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Abstract: In the present study, two temperate sandy beaches, which were located on the coast of
different seas with different hydrological states, were selected to investigate the variations and drivers
of the taxonomic structure and functional traits of the free-living marine nematode. According to the
present study, Xyalidae and Chromadoridae were widely observed in both locations, but the species
composition and functional traits were not completely the same. In fine sands, non-selective deposit
feeders or colonizers (nematodes with c-p = 2) were far more quantitatively than other functional traits,
suggesting a relatively restricted range of functional traits. The increased microhabitat heterogeneity
in coarse sands can support species with more diverse functional traits. Chl-a was the most prominent
variable that significantly related to nematode species composition and functional traits at XB sites.
Nematode data were closely related to temperature or temperature-related environmental factors,
such as DO and salinity, at GB sites.
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1. Introduction

Sandy ocean beaches are the most extensive intertidal systems worldwide and make
up two-third of the world’s ice-free coastlines [1]. Sandy beaches dominate a majority of
temperate and tropical coastlines where they represent both important recreational assets
and functions as a buffer zone against the sea [2]. Although the variety of faunal species
at sandy beaches is less than that in rocky shores or tidal flats, individual numbers are
often abundant at sandy beaches [3]. A large number of microscopic organisms, including
bacteria, microalgae, protozoans, and metazoans, occupy the interstices [1].

Meiofauna, namely classified as protists and metazoans between 31 µm and 500 µm [4],
are usually diverse in sandy beaches where they live in the interstices between sand grains.
The relatively large open pores of the sands provide space for foraging and shelter, while
biofilms and microalgae growing on the grain surfaces represent a prolific sedimentary food
source [5]. Free-living marine nematodes are the most dominant metazoan meiofauna both
in abundance and biomass [6]. They are a key component of the sandy beach ecosystem, not
only are they important in the remineralization of detritus, but they are also an important
prey resource for many shrimps, shellfishes, other invertebrates’ larvae, and surf fishes.
Studies on sandy beach nematodes have focused on their distribution patterns as well as
their underlying causes, discovering the determinants of their diversity and distribution
across scales of centimeters to kilometers [3,5,7–14]. A number of studies suggested that
the physical and chemical features of the interstitial environment were responsible for
structuring nematode assemblages on large scales [5,8,15], whereas biotic interactions, such
as competition and predation, have been shown to be important determinants of fine-scale
distribution [5,13]. However, hydrographical and sedimentological heterogeneity, as de-
fined by waves, currents, and sands, varied among sandy beaches, to some extent hindering
researchers from discovering the regular patterns and causes of nematode distribution
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along sandy coastlines. For example, although the sand particle size has a narrow range of
change in sandy beaches, each sandy beach has its own granulometric properties of the
sediment [16]. Available knowledge suggests that coarse and fine particles will present
very different physical and microbiological environments, mainly due to their differences
in surface area available for microbial activity and their capacity to retain water at low tide.
Nematode assemblage composition would vary according to the granulometric properties
of the sediment [17,18]. These findings call for paying more attention to the hydrographical
and sedimentological heterogeneity of sandy beach habitats when investigating nematode
distribution and its underlying drivers over different scales.

In addition, nematodes are ecologically heterogeneous and several of their traits, such
as feeding type, life strategy, and morphological features, were thought to be related to
important ecological functions [19]. In order to understand how environmental disturbance
affects the functional role of nematodes, functional traits analyses of nematodes have
received extensive attention in recent decades [20–22]. However, the functional traits and
their variations over seasons have rarely been studied, and the variation pattern of the
functional traits of nematodes across scales of centimeters to kilometers is still not fully
established.

Dalian city, located at the southernmost tip of the Liaodong Peninsula in China is
surrounded by the sea on three sides with a 2211 km long coastline. Several studies on
meiofauna, including the free-living marine nematode, were conducted at sandy beaches
in Dalian [12,23]. According to the previous studies, nematode abundance and dominance
were high, indicating an important ecological role in sandy beaches. Additionally, the
nematode community structure differed among different sandy beaches in Dalian due to
natural [24] or anthropogenic disturbance [23]. However, the functional traits of nematodes
have rarely been studied here. More importantly, Dalian city borders two different seas in
the east and the west, namely the Yellow Sea and the Bohai Sea. The Bohai Sea is a shallow
semi-enclosed continental shelf sea, and surrounded by land to the north, west, and south.
By comparison, the Yellow Sea situated between the Chinese mainland and the Korean
Peninsula, has a larger area and a deeper water depth. The hydrological state of the two
seas differed with respect to water depth, waves, currents, etc. Accordingly, the abiotic and
biotic environmental variables varied among the sandy beaches facing different seas.

