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Depth-related patterns and
regional diversity of free-living
nematodes in the deep-sea
Southwestern Gulf of Mexico

Maickel Armenteros™, Octavio Quintanar-Retama®?
and Adolfo Gracia®*

Instituto de Ciencias del Mar y Limnologia, Universidad Nacional Auténoma de México, Ciudad de
México, Mexico, ?Posgrado en Ciencias Bioldgicas, Universidad Nacional Autdnoma de México,
Ciudad de México, Mexico

Diversity of free-living marine nematode assemblages in the Southwestern Gulf
of Mexico (SW GoM) is scarcely studied. Here, we aimed (1) to analyze the
influence of a water depth gradient on the species richness, feeding type and
taxonomic composition of assemblages; and (2) to document the regional
diversity of free-living nematodes in the SW GoM. We sampled 63 sites along a
water depth gradient from 186 to 3774 m during four oceanographic cruises. We
found clear variations along the depth gradient of bottom water (temperature,
salinity, and dissolved oxygen) and sediment variables (grain size and organic
content). We identified 1881 nematodes belonging to 108 genera, 33 families, ten
orders, and two classes. The abundance and species richness decreased with
water depth. However, the expected number of species for a same level of
abundance did not change along the depth gradient likely because the scarcity of
food was compensated by reduced environmental stress (e.g., higher oxygen
content and physical stability). Microbial sucker was the most abundant feeding
type indicating the important role of sediment bacteria in the nematode’s diet.
Species composition varied along the depth gradient with dominance in the
upper slope sites of species of Comesomatidae tolerant to reduced sediments
(e.g., Dorylaimopsis sp., Sabatieria spp., and Setosabatieria hilarula). Many
congeneric species typical of deep sea were restricted to the deepest sites
such as Acantholaimus spp., Ledovitia spp., Desmoscolex spp., and Halalaimus
spp. The nematode regional diversity of SW GoM was 154 species, but the Chao 1
estimator indicated a richness of about 194 species and a highest limit of 246
species. The accumulation curves of richness were non-asymptotic suggesting a
substantial fraction of undiscovered richness. Our study increased the free-living
nematode fauna of GoM in 144 species (76%) respect to Hope's list (2009). The
large diversity of nematodes stands out the necessity of further studies to unravel
the environmental drivers of o- and B-diversities and highlights the potential of
this taxon for monitoring the deep sea of the Gulf of Mexico.
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Introduction

Nematoda is the 5™ most diverse phylum of Animalia
(Zhang, 2011) with about 28 537 described species (Hodda,
2022a). There is a large uncertainty about the total number of
nematode species on the Earth, although Appeltans et al. (2012)
estimated that only 19% of the total is known. Nematodes occur
in all the habitats on the Earth, from the deep sea to the ice caps,
and can be parasitic or free-living. The free-living nematodes are
usually the most abundant metazoans in soils and sediments.

In the deep sea, free-living nematodes are particularly
important in terms of abundance and diversity (Zeppilli et al.,
2018). Nematodes have a body size in the order of 1 mm and
therefore are part formally of the meiofauna, which is
operationally defined as metazoans passing through 500 pm
sieve and retained in 45/38 um sieves. However, nematodes also
occur in the macrofauna, i.e., the metazoans retained in 500 pm
sieves. Many studies have been published on the ecology and
diversity of deep-sea nematodes in the last 20 years resulting in an
enormous body of knowledge. From an ecological point of view,
four factors are mainly responsible of the meiofauna community
structure in the deep sea (Rosli et al., 2018a): food availability,
substrate structure, physico-chemical characteristics, and physical
disturbance. These factors and associated processes are also main
determinants of the nematode assemblage structure.

The studies on diversity of deep-sea nematode assemblages
pose significant taxonomic challenges because usually each genus/
species is represented by few individuals (Danovaro and Gambi,
2022). In addition, collections contain many undescribed species
particularly of important families such as Xyalidae and
Oxystominidae (Miljutin et al., 2010). Therefore, the identification
and naming at species level is not always possible, although
discrimination of congeneric species is usually possible.

