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Mesopelagic zones (200–1,000-m depth) are characterized by relatively low light

levels, cold waters, and often limited oxygen, forming a stable yet challenging

habitat for their inhabitants. To overcome these constraints, mesopelagic fishes

have developed several adaptations that enable them to participate in crucial

ecosystem processes such as nutrient cycling, carbon transport, and provisioning

of harvestable fish stocks. However, our understanding of the functional diversity

of mesopelagic fishes remains limited, while it is of particular importance

considering the increase in human threats and possible environmental changes

in the deep ecosystems. In this context, functional diversity emerges as a powerful

tool and can help assess community assembly rules, including species

complementary and redundancy. Here, we take advantage of scientific surveys

that collected 200 species taxa identified fromover 7,000 specimens to determine

the functional diversity of mesopelagic fish assemblages across depths and the

day–night period. We created a data set of 17 qualitative functional traits related to

feeding, survival, and locomotion functions. Based on this information, functional

spaces and diversity indices were calculated, and functional groups were

established. Furthermore, the influence on the functional diversity of

environmental variables and the day–night period was assessed by generalized

additive models (GAMs). The hypothesis of functional complementary was tested.

Overall, mesopelagic fishes displayed a high functional diversity and could be

grouped into 10 major functional groups. Moreover, 107 species exhibited a

unique composition of functional trait values, revealing a vast complementarity

of functions within the deep-sea ecosystem. We also showed that functional

diversity in mesopelagic ecosystems is neither static nor homogeneous, exhibiting

higher values in the deepest layers and varying between day and night. We finally

discuss processes that may structure mesopelagic fish assemblages and the

implications of our findings for the conservation mesopelagic fishes.

KEYWORDS
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1 Introduction

Functional diversity (FD) plays a crucial role in understanding

the relationship between biodiversity and ecosystem processes

(Naeem, 2006), complementing taxonomic and phylogenetic

diversity analyses. FD takes into account the functional traits of

species, which are essential for assessing the impact of

environmental changes and human pressures on ecosystems

(McGill et al., 2006; Villéger et al., 2010). Moreover, FD

contributes to informing conservation and management strategies

by identifying areas that require protection (Mouillot et al., 2011).

One significant advantage of FD over taxonomic diversity is that it

captures the ecological roles and functions that species perform

within an ecosystem. This approach allows for identifying species

with unique functional traits that may affect ecosystem processes

disproportionately (Mouillot et al., 2013b). Taking a functional

traits perspective, rather than focusing solely on species, can

enhance predictions because ultimately these traits determine the

nature and strength of animal impacts on ecosystems (Schmitz

et al., 2023). Recent advances in FD research have led to indices that

quantify complementary features of the functional space occupied

by species, considering both their positions and abundance or

biomass (Villéger et al., 2008; Mouillot et al., 2013a). The FD

concept involves several components, mainly as follows:

functional richness, evenness, divergence, dispersion, originality,

specialization, and redundancy. Different indices were developed to

quantify these components. They have improved our understanding

of community responses to environmental variations and

predictions of ecosystem feedback (Gagic et al., 2015; Lefcheck

and Duffy, 2015; Dee et al., 2016). However, FD analysis requires

detailed information on species distribution and trait data, often

limited to poorly known ecological groups, such as those inhabiting

the mesopelagic zones.

Mesopelagic zones (200–1,000-m depth) are characterized, for

example, by relatively low light levels, cold waters, and often limited

oxygen, which create a stable yet challenging habitat for their

inhabitants (Fock et al., 2004; Bertrand et al., 2010; Proud et al.,

2017; Boswell et al., 2020). To overcome these constraints, mesopelagic

fishes developed adaptations such as bioluminescence, complex visual

systems, and different patterns of vertical migration that may reach

shallow waters (Gjøsæter and Kawaguchi, 1980; Sutton, 2013; Priede,

2017). These adaptations enable their contribution to several ecological

processes that underpin oceanic ecosystems and offer numerous benefit

to society. Notably, mesopelagic species are essential to nutrient cycling

and carbon transportation across depth layers. They also provide food

for larger predators in marine ecosystems. Nonetheless, despite their

ecological significance, our understanding of mesopelagic species

remains limited, while it is of critical importance considering the

increase in threats such as climate change, plastic pollution, and

exploitation of deep-sea resources (Davison and Asch, 2011; Hidalgo

and Browman, 2019; Levin et al., 2019; Drazen et al., 2020; Ferreira

et al., 2022; Justino et al., 2022). For instance, there is a significant

knowledge gap about the basic biology of many species, including their
Frontiers in Marine Science 02
life history and crucial functional traits. Information such as maximum

age, age of first maturity, spawning seasons, distribution of sex ratios

across different layers, and variations in feeding based on sex or

maturity stage are lacking. This deficit hinders our ability to

investigate ecological patterns and community assembly rules in the

context of unprecedented global changes.

More specifically, in mesopelagic research, a pivotal question

revolves around how a zone with such environmental constraints

can support important species diversity and biomass (Gjøsæter and

Kawaguchi, 1980; Eduardo et al., 2022), challenging the initial

supposition of reduced biodiversity in deep-sea ecosystems (Priede,

2017). The remarkable diversity found in these ecosystems may stem

from the ecological specialization of species, considering their niche

and functional roles (Devictor et al., 2010). In addition, community

assembly rules, including stochastic and deterministic processes, aim

to explain species coexistence. Two main deterministic processes

have been defined: limiting similarity (MacArthur, 1958; Abrams,

1983) and environmental filtering (Van Der Valk, 1981; Weiher

et al., 1998; Kraft et al., 2015). Limiting similarity suggests that

species with different traits are more likely to coexist. This hypothesis

is a corollary of the competitive exclusion principle (Gause, 1932),

which states that two species competing for the same resources

cannot stably coexist. Thus, the competitive exclusion will result in a

pattern where functionally similar species cannot co-occur.