The present study chose two sandy beaches in Dalian, which were located on the coast
of the Bohai Sea and the Yellow Sea, respectively. The different hydrological states of the
two seas make it possible to compare the variations and drivers of the free-living marine
nematode’s taxonomic structure and functional traits in different sandy beach habitats. The
aim of the present study was to investigate and describe how the taxonomic structure and
functional traits of a nematode community vary in relation to environmental variables over
time at these two contrasting sandy beaches.

2. Material and Methods
2.1. Study Area

Dalian city is located in the warm temperate zone of the Northern Hemisphere. It has
a warm temperate continental monsoon climate with maritime characteristics. There are no
severely cold days in winter and no severely hot days in summer. The average temperature
of the city is 10.5 ◦C, and the annual precipitation is from 550–950 mm. Dalian city sits
along the Yellow Sea on the east and the Bohai Sea on the west. The studied beaches,
namely Golden Beach and the Xiajiahezi Beach, are located on the coast of the North Yellow
Sea and the Bohai Sea, respectively (Figure 1). Since both of them were open to public
access, human impact can be considered as relatively high. The two studied beaches are
only approximately 20 km apart, but hydrographical and sedimentological heterogeneity
existed between the two beaches (Table 1).

(1) Golden Beach (121◦35′ E, 38◦52′ N; GB in short) is 1.0 km long, with an average slope
of 9.0◦. The average height of spring tide and neap tide is 292 cm and 235 cm, respec-
tively [25]. It is located on the coast of the North Yellow Sea, which is situated between



Water 2022, 14, 3788 3 of 17

the Chinese mainland and the Korean Peninsula, and a line between Chengshanjiao
of the Shangdong Peninsula and Changshanchuan of the Korean Peninsula is the
boundary between the North Yellow Sea and the South Yellow Sea. The mean water
depth is 38 m in the North Yellow Sea [26]. The tides in this area are regular semi-
diurnal, with a tidal range from 2–4 m, and a current velocity of from approximately
1.5–2.5 m/s [27]. The wave height is from 2.0–6.0 m in autumn and winter in the
North Yellow Sea [26].

(2) Xiajiahezi Beach (121◦30′ E, 39◦02′ N; XB in short) is 1.2 km long, with an average
slope of 1.3◦. The average height of spring and neap tide is 233 cm and 194 cm [25],
respectively. It is located on the coast of the Bohai Sea, a shallow semi-enclosed
continental shelf sea with a mean depth of 18 m. Currents are weak with a maximum
surface velocity <1.5 m/s, and the wave height is from 0.3–0.7 m on near shore
areas [28]. The tides in this area are irregular semi-diurnal tides, with a tidal range
from 2–3 m.
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Table 1. Environmental characteristics of the study locations.

Characteristics Golden Beach Xiajiahezi Beach

Geographic location 121◦35′ E, 38◦52′ N 121◦30′ E, 39◦02′ N
Length (m) 1000 1200

Slope (◦) 9 1.3
Beach exposure Exposed Exposed

Sediment texture Coarse sand (CS) Fine sand (FS)
Median grain size (µm) 939 ± 315 159 ± 21

Sediment sorting 0.87 ± 0.42 (moderate-sorted) 0.41 ± 0.06 (well-sorted)
Human impact Disturbed Disturbed

2.2. Sampling Methods

Sampling was conducted in December 2015 and April, July, and October 2016. At each
sampling location, two random transects (100 m apart), orientated perpendicular to the
waterline, were set up for nematode sampling. Three equally distanced sampling sites from
high-water line to low-water line (H, M, L) were established along each transect. At each
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sampling site, three replicated core samples were collected using Plexiglass cores (inner
diameter of 4.8 cm) to a depth of 20 cm for nematode analyses. Two additional core samples
were collected at each site for analyses of granulometric composition, Chlorophyll a (Chl-a)
concentration, and total organic matter content (TOM). Sea water temperature, salinity,
dissolved oxygen (DO), and pH were measured using in situ Smartroll MP.

