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Gaoping Submarine Canyon (GPSC) off southwestern Taiwan is a high energy canyon
connected to a small mountain river with extremely high sediment load (∼10 kt km−2

y−1). Due to heavy seasonal precipitation (>3,000 mm y−1) and high tectonic activity in
the region, the GPSC is known for active sediment transport processes and associated
submarine geohazards (e.g., submarine cable breaks). More importantly, strong internal
tides have been recorded in the GPSC to drive head-ward, bottom-intensified currents,
which result in sediment erosion and resuspension in response to the tidal cycles.
To understand the effects of extreme physical conditions on marine nematodes, we
sampled the surface sediments along the thalweg of upper GPSC and adjacent slope
(200–1,100 m) using a multicorer in the summer and fall of 2015. We found that
the nematode species, functional, trophic diversity and maturity dropped significantly
in the GPSC as compared with slope communities, but the nematode abundances
were not affected by the adverse conditions in the canyon. The non-selective deposit-
feeding, fast colonizing nematodes (e.g., Sabatieria, Daptonema, Axonolaimus, and
Metadesmolaimus) dominated the canyon seafloor. In contrast, other species of non-
selective deposit feeders (Setosabatieria and Elzalia), epigrowth feeders (Craspodema),
omnivores/predators (Paramesacanthion), and other species constituted the diverse
nematode assemblages on the slope. We found that the strong bottom currents in the
GPSC may depress the local nematode diversity by removing the organic-rich, fine-
grained sediments; therefore, only the resilient or fast recovering nematode species
could survive and prevail. The high species turnover with depth and between the canyon
and slope habitats demonstrates that strong environmental filtering processes were
the primary mechanism shaping the nematode community assembly off SW Taiwan.
Between the canyon and slope, a considerable contribution of nestedness pattern also
indicates some degree of local extinction and dispersal limitation in the dynamic GPSC.

Keywords: meiobenthos, nematode, submarine canyon, continental slope, community structure, functional
groups, diversity

INTRODUCTION

Gaoping Submarine Canyon (GPSC) is the largest underwater canyon off SW Taiwan (Yu et al.,
2009). The head of GPSC connects to a small mountain river, the Gaoping River, which originates
from the Mt. Jade at more than 3,000 m above sea level. The thalweg of the canyon meanders
approximately 260 km to the south and eventually connects to the Manila Trench, which reaches
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depths of over 5,000 m. The high bedrock erodibility, heavy
precipitations, steep topography and high tectonic activities in
the Gaoping River catchment make the GPSC prone to receive
extremely high fluvial sediment loads (∼10 kt km−2 y−1)
and frequent turbidity currents (Liu et al., 2013, 2016; Gavey
et al., 2017). The rugged, steep, and tectonically active margin
off SW Taiwan also subjects the GPSC to high risk of slope
failure, producing debris flows which cascade down the canyon
axis, occasionally resulting in breakage of telecommunication
cables (Hsu et al., 2008; Su et al., 2012; Gavey et al., 2017).
Besides these episodic events, the GPSC is close to the source
of the world’s largest internal solitary waves in the Luzon
Strait (Jan et al., 2008; Alford et al., 2015). The energy of
internal tides propagates along the axis of the GPSC following
tidal cycles to drive bottom and headward intensified currents
with observed current velocity exceeding 1 m/s at the canyon
head (Wang et al., 2008; Chiou et al., 2011). These unique
physical settings make the GPSC an example of source-to-
sink sediment transports from the high mountains to the deep
sea and also an ideal location to study submarine geohazards
(Liu et al., 2013, 2016). However, despite a wealth of literature
and interests in the GPSC’s unique geology, information is
lacking on how benthic communities, especially the very small
but numerically dominant meiofauna, respond to such extreme
environmental conditions. This study thus attempts to conduct
the first meiofauna diversity investigation in the GPSC and
to contribute to the growing interests in understanding the
ecological processes in the benthic communities in highly
dynamic conditions.

Many studies have documented enriched benthic
communities in submarine canyons and suggested that
the organic accumulation in these prominent topographic
depressions might be the primary driver of enhanced benthic
production (Baguley et al., 2006; Ingels et al., 2009; De Leo
et al., 2010; Kiriakoulakis et al., 2011; Leduc et al., 2014; Amaro
et al., 2016; Román et al., 2016; Gambi et al., 2019). Due to
the higher food availability within canyons, the abundance
and biomass of meiofauna are generally higher than on the
adjacent slope (Danovaro et al., 2009; Ingels et al., 2009, 2011;
De Leo et al., 2010; Leduc et al., 2014; Gambi et al., 2019),
although the opposite has also been found in active canyons
with substantial sediment disturbances (Garcia et al., 2007; Van
Gaever et al., 2009). The elevated density and biomass of benthos
in the submarine canyon are thus considered as the typical
“canyon effect” (Vetter and Dayton, 1998; Fernandez-Arcaya
et al., 2017; Román et al., 2019). Also, opportunistic species may
become dominant in the canyons so the local diversity could be
comparable to or lower than in slope communities (Van Gaever
et al., 2009; Ingels et al., 2011; Leduc et al., 2014; Gambi et al.,
2019; Wei and Rowe, 2019; Wei et al., 2020). In the upper GPSC
off SW Taiwan, however, Liao et al. (2017) found that strong,
continuous, and recurrent bottom currents driven by the internal
tides may cause sediment erosion which may negatively impact
the densities and alter the taxonomic composition of meiofaunal
taxa. The faunal patterns observed in the GPSC probably
resemble those observed under high physical disturbance by
strong near-bed flows and sediment erosion, as in the upper

Nazaré Canyon and Congo Channel (Garcia et al., 2007; Van
Gaever et al., 2009). The strong bottom shear not only may
erode sediment and remove the local benthic communities but
also likely re-suspend or prevent the organic-rich particles from
settling on the seafloor and thus reduce the sedimentary organic
carbon contents and the food supply to the meiofauna (Liao
et al., 2017). While meiofauna abundance and the number of taxa
were found to be depressed in the canyon (Liao et al., 2017), it
is still unknown how species diversity, species composition, and
functional traits may be affected. These biodiversity attributes
are known to predict the ecosystem functioning of the benthic
community, reflecting the ability of meiobenthos in moderating
carbon and nutrient cycling and converting the available energy
into biomass and transferring this energy up the food chain
(Covich et al., 2004; Ieno et al., 2006; Radwell and Brown, 2008;
Karlson et al., 2010).

Moreover, Liao et al. (2017) hypothesized that the extreme
conditions in the GPSC might result in the environmental
filtering of the less-fitted species or even local extinction if the
disturbance is too strong. In such a case, meiofauna should
exhibit varying degrees of spatial turnover (i.e., replaced by
better-fitted species) or nestedness pattern (i.e., species-poor as
subsets of species-rich assemblages) (Baselga, 2010, 2012). From
the relative proportion of the turnover and nestedness inferences
can be made regarding the process of community assembling
under strong environmental perturbations. Therefore, the high-
resolution, species-level data are required for quantitatively
assessing these ecological mechanisms.

In this study, we used free-living marine nematodes as a
model organism to examine the species and functional diversity
of meiofauna in the GPSC and adjacent slope habitat. Nematodes
are the most abundant metazoan in sediments, accounting
for more than 90% of the meiofaunal abundance in deep-sea
environments (Giere, 2009; Danovaro, 2012). They are also one
of the most diverse organisms in the ocean. A conservative
estimation suggests that there may be 6,900 described species
to up to 50,000 species if the undescribed species are also
included (Appeltans et al., 2012). Not only are nematodes
abundant and diverse, they are also ubiquitous, not highly
mobile, and sensitive to environmental changes and pollution;
therefore, nematodes have been widely used as an indicator for
environmental monitoring (Coull and Chandler, 1992; Bongers
and Ferris, 1999; Schratzberger et al., 2000; Giere, 2009; Moreno
et al., 2011). Due to their small sizes, short generation times,
and high metabolic rates, nematodes process a considerable
amount of energy in the benthic ecosystem (Giere, 2009). The
grazing, excretion, bioturbation, and mechanical breakdown of
detrital particles by nematodes can stimulate bacterial activities
(Giere, 2009). These interactions may affect the organic carbon
remineralization, oxygen dynamics, and nutrient cycling in the
sediment (Aller and Aller, 1992; Rysgaard et al., 2000; Moens
et al., 2005; Nascimento et al., 2012; Bonaglia et al., 2014;
Schratzberger and Ingels, 2018). More importantly, the feeding
guilds and morphological traits affecting the locomotion and life-
history strategies of nematodes are well-developed (Wieser, 1953;
Jensen, 1987; Bongers et al., 1991; Thistle et al., 1995; Soetaert
et al., 2002; Schratzberger et al., 2007). These studies allow us
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to quickly assemble the species functional traits from the known
species list and compute nematode functional diversity.

Our objective was to examine how species and functional
diversity and community composition of deep-sea nematodes
may respond to a high energy environment in the GPSC.
We compared the GPSC and the adjacent slope by surveying
parallel transects at equivalent depths across the continental
margin off SW Taiwan. We hypothesized that: (1) the extreme
physical conditions in the GPSC may depress the nematode
species, functional and trophic diversity, and maturity, as well
as alter their life strategies (e.g., feeding guilds, morphology, and
lifestyles) and species composition; (2) nestedness patterns of
species loss may be the dominant mechanism shaping the GPSC
community if the adverse environment caused local extinction;
otherwise, spatial turnover of species replacement may play
a more dominant role indicating the effect of environmental
filtering. Ultimately, with the species-level information on
nematodes, we hope to contribute to the understanding of the
responses of meiofauna to the strong internal tides and thus
fast bottom currents and consequent physical disturbances in a
high-energy submarine canyon.

MATERIALS AND METHODS

Environmental Setting
GPSC is a major conduit on the active margin offshore SW
Taiwan. The collision between the Luzon Volcanic Arc and the
South China Sea margin created the Taiwan central mountain
belt, foreland shelf and slope, and Manila Trench, which
significantly affects the geomorphology of GPSC (Liu et al., 2016).
The head of GPSC is deeply incised into the continental shelf (i.e.,
vertical relief >400 meters, Figure 1) with a clear bathymetric
connection to a small mountain river, the Gaoping River (Chiang
et al., 2020). The canyon head is believed to have formed by
subaerial erosion; the head later submerged during the Holocene
transgression following the last glacial maximum (∼18,000 years
BP) and then was re-excavated by sediment movement processes
(Yu et al., 1991). The meandering, V-shaped, and entrenched
thalweg with deep-cutting outer bends are characteristic features
of the GPSC (Figure 1). These erosive features are believed
to be maintained by turbidity currents triggered by (1) flood
events (Liu et al., 2013, 2016), (2) turbulence mixing related to
internal and surface waves (Wang et al., 2008; Lee et al., 2009;
Chiou et al., 2011), (3) submarine groundwater discharges (Su
et al., 2012), and (4) sediment collapses from over- steepening
canyon walls following earthquakes (Hsu et al., 2008; Su et al.,
2012; Gavey et al., 2017). The GPSC is filled with the effluent of
Gaoping River, Kuroshio Current Water, and South China Sea
Water, in which the mixing of these water masses is controlled
by internal tides (Liu et al., 2002, 2006). The internal tides in
the GPSC follow semidiurnal cycles (M2), in which the intensity
increases toward the canyon head, or in other words, decreases
with depth and with distance from the canyon head (Wang et al.,
2008). The energy flux of internal tide in the GPSC is estimated
to be 3–7 times greater than that in the Monterey Canyon
(Lee et al., 2009); therefore, the isothermal displacement by the

internal tides can be easily over 200 meters in the GPSC (Liu
et al., 2016). Another consequence of the strong internal waves
is the year-round existence of a benthic nepheloid layer as thick
as 100 m with the suspended sediment concentration reaching
30 mg/l (Liu et al., 2010). The turbulence mixing associated with
internal tides and high suspended-sediment concentrations near
the seabed are believed to result in significant sediment transport
(Liu et al., 2016).

Field Sampling
Two cruises (cruises 1114 and 1126) were conducted off SW
Taiwan by R/V Ocean Researcher 1 in August and November
2015 (i.e., summer and fall, respectively). A total of eight stations
were repeatedly sampled from 200 to 1,100 m in the upper
Gaoping Submarine Canyon (GPSC) and the adjacent slope
(Figure 1 and Table 1). The sampling was designed to collect
biological and environmental information on four equally spaced
depth strata (200–400 m, 400–600 m, 600–800 m, and 800–
1,100 m) along the canyon thalweg and on the adjacent slope. At
each station, a CTD-Rosette cast was made and surface sediment
was sampled by means of a multicorer (OSIL megacorer). One
multicore tube (i.d., =105 mm) per station was selected for
meiofaunal analysis and three subsamples were taken with a cut-
off syringe (i.d., 28 mm; area 616 mm2) from the top 5 cm of the
sediment. The subsamples were immediately fixed on board in
formalin solution with Rose Bengal. During Cruise 1126, only one
subsample for meiofauna analysis was retrieved from the deepest
canyon station (GC4). Altogether, 46 meiofauna subsamples were
retrieved during the two cruises.