Conversely, it leads to the co-occurrence of species that are

complementary in resource use and, thus, in niche occupied. In

contrast, the environmental filtering hypothesis favors species with

traits better adapted to environment requirements and leads to more

similar traits among species. In the mesopelagic zone, where

photosynthetic primary production is scarce, species may have

evolved specific traits and feeding habits to exploit different

resources and/or depths and avoid direct competition (Gloeckler

et al., 2018; Eduardo et al., 2023). Although their evolutionary

processes have not yet been extensively studied, it is plausible to

assume that these environmental pressures have influenced their

evolution in distinct ways. As a result, mesopelagic fishes may have

undergone specific adaptations and developed unique characteristics

that contribute to their survival in this challenging habitat. Given the

specialized nature of mesopelagic habitat and the unique adaptations

of mesopelagic fishes, it is reasonable to assume that functional

redundancy among these species may be low.

The main objective of this study is to investigate whether the

mesopelagic fish community exhibits high functional diversity due

to the presence of species with unique and complementary

functions and to investigate functional diversity patterns

according to environmental variables. We notably tested the

hypothesis of functional complementarity among species. This

means that the species perform distinct functions, and there is a

relatively low degree of functional redundancy among them. This

research contributes to filling knowledge gaps in understanding the

functional diversity of the mesopelagic fishes. It provides valuable

information to initiate a discussion on the conservation of this

understudied community.
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2 Materials and methods

2.1 Study area

The study area is located Fernando de Noronha Ridge, north-

eastern Brazil (from Rio Grande do Norte to Pernambuco)

(Figure 1). This area is classified as an Ecologically or Biologically

Significant Marine Area (EBSA) that, by definition, is a unique place

of fundamental importance for biodiversity and life cycles of marine

species (CBD, 2014).

Several authors recently described themain oceanographic physico-

chemical features of this region (Assunção et al., 2020; Dossa et al., 2021;

Silva et al., 2021).Overall, southwestern topical Atlantic is considered to

be oligotrophic. However, banks and oceanic islands act as barriers,

enriching sub-surface waters and improving mass and energy fluxes in

the food web (Travassos et al., 1999; Tchamabi et al., 2017).
2.2 Sampling

Data were collected by the RV Antea during the ABRACOS

scientific expeditions, carried out between September 29 and
Frontiers in Marine Science 03
October 21, 2015 (AB 1; Bertrand, 2015), and between April 9

and May 10, 2017 (AB 2; Bertrand, 2017). Environmental profiles

were collected using a CTDO SeaBird911+ with temperatures

ranging from 4.36°C to 28.82°C, salinity from 34.40 to 37.34, and

dissolved oxygen from 3.3 ml/L to 4.7 ml/L.

Mesopelagic fishes were sampled day and night at 62 trawl

stations by using mesopelagic (AB1; body mesh 30 mm, cod-end

mesh 4 mm, net mouth 16.6 × 8.4 m) and micronekton (AB2; body

mesh 40 mm, cod-end mesh 10 mm, net mouth 24 × 24 m) nets.

The targeted depth for each layer was defined according to the

presence of scattered acoustic layers or patches of organisms.

However, in an effort to improve the representativeness of

biodiversity, we also conducted trawling in areas where no

organism aggregations were observed and even beyond the range

of the echosounder. Each trawl lasted approximately 30 minutes.

Except for the layers 200–300 and 700–800 at night, where no

aggregation of organisms was observed through acoustics, all depth

strata were sampled at least once (for further information on

sampling procedures, see Eduardo et al., 2022). A total of 7,190

fish specimens were collected, representing 200 distinct species (SI

Table S1). All specimens collected were deposited at the fish

collection of the Instituto de Biodiversidade e Sustentabilidade,
frontiersin.org
FIGURE 1

Sampling stations of Northeast Brazil are indicated by dots, and the color scheme defines the depth layers.
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Universidade Federal do Rio de Janeiro (NPM; Macaé, Brazil).

Sampling data were organized as a matrix with the 200 species

as variables (i.e., columns of the matrix) and 62 surveyed stations as

statistical objects (i.e., lines). This matrix was used to compute the

diversity indices in Section 2.4.

All methods were approved and conducted following the

regulations of the Brazilian Ministry of Environment (SISBIO

authorization number: 47270-5). Operations of the RV Antea were

approved by the BrazilianNavy Authority (“Estado-Maior da Armada”)

under Ordinances 178 (August 9, 2015) and 4 (January 24, 2017).
2.3 Trait selection

Seventeen qualitative traits were selected to investigate the

functions of feeding, locomotion, and survival (i.e., traits used as
Frontiers in Marine Science 04
survival strategy) (Table 1) for 184 species among the 200 species

(see Eduardo et al., 2022). Traits values were obtained from

bibliographic references and the NPM museum specimens. When

possible, missing data were inferred from observation and

knowledge of experts in the field.

Regarding the skin color trait, fish skin colors were categorized

into six modalities (Table 1). Notably, for fishes presenting two skin

colors, we coded a predominant dark color as dark-bicolor, and a

predominant lighted color as light-bicolor. More specifically,

regarding certain anglefish species (Lophiiformes: Ceratioidei) with

notable sexual dimorphism (Pietsch, 1976), we opted to focus on

females as representatives of the species due to their higher capture

frequency and easier identification when compared to males.

Furthermore, anglefishes have a unique reproductive strategy in

which smaller males rely on females for survival. They merge with

the female’s skin as permanent parasitic appendages through a
TABLE 1 Selected functional traits of feeding, locomotion, and survival and their respective modalities.

Function Trait Trait description Trait categories

Feeding Lure apparatus Structure used to glow light and attract prey Presence/absence

Prey
illumination

Structure used to illuminate or induce fluorescence in prey Presence/absence

Trophic guild Group of species to explore the same class of resources similar Zooplanctivores, micronektivores, generalists, and
piscivores

Eye structure Eyes shape Tubular/spherical

Eye position Eye position relative to the head Top/mid

Eye size Ratio of eye size to head depth Small (< 35%), moderate (35%–65%), and large (>
65%)

Vertical
migration

Movement of fish between mesopelagic and epipelagic waters over a period
of the day

Presence/absence

Caudal fin
shape

Lateral shape of caudal fin Forked, round, truncated, lunate, pointed, heterocercal,
emarginate, and fan

Teeth type Basic patterns of marginal teeth 0, without teeth; 1, long, slender, sharp; 2, numerous
small, needlelike, villiform; 3, flat-bladed, pointed,
triangular; 4, recurved, conical, caniniform; 5,
cardiform dentition

Bioluminescence Organ producing light Presence/absence

Oral position Orientation of the mouth Elongated, inferior, superior, terminal, tubular, and
ventral

Locomotion Body shape Lateral body shape and cross-section Anguilliform, compressiform, elongated, filliform,
globiform, sagittiform, and taeniform

Caudal fin
shape

Lateral shape of caudal fin Forked, round, truncated, lunate, pointed,
heterocercal, emarginate, and fan

Aggregation Pair/school formation Presence/absence

Body size Maximum total length recorded in cm Class (10 cm)

Survival Skin color Predominant skin color Dark-bicolor, light-bicolor, black, silver, red, and other
colors

Counter-
illumination

Camouflage that involves the use of ventral photophores to match the dim
light coming from the surface

Presence/absence
frontiersin.or
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process known as “sexual parasitism”. Consequently, after the

reproductive engagement, the female assumes responsibility for

feeding, locomotion, and survival functions considered in this study.

