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Abstract: Free living nematodes are the most abundant and diverse metazoans in aquatic sediments.
We used a framework of habitat types to reveal quantitative patterns in species richness (SR), β-diversity,
and biological traits (BT). Meiofauna was quantitatively collected from 60 sites within nine habitat
types and 24,736 nematodes were identified to species level. We reported a regional richness of
410 ± 12 species for the Cuban archipelago; however, caves and deep waters need to be sampled more
intensively. Relationships between SR and abundance supported the dynamic equilibrium model with
habitats ordered across gradients of resource availability and physical disturbance. Seagrass meadows
were the most specious and freshwater/anchihaline caves the least diverse habitats. Differences in
β-diversity likely were due to habitat heterogeneity and limitations for dispersal. The assemblage
composition was unique in some habitats likely reflecting the effects of habitat filtering. However,
coastal habitats shared many species reflecting high connectivity and dispersal capability of nematodes
due to hydrodynamics. The BTs “life strategy”, “trophic group”, and “tail shape” reflected ecological
adaptations; but “amphidial fovea” and “cuticle”, likely reflected phylogenetic signatures from
families/genera living in different habitats. Habitat type played an influential role in the diversity
patterns of aquatic nematodes from taxonomic and functional points of view.
Keywords: species richness; β-diversity; biological traits; tropical; marine; freshwater; meiofauna;
Caribbean

