformation and
taxonomic resolution had an effect on the similarities of the communities.
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Labels
N - None
StStandardized
Sq - Square
root
F - Fourth root
L - Log(X+1)
P - Presence/
Absence

Figure 10 depicts distance (similarity) between communities on the 2nd stage nMDS plot based on the resolution
of the community. The longer the line, the less similarity between the two points. Colors correspond to the
resolution of the community matrix.
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Discussion
This study was the first to analyze the effects of taxonomic resolution and data
transformations on the description of community structures of mesopelagic fishes in the Gulf of
Mexico. Previous taxonomic resolution studies have been conducted on freshwater communities
(Hewlett 2000, Bailey et al., 2001, Muller et al., 2013), terrestrial animals including invertebrates
and birds (Gaston and Blackburn 1995, Timms et al., 2013), and marine invertebrates (Vanderklift
et al., 1996, Olsgard et al., 1997, Olsgard et al., 1998, Olsgard and Somerfield 2000, Anderson et
al., 2005, Bevilacqua et al., 2012, Leasi et al., 2018). Many previous studies had been conducted
on mesopelagic fishes that focused on small zooplanktivorous taxa, however, there is a gap in our
understanding and knowledge of larger, predatory species in the ecosystem (Sutton and Hopkins
1996b, Kenaley 2008).
No consensus currently exists on the “best” target taxonomic resolution for assessing the
community structure or biodiversity, especially after an anthropogenic impact (Ellis 1985, Olsgard
and Somerfield 2000, Bailey et al., 2001, Muller et al., 2013). Here, species-level data was used
as a comparative baseline which represents the ‘best-case’ scenario for a taxonomic inventory, and
against which the results at higher resolutions were compared.
Alpha (α) diversity
Biodiversity and Taxonomic Ratios
The results of this study found that patterns in rarefaction curves of biodiversity indices
varied with the biodiversity metric used (0D, 1D or 2D). The biodiversity analyses (Figures 2-4)
showed that species resolution yielded patterns that differed from genus, family, and order
resolutions, although this was only true for 0D until the sample size reached approximately 15,000
individuals. 1D and 2D (2D placed relatively more emphasis on common taxa; Shannon and Weaver
1949, Chao et al., 2014, Hsieh et al., 2016) showed consistent patterns at genus, family, and order
resolutions across the four deployment categories analyzed.
Species resolution rarefaction curves presented different patterns than genus, family, and
order resolutions for 1D and 2D, because of the large overall dataset, the relative proportions of
individual species in the collection, and the high species to higher taxa ratios. The data were
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homoginized at higher taxonomic resolutions. Genus, family and order showed different patterns
to species. Species resolution data in Figure 3A and Figure 4A exhibited insignificant category
groupings for 1D and 2D. Deep night and shallow night were not significantly different; Figure
3A, and Figure 4A depict the non-significant categories grouped by cycle. 1D placed relatively
more emphasis on rarer or less abundant taxa than 2D, which placed relatively more emphasis on
commonly occurring taxa, which created the differences in the plots.
Shallow night and deep night categories had the lowest Shannon (1D) and Simpson’s (2D)
diversity values for all taxonomic resolutions. These results were interesting, as the shallow night
category was expected to have the highest biodiversity along with deep day due to vertical
migration patterns in the mesopelagic fishes (Clarke 1978, Clark and Levy 1988, Sutton and
Hopkins 1996a, Sutton et al., 2008). Deep day category data were as expected, with the the highest
indices among 1D and 2D, although deep day was not significantly different than shallow day for
2

D (Figure 4A). DVM was expected to have a strong influence in the biodiversity by showing that

the biodiversity was higher at shallow depths during the night and deep depths during the day,
which was not shown in the results in the rarefaction curves of 0D. There was more apparent DVM
influence in the rarefaction curves of 1D and 2D.