The species richness of deep-sea nematodes is usually high at
local scale (i.e., a-diversity). However, the magnitude of regional
richness (i.e., y-diversity) and its causes are still debatable.
Lambshead and Boucher (2004) concluded that regional
richness is rather modest because similar patches in a similar
habitat are repeated for considerable distances. However, more
recent evidence suggests that nematode genus/species turnover
is very high in the deep sea and depends on processes acting at
different scales (Pusceddu et al., 2009; Danovaro et al., 2013;
Rosli et al., 2018b). In addition, water depth constitutes an
important driver of nematode abundance (Trebukhova et al.,
2013; dos Santos et al., 2020) and it is related fundamentally to
trophic conditions and sediment properties (Udalov et al., 2005).
These features explain the high rareness and endemism at
regional scale reported by Danovaro and Gambi (2022) in a
recent study over 246 sites of the deep sea.

The free-living nematodes in the deep waters of the Gulf of
Mexico (GoM) have been the subject of few ecological/diversity
studies. In a pioneer study, Sharma et al. (2011) detected a
decreasing body size of macrobenthic nematodes along depth in
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the northern GoM. Sharma et al. (2012) studied 16 sites along two
transects in the north-central GoM reporting that organic loads
from Mississippi River drove the nematode assemblages. Jones et al.
(2016) studied the nematode assemblages in 16 sites in the shelf and
slope of northern GoM and concluded that west-east gradient in
sediment characteristics and habitat type were the main drivers of
assemblage structure. Soto et al. (2017) reported significant changes
in the large-sized nematode assemblage structure in the
northwestern GoM that they suggest could be due to the
Deepwater Horizon oil spill. In the most recent study, Cisterna-
Celiz et al. (2019) sampled 27 deep-sea sites over the southern GoM,
and identified nematodes from seven sites, reporting that
assemblage structure fitted into a “species-sorting” model that
included environmental characteristics, niche differentiation, and
limited dispersal. All these studies identified nematodes at
genus level.

Studies of deep-sea nematodes at species level in GoM have
been mostly devoted to taxonomy and the last revision on the
diversity of the group was made by Hope (2009) about 12 years
ago. He reported 190 species of nematodes, of which 126 (66%)
were endemic and 64 (34%) were not (Hope, 2009).

Two massive accidents have occurred in the GoM related with
oil industry. In 1979, a blowout in the exploratory oil well Ixtoc I in
the Bay of Campeche released ca. 3.4 x 10° barrels of crude oil into
the tropical waters of Campeche Sound during nine months (Soto
et al, 2014). In 2010, a blowout of the well Macondo in the
northcentral GoM released ca. 4.9 x 10° barrels of oil during 87
days (Lubchenco et al., 2012). In this scenario, our study was carried
within the Gulf of Mexico Research Consortium (CIGoM)
advocated to develop a baseline of environmental variables for
evaluating potential large oil spill impact in the deep waters of GoM.
A huge body of knowledge was generated during five years in this
project, which was summarized in a set of synoptic atlases (https://
atlascigom.cicese.mx) . The data gathered by this initiative go
beyond the atlases and can give insights about patterns and
processes in the deep waters of GoM. We gathered thousands of
observations and hundreds of water and sediment samples derived
from four oceanographic cruises (SOGOM 1-4) in a broad region
of the southwestern GoM.

In this contribution, we analyzed the diversity patterns of
nematode assemblages in the southwestern GoM with two
objectives: (1) to assess the effects of a depth gradient on the
species richness, taxonomic composition, and feeding type
composition; and (2) to document the regional diversity of free-
living nematodes.

Materials and methods
Study region and sampling

We studied the seabed in the southwestern GoM from the
upper continental slope to the abyssal plain. The oceanographic
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conditions in the southwestern GoM are typical of an oligotrophic
regime and are influenced by the loop current. The sediments in the
southwestern part of GoM are a mixture of siliciclastic and
carbonate sediments that varies from west to east (Brooks et al.,
2020). According to Brooks et al. (2020), the sediments in the
westernmost part have a higher fraction of terrigenous origin
related with the Grijalva-Usumacinta River System. Meanwhile in
the easternmost part, sediments are mostly of carbonate nature due
to pelagic deposition and downslope transport from the extensive
shelf of Campeche Bank. The southwestern GoM is characterized
by the presence of numerous oil seeps distributed along the
continental shelf and deep waters (Godoy-Lozano et al, 2018).
Also, there are many oil fields in the continental shelf of the SW
GoM that largely support Mexican oil production (Gracia, 2010).