1. Introduction
The study of the habitat, the place where organisms live [1], is a tenet of community ecology. The
pioneer studies [2,3] highlighted the importance of habitat type as template for ecological strategies. More
recently, the habitat type has been reintroduced as a main organizing principle to study communities [4].
In theory, the habitat type may act as a selective force driving the community assemblage, but mediated
by other processes such as dispersal, speciation, and drift [5]. A critical step in the endeavor of linking
habitat type with community ecology is the definition of the habitat itself. For instance, aquatic habitats
are often defined a priori on the basis of overarching abiotic structures/variables such as confined spaces
(e.g., caves) or extreme abiotic conditions (e.g., trenches). But, the delineation of habitat types based
uniquely on abiotic factors has been termed as environmental filter and it has often failed to explain the
community assembly and dynamics since biological interactions may also play a key role [6]. Habitat
types are sometimes defined from an operational point of view (e.g., reef versus seagrass bed) that does
not always match with the spatial and temporal scales at which organisms perceive the environment
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(e.g., a reef contains several microhabitats) [7]. Further, the very continuity of the environment in aquatic
ecosystems make the test of the habitat type as a main driver of community assemblage challenging.
Despite previous shortcomings, the diversity and distribution patterns of marine communities can be
successfully approached from a habitat perspective giving generality and predictive power. The habitat
type has been used as a successful predictor in studies of marine benthos, e.g., [8–10], and may be linked
to one of the most important components of the diversity: β-diversity (i.e., variation in the identities of
species among sites [11]).
Free living nematodes are the most abundant and diverse metazoan assemblages in aquatic
sediments and the most studied taxon within the meiobenthos [12,13]. However, several knowledge
gaps remain in the ecology of nematode assemblages. Three of the most important gaps are: (a) the
incomplete knowledge about the species richness of the group, for instance, the known fraction of
marine nematode species is about 12% of the estimated total of species [14]; (b) the ecological processes
driving the β-diversity patterns of nematode assemblages are known mostly from temperate ecosystems
(e.g., [15], and references therein), and even from deep-sea ecosystems, e.g., [16–18], but patterns across
tropical habitats and their ecological drivers are substantially understudied; and (c) the link between
nematode biological traits and ecosystem functioning based on evolutionary adaptations. In particular,
the problem is to identify the traits and environmental factors that are most responsible for the most
striking and important patterns in the field [19].
Gradients in physical disturbance and resource availability constitute environmental axes of
importance to define habitats relevant for nematode assemblages [15]. Latter authors proposed a
conceptual model between nematode abundance and species richness/diversity in relation to habitat
types. The general model was originally proposed by Huston [20] and termed as the Dynamic
Equilibrium Model (DEM). In some extension, DEM built on previous theories relating diversity
to frequency of disturbance (Intermediate Disturbance Hypothesis, [21]) and energy availability
(Species–Energy Theory, [22]). However, DEM as analyzed in [16] did not include tropical habitats
(e.g., coral degradation zones, seagrass meadows). Actually, most of the recent surveys on diversity
patterns of nematode assemblage structure have included polar, temperate or deep-sea habitats.
Comparatively less research has been done in tropical ecosystems resulting in a gap of knowledge
about diversity patterns (but see studies [23,24] in Kenya, and [25,26] in the Maldives). Recently, some
other understudied tropical habitats have recently been surveyed at the species level, such as volcanic
sands [27], mangrove sediments [28], and rivers [29].
Diversity may be studied using descriptive, functional and/or phylogenetic approaches. From
a descriptive point of view, diversity may be effectively measured by the species richness (SR) and
complementarity [30]. For hyperdiverse assemblages (e.g., nematodes), the use of non-parametric
estimators (e.g., Chao 1) besides observed SR may bring higher accuracy in the assessment of the
richness [31]. The measurement and interpretation of complementarity between assemblages (or samples)
has been the subject of much debate. The partition of the β-diversity in α- and γ-components, using
additive or multiplicative relationships, is a feasible approach to disentangling the effects of scale or
other nested units of analysis. However, the alternative use of the concept of β-diversity, measured
as Bray–Curtis dissimilarity index, constitutes a simple and effective approach to assess how similar
two sets of species are [11]. In addition to the approach to diversity, which constitutes the basis for
further hypotheses about processes, a functional approach may be applied using the biological traits
of organisms.
A biological trait is any morphological, physiological or phenological feature measurable at
the individual level [32]. The biological trait analysis (BTA) gives generality and predictability in
ecological studies [19] because the spatio-temporal distribution of organisms and their functional role
in ecosystems depend on their traits rather than on their taxonomical affiliation [33,34]. The BTA was
brought into the marine realm by Bremner et al. [35,36] focusing on epibenthic invertebrates. Later,
BTA was successfully applied to the ecology of nematode assemblages [37–39]. However, studies
on tropical assemblages are scarce (but see [40,41]). Currently, there is a need for empirical studies
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The bottom is permanently in darkness, with very fine sediment (mostly silt/clay), negligible physical
disturbance, an oligotrophic environment due to absence of primary production, but allochthonous
sources of organic matter existed through terrestrial runoff and potentially subterranean currents from
the adjacent sea.
Bare sand (BS, two sites) sites were located between the lagoon and the reef crest, there was a fringe
of ∼10 m wide unvegetated coralline sand deposited on rocky substrate. The vertical thickness of the
sand layer fluctuated between 4 and 12 cm. The water was well oxygenated, and depth varied between
2 and 3 m. The percentage of organic carbon in the sand was ~5% and productivity was assumed as
high due to primary production by microphytobenthos (e.g., diatoms). Sites were subjected to high
hydrodynamic disturbance by currents and wave action.
Unvegetated mud (UM, 10 sites) referred to subtidal bottoms devoid of vegetation, located in
semi-enclosed bays (Cienfuegos and Havana), with depths of 5–12 m, and an estuarine regime due
to river discharges, rainfall and terrestrial runoff. Bottoms mostly with fine sediment (silt/clay) and
high accumulation of organic matter as detritus because of eutrophication are subjected to seasonal
hypoxia/anoxia, and industrial and urban pollution.
Algal turf (AT, two sites) sites were located immediately shoreward of the reef crest (mostly
consisting of elkhorn coral (Acropora palmata) and fire coral (Millepora complanata)), comprised of a hard
bottom covered by seaweeds, and depths ranging from 0.5 to 3 m. There was an intense hydrodynamic
regime because of wave turbulence created in the vicinity of the reef crest. Dense turfs of filamentous
algae were abundant and mixed, with the most common genera being Galaxaura, Jania, Lobophora,
Padina, Sargassum, and Stypopodium.
Macroalgae thallus (MT, six sites) samples actually came from a single site within a polygon of
100 m × 100 m, but the proximate substrates were different macroalgae species living on rocky bottoms