2.3. Laboratory Process

In the laboratory, samples were stained with Rose Bengal for more than 24 h, and then
washed through 0.5 and 0.031 mm sieves. Meiofauna, including marine nematodes, were
extracted using the decantation method. All marine nematodes were counted and picked
out under a stereoscopic microscope and were then mounted on permanent slides after a
transparent treatment to prevent dehydration. Two hundred nematode individuals were
randomly extracted if the number was above two hundred. Nematodes were identified
to the genus level according to Platt and Warwick [29,30], Warwick et al. [31], and Nemys
online identification keys [32] using an Olympus BX51 compound microscope (Olympus,
Tokyo, Japan). Additionally, each nematode was identified to species level (indicated by
the genus name followed by sp. 1, sp. 2, etc.). The functional traits of nematodes, namely
feeding type and life strategy, were analyzed. According to the buccal cavity morphology,
nematode specimens were divided into four feeding groups as selective deposit feeders
(1A), non-selective deposit feeders (1B), epigrowth feeders (2A), and predators/omnivores
(2B) [33]. Based on life strategy characteristics, marine nematodes can be allocated from
colonizers to persisters (c–p classes 1 to 5; r- to K-strategists, sensu lato) [34]. Nematodes
with short generation times, high egg production rates, and an ability to form dauer larvae
are assigned as extreme colonizers (c–p = 1), while nematodes with a long-life span and
low reproduction rates are extreme persisters (c–p = 5). Each specimen was classified from
1 to 5 according to the family and genus list compiled by Bongers et al. [34,35]. The family
c–p class was assigned if a genus was not present on the Bongers’ list.

Sediment particle size was analyzed using a dry sieve method. Particle size was
classified using the Wentworth scale in phi units, where Φ = −log2 diameter (mm). The
medium particle diameter (MdΦ) indicated the diameter corresponding to the 50% mark on
the cumulative curve (Φ50). Sediment total organic matter (TOM) content was measured
using the K2Cr2O7-H2SO4 oxidization method [36]. The sediment Chl-a content in the
sediment was determined using the spectrophotofluorometic method of Lorenzen and
Jeffrey [37] and Liu et al. [38].

2.4. Statistical Analyses

Environmental and nematode datasets were analyzed using PRIMER v7 and the
PERMANOVA add-on package [39,40]. The differences in environmental variables were
analyzed using principal coordinates analysis (PCO) on normalized data and the Euclidean
resemblance matrix. Biological data (ind. 10 cm−2) were standardized and forth-root
transformed prior to calculating Bray–Curtis resemblance. Non-metric Multi-Dimensional
Scaling (nMDS) was performed to identify different groups, along with the SIMPROF
permutations test. The similarity percentages program (SIMPER) was applied to identify
the species, primarily providing the discrimination between groups. A distance-based linear
model (DistLM) using a step-wise selection procedure was applied to test the relationships
between environmental variables with the nematode taxonomic structure and functional
traits. The fitted models from DistLM were visualized in multi-dimensional space, using
distance-based redundancy analysis (dbRDA).

3. Results
3.1. Habitat Heterogeneity

The most prominent environmental difference between the two beaches studied was
sediment particle size (Figure 2, Table 2). High fractions of fine sand (FS, 125–250 µm) and
very fine sand (VFS, 63–125 µm) were recorded at XB, accounting for 66.3% and 29.5% on



Water 2022, 14, 3788 5 of 17

average, respectively. The fractions of very coarse sand (VCS, 1000–2000 µm) and coarse
sand (CS, 500–1000 µm) were high at GB, accounting for 55.5% and 18.5%, respectively.
Ordination by PCO of environmental variables revealed that the sampling sites were
aggregated into the two groups along the second principal coordinate (PCO2) (Figure 2),
indicating a habitat heterogeneity between the study locations. MdΦ, pH, and sea water
salinity were highly related to PCO2 (Figure 2). Additionally, the sampling sites were more
or less aggregated into four months at each location, a difference among sampling months
was noted along the first principal coordinate (PCO1). Seawater temperature, dissolved
oxygen, pH, and sediment Chl-a showed high correlations with PCO1 (Figure 2).
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Figure 2. Principal coordinates analysis (PCO) output based on environmental variables. Vectors
are the Pearson correlations of variables with the PCO axes. Abbreviations: XB, Xiajiahezi Beach;
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Table 2. Environmental variables of the two studied beaches in four sampling months. Abbreviations:
XB, Xiajiahezi Beach; GB, Golden Beach; T, sea water temperature; Sal, sea water salinity; DO, sea
water dissolved oxygen; Chl-a, Chlorophyll-a; TOM, total organic matter; MdΦ, medium particle
diameter. H, high tidal zone; M, mid-tidal zone; L, low tidal zone.