The fixed sediment samples were washed with tap water
through a 1,000-µm sieve and a 40-µm sieve. The meiofauna
samples retained on a 40-µm sieve were extracted by Ludox HS40
(gravity = 1.18 g/cm3; centrifuged for 10 min at 8,000 rpm and
repeated three times) (Danovaro, 2010), after which meiofauna
were picked and counted under a stereomicroscope (Olympus
SZ61). From each subsample, 100 nematode individuals (or all
the individuals if fewer than 100 were present) were randomly
picked out and transferred to a solution of 5% glycerol and
5% ethanol in water. The mixture was allowed to evaporate
gradually on a warm hotplate, leaving the nematodes in pure
glycerol. The nematodes were mounted onto permanent slides.
Putative morphospecies were identified using pictorial keys
(Platt and Warwick, 1983, 1988; Warwick et al., 1998; Schmidt-
Rhaesa, 2014). Based on the morphology of the buccal cavities,
the nematodes were classified to four feeding traits, namely
selective deposit feeders (1A), non-selective deposit feeders
(1B), epigrowth feeders (2A), and omnivores/predators (2B)
(Wieser, 1953). Of the gutless chemotrophic nematode genus
Astomonema, allocated to a fifth feeding trait by Ingels et al.
(2011), only one specimen was identified, which was not included
in the analysis. Furthermore, nematodes were classified to four
classes of tail shape, namely short/round, elongated/filiform,
conical, and clavate, because these traits might relate to the
movement and vertical distribution of nematodes, which depends
on the sediment type (Riemann, 1974; Thistle et al., 1995). Also,
following Bongers et al. (1991), nematodes were assigned to four
life-history strategy classes, using c-p values ranging from 1 for
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FIGURE 1 | Map of sampling stations visited in August and November 2015. (A) The sampling area off the continental margin of SW Taiwan. (B) Sampling transects
along the upper Gaoping Submarine Canyon (GC) and Gaoping Slope (GS).

TABLE 1 | Dates, coordinates, and water depths of sample sites during August and November 2015.

Cruise Date Habitat Station Longitude Latitude Depth

1114 2015-08-04 Canyon GC1 120.4111 22.4173 318

1114 2015-08-04 Canyon GC2 120.3348 22.4007 478

1114 2015-08-04 Canyon GC3 120.2665 22.3500 655

1114 2015-08-05 Canyon GC4 120.1928 22.2980 1051

1114 2015-08-05 Slope GS1 120.3998 22.2322 279

1114 2015-08-05 Slope GS2 120.3297 22.2172 462

1114 2015-08-05 Slope GS3 120.2998 22.1833 690

1114 2015-08-05 Slope GS4 120.2304 22.1401 848

1126 2015-11-21 Canyon GC1 120.4117 22.4176 318

1126 2015-11-21 Canyon GC2 120.3330 22.4000 487

1126 2015-11-20 Canyon GC3 120.2667 22.3500 655

1126 2015-11-20 Canyon GC4 120.1933 22.2981 1073

1126 2015-11-19 Slope GS1 120.4000 22.2330 277

1126 2015-11-19 Slope GS2 120.3300 22.2168 463

1126 2015-11-19 Slope GS3 120.3000 22.1830 690

1126 2015-11-20 Slope GS4 120.2301 22.1402 848

colonizers (r-selected species with short generation time, high
colonization ability, and adaptation of unstable environments) to
4 for persisters (K-selected species with strong competition ability
in crowded niches).

Temperature, salinity, dissolved oxygen concentration,
fluorescence, and light transmission of the bottom water were
measured by a conductivity-temperature-depth (CTD) recorder
(Sea-Bird SBE 911) and other attached sensors. Surface sediment

grain sizes (non-carbonate fraction) were measured by a laser
diffraction particle size analyzer (Beckman Coulter LS13 320).
Total organic carbon (TOC) and total nitrogen (TN) were
analyzed with a Flash EA 1112 elemental analyzer. The detailed
descriptions of hydrological and sediment sampling can be found
in Liao et al. (2017). Hourly bottom current velocity at each
site was derived from a 3-D, hydrodynamic internal tide model
from Chiou et al. (2011). Based on the internal tide model, we
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calculated the hourly mean velocity of bottom currents and the
duration for which bottom current velocity exceeded 20 cm/s
for 1 month preceding the sampling campaign to evaluate the
possible disturbances of near-bottom currents on nematodes.
The environmental data were derived from Liao et al. (2017,
Supplementary Figure S1), in which the canyon head and
upper canyon had the highest modeled bottom current velocity
and the most prolonged duration of sediment erosion. The
lowest bottom water light transmission and surface sediment
TOC coincided with the strongest hydrodynamic energy near
the canyon head. While the temperature and dissolved oxygen
concentration both declined with depth, surface sediment
TOC increased with depths in both the canyon and slope
transects (Liao et al., 2017). Nevertheless, the dissolved oxygen
concentration never dropped below the threshold of hypoxia
(2 mg/L), presumably, due to turbulence mixing by internal tides.
To avoid autocorrelations, redundant environmental variables
(correlations > 0.9) were removed. For example, the bottom
water temperature, density, and dissolved oxygen measured in
this study were highly correlated (Supplementary Figure S1).
Therefore, the dissolved oxygen was not retained because the
bottom water was not hypoxic in all stations. The density was
not retained because it’s not an important factor known to affect
nematode assemblages. Only the ecologically relevant variables,
including bottom water temperature, salinity, light transmission,
percent sand, silt and clay, sediment TOC and C/N ratio,
mean bottom current velocity, and duration of bottom current
velocity exceeding 20 cm/s were retained for the analysis. These
variables were logarithm (base of 10) transformed, centered
(subtracted from the mean), and normalized (divided by the
standard deviation) prior to use in statistical analyses involving
environmental variables.

Data Analysis
Species diversity was determined using Hill numbers (Hill,
1973), or the effective numbers of equally abundant species in a
hypothetical assemblage (Chao and Jost, 2010). The Hill number,
qD, is expressed as a function of the q-th power sum of the relative
species abundance. Thus, the order q controls the sensitivity of
Hill numbers to the relative species abundance. For example,
when q = 0, 0D weights all species equally and reduces to the
number of species. For q = 1, 1D weights species in proportion to
their abundance and can be interpreted as the effective number
of abundant species. For q = 2, 2D then measures the effective
number of highly abundant species. The Hill numbers of order
q = 0, 1, 2 are mathematically equivalent to the species richness,
the exponential of Shannon entropy, and the inverse of Simpson
concentration index (Chao et al., 2014). We, therefore, adopted
these three most commonly used diversity indices and referred
to them as the species richness, Shannon diversity, and Simpson
diversity following Chao et al. (2014). To make a fair comparison
across samples, the Hill numbers of order q = 0, 1, 2 were rarefied
or extrapolated to equal sample coverage of 80.8% (the lowest
sample coverage among samples, Supplementary Figure S2).
The standard error and 95% confidence intervals of the Hill
numbers were estimated by 1000 bootstrap resampling. The

rarefaction, extrapolation, and resampling of Hill numbers follow
the description by Chao et al. (2013).

Functional diversity was calculated from species abundance
and functional dissimilarities (Gower distances) between species
based on nematode functional traits (buccal morphology, tail
shape, and life history). We adopt a Hill-number based approach
to estimate the effective number of equally abundant and equally
distinct functional groups in an assemblage (Chao et al., 2019).
In this new approach, Chao et al. (2019) introduce a positive
parameter τ to the ordinary Hill numbers to indicate a threshold
of functional distinctiveness between any two species (based on
Gower distance in functional trait space). Any two species with
functional dissimilarity ≥τ are considered functionally distinct.
When τ approaches 0, every species is functionally distinct;
therefore, the functional diversity reduces to the ordinary
Hill numbers. Following the recommendation by Chao et al.
(2019), we set the τ = Rao’s quadratic entropy (Q) of the
pooled assemblages, or the abundance-weighted mean functional
dissimilarity (based on Gower distance) between any two taxa
(Botta-Dukát, 2005). Similarly, we computed the functional
diversity of order q = 0, 1, 2 to estimate the functional richness,
effective number of abundant functional group, and effective
number of highly abundant functional group, respectively.
Unfortunately, the functional diversities were not standardized
by sample coverage. The rarefied and extrapolated functional
diversity is still under development and not available at the time
of writing this paper (Chao, personal communication).

Trophic diversity (TD) was determined from four trophic
groups based on the buccal morphologies (1A, 1B, 2A, 2B)
(Wieser, 1953) and calculated as the sum of square of the relative
abundance of each trophic group (Heip et al., 1985; Gambi
et al., 2003; Gambi and Danovaro, 2016). Maturity index (MI)
was computed as the mean individual genus c-p value (from
colonizers to persisters) weighted by their relative abundance
(Bongers et al., 1991).

We scaled the relative abundance of each nematode species
(from 100 randomly selected individuals) by the total nematode
abundance in each sample. The species abundance in each
sample was square-root transformed, and converted to Bray-
Curtis dissimilarity between samples. The same matrix was
subjected to the agglomerative hierarchical clustering based on
the group average (=UPGMA) method and Non-metric Multi-
dimensional Scaling (nMDS). The species which contributed
most to the average Bray-Curtis dissimilarity in each cluster
were identified by the Similarity Percentage (SIMPER) routine.
These characteristic species were projected on to the nMDS plot
by the abundance-weighted averages of the ordination scores.
Distance-based Redundancy Analysis (dbRDA) was used to select
the subset of environmental variables which best explained
(with the smallest AIC) the nematode species composition. The
selected variables were projected as vectors on to the same nMDS
ordination with the length of vectors indicating their correlations
with the nMDS ordination scores and direction of vectors
indicating the direction of increasing environmental values.

We used multiple-site Sørensen dissimilarity to examine
nematode β-diversity among the four sites within the GPSC
and adjacent slope transects, as well as between the canyon
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and slope site pair across four depth strata (i.e., 200–400
m, 400–600 m, 600–800 m, 800–1,100 m). The dissimilarities
within-habitat (canyon or slope) or between-habitat (canyon
vs. slope) were respectively partitioned to their turnover
and nestedness components (Baselga, 2010, 2012). Average
dissimilarity, turnover, and nestedness over the two cruises
in 2015 were calculated. We used the turnover dissimilarity
to examine the contributions of environmental filtering in
structuring the nematode species composition within and
between the habitats. The nestedness dissimilarity explored the
contribution of source-sink dynamics or local extinction.

Nematode community attributes, such as total abundance,
number of species, species diversity, functional diversity, trophic
diversity, and maturity index of each subsample were averaged
per core (i.e., average of three subsamples) before further
statistical tests. We used Generalized Least Squares (GLS)
modeling to examine the effects of habitat (canyon vs. slope),
depth strata, and sampling time (Cruise 1114 vs. 1126) on the
mean values of the community attributes mentioned above. Also,
we performed a three-way cross permutation analysis of variance
(PERMANOVA) to examine the effects of habitat, depth, and
sampling time on the average nematode species composition
per core. The number of permutation was set to 999. All
statistical tests used α-value = 0.05 and pairwise tests used α-
value = 0.05/numbers of tests (i.e., Bonferroni correction).

Statistical analyses used software R version 3.6.1 (R Core
Team, 2019). Hill numbers were computed by the “iNEXT”
package. Functional diversity was computed by R code
available at https://github.com/AnneChao/FunD/blob/master/
FunD_Rcode.txt. Multivariate analyses used the “vegan”
package and β-diversity partition used the “betapart” package.
Generalized Least Squares (GLS) modeling used the “nlme”
package. All relevant analyses can be reproduced and the
data are deposited in an R data package “nema” available at
https://github.com/chihlinwei/nema.

RESULTS

A total of 163 nematode species belonging to 32 families and
105 genera were identified from 3,577 individuals. Among them,
53 and 156 species were found in the GPSC and adjacent slope,
respectively. In other words, 46 species co-occurred in both
habitats and only seven species were exclusively found in the
GPSC. Among the nematode species identified in this study,
there was a total of 32 different combinations of functional
types (excluding the gutless Astomonema sp.) based on their
buccal morphologies, tail shapes, and life-history strategies.
Only 15 combinations were found in the GPSC, whereas all
functional types existed on the slope. The non-selective deposit
feeders (1B) with clavate tail and r-selection strategy (c-p
value = 2) flourished in the GPSC (GLS, P< 0.01, Supplementary
Table S1). In contrast, the different buccal morphologies, tail
shapes, and life-history strategies were more evenly represented
in the slope assemblages (Figure 2). The relative contributions
of epigrowth feeders (2A), conical and elongated/filiform tails,
and persisters (c-p value = 4) were higher on the slope (GLS,

P< 0.01, Supplementary Table S1). The relative contributions of
deposit feeders (1A, 1B) increased, but the omnivores/predators
(2B) decreased with depth (GLS, P < 0.05, Supplementary
Table S1 and Figure 2A). In the GPSC, the r-selection strategists
contributed more toward the head of the canyon, reflected
in a decreasing contribution of persisters (GLS, P < 0.01,
Supplementary Table S1). Albeit weakly, on the slope, the
relative contributions of persisters declined with depth (GLS,
P = 0.026, Supplementary Table S1 and Figure 2C).