Vertical migration could also be a contributing factor for the insignificant differences in
richness between the four deployment categories if species were added to the samples from below
the maximum sampled depth (i.e., requiring some bathypelagic migration), or if bathypelagic
species were more easily caught at depth. If some species migrated upwards from the bathypelagic
into the mesopelagic and were caught in the nets, it may have made the biodiversity more
comparable to the shallow samples, into which the mesopelagic fishes would have migrated
towards the surface. The biodiversity for deep night could be more similar to the results of shallow
night because of the different species moving upwards from below 1800 m. Similarly, these results
could be related to differential net avoidance across species, but the cumulative effects would need
to result in no significant change in richness across the depth strata. This may be possible given
that several samples were combined across relatively large depth ranges (Irish Herring Trawls are
open- mouth trawl nets), the relatively broad spatial and temporal extent of the survey, and if the
overall effects of cycle and depth on taxonomic richness were relatively weak (although this seems
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unlikely). It is also worth noting that the β diversity analyses detected an effect of both depth and
cycle (ANOSIM results at species and genus resolutions), which indicated that the species
composition varied by deployment category (and hence implies that DVM was occurring within
the captured fishes), even if taxon richness did not. Nonetheless, the fact that the α diversity metrics
did not correlate with expected patterns suggested that these measures may not be appropriate
when using open-mouth gear types. The open mouth net missed organisms that avoided the
trajectory of the net. In addition, the large mesh size allowed smaller fishes to pass through the
net, which may have accounted for the α diversity results. More work is needed to better
understand the distributions and behaviors of these larger fishes.
Rarefaction curves and biodiversity indices results showed that species taxonomic
resolution did not produce the same patterns as higher taxonomic resolutions. These results did not
provide insight on a taxonomic resolution substitute when species resolution data are not available.
Taxonomic ratios of the collection may be the key to determine the taxonomic resolution for future
damage assessments when species resolution data are not achievable. The taxonomic ratio (ϕ)
decreased with higher taxonomic resolutions (genus resolution ϕ: 0.55, family resolution ϕ: 0.23,
and order resolution ϕ: 0.05), suggesting that genus resolution may be substituted for species
resolution data when species resolution data are not available due to the high ϕ. Bevilacqua et al.,
(2012) found that higher ϕ corresponded to better surrogates for species resolutions, which
supported the results of this study.
The results from this study were similar to Bevilacqua et al., (2012). The ϕ values from
this study were supported by the results of Bevilacqua et al. (2012), which suggested that genus
taxonomic resolution was an effective substitute for species taxonomic resolution data when
species resolution data are not available for multivariate analyses. The ϕ value for genus taxonomic
resolution from this study was 0.55, which corresponds to a 94% effective proxy (6% ineffective)
from Bevilacqua et al., (2012) when species taxonomic resolution data are not available. Family
taxonomic resolution had a ϕ of 0.23, corresponding to a 65% effective proxy when family
taxonomic resolution is substituted for species taxonomic resolution (Bevilacqua et al., 2012).
Order taxonomic resolution had a ϕ of 0.05, corresponding to an 8% effective proxy when order
taxonomic resolution is substituted for species taxonomic resolution (Bevilacqua et al., 2012). The
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northern Gulf of Mexico had a bony fishes genus: species (ϕ) of 0.47 (McEachran 2009,
Bevilacqua et al., 2012, Hernandez et al., 2013). However, the predicted fishes from McEachran
(2009) were representative of the entire northern Gulf of Mexico from historical records which did
not separate the fish into depth categories and the estimates were created before the Deepwater
Horizon oil spill. Comparatively, this study determined a genus ϕ of 0.55, and species to genus
ratio of 1.82:1. Timms et al., (2013) presented the mean number of species per genera and species
per family as 1.60±0.09 and 14.21±3.81, respectively, for terrestrial arthropods. Timms et al.,
(2013) determined that genus resolution was the optimal taxonomic resolution. The present study
used data from 37,431 bony fishes identified to species resolution that represented 1 class
(Actinopterygii), 22 orders, 98 families, 235 genera, and 427 species. Olsgard et al., (1997)
proposed that order resolution was a sufficient substitute for lower taxonomic resolutions in
contamination gradient studies of macroinvertebrates that represented 10 phyla, 18 classes, 42
orders, 102 families, 138 genera, and 156 species.
Overall, alpha diversity measures indicated that genus, family, and order resolutions
yielded interesting results with a deviation away from the patterns presented at species taxonomic
resolution for Shannon and Simpson’s diversity. For future damage assessments of the
mesopelagic fishes of the Gulf of Mexico, species taxonomic resolution presented patterns of
biodiversity (1D and 2D) that were not detected at higher taxonomic resolutions. 1D and 2D showed
similar results but resulted in different values because of the formulas for the biodiversity indices.