at 9–21 m depth. Six species with different degrees of structural complexity were collected: Amphiroa
sp. 1, Bryothamnion sp. 1, Bryothamnion sp. 2, Dictyopteris sp. 1, Halimeda sp. 1, and Lobophora sp. 1.
There was some sediment deposited within the macroalgae thallus. The site was subjected to strong
hydrodynamic regime by currents and wave action.
Seagrass meadow (SM, 17 sites) sites were subtidal bottoms with muddy/sandy sediments covered
in variable degree by marine seagrasses, mostly by turtle seagrass Thalassia testudinum. Seagrass
canopy provides protection from physical disturbance by hydrodynamic forces. The content of organic
matter was high (5–10%) because of the intense primary production (seagrasses, epiphytic microalgae,
and macroalgae) and the accumulation of detritus in sediments.
Coral degradation zone (CDZ, eight sites) is a biotope within coral reefs where the coral fragments
and rubble accumulate and degrade to coralline sand at depths of 2–6 m. Dead coral fragments were
covered by biofilm (observable at naked eye), likely reflecting a high level of food availability due to
the productivity of the microphytobenthos; but there was minimum accumulation of organic matter
due to the intense hydrodynamic regime by currents and wave action.
Deep water (DW, nine sites) sites refer to the bottom along the shelf slope around 1500 m depth,
where hydrodynamic regime is supposed intense because of the steep slope and presence of large
areas of hard substrate devoid of sediments, with very fine grain size (silt/clay), and an oligotrophic
environment due to lack of primary production and reduced input of organic particles from the
water column.
2.2. Collection and Processing of Samples
This survey summarizes the results of several papers published or in preparation during a period
of about 10 years. Therefore, the techniques for the collection and processing of the nematodes varied
and specific details can be found in the published papers and in the Supplementary Table S1. Hereafter,
we synthetized the most important features of the sampling. Collection in shallow soft-bottoms
(i.e., FC, AC, BS, UM, and SM) was done using hand-held plastic cores (2.6 cm inner diameter); usually
3–10 sampling units were collected in an area smaller than 50 m × 50 m. In AT, 20 thalli ((six macroalgae
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species × four replicates) minus four missing replicates) were carefully collected into nylon bags;
strictly speaking, the nematode assemblages were epiphytes. We kept the different macroalgae species
separate as sites although they were sampled in the same location. The CDZ were sampled by hand
collection of dead coral rubble within a quadrat of 10 cm × 10 cm. The dead coral fragments were
carefully placed within plastic jars underwater. In deep waters, 27 sediment samples from the shelf
slope (~1500 m depth) were collected from nine sites and three replicates/site using a multicorer (single
deployment) with PVC cores of 11 cm diameter. The three cores collected from a single deployment
were in rigor pseudoreplicates; but, the bias on the diversity estimates should be small, if any. This is
because: (i) we combined the three cores to obtain a more robust estimate; and (ii) meiofauna (and
nematodes) vary at spatial scales smaller than 1 m, therefore the three cores (separated by ~1 m) could
effectively sample the variability in the distribution (and hence the diversity).
Samples were processed using mesh size of 45 µm as lowest limit of meiofauna. Meiofauna
retained in sieves was washed and preserved in formalin (4%) or ethanol (70%). Nematodes were
sorted out of the sediment by the flotation technique in high-density sucrose solution [44]. For CDZ
and MT, the epilithic and epiphytic nematodes were detached from respective substrates by gentle
washing with filtered tap water. Nematodes were mounted in permanent preparations using the
general technique in [45]. The identification of nematodes to species level was made using the original
descriptions of the species and faunal synopses [46–48]. However, many species could not be assigned
with reasonable confidence to known species and thus they were named as sp. The nomenclature
followed the online database World Record of Marine Species (https://www.marinespecies.org).
2.3. Biological Traits
We gathered information about five biological traits for all of the identified species. The data are
presented in the Supplementary Table S2.
The life strategy, or c–p scale [49–51], an analog of K/r-strategists, was analyzed based on a scale
from c–p = 1 (good colonizers) to c–p = 5 (good persisters). For some genera, c–p values were not
available and information from other genera in the same family were used.
The trophic group was defined based on the Wieser’s scheme that takes into account the
morphology of the buccal cavity [52]: selective deposit feeders (i.e., detritivores), non-selective deposit
feeders, epigrowth feeders, and omnivores/predators. The deposit feeders lack buccal armature,
and the differentiation between selective and non-selective is based on the size of the buccal cavity.
The epigrowth feeders have sclerotized structures as teeth and denticles. Omnivores/predators bear
mandibles or spear-shape structures in a large buccal cavity.
The amphidial fovea shape has been recently proposed in [25] as a meaningful biological trait
with eight groups. We have used here only seven of them since blister-like was included as circular
type: circular, spiral, slit-like, pocket, elongated/rounded loop, indistinct, and longitudinal slit.
The cuticle morphology has been proposed also in [26] as: smooth, punctated/annulated with or
without lateral differentiation, punctated/annulated with longitudinal structures for the whole body
length, wide body annules and longitudinal ridges, desmens, and covered by ectosymbiotic bacteria.
The tail shape was classified into four types [53]: rounded/blunt, clavate/conico-cylindrical,
conical, and elongated/filiform.
2.4. Data Analysis
We pooled the data from sampling units coming from the same site (except for MT) to obtain
robust estimates of diversity and to minimize the effects of the sampling bias (e.g., different sizes of the
sampler). A matrix of nematode species × sites was compiled using the abundance (i.e., counts) as
values. The software EstimateS 9.1.0 [54] was used for the analysis of the species richness (SR) using
curves of accumulation of species versus individuals and for the calculation of confidence intervals
based on permutations. The non-parametric estimator Chao 1 was calculated for the estimation of
the SR taking into account the fraction of non-seen species [55]. The comparison of SR at the same
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level of abundance (i.e., rarefaction technique) was made with the number of expected species (ES(n) )
in the software PRIMER 6.1.15 [56]. A correlation between SR and abundance was made using the
Spearman rank correlation coefficient. The similarity patterns across the samples were explored with
numerical ordinations by non-metric multidimensional scaling (NMDS) in the software PRIMER
6.1.15. Data were transformed as square root to downweigh the influence of the most abundant
species. The Bray–Curtis similarity index was used as measure of resemblance. Statistical differences
among habitat types in the assemblage composition were tested using a permutational analysis of
variance (PERMANOVA) in the software PERMANOVA 1.0.5 [57]. Note that PERMANOVA tests for
differences in the central position (i.e., centroid or multivariate mean); we used the same setting as that
for NMDS and an unrestricted permutation of raw data. The β-diversity 1 was calculated as the mean
distance of the sites to the centroid of the habitat groups (i.e., multivariate dispersion) using the routine
PERMDISP in latter software. Thus, β-diversity 1 measured the variation among sites within the same
habitat. The criterion for interpreting significant differences in β-diversity 1 was the lack of overlapping