We designed a grid of 63 sampling sites encompassing a
depth range from 186 to 3749 m and covering most of the
southwestern GoM (Figure 1 and Table 1). We made four
oceanographic cruises (SOGOM 1 to 4) onboard of the R/V
Justo Sierra of the Universidad Nacional Autobnoma de México
during successive years: 2015 (June, 3-27), 2016 (August, 31-
September, 20), 2017 (April, 21-May, 15), and 2018 (August, 29-
September, 20), so each site was sampled four times.

We measured three bottom water variables (average 217 m
over the seabed) in situ with a CTD probe Seabird SBE 9 plus:
temperature (°C), salinity (PSU), and dissolved oxygen (mg LY.
The water depth (m) was measured with the vessel’s echosounder.

We collected seabed sediments with a Reineck-type box corer of
0.16 m® of area. We made a single deployment of the box corer per
cruise and site. For the study of meiofauna, we retrieved two smaller
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cores of each box core inserting a plastic syringe (12 cm” of area)
10 cm into the sediment. We washed the sediments with filtered
seawater on sieves of 500 and 45 pm of mesh aperture. We stored
the sediment retained in the 45 pm sieve in a jar, added 10%
formalin for preservation, and added also 5-10 drops of Bengal
Rose for staining the organisms.

We collected 1000 cm’ of sediment from the box corer for
determinations of organic matter content and grain size of
sediments. We preserved these samples frozen until analysis in
the laboratory.

Sample processing

We measured the organic matter content in sediment by
oxidation with K,Cr,O; (Jackson, 1958). Namely, 1 g of dried
sediment reacted with 10 mL of K,Cr,0,, 10 mL of H,SO,, 10
mL of H;PO,4, and 100 mL of distilled H,O. One milliliter of
diphenylamine was added, and then organic matter was
estimated by titration with 0.5 N of FeSO,. Sediment
granulometry was measured with a Beckman Coulter LS230
laser diffraction analyzer and the particle size distribution
expressed as percentage of sand, silt, and clay.

We observed the sediment meiofauna samples under a
stereomicroscope Carl Zeiss Stemi 508 (maximum magnification
50%). We picked up all the nematodes in the samples with a
handling needle and stored them in vials with 70% ethanol. The
nematode processing followed the protocol described in Vincx
(1996) with some modifications. Briefly, we transferred the
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FIGURE 1
Map of the 63 study sites in the Southwestern Gulf of Mexico.
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TABLE 1 Sampling sites in the Southwestern Gulf of Mexico.

Site Latitude (N)
1 18.991
2 19.010
3 18.741
4 18.829
5 19.030
6 19.140
7 19.151
8 19.252
9 19.500
10 19.501
11 19.510
12 19.500
13 19.500
14 19.503
15 20.000
16 20.001
17 20.000
18 20.001
19 20011
20 20.011
21 20.500
22 20.501
23 20501
24 20.498
25 20.499
26 20.500
27 20397
28 20501
29 21.002
30 20.999
31 21.000
32 21.001
33 20.997
34 21.007
35 21.000
36 21.501
37 21.495
38 21506
39 21.500
40 21.504
41 21.501
42 21.502
43 21.999
44 21.999
45 22.000
46 21.995
47 22.005
48 21.997

Frontiers in Marine Science

Longitude (W)

93.500
94.011
94.500
95.000
95.500
95.490
94.991
94.252
93.501
94.016
94.498
94.989
95.501
96.000
96.001
95.502
95.002
94.498
94.013
93.002
92.501
93.497
94.500
95.000
95.501
96.001
96.503
96.500
96.501
96.002
95.500
95.001
94.492
94.006
93.001
92.504
93.488
94.489
94.999
95.503
96.003
96.501
96.502
96.005
95.502
94.990
94.489
94.006

Depth (m)

