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Wet-weight- and dry-weight-derived length–weight relationships were estimated for 68 species of mesopelagic fshes found
throughout the Gulf of Mexico, 59 of which are new for the region and 28 are new globally. Te length–weight relationships
obtained were of good ft, with 92% ofmodels having R2 values above 0.90. Isometric and positive allometric growth were the most
common growth models observed, which agrees with similar studies on mesopelagic fshes across various other regions. Al-
lometric growth parameters (b) were largely within the expected range for fshes, with 76% of estimated growth parameters falling
within the range 2.5–3.5. Estimates of growth form were variable across weight types and taxa, with 28 species displaying
a diferent growth form depending on the weight type used. Te shifts in growth form observed in this study were likely related to
water content as the examination of the relationship between length and water content found that this relationship was signifcant
in 22 of 28 species that exhibited a shift in growth form. Variations in relative water content in relation to length were hy-
pothesized to refect ontogenetic changes in body composition, driven by shifts in vertical distribution and diel vertical migration
behavior. Overall, the present study represents one of the largest assemblies of length–weight relationships of mesopelagic fshes to
date and will aid in regional biomass estimations of mesopelagic fshes in the Gulf of Mexico.
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1. Introduction

Mesopelagic fshes are classically considered those that in-
habit the mesopelagic or “twilight” zone (200–1000m) of the
World’s Oceans [1, 2]. Mesopelagic fshes ostensibly possess
the largest biomass of all vertebrates with estimates ranging
from 1 to 19.5 Gt, varying depending on the methodology
(e.g., acoustic, net, or food-web-derived) [3–6]. Many me-
sopelagic fshes exhibit diel vertical migration (DVM) be-
haviors where they migrate into the epipelagic zone at dusk
and then return to depth at dawn [2, 4, 7]. DVM allows
access to the resource-rich epipelagic zone while simulta-
neously reducing mesopelagic fshes’ predation risk [8, 9].

Due to mesopelagic fshes’ large biomass and DVM be-
havior, they play critical roles in ecosystem functioning [10],
biogeochemical cycling [11], and carbon sequestration
[12, 13], the latter estimated to be worth as much as 300 to
900 billion USD per year globally [14].

In addition to the critical roles mesopelagic fshes play in
ecosystem functioning, they also potentially represent one of
the largest untapped resources on Earth [15]. Due to the
growing demand for marine resources and the continued
decline of traditional fsheries, mesopelagic fshes are being
reexamined as a potential source of fshmeal for agriculture
and aquaculture [15, 16]. Given their nearly circumglobal
distribution and immense biomass [4, 5, 17], mesopelagic
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fsheries have been suggested as a mechanism to alleviate
pressures and overexploitation of marine fsheries resources
[15, 18].

Despite the signifcant ecosystem services mesopelagic
fshes currently provide and the potential future exploitation
they face, many basic biological questions remain regarding
their biodiversity, biomass, biological rates, spatial and
temporal distribution, and life history (e.g., age, growth, and
reproduction) [1, 13, 19, 20]. Providing answers to these
basic biological questions and furthering knowledge re-
garding the role of mesopelagic fshes in ecosystem services
will aid in making informed decisions about potential
mesopelagic fsheries and future ofshore exploits such as
deep-sea mining that may impact mesopelagic assemblages
[19, 21]. One of the most prominent knowledge gaps re-
garding mesopelagic fshes is estimates of their biomass [20].
Species-specifc estimates of biomass in particular are of
importance, especially in highly speciose regions since they
host a variety of species with a wide range of life histories,
vertical distributions, and DVM behaviors [22]. Tese traits
ultimately impact the specifc services and the magnitude of
such services mesopelagic fshes potentially provide in these
regions [13, 18, 23, 24].

One method of obtaining biomass estimates of indi-
vidual fshes is using length–weight relationships (LWRs),
which derive biomass estimates from more easily obtained
length data [25]. In addition to biomass estimation, LWRs
also allow one to characterize an individual species’ growth
model, relative body condition, and form factor [25]. A
growthmodel in the context of LWRs refers to the allometric
relationship between length and weight which generally
scales according to the cube law (isometric growth) [25].
Deviations from this pattern are referred to as allometric
growth [26]. Allometric growth can be classifed as either
negative allometry, indicating relatively faster growth in
length than in weight (e.g., elongation), or positive allom-
etry, referring to relatively faster growth in weight than
length [25, 26]. Growth models give insights into potential
ontogenetic changes in the shape and/or relative condition
of fshes. Despite the wide use of LWRs in fsheries ecology
since the early 1900s [27], relatively few studies have been
conducted on mesopelagic fshes.

Te Gulf of Mexico is a semi-enclosed and subtropical
ocean basin situated between the southern United States of
America, Mexico, and Cuba [28]. It contains a unique me-
sopelagic fsh assemblage characterized by greater abundance
and richness than the adjacent Sargasso and Caribbean Seas
[22, 29]. Te Gulf of Mexico is one of the most heavily
impacted bodies of water in the world, with heavy pressures
from the oil and gas industry, commercial fsheries, and al-
tered nutrient infows with future impacts, including wind
farms and future oil spills [28]. As such, understanding key
ecosystem components in the Gulf of Mexico, such as the
mesopelagic fsh assemblage, is important for the manage-
ment of its pelagic ecosystem and the services it provides.
However, relatively few studies have been conducted spe-
cifcally to establish LWRs of mesopelagic fshes in the Gulf of
Mexico. Tose that have been conducted have generated
estimates from the Campeche Bank for 39 species of

continental shelf and deep-pelagic fshes [30] and from the
northeastern Gulf of Mexico, which includes estimates for 18
species from the family Stomiidae [31] and a single gono-
stomatid: Sigmops elongatus (Günther 1887) [32].

