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Abstract: A better understanding of deep-sea biology requires knowledge of the structure and
function of their communities, the spatial, temporal, and environmental patterns, and the changes and
dynamics that govern them. Some of the most studied patterns in deep-sea biology are those related to
bathymetrical gradients. For meiofauna and nematodes, such studies have highlighted the importance
of recognizing regional differences in using ecological mechanisms to explain those patterns. Despite
holding significant fisheries and oil and gas resources, the eastern Brazilian Continental Margin is
poorly understood with respect to its seafloor biology and ecology. To answer ecological questions of
deep-sea infaunal structural and functional diversity in relation to bathymetrical patterns, we used
nematode data from five bathymetric transects (400, 1000, 1900, 2500, and 3000 m water depth) sampled
in 2011 and 2013 on the Espírito Santo slope off the coast of southeast (SE) Brazil. Deep nematode
community analysis based on 6763 nematode identifications showed very high levels of diversity
(201 genera; 43 families) compared to other ocean basins and deep-sea regions. Our analyses showed
that there is a distinct bathymetric break in standing stocks and community structure between
1000 and 1900 m. Nematode standing stocks were much higher at 400 and 1000 m compared to
those for similar depths worldwide, likely linked to the intense and frequent upwelling and specific
hydrographic and topographic identity of the region. The bathymetric break was not present for
structural and functional nematode diversity. Instead, bathymetric regressions showed that they
increased gradually toward 3000 m water depth. The deep Espírito Santo basin is characterized by
rich and equitable nematode communities that are both mature and trophically diverse. General
deep-sea ecological theories apply to our findings, but there are also substantial regional effects
related to the local margin topography, upwelling, and oceanographic and hydrodynamic processes
that make the Espírito Santo Basin a unique and diverse deep-sea ecosystem.

Keywords: deep sea; Nematoda; continental slope; bathymetric gradient; diversity; ecosystem
function; Brazil; Atlantic Ocean
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1. Introduction

The deep sea below 200 m water depth is the largest habitable space on Earth and is the source
of high habitat heterogeneity that supports biodiversity and ecosystem functions essential for the
global ecosystem [1]. Deep-sea biodiversity patterns and habitat heterogeneity also lie at the basis
of continuing scientific debate, with regular new discoveries that challenge deep-sea ecological
paradigms [2,3]. Deep-sea bathymetric patterns have long been considered a source of gradients in
available food sources, abundance, biomass, diversity, and function [3–7]. A prominent component of
the deep-sea realm is represented by the continental margins, identified as the areas that deepen out
from the shelf-edge floor at about 200 m depth down to the upper limit of the continental rise, roughly
at about 4000 m water depth. Continental margins are dynamic and heterogeneous, supporting high
biodiversity and about 90% of the ocean’s carbon burial [8,9]. A number of environmental gradients
are recognized along continental margins, such as food availability, oxygen concentrations, sediment
structure, and obviously water depth in concordance with pressure and temperature, while being
under the influence of variable oceanographic conditions that drive surface production and water
mass movements [8]. The continental margin is not uniform; this interface along the continental shelf,
the shelf break, and upper and lower slope extending to the abyssal plain is interrupted by numerous
geomorphological structures such as submarine canyon systems, seamounts, and guyots, among
others [10–12].

A significant component of deep-sea benthos is the meiofauna, with its most abundant and diverse
metazoan representative, the free-living nematodes [13]. Meiofauna and nematodes are regularly used
to assess deep-sea benthic patterns in biodiversity and ecosystem functioning (e.g., [4,14–17]), because
(1) limited sampling effort yields large amounts of organisms that allow sound statistical analysis,
(2) they are sensitive to environmental change and habitat heterogeneity [18–20], and (3) they are an
integral part of energy transfer, food webs, and biogeochemical processes in deep-sea sediments [21–23].

Deep-water meiobenthic studies have mainly focused on the northern hemisphere, particularly
in the North Atlantic, with the exceptions being the region off southwest (SW) Africa and the
Antarctic [16,24]. In the deep western South Atlantic, investigation of deep-sea meiobenthos started
only just over a decade ago (e.g., Netto et al. [25]), showing that deep-sea nematodes and other
meiofauna respond to the sedimentary environment in terms of grain size, heterogeneity, and depth.
More detailed meiobenthic investigations are lacking there. Considering the economic importance of
this area within the Brazilian Exclusive Economic Zone, relatively little information is available on
benthic biodiversity and function from the Brazilian continental margin. Recently, however, increased
effort in the framework of the Espírito Santo Basin Assessment Project has resulted in detailed
assessments of macrofauna of the region (e.g., Bernardino et al. [26]), in combination with habitat
characterization studies (e.g., Almada and Bernardino et al. [27]). The study presented here is the first
to discuss the dominant meiofaunal component, nematodes, in the region.

The numerical dominance, diversity, and biomass of deep-sea nematodes vary with water depth
and are influenced directly and indirectly by many environmental gradients [16,24,28,29]. Food
influx from surface waters and advective sources are a key factor in determining deep-sea nematode
standing stocks [4,6,15,30,31]. Organic matter produced in surface waters is grazed upon, and remnants
together with fecal material sink as particles or aggregates, while degrading and being remineralized
by bacterial activity. This unconsumed or reworked material ultimately arrives as phytodetritus or
“marine snow” on the deep-sea floor. It, therefore, follows that, with increasing water depth and,
hence, increasing sinking distance, or with increasing horizontal distance from coastal or open water
production, the quantity and quality of the particulate food source for deep-sea benthos diminish.
With increasing water depth, temperature decreases, hydrostatic pressure increases, average current
speeds decrease, and oxygen concentrations can decline as well [32]. All these factors shape meiofauna
and nematode communities.

Overall, nematode abundance and biomass (standing stocks) decrease with increasing depth but
they become more dominant in benthic communities in a relative sense [4,16,22,24]. Nematode diversity,
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on the other hand, can be consistently high across bathymetric gradients [14,33–35]. Other studies
have shown that nematode biodiversity can decrease significantly with increasing depth, potentially
related to food conditions (e.g., in the Mediterranean Sea, [36]). According to aggregated deep-sea data,
nematode diversity can exhibit a peak at upper bathyal depths, after which further decline to abyssal
and hadal zones occurs [22]. In the southwest Atlantic, this question remains unexplored, although
some information from two deep-sea stations suggests higher deep-sea nematode diversity compared
to the slope off the coast of Brazil in the southwest Atlantic [25].

Despite increasing understanding of biodiversity, abundance, and community structure patterns
for deep-sea nematodes, little is known about nematode functional diversity patterns. Limited data
on nematode trophic diversity and life history characteristics show either a bathymetric decrease or
patterns inconsistent with uniform bathymetrical gradients [15,37]. Structure, diversity, and function
may behave differently across depths, and such differences may provide insights into the processes that
influence deep-sea infaunal communities and ecosystem function in general. In addition, investigating
these relationships allows us to assess whether functional diversity (and related functional performance)
is retained with increasing water depth [38], and whether measures of diversity can be representative
for function in the deep sea. From what we know so far, it seems that nematode structural and functional
diversity are coupled, related to the availability of food sources and other environmental variables
such as hydrodynamic disturbance [14,39]. In addition, life-history characteristics such as survival and
reproduction of deep-sea nematodes give insight into the disturbance response and maturity of an
ecological assemblage [15,34,36,40].