Sampling
Month

Tidal
Zone T (◦C) pH DO

(µg/L) Salinity Chl-a
(µg/g) TOM (%) Mdϕ Sediment

Texture

XB
December H 2.45 8.33 5.53 28.80 1.07 0.10 2.59 Fine sand

M 1.19 8.23 5.53 28.80 1.76 0.04 2.72 Fine sand
L 0.74 8.47 3.86 30.20 0.73 0.04 3.14 Fine sand

April H 13.94 7.93 2.17 29.45 1.62 0.09 2.48 Fine sand
M 11.56 8.27 1.83 30.90 2.14 0.29 2.51 Fine sand
L 12.29 8.13 2.77 28.35 1.84 0.06 2.61 Fine sand

July H 27.39 7.73 2.64 31.60 3.46 0.08 2.66 Fine sand
M 28.15 7.98 1.84 30.45 4.13 2.25 2.53 Fine sand
L 28.09 8.06 2.27 31.85 3.42 3.46 2.53 Fine sand

October H 15.44 8.15 5.65 30.65 2.70 1.15 2.50 Fine sand
M 14.88 7.91 5.26 31.00 4.26 0.36 2.57 Fine sand
L 14.84 8.27 6.88 32.15 3.83 0.13 2.95 Fine sand
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Table 2. Cont.

Sampling
Month

Tidal
Zone T (◦C) pH DO

(µg/L) Salinity Chl-a
(µg/g) TOM (%) Mdϕ Sediment

Texture

GB
December H 7.00 8.12 9.21 34.00 0.09 0.84 0.47 Coarse sand

M 8.10 7.82 7.07 33.95 0.19 0.80 −0.32 Very coarse sand
L 7.79 7.91 5.22 35.00 0.44 0.75 1.30 Coarse sand

April H 9.20 8.04 7.60 31.70 1.66 0.84 −0.10 Very coarse sand
M 8.39 8.10 5.94 31.10 1.32 0.80 −0.21 Very coarse sand
L 9.77 7.67 2.12 30.25 2.23 0.75 −0.15 Very coarse sand

July H 25.88 8.01 3.55 29.70 0.58 0.88 0.55 Coarse sand
M 25.76 7.91 2.53 29.70 0.74 0.83 −0.46 Very coarse sand
L 23.66 7.48 1.70 29.15 3.99 0.78 −0.34 Very coarse sand

October H 17.07 8.02 7.65 31.45 0.08 0.88 0.31 Coarse sand
M 17.65 8.01 6.94 32.00 0.09 0.83 0.08 Coarse sand
L 18.59 7.80 5.05 29.85 0.56 0.78 −0.12 Very coarse sand

3.2. Species Composition of Nematode Community

A total of 84 putative species of marine nematodes (70 and 41 putative species on
XB and GB, respectively) were identified, belonging to 60 genera and 23 families. Xyal-
idae, Chromadoridae, Tripyloididae, Cyatholaimidae, Comesomatidae prevailed at XB,
contributing 87.8% to the whole nematode community. Chromadoridae, Oncholaimidae
and Enoplidae were the dominant families at GB, accounting for 67.8% of the whole com-
munity. The dominant species (≥5%) at XB were Daptonema sp. 2, Paracyatholaimus sp.
1, Daptonema sp. 1, Sabatieria sp. 2, Daptonema sp. 3, Setosabatieria sp. 1, Prochromadorella
sp. 1, and Bathylaimus sp. 1, while the dominant species at GB were Oncholaimus sp. 1,
Chromadorita sp. 1, Enopolaimus sp. 1, Promonhystera sp. 1, Oncholaimus sp. 2, Enoplus sp.
1, and Dichromadora sp. 1. The result of SIMPER analyses showed a 93.4% dissimilarity
in nematode species composition between the two locations (Table 3). The major species
providing the discrimination among tidal zones and sampling months also varied at each
location (Table 3).

Table 3. The species primarily providing the discrimination between locations, tidal zones, and
sampling months (SIMPER, cumulative contribution >90%).

Species December April July October

H M L H M L H M L H M L

XB

Axonolaimus sp. 1 5.5 7.3 7.5
Axonolaimus sp. 2 8.9
Bathylaimus sp. 1 6.3 12.4 8.3 11.9 28.1 28.6 8.3
Chromaspirina sp. 1 2.5
Cobbia sp. 1 2.8 1.8
Daptonema sp. 1 12.3 33.6 14.4 11.8 10.5 13.3 25.8 15.6 5.1
Daptonema sp. 2 14.2 24.3 14.8 11.9 13.6 11.9 8.9 8.2 4.1 17.7 5.7 13.9
Daptonema sp. 3 15.4 5.2 12.3 12.4 4.9 20.9 17.4
Daptonema sp. 5 3.1 3.8 5.2
Daptonema sp. 6 4.0 12.4
Dichromadora sp. 1 9.6 8.4 15.2
Linhomoeus sp. 1 3.7
Metalinhomoeus sp. 1 3.0
Odontophora sp. 2 9.9
Paracomesoma sp. 1 3.5
Paracyatholaimus sp. 1 9.6 10.4 13.3 11.8 8.6 24.5 14.0 22.5 15.8 19.4
Prochromadorella sp. 1 14.1 13.3 6.6 10.3 8.7 10.5 7.1
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Table 3. Cont.