Over the past 15 years, the Gulf of Mexico Research
Initiative (GoMRI, 2010–2015), the Deep-Pelagic Nekton
Dynamics of the Gulf of Mexico Consortium (DEEPEND,
2015–2018; DEEPEND|RESTORE, 2019-present), and the
Deep-Sea Benefts (DSB, 2024–2027) research programs
have generated a plethora of data on the abundance, dis-
tribution, and diversity of mesopelagic fshes in the northern
Gulf of Mexico [33–35]. However, due to the difculties of
obtaining accurate shipboard weights from small deep-
pelagic fshes, studies based on fsh biomass have yet to
be attempted. Such estimates would potentially improve
ecosystem, carbon transport, and species distribution
modeling eforts which would help quantify the role me-
sopelagic fsh play in the northern Gulf of Mexico. As such,
the primary aim of this study was to estimate the LWRs of
the most abundant species of mesopelagic fsh collected in
the northern Gulf of Mexico during these research pro-
grams. Multiple weight types were utilized (preserved wet
weights and dry weights) in the estimation of LWRs to
provide multiple ways to estimate biomass from length data,
with dry weight’s inclusion due to its ability to limit the
impact of variable water content and to aid in the conversion
to other parameters, such as biochemical metrics. Previous
studies have noted diferences in dry-weight- and wet-
weight-derived estimates of LWRs with the relationship
between length and water content possibly being the cause
[36]. As such, the relationship between length and water
content was investigated. In addition, we provide estimates
of family-level LWRs to inform relationships where species
data are not yet available, characterize species growth
models, and derive species-specifc water content metrics.

2. Methods

2.1. Specimen Collection. All specimens utilized in this study
were collected in the northeastern Gulf of Mexico during the
years 2010–2024 on several cruises conducted during four
major research programs: GoMRI (2010–2015), DEEPEND
(2015–2019), DEEPEND|RESTORE (2019–2024), and DSB
(2024–2027). Two sampling methods were utilized across the
four programs: 10-m2 Multiple Opening and Closing Net and
Environmental Sensing System (MOC10 hereafter) and
a High-Speed Rope Trawl (HSRT). GoMRI collections utilized
the HSRT and MOC10 sampling gear across several cruises,
while DEEPEND, DEEPEND|RESTORE, and DSB cruises
collected samples with only the MOC10 [37, 38]. Sample sites
for both programswere selected from a series of Southeast Area
Monitoring and Assessment Program (SEAMAP) stations in
the northern Gulf of Mexico [37, 39]. Te GoMRI surveys
consisted of approximately 10months of data collection from
each station and were sampled two to three times over the
entirety of the GoMRI program (Figure 1).

HSRT collections during the GoMRI program were
conducted twice during the day and at night, with sample
collections centered on solar noon and solar midnight,
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respectively. Tese GoMRI specimens were collected aboard
the NOAA FSV Pisces [38]. Te HSRTwas a single large net
that remained open during the entirety of trawling and
fshed from 0–700m back to the surface for a shallow
sample, while the second tow had a maximum depth of
1400m [38]. Te specimens from the HSRT were typically
larger than those collected by the MOC10 and provided
upper estimates for the LWRs.

Te sampling protocols for the MOC10 sampling con-
ducted during GoMRI and DEEPEND are described in detail
in Cook et al. (2020), but we provide a brief review here.
DEEPEND|RESTORE methods follow the same protocol as
DEEPEND. Cruises for the DEEPEND and DEEPEND|RE-
STORE programs sampled a subset of the sites sampled
during the GoMRI cruises (Figure 1). While GoMRI cruises
focused on covering a larger portion of further ofshore
SEAMAP stations (Figure 1), cruises during DEEPEND feld
operations were more limited on time and instead focused on
sampling across mesoscale oceanographic features such as the
Loop Current, Loop Current–associated eddies, and the
Mississippi River plume [37, 40, 41]. Stations that were chosen
and sampled for the DSB cruises (Figure 1) are not a part of
SEAMAP stations and instead focused on targeting meso-
pelagic communities along the continental slope.

Species utilized in this study were selected based on their
abundance in DEEPEND and DEEPEND|RESTORE sam-
ples (Cruises DP01-DP09), their body condition (i.e., only
completely intact specimens were retained), and body size
(measured as standard length (SL); selected to cover a range
of captured sizes). Specimens from GoMRI cruises were

included in the study to ensure the LWRs included larger
specimens than were captured by theMOC10. Ultimately, 68
out of 862 fsh species collected during these programs
occurred in high enough numbers to be included in this
study (Table 1), including representatives from the families
Bathylagidae, Chlorophthalmidae, Gonostomatidae, Mel-
amphaidae, Melanonidae, Myctophidae, Omosudidae,
Paralepididae, Phosichthyidae, Sternoptychidae, and Sto-
miidae [35]. Tese 68 species represent 95% of the total
abundance of fshes collected over this time period and are
likely to represent a substantial portion of the mesopelagic
fsh biomass of the Gulf of Mexico within the sampled size
ranges.

2.2. Measuring Wet and DryWeights. Approximately 15–50
individuals per species were chosen, spanning the range of
body sizes in the collections. All selected specimens had been
fxed previously in 10% formalin before being transferred to
70% ethanol for long-term storage [37]. To be included in
the study, specimens needed to be physically intact with
minimal damage from capture and storage. If a specimen
appeared to have a noticeably full stomach, they were au-
tomatically excluded from the study. Measurements to the
nearest 0.1mm were then gathered for head length, body
depth, body width, and body SL for each specimen. To obtain
preserved wet weight (to the nearest 0.001 g), specimens
were cleared of any excess moisture and placed within
a preweighed aluminum weigh boat. Each specimen was
then placed in a preheated oven at 50°C where they were
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Figure 1: Map of the sites from the various research cruises in which specimens were collected, and samplingmethods utilized in the Gulf of
Mexico.
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Table 1: Species included in study, naming authorities for each species, and available previous LWR studies.