of the standard error associated to the mean. We also calculated the β-diversity 2 to measure the
variation in the assemblage structure among habitats as the mean (±standard deviation) of Bray–Curtis
dissimilarity values. We applied the SIMPER procedure in order to identify the species responsible of
the compositional differences among habitats using the PRIMER 6.1.15. Formal pairwise comparisons
among the nine habitats yield 36 lists of species (i.e., habitat 1 versus 2, 1 versus 3, etc.) contributing to
the pairwise dissimilarity, which is an unmanageable number of lists. Therefore, we presented those
species that contribute up to 50% of cumulative similarity within habitats. We considered that the
selected species were typical of a particular habitat type since they occurred at most (or all) of their
sites. The comparison in a table of the presence/absence of species indicates those species that most
contribute to the β-diversity patterns across the nine habitats.
3. Results
3.1. Species Richness
A total of 24,736 nematodes were identified yielding 410 species belonging to 216 genera, 46 families,
eight orders, and two classes. The accumulation curve of observed SR versus individuals had a
non-asymptotic shape indicating that the number of species would increase with further sampling
effort (Figure 2a). The observed SR for the Cuban archipelago (i.e., regional SR) was 410 ± 12 species.
The non-parametric estimator Chao 1 indicated roughly the same number of species (415 ± 7 species).
The accumulation curves of SR per habitat did not show any asymptote. Even habitats heavily
sampled such as UM and CDZ (>7000 identified individuals) had a slight tendency to increase
(Figure 2b). The SM were also well sampled (>3000 individuals) but the steep shape of the curve
indicated a potentially higher SR. DW habitats contained a high SR, but were still underestimated
because of the almost linear shape of the curves. The two cave habitats were undersampled suggesting
that SR estimates should be interpreted with caution.
The observed SR was different among habitats as indicated by the lack of overlap of 0.95 confidence
intervals (Figure 3a). SM had the highest SR, followed by CDZ and DW habitats. A group of three
marine habitats had intermediate SR of about 100 species (BS, UM, and AT). MT had lower SR, and the
lowest richness occurred in the caves (both freshwater and anchihaline). The SR and abundance were
positively correlated across the sites (RS = 0.64, p < 0.001, n = 60).
Sample size strongly affects the estimates of SR; therefore, we computed the expected number of
species (ES) for a same level of abundance. We removed freshwater and anchihaline caves from the ES
calculation because they had too few individuals for an informative estimate (168 and 31 individuals,
respectively). The ES was then computed based on the lowest abundance: 540 individuals in DW.
ES(540) reaffirmed that SM had the largest SR, followed by DW (Figure 3b). Three habitats had similar
values of ES(540) : BS, AT, and CDZ. UM had a lower number of species and the lowest richness occurred
in MT.
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The observed SR was different among habitats as indicated by the lack of overlap of 0.95
confidence intervals (Figure 3a). SM had the highest SR, followed by CDZ and DW habitats. A group
of three marine habitats had intermediate SR of about 100 species (BS, UM, and AT). MT had lower
SR, and the lowest richness occurred in the caves (both freshwater and anchihaline). The SR and
abundance were positively correlated across the sites (RS = 0.64, p < 0.001, n = 60).
Sample size strongly affects the estimates of SR; therefore, we computed the expected number
of species (ES) for a same level of abundance. We removed freshwater and anchihaline caves from
the ES calculation because they had too few individuals for an informative estimate (168 and 31
individuals, respectively). The ES was then computed based on the lowest abundance: 540
individuals in DW. ES(540) reaffirmed that SM had the largest SR, followed by DW (Figure 3b). Three
habitats had similar values of ES(540): BS, AT, and CDZ. UM had a lower number of species and the
lowest richness occurred in MT.
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3.2. β-Diversity
The multivariate structure of the assemblages was clearly different among habitats as indicated
by a numerical ordination (Figure 4a) and PERMANOVA test (Pseudo-F = 6, p = 0.01, d.f.(total) = 59,
d.f.(effect) = 8). Most of the samples were clustered by habitat type, which explained 45% of the total
variance in the multivariate data. Some habitats had a different assemblage structure composition as
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3.2. β-Diversity
The multivariate structure of the assemblages was clearly different among habitats as indicated
by a numerical ordination (Figure 4a) and PERMANOVA test (Pseudo-F = 6, p = 0.01, d.f.(total) = 59,
d.f.(effect) = 8). Most of the samples were clustered by habitat type, which explained 45% of the total
variance in the multivariate data. Some habitats had a different assemblage structure composition
as indicated by separate groups of samples (e.g., DW, UM, and SM). Other habitats had remarkable
similarity among sites but had some overlapping between them (e.g., CDZ, AT, and BS). FC showed a
large variability in assemblage composition as indicated by the dispersal of the samples in the plot.
This variation between habitats but also within habitats (i.e., among sites coded as a same habitat type)
suggests
further
of quantitative values of β-diversity.
Diversity
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that five habitats had a very different assemblage composition (Figure 4c): FC, AC, MT, UM, and DW.
Four coastal marine habitats were relatively similar to each other: BS, AT, SM, and CDZ. The βdiversity 2 was very high (mean ± SD): 97% ± 14%.
There were several species typical of a particular habitat type (Table 1). FC had a unique set of
species belonging to typical freshwater genera (Aphanolaimus, Ironus). Species in AC were marine and
occurred in other habitats as well (e.g., SM and CDZ). UM had a unique set of species belonging to
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The ordination of the nine habitats (all sites pooled) based on assemblage structure indicated that
five habitats had a very different assemblage composition (Figure 4c): FC, AC, MT, UM, and DW. Four
coastal marine habitats were relatively similar to each other: BS, AT, SM, and CDZ. The β-diversity 2
was very high (mean ± SD): 97% ± 14%.
There were several species typical of a particular habitat type (Table 1). FC had a unique set of
species belonging to typical freshwater genera (Aphanolaimus, Ironus). Species in AC were marine and
occurred in other habitats as well (e.g., SM and CDZ). UM had a unique set of species belonging to two
known hypoxia-tolerant genera (Sabatieria and Terschellingia). Other species were widely distributed
across the shallow coastal habitats: Desmodora pontica, Euchromadora vulgaris, and Zalonema ditlevseni.
SM had a diverse set of species, some of them characterized by large body size such as Cheironchus,
Halichoanolaimus, Mesacanthion, and Viscosia. Members of Comesomatidae (Dorylaimopsis, Setosabatieria),
a family typically composed by detritivores, were characteristic of this habitat. Several genera of
Chromadoridae were found typically on MT (Chromadora, Chromadorella, and Euchromadora). The set
of species inhabiting DW was unique and included several genera typical of the deep-sea such as
Acantholaimus, Bolbolaimus, Cervonema, and Metadasynemella.
Table 1. Nematode species typical of each habitat type based on SIMPER analysis. Species were chosen
by the ordered contribution to the within-habitat similarity (measured by Bray–Curtis index) and only
those that contribute up to 50% of cumulative similarity were listed. Acronyms of the habitats: FC =
freshwater cave, AC = anchihaline cave, BS = bare sand, UM = unvegetated mud, AT = algal turf, MT
= macroalgae thallus, SM = seagrass meadow, CDZ = coral degradation zone, and DW = deep water.
Species