From the information provided in Table 1, a functional trait

matrix was created, with traits as variables (columns) and species as

statistical objects (lines). This matrix was used to compute the

functional diversity indices, including the functional space, and the

fourth-corner analysis to study the relationship among functional

traits and explanatory variables (see below).
2.4 Diversity indices

Taxonomic species richness and the functional space occupied

by species, based on the 17 traits associated with three primary

functions (feeding, locomotion, and survival, Table 1), were first

calculated for each depth layer (gamma diversity) to offer a

comprehensive evaluation of the studied zones. Second, species

richness and six additional functional diversity indices (Table 2) for

each of the 62 sampled stations (alpha diversity) were also

determined, and their mean values for each depth layer and day–

night period were then computed to compare them (qualitative

variables). Third, the alpha diversity values calculated for each

station were further utilized to assess the effects of environmental

conditions (quantitative variables, see Section 2.5).

The functional diversity indices are presented, with related

references, in Table 2. In short, functional richness (FRic)

quantifies how much niche space species occupy (i.e., convex hull

volume). Higher index values indicate a larger volume occupied

within trait space (Cornwell et al., 2006). Functional evenness

(FEve) indicates how the species and their proportion (here based
Frontiers in Marine Science 05
on abundance) are evenly distributed within the functional volume.

Higher index values suggest that species and their proportions are

more evenly distributed within the functional volume (Villéger

et al., 2008). Functional divergence (FDiv) measures how far

relatively highly abundant species with extreme traits are from

the center of the functional trait space. It can be related to the levels

of resource differentiation and competition among species (Mason

et al., 2005). Functional dispersion (FDis) is the mean distance of

individual species to the centroid of all species in the functional trait

space. A high dispersion value infers a high species spread in the

functional niche. Functional originality (FOri) computes the

weighted mean distance between each species and the species

closest to it in the functional space. Higher values might be

interpreted as low functional redundancy (Mouillot et al., 2013b).

Functional specialization (FSpe) is the mean distance among each

species to the center of the functional space. It indicates the

tendency of species to have extreme trait values (Lechêne et al.,

2018). Therefore, it is possible to assess how generalist or specialist

species are (Villéger et al., 2010; Mouillot et al., 2013b) with higher

values indicating a predominance of specialist species.
2.5 Data analyses

We calculated total species richness (gamma) and mean species

richness of stations (alpha) by depth layer (epipelagic 0–200 m, upper

mesopelagic 200–500 m, and lower mesopelagic 500–1,000 m) and

period stocks (day and night). We included all 200 taxa to compute

taxonomic species richness since functional traits are not necessary

for its calculation. We removed 16 species from the analyses because

they had too many missing trait data (Johnson et al., 2021). Sampling
TABLE 2 Functional diversity indices computed on species data and 17 functional traits (adapted from Brandl et al., 2016).

Indices Acronym Definition

Functional richness
(Cornwell et al., 2006; Villéger
et al., 2008)

FRic The proportional volume of the synthetic niche space is encompassed by the outermost vertices species of the
community.

Functional evenness (Villéger
et al., 2008)

FEve The abundance-weighted regularity of species in functional niche space along a minimum spanning tree.

Functional divergence (Villéger
et al., 2008)

FDiv The proportion of abundance at the periphery of the synthetic niche space represents species with extreme trait
combinations, based on the average distance from the center of the niche space.

Function dispersion (Laliberté
and Legendre, 2010)

FDis The abundance-weighted mean distance from the center of the synthetic niche space.

Functional originality (Mouillot
et al., 2013b)

FOri The abundance- weighted mean distance to the nearest species from the species community. It is thus the mean
isolation of a species in the functional space of a given community.

Functional specialization
(Villéger et al., 2010)

FSpe The abundance- weighted mean distance among each species to the center of the functional space of a community.

Functional entities (Elton,
1927)

FE Species from the overall pool that share the same trait values.

Functional redundancy
(Mouillot et al., 2014)

FRed The ratio between species richness and functional entity richness (FEr). It represents the average number of species in
FE present in a given assemblage.

Functional over-redundancy
(Mouillot et al., 2014)

FOr The ratio of the species in the FE with more species than average redundancy.
All indices range from 0 to 1, except FE and FRed.
frontiersin.org
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stations (n = 15) with only two species were also removed, as

calculating functional space is not feasible in such cases (e.g., fewer

species than functional dimensions).

We computed pairwise functional species distances with the

Gower distance metric between species based on functional trait

values (considered as the variables). This metric can consider

qualitative traits. As the distance between some species was 0 (i.e.,

functional redundancy), we also calculated FD based on functional

entities (FEs). In this scenario, we grouped species into FEs

according to their shared trait values (Mouillot et al., 2014). In

addition, we computed functional redundancy FRed and over-

redundancy FOr indices (Table 2) (Mouillot et al., 2014). To

identify and visualize functional groups, we used the Gower trait-

based distances among species in the average linkage clustering

algorithm (unweighted pair group method with arithmetic mean

(UPGMA)). It is a hierarchical method providing a dendrogram

representation. Then, we employed the gap statistic method to

determine the optimal number of functional groups (clusters) on

the dendrogram (Tibshirani et al., 2001).

We tested the quality of the multidimensional space,

representing the functional space built from a principal

coordinates analysis (PCoA) considering two to 10 dimensions,

using the R package mFD (Magneville et al., 2022) (SI Figure S1). To

assess the quality of the representation, we used the lowest deviation

between the original Gower trait-based distances among species and

their Euclidean distances in the functional spaces from the PCoA

(Maire et al., 2015). This index ranges between 0 and 1, with 0 being

the lowest deviation. mSD values were very low for every number of

dimensions considered (<0.13, Figure S1), and therefore, we kept

only two dimensions to create and represent the functional space.