Taxon Naming authority No. of individuals
in present study Previous LWR models

Aulopiformes
Chlorophthalmidae
Chlorophthalmus
agassizi Bonaparte 1840 28 Northwestern Gulf of Mexico: Chi-Espinola et al. [30];

Indian EEZ: Sreedhar et al. [42]
Omosudidae

Omosudis lowii Günther 1887 17 Eastern Tropical North Atlantic: Czudaj et al. [43]; North
Atlantic:

Paralepididae Fock and Ehrich [44]
Lestidiops afnis (Ege 1930) 15 Fock and Ehrich [44]

Beryciformes
Melamphaidae
Melamphaes simus Ebeling 1962 15
Scopeloberyx
opisthopterus (Parr 1933) 16

Scopeloberyx robustus (Günther 1887) 19 Fock and Ehrich [44]
Gadiformes
Melanonidae

Melanonus zugmayeri Norman 1930 15 Tropical Brazilian Continental Shelf: Eduardo et al. [45];
Fock and Ehrich [44]

Myctophiformes
Myctophidae

Benthosema suborbitale (Gilbert 1913) 57 Fock and Ehrich [44]; equatorial tropical Atlantic: López-
Pérez et al. [36]

Bolinichthys photothorax (Parr 1928) 19 Czudaj et al. [43]; López-Pérez et al. [36]
Bolinichthys
supralateralis (Parr 1928) 18 Czudaj et al. [43]; Fock and Ehrich [44]

Ceratoscopelus
warmingii (Lütken 1892) 71 Czudaj et al. [43]; López-Pérez et al. [36]

Dasyscopelus asper (Richardarson 1845) 22 Czudaj et al. [43]

Diaphus dumerilii (Bleeker 1856) 56 Czudaj et al. [43]; Fock and Ehrich [44]; López-Pérez et al.
[36]

Diaphus lucidus (Goode & Beane 1896) 25
Diaphus mollis Tåning 1928 44 Czudaj et al. [43]; Eduardo et al. [46]
Diaphus perspicillatus (Ogilby 1898) 28 López-Pérez et al. [36]
Diaphus problematicus Parr 1928 23 Czudaj et al. [43]; López-Pérez et al. [36]

Diaphus rafnesquii (Cocco 1838) 23
Eastern Mediterranean sea: Badouvas et al. [47]; central
Mediterranean sea: Battaglia et al. [48]; Fock and Ehrich

[44]; López-Pérez et al. [36]
Diaphus splendidus (Brauer 1904) 33 Eduardo et al. [46]
Diaphus taaningi Norman 1930 26
Diaphus termophilus Tåning 1928 17
Diogenichthys atlanticus (Tåning 1928) 29
Gonichthys cocco (Cocco 1829) 17
Hygophum benoiti (Cocco 1838) 19 Badouvas et al. [47]; Equatorial Atlantic: Olivar et al. [49]
Hygophum hygomii (Lütken 1892) 33 Badouvas et al. [47]; Fock and Ehrich [44]; Olivar et al. [49]
Hygophum macrochir (Günther 1864) 26 Czudaj et al. [43]; López-Pérez et al. [36]
Hygophum reinhardtii (Lütken 1892) 20
Hygophum taaningi Becker 1965 29 Czudaj et al. [43]; Eduardo et al. [46]
Lampadena luminosa (Garman 1899) 20
Lampanyctus alatus Goode & Beane 1896 103 López-Pérez et al. [36]
Lampanyctus cuprarius Tåning 1928 22
Lampanyctus lineatus Tåning 1928 26 Czudaj et al. [43]
Lepidophanes guentheri (Goode & Beane 1896) 27 Czudaj et al. [43]; López-Pérez et al. [36]
Lobianchia gemellarii (Cocco 1838) 41 Battaglia et al. [48]; Foch & Ehrich [44]
Myctophum afne (Lütken 1892) 34 López-Pérez et al. [36]
Myctophum nitidulum Garman 1899 20 Czudaj et al. [43]; López-Pérez et al. [36]
Notolychnus valdiviae (Brauer 1904) 34 Czudaj et al. [43]; López-Pérez et al. [36]
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Table 1: Continued.

Taxon Naming authority No. of individuals
in present study Previous LWR models

Notoscopelus resplendens (Richardarson 1845) 26 Czudaj et al. [43]; López-Pérez et al. [36]
Osmeriformes
Bathylagidae
Dolicholagus longirostris (Maul 1948) 25 Fock and Ehrich [44]

Stomiiformes
Gonostomatidae
Cyclothone acclinidens Garman 1899 50 López-Pérez et al. [36]
Cyclothone alba Brauer 1906 49 Chi-Espinola et al. [30]

Cyclothone braueri Jespersen & Tåning
1926 42 Chi-Espinola et al. [30]; Fock and Ehrich [44]; Olivar et al.