Species December April July October

H M L H M L H M L H M L

Sabatieria sp. 2 11.9 8.7 9.4 11.5 18.2 18.3 11.2 20.8 9.9 10.9
Setosabatieria sp. 1 19.1 15.7 3.1 4.5 12.9 5.5 18.2
Theristus sp. 1 14.3 11.8 11.9 5.0 8.3
Viscosia sp. 1 12.9 11.3

GB

Axonolaimus sp. 3 34.6
Bathylaimus sp. 1 11.8
Bathylaimus sp. 2 12.7 24.7
Chromadorita sp. 1 33.7 25.5 18.7 11.1 14.1 25.2 4.9
Chromadorita sp. 2 13.8 6.1
Daptonema sp. 1 4.7
Dichromadora sp. 1 21.0 19.5 7.4 42.0
Enoplolaimus sp. 1 5.7 11.8 23.2 13.9 23.7 52.5
Enoplolaimus sp. 2 5.8
Enoplus sp. 1 9.3 12.4 18.4 7.2 5.5
Metalinhomoeus sp. 3 4.9 6.4 5.9
Neochromadora sp. 1 8.1 7.8
Oncholaimus sp. 1 36.4 58.5 64.4 18.0 25.5 15.0 17.9 30.3 5.9
Oncholaimus sp. 2 8.3 8.9 16.5 8.8 49.4
Prochromadorella sp. 1 5.5 7.0
Promonhystera sp. 1 12.2 37.9 10.5 10.2 28.0 47.5
Rhabditis sp. 1 12.4 14.7
Theristus sp. 2 9.3 10.5

Cluster and SIMPROF analyses (at 5% significance level) of nematode community
revealed that the similarity of nematode communities at the two locations was low (8.1%),
indicating two distinct groups (Figure 3). Differences in the relative abundance of several
dominant families (e.g., Cyatholaimidae, Comesomatidae, Oncholaimidae, and Thoracos-
tomopsidae) were conspicuous between the two locations (Figure 4). In addition, clear
differences in the community structure among sampling months were also observed at
both locations (Figure 4).
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3.3. Feeding Types of Nematode Community

Non-selective deposit feeders (1B) dominated at XB sites (67.9 ± 12.8%), followed
by epistrate feeders (2A, 28.8 ± 12.7%). The relative abundances of omnivores/predators
(2B, 2.9 ± 5.5%) and selective deposit feeders (1A, 0.3 ± 0.3%) were low (Figure 5A). In
contrast, the relative abundance of 2B nematodes was the highest (44.1 ± 16.5%) at GB
sites. The mean relative abundance of non-selective deposit feeders was 27.2 ± 17.6%,
and that of epistrate feeders was 26.3 ± 13.0%. The mean relative abundance of selective
deposit feeders was the lowest (2.5 ± 5.2%) (Figure 5A). nMDS results showed a clear
differentiation between the two locations, and the differences in the abundance of 1B and
2B were conspicuous between the two locations (Figure 6A).
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3.4. Life Strategies of Nematode Community

At XB sites, nematodes with a c–p class of 2 dominated (96.0 ± 6.1%), followed by
nematodes with c–p classes of 3 (3.5 ± 5.7%) and 4 (0.5 ± 0.5%). No extreme colonizers
(c–p = 1) and extreme persisters (c–p = 5) were observed. At GB sites, nematodes with c–p
classes of 2 were also dominant (46.1 ± 24.7%), followed by nematodes with c–p classes of
4 (32.5 ± 23.4%) and 3 (15.8 ± 12.5%). Additionally, extreme colonizers (e.g., Rhabditis) and
extreme persisters (e.g., Enoplus) were observed at GB sites, and their relative abundances
were 1.7 ± 2.8% and 3.9 ± 3.6%, respectively. The proportions of c–p classes were observed
as being relatively consistent among the sampling months at XB sites (Figure 5B). In contrast,
a fluctuation in the proportions of nematodes with different c–p classes was observed at GB
(Figure 5B). nMDS results based on the c–p classes data also showed a clear differentiation
between the two locations, and the differences in the abundance of nematodes with c–p = 2
and c–p = 4 were conspicuous between the two locations (Figure 6B).

3.5. Relationships between Nematode Datasets and Environmental Variables

The results of DistLM analyses revealed that investigated environmental variables
could explain between 42.2% and 61.7% of the variations in nematode species composition,
feeding type, and life history (Table 4). Among them, MdΦ was the most prominent variable
explaining >30% of the observed variances (Table 4).