Until more robust comparisons can be made, it seems appropriate that the three biodiversity indices
(0D, 1D, 2D) should be used and compared together since the index is calculated in distinct ways
depending on the assemblage (Hill 1973, Hernandez et al., 2013, Chao et al., 2014, Hsieh et al.,
2016).
Although α diversity measures provided resulting patterns at species taxonomic resolution
that the other resolutions did not, these results only explain the diversity within sites. β diversity,
by comparison, describes relative differences in taxonomic composition between samples (i.e.,
species identity was taken into account, unlike in alpha diversity metrics), so may provide greater
discriminatory power than α diversity.
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Beta (β) diversity
Effects of Depth and Diel Cycle
Patterns in the community structure of deep Gulf of Mexico fishes were evaluated first by
comparing communities across different transformations and taxonomic resolutions, then the
different effects of cycle and depth were evaluated. The ANOSIM results (Table 4) indicated
similar results at species and genus resolutions, showing significant values for the effects of depth
and cycle at all transformations. All R statistics were greater for depth than cycle, which indicated
that the effect of depth was slightly greater than the effect of cycle for this community of fishes
and was notably different than the alpha diversity metrics which only showed an effect of cycle
(where any effect was detected at all; Figures 2-4). Apart from presence/ absence transformations
from the ANOSIM results, Log(X+1) transformations for the factor depth generated the highest R
statistics at all taxonomic resolutions, meaning they showed the most separation in the community
structure between deployment categories (Table 4).
At family and order resolutions, different results occured. Decreasing the taxonomic
resolution from genus to family resulted in a decline in the number of significant values from 12
(all values were significant for genus) to 10 at family resolution (Table 4). The family resolution
communities with a square root transformation and with no transformation showed that the cycle
variable was not significant. This was an unexpected result since diel cycle is known to be highly
important for migrating mesopelagic fishes, and many prior studies calculated community
structure analyses with family resolution data (Holton 1969, Tyler & Percy 1975, Sutton &
Hopkins 1996a, Derome et al., 2002, Kenaley 2008, Stanby and Salvanes 2018). This indicated
that at family resolution, the expected DVM signal in the data could have been lost and strongly
suggests that species or genus data were likely more robust when applied to data like those used
in the present study. By order resolution, only six (of 12) analyses generated significant results.
The cycle variable had a higher R statistic than depth for both family and order resolutions, which
also differed from genus and species analyses and would lead to different interpretations of the
relative importance of these variables.
Hernandez et al., (2013) described the effects of taxonomic resolution on ichthyoplankton
in the Gulf of Mexico which contained many parallels with the present study of adult fishes.
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Hernandez et al., (2013) stated that genus and species resolutions provided similar community
structures and results for biodiversity assessments. This goes against the recommendations of
several prior studies (from other biomes) that suggest that higher taxonomic resolutions of family
or order are sufficient for some biodiversity analyses, depending on the aims, taxa, and resources
of the study (e.g., Warwick 1988, Balmford et al., 1996, Hewlett 2000, Olsgard and Somerfield
2000, Muller et al., 2013). However, Mueller et al., (2013) and Timms et al., (2013) found that
there was more information lost between genus and family resolutions than between species and
genus resolutions, which was similar to the results of the present study. This again highlights the
need for caution and the need to evaluate each dataset individually to establish the most appropriate
methods.
The patterns in community structure were likely due to taxon interactions and the varying
contributions of dissimilarity of different taxa to dissimilarity between samples. The differences
in influential proportions of families (appendix Figures 3 & 4) for no transformation and square
root were mainly from influence of the family Myctophidae (45.74% dissimilarity for depth with
no transformation; 13.18% dissimilarity for depth with a square root transformation). Similar
results occurred at order resolution for the standardized cycle variable, which Myctophidae again
contributed the highest proportion to the dissimilarity observed.
The average dissimilarity values from the SIMPER analyses are found in Table 13.
Species resolution average dissimilarity values were the highest of the taxonomic resolutions.
Species resolution resulted in all significant ANOSIM results, and the average dissimilarity
decreased with increased strength of data transformation (highest average dissimilarity to lowest:
none, standardized, square root, fourth root, log(x+1), and presence/ absence). Species resolution
indicated that no transformation had the most dissimilarity for deep & shallow and day & night
SIMPER results (average dissimilarity = 67.16 and average dissimilarity = 61.97, respectively).