[49]
Cyclothone obscura Brauer 1902 41
Cyclothone pallida Brauer 1902 49 Fock and Ehrich [44]; López-Pérez et al. [36]
Cyclothone
pseudopallida Mukhacheva 1964 88 Chi-Espinola et al. [30]; López-Pérez et al. [36]

Gonostoma atlanticum Norman 1930 21

Margrethia obtusirostra Jespersen & Tåning
1919 19 Fock and Ehrich [44]

Sigmops elongatus (Günther 1887) 27
Czudaj et al. [43]; Eduardo et al. [45]; Fock and Ehrich [44];
eastern Gulf of Mexico: Lancraft et al. [32]; López-Pérez

et al. [36]
Zaphotias pedaliotus (Goode & Beane 1896) 17 Eduardo et al. (2019)

Phosichthyidae
Pollichthys mauli (Poll 1953) 20 Fock and Ehrich [44]; Olivar et al. [49]

Vinciguerria attenuata (Cocco 1838) 15 Czudaj et al. [43]; Fock and Ehrich [44]; López-Pérez et al.
[36]

Vinciguerria nimbaria (Jordan & Williams
1895) 19 Battaglia et al. [48]

Vinciguerria poweriae (Cocco 1838) 21 Eduardo et al. [45]
Sternoptychidae Czudaj et al. [43]
Argyropelecus aculeatus Valenciennes 1850 85 Badouvas et al. [47]; Fock and Ehrich [44]; Olivar et al. [49]
Argyropelecus gigas Norman 1930 20
Argyropelecus
hemigymnus Cocco 1829 106

Maurolicus weitzmani Parin & Kobyliansky
1993 22

Polyipnus clarus Harold 1994 20

Sternoptyx diaphana Hermann 1781 29 Chi-Espinola et al. [30]; Czudaj et al. [43]; Eduardo et al.
[45]; Fock and Ehrich [44]; López-Pérez et al. [36]

Sternoptyx pseudobscura Baird 1971 37 Eduardo et al. [45]
Valenciennellus
tripunctulatus (Esmark 1871) 30

Stomiidae
Astronesthes
macropogon

Goodyear & Gibbs
1970 16 Eastern Gulf of Mexico: Sutton & Hopkins [31]

Astronesthes nigra Richardarson 1845 16 Fock and Ehrich [44]; Sutton & Hopkins [31]
Bathophilus pawneei Parr 1927 17 Sutton and Hopkins [31]

Chauliodus sloani Bloch & Schneider
1901 27

Badouvas et al. [47]; Chi-Espinola et al. [30]; Fock and
Ehrich [44]; shelf break of southwest Indian EEZ:
Jayaprakash et al. [50]; Sutton and Hopkins [31]

Eustomias schmidti Regan & Trewavas
1930 15 Sutton and Hopkins [31]

Photostomias guernei Collett 1889 18 Fock & Ehrich [44]; Sutton & Hopkins [31]
Stomias afnis Günther 1887 29 Czudaj et al. [43]; Sutton & Hopkins [31]

Note: Study location for previous LWRs is listed with the frst reference within table.
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reweighed every 24 h until the specimen reached a constant
dry weight (to the nearest 0.001 g). On average, it took
48–72 h for specimens to reach a consistent dry weight, with
a few larger specimens requiring seven to eight days.

2.3. Data Analyses. Each specimen’s SL, dry weight, and
preserved wet weight were used in estimating individual
species’ length–weight parameters following the logarithmic
form of equation (1):

W � aSL
b
, (1)

whereW�wet- or dry weight (g), SL� standard length (cm),
a� initial growth index (intercept), and b� allometric
growth coefcient (slope).

A simple linear regression model was used to estimate
the initial growth index (a) and the allometric growth co-
efcient (b) in R software 4.4.2 [51] utilizing the lm()
function. To calculate family-level LWR estimates, species SL
and weight data from each family with more than one
represented species were pooled together and the wet- and
dry-weight-derived LWRs for each family were calculated
using the same methodology as used for the calculation of
individual species’ LWRs. A genus-level LWR was also es-
timated for the numerically dominant taxon Cyclothone,
using the same methodology applied to both the family-level
and individual species-level LWRs.

2.4. Test of Growth Forms. After the LWRs were estimated,
each species’ growth model was evaluated using the “hoCoef”
test in the R package FSA [52]. Te function “hoCoef” in the
context of this study performed a hypothesis test to determine
whether the allometric growth coefcient (b) was equal to,
greater than, or less than three, where three indicates the
mathematical relationship between a volume (represented by
weight in the current study) and a measurement of length
[52]. If a species’ allometric growth coefcient was de-
termined to not be signifcantly diferent than three, then it
was determined to have isometric growth; otherwise, it was
considered to exhibit negative or positive allometric growth if
it was less than or greater than three, respectively.

2.5.WaterContentEstimationsandRelationshipWithLength.
Water content estimations were calculated using ethanol-
fxed specimens [37]. Once a dry weight was determined for
each specimen, this value along with the initial preserved wet
weight (g) was used to estimate the percentage of water
content lost during the drying process:

Ind.H2OContent � 1 −
dry weight
wet weight

􏼠 􏼡. (2)

Utilizing this calculation and the dry-weight measure-
ment of approximately 15–50 specimens per species, an
approximate water content percentage was estimated. A
water content estimation was similarly calculated at the
family level by integrating the water content percentages
across all confamilial species. Because water content

calculations were based on ethanol-fxed specimens, values
are viewed as approximations.

Te correlation between SL and water content was also
reported. Linear (Equation S1) or curvilinear (quadratic:
Equation S2 or asymptotic: Equation S3) regressions were
ftted for each species as appropriate. Where potential
curvilinear relationships were suspected, corrected Akaike
information criteria (AICc) was used to determine the best
ftting model (Table S1). All simple linear regressions were
performed using the lm() function and the nonlinear models
using the nls() function within R software 4.4.2 [51].

3. Results

3.1. Species-Level LWRs. A total of 2122 specimens from 68
species were measured in this study, representing six orders
and 11 families: Gonostomatidae (10 species), Melamphai-
dae (3 species), Myctophidae (31 species), Phosichthyidae
(4 species), Sternoptychidae (8 species), and Stomiidae
(7 species). One species each was studied from the remaining
families (Bathylagidae, Chlorophthalmidae, Melanonidae,
Omosudidae, and Paralepididae (Table 1).