This provided the premise for us to investigate bathymetric gradients in nematode abundance,
biomass, and structural and functional biodiversity at the southeast (SE) Brazilian Continental Margin
(Espírito Santo slope off the coast of SE Brazil, and the very northern part of the Campos basin), for five
bathymetric transects ranging from 400 to 3000 m water depth. These transects were sampled in 2011
and 2013 during different times of the year to provide insight into seasonal variation. We investigated
the following questions:

(1) Do deep-sea nematode structure and function at the SE Brazilian Margin follow the same
bathymetric patterns as in other deep-sea areas?

(2) Is there a marked difference between structural and functional nematode characteristics
along bathymetric gradients, and what does that mean for our understanding of deep-sea
infaunal communities?

(3) What are the local or regional drivers of observed bathymetric patterns in deep-sea nematode
structural biodiversity and function in this region of the SW Atlantic? Does the region stand out
in the ways in which it maintains deep-sea biodiversity?

2. Materials and Methods

2.1. Study Area and Sampling

Espírito Santo basin is located between the south of Bahia (18◦02′22” S; 39◦37′19” W) and the central
south of Espírito Santo (20◦27′57” S; 40◦19′40” W) (Figure 1) in the northern region of the eastern Brazilian
margin. The basin occupies an area of approximately 115,200 km2, of which 101,880 km2 is marine,
bordering several Brazilian states and descending down to 3000 m water depth [41]. The Espírito Santo
Basin is limited to the north by the Abrolhos Coral Reef banks and to the south by the Campos Basin.
The northern and central oceanic regions of Espírito Santo Basin are oligotrophic. The slope in the study
region is influenced by a set of four water masses with different flow directions and a clear pattern
according to bathymetric gradients (e. g., Bernardino et al. [26] and references therein).
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Figure 1. Bathymetric map of the sampling area in the Espírito Santo (ES) Basin, with the five 
bathymetric transects (A–E), each with stations at five different depths: 400 m (1); 1000 m (2); 1900 m 
(3); 2500 m (4) 3000 m (5) (Qgis Software 3.4.4.). 

The Espírito Santo Basin Assessment Project (AMBES, CENPES/Petrobras) was conducted on 
the continental slope of Espírito Santo and northern Campos Basin during two oceanographic cruises. 
In December 2011/January 2012 and June/July 2013 (dry and rainy seasons, respectively), five evenly 
distributed transects (A–E along a S–N gradient) perpendicular to the coast of the state of Espírito 
Santo were sampled. Each transect comprised five stations along the bathymetric gradient from slope 
to basin area (400, 1000, 1900, 2500, 3000 m; Figure 1). The distances between adjacent transects at the 
shallow 400 m stations ranged from ~39.3–63.1 km, while, at the deep 3000 m stations, distances 
between adjacent transects ranged from ~10.7–16.4 km. Benthic assemblages and sediments were 
sampled on board of the R/V Gyre or the R/V Seward Johnson with a “USNEL” box corer type (0.25 
m2 surface area, [42]). The quality of the box corer deployment was assessed visually in terms of 
structural integrity of the sediment surface, surface sediment layer disturbance, and retainment of 
the overlying water. After inspection, the overlying water was gently siphoned off, and sub cores of 
10 × 10 cm (100 cm2, first 10 cm of the surface sediment) were inserted into the sediments. For 
nematodes and environmental analyses, each time, three samples from independent deployments 
were obtained, and stored in polyethylene pots with 10% formalin, buffered with borax [43]. 

2.2. Nematode Sample Processing and Identification 

We followed Somerfield and Warwick [43] and used the Ludox (40% colloidal silica from 
NALCO®) density flotation technique to separate the fauna from the sediment. Density separations 
were repeated five times, and the specific gravity of Ludox was adjusted to 1.18 cm−3 [44] and filtered 
with a 0.032 mm sieve after repeated uses. The supernatant fraction containing the floating organisms 
after each extraction round was poured over two stacked sieves (0.5 and 0.038 mm) to separate the 
meiobenthos from macrobenthos. The meiofauna was sorted using a stereoscopic microscope, and 
the first 150 nematodes from each sample were removed for mounting and further identification. 
They were transferred to embryo dishes and diaphanized following De Grisse [45] before mounting 
on Cobb slides [46]. 

Nematodes were identified to genus level using standard pictorial keys [47–49] and the Nemys 
database [50]. Nematodes were classified in feeding types following Wieser’s [51] modified 

Figure 1. Bathymetric map of the sampling area in the Espírito Santo (ES) Basin, with the five bathymetric
transects (A–E), each with stations at five different depths: 400 m (1); 1000 m (2); 1900 m (3); 2500 m
(4) 3000 m (5) (Qgis Software 3.4.4.).

The Espírito Santo Basin Assessment Project (AMBES, CENPES/Petrobras) was conducted on the
continental slope of Espírito Santo and northern Campos Basin during two oceanographic cruises.
In December 2011/January 2012 and June/July 2013 (dry and rainy seasons, respectively), five evenly
distributed transects (A–E along a S–N gradient) perpendicular to the coast of the state of Espírito
Santo were sampled. Each transect comprised five stations along the bathymetric gradient from slope
to basin area (400, 1000, 1900, 2500, 3000 m; Figure 1). The distances between adjacent transects at
the shallow 400 m stations ranged from ~39.3–63.1 km, while, at the deep 3000 m stations, distances
between adjacent transects ranged from ~10.7–16.4 km. Benthic assemblages and sediments were
sampled on board of the R/V Gyre or the R/V Seward Johnson with a “USNEL” box corer type (0.25 m2

surface area, [42]). The quality of the box corer deployment was assessed visually in terms of structural
integrity of the sediment surface, surface sediment layer disturbance, and retainment of the overlying
water. After inspection, the overlying water was gently siphoned off, and sub cores of 10 × 10 cm
(100 cm2, first 10 cm of the surface sediment) were inserted into the sediments. For nematodes and
environmental analyses, each time, three samples from independent deployments were obtained,
and stored in polyethylene pots with 10% formalin, buffered with borax [43].

2.2. Nematode Sample Processing and Identification

We followed Somerfield and Warwick [43] and used the Ludox (40% colloidal silica from
NALCO®) density flotation technique to separate the fauna from the sediment. Density separations
were repeated five times, and the specific gravity of Ludox was adjusted to 1.18 cm−3 [44] and filtered
with a 0.032 mm sieve after repeated uses. The supernatant fraction containing the floating organisms
after each extraction round was poured over two stacked sieves (0.5 and 0.038 mm) to separate
the meiobenthos from macrobenthos. The meiofauna was sorted using a stereoscopic microscope,
and the first 150 nematodes from each sample were removed for mounting and further identification.
They were transferred to embryo dishes and diaphanized following De Grisse [45] before mounting on
Cobb slides [46].
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Nematodes were identified to genus level using standard pictorial keys [47–49] and the Nemys
database [50]. Nematodes were classified in feeding types following Wieser’s [51] modified classification,
assigning each individual as follows: 1A—selective deposit feeder, 1B—nonselective deposit feeder,
2A—epigrowth feeder, or 2B—predator/omnivore, depending on their buccal morphology.

Nematodes were also classified following the c–p (colonizer–persister) scheme developed by
Bongers [52] and Bongers et al. [53] which is based on life-history characteristics and related to
the principles of r/K selection strategies [52–54]. Classification categories comprised the following:
CP1—short lifetime, high reproduction rate, these nematode families normally presents dauer larvae;
CP2—short lifetime, high reproduction rate; CP3—short lifetime and sensitivity to disturbance;
CP4—longer lifetime, high sensitivity to disturbances; CP5—low reproductive rate, longer development
cycle, and pollutant sensitivity.