FC

Average within-habitat similarity

25%

Ironus ignavus
Monhystrella sp.
Aphanolaimus sp.
Pomponema sp.
Zalonema ditlevseni
Paradesmodora immersa
Desmodora pontica
Tricoma sp.
Enoploides bisulcus
Innocuonema asymmetricum
Viscosia abyssorum
Sabatieria pulchra
Terschellingia longicaudata
Terschellingia communis
Euchromadora vulgaris
Epsilonema sp.
Croconema cinctum
Euchromadora gaulica
Acanthopharynx denticulata
Chromadora brevipapillata
Paracanthonchus platypus
Chromadorella paramucrodonta
Chromadorella filiformis
Euchromadora atypica
Marylynnia sp.
Halichoanolaimus chordiurus
Cheironchus vorax
Mesacanthion sp.
Desmoscolex sp.
Halichoanolaimus sp.
Dorylaimopsis punctata
Setosabatieria hilarula
Daptonema sp.
Draconema sp.
Endeolophos fossiferus
Metadasynemella falciphalla

AC

BS

UM

AT

MT

SM

CDZ

DW

36%

26%

46%

68%

25%

53%

27%

X
X
X

X

X
X
X
X
X
X
X
X
X
X
X

X
X

X
X

X
X
X
X

X
X
X
X
X
X

X

X
X
X

X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
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Table 1. Cont.
Species

FC

Average within-habitat similarity

25%

AC

BS

UM

AT

MT

SM

CDZ

DW

36%

26%

46%

68%

25%

53%

27%

Acantholaimus megamphis
Cervonema macramphis
Pselionema simile
Bolbolaimus sp.
Desmodorella tenuispiculum
Acantholaimus maks
Metadasynemella cassidiniensis

X
X
X
X
X
X
X

3.3. Biological Traits
The assemblage structure by life strategy (or colonizer/persister scale) varied between freshwater
and marine habitats (Figure 5a). FC had higher contribution of extreme colonizer (c–p 1 = 16%) and
persister species (c–p 4 = 59%) when compared with the marine habitats (c–p 1 = 0% and c–p 4 = 15%).
Marine habitats also had differences among them, with UM having only intermediate colonizer species
(c–p 2 = 57% and c–p 3 = 43%). The other seven marine habitats shared a similar life strategy structure
Diversity
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= filiforme) [47]. Acronyms of the habitats: FC = freshwater cave, AC = anchihaline cave, BS = bare
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4. Discussion