All dry-weight regressions (LWRDW) created in this
study showed highly signifcant (p< 0.01), strong relation-
ships between SL and dry weight, with R2 values ranging
from 0.901–0.997 (Figures 2 and 3, Table 2). Te wet-weight
regressions (LWRWW) created in this study showed highly
signifcant (p< 0.01) relationships between SL and wet
weight (Table 3). R2 values ranged from 0.625–0.995, with 59
species (87%) having an R2 value> 0.90 (Table 3).

Allometric growth coefcient values (b) for LWRDW
(Figures 2 and 3, Table 2) ranged from 2.17–4.17 across species,
with LWRWW b values ranging from 2.12–3.68 (Table 3). Te
growth index (a) values for LWRDW (Figures 2 and 3, Table 2)
ranged from 3.52×10−5–6.24×10−3 and ranged from
2.14×10−3–6.20×10−2 for LWRWW (Table 3). Most species
represented in this study exhibited isometric growth based on
LWRDW (36 species; Figures 2 and 3, Table 2) and LWRWW (39
species; Table 3). Positive allometric growth was the next most
common growth form (LWRDW: 28 species; LWRWW: 16
species), with the remaining species exhibiting negative allo-
metric growth (Figures 2 and 3, Tables 2 and 3). Additional
data for each species, including SL range (cm), sample size (n),
growth model, and R2 values for both LWRDW and LWRWW,
are shown in Tables 2 and 3, respectively.

3.2. Family Results. Out of the six families in this study that
had more than one representative species, the majority of
both LWRDW and LWRWW models exhibited either isometric
or positive allometric growth (Figures 2 and 4, Tables 2 and 3).
One family exhibited isometric growth for both the LWRDW
and the LWRWW (Phosichthyidae; Figures 2 and 4, Tables 2
and 3). Te family Myctophidae exhibited positive allometric
growth for both the LWRDW and the LWRWW (Figures 2 and
4, Tables 2 and 3). Te Stomiidae family was the only family to
exhibit negative allometric growth, and this was true for both
the LWRDW and the LWRWW (Figures 2 and 4, Tables 2 and 3).
Te remaining families for the LWRDW models exhibited
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either isometric growth (Gonostomatidae) or positive allo-
metric growth (Melamphaidae and Sternoptychidae; Figures 2
and 4, Table 2). Tese families also exhibited either isometric
growth (Melamphaidae and Sternoptychidae) or positive al-
lometric growth (Gonostomatidae) for the LWRWW models
(Table 3). Allometric growth coefcients (b) for familial
LWRDW ranged from 2.49–3.58 with LWRWW b values
ranging from 2.45–3.23 (Figures 2 and 4, Table 2). Growth
index values (a) for LWRDW across families ranged from
6.37×10−4–2.81× 10−3, and a values for the LWRWW ranged
from 3.36–10−3–2.87×10−2 (Figures 2 and 4, Tables 2 and 3).
Additional data for each family, including SL ranges (cm),
sample size (n), and estimated water content percentage for
both LWRDW and LWRWW, are shown in Tables 2 and 3,
respectively.

3.3. Diferences in Species- and Family-Level LWRs.
Species in the family Myctophidae were largely similar in
terms of their LWRs except for two species: Lampanyctus
cuprarius Tåning 1928 and Lampanyctus lineatus Tåning
1928 (Figure 2, Tables 2 and 3). Te LWRs of L. cuprarius
and L. lineatus are notably shifted downwards compared to
the rest of the Myctophids (Figure 2) despite the fact that

their initial growth indexes and allometric growth co-
efcients are largely similar to the rest of the family (Tables 2
and 3).Te size ranges of L. cuprarius and L. lineatus are also
comparable to the rest of the family, but they weighed
relatively less overall which caused their respective LWRs to
shift downward (Figure 2). Another case of this downward
shift is in Pollichthys mauli (Poll 1953) which, in the present
study, is the only species that is not a member of the genus
Vinciguerria in the family Phosichthyidae (Figure 2). Te
LWR for the family Phosichthyidae shows that P. mauli
tended to weigh relatively less than themembers of the genus
Vinciguerria, despite having a similar range of SLs which
shifted its LWR downwards in comparison (Figure 2).

In the family Gonostomatidae, members of the genus
Cyclothone and the species Sigmops elongatuswere similar in
terms of their LWRs (Figure 2). Te other species of the
family Gonostomatidae; Gonostoma atlanticum Norman
1930, Margrethia obtusirostra Jespersen & Tåning 1919, and
Zaphotias pedaliotus (Goode & Beane 1896) difered com-
pared to the general trend seen in the family (Figure 2).
Gonostoma atlanticum, M. obtusirostra, and Z. pedaliotus
were generally heavier than other members of the family
which caused their LWRs to be shifted upward in com-
parison with Cyclothone spp. and S. elongatus (Figure 2).
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Figure 2: Standard length–dry-weight regressions for six mesopelagic fsh families in the Gulf ofMexico that were represented bymore than
one species in the present study: Gonostomatidae (10 species), Melamphaidae (3 species), Myctophidae (31 species), Phosichthyidae
(4 species), Sternoptychidae (8 species), and Stomiidae (7 species). Te dashed grey lines represent the individual species length–weight
regressions, while the solid blue lines represent the length–weight regression for the family as a whole.
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Sternoptyx diaphanaHermann 1781 is the only species to
show a signifcant departure from the family-level LWR for
the family Sternoptychidae (Figure 2). Tis departure was
the result of S. diaphana exhibiting a smaller allometric
growth coefcient (bDW � 2.17; bWW � 2.12) than the other
representative species (Tables 2 and 3). Additionally, it
should be noted that their allometric growth coefcient fell
outside the normal range for fshes (2.5–3.5; Froese, 2006)
for both its wet-weight- and dry-weight-derived estimates
(Tables 2 and 3).