Nematode abundances were not significantly different
between the canyon and slope and among different depth
strata (Figure 3 and Table 2). The observed number of species
(Figure 3B), Shannon diversity, functional diversity (q = 1),
trophic diversity and maturity index were significantly depressed
in the GPSC compared to the adjacent slope (Figure 4 and
Table 2). Similar patterns (i.e., depressed diversity in the
GPSC) were also found for the species richness, Simpson
diversity, and functional diversity of order q = 0 and 2
(Supplementary Figures S2, S3 and Supplementary Table S2).
Individual linear regressions for the canyon and slope samples
show that the species diversity (including species richness,
Shannon diversity, and Simpson diversity) both increased
with depth; however, the increase was more rapid on the
slope than in the canyon (Supplementary Figures S4A–C).
On the slope, the number of species increased and trophic
diversity declined with depth, but no bathymetric pattern
was evident in the canyon (Supplementary Figures S4D,E).
These subtle discrepancies in bathymetric patterns between the
canyon and slope may contribute to the significant interaction
between habitat and depth in the GLS model for the number
of species, Shannon diversity, trophic diversity and maturity
index (Table 2). Similar interactions were also evident for
species richness and Simpson diversity, probably for the same
reason (Supplementary Table S2). Nevertheless, the effect
size of habitat (in the variables mentioned above) is much
stronger than the effect of habitat and depth interactions (see
GLS coefficients in Table 2 and Supplementary Table S2),
which warrants the observation of depressed nematode diversity
(all aspects from species, functional to trophic diversity) and
maturity in the GPSC. Among the two sampling times, none
of the GLS tests suggest significant cruise effect (P > 0.05,
Table 2 and Supplementary Table S2); however, the inconclusive
time effect might have been confounded by the significant
interaction between habitat and cruise for total abundance and
Shannon diversity (P < 0.05, Table 2), as well as for the species
richness and Simpson diversity (P < 0.05, Supplementary
Table S2). Nevertheless, further pairwise GLS tests (with depth,
cruise and their interaction as factors) in each of the canyon
and slope habitats confirmed no cruise effect (P > 0.05/2,
Bonferroni Correction).

Habitats were clearly separated in the nMDS ordination
of nematode assemblages without any overlap (Figure 5).
This was also reflected by the significant difference found
between nematode species composition of canyon and slope
habitats (habitat, P = 0.001) in the PERMANOVA (Table 3).
In the meantime, no statistical depth effect (P = 0.135) but
marginal cruise effect (P = 0.052) and marginal interaction
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FIGURE 2 | The relative abundance of (A) buccal morphology, (B) tail shape, and (C) life history strategy of nematodes of the GPSC and adjacent slope. Buccal
cavities classified according to Wieser (1953): selective deposit feeders (1A), non-selective deposit feeders (1B), epigrowth feeders (2A), and omnivores/predators
(2B). Tail shapes included clavate (cla), conical (co), elongated/filiform (e/f), and short/round (s/r). Life history denoted as c-p values 1–4 from colonizer to persister.

between habitat and depth were detected (P = 0.061, Table 3).
Although not statistically significant, the temporal change
in nematode composition is visible in the nMDS ordination
(Figure 5), especially for the canyon (i.e., better separation
between cruises). Based on the similarity percentage (SIMPER)
analysis, Metadesmolaimus sp. 1, Daptonema sp. 4, Axonolaimus
sp. 1, Sabatieria sp. 2, and Sabatieria sp. 3 have the highest
contribution to the average dissimilarity in the GPSC (Figure 5A
and Supplementary Table S3). Sabatieria sp. 1, Elzalia gerlachi,
Dorylaimopsis variabilis, Cervonema tenuicaudatum, and
Sphaerolaimus sp. 1 were the top five most contributing
species on the slope (Supplementary Table S3). In terms
of species abundance, Daptonema sp. 2, Axonolaimus sp. 1,
Metadesmolaimus sp. 1, Daptonema sp. 4, and Sabatieria sp.
2 dominated in the GPSC, whereas Craspodema sp. 1, Elzalia
gerlachi, Paramesacanthion tricuspis, Setosabatieria hilarula, and
Sabatieria sp. 1 flourished on the slope. For the most contributing
species identified by SIMPER (Supplementary Tables S3, S4),
the top five species in the GPSC were non-selective deposit
feeders (1B) with clavate tail and r-selection strategy, whereas the
highly contributed species on the slope including Dorylaimopsis
variabilis and Sphaerolaimus sp. 1 were epigrowth feeders (2A)
and omnivores/predators (2B), respectively. The same pattern

was also found for the most abundant species. The top five most
abundant canyon species were non-selective deposit feeders (1B)
with clavate tail and r-selection strategy. In contrast, Craspodema
sp. 1 and Paramesacanthion tricuspis from the slope habitats
belonged to epigrowth feeder (2A) and omnivore/predator
(2B), respectively.

Based on distance-based redundancy analysis (dbRDA), the
best subset of environmental factors explaining nematode species
composition (adjusted R2 = 58.8%, p < 0.05) were variables
related to:

1. Internal-tide energy, i.e., mean bottom current velocity
(Spd), duration of bottom current velocity exceeding
20 cm/s (Over20), and light transmission (Trans),

2. Food supply, i.e., total organic carbon contents (TOC) and
carbon to nitrogen ratio (CN),

3. Water masses, i.e., salinity (Salin) and temperature (Temp).

These variables are mapped onto the same nMDS plot using
their correlations with the ordination axes (Figure 5B), showing
that the canyon assemblages were characterized by increasing
Over20 and Spd and the slope assemblages by increasing TOC
and Trans.
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FIGURE 3 | Nematode abundance and number of species along the upper
GPSC and adjacent slope. The bar chart and error bars show the mean and
standard deviation of the nematode (A) abundance and (B) observed number
of species per station during the August and November 2015 sampling.

Multiple-site Sørensen dissimilarities were 78 and 81% along
the GPSC and slope transects, in which the spatial turnover
component contributed to 88 and 96% and the nestedness
component contributed only 12 and 4% of the total β-diversity,
respectively (Figure 6A). Between the canyon and slope habitats,
the Sørensen dissimilarities were between 72 and 79% across the
four depth strata (Figure 6B). The spatial turnover processes still
dominated and accounted for 69–75% of the total β-diversity,
but the nestedness patterns also played considerable roles and
contributed 25–31% of the between-habitat dissimilarity across
the four depth strata.

Shannon diversity, functional diversity (q = 1), trophic
diversity, and maturity index were negatively correlated with
the mean bottom current velocity and positively correlated with
total organic carbon (TOC) contents (Figure 7). Environmental
gradients mainly drove these significant correlations, which arose
from strong bottom currents and low TOC in the GPSC as well
as relatively weak currents and high TOC on the adjacent slope
(Figure 7).

DISCUSSION

Study Limitations
Despite that 163 nematode species were uncovered from the
GPSC and adjacent slope for the first time, the current study

is by-no-means a comprehensive inventory of the nematode
species diversity in the region. Given the small area of seafloor
sampled (i.e., only 283 cm2 of surface sediment from 46
subsamples), the gamma diversity estimate of nematodes is no
doubt an underestimation. Thus, the interpretation of our results
should only focus on comparisons between the canyon and
non-canyon communities rather than the absolute alpha, beta,
and gamma diversities. Moreover, like many deep-sea benthic
studies, we took only one multicore per station and allocated
resources to cover a larger survey area. In any deep-sea survey,
there is always a trade-off between whether to sample more
replicates to give higher statistical power or more stations
to cover a larger sampling area. To resolve such dichotomy
in the sampling design, Montagna et al. (2017) partitioned the
variability of abundance and diversity of macrofauna among
sampling locations, multicorer deployments, and core tubes of a
multicorer. Gallucci et al. (2009) also partitioned the variability
of total and species abundance and assemblage composition
of nematodes among core tubes (i.e., from a multicorer) and
within a core tube (i.e., subcores). Both studies found that the
smaller-scale heterogeneity (i.e., core tubes for macrofauna or
subcores for meiofauna) explained more variability in the nested
sampling designs. Therefore, given limited resources in deep-
sea researches, it may be more cost-effective to allocate efforts
to increase the spatial cover rather than repeat deployments
at a single location (Montagna et al., 2017). In this study, we
have taken a more conservative approach by using the true
replication (i.e., averages of subsamples per core) from two short
repeated cruises to ensure robust statistical hypothesis testing.
Nevertheless, the interpretation of our results still requires
caution. While a conservative approach may be effective in
reducing Type I error (i.e., false-positive), the risk of Type II error
(i.e., false negative) may increase.

Response of Diversity to Disturbance
Submarine canyons represent remarkably heterogeneous habitats
on the otherwise seemingly monotonous, mud-covered seafloor
of the continental margins. Due to the funneling effect, the
seafloor of the canyon thalweg often receives and accumulates a
large amount of terrestrial and oceanic organic matter. The highly
diverse microhabitats and the ample food supplies in the canyon
likely allow species to coexist and thus sustain high biodiversity
and ecosystem functioning (McClain and Barry, 2010; Leduc
et al., 2014; Fernandez-Arcaya et al., 2017). Therefore, the
majority of the studies have found that the diversity and
abundance of meiofauna were significantly higher in the canyons
than the adjacent slopes (Baguley et al., 2006; Ingels et al.,
2009; Román et al., 2016; Gambi et al., 2019). However,
contrasting results or lack of difference between the canyon and
slope communities have also been found, especially in large-
scale comparative studies (Soltwedel et al., 2005; Garcia et al.,
2007; Bianchelli et al., 2010; Leduc et al., 2014; Bianchelli and
Danovaro, 2019). For example, lower abundance and diversity
of meiofauna have been found in the Congo Canyon than on
the adjacent slope, presumably, related to the strong bottom
currents and unstable seafloor conditions within the canyon
(Van Gaever et al., 2009).
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TABLE 2 | Generalized Least Square (GLS) modeling on mean Shannon diversity, functional diversity (q = 1), trophic diversity, and maturity index of nematodes per
station.

Coefficient Std. error DF t-value p-value Coefficient Std. error DF t-value p-value

Abundance Functional diversity (q = 1)

Intercept 2.04 0.38 9 5.33 0.001 Intercept 1.60 0.83 9 1.92 0.086

Habitat 0.24 0.47 9 0.52 0.619 Habitat 4.58 1.03 9 4.45 0.002

Depth 0.00 0.00 9 0.38 0.713 Depth 0.00 0.00 9 0.58 0.578

Cruise −0.53 0.49 9 −1.10 0.300 Cruise −0.37 1.05 9 −0.35 0.733

Habitat:Depth 0.00 0.00 9 −0.67 0.519 Habitat:Depth 0.00 0.00 9 −0.68 0.514

Habitat:Cruise 1.39 0.34 9 4.11 0.003 Habitat:Cruise −0.30 0.73 9 −0.41 0.689

Depth:Cruise 0.00 0.00 9 −0.90 0.390 Depth:Cruise 0.00 0.00 9 0.37 0.722

Number of species Trophic diversity

Intercept 6.56 2.40 9 2.73 0.023 Intercept 1.83 0.49 9 3.77 0.004

Habitat 20.47 2.98 9 6.87 0.000 Habitat 2.73 0.60 9 4.54 0.001

Depth 0.01 0.00 9 2.67 0.026 Depth 0.00 0.00 9 −0.04 0.968

Cruise −0.66 3.05 9 −0.22 0.832 Cruise −0.53 0.62 9 −0.87 0.408

Habitat:Depth 0.01 0.00 9 3.31 0.009 Habitat:Depth 0.00 0.00 9 −2.60 0.029

Habitat:Cruise 1.59 2.12 9 0.75 0.472 Habitat:Cruise 0.04 0.43 9 0.09 0.932

Depth:Cruise −0.01 0.00 9 −1.80 0.105 Depth:Cruise 0.00 0.00 9 0.96 0.361

Shannon diversity Maturity index

Intercept 0.70 1.99 9 0.35 0.732 Intercept 1.89 0.13 9 14.58 0.000

Habitat 15.68 2.47 9 6.35 0.000 Habitat 1.05 0.16 9 6.55 0.000

Depth 0.01 0.00 9 2.67 0.026 Depth 0.00 0.00 9 1.91 0.088

Cruise 3.44 2.53 9 1.36 0.206 Cruise 0.14 0.16 9 0.85 0.420

Habitat:Depth 0.02 0.00 9 5.72 0.000 Habitat:Depth 0.00 0.00 9 −2.84 0.019

Habitat:Cruise −7.29 1.76 9 −4.15 0.003 Habitat:Cruise −0.05 0.11 9 −0.46 0.655

Depth:Cruise 0.00 0.00 9 −1.05 0.319 Depth:Cruise 0.00 0.00 9 −1.08 0.308

Bold font means significant effect (P < 0.05).