The structure by trophic group was different among habitat types (Figure 5b). FC when compared
The accumulation
curves,
forabundance
both observed
SR and Chao 1, were (68%
close vs.
to an
asymptote
with marine
habitats had
higher
of predators/omnivores
17%)
and lower of
indicating that the regional richness (approximately 410 species) was reasonably well estimated.
These figures should be interpreted as the minimum richness [31] and set a first SR estimate of aquatic
nematodes for the Cuban archipelago. The relatively low number of unseen species (the difference
between Chao 1 and observed SR being five species) could be due to a taxonomic bias. In other words,
many species with one or two individuals (mostly juveniles or females) were removed from the
matrix because of the uncertainty of the identification. Two solutions to this taxonomic issue are to
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epigrowth feeders (1% vs. 43%). UM had higher contribution of non-selective deposit feeders (42%)
when compared with the other eight habitats (8%). Non-sedimentary habitats (i.e., AT, MT, and CDZ)
had larger contribution of epigrowth feeders (72%) when compared with sedimentary habitats (28%).
The structure by amphidial fovea shape displayed differences among habitats (Figure 5c). FC had
larger contribution of pocket fovea (76%) when compared with marine habitats (10%) and no species
with spiral fovea.
The trait structure by cuticle type showed large differences in the contribution to assemblage
structure (Figure 5d). Nematodes with smooth cuticle were dominant in freshwater (77%) when compared
with marine habitats (10%). The marine habitats had a clear dominance of punctated/annulated cuticle
(81%) when compared with freshwater (23%). UM had only nematodes with punctated/annulated
cuticle type.
Tail shape assemblage structure varied among habitats (Figure 5e). FC had a larger contribution
of elongated/filiforme tail shape (59%) when compared with marine habitats (20%). Nematodes with
clavated/conical-cylindrical tail shape were more abundant in UM (66%) than in the other eight habitats
(19%).
4. Discussion
The accumulation curves, for both observed SR and Chao 1, were close to an asymptote indicating
that the regional richness (approximately 410 species) was reasonably well estimated. These figures
should be interpreted as the minimum richness [31] and set a first SR estimate of aquatic nematodes for
the Cuban archipelago. The relatively low number of unseen species (the difference between Chao 1
and observed SR being five species) could be due to a taxonomic bias. In other words, many species
with one or two individuals (mostly juveniles or females) were removed from the matrix because of the
uncertainty of the identification. Two solutions to this taxonomic issue are to increase the sampling effort
looking for individuals in adult stages and to apply DNA barcoding for the species identification [58,59].
The accumulation curves per habitat showed a radically different scenario, with most of the curves
lacking an asymptotic shape. In general, the increase of the sampled area clearly had a strong positive
effect on the SR as indicated by the steep shape of the curves [60]. Even for well-sampled habitats such
as coral degradation zones and unvegetated muds, the shape of the curves indicated the existence of
undiscovered species. Seagrass meadow and deep-water habitats looked to be a promissory sources
of undiscovered species since their curves were steep. The sample size of 300 individuals suggested
in [61] as sufficient to describe the diversity in seagrass meadows at local scale seemed reasonable.
However, at larger spatial scales, a substantially higher number of individuals (likely >4000) is needed
to estimate the true species richness.
The low number of collected individuals in the deep-waters seemed to be the main limitation for
a more accurate estimate of species richness. Low number of nematodes would be a bias due to the
use of 45 µm mesh size that misses small-sized nematodes which are proportionally more abundant
in the deep sea [62]. However, other studies in deep sea habitats of the Gulf of Mexico, using 45 µm
mesh, have reported a consistently higher number of individuals than in our study [63]. The most
plausible explanation for the low abundance of nematodes in the DW samples was the combination
of: (i) oligotrophic environment in the water column causing a reduced input of organic carbon to
sediments via sedimentation; and (ii) strong hydrodynamic regime given by the Cuban countercurrent
flowing along the northwestern shelf slope [64].
Based on the Dynamic Equilibrium Model (DEM), Moens et al. [15] related two environmental
axes (i.e., resource availability and physical disturbance) with habitat types and hence with SR and
abundance of nematode assemblages. The model reasonably fitted well to our data of SR and abundance
for the marine habitats (Figure 6). However, we could not directly measure abiotic variables related to
these drivers (e.g., biopolymeric carbon, current speed). This issue limits the strength of our evidence
to test the DEM model. The depth can be a good correlate of food availability in sediments, splitting
coastal and deep waters habitats [62]. However, in shallow coastal habitats depth is a poor predictor

depth is a poor predictor of food availability or hydrodynamic regime because other local factors
(e.g., turbidity, shoreline topography) may also have a significant influence on productivity and
hydrodynamics.
A word of caution in the interpretation of values of abundance is needed because of the lack of
standardization of counts into density/concentration values. The disparate structure of the sampled
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artificially high values of abundance.