Te species-level LWRs for members of the family
Stomiidae largely difered from the family-level estimate
(Figure 2, Tables 2 and 3). Tis was due to the large dif-
ferences in size and initial growth index values exhibited by
the members of this taxon. For instance, many specimens
of the species Eustomias schmidti Regan & Trewavas 1930
in this study were over 20 cm larger than the largest rep-
resentatives from the species Astronesthes nigra Richar-
darson 1845 and Astronesthes macropogon Goodyear &
Gibbs 1970 which exhibit shorter SLs and lower weights
than the rest of the family Stomiidae (Table 2). Addi-
tionally, the family displayed a relatively large range in
initial growth indexes among its members (aDW: 1.37 ×10−4

to 1.03 ×10−3; Tables 2 and 3) which resulted in a greater
“spread” in LWRs.

3.4. Water Content Estimations. Estimated percent water
content ranged from an arithmetic mean of 75.49%–90.34%,
with the myctophid Gonichthys cocco (Cocco 1829) exhib-
iting the lowest value and Cyclothone obscura Brauer 1902
exhibiting the highest value (Table 2). Water content was
also estimated for each family that had more than one
representative species and exhibited a range of 78.53%–
86.46% (Table 2). Water content estimates were highest
within the families Stomiidae, Sternoptychidae, and Gon-
ostomatidae, with the lowest estimates being within the
family Myctophidae.

3.5. Length–Water Content Relationships. After model se-
lection, 62 species were modeled using a simple linear re-
gression, three species using an exponential asymptotic
model, and three species were modeled using a quadratic
model (Table S1). SL was signifcantly linearly correlated
with water content (p< 0.05) in 37 out of the 68 species
examined (Tables S2, S3, and S4). R2 values for signifcant
length–water content models ranged from 0.824 (Melam-
phaes simus Ebeling 1962) to 0.138 (Cyclothone pallida
Brauer 1902), which indicates large variations in ft between
examined species (Table S2). Of the 37 signifcant linear
models, the relationship between SL and water content was
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Figure 3: Standard length–dry-weight regressions for fve mesopelagic fsh families in the Gulf of Mexico that were represented by a single
species in the present study: Bathylagidae (Dolicholagus longirostris), chlorophthalmidae (Chlorophthalmus agassizi), melanonidae
(Melanonus zugmayeri), omosudidae (Omosudis lowii), and paralepididae (Lestidiops afnis).
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negative in 35 and positive in two, indicating that the re-
lationship between SL and water content is largely negative
across examined species (Table S2, S3, and S4).

In the curvilinear models, the water content of Sig-
mops elongatus and Eustomias schmidti displayed a posi-
tive relationship with SL, with the models reaching an
asymptote at 87.2% and 90.4%, respectively (Figure 5;
Table S3). Te water content of Benthosema suborbitale
(Gilbert 1913) displayed a negative relationship with SL
and reached an asymptote at 77.2% (Figure 5; Table S3). In
all three models, the horizontal asymptote (Asym) was
signifcant (p< 0.05; Table S4). Te intercept term was
only signifcant in the S. elongatus model, and the natural
logarithm of the rate constant (lrc) was only signifcant in
the B. suborbitale model (Table S4). Te three species
modeled using quadratic regressions Diaphus dumerilii
(Bleeker 1856), Gonichthys cocco, and Dolicholagus
longirostris (Maul 1948) were represented by upward-
facing parabolas which frst dipped to a minimum wa-
ter content before increasing with SL (Figure 5; Table S3).
All quadratic model parameters (b0, b1, and b2) were
signifcant (p< 0.05; Table S3) in all three species models.
Additionally, SL exhibited no relationship with water
content within 20 species, indicating that water content
remained consistent across size classes in these taxa
(Table S2).

4. Discussion

Te present study provides both wet-weight- and dry-
weight-derived LWRs for 68 species of mesopelagic fshes in
the Gulf ofMexico, 59 of which are new for the region and 28
of which are not listed in FishBase records globally [53]. Te
obtained LWRs were generally of good ft, with 59 wet-
weight-derived models and all 68 of the dry-weight-derived
models having R2 values above 0.90. Wet-weight- and dry-
weight-derived estimates of allometric growth coefcients
(b) were largely within the expected range for fshes, with
76% of estimated growth parameters falling within the range
2.5–3.5 [25]. Te largest deviations from this range occurred
in the paralepidid Lestidiops afnis Ege 1930 (bDW � 4.17),
the melamphaid Melamphaes simus (bDW � 3.98), and the
myctophid Diogenichthys atlanticus (Tåning 1928)
(bDW � 3.84), indicating relatively faster increases in weight
than length as the individuals grow.

Deviations from the expected range in allometric growth
coefcients are rare but seen in nature, such as the case of the
Blackfn Icefsh Chaenocephalus aceratus (Lönnberg 1906),
which is due to a change in its body form as it grows [25].
Similar changes may also occur in L. afnis, M. simus, and
D. atlanticus. However, Lestidiops afnis was also noted to
have extreme positive allometric growth (b> 3.5) in a pre-
vious study [43] which suggests that this may be
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Figure 4: Family-level standard length–dry-weight regressions for 11 mesopelagic fsh families in the Gulf of Mexico.
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characteristic of this taxon. Repeated length–weight studies
in the Gulf of Mexico and elsewhere would likely help
confrm these hypotheses.