We calculated the six complementary indices of FD (Table 2),

using the mFD package, for alpha diversity (i.e., computed for each

sampled station, see values in Table S2). The values of the indices

were scaled between 0 and 1 by dividing each value by the

maximum value computed for a given index, except for FEve and

FDiv, for which the values were already set between 0 and 1.

Finally, the empirical pairwise relationships (i.e., complementary/

redundancy) among alpha FD indices were investigated using a

draftsman plot representing both i) x–y plot fitted by a non-

parametric local regression (locally reweighted scatter plot

smoothing (LOWESS)) and ii) correlation coefficient (Figure S2).

Then, given the non-linear trends among each FD index and some

explanatory variables (Figure S2), generalized additive models

(GAMs) were used to assess the relationship among each

complementary alpha FD index (i.e., non-linearly related and non-

correlated) and the environmental variables (oxygen, temperature,

and depth), day and nighttime, and interactions among these

explanatory variables. GAM analysis assesses the effect of multiple

predictors in additive models and has the advantage of not requiring

an a priori linear relationship. The models were chosen based on

analyses of the multiple variable combinations, which were compared

using the Akaike information criterion corrected for finite sample

sizes (AICc). The best-fitted models were those with the lowest AICc.

All GAM analyses were conducted using the R package “mgcv”

(Wood, 2001).
Frontiers in Marine Science 06
2.6 Traits-environment relationship

We performed a fourth-corner analysis (FCA) (Legendre et al.,

1997; Dray and Legendre, 2008; ter Braak et al., 2012) on the three

following tables: environmental variables (R), species abundance

(L), and functional traits (Q). The fourth corner correlation allows

us to quantify the overall amplitude of the association among traits

and environmental variables. The square of this correlation is a

score test statistic for trait–environment association in a Poisson

log-linear model (ter Braak et al., 2017).

The analysis was performed among functional traits and

environmental variables (depth and oxygen, but not temperature and

salinity being negatively correlated to depth; see Figure S2) separated by

period (day/night) to account for the daily movement of species in the

water column. For the day period, 33 stations and 143 species were

included in the analysis, and for the night period, 29 stations and 145

species were considered. To address multiple comparisons, the

conservative Holm method was employed (Holm, 1979), which

adjusts the p-values of each test using a threshold. Global hypothesis

test model 6 was conducted, which consists of the simultaneous testing

of model 2 (permutation of abundances among stations) and model 4

(permutation of abundances among species). Two permutation tests

(n = 9,999) considering model 2 and model 4 were computed. Model 2

tests H0, assuming that environmental conditions do not influence

species distribution with fixed traits. Model 4 tests H0, assuming that

species traits do not influence the species composition of samples with

fixed environmental conditions. The FCA used the “ade4” (Kleyer

et al., 2012) R package (R Core Team, 2022).
3 Results

A total of 7,190 individuals were collected from 62 sampling

stations using trawling techniques during both day and night. These

individuals represented 200 different species, belonging to 131

genera and 57 families (Table S1). Detailed results related to

gamma diversity according to sampling depth layers and periods

(day/night) are included in Table 3. Accumulation curves of species

richness (gamma diversity) are provided in Figure S3. These latter

highlighted that both observed (when rarefied to a common

sampling effort) and estimated total species richness are higher in

the lower mesopelagic layer (Figure S3).

Functional diversity was calculated for 184 out of the 200

species, as trait values were lacking for 16 of them (see Data

Analyses section). Species were distributed across 47 stations (see

above Data Analyses section), including 19 in the epipelagic layer, 7

in the upper mesopelagic layer, and 21 in the lower mesopelagic

layer. The FEs were arranged into 134 groups. The largest group,

FE1, was composed of seven species (Benthosema suborbitale,

Ceratoscopelus warmingii, Diogenichthys atlanticus, Hygophum

hygomii, Hygophum macrochir, Hygophum reinhardtii, and

Hygophum taaningi). Additionally, two FEs comprised five

species, one FE with four species, 10 FEs with three species, and

13 EFs with two species, totaling 77 species distributed in the FEs.

No trait values were shared among 107 species (79.85%), thus
frontiersin.org
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having no functional redundancy with another species. The family

Stomiidae exhibited the highest number of species with unique

combinations of traits (n = 15). Likewise, the Myctophidae and

Stomiidae encompassed a great number of FE with 10 and eight

FEs, respectively.

As previously mentioned, we have identified 134 FEs based on

precise combinationsof trait values, amongwhich107FEshadeachonly

one species, and only 27 FEs had more than two species. Furthermore,

the functionalover-redundancyFOr index showed lowvalues; each layer

had mean values of 0.1, 0.074, and 0.09 for the epipelagic, upper

mesopelagic, and lower mesopelagic zones, respectively. In addition,

we found lowmean values of functional redundancy FRed index of 1.23,

1.1, and, 1.26, for these three zones, respectively. To complement this

analysis andprovide abroader assessment of species’ functional roles,we

also conducted a hierarchical clustering analysis offunctional traits. This

analysis identified 10 major functional groups of species (Figure 2),

which allowed us to better understand the interplay between species and

their functional roles within their ecosystem. This dual approach

provides a more comprehensive understanding of species

complementarity and redundancy.

These 10 major groups are the following:
3.1 Group 1 (green)

The largest group encompassed a total of 45 species, primarily

composed of species belonging to the Stomiidae (86.36%). Key traits

displayed by these species include a sagittiform body shape, black or

dark-bicolor coloration, light emission, counter-illumination, lure

apparatus, spherical eyes, and micronektonivorous feeding habits.