452
665
235
186
211
1035
1723
1333
720
1181
1508
2346
1917
186
1757
2383
2730
2077
1466
1269
2399
1785
2870
3049
2542
1828
378
583
1420
2197
2710
3139
3259
2574
2621
3013
2763
3436
3269
2760
2294
1611
2179
2617
2904
3356
3564
3564

04

Nematodes identified

82
108
39
195
102
55
50
43
18
102
41
21
38
101
23

10.3389/fmars.2022.1023996

Species richness

33
51
17
58
38
27
26
24
14
44
24
16
24

(Continued)
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TABLE 1 Continued

10.3389/fmars.2022.1023996

Site Latitude (N) Longitude (W) Depth (m) Nematodes identified Species richness
49 22.003 92,999 3329 9 7
50 22.505 93.503 3703 8 8
51 22505 94.006 3702 9 9
52 22504 94.491 3669 9 9
53 22,503 94.963 3473 7 7
54 22.503 95.502 3018 9 7
55 22,503 96.002 2550 18 10
56 22,502 96.501 2250 21 16
57 23.002 96.702 1796 7 6
58 23.002 96.007 2545 16 11
59 23.001 95.502 3077 7 7
60 23.000 94.998 3548 15 10
61 23.002 94502 3727 4 3
62 23.009 94.005 3740 8 7
63 23.001 93.000 3749 4 4
2285* 1881** 154%¢

*Average over the 63 sites.
**Sum of all samples along the 63 sites.

Depth refers to the average over the four cruises SOGOM. Identified nematodes and observed species richness are the sum of the samples of the four cruises.

nematodes in the vials into a staining cavity block, added 10 mL of
pure glycerol and left the cavity for 24 hours at 35°C in an oven.
This allowed for a slow evaporation of the ethanol and penetration
of the glycerol that make the nematodes transparent. After, we
placed 5-8 nematodes in a glycerol drop rounded by a paraffin ring
on a glass microscope slide. We put a cover slide on top and the
whole mounting slowly heated over a heating plate until the melting
of paraffin ring and the nematodes were sealed inside the glycerol.
We observed the montages under a Carl Zeiss Primo Star
microscope (maximum magnification 1000x) and identified the
nematodes at the lowest taxonomic level, usually species level. We
named many species as “sp.” because they did not match with any
described species, being likely new. We used “species affinis” (aft.) for
those species that resembles to known species, but differ slightly in
some morphological characters (e.g., number of precloacal
supplements, body size range). We used the book by Schmidt-
Rhaesa (2014) and taxonomic articles for the identification. For
systematics and nomenclature, we combined the revision by Hodda
(2022a) and the World Register of Marine Species (https://
marinespecies.org). We also classified each species into a feeding
type using the recent scheme proposed by Hodda (2022b): microbial
feeder (five subgroups: sucker, processor, piercer, crusher, and
scraper) and predator (two subgroups: chewer and piercer).

Data analysis

We used the whole dataset of abiotic variables (bottom water
and sediments) to describe changes along the depth gradient.
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We averaged the values of the four cruises (years) over the sites
to obtain robust spatial trends. We represented the trends of
abiotic factors in scatterplots along the depth gradient and added
the best fit curves using LOESS method.

For the analysis of diversity along the water depth gradient,
first we used the Spearman rank coefficient of correlation (rs) to
calculate the association between pair of variables, namely
abundance, number of species, and depth. After, we applied
rarefaction for a fair comparison between sites using the
expected number of species for n number of individuals (ES
(m)) with the software EstimateS 9.0 (Colwell, 2013). Rarefaction
to a same value of abundance reduces the positive influence of
abundance on species richness (Gotelli and Colwell, 2011). We
analyzed the species composition using a non-metric
multidimensional scaling (NMDS) numerical ordination with
the Sorensen index as measure of resemblance. We selected this
presence/absence index to reduce the influence of abundance on
the ordination. We used the software PRIMER 7.0.21 for the
multivariate analyses (Clarke et al., 2014).