Table 4. Results of the DistLM sequential test for nematode datasets. SS, sum of square; F, F statistic;
Prop, the proportion of the variability explained; T, sea water temperature; Sal, sea water salinity; DO,
sea water dissolved oxygen; Chl-a, Chlorophyll-a; TOM, total organic matter; MdΦ , median particle
diameter. **, p < 0.01; *, p < 0.05. Statistically significant correlations are indicated in bold.

Datasets Variable Adjusted R2 SS (Trace) Pseudo-F p Prop. Cumul.

Species MdΦ 0.35361 50744 26.711 0.001 ** 0.367 0.367
T 0.39126 6878.9 3.8449 0.001 ** 0.050 0.417

DO 0.42678 6383.4 3.7891 0.001 ** 0.046 0.463
Sal 0.44807 4375 2.6971 0.008 ** 0.032 0.495

Chl-a 0.46599 3833.8 2.4428 0.010 ** 0.028 0.523
pH 0.47721 2921.3 1.9013 0.038 * 0.021 0.544

Feeding type MdΦ 0.29595 4940.5 20.757 0.001 ** 0.311 0.311
Sal 0.35133 1080.6 4.9277 0.018 ** 0.068 0.379

Chl-a 0.35991 346.85 1.6028 0.213 0.022 0.401
DO 0.36772 329.99 1.5437 0.276 0.021 0.422

c–p class MdΦ 0.44308 11106 38.392 0.001 ** 0.455 0.455
Chl-a 0.468 871.76 3.1548 0.037 * 0.036 0.491

T 0.48811 735.97 2.768 0.069 0.030 0.521
pH 0.52019 982.33 3.9416 0.025 * 0.040 0.561
Sal 0.54054 693.15 2.9045 0.084 0.028 0.589
DO 0.56051 663.97 2.9086 0.065 0.027 0.617

Further DistLM analyses, breaking down the locations separately, were performed
to test the relationships between environmental variables with the nematode taxonomic
structure and functional traits at each location. The results of DistLM analyses revealed
that the investigated environmental variables could explain between 43.6% and 48.2% of
the variations in nematode species composition, feeding type, and life history at XB sites
(Table 5). Temperature, MdΦ, and sediment Chl-a concentration were significantly (p < 0.05)
related to nematodes species composition, explaining 34.1% of the observed variance in
total. Chl-a was significantly related to the nematode composition based on c–p groups
(p < 0.05), explaining 16.3% of the observed variance. The dbRDA routine was used to
perform an ordination of fitted values from the given DistLM model (Figure 7). The first
two dbRDA axes captured >67% of the variability in the fitted model and >29% of the total
variation in the datasets (Figure 7).
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Table 5. Results of the DistLM sequential test for nematode datasets of XB. SS, sum of square; F, F
statistic; Prop, the proportion of the variability explained; T, sea water temperature; Sal, sea water
salinity; DO, sea water dissolved oxygen; Chl-a, Chlorophyll-a; TOM, total organic matter; MdΦ ,

median particle diameter. **, p < 0.01; *, p < 0.05. Statistically significant correlations are indicated in bold.

Datasets Variable Adjusted R2 SS (Trace) Pseudo-F p Prop. Cumul.

Species T 0.14377 5461.1 4.8619 0.001 ** 0.181 0.181
MdΦ 0.19345 2491.7 2.355 0.009 ** 0.082583 0.26358
Chl-a 0.24221 2337.4 2.3512 0.014 * 0.077468 0.34105
TOM 0.26493 1560.5 1.6183 0.085 0.051719 0.39277
DO 0.27968 1312.6 1.3891 0.178 0.043505 0.43627

Feeding type T 0.072248 477.63 2.7911 0.052 0.11258 0.11258
MdΦ 0.13865 428.33 2.6959 0.071 0.10096 0.21355
Chl-a 0.21654 446.25 3.088 0.060 0.10519 0.31873
pH 0.24107 230.46 1.6463 0.248 0.054324 0.37306
DO 0.25432 183.99 1.3377 0.300 0.043369 0.41643
Sal 0.26035 156.45 1.1468 0.336 0.036878 0.4533

c–p class Chl-a 0.12532 813.26 4.2954 0.014 * 0.16335 0.16335
Sal 0.16523 370.75 2.0518 0.156 0.074469 0.23782
pH 0.2073 362.81 2.1144 0.156 0.072875 0.31069

MdΦ 0.25933 385.56 2.4048 0.118 0.077444 0.38814
T 0.29537 300.75 1.9718 0.184 0.060409 0.44855

DO 0.29929 166.97 1.1008 0.348 0.033537 0.48209

According to the results of DistLM analyses, the investigated environmental variables
could explain between 24.9% and 50.8% of the variations in nematode species composition,
feeding type, and life history at GB sites (Table 6). Salinity, DO, and temperature were
significantly (p < 0.05) related to nematodes species composition, explaining 35.8% of the
observed variance in total. Temperature was also significantly related to the nematode
composition based on feeding types and c–p classes (p < 0.05), explaining 13.2% and 12.7%
of the observed variances, respectively. Furthermore, sediment Chl-a concentration was
significantly related to nematode composition based on c–p classes, explaining 13.3% of the
observed variance in total. The first two dbRDA axes captured >69% of the variability in
the fitted model and >21% of the total variation in the datasets (Figure 7).