2.3. Environmental Variables

A multiparameter profiler (CTD) was used in situ to determine the depth, temperature, and salinity.
To determine total carbonate, 1 g dry sediment aliquots were digested with 20 mL of 1.0 M HCl overnight
and weighed using a microbalance. A laser diffraction particle analyzer (Shimadzu Model SALD-3101)
was used to determine grain size distributions following the Wentworth scale [55]. A CHN analyzer was
used to determine total organic matter after removing carbonates with HCl vapor [56].

2.4. Data Analysis

2.4.1. Structural and Functional Nematode Community Characteristics

Relative nematode genera counts based on the identification were multiplied by total abundance
in each respective sample to obtain total genera abundance, which was then recalculated to density as
ind./10 cm2. Diversity indices were calculated on the basis of a multivariate nematode genera density
(ind./10 cm2) matrix, using the DIVERSE function in PRIMER v7 [57]. Diversity measures used were
genus richness (GR), Shannon–Wiener diversity (H’ (log e)), expected number of genera (EG(51)),
and Hill’s diversity numbers (N1, N2, Ninf). These indices cover a range of diversity measures between
the simple number of observed taxa (nematode genus richness, GR) and Hill’s dominance index
(Ninf, which computes the reciprocal density value of the most dominant taxon and represents a
pure evenness measure). For more information on these indices and their calculations and statistical
behavior, the reader can refer to Heip et al. [58].

As functional parameters of the nematode community, we included density (ind./10 cm2), biomass
(µg wet weight/10 cm2), the trophic diversity index (TDI) [58], and the maturity index [52,53,59].
The latter metric is based on scores on a colonizer–persister scale equivalent to classification using r/K
selection theory in ecology and evolutionary biology. It is often used in marine studies to give insight
into disturbance responses of communities. Length and width were measured for each nematode
(µm) and used to calculate nematode biomass using Andrassy’s formula [60], leading to wet weight
values in µg/10 cm2. TDI is calculated as 1/

∑
θ2, where θ is the density contribution of each trophic

group to the total density of nematodes. This value ranges from 1 (lowest diversity with complete
dominance of one particular feeding type) to 4 (four feeding types each represented by 0.25% of the
total community). MI was calculated as

∑n
i=1 v(i)· f (i), where v(i) is the c–p taxon value of the ith

taxon, and f (i) is the frequency of this taxon. The MI obtains values between 1 and 5, whereby 1 is the
MI value obtained for a community comprised solely of c–p 1 nematodes (opportunists/colonizers;
high disturbance, low community maturity), and 5 represents a community entirely made up of c–p
5 nematodes (persisters; very low or no disturbance, highly mature community).
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2.4.2. Statistical Analyses

Linear regressions were analyzed for univariate functional and structural descriptors relative to
bathymetry (incl. normality and constant variance testing); the data were averaged over replicates for
the regression analyses.

PERMANOVA (Permutational multivariate analysis of variance) analyses were conducted on
environmental data, community structure (multivariate data), and univariate diversity and functional
descriptors, using a three-way model with factors season (fixed; dry and rainy), transect (fixed; A–E),
and water depth (fixed; 400, 1000, 1900, 2500, and 3000 m) using 9999 permutations. Community
structure data (density, ind./10 cm2) were square-root transformed and Bray–Curtis similarity was used
as resemblance measure. For the univariate data, Euclidean distance was used as resemblance measure
prior to analysis. Pairwise tests were conducted to investigate differences between levels of each
factor within significant factors or interactions. PERMDISP (Permutational analysis of multivariate
dispersions) analyses were used to assess the contribution of heterogeneity in dispersions for each
significant main factor (which in itself may serve as an indication of disturbance and variability in the
community). Significant PERMDISP results may indicate that the variability between values within
groups can differ substantially, such that it can mask or add to true factor level differences. An nMDS
(non-metric multidimensional scaling) plot was created to capture the community structure differences.

The relationship between biological and environmental parameters was assessed with DISTLM
and dbRDA(Distance-based redundancy analysis), and a RELATE analysis was used to establish
whether there was a significant nonparametric rank relation between the environmental parameters and
the nematode community structure. All analyses were conducted in PRIMER v7, the PERMANOVA+

add-on, and Sigmaplot v13/14.

3. Results

3.1. Environmental Variables

An overview of the environmental variables is presented in Table 1. The slope is predominantly
composed of very fine sediment, mainly silt across all water depths, but particularly dominant at
400, 1000, and 1900 m depth (>50%, Table 1). There are also substantial contributions of clay and
(very) fine sand to sediment-grain-size structure. We did not observe transect or season differences for
grain-size data (PERMANOVA, p = 0.003 only for water depth). Temperature in the region decreased
gradually (11 to 2.3 ◦C) with increasing water depth. Only temperatures at the 400 m stations were
significantly different from those at other stations (p < 0.05). No transect or season differences were
present for temperature (p > 0.05). Salinity differed significantly with water depth gradient, but no
specific pairwise comparisons stood out (p > 0.05), and salinity did not exhibit transect or season
differences. Salinity readings were accurate and highly reproducible; the average values all ranged
between 34.384 and 34.980. We suspect that temperature and salinity are influenced by water mass
signatures. The sedimentary carbonate concentrations changed with water depth, and there was slight
variation between transects. Organic matter decreased from ~1.39% to ~0.9% over the depth gradient,
with a sharp decline below 1900 m.
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Table 1. Mean (
¯
X) and standard deviation (SD) values of environmental variables (types of sand: very coarse, coarse, medium, fine, very fine (%), average grain size

(Phi), silt (%), gravel (%), clay (%), temperature (◦C), carbonate (%), and organic matter (%) found at depths of 400, 1000, 1900, 2500, and 3000 m).

Campaign Water Depth

400 1000 1900 2500 3000
¯
X SD ¯

X SD ¯
X SD ¯

X SD ¯
X SD

Average grain size 1 5.64 0.82 6.05 0.38 5.78 0.74 4.66 0.71 4.59 0.46
2 6.02 0.73 6.62 0.84 5.74 0.59 4.96 0.69 5.07 0.50

Gravel
1 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
2 0.001 0.001 0.000 0.000 0.002 0.001 0.002 0.001 0.000 0.000

Very coarse sand 1 0.002 0.002 0.001 0.000 0.002 0.000 0.002 0.001 0.002 0.001
2 0.003 0.003 0.002 0.001 0.003 0.001 0.005 0.002 0.002 0.001

Coarse sand
1 0.005 0.007 0.003 0.001 0.009 0.002 0.020 0.007 0.019 0.009
2 0.009 0.009 0.006 0.002 0.010 0.002 0.028 0.017 0.027 0.015

Medium sand
1 0.022 0.034 0.011 0.004 0.030 0.003 0.102 0.045 0.086 0.042
2 0.030 0.036 0.022 0.007 0.033 0.009 0.126 0.094 0.130 0.080

Fine sand
1 0.087 0.097 0.018 0.009 0.042 0.005 0.134 0.043 0.115 0.037
2 0.082 0.087 0.035 0.016 0.045 0.018 0.141 0.073 0.147 0.091

Very fine sand 1 0.110 0.080 0.034 0.022 0.038 0.008 0.107 0.041 0.108 0.020
2 0.103 0.062 0.048 0.025 0.040 0.015 0.108 0.063 0.101 0.044

Total sand
1 0.226 0.194 0.067 0.033 0.122 0.016 0.366 0.109 0.331 0.103
2 0.226 0.178 0.113 0.046 0.131 0.041 0.409 0.218 0.406 0.228