The inhabitants of the Gaoping Submarine Canyon (GPSC)
are no stranger to extreme environmental conditions including
high sediment loads originating from the small mountain river,
extreme monsoonal and typhoon rainfalls triggering subsequent
turbidity currents, strong internal-tide energy causing swift
bottom currents, and high tectonic activity leading to frequent
debris flows (Jan et al., 2008; Chiou et al., 2011; Liu et al.,
2013, 2016). These physical disturbances within the GPSC
substantially suppressed the vulnerable macrofauna taxa (Liao
et al., 2017) and depressed the species and functional diversity of
nematode assemblages (this study). Nevertheless, the nematode
abundance was not affected by the adverse condition in the GPSC,
suggesting rapid recovery of the more resilient nematode species.
In fact, the dominant species in the GPSC, including members
of Daptonema, Sabatieria, and Metadesmolaimus (belonging
to Families Comesomatidae and Xylidae), were eurytopic,
opportunistic species with short generation time (c-p value = 2).
These r-selection strategists may quickly occupy the empty niches
left by eliminated predecessors to maintain the population size
after disturbance. In comparison, extremely high biomass but
low diversity of nematode assemblages was found in the active
Kaikoura Canyon off eastern New Zealand, where theDaptonema
and Sabatieria pulchra were the dominant taxa due to their ability
to adapt to hypoxia and eutrophic conditions (Leduc et al., 2014).

This scenario is also common in the benthic communities under
turbidite impact or hypoxia after eutrophication (Tsujimoto et al.,
2008, 2020; Vanreusel et al., 2010; Zeppilli et al., 2018).

Characteristic Species and Functional
Traits
Nematode assemblages of submarine canyons often share a
considerable number of genera with adjacent slope habitats,
although the canyon communities may comprise more dominant
taxa with a lower species evenness (Vanreusel et al., 2010). In
this study, we found that the GPSC and the adjacent slope
harbored distinct nematode assemblages. On the slope, the
species, functional, and trophic diversity and maturity index
of nematodes were significantly higher than those in the
GPSC. Except for the 46 common species that occurred in
both the canyon and slope, seven species were restricted to
the GPSC, and 110 species were only found on the slope.
The canyon nematode assemblages were dominated by the
non-selective deposit feeding (1B) species with r-selection
strategy and clavate tail (e.g., Daptonema, Axonolaimus,
Metadesmolaimus, and Sabatieria). These same species also
contributed highly to the average dissimilarity within the
canyon. The Daptonema and Sabatieria species are commonly
found in the disturbed, organic-rich, and polluted sediment
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FIGURE 4 | Nematode species and functional diversity along the upper GPSC and adjacent slope. The bar chart and error bars show the mean and standard
deviation of the nematode (A) species diversity as Hill number of order q = 1 or effective numbers of abundant species, (B) functional diversity of order q = 1 or
effective numbers of abundant functional group, (C) trophic diversity, and (D) maturity index per station during the August and November 2015 sampling.

(Vanreusel, 1990; Schratzberger and Jennings, 2002; Moreno
et al., 2008). The Sabatieria species is also known to adapt
to anoxic conditions and thus prevalent in reduced sediment
(Jensen, 1984; Soetaert and Heip, 1995; Steyaert et al., 2007).
The dominance of r-selection strategists and depressed maturity
index in the GPSC indicated that not just a few dominant
species have low c-p value (=2), but that the canyon assemblage
almost entirely consisted of colonizers. The canyon nematodes
may benefit from the colonization strategy so they can quickly
recover from the extremely unstable conditions associated
with the recurrent disturbances by internal tides or periodic
disturbances by turbidity currents (Wang et al., 2008; Chiou
et al., 2011; Liu et al., 2013; Hsu et al., 2014). Moreover, the
clavate-shape tails have been considered as typical morphology
of interstitial inhabitants of high-energy, sandy habitats, in
which the long tail might be used as a tool to anchor the body
(Riemann, 1974; Thistle et al., 1995). The slope assemblages, on
the other hand, were dominated (also highly contributed) by
species with more diverse feeding guilds including non-selective
deposit feeders (1B, e.g., Sabatieria, Setosabatieria, Cervonema
and Elzalia), epigrowth feeders (2A, e.g., Dorylaimopsis and
Craspodema), and omnivores/predators (2B, e.g., Sphaerolaimus
and Paramesacanthion). Some selective deposit-feeding species
(1A, e.g., Quadricoma, Pselionema, and Halalaimus) and
omnivores/predators (2B, e.g., Abelbolla) with K-selection

strategy (c-p value = 4) also had high contribution to the average
assemblage dissimilarity on the slope (Supplementary Table S4),
indicating that the slope offers a stable habitat where persister
species can thrive. In contrast to the canyon assemblages, the
slope nematodes had more diverse feeding guilds, tail shapes,
and life strategies, which resulted in more functional groups
with higher trophic diversity. The increasing relative abundance
of nematodes with conical and elongated/filiform tails on the
slope also signals the change of sediment types (Riemann, 1974;
Thistle et al., 1995). These tail shapes are well-represented in fine
sand and muddy sediments with little interstitial space, where
nematodes may burrow or push sediment particles to create their
own space (Singh and Ingole, 2016; Armenteros et al., 2019).

Environmental Controls on Diversity and
Composition
The canyon assemblages differed from those of the adjacent
slope in that they experienced stronger internal tide energy,
including higher modeled bottom current velocity (i.e., Spd)
and longer duration of currents stronger enough to induce
sediment erosion (i.e., Over20). The organic matter might be
rapidly buried after episodic turbidity currents such as occurred
during the 2011 Tohoku Earthquake (Tsujimoto et al., 2020).
The strong internal tides may cause intermittent resuspension of
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FIGURE 5 | Non-metric multi-dimensional scaling (nMDS) based on squared-root transformed species abundance. The rectangular labels in panel (A) indicate the
abundance-weighted averages scores for the top five most contributing species in the GPSC and adjacent slope, respectively. The species contributions were
decomposed from the average Bray-Curtis dissimilarity within the GPSC and adjacent slope using SIMPER (Supplementary Tables S3, S4). In other words, the
label shows where the high abundance of the five most contributing species may occur on the nMDS ordination. Panel (B) shows the correlations between the
best-subset of environmental variables and nMDS ordination axes. The environmental subset was selected by distance-based redundancy analysis (dbRDA) with the
smallest AIC. The green labels show mean bottom current velocity (Spd) and duration of bottom current velocity exceeding 20 cm/s (Over20), salinity (Salin),
temperature (Temp), C/N ratio (CN), total organic carbon (TOC), and light transmission (Trans).

sediment and transport of the resuspended material in the bottom
nepheloid layer (Liu et al., 2010). The internal tides may also lead
to long-lasting sediment winnowing and prevent the organic-
rich particles from settling on the seafloor and thus decrease the
total organic carbon (TOC) contents in the sediments (Liao et al.,
2017). As a result, the slope assemblages were separated from
the canyon by the higher TOC contents in the surface sediment
and the clearer bottom water (with higher light transmission). In
submarine canyons, frequent physical disturbances and abundant
organic inputs may favor opportunistic nematode species and
lead to high dominance and low evenness assemblages (Garcia
et al., 2007; Ingels et al., 2009; Leduc et al., 2014; Gambi and
Danovaro, 2016). In the GPSC, unlike most other canyons, the
total organic carbon (TOC) was also in short supplies due to the
sorting and winnowing of particles by strong bottom currents
(Liao et al., 2017). The contrast between the physically dynamic
canyon and more tranquil slope habitat not only drove the
species composition of nematode assemblages but also caused the
species and functional diversity to decrease with the increasing

bottom-current velocity and decreasing TOC contents from
the slope into the canyon. Within the individual canyon and
slope transects, we found that the observed number of species
and the species diversity (i.e., Hill numbers of order q = 0–
2) both increased with depth. The rates of increase, however,
were different between the canyon and slope, suggesting that
the underlying drivers may be different. The head of GPSC
is known to experience frequent submarine geohazards (Hsu
et al., 2008; Su et al., 2012; Gavey et al., 2017). The bottom
currents at the canyon head regularly exceed 1 m/s, but then
the internal-tide energy and near-bottom currents weaken away
from the head region along the thalweg (Wang et al., 2008;
Chiou et al., 2011; Liao et al., 2017). Due to the relaxation
of physical disturbance, it may be expected that the nematode
diversity increased slightly with depth (or away from the canyon
head). Other physical disturbances such as bottom trawling could
also remove the organic-rich sediment and cause a reduction of
meiofauna diversity and ecosystem function (Puig et al., 2012;
Pusceddu et al., 2014; Román et al., 2019). In our study region,
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TABLE 3 | Three-way cross permutation analysis of variance (PERMANOVA) on
nematode species composition.

DF SS MS F R2 Pr(>F)

Habitat 1 1.92 1.92 16.02 0.46 0.001

Depth 1 0.21 0.21 1.71 0.05 0.135

Cruise 1 0.29 0.29 2.43 0.07 0.052

Habitat:Depth 1 0.27 0.27 2.28 0.07 0.061

Habitat:Cruise 1 0.26 0.26 2.13 0.06 0.103

Depth:Cruise 1 0.16 0.16 1.35 0.04 0.206

Residuals 9 1.08 0.12 0.26

Total 15 4.19 1.00

Bold font means significant effect (P < 0.05).

the bottom trawl fishery typically targets water depths between
100 and 400 m, while the GPSC is avoided to prevent gear
damage. Therefore, we cannot rule out the possibility that the
upper slope sites (i.e., GS1, GS2, Figure 1 and Table 1) may have
experienced some fishing impacts and thus had low nematode
diversity. In the meantime, the increasing nematode diversity
with depth on the slope could also be explained by a unimodal
diversity-depth relationship (Etter and Grassle, 1992; Boucher
and Lambshead, 1995), in which the slope sites (278–848 m)
happened to be on the ascending limb of the general unimodal
diversity gradient.

Mechanisms Shaping the Nematode
Assemblages
Along the GPSC and adjacent slope, the spatial turnover (or
species replacement) was the main contributor of β-diversity,
suggesting that the environmental filtering, not the nestedness,

was the primary mechanism driving the bathymetric variation of
species composition. Although the depth range of this study was
less than 1,000 m, there were large environmental variations with
depth, including increasing pressure, decreasing temperature
and dissolved oxygen, as well as the increasing total organic
carbon (TOC), total nitrogen (TN) and porosity in the sediment
(Liao et al., 2017). Within the GPSC, the internal tide energy
also weakened considerably with depth, resulting in declining
bottom current velocity, duration of sediment erosion, and
increasing water clarity or light transmission toward the deeper
regions of the canyon (Liao et al., 2017). These environmental
variations may replace (or filter) the poorly fitted species with the
better-fitted one to cause a gradual, continued species turnover
along the length of the continental margin (McClain and Rex,
2015). Moreover, the physical disturbances by bottom currents,
turbidity and debris flows may contribute to the heterogeneity
of the canyon seafloor (Liu et al., 2016; Chiang et al., 2020)
and thus drive the bathymetric variation in species composition
(Zeppilli et al., 2016, 2018). In the GPSC, we found that the
selective deposit feeding (1A) and K-selection species tend to
increase toward the deeper depth strata, providing some indirect
evidence of decreasing physical disturbance toward the deeper
canyon. Since the environmental conditions in the submarine
canyons are obviously more dynamic than the gentle sloping
seafloor, many studies found conspicuous bathymetric difference
in the canyon nematodes as opposed to the more homogeneous
slope assemblages (Ingels et al., 2009; Leduc et al., 2014; Gambi
and Danovaro, 2016; Rosli et al., 2016; Román et al., 2019).
Nevertheless, we found that the bathymetric β-diversity was
comparable between the GPSC and the adjacent slope.

Strikingly, even at a similar depth, the β-diversity between
the pairs of GPSC and slope sites were just as high as the

FIGURE 6 | Partition of multiple-site nematode (Sørensen) dissimilarity into spatial turnover and nestedness components. Panel (A) shows the Sørensen dissimilarity
and its turnover and nestedness components among the four sites within the GPSC and adjacent slope transects. Panel (B) shows the Sørensen dissimilarity and its
turnover and nestedness components between the canyon and slope site pair across different depth strata. The bar chart and error bars show the mean and
standard deviation of the multiple-site dissimilarity and its components across different sampling times.