The lowest dissimilarity (highest average similarity) for species was for presence/ absence (species
average dissimilarity day & night = 49.58). These results indicated that the species resolution data
with no transformation were the most different from the other transformations and created the most
separation in the data. Stronger data transformations were more similar and had more overlap in
the species assemblages and community structures. For future damage assessments and
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monitoring, less stringent transformations should be implemented onto the data, which will allow
separation in the data.
Order Myctophiformes consistently occurred as the taxon most responsible for differences
between depth and diel cycle groups, across most transformations. Four species (Ceratoscopelus
warmingii, Notoscopelus resplendens, Diaphus dumerilii, and Diaphus perspicillatus), were
consistently responsible for differences across transformation types. Five species consistently
contributed to dissimilarities between depths across taxonomic resolutions (presence/ absence
transformation excluded). In order of descending influence were: Ceratoscopelus warmingii,
Notoscopelus resplendens, Diaphus perspicillatus, Diaphus dumerilii and Nannobrachium
lineatum. The order Myctophiformes comprised 52.21% of the Pisces 10 collection and had been
estimated to comprise approximately 15% of the deep-pelagic fishes in the Gulf of Mexico
according to Sutton et al., (2020). Myctophiformes are vertical migrators, with species generally
migrating from 200-2000 m during the day to 10-100 m at night (Catul et al., 2010).
Myctophiformes contributed highly to the differences between variables for SIMPER analyses,
and the migration depths explain why the differences were so apparent. SIMPER results for the
order Myctophiformes indicated zero dissimilarity, signifying that there was no variation between
depth or diel cycle, and both variables were completely similar (Hernandez et al, 2013). This
indicated that Myctophiformes were found consistently within the samples.
Generally, the main contributors identified at all taxonomic resolutions were members of
the order Myctophiformes, specifically from the family Myctophidae, although family
Myctophidae was not among the top contributors for the cycle variable in Table 6. Dominant taxa
such as Gonostomatids (DeWitt and Cailliet 1972, Mauchline and Gordon 1983, Lancraft et a l.,
1988) and Myctophids (Holton 1969, Tyler and Pearcy 1975, Clarke 1978, Kinzer 1982, Hopkins
and Baird 1985) have been studied for many years, focusing primarily on feeding behavior,
ecology, and migration patterns. Myctophidae were abundant in the sample, but ANOSIM results
for square root and no transformation (which do not downplay common species) were not
significant, so SIMPER analyses were not conducted. The results of these analyses emphasized
the importance of exploring the fishes of the mesopelagic and describing their contributions to the
ecosystem.
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Associations between taxa described which taxa were found together and how often,
strengthening the understanding of the community structure. Overall, orders Myctophiformes,
Stomiiformes, Perciformes, and Aulopiformes and the families, genera, and species within,
frequently co-occurred as shown in the cluster analyses (Figures 5-8). Those orders represented
the four most abundant orders and contributed over 1000 individuals each to the total collection
(37,431 individual fishes from 22 orders). Myctophiformes represented 52.22% of the Pisces 10
collection used for this study and contributed to differences between samples more than any other
taxa. Stomiiformes represented 26.27%, Perciformes represented 10.95%, and Aulopiformes
represented 3.68%. Common families such as Myctophidae, Sternoptychidae, Stomiidae, and
Phosichthyidae contain complete and partially migratory species that form components of deep
scattering layer (D'Elia et al., 2016). These scattering layers are high concentrations of
mesopelagic nekton that are detected by acoustic scattering via echo-sounders (Ariza et al., 2016,
D'Elia et al., 2016, Stanby and Salvanes 2018).
Sutton et al., (2020) reported results from deep pelagic Gulf of Mexico cruises (including
Pisces 10) stating that Stomiiformes (75%), Myctophidae (15%), Perciformes (2-6%), and a
conglomerate of Aulopiformes, Anguilliformes, and Stephanoberyciformes (>1%) were the most
abundant orders sampled. The discrepancy between the results from this study and the overall
project results from Sutton et al., (2020), are likely from the inclusion of 10m2 MOCNESS
(Multiple Opening Closing Net Environmental Sensing System) samples in Sutton et al., (2020).
The modified Irish Herring Trawl net used in this study did not separate samples by depth (only
“deep” and “shallow” deployments), so the samples may have become more aggregated across
depths in the net than a sample with a MOCNESS net. Similarly, the Irish Herring Trawl net had
larger mesh and mouth size, and was generally towed much faster than the smaller MOCNESS.
All these variables contributed to the composition of the catches (Heino et al., 2011).