A word of caution in the interpretation of values of abundance is needed because of the lack of
The unimodal curve of SR versus abundance suggested that the most specious habitats were
standardization of counts into density/concentration values. The disparate structure of the sampled
those subjected to intermediate levels of resource availability (e.g., seagrass meadow and coral
habitats, e.g., coral rubble, algal turf, macroalgae thallus, and sediments, prevented such standardization.
Therefore, the values of abundance obtained in our study may be indicative of relative differences
between habitats, but may not constitute a reference framework for the absolute abundance in
the habitats.
The unimodal curve of SR versus abundance suggested that the most specious habitats were those
subjected to intermediate levels of resource availability (e.g., seagrass meadow and coral degradation
zone). The sampled deep-waters were located on the shelf slope (~1500 m depth) and likely subjected
to oligotrophic conditions in sediments and intense hydrodynamic regime. This habitat harbored a
diverse but relatively scarce nematofauna with genera typical from the deep sea and reported from other
oceanic basins [65]. Macroalgae thallus were also subjected to an intense hydrodynamic regime but
larger resource availability is likely as biofilm and particulate organic matter accumulate on the thalli.
Coastal habitats (seagrass meadow, bare sand, algal turf, and coral degradation zone) were subjected
to a moderately high level of physical disturbance by wave and current actions. The suite of species
typical of these habitats had adaptations to physical disturbance such as ornamented cuticle, conical
tails, and small body size. The most specious habitat was seagrass meadow, likely reflecting a large
resource availability (e.g., interstitial space and food) and good protection from physical disturbance.
The relatively larger body size of nematodes in seagrass meadows [66] indicated more available
energy that supported in turn higher biomass [22]. Seagrass meadows are highly productive habitats,
not only because of the seagrass primary production, but also because of the associated epiphytic
microalgae [67]. The taxonomic and functional structure of nematode assemblages have been positively
correlated with food availability in seagrass meadows [68–70]. The seagrass vegetation also enhances
the nematode assemblages by increasing refuge from predators [71] and reducing the resuspension by
currents [72]. The other coastal habitats with intermediate levels of richness (bare sand, algal turf, and
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coral degradation zone) likely were influenced by the biofilm produced by microphytobenthos as a main
source of food for nematodes. Recent characterization of the biofilm growing on the Acropora palmata
coral rubble indicated an associated rich microbial community of algae, sponges, virus, bacteria, and
other microorganisms [73] that potentially provides food for epigrowth feeder nematodes.
The unvegetated muds were located in semi-enclosed bays with organically enriched sediments
because of the augmented primary production by phytoplankton and microphytobenthos due to
human-driven eutrophication. The accumulation and oxidation of organic matter in the bottoms
caused seasonal hypoxia enhanced by a reduced hydrodynamic regime by weak tidal currents and
salinity-driven stratification of the water column [74,75]. In these harsh conditions, only tolerant and
opportunistic species (e.g., Terschellingia longicaudata and Sabatieria pulchra) were able to survive.
We removed the caves from the DEM model because extreme oligotrophy and physical isolation
likely constituted the major drivers of the nematode assemblages. Several studies have indicated
that food availability is the most important driver for nematode assemblages in caves (e.g., [76],
and references therein). Stagnation of waters usually create hypoxia in the caves’ sediments adding
additional stress. Isolation of the cave systems also limits the immigration of species promoting a low
SR as well [76].
We analyzed the β-diversity at two different scales: β-diversity 1 measured the variation within
habitats (i.e., among sites in a same habitat type), and β-diversity 2 measured the variation among
habitats. Differences in β-diversity 1 likely were due to the small-scale habitat heterogeneity that
promotes a larger number of different niches, a finer partition and specialization in the use of resources
by the species (reducing the interspecific competition), and thus more distinctive assemblages [77].
Limitations to the dispersal imposed by geographical distances between sites and/or physical barriers
also promoted the β-diversity 1, evidenced by the higher value in freshwater caves.
The β-diversity 2 was very high, indicating that habitat types harbored distinctive nematode
assemblages, and highlighting its important role as an assembly factor. This pattern emerged despite the
considerable small-scale variability displayed by nematode assemblages as a response of microhabitat
heterogeneity and/or species interactions [15]. In addition to the combined effects of resource availability
and physical disturbance (i.e., habitat filtering sensu latu), the connectivity among habitats was likely
very important as an assembly process given by the dispersal of organisms [5]. The uniqueness of
nematode assemblages in some habitats (e.g., caves, macroalgae thallus, and deep water) was likely
caused by the limited dispersal capacity of nematodes [78]. Actually, the largest dissimilarity in
nematode assemblage structure occurred in freshwater caves stressing the important role of dispersal
and vicariance on the stygobiont meiofauna [79]. However, habitats that usually were located close
to each other in the shallow waters (i.e., the coral reef complex: seagrass meadow, bare sand, coral
degradation zone, and algal turf) had higher similarity in the assemblage structure when compared
with other habitats more separated geographically (e.g., unvegetated bottoms or deep waters). This
connectivity of coastal habitats, also termed as a mosaic, has been highlighted in [80] and it is relevant
for ecosystem functioning and fisheries.
Macroalgae thalli likely acted as keystone structures providing resources (mainly biofilm) and
substrate to nematodes. These keystone structures are linked to habitat heterogeneity, which in turn
may promote the species richness and β-diversity [81]. However, macroalgae thalli were subjected to
an intense hydrodynamic regime that likely limited the amount of epiphytic nematodes and overcame
the role of the fractal complexity of the thalli [82]. Latter authors concluded that neither complexity