Frontiers in Marine Science | www.frontiersin.org 12 July 2020 | Volume 7 | Article 591

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00591 July 18, 2020 Time: 20:12 # 13

Liao et al. Nematodes in High Energy Canyon

FIGURE 7 | Correlations of diversity and maturity indices to proxies of internal tide energy and food supplies. The mean effective number of abundant species (A,B),
effective number of abundant functional group (C,D), trophic diversity (E,F), and maturity index (G,H) per station are plotted against the mean bottom current
velocity and total organic carbon in the surface sediments. Error bar indicates standard deviation.

bathymetric β-diversity along the canyon or slope transects. For
the canyon-slope β-diversity comparison, the spatial turnover
still dominated, but the nestedness also played a considerable
role (25–31% of the β-diversity) across the four depth strata.
For the spatial turnover, it is apparent that the majority of the
slope nematode species did not occur in the canyon. The abrupt
change in species composition or rapid species replacement is
evident in the nMDS ordination, in which the canyon and slope
assemblages were clearly separated without overlap. It may be
possible that the environmental stress in the GPSC prevented the
colonization of K-selection species or larger individuals, which
effectively filtered out ∼71% of the slope species. The seven
endemic species from the canyon might be well-adapted to the
extreme environmental conditions but unable to compete with
the abundant persisters on the slope. Possibly, these species also
occur on the slope, but in too low numbers to be detected

by our sampling. In terms of the 46 species that occurred
in both the canyon and slope, these nematodes might be the
tolerant species that adapt to the strong physical disturbance
and lower TOC in the GPSC and probably immigrated from the
adjacent slope by ocean currents (Palmer, 1988). Despite that
the nematodes are generally considered as inferior swimmers
(Jensen, 1981), they can be suspended by weak currents and move
a notable distance (Boeckner et al., 2009). Active colonization by
nematode assemblages with different species composition may
also influence the recolonized communities and increase the
patchiness in a new habitat (Ullberg and Ólafsson, 2003; Fonsêca-
Genevois et al., 2006; Lins et al., 2013). This may have given
rise to the nestedness pattern in the canyon, where some of the
species appear to be subsets of slope communities (e.g., ∼87% of
the canyon species also occurred on the slope). It is also possible
that some shared species might be morphologically similar (so
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identified as the same species) from the same genus but displayed
distinct ecological functions and adapted to both the canyon and
slope conditions (De Meester et al., 2016). The majority of species
could be sensitive species from the slope, which may have been
subjected to local extinction and disappearance from the canyon
or experienced some degree of dispersal limitation (e.g., washed
away by strong currents) as they immigrated into the GPSC to
contribute to the nestedness patterns between the canyon and
slope (Baselga, 2010, 2012).

Contrast Between Meiofauna and
Macrofauna
Although all aspects of the nematode diversity (i.e., species,
functional, and trophic diversity) measured in this study
appeared depressed in the GPSC, the nematode abundance was
not affected by the adverse conditions in the GPSC. In contrast,
the macrofauna abundance was significantly depressed in the
GPSC, especially toward the canyon head, where the internal-
tide energy is the strongest (Liao et al., 2017). Within the
macrofauna taxa, the peracarid crustaceans (i.e., amphipods,
cumaceans, isopods, and tanaids) appeared most sensitive to
environmental perturbations and thus declined or disappeared
altogether in the GPSC, whereas the tolerant harpacticoids,
nematodes, and polychaetes (macrofaunal or meiofaunal size)
were common in both the canyon and the slope (Liao et al.,
2017). Nematodes are known to be more resilient to physical
disturbances such as sediment resuspension and deposition
than the larger macrofauna taxa (Lambshead et al., 2001;
Schratzberger and Jennings, 2002; Whomersley et al., 2009). After
disturbances, nematodes typically show higher turnover and
lower mortality rates than macrofauna in the early successional
stages (Schratzberger and Jennings, 2002). The meiofaunal
abundance may quickly recover within a few months but the
diversity tends to remain low and species composition does
not recover to its original state for prolonged time (Kitahashi
et al., 2014, 2016; Tsujimoto et al., 2020). Considering that
the GPSC may be subject to disturbance by internal tide
flushing on a daily basis, only the resilient nematode taxa (e.g.,
Daptonema, Sabatieria, and Axonolaimus) may quickly recover
from the disturbance events and flourish in the canyon. The
fast growth rates and short generation times (i.e., weeks to
months) of these tolerant nematode taxa may help them to
recover rapidly from the recurrent disturbance events (Giere,
2009). Nevertheless, some uncertainty remains. During the
fall sampling, the nematode abundance appeared lower in the
GPSC than on the adjacent slope, but the habitat effect was
not detected when both the summer and fall sampling were
taken into consideration. The episodic flooding in the Gaoping
River and the subsequent turbidity currents in the GPSC were
unpredictable but mostly followed the monsoonal rainfalls and
typhoons which mostly occurred between May and October
(Liu et al., 2016); therefore, the abundance variations between
habitats may have been smeared by the potential seasonal effect
or unpredictable sediment flows. A long-term, repeated sampling
will be needed to resolve the potential effect of seasonality or
episodic events on the nematode assemblages.

CONCLUSION

The Gaoping Submarine Canyon (GPSC), which is subject
to frequent turbidity currents and debris flows and strong
near-bottom currents driven by internal tides, is an ideal
testbed to study the effect of large-scale disturbance on deep-
sea benthic communities. In the summer and fall of 2015,
we conducted the first detailed deep-sea nematode diversity
investigation in the GPSC and adjacent slope. When considering
the average effect across both the sampling campaigns, we
found no statistical difference in nematode abundance across
the depth transects and between the GPSC and adjacent
slope. This suggests that the canyon environment had little
effect on the nematode population densities. Most strikingly,
we found that the nematode species, functional and trophic
diversity and maturity were significantly depressed in the GPSC,
corresponding to stronger near-bottom currents and lower total
organic carbon (TOC) contents in the surface sediments. We also
found that the nematode species diversity increased with depth in
the upper GPSC and adjacent slope, consistent with the classical
paradigm of unimodal diversity-depth relationship in the deep
sea. Between the GPSC and adjacent slope, the distinct species
composition was mainly contributed by species replacement due
to environmental filtering. The canyon assemblages were mainly
driven by stronger internal tide energy, and the slope assemblages
were associated with higher total organic matter in the surface
sediments from which a higher food supply may be inferred.
As a result, the canyon nematode assemblages were dominated
by non-selective deposit-feeding species with r-selection strategy
and clavate tail (e.g., most species of Comesomatidae and
Xylidae), whereas on the slope, the longer life-span species
with diverse feeding strategies and tail shapes may co-exist.
While environmental filtering was the dominant mechanism,
the considerable contribution of nestedness to between-habitat
nematode dissimilarity suggests that species immigration and
local extinction may also play an important role in shaping the
canyon assemblages (e.g., opportunistic species from adjacent
slope became dominant in the canyon).

In the age of global climate change, the deep seafloor is
expected to experience warming, deoxygenation, acidification,
and decline in food supplies (Mora et al., 2013; Sweetman et al.,
2017; Breitburg et al., 2018). On the continental slope, the
changes in climatic drivers may lead to species range shift (Smith
et al., 2012), reduction of suitable habitat (Morato et al., 2020),
reduction of abundance and biomass (Jones et al., 2014), decline
in biodiversity (Sperling et al., 2016; Brito-Morales et al., 2020),
and eventually shift of relative contribution of carbon-processing
from the large to small benthic size classes (Jones et al., 2014;
Sweetman et al., 2017). River-connected canyons such as GPSC
may not only be affected by the marine expressions of climate
change, but also by terrestrial climate change impacts due to
their close association with fluvial processes. For example, the
changes in storm and precipitation patterns may lead to changes
in the frequency and intensity of flood events (Knutson et al.,
2010; Westra et al., 2014; Bacmeister et al., 2018), which may
cascade down to trigger turbidity currents and the associated
submarine geohazards. Understanding the impact on species
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and functional diversity from large-scale natural disturbance in
submarine canyons like GPSC will enhance our ability to predict
the potential impacts of climate change and other anthropogenic
effects on deep-sea ecosystems.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in the https:
//github.com/chihlinwei/nema.

AUTHOR CONTRIBUTIONS

J-XL and C-LW designed and conceived the study, to which all
authors contributed the ideas and discussion. J-XL and C-LW
executed the field sampling. J-XL conducted the laboratory
work and drafted the manuscript with substantial inputs from
C-LW and MY. J-XL, C-LW, and MY contributed to the data
analysis. All authors contributed to the article and approved the
submitted version.

FUNDING

This project was part of an integrated project, Fate of
Terrestrial/Non-terrestrial Sediments in High Yield Particle-
Export River-sea Systems (FATES-HYPERS) and South China
Sea Marine Research – Toward the south (SCSMART):

Environment Change and Marine Biodiversity, sponsored by
the Ministry of Science and Technology (MOST 108-2611-M-
002-001 and 108-2119-M-001-019). J-XL was supported by the
NTU and MOST Postdoctoral Fellowship (MOST 108-2811-
M-002-622).

ACKNOWLEDGMENTS

We would like to thank the Institute of Oceanography (IO),
the National Taiwan University (NTU), and the Ministry of
Science and Technology for supporting the field work, analysis,
and manuscript preparation. We also thank Anne Chao for
providing R code to compute functional diversity and for valuable
suggestions to improve the manuscript. We also thank Sen
Jan and Ming-Da Chiou for providing the internal tide model.
We also thank captain, crew members, and technicians of the
R/V Ocean Researcher I, as well as the graduate students who
participated in OCEAN 7090 Field Work in Marine Biology. The
majority of samples and data were collected by students through
the field course.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmars.
2020.00591/full#supplementary-material

REFERENCES
Alford, M. H., Peacock, T., MacKinnon, J. A., Nash, J. D., Buijsman, M. C.,

Centuroni, L. R., et al. (2015). The formation and fate of internal waves in the
South China Sea. Nature 521, 65–69. doi: 10.1038/nature14399

Aller, R. C., and Aller, J. Y. (1992). Meiofauna and solute transport in marine muds.
Limnol. Oceanogr. 37, 1018–1033. doi: 10.4319/lo.1992.37.5.1018

Amaro, T., Huvenne, V., Allcock, A., Aslam, T., Davies, J., Danovaro, R., et al.
(2016). The Whittard Canyon: a case study of submarine canyon processes.
Prog. Oceanogr. 146, 38–57. doi: 10.1016/j.pocean.2016.06.003

Appeltans, W., Ahyong, S. T., Anderson, G., Angel, M. V., Artois, T., Bailly, N.,
et al. (2012). The magnitude of global marine species diversity. Curr. Biol. 22,
2189–2202. doi: 10.1016/j.cub.2012.09.036

Armenteros, M., Pérez-García, J. A., Marzo-Pérez, D., and Rodríguez-García, P.
(2019). The influential role of the habitat on the diversity patterns of free-living
aquatic nematode assemblages in the Cuban Archipelago. Diversity 11:166.
doi: 10.3390/d11090166

Bacmeister, J. T., Reed, K. A., Hannay, C., Lawrence, P., Bates, S., Truesdale,
J. E., et al. (2018). Projected changes in tropical cyclone activity under future
warming scenarios using a high-resolution climate model. Clim. Change 146,
547–560. doi: 10.1007/s10584-016-1750-x

Baguley, J. G., Montagna, P. A., Hyde, L. J., Kalke, R. D., and Rowe, G. T. (2006).
Metazoan meiofauna abundance in relation to environmental variables in the
northern Gulf of Mexico deep sea. Deep Sea Res. I Oceanogr. Res. Pap. 53,
1344–1362. doi: 10.1016/j.dsr.2006.05.012

Baselga, A. (2010). Partitioning the turnover and nestedness components of beta
diversity. Glob. Ecol. Biogeogr. 19, 134–143. doi: 10.1111/j.1466-8238.2009.
00490.x

Baselga, A. (2012). The relationship between species replacement, dissimilarity
derived from nestedness, and nestedness. Glob. Ecol. Biogeogr. 21, 1223–1232.
doi: 10.1111/j.1466-8238.2011.00756.x

Bianchelli, S., and Danovaro, R. (2019). Meiofaunal biodiversity in submarine
canyons of the Mediterranean Sea: a meta-analysis. Prog. Oceanogr. 170, 69–80.
doi: 10.1016/j.pocean.2018.10.018

Bianchelli, S., Gambi, C., Zeppilli, D., and Danovaro, R. (2010). Metazoan
meiofauna in deep-sea canyons and adjacent open slopes: a large-scale
comparison with focus on the rare taxa. Deep Sea Res. Part I Oceanogr. Res.
Pap. 57, 420–433. doi: 10.1016/j.dsr.2009.12.001

Boeckner, M. J., Sharma, J., and Proctor, H. C. (2009). Revisiting the meiofauna
paradox: dispersal and colonization of nematodes and other meiofaunal
organisms in low- and high-energy environments. Hydrobiologia 624, 91–106.
doi: 10.1007/s10750-008-9669-5

Bonaglia, S., Nascimento, F. J. A., Bartoli, M., Klawonn, I., and Brüchert, V.
(2014). Meiofauna increases bacterial denitrification in marine sediments. Nat.
Commun. 5:5133. doi: 10.1038/ncomms6133

Bongers, T., Alkemade, R., and Yeates, G. W. (1991). Interpretation of disturbance-
induced maturity decrease in marine nematode assemblages by means of the
Maturity Index. Mar. Ecol. Prog. Ser. 76, 135–142. doi: 10.3354/meps076135