Table 6. Results of the DistLM sequential test for nematodes datasets of GB. SS, sum of square; F, F
statistic; Prop, the proportion of the variability explained; T, sea water temperature; Sal, sea water
salinity; DO, sea water dissolved oxygen; Chl-a, Chlorophyll-a; TOM, total organic matter; MdΦ ,

median particle diameter. **, p < 0.01; *, p < 0.05. Statistically significant correlations are indicated in
bold.

Datasets Variable Adjusted R2 SS (trace) Pseudo-F p Prop. Cumul.

Species Sal 0.091863 7340.8 3.3266 0.002 ** 0.13135 0.13135
DO 0.18032 6720.7 3.3742 0.002 ** 0.12025 0.2516
T 0.26204 5963.2 3.3255 0.002 ** 0.1067 0.3583

pH 0.27664 2467.4 1.4037 0.193 0.044148 0.40244
Chl-a 0.28886 2292 1.3264 0.195 0.04101 0.44345

Feeding type Sal 0.035052 782.95 1.8355 0.162 0.077006 0.077006
T 0.13367 1342 3.5043 0.033 * 0.132 0.209

pH 0.13633 406.54 1.0648 0.362 0.039985 0.24899
c–p class Chl-a 0.094041 1838.5 3.3875 0.027 * 0.13343 0.13343

T 0.19001 1750.1 3.6066 0.019 * 0.12701 0.26044
DO 0.23754 1054.7 2.309 0.099 0.076546 0.33699
pH 0.2515 615.75 1.3732 0.271 0.044689 0.38168

MdΦ 0.26062 546.69 1.2342 0.311 0.039676 0.42135
TOM 0.27757 615.58 1.4223 0.274 0.044676 0.46603

Sal 0.29318 582.43 1.3755 0.282 0.04227 0.5083
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Figure 7. dbRDA ordination for the fitted model of nematode data (based on Bray–Curtis after fourth
root transformation of abundances) versus environmental variables at XB (A,C,E) and GB (B,D,F)
separately. (A–B) species composition; (C–D) feeding types; (E–F) c–p classes. When categorical
variables are included in a DistLM analysis, then the length of each categorical vector is a measure of
the strength of the relationship between that category and the dbRDA axes.

4. Discussion

Sediment particle size was the most prominent environmental difference between
the two locations. In addition, a relatively close relationship among sediment MdΦ and
nematode species composition confirmed that sediment particle size has an important
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effect on structuring nematode assemblage on sandy beaches. Sediment particle size
often interacts with beach slope, waves, and tides, reflecting the hydrodynamic state of
the coast. Actually, the hydrodynamic state of the Bohai Sea and the North Yellow Sea
differed with respect to waves, tides, coastal currents, etc. [26–28], leading to the prominent
differentiation of sediment particle size between the two study locations. Sediment particle
size has an important effect on structuring nematode assemblage and was considered to be
an important environmental factor of nematode distribution and diversity [16]. Different
particles will present very different physical and biological environments, mainly due to
their differences in surface area available for microbial activity and their capacity to retain
water at low tide. It has been demonstrated that nematode species composition varied
according to the granulometric properties of the sediment [6,17,18]. Nematodes of the
families Xyalidae, Chromadoridae, Cyatholaimidae, Desmodoridae, and Oncholaimidae
are widely distributed on sandy beaches around the world [41,42]. Among them, some
nematode families, e.g., Xyalidae, Cyatholaimidae, and Chromadoridae, predominated in
coarser sediments, while other families such as Desmodoridae and Linhomoeidae were
dominant in finer sediments [3,6]. In the present study, Xyalidae and Chromadoridae were
widely observed at both locations. However, the dominant genera or species were not
completely the same. Nematode functional traits (feeding type and life strategy) were also
revealed to differ between the two locations due to the sediment particle size in the present
study. A higher proportion of 1B or nematodes with c–p = 2 was observed in fine sands,
while a higher proportion of 2B or c–p = 4 was found in coarse sands. Fonseca et al. [43]
also found a similar pattern in that the abundance of 1B nematodes peaked in fine sands,
while the abundance of 2B nematodes peaked in coarse sands. It was generally believed
that sediments with a particle size from 125~250 µm (fine sand) were most conducive to
the growth of meiobenthos [44]. Therefore, the taxonomic structure and functional traits of
the nematode should be expected to vary in these two contrasting habitats.