Group 1 notably contains the highest number of species exhibiting

unique trait combinations (21 species) and eight FEs.
3.2 Group 2 (yellow)

The second largest group, comprising 40 species ,

predominantly consisted of species of the Myctophidae (34
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species), also including similar species of the Phosichthyidae (4),

Nomeidae (1), and Howellidae (1). Species in this group exhibited

characteristics such as relatively small overall size, vertical

migration, zooplanktivorous feeding habits, large spherical eyes,

counter-illumination, prey illumination, and dark-bicolor

coloration. Group 2 had the highest number of FEs (10).
3.3 Group 3 (dark blue)

The third largest group, encompassing 30 species, primarily

included members from the Melamphaidae (11), Chiasmodontidae

(5), and Cetomimidae (4) families. These species were mainly

characterized by moderate to small spherical eyes and the lack of

bioluminescence (except for Pseudoscopelus). This group accounted

for five FEs.
3.4 Group 4 (light blue)

This group comprised 17 species, encompassing all members of

the Scopelarchidae (five species) as well as 11 species of other

families. Species in this group were primarily characterized by

bicolored light or silvery coloration, large eyes, and piscivorous

habits. Interestingly, this group was composed of just one FE, which

includes Scopelarchus analis, Scopelarchus guentheri, and

Scopelarchoides danae.
3.5 Group 5 (pink)

This group consisted of 14 species and one FE. It encompassed all

nine species of the Sternoptychidae found in our samples, along with

five species of the Gonostomatidae. Species in this group displayed

counter-illumination, zooplanktivorous feeding habits, and relatively

short total body lengths. Most of the Sternoptychidae species

exhibited a silvery color and a compressed body shape.
TABLE 3 Fish community features collected within each oceanographic layer and time period (day, night, and total (day + night)).

Layer Period and
stations (n)

Species
richness (S)

Individuals
(j)

Epipelagic Day (12) 17 80

Night (19) 65 1.396

Total (31) 71 1.476

Upper
mesopelagic

Day (8) 46 714

Night (2) 63 329

Total (10) 82 1.043

Lower
mesopelagic

Day (13) 142 2.271

Night (8) 124 2.400

Total (21) 180 4.671
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3.6 Group 6 (orange)

This group also consisted of 14 species and one FE. Group 6

predominantly featured species from families of the order

Argentiniformes: Opisthoproctidae (three species), Bathylagidae

(two species), and Microstomatidae (one species). Moreover, six

additional families were part of this group. Most species in Group 6

exhibited relatively short body lengths, lack of bioluminescence,

forked caudal fins, and zooplanktivorous feeding habits.
3.7 Group 7 (purple)

This group consisted of 13 species distributed across six families.

Six species in this group belong to the order Anguilliformes (three

Serrivomeridae and three Nemichthyidae). Most species in Group 7

displayed a filiform body shape, pointed caudal fins, spherical eyes, lack

of bioluminescence, silvery coloration, and vertical migration patterns.

No FE was identified in this group.
3.8 Group 8 (Red)

This group consisted of nine species from five families. Except for

Eurypharynx pelecanoides (Anguiliformes), all species in this group

were Lophiiformes. They were characterized by the presence of lure
Frontiers in Marine Science 08
appendages, black coloration, globiform or sagittiform body shapes,

and micronektonivorous habits. This group accounted for one FE.
3.9 Group 9 (light green) and
Group 10 (brown)

Composed of only two and one species, respectively. Group 9

included two species of the Giganturidae (Gigantura chuni and

Gigantura indica), characterized by sagittiform body shape, tubular

eyes, and generalist feeding habits. Group 10 consisted of Isistius

brasiliensis, the single elasmobranch species collected in our samples,

characterized by a sagittiform body shape, spherical eyes, and

piscivorous feeding habits. No FEs were identified in both groups.

In terms of functional space, overlaps were observed among depth

layers and time periods (gamma-diversity, Figure 3). Nonetheless, the

volume of the convex hull occupied by species was substantially

greater in the lower mesopelagic layer (alphamean FRic = 0.58 ± 0.28)

compared to the epipelagic layer (alpha mean FRic = 0.19 ± 0.15) and

the upper mesopelagic layer (alphamean FRic = 0.38 ± 0.32, Figure 4).

This indicates a broader mean functional range for mesopelagic fish

species in assemblages of deeper waters.

In both periods, FRic values were higher in the lower

mesopelagic layer, although there was little difference in

functional space in the upper mesopelagic layer during the night,
FIGURE 2

Hierarchical clustering of species defined based on their pairwise functional distances and groups identified according to the Gap stat criterion for
optimal group partitioning (fish images adapted from Sutton et al., 2020).
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FIGURE 3

Comparison of functional space in 2-D from each oceanographic layer. The gray dashed line represents the global functional space (i.e., all layers
combined). PCoA (Principal Coordinates Analysis) was computed on functional trait values (number of species = 184). Barplots present the mean values
with standard deviations (values provided in Table 4) of each functional diversity index (see definitions in Table 2) for each oceanographic layer.
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with an average of 0.68 ± 0.05 in this layer and 0.70 ± 0.03 in the

lower mesopelagic layer (Figure 4; Table S3). In FEve (Figure S4),

the epipelagic layer obtained the highest uniformity, with an

average of 0.58 ± 0.06 during the day, but this value decreased to

0.40 ± 0.03 during the night (Figure 4; Table S3).
FIGURE 4

Barplots present the mean values with standard deviations (values provided i
for each oceanographic layer. PCoA, Principal Coordinates Analysis.
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FDiv (Figure S5) reached 417, the highest means value in both

periods (Figure 4; Table S3), with a peak in the upper mesopelagic

layer at night with 0.76 ± 0.00. However, this layer had the lowest

mean value during the day at 0.61 ± 0.04. FDis (Figure S6) showed

the highest mean value at the upper mesopelagic layer during the
n Table 4) of each functional diversity index (see definitions in Table 2)
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night, with 0.41 ± 0.00 (Figure 4; Table S3). During the day, the

lower mesopelagic layer had the highest mean value among the

other layers (Figure 4; Table S3).

Likewise, all layers presented relatively low values of FOri; however,

during the night period, the mean values between the upper meso- and

lower mesopelagic layers approached each other, with values of 0.29 ±

0.03 and 0.31 ± 0.02 (Figure 4; Table S3, Figure S7), respectively. The

seven species contributed the most to this index (contribution > 6%

obtained with the mFD package from individual species contribution

to the overall index value) were Malacosteus niger (8.8%), Melanonus

zugmayeri (8.5%), E. pelecanoides (7.9%), Eumecichthys fiski (7.1%),

Platytroctidae sp. (7.0%), Chauliodus sloani (6.9%), and Melanocetus

johnsonii (6.5%).