Bongers, T., and Ferris, H. (1999). Nematode community structure as a
bioindicator in environmental monitoring. Trends Ecol. Evol. 14, 224–228. doi:
10.1016/S0169-5347(98)01583-3

Botta-Dukát, Z. (2005). Rao’s quadratic entropy as a measure of functional diversity
based on multiple traits. J. Veg. Sci. 16, 533–540. doi: 10.1111/j.1654-1103.2005.
tb02393.x

Boucher, G., and Lambshead, P. J. D. (1995). Ecological biodiversity of marine
nematodes in samples from temperate, tropical, and deep-sea regions. Conserv.
Biol. 9, 1594–1604. doi: 10.1046/j.1523-1739.1995.09061594.x

Breitburg, D., Levin, L. A., Oschlies, A., Grégoire, M., Chavez, F. P., Conley, D. J.,
et al. (2018). Declining oxygen in the global ocean and coastal waters. Science
359:eaam7240. doi: 10.1126/science.aam7240

Brito-Morales, I., Schoeman, D. S., Molinos, J. G., Burrows, M. T., Klein, C. J.,
Arafeh-Dalmau, N., et al. (2020). Climate velocity reveals increasing exposure

Frontiers in Marine Science | www.frontiersin.org 15 July 2020 | Volume 7 | Article 591

https://github.com/chihlinwei/nema
https://github.com/chihlinwei/nema
https://www.frontiersin.org/articles/10.3389/fmars.2020.00591/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmars.2020.00591/full#supplementary-material
https://doi.org/10.1038/nature14399
https://doi.org/10.4319/lo.1992.37.5.1018
https://doi.org/10.1016/j.pocean.2016.06.003
https://doi.org/10.1016/j.cub.2012.09.036
https://doi.org/10.3390/d11090166
https://doi.org/10.1007/s10584-016-1750-x
https://doi.org/10.1016/j.dsr.2006.05.012
https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://doi.org/10.1111/j.1466-8238.2011.00756.x
https://doi.org/10.1016/j.pocean.2018.10.018
https://doi.org/10.1016/j.dsr.2009.12.001
https://doi.org/10.1007/s10750-008-9669-5
https://doi.org/10.1038/ncomms6133
https://doi.org/10.3354/meps076135
https://doi.org/10.1016/S0169-5347(98)01583-3
https://doi.org/10.1016/S0169-5347(98)01583-3
https://doi.org/10.1111/j.1654-1103.2005.tb02393.x
https://doi.org/10.1111/j.1654-1103.2005.tb02393.x
https://doi.org/10.1046/j.1523-1739.1995.09061594.x
https://doi.org/10.1126/science.aam7240
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00591 July 18, 2020 Time: 20:12 # 16

Liao et al. Nematodes in High Energy Canyon

of deep-ocean biodiversity to future warming. Nat. Clim. Change 10, 576–581.
doi: 10.1038/s41558-020-0773-5

Chao, A., Chiu, C.-H., and Jost, L. (2014). Unifying species diversity, phylogenetic
diversity, functional diversity, and related similarity and differentiation
measures through hill numbers. Annu. Rev. Ecol. Evol. Syst. 45, 297–324. doi:
10.1146/annurev-ecolsys-120213-091540

Chao, A., Chiu, C.-H., Villéger, S., Sun, I.-F., Thorn, S., Lin, Y., et al. (2019). An
attribute-diversity approach to functional diversity, functional beta diversity,
and related (dis)similarity measures. Ecol. Monogr. 89:e01343. doi: 10.1002/
ecm.1343

Chao, A., Gotelli, N. J., Hsieh, T. C., Sander, E. L., Ma, K. H., Colwell, R. K.,
et al. (2013). Rarefaction and extrapolation with Hill numbers: a framework for
sampling and estimation in species diversity studies. Ecol. Monogr. 84, 45–67.
doi: 10.1890/13-0133.1

Chao, A., and Jost, L. (2010). Diversity Analysis, 1 Edn. London: Chapman &
Hall/CRC.

Chiang, C.-S., Hsiung, K.-H., Yu, H.-S., and Chen, S.-C. (2020). Three types
of modern submarine canyons on the tectonically active continental margin
offshore southwestern Taiwan. Mar. Geophys. Res. 41:4. doi: 10.1007/s11001-
020-09403-z

Chiou, M.-D., Jan, S., Wang, J., Lien, R.-C., and Chien, H. (2011). Sources of
baroclinic tidal energy in the Gaoping Submarine Canyon off southwestern
Taiwan. J. Geophys. Res. Oceans 116:C12016. doi: 10.1029/2011JC007366

Coull, B. C., and Chandler, G. T. (1992). Pollution and meiofauna: field, laboratory,
and mesocosm studies. Oceanogr. Mar. Biol. Ann. Rev. 30, 191–271.

Covich, A. P., Austen, M. C., Bärlocher, F., Chauvet, E., Cardinale, B. J., Biles, C. L.,
et al. (2004). The role of biodiversity in the functioning of freshwater and marine
benthic ecosystems. Bioscience 54, 767–775.

Danovaro, R. (2010). Methods for the Study of Deep-Sea Sediments, their
Functioning and Biodiversity. Boca Ration, FL: CRC Press, 428.

Danovaro, R. (2012). “Extending the approaches of biodiversity and ecosystem
functioning to the deep ocean,” in Marine Biodiversity and Ecosystem
Functioning, eds M. Solan, R. J. Aspden, and D. M. Paterson (Oxford: Oxford
University Press), 115–126. doi: 10.1093/acprof:oso/9780199642250.003.0009

Danovaro, R., Bianchelli, S., Gambi, C., Mea, M., and Zeppilli, D. (2009). α-, β-
, γ-, δ- and ε-diversity of deep-sea nematodes in canyons and open slopes
of Northeast Atlantic and Mediterranean margins. Mar. Ecol. Prog. Ser. 396,
197–209. doi: 10.3354/meps08269

De Leo, F. C., Smith, C. R., Rowden, A. A., Bowden, D. A., and Clark, M. R. (2010).
Submarine canyons: hotspots of benthic biomass and productivity in the deep
sea. Proc. R. Soc. Lond. B Biol. Sci. 277, 2783–2792. doi: 10.1098/rspb.2010.
0462

De Meester, N., Gingold, R., Rigaux, A., Derycke, S., and Moens, T. (2016). Cryptic
diversity and ecosystem functioning: a complex tale of differential effects on
decomposition. Oecologia 182, 559–571. doi: 10.1007/s00442-016-3677-3

Etter, R. J., and Grassle, J. F. (1992). Patterns of species diversity in the deep
sea as a function of sediment particle size diversity. Nature 360, 576–578.
doi: 10.1038/360576a0

Fernandez-Arcaya, U., Ramirez-Llodra, E., Aguzzi, J., Allcock, A. L., Davies, J. S.,
Dissanayake, A., et al. (2017). Ecological role of submarine canyons and need for
Canyon conservation: a review. Front. Mar. Sci. 4:5. doi: 10.3389/fmars.2017.
00005

Fonsêca-Genevois, V., Somerfield, P. J., Neves, M. H. B., Coutinho, R., and Moens,
T. (2006). Colonization and early succession on artificial hard substrata by
meiofauna. Mar. Biol. 148, 1039–1050. doi: 10.1007/s00227-005-0145-8

Gallucci, F., Moens, T., and Fonseca, G. (2009). Small-scale spatial patterns of
meiobenthos in the Arctic deep sea. Mar. Biodivers. 39, 9–25. doi: 10.1007/
s12526-009-0003-x

Gambi, C., Carugati, L., Martire, M. L., and Danovaro, R. (2019). Biodiversity
and distribution of meiofauna in the Gioia, Petrace and Dohrn Canyons
(Tyrrhenian Sea). Prog. Oceanogr. 171, 162–174. doi: 10.1016/j.pocean.2018.
12.016

Gambi, C., and Danovaro, R. (2016). Biodiversity and life strategies of deep-
sea meiofauna and nematode assemblages in the Whittard Canyon (Celtic
margin, NE Atlantic Ocean). Deep Sea Res. I Oceanogr. Res. Pap. 108, 13–22.
doi: 10.1016/j.dsr.2015.12.001

Gambi, C., Vanreusel, A., and Danovaro, R. (2003). Biodiversity of nematode
assemblages from deep-sea sediments of the Atacama Slope and Trench

(Southern Pacific Ocean). Deep Sea Res. I Oceanogr. Res. Pap. 50, 103–117.
doi: 10.1016/S0967-0637(02)00143-7

Garcia, R., Koho, K. A., De Stigter, H. C., Epping, E., Koning, E., and Thomsen, L.
(2007). Distribution of meiobenthos in the Nazaré canyon and adjacent slope
(western Iberian Margin) in relation to sedimentary composition. Mar. Ecol.
Prog. Ser. 340, 207–220. doi: 10.3354/meps340207

Gavey, R., Carter, L., Liu, J., Talling, P., Hsu, R. T., Pope, E., et al. (2017). Frequent
sediment density flows during 2006 to 2015, triggered by competing seismic
and weather events: observations from subsea cable breaks off southern Taiwan.
Mar. Geol. 384, 147–158. doi: 10.1016/j.margeo.2016.06.001

Giere, O. (2009). Meiobenthology. The Microscopic Motile Fauna of Aquatic
Sediments, 2nd Edn. Berlin: Springer.

Heip, C., Vinx, M., and Vranken, G. (1985). The ecology of marine nematode.
Oceanogr. Mar. Biol. Annu. Rev. 23, 399–489.

Hill, M. O. (1973). Diversity and evenness: a unifying notation and its
consequences. Ecology 54, 427–432. doi: 10.2307/1934352

Hsu, F.-H., Su, C.-C., Wang, C.-H., Lin, S., Liu, J., and Huh, C.-A. (2014).
Accumulation of terrestrial organic carbon on an active continental margin
offshore southwestern Taiwan: source-to-sink pathways of river-borne organic
particles. J. Asian Earth Sci. 91, 163–173. doi: 10.1016/j.jseaes.2014.05.006

Hsu, S.-K., Kuo, J., Lo, C.-L., Tsai, C.-H., Doo, W.-B., Ku, C.-Y., et al. (2008).
Turbidity Currents, Submarine Landslides and the 2006 Pingtung Earthquake
off SW Taiwan. Terr. Atmos. Ocean Sci. 19, 767–772. doi: 10.3319/TAO.2008.19.
6.767(PT)

Ieno, E. N., Solan, M., Batty, P., and Pierce, G. J. (2006). How biodiversity
affects ecosystem functioning: roles of infaunal species richness, identity and
density in the marine benthos. Mar. Ecol. Prog. Ser. 311, 263–271. doi: 10.3354/
meps311263

Ingels, J., Kiriakoulakis, K., Wolff, G. A., and Vanreusel, A. (2009). Nematode
diversity and its relation to quantity and quality of sedimentary organic matter
in the Nazaré Canyon, Western Iberian margin. Deep Sea Res. I Oceanogr. Res.
Pap. 56, 1521–1539. doi: 10.1016/j.dsr.2009.04.010

Ingels, J., Tchesunov, A. V., and Vanreusel, A. (2011). Meiofauna in the Gollum
Channels and the Whittard Canyon, Celtic margin—how local environmental
conditions shape nematode structure and function. PLoS One 6:e20094. doi:
10.1371/journal.pone.0020094

Jan, S., Lien, R.-C., and Ting, C.-H. (2008). Numerical study of baroclinic tides in
Luzon Strait. J. Oceanogr. 64, 789–802. doi: 10.1007/s10872-008-0066-5

Jensen, P. (1981). Phyto-chemical sensitivity and swimming behavior of the free-
living marine nematode Chromadorita tenuis. Mar. Ecol. Prog. Ser. 4, 203–206.
doi: 10.3354/meps004203

Jensen, P. (1984). Ecology of benthic and epiphytic nematodes in brackish waters.
Hydrobiologia 108, 201–217. doi: 10.1007/BF00006329

Jensen, P. (1987). Feeding ecology of free-living aquatic nematodes. Mar. Ecol.
Prog. Ser. 35, 187–196. doi: 10.3354/meps035187

Jones, D. O. B., Yool, A., Wei, C.-L., Henson, S. A., Ruhl, H. A., Watson, R. A., et al.
(2014). Global reductions in seafloor biomass in response to climate change.
Glob. Change Biol. 20, 1861–1872. doi: 10.1111/gcb.12480

Karlson, A. M. L., Nascimento, F. J. A., Näslund, J., and Elmgren, R. (2010). Higher
diversity of deposit-feeding macrofauna enhances phytodetritus processing.
Ecology 91, 1414–1423. doi: 10.1890/09-0660.1

Kiriakoulakis, K., Blackbird, S., Ingels, J., Vanreusel, A., and Wolff, G. A. (2011).
Organic geochemistry of submarine canyons: the Portuguese Margin. Deep Sea
Res. II Top. Stud. Oceanogr. 58, 23–24. doi: 10.1016/j.dsr2.2011.04.010