Species-specifc LWR parameter values were generally
comparable to those obtained in other regions, such as the
northern Atlantic [44], tropical Atlantic [36, 43], Indian
Ocean [50], Mediterranean [47, 49], and the western [30]
and eastern Gulf of Mexico [31, 32]. Broad similarities in
LWRs across ocean basins and environmental conditions
suggest that LWR parameter values are characteristic fea-
tures of many mesopelagic fsh species [36, 54]. Tese broad
similarities suggest that LWRs from across regions may help
inform such research in potentially understudied ocean
basins, such as the Indian and Pacifc Oceans. Further re-
search would help to refne these LWR parameter values,
given that few taxa have multiple LWRs, and would help fll
data gaps on unstudied mesopelagic species.

Diferences in LWR parameter values between the
present study and other ocean basins such as the Atlantic
and Mediterranean did not follow specifc patterns. For
instance, the wet-weight-derived allometric growth co-
efcient for the stomiidChauliodus sloani Bloch & Schneider
1901 in the present study was similar to that obtained in the
Mediterranean (2.69 vs. 2.78) [47] but difered from the
value obtained in the tropical Atlantic (2.69 vs. 3.35) [36].
However, for the myctophid Diaphus rafnesquii (Cocco

1838), the presented wet-weight allometric growth co-
efcient was similar to the value obtained in the tropical
Atlantic (2.88 vs. 2.85) [36] but largely difered from those
obtained in the northern Atlantic (2.88 vs. 3.43) [44] and
Mediterranean (2.88 vs. 3.52) [47]. Te Gulf of Mexico
potentially hosting a smaller size range of mesopelagic fshes
[55] and a difering oceanographic regime may explain the
diferences, especially given temperature’s potential role in
altering LWRs [56]. Additionally, recent evidence of distinct
genetic subpopulations of cosmopolitan mesopelagic fsh
species [57] and factors such as individual nutritional
condition, gonadal mass, and gut contents all potentially
infuence LWRs and explain these regional diferences
[36, 53, 58].

In comparison with previous studies conducted in the
Gulf of Mexico, the LWRs reported here largely agreed with
past estimates [30–32], although only nine of the 68 species
analyzed (Chlorophthalmus agassizi Bonaparte 1840,
Cyclothone alba Brauer 1906,Cyclothone braueri Jespersen &
Tåning 1926, Cyclothone pseudopallida Mukhacheva 1964,
Chauliodus sloani, Photostomias guernei Collett 1889, Sto-
mias afnis Günther 1887, Sternoptyx diaphana, and Sig-
mops elongatus) had previously been reported. Te most
notable diferences in LWRs occurred within the wet-
weight-derived allometric growth coefcients of S. diaphana
and C. sloani when compared to the values collected in the

0.85

0.80

0.75

0.80

0.75

0.91

0.90

0.89

0.88

0.87
10 15 20 25

2 3 4 5 6 

0.90

0.88

0.86

0.84

0.85
0.90

0.85

0.80

0.75

2.5 5.0 7.5 10.0 12.5

0.80

0.75

0.70

Pe
rc

en
t w

at
er

 co
nt

en
t

Benthosema suborbitale Diaphus dumerilii

Dolicholagus longirostris Eustomias schmidti

Gonichthys cocco Sigmops elongatus

Standard length (cm)

5

2 3 4 5

10 15

2.01.5 2.5 3.0

Figure 5: Standard length–water content nonlinear regressions for six dominant mesopelagic fsh species in the Gulf ofMexico: Benthosema
suborbitale, Diaphus dumerilii, and Gonichthys cocco (myctophidae); Dolicholagus longirostris (bathylagidae); Eustomias schmidti (sto-
miidae); and Sigmops elongatus (gonostomatidae).

14 Journal of Applied Ichthyology



western Gulf of Mexico [30].Te eastern and western Gulf of
Mexico difer in their oceanographic signatures with the
eastern Gulf of Mexico being dominated by the Loop
Current and the highly productive outfow from the Mis-
sissippi River [59], so it is possible that difering oceano-
graphic conditions may have given rise to the discrepancies
observed in the LWRs as small-scale regional diferences in
mesopelagic fsh growth patterns have been observed
previously [43]. However, in these cases, specifc method-
ological diferences between the present study and Chi-
Espı́nola et al. (2023) may better explain these discrep-
ancies, particularly given that the diferences were only
observed in the wet-weight and not dry-weight data. In the
case of C. sloani, for example, Chi-Espı́nola et al. (2023)
examined a larger size range than that of the present study.
Diferences may have also arisen due to diferences in
preservation strategies as Chi-Espı́nola et al. (2023) used
frozen specimens rather than ethanol preservation as used in
the present study. Ethanol fxation is known to impact both
fsh weight and length, with the biggest impact being a re-
duction in body weight due to dehydration [60–63]. Still, the
LWRs of the other seven species were very similar despite
diferences in size ranges and preservation strategies, so it is
unclear why these discrepancies existed in only these two
species.

Isometric and positive allometric growth were the most
common growth models observed, which agreed with
similar studies on mesopelagic fshes [30, 36, 43, 47]. Tis
trend was primarily driven by members of the family
Myctophidae due to the high numbers of species analyzed
from that family, with only Diaphus termophilus Tåning
1928 and Hygophum macrochir (Günther 1864) exhibiting
negative allometric growth (Tables 2 and 3). Positive allo-
metric growth in the highly migratory taxa like myctophids
may be indicative of relatively greater increases in muscle
accumulation as an animal grows, which is necessary for
DVM. In contrast, nonmigratory species (e.g., Cyclothone
spp.) had the most frequent instances of negative allometric
growth and are generally known to possess reduced skeletal
and muscular mass than their migrating counterparts [64].
Diferences in DVM behavior may also explain intragenus
diferences in growth forms. For instance, Lampanyctus
cuprarius and Lampanyctus lineatus both display isometric
growth, asynchronous migration, and deeper daytime depth
distributions than Lampanyctus alatusGoode & Beane 1896,
which exhibits positive allometric growth and is considered
a synchronous migrator [55]. However, potential connec-
tions between growth form and DVM behavior are largely
speculative at present given the counterexamples (e.g.,
H. macrochir exhibiting DVM behavior despite its negative
allometric growth) and lack of conclusive evidence in prior
studies of LWRs.