Silt
1 0.503 0.244 0.623 0.104 0.692 0.052 0.422 0.175 0.487 0.110
2 0.520 0.180 0.624 0.047 0.628 0.137 0.417 0.203 0.443 0.287

Clay 1 0.270 0.055 0.310 0.128 0.186 0.056 0.213 0.090 0.182 0.019
2 0.253 0.113 0.263 0.050 0.240 0.174 0.173 0.047 0.150 0.071

Total organic matter 1 1.323 0.325 1.303 0.448 1.14 0.474 0.679 0.272 0.895 0.257
2 1.448 0.408 1.608 0.465 1.346 0.174 0.271 0.271 1.022 0.216

Carbonate
1 35.105 22.599 19.098 10.739 52.818 3.011 53.410 16.030 47.975 41.548
2 37.711 10.944 31.807 8.154 66.417 19.607 56.499 5.590 73.227 19.217

Salinity 1 34.978 0.064 34.384 0.022 34.939 0.005 34.792 0.237 34.881 0.0143
2 34.980 0.060 34.389 0.018 34.937 0.006 34.912 0.006 34.892 0.004

Temperature 1 11.362 0.450 3.885 0.119 3.763 0.107 2.713 0.117 2.433 0.058
2 11.292 0.533 3.810 0.171 3.788 0.031 2.957 0.288 2.300 0.122
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3.2. Nematode Community Characteristics and Bathymetrical Gradients

Nematode density (Table 2) ranged between 37 and 11,790 ind./10 cm2, averaging 1349 ind./10 cm2

(SD = 1837 ind./10 cm2), indicating large variability along the bathymetric gradient. There was a stark
contrast between nematode densities at the shallower sites (400 and 1000 m depth; 3405–2542 ind./10 cm2,
respectively) and deeper sites (1900, 2500 and 3000 m; 236–318 ind./10 cm2).

Table 2. Average structural and functional nematode community parameters. GR: genus richness;
EG(51): expected number of genera based on 51 individuals; H’: Shannon–Wiener diversity (log e); N1,
N2, Ninf: Hill’s diversity numbers; TDI: trophic diversity index; MI: maturity index; density (ind./10
cm2); biomass (µg wet weight/10 cm2).

Water Depth (m) GR EG(51) H’ N1 N2 Ninf TDI MI Density Biomass

400 45.27 20.90 3.01 21.08 12.11 5.04 0.62 2.55 3406 4755.12
1000 47.00 21.00 3.06 21.87 12.84 5.19 0.66 2.55 2542 3801.94
1900 40.87 22.42 3.12 23.16 14.74 6.19 0.70 2.72 318 467.37
2500 36.67 21.62 3.10 22.40 15.56 6.90 0.66 2.76 286 385.42
3000 37.52 22.44 3.12 23.12 15.75 6.97 0.69 2.77 236 330.63

The same patterns were observed for nematode biomass (Table 2, µg wet weight/10 cm2), which were
an order of magnitude higher at the 400 and 1000 m stations, compared to those at the deeper sites.
We recorded a minimum of 42.72 and a maximum of 14,594 µg wet weight/10 cm2, averaging 1933 µg wet
weight/10 cm2.

All average structural diversity measures (H’ (log e), EG(51), N1, N2, Ninf) increased with water
depth, except for GR which decreased with water depth (Table 2, Figures 2 and 3). Regression R-values
were relatively low owing to high variability between sample means (Figure 2) but significant, except for
N1 (p = 0.1362), and H’ (p = 0.0930). Further investigations using PERMANOVA (Table 3) confirmed
the regression results; for all structural diversity measures, except H’ and N1, significant water depth
differences were observed. PERMDISP analysis indicated that multivariate dispersion heterogeneity
differences did not affect the true factor differences (p > 0.05), i.e., the magnitude of variability in
diversity values from different water depths, transects, or seasons did not affect true structural diversity
differences. The estimated component of variation relative to the total variation (ECV%) indicated
that water depth is the main source of variability, much more than transect and season differences,
but this was not the case for the nonsignificant H’ and N1 values (Table 3). Pairwise comparisons
(for the main factors and interactions that showed significant differences; see Table S1, Supplementary
Materials) indicated that water depth differences were not always uniform; they sometimes depended
on which water depths and transects were being considered. In general, however, structural diversity
measures at the 400 and 1000 m stations were similar, but very distinct from those at the deeper stations.
At the deeper stations, diversity differences were small or absent. The results imply that a clear break
in diversity is present between the shallow stations (400 and 1000 m) and the deeper stations (1900,
2500, 3000 m), although the break may occur also between the 1900 and 2500 m bathycline depending
on the transect. Overall, water depth drove diversity differences, but there were also some regional
differences, which were expressed between transects, mainly at the shallower stations.
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Table 3. PERMANOVA (Permutational multivariate analysis of variance) results for structural diversity indices, functional measures, and community structure using
the three-way fixed model (water depth—WD, transect—TR, season—SE). Df: degrees of freedom; SS: sums of squares; MS: means of squares; P(perm): p-value based
on permutational analysis; Perms: number of permutations; ECV: estimated component of variation (ECV% represents the ECV value relative to the total variation);
PERMDISP: P(perm) results for homogeneity of multivariate dispersions.

Genus Richness df SS MS Pseudo-F P(perm) Perms
√

ECV ECV ECV% PERMDISP

WD 4 2.42 × 103 6.05 × 102 15.555 0.0001 9953 4.4079 19.43 23.7 0.891
TR 4 1.30 × 102 3.25 × 101 0.83502 0.5041 9948 - 0.655
SE 1 3.98 × 102 3.98 × 102 10.227 0.0018 9841 2.2209 4.9325 6.0 0.759

WD × TR 16 1.22 × 103 7.63 × 101 1.9598 0.0230 9917 2.5279 6.3905 7.8
WD × SE 4 1.04 × 102 2.59 × 101 0.66503 0.6184 9942 -
TR × SE 4 2.61 × 102 6.53 × 101 1.6768 0.1628 9947 1.3443 1.807 2.2

WD × TR × SE 16 1.11 × 103 6.93 × 101 1.7814 0.0447 9918 3.2257 10.405 12.7
Residual 97 3.78 × 103 3.89 × 101 6.2389 38.924 47.5

Total 146 9.50 × 103

EG(51)

WD 4 6.41 × 101 1.60 × 101 3.9089 0.0046 9951 0.64 0.41 6.4 0.083
TR 4 5.54 × 101 1.38 × 101 3.3761 0.0118 9945 0.58 0.33 5.2 0.456
SE 1 2.73 × 101 2.73 × 101 6.6496 0.0119 9838 0.56 0.32 5.0 0.458

WD × TR 16 1.09 × 102 6.84 1.6683 0.0639 9910 0.68 0.47 7.3
WD × SE 4 2.23 × 101 5.57 1.3588 0.2527 9935 0.32 0.10 1.6
TR × SE 4 1.26 × 101 3.16 0.77126 0.5433 9955

WD × TR × SE 16 9.72 × 101 6.08 1.4824 0.1234 9926 0.82 0.68 10.6
Residual 97 3.98 × 102 4.10 2.02 4.10 64.0

Total 146 7.92 × 102

H’

WD 4 2.40 × 10−1 5.99 × 10−2 1.4822 0.2128 9944 0.03 0.00 1.1 0.239
TR 4 3.84 × 10−1 9.60 × 10−2 2.3763 0.0557 9953 0.04 0.00 3.3 0.751
SE 1 2.20 × 10−1 2.20 × 10−1 5.4377 0.0235 9829 0.05 0.00 4.2 0.879

WD × TR 16 1.07 6.71 × 10−2 1.66 0.0670 9913 0.07 0.00 7.8
WD × SE 4 1.50 × 10−1 3.74 × 10−2 0.92655 0.4523 9954
TR × SE 4 1.12 × 10−1 2.80 × 10−2 0.6927 0.5948 9938

WD × TR × SE 16 1.03 6.41 × 10−2 1.587 0.0913 9924 0.09 0.01 14.0
Residual 97 3.92 4.04 × 10−2 0.20 0.04 69.5

Total 146 7.17
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Table 3. Cont.