Regarding FSpe, the mean values were equal between the layers

during the night period, at approximately 0.55 ± 0.01 for all layers,

highlighting a moderate average distance of a species to the other

species within the functional space (Figure S8). The analysis of the

contribution of individual species to the FSpe index revealed thatM.

johnsonii (45%) contributed the most to this index. Additionally,

important contributions (≥40%) were made by three species of the

Stomiiformes (Heterophotus ophistoma, 42%; Melanostomias

biseriatus, 42%; Grammatostomias ovatus, 41%, one species of

Gadiformes (M. zugmayeri , 42%), and three species of

Lophiiformes (Oneirodes carlsbergi, 40%; Oneirodes anisacanthus,

40%; Chaenophryne draco, 40%). These results indicate that species

of Lophiiformes, including M. johnsonii, which stood out in both

indices, played a crucial role in functional specialization

and originality.

GAMs, fitting the variation of each index (alpha diversity

values) in the function of explanatory variables and their

interactions (see raw relationships in Figure S2), revealed that the

influence of these variables explained between 40.4% and 83.1% of

the deviance, depending on the indices (Table 5). Generally, depth

proved to be a crucial variable for functional diversity indices, being

significant in four out of the six investigated indices (see Figure 5 for

variables having a significant effect, as well as Figure S9 for all

graphs of each variable included in the GAMs).

FRic exhibited the largest number of significant relationships

(Table 5), with notable inverse relationships with depth according

to day and night periods. Indeed, during the day, FRic increased

with depth, while at night, there was a peak between 400 and 600 m

and then a decrease (Figure 5A). In terms of the relationship with

oxygen, FRic decreased with depth during the day, but at night,

there was a peak at 4.5 dissolved oxygen, followed by a slight

decrease (Figure 5A).
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Concerning FEve, only a significant relationship with oxygen

during the day was observed (Figure 5B; Table 5), with a sharp

decrease at 4.5 dissolved oxygen before a rapid increase. Regarding

FDiv, depth and the interaction between oxygen and depth were

significant (Table 5). FDiv decreased with depth and had different

mean values according to depth and the level of dissolved oxygen

(Figure 5C). It notably reached an intermediate value of 0.4 at

approximately 750–900-m depth and 3.4–3.7 of dissolved oxygen

(red line at the bottom right of the interaction plot; Figure 5C).

FDis exhibited opposite trends with dissolved oxygen, depending

on the period considered, with a peak at 4.5 dissolved oxygen during

the day, while a slight increase occurred at night (Figure 5D;

Table 5). Regarding FOri, the interaction between depth and night

was significant (Table 5), increasing with depth (Figure 5E; Table 5).

Finally, for FSpe, the interaction between depth and day was

significant (Table 5), with an increase of FSpe up to 500 m and

then a slight decrease (Figure 5F).

The FCA showed positive correlations among some traits and

depth according to the period (day and night) considered (Figure

S10). The data collected during the day revealed that depth

positively correlated with lure apparatus structure, non-migratory

behavior, teeth type 01 (long, slender, sharp), and skin color black

(Figure S10). During the night, no significant correlations were

found between functional traits and environmental variables

(Figure S10).
4 Discussion

Our study presents the first assessment of the FD of the

mesopelagic fish community across contrasted environmental

conditions. Examining the vertical gradient from the surface to

1,000-m depth, we discovered differences in niche occupancy across

depth and period (day/night) and high functional diversity offish in

the deepest assemblages. We also observed low sharing of functional

traits among species, indicating a wide range of unique trait

combinations among major functional entities and groups.

Likewise, assemblages of the different depth layers displayed low

functional redundancy and over-redundancy among species.

Overall, these results indicate that species play complementary

functional roles. Our findings suggest that for mesopelagic fish

communities, relatively high taxonomic species richness is not a

proxy of functional redundancy and related insurance to buffer

functions in case of species loss. Finally, we also offer insights into

the relationships between traits and environmental factors. Here, we
TABLE 4 Mean and standard deviation values of the complementary functional indices (see Table 2) by oceanographic layer.

FRic FEve FDiv FDis FOri FSpe

Epipelagic 0.19 ± 0.15 0.44 ± 0.16 0.74 ± 0.14 0.27 ± 0.12 0.14 ± 0.13 0.54 ± 0.05

Upper meso. 0.38 ± 0.32 0.50 ± 0.14 0.66 ± 0.21 0.35 ± 0.14 0.23 ± 0.10 0.62 ± 0.07

Lower meso. 0.58 ± 0.29 0.50 ± 0.14 0.76 ± 0.17 0.36 ± 0.12 0.33 ± 0.16 0.56 ± 0.08

Total 0.39 ± 0.13 0.48 ± 0.17 0.74 ± 0.17 0.32 ± 0.13 0.24 ± 0.16 0.56 ± 0.07
fro
FRic, functional richness; FEve, functional evenness; FDiv, functional divergence; FDis, functional dispersion; FOri, functional originality; FSpe, functional specialization.
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discuss these main results and the implications of our findings in

the studied area.
4.1 Vertical variability in functional diversity
of mesopelagic fishes

The functional diversity analysis showed high functional

diversity, with at least 10 major functional groups identified.

Generally, the primary groups exhibit low functional redundancy,
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indicating that species perform a wide array of functions and

ecological roles within the ecosystem. Furthermore, 107 species

exhibited a unique composition of functional traits, emphasizing a

significant potential for providing distinct contributions to

ecosystem functioning. In addition, the functional diversity

indices, computed at the station level (alpha diversity), were

relatively high for the deepest assemblages, suggesting a higher

degree of specialization among the species considered, and a wider

range of functions performed by mesopelagic fishes. Furthermore,

our analyses took into account the day and nighttime periods and
TABLE 5 Generalized additive models (GAMs) with Gaussian function on the relationships among functional diversity indices (Table 2) and
explanatory variables.

Index Explan. Var. Sum Sq. Mean Sq. F p-Value AIC Dev_expl

FRic

s(depth) 1.89987 1.89987 53.0519 2.34E−08 *** −9.7268 72.28%

s(oxygen) 0.31073 0.31073 8.6769 0.00587 **

Period 0.49342 0.49342 13.7783 0.00076 ***

Layer 0.09 0.045 1.2566 0.29788

Residuals 1.18179 0.03581

FEve

s(depth) 0.02344 0.02344 0.8388 0.36602 −22.608 28.65%

s(oxygen) 0.10101 0.10101 3.6137 0.06556 .