Overall Effects of Taxonomic Resolution and Data Transformation
The 2nd stage nMDS plot and 2Stage resemblance coefficient analysis (Figure 9 and Table
9) depicted the effects of the taxonomic resolution on the community pattern and showed a “fanlike” pattern in the 2nd stage nMDS (Figures 10 and 11) that is typical for community datasets
(Olsgard et al., 1997). The community structures were affected by both the taxonomic resolution
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and transformation, but the effects were independent of each other, which resulted in vertical and
horizontal stratifications in the plot (Olsgard et al., 1997). Species resolution data were most
similar and the spread in the plot increased for higher taxonomic resolutions, creating the
horizontal structure that was also found in this study.
The vertical stratification of the community pattern varied with the transformation applied
and created the fan pattern in the 2nd stage nMDS as discussed in Anderson et al., (2005), Olsgard
et al., (1997, 1998) and Mueller et al., (2013). The transformations deviated from the
untransformed data based on the calculated influence of rarer taxa in the community. The presence/
absence transformation downplayed common and abundant taxa the most, and emphasized the rare
taxa, so the deviation from the non-transformed data was the greatest at this transformation.
Presence/ absence transformation was the harshest of the transformations and was the least
correlated compared to the non-transformed communities. Mueller et al., (2013) concluded that
presence/ absence transformation and percent abundance (called standardization here) strongly
altered the patterns of community structures for macrophytes, macroinvertebrates, periphyton, and
fishes, supporting the findings from this study. The standardized communities created an isolated
group containing all taxonomic resolutions with an approximate correlation of 0.7 and represented
a different “type” of transformation to the others, to the extent that it is based on relative
abundances as a proportion of the total. Any effects of sample size (i.e., counts/volume fished, in
the present study) were removed. Standardization (as a transformation) did not follow the structure
of the other data transformations. Standardization created proportions for each taxon based on the
total sample abundance which equaled 100 and gave each species equal weighting in relation to
the total sample (Clarke & Gorley 2015). This means that standardization altered the data in such
a way that it did not preserve the sampled proportions of the taxon to the total of the sample. The
standardized communities will group together before they group with samples with other data
transformations. Standardization will produce notably different results than studies where fully
quantitative data are available but may be the only option when sample effort cannot be
appropriately quantified. However, the strong similarity in species and genus resolution and in
family and order resolutions was still apparent at standardization transformation. There was a 0.9
correlation on the nMDS between species and genus, and a 0.9 correlation between family and
order data, so even though the transformation was isolated from the other data on the plot, the
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resolution pattern was still present. The rarer or less abundant populations were emphasized with
harsher transformations, which resulted in greater spread and less similar community structure
than strongly transformed data (e.g., none and square root). Anderson et al., (2005) found that
fourth root transformations altered the patterns for macroinvertebrates in kelp forests enough that
the importance shifted from the spatial scale of site to location of the study. This study did not
demonstrate similar findings, as fourth root and log(X+1) Spearman rank correlations were high
at all taxonomic resolutions and did not alter the community patterns in Figure 10.
Figure 10 had a stress value of 0.08, which was considered to be a very good fit with the
original data to the communities plotted (Clarke and Gorley 2015). Further validating the results
of 2-stage nMDS for this study, Figure 9 displays the Bray Curtis similarity values between the
communities used in the 2-stage nMDS plot. The correlation explains how accurately the
community was conserved from the original, unmodeled data to the data point on the 2-stage
nMDS by calculating a Spearman correlation (Clarke and Gorley 2015). All communities were
represented in Figure 10 with a correlation range of approximately 0.9-1.0, meaning the
community patterns were very similar, regardless of the transformation or taxonomic resolution
used. Order resolution with a presence/ absence transformation was an exception, with a Spearman
correlation of approximately 0.75.
Comparisons with Previous Impact Analyses
Mueller et al., (2013) concluded that for pollution gradient studies of β diversity, higher
taxonomic resolutions (family and order) were sufficient, but for multivariate β diversity analyses
of fishes, genus and species resolutions were required. The taxonomic resolution needed is
dependent on the analyses being used, the ecosystem, and the taxonomic group being studied
(Olsgard et al., 1997, Hewlett 2000, Bailey et al., 2001, Mora et al., 2008, Muller et al., 2013,
Timms et al., 2013). Genus and species resolutions were found to be beneficial for statistical tests
for larval fishes (Hernandez et al., 2013), marine fishes from a global database (Mora et al., 2008),
terrestrial arthropods (Timms et al., 2013), and macrobenthic infauna assemblages (Vanderklift et
al., 1996).