Kitahashi, T., Jenkins, R. G., Nomaki, H., Shimanaga, M., Fujikura, K., and Kojima,
S. (2014). Effect of the 2011 Tohoku Earthquake on deep-sea meiofaunal
assemblages inhabiting the landward slope of the Japan Trench. Mar. Geol. 358,
128–137. doi: 10.1016/j.margeo.2014.05.004

Kitahashi, T., Watanabe, H., Ikehara, K., Jenkins, R. G., Kojima, S., and Shimanaga,
M. (2016). Deep-sea meiofauna off the Pacific coast of Tohoku and other trench
slopes around Japan: a comparative study before and after the 2011 off the
Pacific coast of Tohoku Earthquake. J. Oceanogr. 72, 129–139. doi: 10.1007/
s10872-015-0323-3

Knutson, T. R., McBride, J. L., Chan, J., Emanuel, K., Holland, G., Landsea, C.,
et al. (2010). Tropical cyclones and climate change. Nat. Geosci. 3, 157–163.
doi: 10.1038/ngeo779

Lambshead, P. J. D., Tietjen, J., Glover, A., Ferrero, T., Thistle, D., and Gooday,
A. J. (2001). Impact of large-scale natural physical disturbance on the diversity

Frontiers in Marine Science | www.frontiersin.org 16 July 2020 | Volume 7 | Article 591

https://doi.org/10.1038/s41558-020-0773-5
https://doi.org/10.1146/annurev-ecolsys-120213-091540
https://doi.org/10.1146/annurev-ecolsys-120213-091540
https://doi.org/10.1002/ecm.1343
https://doi.org/10.1002/ecm.1343
https://doi.org/10.1890/13-0133.1
https://doi.org/10.1007/s11001-020-09403-z
https://doi.org/10.1007/s11001-020-09403-z
https://doi.org/10.1029/2011JC007366
https://doi.org/10.1093/acprof:oso/9780199642250.003.0009
https://doi.org/10.3354/meps08269
https://doi.org/10.1098/rspb.2010.0462
https://doi.org/10.1098/rspb.2010.0462
https://doi.org/10.1007/s00442-016-3677-3
https://doi.org/10.1038/360576a0
https://doi.org/10.3389/fmars.2017.00005
https://doi.org/10.3389/fmars.2017.00005
https://doi.org/10.1007/s00227-005-0145-8
https://doi.org/10.1007/s12526-009-0003-x
https://doi.org/10.1007/s12526-009-0003-x
https://doi.org/10.1016/j.pocean.2018.12.016
https://doi.org/10.1016/j.pocean.2018.12.016
https://doi.org/10.1016/j.dsr.2015.12.001
https://doi.org/10.1016/S0967-0637(02)00143-7
https://doi.org/10.3354/meps340207
https://doi.org/10.1016/j.margeo.2016.06.001
https://doi.org/10.2307/1934352
https://doi.org/10.1016/j.jseaes.2014.05.006
https://doi.org/10.3319/TAO.2008.19.6.767(PT)
https://doi.org/10.3319/TAO.2008.19.6.767(PT)
https://doi.org/10.3354/meps311263
https://doi.org/10.3354/meps311263
https://doi.org/10.1016/j.dsr.2009.04.010
https://doi.org/10.1371/journal.pone.0020094
https://doi.org/10.1371/journal.pone.0020094
https://doi.org/10.1007/s10872-008-0066-5
https://doi.org/10.3354/meps004203
https://doi.org/10.1007/BF00006329
https://doi.org/10.3354/meps035187
https://doi.org/10.1111/gcb.12480
https://doi.org/10.1890/09-0660.1
https://doi.org/10.1016/j.dsr2.2011.04.010
https://doi.org/10.1016/j.margeo.2014.05.004
https://doi.org/10.1007/s10872-015-0323-3
https://doi.org/10.1007/s10872-015-0323-3
https://doi.org/10.1038/ngeo779
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00591 July 18, 2020 Time: 20:12 # 17

Liao et al. Nematodes in High Energy Canyon

of deep-sea North Atlantic nematodes. Mar. Ecol. Prog. Ser. 214, 121–126.
doi: 10.3354/meps214121

Leduc, D., Rowden, A. A., Nodder, S. D., Berkenbusch, K., Probert, P. K., and
Hadfield, M. G. (2014). Unusually high food availability in Kaikoura Canyon
linked to distinct deep-sea nematode community. Deep Sea Res. II Top. Stud.
Oceanogr. 104, 310–318. doi: 10.1016/j.dsr2.2013.06.003

Lee, I.-H., Wang, Y.-H., Liu, J. T., Chuang, W.-S., and Xu, J. (2009). Internal
tidal currents in the Gaoping (Kaoping) Submarine Canyon. J. Mar. Syst. 76,
397–404. doi: 10.1016/j.jmarsys.2007.12.011

Liao, J.-X., Chen, G.-M., Chiou, M.-D., Jan, S., and Wei, C.-L. (2017). Internal tides
affect benthic community structure in an energetic submarine canyon off SW
Taiwan. Deep Sea Res. I Oceanogr. Res. Pap. 125, 147–160. doi: 10.1016/j.dsr.
2017.05.014

Lins, L., Vanreusel, A., van Campenhout, J., and Ingels, J. (2013). Selective
settlement of deep-sea canyon nematodes after resuspension – an experimental
approach. J. Exp. Biol. Ecol. 410, 110–116. doi: 10.1016/j.jembe.2013.01.021

Liu, J. T., Hsu, R. T., Hung, J.-J., Chang, Y.-P., Wang, Y.-H., Rendle-Buhring,
R., et al. (2016). From the highest to the deepest: the Gaoping-River-Gaoping
Submarine Canyon dispersal system. Earth Sci. Rev. 153, 274–300. doi: 10.1016/
j.earscirev.2015.10.012

Liu, J. T., Kao, S.-J., Huh, C.-A., and Hung, C.-C. (2013). Gravity flows associated
with flood events and carbon burial: Taiwan as instructional source area. Annu.
Rev. Mar. Sci. 5, 47–68. doi: 10.1146/annurev-marine-121211-172307

Liu, J. T., Lin, H.-L., and Hung, J.-J. (2006). A submarine canyon conduit under
typhoon conditions off Southern Taiwan. Deep Sea Res. I Oceanogr. Res. Pap.
53, 223–240. doi: 10.1016/j.dsr.2005.09.012

Liu, J. T., Liu, K., and Huang, J. C. (2002). The effect of a submarine canyon on
the river sediment dispersal and inner shelf sediment movements in southern
Taiwan. Mar. Geol. 181, 357–386. doi: 10.1016/S0025-3227(01)00219-5

Liu, J. T., Wang, Y. H., Lee, I.-H., and Hsu, R. T. (2010). Quantifying tidal
signatures of the benthic nepheloid layer in Gaoping Submarine Canyon in
Southern Taiwan. Mar. Geol. 271, 119–130. doi: 10.1016/j.margeo.2010.01.016

McClain, C. R., and Barry, J. P. (2010). Habitat heterogeneity, disturbance,
and productivity work in concert to regulate biodiversity in deep submarine
canyons. Ecology 91, 964–976. doi: 10.1890/09-0087.1

McClain, C. R., and Rex, M. A. (2015). Toward a conceptual understanding of
β-Diversity in the deep-sea Benthos. Annu. Rev. Ecol. Evol. Syst. 46, 623–642.
doi: 10.1146/annurev-ecolsys-120213-091640

Moens, T., dos Santos, G. A. P., Thompson, F., Swings, J., Fonsêca-Genevois, V.,
and De Mesel, I. (2005). Do nematode mucus secretions affect bacterial growth?
Aquat. Microb. Ecol. 40, 77–83. doi: 10.3354/ame040077

Montagna, P. A., Baguley, J. G., Hsiang, C.-Y., and Reuscher, M. G. (2017).
Comparison of sampling methods for deep-sea infauna. Limnol. Oceanogr.
Methods 15, 166–183. doi: 10.1002/lom3.10150

Mora, C., Wei, C.-L., Rollo, A., Amaro, T., Baco, A. R., Billett, D., et al.
(2013). Biotic and Human Vulnerability to Projected Changes in Ocean
Biogeochemistry over the 21st Century. PLoS Biol. 11:e1001682. doi: 10.1371/
journal.pbio.1001682

Morato, T., González-Irusta, J.-M., Dominguez-Carrió, C., Wei, C.-L., Davies, A.,
Sweetman, A. K., et al. (2020). Climate-induced changes in the suitable habitat
of cold-water corals and commercially important deep-sea fishes in the North
Atlantic. Glob. Change Biol. 26, 2181–2202. doi: 10.1111/gcb.14996

Moreno, M., Semprucci, F., Vezzulli, L., Balsamo, M., Fabiano, M., and Albertelli,
G. (2011). The use of nematodes in assessing ecological quality status in the
Mediterranean coastal ecosystems. Ecol. Indic. 11, 328–336. doi: 10.1016/j.
ecolind.2010.05.011

Moreno, M., Vezzulli, L., Marin, V., Laconi, P., Albertelli, G., and Fabiano, M.
(2008). The use of meiofauna diversity as an indicator of pollution in harbours.
ICES J. Mar. Sci. 65, 1428–1435. doi: 10.1016/j.ecolind.2010.05.011

Nascimento, F. J. A., Näslund, J., and Elmgren, R. (2012). Meiofauna enhances
organic matter mineralization in soft sediment ecosystems. Limnol. Oceanogr.
57, 338–346. doi: 10.4319/lo.2012.57.1.0338

Palmer, M. A. (1988). Dispersal of marine meiofauna: a review and conceptual
model explaining passive transport and active emergence with implications for
recruitment. Mar. Ecol. Prog. Ser. 48, 81–91. doi: 10.3354/meps048081

Platt, H. M., and Warwick, R. M. (1983). Free-living Marine Nematodes. Part I.
British Enoplids. Cambridge: Cambridge University Press.

Platt, H. M., and Warwick, R. M. (1988). Free-living Marine Nematodes. Part II.
British Chromadorids. Cambridge: Cambridge University Press.

Puig, P., Canals, M., Company, J. B., Martín, J., Amblas, D., Lastras, G., et al. (2012).
Ploughing the deep sea floor. Nature 489, 286–289. doi: 10.1038/nature11410

Pusceddu, A., Bianchelli, S., Martín, J., Puig, P., Palanques, A., Masqué, P., et al.
(2014). Chronic and intensive bottom trawling impairs deep-sea biodiversity
and ecosystem functioning. Proc. Natl. Acad. Sci. U.S.A. 111, 8861–8866. doi:
10.1073/pnas.1405454111

R Core Team (2019). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing. Available online at: http://
www.R-project.org/

Radwell, A. J., and Brown, A. V. (2008). Benthic meiofauna assemblage structure
of headwater streams: density and distribution of taxa relative to substrate size.
Aquat. Ecol. 42, 405–414. doi: 10.1007/s10452-007-9108-0

Riemann, F. (1974). On hemisessile nematodes with flagilliform tails living
in marine soft bottoms and on microtubes found in deep sea sediments.
Mikrofauna Meeresbod. 40, 1–15.

Román, S., Lins, L., Ingels, J., Romano, C., Martin, D., and Vanreusel, A.
(2019). Role of spatial scales and environmental drivers in shaping nematode
communities in the Blanes Canyon and its adjacent slope. Deep Sea Res. I
Oceanogr. Res. Pap. 146, 62–78. doi: 10.1016/j.dsr.2019.03.002

Román, S., Vanreusel, A., Romano, C., Ingels, J., Puig, P., Company, J. B.,
et al. (2016). High spatiotemporal variability in meiofaunal assemblages in
Blanes Canyon (NW Mediterranean) subject to anthropogenic and natural
disturbances. Deep Sea Res. I Oceanogr. Res. Pap. 117, 70–83. doi: 10.1016/j.dsr.
2016.10.004

Rosli, N., Leduc, D., Rowden, A. A., Clark, M. R., Probert, P. K., Berkenbusch,
K., et al. (2016). Differences in meiofauna communities with sediment depth
are greater than habitat effects on the New Zealand continental margin:
implications for vulnerability to anthropogenic disturbance. PeerJ 4:e2154. doi:
10.7717/peerj.2154

Rysgaard, S., Christensen, P. B., Sørensen, M. V., Funch, P., and Berg, P. (2000).
Marine meiofauna, carbon and nitrogen mineralization in sandy and soft
sediments of Disko Bay, West Greenland. Aquat. Microb. Ecol. 21, 59–71. doi:
10.3354/ame021059

Schmidt-Rhaesa, A. (2014). Handbook of Zoology. Gastrotricha, Cycloneuralia and
Gnathifera, Volume 2, Nematoda. Berlin: De Gruyter.