N1 df SS MS Pseudo-F P(perm) Perms
√

ECV ECV ECV% PERMDISP

WD 4 9.14 × 101 2.28 × 101 1.348 0.2595 9953 0.44967 0.20 0.8 0.314
TR 4 1.84 × 102 4.59 × 101 2.7105 0.0355 9948 0.99693 0.99 3.9 0.727
SE 1 1.21 × 102 1.21 × 102 7.1471 0.0084 9848 1.196 1.43 5.6 0.495

WD × TR 16 4.33 × 102 2.70 × 101 1.5958 0.0875 9910 1.314 1.73 6.7
WD × SE 4 8.36 × 101 2.09 × 101 1.234 0.3035 9947 0.52145 0.27 1.1
TR × SE 4 5.95 × 101 1.49 × 101 0.87742 0.4845 9955

WD × TR × SE 16 4.66 × 102 2.92 × 101 1.7208 0.0533 9908 2.0439 4.18 16.2
Residual 97 1.64 × 103 1.69 × 101 4.1162 16.943 65.8

Total 146 3.10 × 103

N2

WD 4 3.07 × 102 7.67 × 101 5.9462 0.0002 9952 1.4791 2.19 9.9 0.089
TR 4 1.76 × 102 4.39 × 101 3.4023 0.0117 9954 1.0308 1.06 4.8 0.518
SE 1 5.80 × 101 5.80 × 101 4.494 0.0389 9840 0.78669 0.62 2.8 0.367

WD × TR 16 4.41 × 102 2.76 × 101 2.1385 0.0114 9909 1.5848 2.51 11.4
WD × SE 4 6.23 × 101 1.56 × 101 1.2084 0.3128 9953 0.42934 0.18 0.8
TR × SE 4 3.07 × 101 7.68 0.59574 0.6695 9957

WD × TR × SE 16 3.27 × 102 2.05 × 101 1.586 0.0868 9926 1.608 2.59 11.7
Residual 97 1.25 × 103 1.29 × 101 3.5914 12.90 58.5

Total 146 2.67 × 103

Ninf

WD 4 9.45 × 101 2.36 × 101 8.0934 0.0001 9960 0.84253 0.71 13.8 0.103
TR 4 2.88 × 101 7.20 2.4667 0.0506 9931 0.38311 0.15 2.8 0.099
SE 1 3.08 3.08 1.0545 0.3045 9826 0.046741 0.0022 0.0 0.536

WD × TR 16 1.01 × 102 6.32 2.166 0.0112 9896 0.76285 0.58 11.3
WD × SE 4 1.98 × 101 4.95 1.6952 0.1579 9948 0.37301 0.14 2.7
TR × SE 4 5.02 1.26 0.43039 0.7853 9952

WD × TR × SE 16 7.73 4.83 1.6552 0.0733 9925 0.8087 0.65 12.7
Residual 97 2.83 × 102 2.92 1.7082 2.92 56.6

Total 146 6.17 × 102
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Table 3. Cont.

Community df SS MS Pseudo-F P(perm) Perms
√

ECV ECV ECV% PERMDISP

WD 4 1.10 × 105 2.75 × 104 23.008 0.0001 9890 30.06 903.58 35.8 0.001
TR 4 1.22 × 104 3.04 × 103 2.538 0.0001 9745 7.9461 63.14 2.5 0.001
SE 1 4.24 × 103 4.24 × 103 3.544 0.0001 9877 6.4675 41.829 1.7 0.758

WD × TR 16 3.79 × 104 2.37 × 103 1.978 0.0001 9607 14.151 200.25 7.9
WD × SE 4 7.73 × 103 1.93 × 103 1.614 0.0001 9770 7.1013 50.429 2.0
TR × SE 4 6.55 × 103 1.64 × 103 1.368 0.0044 9768 5.4943 30.187 1.2

WD × TR × SE 16 2.09 × 104 1.31 × 103 1.091 0.0864 9576 6.1016 37.23 1.5
Residual 97 1.16 × 105 1.20 × 103 34.6 1197.2 47.4

Total 146 3.16 × 105

Density

WD 4 2.72 × 108 6.79 × 107 74.399 0.0001 9952 1515.70 2297500.00 53.5 0.001
TR 4 2.14 × 107 5.36 × 106 5.8736 0.0002 9935 390.58 152550.00 3.6 0.003
SE 1 3.68 × 106 3.68 × 106 4.0337 0.0439 9849 195.00 38025.00 0.9 0.296

WD × TR 16 8.54 × 107 5.34 × 106 5.8485 0.0001 9928 870.01 756910.00 17.6
WD × SE 4 8.76 × 106 2.19 × 106 2.3993 0.0462 9956 295.97 87598.00 2.0
TR × SE 4 6.38 × 106 1.60 × 106 1.7485 0.1429 9953 216.46 46856.00 1.1

WD × TR × SE 16 1.09 × 107 6.81 × 105 0.74603 0.7592 9921
Residual 97 8.85 × 107 9.13 × 105 955.35 912690.00 21.3

Total 146 4.93 × 108

Biomass

WD 4 5.52 × 108 1.38 × 108 69.193 0.0001 9957 2158.7 4.66 × 106 56.7 0.001
TR 4 3.82 × 107 9.55 × 106 4.7935 0.0012 9956 509.15 2.59 × 105 3.2 0.0055
SE 1 1.62 × 107 1.62 × 107 8.112 0.0046 9835 441.16 1.95 × 105 2.4 0.049

WD × TR 16 1.07 × 108 6.70 × 106 3.3614 0.0003 9893 897.12 8.05 × 105 9.8
WD × SE 4 2.55 × 107 6.38 × 106 3.2014 0.0155 9953 548.52 3.01 × 105 3.7
TR × SE 4 5.37 × 106 1.34 × 106 0.67401 0.6193 9936

WD × TR × SE 16 2.18 × 107 1.36 × 106 0.68245 0.8083 9918
Residual 97 1.93 × 108 1.99 × 106 1411.6 1.99 × 106 24.3

Total 146 9.55 × 108
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Table 3. Cont.