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Hernandez et al., (2013) for example, concluded that the biodiversity indices were
homogenized at family resolution in their study due to the large number of genera per family. That
study used a sample that represented 15 orders, 59 families, 81 genera, and 64 species of
ichthyoplankton. Not all specimens were identified to species taxonomic resolution, just to the
lowest possible taxonomic resolution, hence the higher number of genera than species in
Hernandez et al., (2013). The present study supports the rationale of data homogenization at family
taxonomic resolution. Mueller et al., (2013) also suggested that the pooling of the data set at family
resolution homogenizes the sample and groups ecologically different characteristics together that
separate at finer taxonomic resolutions. The mesopelagic Gulf of Mexico has been found to be
“hyperdiverse” in regards to fish biodiversity and finer taxonomic resolutions were expected to be
necessary to provide consistent patterns for damage assessments (Hernandez et al., 2013, Muller
et al., 2013, Sutton et al., 2017). The present study supports the suggestion that study regions with
more biodiverse faunal assemblages may require lower taxonomic resolutions for multivariate
analyses, as shown by the similarity in β diversity results between genus and species level results.
Some prior studies have found that higher taxonomic resolutions were beneficial for certain
statistical analyses and situations, specifically for pollution gradient and other broad-scale
monitoring studies (Olsgard et al., 1997, Olsgard et al., 1998, Hewlett 2000, Olsgard and
Somerfield 2000, Muller et al., 2013). Higher taxonomic resolutions were preferred for statistical
analyses for freshwater macroinvertebrates (Hewlett 2000), marine macrobenthic fauna
(specifically marine worms; Olsgard et al., 1997, Olsgard et al., 1998, Olsgard and Somerfield
2000), and macroinvertebrates in kelp forests (Anderson et al., 2005). The present study did not
agree with the conclusions of those prior studies, as ecological information and community
structure patterns were lost at family and order resolutions for multivariate analyses for
mesopelagic fishes. Species and genus patterns were most similar between species and genus level
across all transformations considered here, and results therefore suggest that higher taxonomic
resolutions (family or order) cannot be used in place of lower taxonomic resolutions (genus or
species) in damage assessments of mesopelagic fishes. However, if higher taxonomic resolutions
must be used, data should be transformed using the least-severe transformations possible.
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Considerations for Future Work
The mesh size of the collection net, time of day, and the non-discrete depth sampling
property of the net were sampling biases for this study. A study by Kenaley et al., (2008) found
that smaller specimens of the highly abundant species Photostomias guernei (order Stomiiformes),
stayed in shallower waters during the daytime than the larger fishes. Pisces 10 used a modified
Irish Herring Trawl net which had a mesh size range of 19mm (cod end) - 3.2 m (mouth of the
net), which small organisms could pass through and escape (Marks et al., 2020). Stomiiformes and
Myctophiformes were the most abundant orders in the present study but have average sizes of 15508 mm and 20-300 mm, respectively, meaning that much of the assemblage may be able to pass
through the mesh of the net (Nafpaktitis et al., 1982, Sutton 2013). For future assessments, the use
of a discrete depth sampling net (like a MOCNESS) would be beneficial to see where the fishes
were being collected throughout the water column. During the day, vertically migrating fishes are
at depth and will move towards the surface at night (Clarke 1978, Clark and Levy 1988, Sutton
and Hopkins 1996a, Sutton et al., 2008). Previous research on some of the taxa in this study
documented the migration patterns and depths of fishes greater than 1800 m in other oceans (Sutton
et al., 2008, Drazen and Haedrich 2012). Specifically, Chauliodus sloani (which made up
approximately 6.7% of the total sample from this study) had been found in collections of 1500 –
2300 m in the northern Mid- Atlantic Ridge region near Iceland (Sutton et al., 2008). The net in
this study sampled to depths of 1800 m, which may have been at the threshold of the upper limits
of or shallower than where large fishes congregate during the day (Powell et al., 2003, Cook et al.,
2020).