Period 0.04791 0.04791 1.714 0.199

Residuals 0.9783 0.02795

FDis

s(depth) 0.121 0.12101 9.0065 0.00509 ** −55.805 42.73%

s(oxygen) 0.04643 0.04643 3.4558 0.07197 .

Period 0.0228 0.0228 1.6972 0.20167

Layer 0.15335 0.07667 5.7069 0.00744 **

Residuals 0.44337 0.01344

FDiv

s(depth) 0.00005 0.00005 0.003 0.9569 −40.751 51.50%

s(oxygen) 0.09616 0.09616 5.1957 0.02924 *

Period 0.15654 0.15654 8.4579 0.00646 **

Layer 1.16457 0.58229 31.462 2.26E−08 ***

Residuals 0.61076 0.01851

FSpe

s(depth) 1.8E−05 1.8E−05 0.0042 0.94849 −110.45 41.99%

s(oxygen) 0.00289 0.00289 0.6877 0.4129

Period 0.00212 0.00212 0.5042 0.48264

Layer 0.036 0.018 4.2846 0.02217 *

Residuals 0.13862 0.0042

FOri

s(depth) 0.40993 0.40993 21.479 5.39E−05 *** −39.306 48.49%

s(oxygen) 0.02587 0.02587 1.3553 0.2527

period 0.09932 0.09932 5.2041 0.02912 *

layer 0.02613 0.01307 0.6846 0.51133

Residuals 0.62982 0.01909
fr
No interactions among variables were found (i.e., p > 0.05) and are thus not presented.
AIC, Akaike information criterion; FRic, functional richness; FEve, functional evenness; FDis, functional dispersion; FDiv, functional divergence; FSpe, functional specialization; FOri, functional
originality.
Significance codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05.
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FIGURE 5

Generalized additive model (GAM) plots showing associations among functional diversity index (Table 2) and environmental variables (depth,
oxygen, depth, time period, and oceanographic layer) with 95% confidence intervals. (A) FRic. (B) FEve. (C) FDis. (D) FDiv. (E) FSpe. (F) FOri. FRic,
functional richness; FEve, functional evenness; FDis, functional dispersion; FDiv, functional divergence; FSpe, functional specialization; FOri,
functional originality.
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thus the migration, partial, or non-migration behaviors of species,

which can explain some patterns discussed below.

Indeed, regarding more specifically the indices analyzed, the

alpha mean values of most indices were slightly to highly superior in

the upper and lower mesopelagic layers than in the epipelagic layer,

except for FEve (day) and FSpe (night). Lower mean alpha values of
Frontiers in Marine Science 12
FEve were observed in the epipelagic layer compared to other layers,

indicating potentially more efficient resource use by species with

particular traits (Schleuter et al., 2010) during nighttime for species

making vertical migration. Moreover, there was an increase in the

mean alpha value of FEve during the day, where a regular

distribution of species in the niche space and complementary
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resource use by species is observed that should be associated with

the migration behavior of species. The high mean alpha values of

FDiv in all analyzed situations (depth strata and time periods)

suggest a high degree of niche partitioning (Mason et al., 2005).

Furthermore, in all situations, FOri was higher in the lower

mesopelagic layer, indicating that species in this depth strata, for

those that did not migrate until this layer, are more isolated from

each other from a functional point of view. It may indicate lower

competition among species with a similar set of trait values in this

layer (Brandl et al., 2016). However, we observed an increase in this

index in the upper mesopelagic layer during the night period, for

which the mean value of FOri became near one of the lower

mesopelagic layers. Compared to the three layers, the epipelagic

layer exhibits higher functional redundancy, except during the day

period, which could potentially lead to higher community resilience

(Rice et al., 2013), where only a few species were found, such as

Bramma spp., Gempylus serpens, and Zu cristatus. This could be due

to the higher migration of species with similar functional features

during nighttime at the epipelagic layer. Finally, the mean

alpha values of functional specialization (FSpe) found in the

mesopelagic community, in particular during the day, may

indicate greater ecological stability of the overall assemblages

during that timea period, but also greater species vulnerability to

environmental changes.

When comparing different depths, the mean alpha functional

richness index (FRic) was found to be higher in the lower depths

(Figure 4), along with a higher number of species (Figure S3).

Eduardo et al. (2022) also observed higher species richness in the

lower mesopelagic waters, while Martinez et al. (2021) noted an

increase in morphological disparity of deep-sea fish, suggesting the

deep sea as a potential hotspot for fish evolution. Tuset et al. (2014)

also highlighted a depth effect on the morphospace established from

morphological features of mesopelagic fishes. Gluchowska et al.

(2017) similarly noted that depth-related variables are crucial in

structuring the functional diversity of zooplankton assemblages,

with mesopelagic assemblages being more diverse and uniformly

distributed than epipelagic ones. Likewise, Mindel et al. (2016)

found that for abyssal fishes (1,000–4,000 m), while abundance

decreases with depth, there is an increase in functional diversity,

with more distinct traits found in deeper layers, probably also

because resources are scarcer. Overall, it highlights that the

relationship between depth and functional diversity may depend

on the type and features of the ecosystem studied.
4.2 Relationships among traits,
environment, and time period

This study found a significant correlation among depth (salinity

and temperature being correlated with depth), teeth type 1 (long,

slender, and sharp), the presence of a lure apparatus structure, non-

migration behavior, and black skin color, but only during the day

period (Figure S10). Interestingly, the family Stomiidae

predominantly has these traits, especially for teeth type 1 (77.5%

of species), the presence of a luring apparatus (70% of species), and

black skin (41.1% of species).
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Teeth type 1 enables these fish to easily hold and pierce prey,

which, when combined with a wide jaw opening of some species

(e.g., M. niger and E. pelecanoides), increases the likelihood of

capturing prey. The black color, in contrast, provides effective

camouflage, allowing these species to blend into their dark

environment and evade predators or sneak up on prey. It also

minimizes bioluminescent reflections, reducing detection by

organisms using bioluminescence for communication or hunting.

For example, some species found in the lower mesopelagic layer

exhibit a coloration recently defined as ultra-black (e.g., Eustomias

spp. and Melamphaes spp.), which absorbs most light and make

them formidable hunters (Davis et al., 2020b), knowing also that

some species have many photophores and silver body.