Estimates of growth form varied between wet and dry
weights, with 28 species displaying a diferent growth form
depending on the weight type used. Similar to López-Pérez
et al. (2020), the changes in growth form largely occurred as
an increase in allometric growth coefcients in dry-weight-
derived estimates (24 species; Figures 2 and 3, Table S2), but
decreases in allometric growth coefcients between wet-

weight- and dry-weight-derived estimates were also ob-
served within four species: the gonostomatid
C. pseudopallida, the myctophid Lampanyctus lineatus, and
the stomiids Bathophilus pawneei Parr 1927 and Eustomias
schmidti. While the LWR parameters will obviously vary
depending on the weight measured, this fnding highlights
that the weight type measured may also afect how a species’
growth form is characterized, depending on the taxa. Tis
further implies that future research may beneft from
adopting a standardized preservation and weighing ap-
proach, such as the use of eviscerated dry weights described
by López-Pérez et al. (2020), to account for potential dif-
ferences caused by these practices.

Te relationship between an individual’s body length
and water content appeared to explain the change in growth
form between wet- and dry-weight-derived LWRs in 22 of
the 28 species (22 of 28) that exhibited a shift in growth form.
Overall, the relationship between body length and water
content was signifcant in 43 species with 36 of these re-
lationships being negative (i.e., larger individuals contained
less water in their tissues), four being positive, and three
being quadratic (Table S2). A negative relationship between
length and water content shifts allometric growth co-
efcients upward due to the relative diferences in dry
weights between size classes.Tat is, smaller individuals with
relatively higher water content have relatively lower dry
weights than their larger counterparts and thus cause the
slope of the length-dry-weight regression to shift upward in
comparison with the wet-weight estimate, resulting in
a higher allometric growth coefcient. Additionally, these
relative diferences in water content between size classes may
explain many of the “extreme” allometric growth parameters
obtained as 23 out of the 32 allometric growth parameters
outside of the typical range found in fshes (2.5–3.5) were
dry-weight-derived estimates.

Te observed decrease in water content with growth
agrees with previous observations from other fsh species,
including some mesopelagic ones [65–67]. Tis decrease in
water content is generally associated with lipid and muscle
accumulation with body size, as lipid and muscle content are
known to be inversely related to water content in many fsh
species [65, 67, 68]. Tis trend may also be partly due to
ontogenetic shifts in life history, such as changes in vertical
distribution or DVM behavior, which may come with body
compositional changes. Additionally, many myctophids and
members of the genus Cyclothone possess air-flled swim
bladders as juveniles and young adults that either regress or
become lipid-invested as adults [69, 70]. In order to com-
pensate for the associated loss of buoyancy, many species
incorporate lipids and a reduced skeletal mass, which likely
also alters their body mass and relative water content [64].

Signifcant positive length–water content regressions were
observed in the myctophid L. lineatus, the gonostomatids
C. pseudopallida and S. elongatus, and the stomiid E. schmidti
which goes against the general negative length–water content
trend seen in fshes (Figure 5; Tables S2 and S4) andmay also be
due to changes in vertical distribution or DVM behavior. For
instance, L. lineatus and S. elongatus convert from synchronous
to asynchronous migrators at larger sizes [32, 55]. Fishes
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residing at deeper depths often possess higher water content
and lower muscle and lipid mass which coupled with reduced
DVMmay lead to increased metabolic efciency in these low-
energy environments [64, 71, 72]. Te positive length–water
content regression for C. pseudopallidus may refect increased
metabolic efciency, but it could also be related to buoyancy as
its swim bladder volume grows slower than its overall size [70].
Tus, the increased water content may help ofset the potential
buoyancy loss with growth. However, it should be noted that
this trend was not seen in other Cyclothone species despite
similarities in swim bladder morphologies. Ultimately, further
studies of body composition are required to confrm these
hypotheses, especially since the strength of these interactions
was highly variable within and between species.

Quadratic relationships between water content and
length were also noted. In the case of the myctophidDiaphus
dumerilii, the vertex of this relationship (∼45–50mm; Fig-
ure 5) seemed to coincide with the size at which they are
reported to reach sexual maturity (∼52mm) [73]. Tus, the
asymptotic relationship may indicate a shift in body com-
position away from muscle and lipid accumulation to go-
nadal development. Additionally, D. dumerilii have been
hypothesized to transition to a nonmigratory, benthopelagic
habitat at larger size classes, so the increase in water content
may be a response to this transition, perhaps due to the lower
metabolic demands [73]. Gonichthys cocco and Dolicholagus
longirostris also exhibited a similar trend, but the lack of life
history data for these species makes confrming this hy-
pothesis difcult.

5. Conclusion

Te present study constitutes one of the most compre-
hensive analyses of LWRs in mesopelagic fshes to date,
estimating wet- and dry-weight regressions for 68 species
and potentially reporting novel global records for 28. Along
with the LWRs, the growth form designations, estimated
water contents, and length–water content regressions pre-
sented add to the limited literature on the allometry and
general biology of mesopelagic fshes. Given the large un-
certainties in mesopelagic fshes’ biomass and role in eco-
system functioning, we expect that the results will help refne
regional biomass estimates of mesopelagic fshes, and
through ecosystem, carbon transport, and species distri-
bution modeling eforts, this work will ultimately aid in
quantifying mesopelagic fshes’ role in the Gulf of Mexico.
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