The modified Irish Herring Trawl net collected specimens throughout the water column,
with an open mouth from the surface to depth and from depth back to the surface. The insignificant
results in Figure 2 could be due to the “deep” deployments that collected specimens from depths
that overlapped with the “shallow” categories (0-1800 m and 0-800 m, respectively). It is likely
that migrating fishes were collected, regardless of their depth. As the net had an open mouth, fishes
in shallow depths would occur in the "deep” samples if they were captured during the downcast
and upcast phases of deployment. Depending on the numbers captured, this could conceal any
“real” difference in diversity between depths. MOCNESS nets would also be useful for collecting
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the smaller fishes as the net would close when the collection from the specified depth was
complete, negating the open- net issue from the Irish Herring Trawl net.
The time of day and species-specific migration patterns may have also provided some
sampling bias. To avoid predators, those taxa that perform vertical migrations from the orders
Myctophiformes and Stomiiformes, typically stay at depths of between 200-1000 m
(Myctophiformes) or 450-900 m (Stomiiformes) during the day, then move into the epipelagic
zone at night to feed on zooplankton (Hopkins and Gartner 1992, Hopkins et al., 1996, Sutton and
Hopkins 1996a, Sutton et al., 2013, Milligan and Sutton 2020). The samples were deliberately
collected centered around solar noon and midnight to account for vertical migrations (Cook et al.,
2020).
One large obstacle for studying the mesopelagic fishes is the general underrepresentation
of taxonomic information (Webb et al., 2010, Sutton et al., 2022). The northern Gulf of Mexico
has been intensely studied, yet a complete inventory of the fauna does not yet exist (Webb et al.,
2010, Sutton et al., 2020). This study only used the fish specimens classified to species resolution
to isolate the effects of resolution and transformation on the data, losing 24.89% of the collection
of fishes from Pisces 10. Species resolution data will always be the preferred taxonomic resolution
for studies, but this study showed that the high similarities between results of β diversity analyses
for species and genus resolution data mean that genus-level analyses can provide an adequate
taxonomic proxy. Family and order resolution data appeared to result in lost patterns of community
structure likely due to homogenized data. Therefore, future damage assessments should consider
using genus resolution data when species resolution data are not available. For this study, had
genus been the narrowest taxonomic resolution used and the methodology was consistent, instead
of losing 24.89% of the available data, there would be a loss of only 6.28% of the data. One major
benefit of using genus resolution data is that as the level of required taxonomic expertise decreases,
so does the time required for identification of the specimen. Nonetheless, Timms et al., (2013)
cautioned that the sensitivity of fine scale multivariate analyses may not be strong enough to
distinguish species resolution patterns from higher taxonomic resolutions. The ANOSIM and 2stage nMDS plot results suggested that family and order resolutions changed the community
patterns enough that community structure information was lost at these taxonomic resolutions.
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These results were similar to those reported by Hernandez et al., (2013) and Mueller et al., (2013)
which both state that higher taxonomic resolutions may homogenize and generalize the data for
finer taxonomic resolutions of community patterns.
This study used data from one cruise of a larger program that was extended two more times
to monitor the offshore northern Gulf of Mexico. The ONSAP (2010-2011) and Deep Pelagic
Nekton Dynamics of the Gulf of Mexico (DEEPEND; 2015-2020) survey programs have
contributed to a 12% increase in Gulf of Mexico fish records since 2010 (Cook et al., 2020, Sutton
et al., 2020). Future studies concerning the biodiversity and community structures using data from
the other ONSAP, DEEPEND, and RESTORE (ongoing) cruises as a time series study would be
very interesting to determine if these results remain constant for the mesopelagic fishes captured
using other gear types (i.e., 10m2 MOCNESS).
Conclusion
In conclusion, this study found that genus resolution data will provide similar results for
analyses of β diversity and can be used as a proxy in future damage assessments when species
resolution data are not available for deep- pelagic fishes in the Gulf of Mexico. Results from α
diversity analyses found that species resolution data provided patterns in the rarefaction curves
that did not occur at higher resolutions. β diversity results provided the basis for substitutes of
species resolution data because it is used to measure diversity between sites and describe the
magnitude of change between α (site) and γ (ecosystem) diversity that aligns with the aims of
damage assessments. The aim of this study was to compare calculations of biodiversity and
community structures at varying taxonomic resolutions for deep pelagic fishes to inform future
decisions about deep-sea ecosystem monitoring. The results from this study showed that genus
resolution can provide similar results for multivariate analyses due to the high correlation with
species resolution data, providing that the assemblage data were not strongly transformed prior to
analysis.
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