The presence of lure apparatus and non-migratory behavior

related to depth are also notable examples of characteristics

associated with species inhabiting deeper waters (other species of

Stomiiformes with lure apparatus in the inferior mouth occurred in

the upper layer). The non-migratory behavior may be related to

preventing species in deeper strata from expending energy to move.

While this might limit feeding opportunities, this appears to be

counterbalanced by ambush-feeding strategies employed by certain

species, such as anglefishes, which utilize bioluminescent lures to

attract their prey. These lure apparatuses imitate the

bioluminescence of their prey’s food sources or conspecifics,

enticing unsuspecting prey toward them and facilitating easier

capture (Widder, 2010).

In addition to the traits that exhibit a significant correlation

with depth, mesopelagic fishes present other important adaptations

that allow them to explore and use deep environments that are

important to be mentioned. For example, in some bristlemouths

(Gonostomatidae), the eyes are small, yet the relative pupil

diameter and aphakic gap are large. This adaptation substantially

improves retinal illumination for peripheral targets in low-light

environments, such as the mesopelagic zone (Davis et al., 2020a).

Moreover, certain species possess multiple rhodopsin genes, which

encode the protein crucial for vision in low-light conditions. For

instance, Diretmus argenteus has 38 copies of the rhodopsin gene

and two other distinct opsins (Turner et al., 2009). This enables the

detection of bioluminescence wavelengths, suggesting an advantage

in food capture and predator evasion tactics. However, such traits

were not correlated with any specific layer, likely due to the

movement of species between various layers.
4.3 Hypotheses on processes structuring
mesopelagic fish community

The first underlying hypothesis suggested by the observed

patterns is that deeper and more stable environments led to more

species specialization and thus encompass more different and

functional complementary species as we quantified (Table S3;

Figures 3, 4, S4–8). Indeed, environmental gradients play an

important role in morphological evolution, impacting the nature

and pattern of trait variation in organisms (Conover and Schultz,

1995; Goldberg and Lande, 2006; Mullen and Hoekstra, 2008;

Juarez et al., 2019). Notably, depth-related factors like light,
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temperature, and oxygen can act as a barrier for some mesopelagic

fishes, for which displacement represents a higher energetic

expenditure (Robison, 2004). Some other species can inhabit

areas with reduced oxygen levels (Olivar et al., 2017; Assunção et

al., 2023). They may use these less oxygenated layers as protection

from predators or as an energy-saving strategy during the day,

leaving this zone at night. It is also known that environmental

heterogeneity generates diversifying selection, so if there are no

constraints on the ecological niche evolution, the breadth of

adaptation should evolve to match the amount of environmental

variation (Via and Lande, 1985). Therefore, ecological specialists

should occur more in environments that are relatively

homogeneous in space and time, such as in deep zones, whereas

ecological generalists should occur more in environments that are

heterogeneous in either dimension (Kassen, 2002).

In stable environments where photosynthetic primary production

is absent, species specialization can also be an evolutionary advantage

(Kassen, 2002). For instance, specialization is one of the primary

mechanisms allowing sympatric species to coexist through the

division of resources. Lanternfishes (Myctophidae) and hatchet fishes

(Sternoptychidae), the two most abundant mesopelagic fish families in

our samples, differ in their prey composition, space occupation, and

morphology, displaying high specialization and multidimensional

niche partitioning (Tuset et al., 2018; Eduardo et al., 2020b; Eduardo

et al., 2021).

A second and linked underlying hypothesis suggested by the

observed diversity patterns is a “limiting similarity” among species

(MacArthur and Levins, 1967), presented in the Introduction

section. While environmental filtering may contribute to

structuring the fish communities studied (Figure 5; Table 5), our

results supported a predominance of the limiting similarity

hypothesis. Concurrently, competition theory (Schoener, 1974;

Abrams, 1992) could also be an evolutionary process, where

shorter trophic chains and fewer alternative resources available

may reduce interspecific dietary overlap, leading to greater

adaptation and specialization in deep environments. In these

areas, where photosynthetic food availability is lower, adaptation

and species specialization could minimize competition and

functional similarity. Such specialization may, therefore, increase

functional diversity, as demonstrated for some coral reef fish

(Bender and Luiz, 2019).

Furthermore, environmental stability for mesopelagic fishes can

vary across the bathymetric layers. On the one hand, environmental

conditions in the epipelagic zone are affected by factors such as solar

radiation, wind, and nutrient availability, which can vary on a daily

or seasonal basis, leading to fluctuations in temperature, salinity,

and nutrient concentrations. On the other hand, the mesopelagic

zone is more stable in terms of temperature and salinity, as it is less

influenced by surface-related factors (Priede, 2017).

The relationship between environmental variables and

functional diversity indices provides insights into possible

changes that may occur in functional space due to environmental

variations. Our results showed that the variations in the functional
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diversity of fishes are partly related to environmental variables

(Figures 5, S9; Table 5). Therefore, if oceanographic processes

and the period of year cause the mesopelagic environment to

move closer to the surface, species with unique traits could be

exposed to increased anthropogenic interaction, resulting in

potential changes to the mesopelagic fish community.

The preservation and management of the deep environment are

of particular concern, as human interest in this zone is increasing in

different areas worldwide, with potential impacts from fisheries

(Hidalgo and Browman, 2019), deep-sea mining, plastic pollution

(Drazen et al., 2020; Ferreira et al., 2022; Justino et al., 2022), and

climate change (warming, deoxygenation, and acidification,

Ramirez-Llodra et al., 2011; Barry et al., 2013). Notably, while the

study area is a well-oxygenated zone when compared to other

mesopelagic areas in the world (Priede, 2017), the expansion of

oxygen minimum zones (Gilly et al., 2013) could be of particular

concern. If mesopelagic species are adapted to the stability of deep-

sea waters, disturbances may threaten mesopelagic communities.

Regarding the mesopelagic fish communities off north-western

Brazil, we have highlighted a relatively low sharing of functional

trait values among species, with more than half of them having

unique trait combinations. It emphasizes a considerable potential

for providing distinct species contributions to ecosystem

functioning. However, it also underlines the relative functional

uniqueness of species and thus the potential vulnerability of fish

communities facing threats in cases where some species decrease in

abundance or even disappear. Overall, this calls for particular

attention to dedicated and accurate management measures for

mesopelagic fish communities in the studied area.
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