TDI df SS MS Pseudo-F P(perm) Perms
√

ECV ECV ECV% PERMDISP

WD 4 0.094438 0.023609 11.582 0.0001 9950 0.027199 7.40 × 10−4 20.0 0.0082
TR 4 0.0081714 0.0020429 1.0021 0.4104 9949 0.00038559 1.49 × 10−7 0.0 0.245
SE 1 0.012813 0.012813 6.2853 0.0132 9851 0.012164 1.48 × 10−4 4.0 0.3828

WD × TR 16 0.068936 0.0043085 2.1135 0.0132 9916 0.019704 3.88 × 10−4 10.5
WD × SE 4 0.0013595 0.00033987 0.16672 0.9557 9952
TR × SE 4 0.0055643 0.0013911 0.6824 0.6011 9953

WD × TR × SE 16 0.050779 0.0031737 1.5569 0.1002 9926 0.019706 3.88 × 10−4 10.5
Residual 97 0.19774 0.0020385 0.04515 2.04 × 10−3 55.0

Total 146 0.44222

MI

WD 4 1.4123 0.35308 24.576 0.0001 9963 0.10778 1.16 × 10−2 34.4 0.0026
TR 4 0.18301 0.045752 3.1846 0.0166 9960 0.032808 1.08 × 10−3 3.2 0.0501
SE 1 0.20478 0.20478 14.254 0.0007 9839 0.051137 2.62 × 10−3 7.8 0.0163

WD × TR 16 0.60817 0.03801 2.6457 0.0025 9921 0.063594 4.04 × 10−3 12.0
WD × SE 4 0.038332 0.0095831 0.66704 0.6119 9949
TR × SE 4 0.050984 0.012746 0.88719 0.4733 9948

WD × TR × SE 16 0.19922 0.012451 0.86668 0.6099 9938
Residual 97 1.3936 0.014367 0.11986 1.44 × 10−2 42.6

Total 146 4.1575
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For functional nematode community parameters (density, biomass, TDI, and MI), we observed
a strong decline in density and biomass with increasing water depth, while MI and TDI increased
significantly along the same depth transect (Table 2, Figure 3). All linear regressions were highly
significant (p < 0.0005), with R-values ranging from 0.471–0.795. Standing stock and MI were significantly
different among water depths, transects, and seasons (PERMANOVA, Table 3). For TDI, differences
were significant for water depth and season, but not for transects (Table 3). ECV% values indicate
that nematode function was mainly driven by water depth differences (20–56.7%), which supports
our approach of using the means of the triplicates to obtain a more powerful regression analysis.
Transect and season differences only played a minor role (0.0–7.8%; Table 3). We again saw a large
difference in the functional parameters between the shallow stations (400, 1000 m) and the deeper
stations (1900, 2500, 3000 m). This was confirmed by the PERMDISP tests, which were highly significant
for water depth, most likely a result of differences in variability of parameter values between the factor
groups (Table 3). This can be observed in the regression analysis as well; variability of functional values
at the 400 and 1000 m stations appeared greater compared to that at deeper depths, suggesting higher
functional turnover across the 400 and 1000 m sampling depths compared to deeper depths toward the
basin. This may be the result of greater habitat heterogeneity at 400–1000 m compared to the lower
slope and basin. The pairwise testing on functional parameters (Table S1, Supplementary Materials)
provided another perspective, that of marked differences between transect A and the other transects.
However, this pattern was only exhibited for the functional parameters and not for structural diversity
or community structure.

Nematode community structure differences were mainly observed between water depths with
35.8% of the variation, and only 1.7% and 2.5% of variation was explained by season and transect
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differences, respectively (PERMANOVA, Table 3). Therefore, in subsequent analysis, the role of
depth was considered most important. PERMDISP results show some significant heterogeneity in
dispersions (Table 3), which can also be observed in the nMDS for water depth groups. The 400
and 1000 m samples occupy more Bray–Curtis space compared to the deeper samples (Figure 4).
This is explained by differences in assemblage variability and suggests greater turnover at shallower
depths in the study area (400–1000 m) compared to deeper depths. The pairwise tests confirm this
(Table S1, Supplementary Materials; see higher t-values between 400/1000 m and the deeper stations)
and similarity values resulting from the pairwise comparisons (similarity between 400/1000 m and the
deeper stations was <33.0, while the deeper stations showed similarity of >42.4 among each other).
These results correspond with what we found for functional parameters, i.e., greater variability at the
shallow stations compared to the deeper basin.

PERMDISP results also indicated that the magnitude of community differences changes between
transects (Table S1, Supplementary Materials), but these were not clear in the nMDS. Pairwise tests showed
that transect A was more differentiated from the other transects (Table S1, Supplementary Materials;
see t-values and significance levels). In addition, similarity values (taken from the pairwise test results)
show Transect A to have a similarity between 31.7 and 32.9 to the other transects, while similarity among
the other transects ranged from 36.2–40.2.

Pairwise water-depth comparisons were all significant within each season, but season differences
were variable and nonsignificant at 400 m. Season differences varied depending on the transect and
were not significant at transect A. Overall, community structure was very sensitive to water depth
and exhibited a shift between 1000 and 1900 m as can be seen on the nMDS in Figure 4. The shallow
400 m station harbored greatest community variability. While there were several transect differences,
these were most pronounced at transect A, particularly for the shallow 400 m station.
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Figure 4. nMDS (non-metric multidimensional scaling) based on nematode community structure
indicating clear separation between the upper slope (400, 1000 m) and lower slope (1900, 2500,
3000 m) stations. Bubble sizes suggest distinct communities according to density of the nematode
genera, but presence–absence transformation (removal of density influence) supports the same
upper–lower slope contrast in community structure (lower left insert) based on distinct nematode
genera assemblage differences.
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The nMDS in Figure 4 shows the clear distinction between the 400–1000 m samples and the deeper
samples, indicating a clear bathymetric shift between 1000 and 1900 m, which distinguishes the upper
slope communities from the deeper slope communities. In addition, there is greater dissimilarity
between the 400 and 1000 m communities than the dissimilarity among the deeper communities (1900,
2500, 3000).

3.3. Relation of Environmental Variables with Nematode Community

The environmental variables demonstrated a significant relationship with community structure
(RELATE: Rho = 0.664, p = 0.001). The DISTLM (selection procedure Best) routine indicated that the
maximum cumulative variability of the environmental variables explained 58% of the total nematode
community variability. All environmental variables were included in the most explanatory model fit,
but it was clear that some of the finer sediment fractions had less influence on nematode community
differences. Notably, temperature (14.60%), carbonate (14.93%), and the medium sand fraction (10.22%)
each contributed more than 10% to total community variability explained. The dbRDA (Figure 5)
shows the relationship between the environmental parameters and the nematode community structure,
with a clear break between 1000 and 1900 m water depth, as well as the important role of temperature,
sand, and carbonate in distinguishing between assemblages.
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4. Discussion

Standing stock is one of the most important indicators of ecological conditions in marine
ecosystems, and it relates to the opportunities of communities to exploit resources. Our results clearly
show distinct bathymetric declines for deep-sea nematode density and biomass along the SE Brazilian
Margin, with a very sharp decline of about an order of magnitude below 1000 m toward the deeper