nor deposited sediment influenced the epiphytic nematode assemblages. Apparently, the most similar
habitat to the macroalgae thallus was the algal turf, but the latter had highly similar structure to the
other coastal habitats (e.g., bare sand and seagrass meadow) likely reflecting the role of the passive
dispersal of nematodes by bottom currents and the spatial nearness among these habitats.
The link between functional diversity and biological traits is complex and depends on the particular
ecosystem and taxon under study [83]. For aquatic nematodes, only the life strategy (or c–p scale)
takes into account physiological and developmental features. The other four traits analyzed here were
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based purely on morphological features (i.e., buccal cavity, cuticle, amphidial fovea, and tail). Life
strategy, trophic group, and tail shape percentages meaningfully distributed across the habitats likely
reflecting ecological adaptations of nematode species to the environment.
Freshwater caves harbored more nematodes with extreme c–p strategies (i.e., extreme colonizers and
extreme persisters) due to the impoverished sediments that demanded fast colonization on ephemeral
food patches or very low physiological rate to cope with the oligotrophic conditions. Dominance of
predators/omnivores likely also reflected the oligotrophy of the cave sediments and the necessity to feed
on detritus and also on other meiofauna [84]. In other cave systems with some accumulation of detritus
and guano, the most dominant groups were bacterivores, followed by omnivores and predators [85]. The
anchialine cave had a trophic group composition dominated by epigrowth feeders followed by selective
detritivores. This likely reflected an important role of the immigration of nematode species from adjacent
coral reef environments such as Paradesmodora immersa, Pomponema sp., and Zalonema ditlevseni. Other
studies in submarine caves have reported different findings with the dominance of either non-selective
deposit feeders or omnivores/predators [85,86].
Trophic groups in the marine habitats gave further indication about the food sources used by
the nematodes, although many species behave as opportunistic feeders which may change feeding
strategies in response to available food [87]. Sedimentary environments where detritus constitutes
the main source of food (unvegetated mud and deep-water) had dominance of deposit feeding
nematodes. Dominance of deposit feeders and pollution-tolerant genera (e.g., Sabatieria, Terschellingia)
in unvegetated muds suggested that organic accumulation further fostered hypoxia in this habitat
type [40,74]. The other coastal habitats supported a larger proportion of epigrowth feeders able to feed
on biofilm growing on sand grains, macroalgae thallus or coral rubble.
Amphidial fovea shape varied without a clear pattern across the habitats. Semprucci et al. [26]
have indicated some relationships between fovea shape and sediment type and hydrodynamic stress.
Nematodes may be attracted or repelled by compounds released by cyanobacterial biofilms [88],
but whether particular types of amphidial fovea play an adaptive role in the behavior of aquatic
nematodes is yet to be tested. Our study covered a large range of environmental conditions across the
nine habitats, so this lack of pattern in amphidial fovea composition likely pointed to weak, if any,
ecological relationships. Further studies about the usefulness of this trait are needed in order to refine
the classification by fovea type or discard the trait as a predictor of ecological conditions.
Cuticle showed a dominance of punctated/annulated types likely reflecting a phylogenetic
signature instead of ecological adaptations to the environment. Enoplids and dorylaimids, mostly with
smooth cuticle, dominated in freshwater caves, although one species (Ironus ignavus) contributed to most
of the abundance as usually occurs in freshwater systems [89]. Six orders of chromadorids dominated
in the studied marine habitats: Chromadorida, Desmodorida, Monhysterida, Plectida, Araeolaimida,
and Desmoscolecida. Most of these orders included nematodes with punctated/annulated cuticle.
An important fraction of nematodes from deep water sediments had a cuticle with wide body annules
and longitudinal ridges that is explained by the relative dominance of the family Ceramonematidae.
This fact pointed to a phylogenetic signature given by a particular family inhabiting deep-waters and
bearing a cuticle with wide body annules and longitudinal ridges, but without obvious ecological link
between habitat setting and cuticle type.
Tail shape may bring ecological information useful for the interpretation of trait composition
patterns [53]. The elongated/filiforme tail shape was well-represented in fine sediments (freshwater
cave, unvegetated mud, and deep water). These nematodes act as burrowing species pushing the
sediment particles to create their space within the sediment; in these conditions, elongated/filiform tail
may enhance locomotion. For the other habitats where particle size is larger (bare sand) or substrate is
non-sedimentary, the interstitial strategy should be more important and conical tails seem to have
higher adaptive value.
In summary, we reported a regional richness of 410 ± 12 species of nematodes for the Cuban
archipelago; however, some habitats need to be sampled more intensively (e.g., caves and deep
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waters). Our data supported the dynamic equilibrium model with habitats reasonably ordered across
gradients of resource availability and physical disturbance according to their SR and abundance.
Seagrass meadow was the most specious habitat, and freshwater and anchihaline caves the least
diverse. Differences in β-diversity likely were due to habitat heterogeneity (e.g., in seagrass meadows)
and limitations for nematode dispersal (e.g., in caves). The nematode assemblage composition was
unique in some habitats reflecting the effects of habitat filtering (e.g., deep waters, macroalgae thallus).
However, coastal shallow habitats shared many species indicating a high connectivity due to geographic
proximity and dispersal by bottom currents. The biological traits “life strategy”, “trophic group”,
and “tail shape” reflected ecological adaptations to environmental setting. Instead, “amphidial fovea”
and “cuticle” likely reflected phylogenetic signatures from families/genera living in different habitats.
Habitat type played an influential role in the diversity patterns of aquatic nematodes from taxonomic
and functional points of view.
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