For the analysis of regional diversity, we built a matrix of
species x samples for the analysis of the richness. We calculated
accumulation curves of species versus individuals to analyze the
completeness of the sampling and the maximum values of
regional richness. We used two metrics of richness with 0.95
confidence intervals (CI) generated by permutations: the
observed richness (SR) and the non-parametric estimator
Chao 1, this last provides a minimum bound of diversity that
included the unseen species in the assemblage (Gotelli and
Colwell, 2011).
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Results
Abiotic variables

Bottom water and sediment variables had clear variation
along the depth gradient. Temperature dropped in the shallow
sites (< 1000 m depth) from 18.3 to 7.8°C, and in the deeper sites
(> 1000 m) was very stable around 4.3°C (Figure 2A). Salinity
had a similar pattern, with > 36 PSU in the four shallowest sites,
a sharp decline of salinity in intermediate depths (300-600 m),
and a very stable value around 35 PSU in all sites deeper than
600 m (Figure 2B). Dissolved oxygen showed an opposite
pattern, the shallow sites (< 1000 m) had the lowest values
around 2.4 mg L}, increased in intermediate depths (1000-1500
m) around 4 mg L', and thereafter was stable for most of the
sites deeper than 1500 m (Figure 2C). The silt/clay ratio
increased from 180 to 1500 m depth indicating some relative

10.3389/fmars.2022.1023996

increase of silt over clay fraction; and deeper than 1500 m
occurred a steady increase of the relative content of clay in the
sediments (Figure 2D). The organic matter content decreased
steadily along the depth gradient from the shallow to deep sites.
The nine sites shallower than 1000 m had large variability of
organic content ranging from 1.7% to 3.0%; meanwhile, sites
deeper than 1000 m had a clear decreasing trend from about 2%
to 1% (Figure 2E).

Nematode diversity along a depth
gradient

As expected, water depth was negatively correlated with the
nematode abundance (rg = -0.75, p < 0.001, n = 63); in turn,
abundance was positively correlated with species richness (rs =
0.98, p < 0.001, n = 63). Therefore, we applied the technique of
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FIGURE 2

Abiotic variables in water column and sediments along a water depth gradient in 63 sites in the Southwestern Gulf of Mexico. (A) Temperature.
(B) Salinity. (C) Dissolved oxygen. (D) Silt/clay ratio. (E) Organic matter content. Points represent averages over the four cruises. The best fit

curves in blue were calculated by LOESS method.
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rarefaction for a value of 25 individuals. This number was a
compromise between the number of sites to be removed (i.e.,
those with < 25 individuals) and the minimum number of
individuals necessary for a comparison of richness along
depth. We removed 44 sites with less than 25 individuals of
abundance; so, we had a matrix of 143 species x 19 sites
distributed along a depth gradient from 186 to 3049 m
(average depth: 1118 m). The matrix of nematodes occurrence
during the four cruises x 63 sites is given in the Supplementary
Material S1.

The ES(;s5) did not change significantly along the depth
gradient as indicated by a Spearman rank correlation (r, =
0.21, p = 0.39, n = 19). A scatterplot of ES(,s5) versus depth
supported this lack of relationship, as indicated by the best-fit
line almost horizontal (Figure 3A).

We calculated the relative abundance of the feeding types for
each site. Crusher and Processor microbial feeders were less
important (< 6% at any site), therefore we summed them and
represented as “other” microbial feeder. The relative abundance

10.3389/fmars.2022.1023996

of feeding types did not show any trend along the depth gradient
(Figure 3B). Microbial sucker feeders were the most abundant
nematodes (mean * standard deviation: 62% + 10%), followed
by microbial scraper feeders (22% + 9%) and predator ingester
feeders (14% + 6%).

The configuration of the sites in the NMDS plot suggested a
gradual change of species composition related to water depth
(Figure 4). Shallow sites (e.g., 1, 2, 4, 5, 14, 27) had more similar
species composition than deeper sites (e.g., 13, 18, 20, 22, 24).
Vectors of abiotic variables superimposed on the ordination,
indicated the overarching effect of depth on the composition, but
also on the other abiotic variables. Depth was positively
correlated with dissolved oxygen and silt/clay ratio; meanwhile
depth was negatively correlated with temperature, salinity, and
organic matter content.