Schratzberger, M., and Ingels, J. (2018). Meiofauna matters: the roles of meiofauna
in benthic ecosystems. J. Exp. Mar. Biol. Ecol. 502, 12–25. doi: 10.1016/j.jembe.
2017.01.007

Schratzberger, M., and Jennings, S. (2002). Impacts of chronic trawling disturbance
on meiofaunal communities. Mar. Biol. 141, 991–1000. doi: 10.1007/s00227-
002-0895-5

Schratzberger, M., Rees, H. L., and Boyd, S. E. (2000). Effects of simulated
deposition of dredged material on structure of nematode assemblages – the role
of contamination. Mar. Biol. 137, 613–622. doi: 10.1007/s002270000386

Schratzberger, M., Warr, K., and Rogers, S. I. (2007). Functional diversity of
nematode communities in the southwestern North Sea. Mar. Environ. Res. 63,
368–389. doi: 10.1016/j.marenvres.2006.10.006

Singh, R., and Ingole, B. S. (2016). Structure and function of nematode
communities across the Indian western continental margin and its
oxygen minimum zone. Biogeosciences 13, 191–209. doi: 10.5194/bg-13-191-
2016

Smith, C. R., Grange, L. J., Honig, D. L., Naudts, L., Huber, B., Guidi, L., et al.
(2012). A large population of king crabs in Palmer Deep on the west Antarctic
Peninsula shelf and potential invasive impacts. Proc. R. Soc. B 279, 1017–1026.
doi: 10.1098/rspb.2011.1496

Soetaert, K., and Heip, C. (1995). Nematode assemblages of deep-sea and shelf
break sites in the North Atlantic and Mediterranean sea. Mar. Ecol. Prog. Ser.
125, 171–183. doi: 10.3354/meps125171

Soetaert, K., Muthumbi, A., and Heip, C. (2002). Size and shape of ocean margin
nematodes: morphological diversity and depth-related patterns. Mar. Ecol.
Prog. Ser. 242, 179–193. doi: 10.3354/meps242179

Soltwedel, T., Hasemann, C., Queric, N. V., and von Juterzenka, K. (2005).
Gradients in activity and biomass of the small benthic biota along a channel
system in the deep Western Greenland Sea. Deep Sea Res. I Oceanogr. Res. Pap.
52, 815–835. doi: 10.1016/j.dsr.2004.11.011

Frontiers in Marine Science | www.frontiersin.org 17 July 2020 | Volume 7 | Article 591

https://doi.org/10.3354/meps214121
https://doi.org/10.1016/j.dsr2.2013.06.003
https://doi.org/10.1016/j.jmarsys.2007.12.011
https://doi.org/10.1016/j.dsr.2017.05.014
https://doi.org/10.1016/j.dsr.2017.05.014
https://doi.org/10.1016/j.jembe.2013.01.021
https://doi.org/10.1016/j.earscirev.2015.10.012
https://doi.org/10.1016/j.earscirev.2015.10.012
https://doi.org/10.1146/annurev-marine-121211-172307
https://doi.org/10.1016/j.dsr.2005.09.012
https://doi.org/10.1016/S0025-3227(01)00219-5
https://doi.org/10.1016/j.margeo.2010.01.016
https://doi.org/10.1890/09-0087.1
https://doi.org/10.1146/annurev-ecolsys-120213-091640
https://doi.org/10.3354/ame040077
https://doi.org/10.1002/lom3.10150
https://doi.org/10.1371/journal.pbio.1001682
https://doi.org/10.1371/journal.pbio.1001682
https://doi.org/10.1111/gcb.14996
https://doi.org/10.1016/j.ecolind.2010.05.011
https://doi.org/10.1016/j.ecolind.2010.05.011
https://doi.org/10.1016/j.ecolind.2010.05.011
https://doi.org/10.4319/lo.2012.57.1.0338
https://doi.org/10.3354/meps048081
https://doi.org/10.1038/nature11410
https://doi.org/10.1073/pnas.1405454111
https://doi.org/10.1073/pnas.1405454111
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1007/s10452-007-9108-0
https://doi.org/10.1016/j.dsr.2019.03.002
https://doi.org/10.1016/j.dsr.2016.10.004
https://doi.org/10.1016/j.dsr.2016.10.004
https://doi.org/10.7717/peerj.2154
https://doi.org/10.7717/peerj.2154
https://doi.org/10.3354/ame021059
https://doi.org/10.3354/ame021059
https://doi.org/10.1016/j.jembe.2017.01.007
https://doi.org/10.1016/j.jembe.2017.01.007
https://doi.org/10.1007/s00227-002-0895-5
https://doi.org/10.1007/s00227-002-0895-5
https://doi.org/10.1007/s002270000386
https://doi.org/10.1016/j.marenvres.2006.10.006
https://doi.org/10.5194/bg-13-191-2016
https://doi.org/10.5194/bg-13-191-2016
https://doi.org/10.1098/rspb.2011.1496
https://doi.org/10.3354/meps125171
https://doi.org/10.3354/meps242179
https://doi.org/10.1016/j.dsr.2004.11.011
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00591 July 18, 2020 Time: 20:12 # 18

Liao et al. Nematodes in High Energy Canyon

Sperling, E. A., Frieder, C. A., and Levin, L. A. (2016). Biodiversity response to
natural gradients of multiple stressors on continental margins. Proc. R. Soc. B
283:20160637. doi: 10.1098/rspb.2016.0637

Steyaert, M., Moodley, L., Nadong, T., Moens, T., Soetaert, K., and Vincx, M.
(2007). Responses of intertidal nematodes to short-term anoxic events. J. Exp.
Mar. Biol. Ecol. 345, 175–184. doi: 10.1016/j.jembe.2007.03.001

Su, C.-C., Tseng, J.-Y., Hsu, H.-H., Chiang, C.-S., Yu, H.-S., Lin, S., et al. (2012).
Records of submarine natural hazards off SW Taiwan. Geol. Soc. Lond. Spec.
Publ. 361, 41–60. doi: 10.1144/SP361.5

Sweetman, A. K., Thurber, A. R., Smith, C. R., Levin, L. A., Mora, C., Wei, C.-L.,
et al. (2017). Major impacts of climate change on deep-sea benthic ecosystems.
Elem. Sci. Anth. 5, 1–23. doi: 10.1525/elementa.203

Thistle, D., Lambshead, P. J. D., and Sherman, K. M. (1995). Nematode tail-shape
groups respond to environmental differences in the deep sea. Vie Milieu 45,
107–115.

Tsujimoto, A., Nomura, R., Arai, K., Nomaki, H., Inoue, M., and Fujikura, K.
(2020). Changes in deep-sea benthic foraminiferal fauna caused by turbidites
deposited after the 2011 Tohoku-oki earthquake. Mar. Geol. 419:106045. doi:
10.1016/j.margeo.2019.106045

Tsujimoto, A., Yasuhara, M., Nomura, R., Yamazaki, H., Sampei, Y., Hirose, K.,
et al. (2008). Development of modern benthic ecosystems in eutrophic coastal
oceans: the foraminiferal record over the last 200 years, Osaka Bay, Japan. Mar.
Micropaleontol. 69, 225–239. doi: 10.1016/j.marmicro.2008.08.001

Ullberg, J., and Ólafsson, E. (2003). Free-living marine nematodes actively choose
habitat when descending from the water column. Mar. Ecol. Prog. Ser. 260,
141–149. doi: 10.3354/meps260141

Van Gaever, D., Galéron, J., Sibuet, M., and Vanreusel, A. (2009). Deep-sea habitat
heterogeneity influence on meiofaunal communities in the Gulf of Guinea.
Deep Sea Res. II Top. Stud. Oceanogr. 56, 2259–2269. doi: 10.1016/j.dsr2.2009.
04.008

Vanreusel, A. (1990). Ecology of the free-living marine nematodes from the
Voordelta (Southern Bight of the North Sea): I. Species composition
and structure of the nematode communities. Cah. Biol. Mar. 31,
439–462.

Vanreusel, A., Fonseca, G., Danovaro, R., da Silva, M. C., Esteves, A. M., Ferrero,
T., et al. (2010). The contribution of deep-sea macrohabitat heterogeneity to
global nematode diversity. Mar. Ecol. Evol. Perspect. 31, 6–20. doi: 10.1111/j.
1439-0485.2009.00352.x

Vetter, E. W., and Dayton, P. K. (1998). Macrofaunal communities within and
adjacent to a detritus-rich submarine canyon system. Deep Sea Res. II Top. Stud.
Oceanogr. 45, 25–54. doi: 10.1016/S0967-0645(97)00048-9

Wang, Y. H., Lee, I. H., and Liu, J. T. (2008). Observation of internal tidal currents
in the Kaoping Canyon off southwestern Taiwan. Estuar. Coast. Shelf Sci. 80,
153–160. doi: 10.1016/j.ecss.2008.07.016

Warwick, R. M., Platt, H. M., and Somerfield, P. J. (1998). Free-living Marine
Nematodes. Part III: Monhysterids. Shrewsbury: Field Studies Council.

Wei, C.-L., Chen, M., Wicksten, M. K., and Rowe, G. T. (2020). Macrofauna
bivalve diversity from the deep northern Gulf of Mexico. Ecol. Res. 35, 343–361.
doi: 10.1111/1440-1703.12077

Wei, C.-L., and Rowe, G. T. (2019). Productivity controls macrofauna diversity
in the deep northern Gulf of Mexico. Deep Sea Res. I Oceanogr. Res. Pap. 143,
17–27. doi: 10.1016/j.dsr.2018.12.005

Westra, S., Fowler, H. J., Evans, J. P., Alexander, L. V., Berg, P., Johnson, F., et al.
(2014). Future changes to the intensity and frequency of short-duration extreme
rainfall. Rev. Geophys. 52, 522–555. doi: 10.1002/2014RG000464

Whomersley, P., Huxham, M., Schratzberger, M., and Bolam, S. (2009). Differential
response of meio- and macrofauna to in situ burial. J. Mar. Biol. Assoc. U.K. 89,
1091–1098. doi: 10.1017/s0025315409000344

Wieser, W. (1953). Die beziehung zwischen mundhöhlengestalt, ernährungsweise
und vorkommen bei freilebenden marinen nematoden. 2. Arkiv. Zool. 4, 439–
484.

Yu, H.-S., Chiang, C.-S., and Shen, S.-M. (2009). Tectonically active sediment
dispersal system in SW Taiwan margin with emphasis on the Gaoping
(Kaoping) Submarine Canyon. J. Mar. Syst. 76, 369–382. doi: 10.1016/j.jmarsys.
2007.07.010

Yu, H.-S., Huang, C.-S., and Ku, J.-W. (1991). Morphology and possible origin
of the Kaoping submarine canyon head of southwest Taiwan. Acta Oceanogr.
Taiwan. 27, 40–50.

Zeppilli, D., Leduc, D., Fontanier, C., Fontaneto, D., Fuchs, S., Gooday, A. J., et al.
(2018). Characteristics of meiofauna in extreme marine ecosystems: a review.
Mar. Biodivers. 48, 35–71. doi: 10.1007/s12526-017-0815-z

Zeppilli, D., Pusceddu, A., Trincardi, F., and Danovaro, R. (2016). Seafloor
heterogeneity influences the biodiversity–ecosystem functioning relationships
in the deep sea. Sci. Rep. 6:26352. doi: 10.1038/srep26352

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewer NG declared a past co-authorship with one of the authors C-LW to
the handling editor.

Copyright © 2020 Liao, Wei and Yasuhara. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Marine Science | www.frontiersin.org 18 July 2020 | Volume 7 | Article 591

https://doi.org/10.1098/rspb.2016.0637
https://doi.org/10.1016/j.jembe.2007.03.001
https://doi.org/10.1144/SP361.5
https://doi.org/10.1525/elementa.203
https://doi.org/10.1016/j.margeo.2019.106045
https://doi.org/10.1016/j.margeo.2019.106045
https://doi.org/10.1016/j.marmicro.2008.08.001
https://doi.org/10.3354/meps260141
https://doi.org/10.1016/j.dsr2.2009.04.008
https://doi.org/10.1016/j.dsr2.2009.04.008
https://doi.org/10.1111/j.1439-0485.2009.00352.x
https://doi.org/10.1111/j.1439-0485.2009.00352.x
https://doi.org/10.1016/S0967-0645(97)00048-9
https://doi.org/10.1016/j.ecss.2008.07.016
https://doi.org/10.1111/1440-1703.12077
https://doi.org/10.1016/j.dsr.2018.12.005
https://doi.org/10.1002/2014RG000464
https://doi.org/10.1017/s0025315409000344
https://doi.org/10.1016/j.jmarsys.2007.07.010
https://doi.org/10.1016/j.jmarsys.2007.07.010
https://doi.org/10.1007/s12526-017-0815-z
https://doi.org/10.1038/srep26352
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

	Species and Functional Diversity of Deep-Sea Nematodes in a High Energy Submarine Canyon
	Introduction
	Materials and Methods
	Environmental Setting
	Field Sampling
	Data Analysis

	Results
	Discussion
	Study Limitations
	Response of Diversity to Disturbance
	Characteristic Species and Functional Traits
	Environmental Controls on Diversity and Composition
	Mechanisms Shaping the Nematode Assemblages
	Contrast Between Meiofauna and Macrofauna

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