Diversity 2020, 12, 485 17 of 25

stations (1900, 2500, and 3000 m). Decreasing standing stock is a consistent bathymetric trend in
many oceans worldwide and is usually directly related to decreasing food availability with depth
and distance from productive coastal waters [4,16,24]. However, the tenfold decline below 1000 m
appears uncommon compared to global-scale patterns and may be characteristic of specific regional,
oceanographic conditions at the SSE Brazilian margin, where upwelling is particularly strong in summer
and can result in higher productivity in the upper slope region [61]. In addition, short upwelling pulses
may occur throughout the year [62], regularly supporting high standing stocks in the region. Effects of
this upwelling have been studied in macro- and megafaunal communities [63–65], but this is the first
time it has been found for meiofaunal organisms. The Espírito Santo Basin is typically an oligotrophic
region, but with unique oceanographic and water mass conditions that may cause significant upper
slope deposition of organic matter and sediments [66,67]. The area is also under the influence of a
system of currents that pass through the complex topography of the coral reef complex in Abrolhos,
which already has high levels of turbidity from continental or resuspended sediments. The Brazil
Current splits off from the Atlantic South Equatorial Current Ocean southward, bringing warm waters
down to 700 m depth and moving through the complex shelf and upper slope topography north of
our sampling region. These currents may have a distinct influence on the continental shelf and slope,
“redepositing” sediments. Food-enriched conditions are likely typical for upper slope and shelf-break
depths, as suggested by higher organic matter concentrations in the sediment at 1900 m water depth
and shallower, compared to deeper depths. When comparing nematode standing stocks for the Espírito
Santo transects to global data sets, we can conclude that the upper Espírito Santo Slope supports
unique high nematode densities and biomass. Mokievsky et al. [24], in their global-scale deep-sea
meiobenthos/nematode study, reported 1116 ± 857 ind./10 cm2 for the 20–400 m depth interval and
832 ± 975 ind./10 cm2 for the 401–600 m depth interval, which are well below the values reported
here for 400 m (3405 ind./10 cm2) and even for 1000 m depth (2542 ind./10 cm2). Our upper slope
densities (400 and 1000 m water depth) are even high for the upper range of nematode densities
in shelf environments [68]. The same is true for nematode biomass; biomass at 400 m and 1000 m
depth in the present study (589.6 and 471.4 µg C/10 cm2, respectively, using 12.4% wwt/C conversion
factor [69] is more than twice the average reported in Mokievsky et al. [24] for similar depth ranges
(288.9 and 87.4 µg C/10 cm2 for 0–400 and 401–600 m water depth; and 40.8 µg C/10 cm2 for 601–3000 m
water depth). In addition, the much higher standing stock observed here is likely conservatively low,
given that our samples were taken with a box corer, which is known not to capture meiofauna densities
as accurately as multicorer devices [24,70]. At the same time, biomass values at deeper stations are
very similar to global averages as reported in Mokievsky et al. [24]. This supports the notion of very
high productivity on the upper slope of the SSE Brazilian Margin relative to other margins worldwide
and highlights the importance of local to regional environmental conditions, as well as oceanographic
and hydrographic drivers of benthic communities.

In terms of nematode community structure, we observed a similar discrepancy between the upper
(400 and 1000 m) and lower slope stations (1900, 2500, 3000 m) as we did for standing stock. This pattern
is so obvious in the nMDS of Figure 4 that it scarcely needs statistical validation. There is a clear separation
that seemingly correlates strongly with nematode density (size of bubble sample points). However,
when performing the same analysis using presence–absence transformation, the pattern remains,
implying the contrast in community structure between upper and lower slope stations is not dominated
by the effect of the density of nematode genera, but their taxonomic identity (Figure 4). This suggests the
presence of distinct genera assemblages between upper and lower slope stations, with a break between
1000 and 1900 m water depth, where the incline of the slope reduces toward the deeper basin. Important
to note in this context is the potential influence of distinct water masses in the region, coinciding
with the depths at which we sampled. At 400 m and 1000 m water depth, the previously mentioned
Brazil Current region is under the influence of the South Atlantic Central Water (SACW, 300–550 m)
and Antarctic Intermediate Water (AIW, 550–1200 m). Both these water masses flow northward and have
distinct properties [71,72]. Between 1200 and 3500 m water depth on the other hand, the area is under
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the influence of the North Atlantic Deep Water, flowing southward, influencing faunal communities
in the 1900–3000 m depth range at all our transects. These distinct oceanographic patterns likely
influence the nematode communities and the observed contrast among the 400 m, 1000 m, and deeper
stations. Searching through the literature, we found another instance where a clear bathymetric break
resulted in distinguishable meiofauna and nematode communities. Tietjen [73], off the coast of North
Carolina, found very distinct shallow-water (50–500 m) and deep-water (800–2500 m) communities,
while showing high community affinity within each depth range. Much like the present study, sediment
grain size, temperature, and nutrition sources, related to current activities, were the suggested drivers of
the differences in communities. Continental margins appear to be centers of population differentiation
and speciation, and this may leave a historical signal in diversity–depth trends [8], possibly explaining
the distinct depth-based assemblage grouping in our results (Figures 4 and 5).

Our results on structural diversity measures and functional diversity characteristics (MI and TDI)
of nematode assemblages show very different patterns compared to standing stocks and community
structure. A clear distinction between upper and lower slope stations was not evident. Instead, relatively
uniform gradients were observed. While our analyses suggested that, in some cases, there was indeed
an influence of transect or season on these gradients, they were subordinate to the factor water depth.
Various studies have shown that deep-sea nematode diversity exhibits unimodal patterns with water
depth [4,74]. Other studies have shown that there are no discernable bathymetric patterns in nematode
deep-sea diversity. This is the case, for instance, in the Norwegian Sea (970–3294 m) [75], Bay of Biscay
(2087–4725 m) [76], and a number of samples in the North Atlantic and Caribbean Sea [77]. In some
cases, a regular decline of diversity with increasing depth was observed [78]. In almost all these cases,
an important link between diversity and productivity or food availability was present. Of particular
importance in the productivity–diversity context is the finding by Leduc et al. [74] that the relationship
between diversity and productivity is dynamic in that, on either end of the productivity scale, diversity
is suppressed. On the other hand, at intermediate productivity levels, other factors such as disturbance
or habitat heterogeneity support higher diversity levels. We considered whether this may be the case
at the SSE Brazil Margin, i.e., that the 1900–3000 m depth range is characterized by productivity that
can be considered intermediate sensu Leduc et al. [74] when placed on a global deep-sea productivity
scale. Nematode biomass values are indeed very low, and total organic matter levels at the lower slope
in the present study are also reminiscent of a very oligotrophic system, suggesting that diversity in the
deep parts of our study area may be depressed. However, we find the contrary, whereby diversity
increases toward greater water depths, despite the oligotrophic conditions of the Espírito Santo basin.
This was also demonstrated by Netto et al. [25] who reported significantly higher nematode diversity
at a site at about 890 m compared to a slope site at 215 m off the SE coast of Brazil, but their study was
limited to two stations shallower than 1000 m only.

Total organic matter levels and nematode diversity between 1900 and 3000 m in the study region
are similar to those found in the oligotrophic eastern Mediterranean deep sea [79], which lie at the
extreme low-productivity end of the unimodal model presented by Leduc et al. [74]. We propose that
the unimodal diversity–productivity (or diversity–depth) model still holds, but that our sampling scale
in the Espírito Santo basin presents a cut-off view of the full-scale picture. While the basin is indeed
oligotrophic, we did not sample further ESE toward abyssal depths, where productivity is likely even
lower, and where diversity may be more depressed as a result of extreme oligotrophy. Expanding
sampling further east to deeper depths may reveal a decline in diversity rather than a continued
increase, i.e., adding a descending arm to the unimodal curve, which is currently only represented by
the ascending arm and the peak in the study system. Another distinct possibility is that the intense and
frequent upwelling of nutrient-rich waters to the upper slope and shelf area removes resources from
the deeper waters in the region, exacerbating the oligotrophy there. In addition, seafloor heterogeneity
and topography may have had a positive effect on the diversity levels observed, but we have no
information on detailed seafloor patchiness and heterogeneity to assert that possibility. Moreover,
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it would be very interesting to study the potential effect of the E–W-orientated seamount chain that lies
immediately north to the study area. Seamounts are known to enhance local seafloor diversity [80–82].