We selected a subset of 17 species that contributed at least
8% to the total abundance in any site. Further, we represented
the relative abundance of those species across the 19 sites
ordered by depth in a heat map (Figure 5). There were species
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Site

Species richness and feeding types of nematodes along a water depth gradient in 19 sites in the Southwestern Gulf of Mexico. (A) Expected
number of nematode species [ES;;5)]. Shaded area indicated 0.95 confidence intervals generated by permutations. The best fit curve in blue was
calculated by LOESS method. (B) Relative abundance of the feeding types. Sites were ordered by depth (shallowest to the left). Mic, microbial

feeders; Pred, predators; Ingest, ingester.
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FIGURE 4
Nematode assemblage structure represented by a NMDS numerical ordination of 19 sites in the Southwestern Gulf of Mexico based on the
presence/absence of species. Bubble size is proportional to the water depth at each site. Vectors represent the Pearson correlation between

abiotic variables and the ordination axes.
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FIGURE 5

sites in the Southwestern Gulf of Mexico.

broadly distributed along the depth gradient such as Sabatieria
aff. stekhoveni, S. aff. ancudiana, and S. conicauda. Other species
were restricted to the shallower sites such as Cervonema sp. 2,
Setosabatieria hilarula, Dorylaimopsis sp., and S. ornata. And
another group of species was typical of deeper sites such as
Acantholaimus spp., Ledovitia sp. 1, Viscosia aff. longissima, and
Anguinoides stylosum.
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Regional diversity

For the analysis of the regional diversity, we used the data
from the 63 sampled sites. We identified 1881 nematodes
belonging to 154 species, 108 genera, 33 families, ten orders,
and two classes (Supplementary Material S2). The accumulation
curves of observed richness and Chao 1 did not reach an
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asymptote (Figure 6). The observed richness had 0.95 CI
between 142 and 166 species. Meanwhile, Chao 1 estimator
suggested a mean value of richness of 194 species and a 0.95 CI
between 171 and 246 species.

The species composition indicated a moderate dominance with
15 species accounting for the 50% of the total abundance. The most
abundant species (in parenthesis the % of abundance) were
Sabatieria conicauda (6%), S. aff. stekhoveni (5%), Setosabatieria
hilarula (4%), Desmoscolex sp. 1 (4%), S. aff. ancudiana (4%),
Tricoma sp. 2 (4%), Cervonema sp. 1 (4%), and Acantholaimus
sp. 1 (4%). The rareness of species was notable, as 27% (35 species)
were represented by single individual and 9% (14 species) were
represented by two individuals. These rare species were mostly
restricted to the deepest sites such as Desmoscolex sp., Enchonema
spp.» Ledovitia spp., and Halalaimus spp.

Discussion

The integration of our data provides a synoptic description of the
abiotic environment and nematode assemblage structure in the
southwestern Gulf of Mexico. For this region, this is the first time
that deep-sea nematode assemblages are studied at species level.
Unfortunately, our dataset underestimates the true nematode
abundance due to methodological drawbacks during the
processing of samples. Therefore, we are not able to make
quantitative assessment of abundance, neither calculate
abundance-based indexes such as trophic diversity or maturity index.

As expected, there were clear oceanographic gradients from
the upper continental slope to the abyssal plane relative to
bottom water (temperature, salinity, and dissolved oxygen)
and sediment variables (granulometry and organic matter
content). At sites shallower than 1000 m, temperature and
salinity had larger variability according to the mix of water

10.3389/fmars.2022.1023996

masses from North Atlantic and the Caribbean Sea (Cervantes-
Diaz et al., 2022). At these sites, low oxygen in bottom waters (<
3 mg L) and high organic matter in sediments (> 2%) likely
reflected a larger input of organic carbon derived of primary
productivity in surface and influence of coastal river discharge.
At sites deeper than 1000 m, temperature, salinity and dissolved
oxygen were very stable and reflected the influence of the North
Atlantic Deep Water mass (NADW) (Hamilton et al., 2018;
Portela et al., 2018).

In general, the finest fraction of sediment (ie., clay) became
more important with increasing water depth, suggesting less
hydrodynamic activity at higher depths. The detected variability
in the silt/clay ratio in our study likely indicated the influence of
topographic features such as canyons, knolls, and valleys which are
commons in the seabed of southern GoM (Sahling et al., 2016). The
steady decline of the sedimentary organic content along the depth
gradient reflected the progressive remineralization of the organic
particles sinking in the water column causing less carbon to reach
the seabed (Stukel et al., 2022).

Nematode abundance in our study decreased significantly
with water depth likely indicating a gradient in food availability,
which is a common process in deep-sea sediments (e.g.,
Danovaro et al., 2008; Trebukhova et al., 2013; Gambi et al,,
2014; dos Santos et al,, 2020). Food availability in sediment has
been related to water depth and nematode body size as well
(Udalov et al., 2005). As abundance is closely related with species
richness (Gotelli and Colwell, 2011), it is not surprising that
species richness in our study decreased with increasing water
depth. However, when rarefied to a same level of abundance, the
richness did not change substantially along a water depth
gradient (185-3049 m). The relationship between water depth
and standardized richness of nematodes (for instance, expected
species, ES) is not universal. According to some studies, ES
increased with depth (dos Santos et al., 2020) and after other
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FIGURE 6

Accumulation curves of nematode species richness versus individuals of 63 sites in the Southwestern Gulf of Mexico. Two metrics of richness
were given: Observed and non-parametric estimator Chao 1. Shaded areas indicated 0.95 confidence intervals generated by permutations.
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studies, ES decreased with depth (Danovaro et al., 2008;
Trebukhova et al., 2013). Some other studies show that ES
does not change with increasing depth (our study, Lambshead
etal, 2000). The regional features of the seabed (e.g., canyons, oil
seeps, surface primary productivity) seem decisive to yield a
particular pattern.

In the Southwestern Gulf of Mexico, we hypothesize that a
balance between food availability and environmental
disturbance may explain the similar species richness along
depth gradient. The Dynamic Equilibrium Model (DEM,
Huston, 1994) proposes that resources availability and physical
disturbance acting on the regional species pool determine the
species richness. Moens et al. (2013) proposed this model as an
explanation specifically for nematode diversity patterns. Also,
DEM successfully explained the nematode richness patterns
across nine habitat types that included deep-sea sediments
(Armenteros et al,, 2019). In the current study, the sites in the
upper slope had higher food availability but also oxygen stress
for nematodes. Sites from the lower slope to the abyssal plain
showed lower food availability related to depth, but this could be
counteracted by higher oxygen content and physical stability
(indicated by higher content of clay in sediments). This
hypothesis should be further tested with a larger sample size
(i.e., more individuals) along a depth gradient that includes more
sites deeper than 2000 m.

The dominance of microbial feeders (84% total abundance)
and less contribution of predators (14%) broadly agrees with
other studies (e.g., Ingels et al., 2010). In particular, microbial
sucker feeders were the most abundant group indicating the
important role of sediment bacteria in the nematodes’ diet
(Mordukhovich et al., 2018). Microbial feeder nematodes were
mostly represented by comesomatids belonging to six species:
Sabatieria conicauda, S. aff. stekhoveni, Setosabatieria hilarula, S.
aff. ancudiana, Cervonema sp. 1, and Dorylaimopsis sp.

There was a change in the nematode species composition
along depth gradient. Sites in the upper slope were dominated by
genera of the family Comesomatidae (Sabatieria, Dorylaimopsis,

10.3389/fmars.2022.1023996

and Setosabatieria); which are recognized as tolerant to reduced
conditions in sediments (Muthumbi et al., 2004; Soto et al.,
2017). We hypothesize that the broad distribution of other
Sabatieria spp. (S. conicauda, S. aff. ancudiana, and S. aff.
stekhoveni) in the Southern GoM can be related to reduced
sediments associated to chemosynthetic communities. Such
communities are fueled by natural hydrocarbons seeps which
are a common feature of the Southern GoM (Sahling et al., 2016,
and references therein). However, further research of nematode
assemblage composition in well-identified hydrocarbon seeps is
needed for testing this hypothesis.

In the abyssal sites, occurred several genera typical of deep
waters such as Acantholaimus, Desmoscolex, Ledovitia, and
Halalaimus (Tietjen, 1989; Netto et al,, 2005; Macheriotou
et al, 2021). These genera were represented by very few
individuals (typically one or two), but in a first taxonomic
approach seems to contain different congeneric species.
Unfortunately, the number of nematodes retrieved per site was
low and we could not make a local-scale analysis of o- and
B-diversities.