The ecological theory that supports the presence of high biodiversity levels in the deep sea [4,7] can
be used to explain our observations. The stability–time hypothesis proposes that the environmental calm
of the deep sea can lead to specialized biological interactions and competitive niche diversification [83].
In addition, the patch mosaic model suggests that small-scale disturbances may cause successional
sequences of assemblages that are out of phase, as well as spatial heterogeneity, thereby increasing
overall diversity [84]. We also propose that the same principles may apply to the functional nematode
diversity in the system. The increasing maturity index and trophic diversity index with increasing
depth within the Espírito Santo basin suggests an infauna that is well adapted to the food-poor
conditions. Specialized taxa that are able to persist in such conditions (high MI) and exploit the limited
food supply through niche diversification (high TDI) may explain sustained high functional diversity,
as well as high taxonomic diversity. This stands in contrast to the upper slope observations where
high productivity has likely led to an opportunistic, abundant infaunal community dominated by
fewer taxa, possibly influenced by presence of low-oxygen conditions through organic enrichment
and increased consumption and respiration. The correlations (>0.7) between nematode genera and
the sample distances in the nMDS (Figure 4) illustrate this, with for instance Sabatieria (a colonizer
with c–p value 2, generally known to indicate disturbed and organically enriched sediments) being
dominant (>20% of the nematode community) at 400 and 1000 m water depth, compared to <4% in the
1900–3000 m depth range. In addition, the lower MI values in the upper slope areas may be indicative
of disturbance caused by the intense blooms at times of upwelling and the subsequent organic matter
deposition to the seabed. Opportunistic and more resilient taxa generally show a positive response
to such conditions. Soetaert and Heip [85] explained dominance by Sabatieria (9.3–21.6%) in shelf
break, slope, and canyon sediments (compared to deeper slope, abyss and hadal areas with only 1.0%
Sabatieria) by greater amounts of organic matter entering suboxic and anoxic regions of the sediment.
Sabatieria is notorious for thriving in hypoxic and near-anoxic conditions.

We must also note that all diversity measures showed significant positive relationships with
increasing water depth, except for genus richness. It is likely that this is in part a consequence of the
typically sparser distribution of taxa in the deep sea compared to shallower waters. While all samples
were of equal surface area and volume, the nematode densities in the samples were significantly
different between the upper and lower slope, possibly affecting the number of taxa observed in each
sample aliquot (150 nematodes picked from each sample) owing to differences in taxon distributions
between the shallower and deeper stations. This is recognized as a potential sample size or rarity
effect on diversity and is often mitigated by using rarefaction methods or equivalent (for instance,
EG(51) [58]), a problem that was recognized for the deep sea decades ago [86]. While sample genus
richness was, therefore, lower at the lower slope and into the abyssal depth range, the other diversity
measures suggest that diversity and evenness (as opposed to a pure richness measure based on
150 nematodes) are higher at the deeper stations.

Our data suggest that the overall diversity and equitability of the nematode assemblages increase
with water depth in the study area. This aligns with our observation of increased functional diversity,
and indeed the maturity of the nematode assemblages. In addition, all the functional parameters
showed significant differences in dispersion of values for water-depth groups (see PERMDISP, Table 3),
suggesting that these values are very variable depending on the water depth. This can be seen in
Figure 3, where the shallow station values exhibit more variability. This likely relates to increased
habitat heterogeneity over the scale of sampling or more likely increased patchiness in the immediate
sampling area. This is particularly noticeable for density and biomass, and for TDI to an extent.

What is clear is that relationships among abundance, biomass, diversity, and productivity can be
found, and these are additionally driven by patterns in heterogeneity and patch dynamics, sediment
structure, and variables such as oxygen and temperature (which themselves also relate to productivity
and the magnitude and speed of degradation of sinking organic matter since it governs bacterial
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activity). Illustrating the close relationship between nematode diversity and productivity or resource
availability in the deep sea are the elevated densities and diversity found along the ice margin in
the Norwegian Sea [87], and in the equatorial Pacific, where a region of high productivity translates
into high nematode density and diversity at abyssal depths [88]. In the Mediterranean, the same
patterns can be observed: decreasing density and diversity from west to east, as well as with increasing
depth, which are associated with decreasing gradients of productivity and, hence, availability of
food resources [89,90]. Further diversity suppressants can be increased hydrodynamic disturbance
(areas with frequent benthic storms, active canyon areas), enhanced organic matter and nutrient load
(see Mississippi delta outflow, and some canyon regions and trenches), and reduced oxygen availability
such as found in oxygen minimum zones. In that context, the greater functional heterogeneity found
in the upper slope region, as shown by the PERMDISP results, particularly at 400 m, may illustrate
increased patchiness and enhanced disturbance regimes (likely owing to upwelling blooms and
subsequent organic matter load, and potentially current and water mass dynamics). These lead to
distinct variability in density, biomass, and trophic diversity at the shallow 400 and 1000 m stations,
possibly affecting structural diversity/evenness negatively.

Our results clearly show distinct bathymetric patterns for structural and functional nematode
characteristics along the deep-sea transects in the study area, and combined environmental-community
analysis (Figure 5) suggests substantial environmental influences unique to the region of the Espírito
Santos basin, its upwelling regime, hydrodynamics, and topographic identity. Previous studies
within the same research program have shown distinct regional patterns with a north–south contrast
according to macrofauna [26]. We did not find evidence for this specific pattern using nematodes
(no convincing N–S transect differences, although community structure in the most southern transect
(A) was somewhat different compared to all other transects), but our upper–lower slope contrast
(E–W orientation) does relate to important environmental factors such as temperature, grain size,
carbonate levels, and others. Overall, a significant relationship was found between the environmental
parameters and the nematode communities and this is expressed along the bathymetric gradient, with a
distinct upper–lower slope contrast most likely fueled by intense and frequent upwelling. Temperature
differences are an obvious driver and related to the different water masses and hydrographic patterns
that are present in the study area [62,71,72].

5. Conclusions

We demonstrated for the first time that the upwelling pulses that occur throughout the year in the
Espírito Santo Bay support a high standing stock of meiofauna, beyond what was previously known
for macro- and megafauna. When compared to deep-sea datasets from around the world, nematode
density and biomass along the Espírito Santo upper slope are exceptionally high. Deeper stations along
the slope, by contrast, harbor nematode standing stocks that are within the range of values reported
from other deep-sea locations worldwide. These findings underscore the idea that the upper slope of
the SSE Brazilian margin comprises a highly productive area and, together with information on water
mass characteristics and movements, emphasizes the importance of regional environmental drivers
of benthic communities. Upper and lower slope nematode communities were distinguished by very
different abundance and biomass values, declining an order of magnitude between 1000 and 1900 m
water depth. This distinction was also noted in nematode community structure, with a clear break
between 1000 and 1900 m. In contrast, taxonomic and functional diversity (including evenness as a
component of structural and functional diversity) gradually increased with water depth. The higher
values of these indices at deeper stations indicate that the infauna of this oligotrophic habitat is
well adapted to low food availability, likely related to niche diversification and low colonization
potential and/or resilience to “disturbance” in the broadest sense. Ecological principles such as the
stability–time hypothesis and the patch mosaic model support our observations of diversity and
functional increase with water depth in this deep-sea environment. The upper slope communities,
by contrast, were dominated by opportunistic “colonizer” taxa, suggesting greater disturbance levels
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and possible greater habitat heterogeneity as a result. In conclusion, the Espírito Santo Bay slope is
characterized by clear relationships between productivity and infaunal communities, whereby standing
stock and diversity are driven by local- to regional-scale heterogeneity while adhering to ecological
principles that explain high deep-sea diversity and function.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/12/12/485/s1,
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of the nematode community.
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