The y-diversity of free-living nematodes was underestimated
as indicated by the non-asymptotic shape of the accumulation
curves. The Chao 1 estimator of richness indicated 194 species,
which is the lower bound of diversity that could be expected
considering the number of unseen species (Gotelli and Colwell,
2011). Table 2 shows a comparison of estimates of o~ and -
diversities, at genus level, among several areas of the GoM. The
compilation suggest that o-diversity moves around 20 genera,
but can be as high as 71 genera. Meanwhile y-diversity is about
100 genera, ranging between 70 and 128 genera depending of the
number of samples and area covered by the study. It is necessary
to identify more specimens in order to improve the estimates of
regional diversity for the southern Gulf of Mexico.

On the other hand, most of the species we found in our study
did not match with described species and in consequence were
named as “sp.”. We think that they are potentially new species, and
they should be formally described. For many species identified in

TABLE 2 Studies (in chronological order) of free-living nematode diversity in continental and deep waters of the Gulf of Mexico (GoM).

Main findings

Organic load of Mississippi River influenced the assemblage structure

Assemblage structure responded to a west/east gradient in sediment
characteristics and habitat type

Changes in large-sized nematodes likely influenced by Deepwater
Horizon oil spill

Assemblage structure respond to a “species sorting” model that includes
environment, niche characteristics and dispersal limitation

Depth water did not affect a-diversity (at species level), but affected B-
and y-diversities

Study Location and sites Depth Reported diversity
range  (number of genera)
(m)
Sharma et al. ~ North/central GoM. 16 sites 212-3000  o-diversity: 23-71
(2012) Y-diversity: 128
Jones et al. Northern GoM. 16 sites in the 49-361 o-diversity: 21-35
(2016) shelf/slope Y-diversity: 100
Soto et al. Northwestern GoM. About 36 50-2600  Large nematodes (250 um
(2017) sites sampled 3 times sieve)
V-diversity: 83
Cisterna-Celiz ~ Southern GoM. 27 sites for 1233-3569  a-diversity: 17-39
et al. (2019) meiofauna and 7 for nematodes V-diversity: 70
Present study ~ Southern GoM. 63 sites sampled ~ 186-3774  y-diversity: 108
4 times
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our study, organisms had slight morphological differences (e.g.,
body size, number of precloacal supplements) when compared with
type specimens. Further taxonomic analyses using molecular
markers and/or detailed morphometry are needed to unravel if
the causes of these subtle differences between organisms are due to
the environment (e.g., food availability) or to lineage sorting.

Hope (2009) compiled 112 genera and 190 species of free-
living nematodes in the Gulf of Mexico. Here we report 70
genera and 144 species not previously registered by Hope’s
compilation which means an increase of 76% of the number of
species for the GoM. Only six species were shared by Hope’s and
our list. These results suggest that the deep ocean could be a huge
reservoir of endemic nematode species (Danovaro and
Gambi, 2022).

Our study makes a significant contribution to the knowledge
of the free-living nematode diversity in the deep-sea waters of
the Gulf of Mexico. In particular, the substantial diversity of free-
living nematodes suggests the necessity of further studies to
unravel the environmental drivers of o~ and B-diversities and
highlights the potential of this taxon for monitoring the deep sea
of the Gulf of Mexico.

Conclusions

This is the first study on nematode communities developed in
the Southwestern GoM. We identified 108 genera and 154 species of
free-living nematodes, which increases in a 76% the number of
species reported for the Gulf of Mexico. Nonetheless, the non-
asymptotic accumulation richness curves suggest that there could be
a substantial number of species to be discovered. We found that the
diversity of nematode assemblages was notably influenced by a
depth gradient causing in turn changes in water (temperature,
salinity, and dissolved oxygen) and sediment variables (grain size
and organic content). The abundance and species richness
decreased with water depth. Also, we identified that microbial
sucker was the most abundant feeding type which indicates the
important role of sediment bacteria in the nematodes’ diet.
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