4.1. Variation in Nematode Taxonomic Structure and Functional Traits in Fine Sand Habitat

The sediment at XB sites, mainly composed of fine sand and very fine sand, was a
fine sand habitat. Xyalidae, Chromadoridae, Tripyloididae, Cyatholaimidae, and Come-
somatidae prevailed at XB sites. Fine sediments were usually associated with greater
concentrations of nutrients contained between the fine grains and may promote coexistence
of nematode genera and species [45]. Chl-a is commonly used to denote the number of
live microalgae reaching the sea floor and indicates food availability for nematodes. Thus,
nematode abundance and diversity often increase with increasing Chl-a concentration [46].
At XB sites, sediment Chl-a was closely related to nematode species composition and the
composition based on c–p groups, suggesting that Chl-a has an important effect on struc-
turing nematode assemblage at XB. Additionally, the relatively high Chl-a concentration
could also explain the high proportion of the 1B group in fine sand. These nematodes have
large buccal cavities to swallow whole organic particles (e.g., microalgae and bacteria), and
have been reported to feed predominantly on microalgae in intertidal sediments [15,47].
Furthermore, Chl-a concentration varied over time in the present study, with an increased
value in April and July and a low value in December. Therefore, the nematodes, which
predominantly feed on microalgae, should be expected to respond to changes in Chl-a
concentration. On the one hand, the increasing microalgae is conducive to the growth
and reproduction of nematodes, bringing about an increase in 2A nematodes, which pre-
dominantly feed on microalgae, in April and the following months, e.g., July and October.
On the other hand, this could explain the reduction in the proportion of 2A nematodes in
December.

At the same time, the high predominance of 1B and nematodes with c–p = 2 suggested
a relatively restricted range of functional traits in fine sands. Strong environmental filters
could limit species composition to a relatively restricted range of functional traits [48,49].
Since the species with the same functional traits have the most similar resource require-
ments, a high niche overlap existed among nematodes in fine sand sediments. As a result,
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they have to segregate by inhabiting different sediment layers [50] or different tidal zones,
leading to a finer division of the available niche space. In the present study, a relatively
low proportion of 1B at the low tidal zone and low abundance of nematodes with c-p =
2 at the high tidal zone were observed. At the same time, a spatial variation of the genus
Daptonema is noteworthy. Daptonema is a deposit feeder, but also a general opportunist
at the same time [33,34]. It can utilize a wide variety of food resources, including the
unicellular eukaryote [51]. In the present study, a total of six nematode species of this genus
were found in fine sand. As expected, the flexible feeding behavior and short generation
time benefited their dominance in fine sand. However, the dominance of these species
varied among tidal zones, implying a differentiation by inhabiting different spaces.

4.2. Variation in Nematode Taxonomic Structure and Functional Traits in Coarse Sand Habitat

At the GB sites, where the sediment was mainly composed of very coarse sand and
coarse sand, Chromadoridae, Oncholaimidae and Enoplidae were the dominant families.
Nematodes displayed little differences in spatial structure at different tidal zones in coarse
sediments, indicating that the nematode community is consistent in structure and function.
Omnivores and predators (e.g., Oncholaimidae and Enoplidae) were very abundant in
coarse sand. Actually, nematodes of these families are facultative predators, with diverse
feeding habits and candidate food sources [47]. Indeed, some of them may shift diet with
development stage [52]. Therefore, these facultative predators exhibit generalist or flexible
feeding behavior, which is beneficial in unstable and fluctuation environments [47]. At the
same time, the nematode community appeared more diverse in functional traits, including
feeding types and life strategies, at GB sites. It has been demonstrated that the increased
microhabitat heterogeneity in coarse sands can support more diverse communities [3,6].
According to the results of the present study, we would like to emphasize that coarse sands
are likely to support communities with more diverse functional traits. However, due to a
lower niche overlap in coarse sediments, the disappearance or replacement of any species
may influence the stability of the nematode community, becoming a potential risk for the
coarse sand community.

Temperature was the most prominent variable that significantly related to nematode
data at GB sites. Temperature is one of the main factors that controls the structure of
meiofauna communities on the beach by promoting fish reproduction [53] or affecting the
growth and availability of their food resources, such as bacteria and diatoms [54]. At the
same time, nematode data were also closely related to temperature-related environmental
factors, such as DO and salinity. In the present study, an abrupt increase in opportunists
(nematodes with c–p = 2) and a sharp decrease in persisters (c–p = 4) were observed in
October. Actually, the increase in the relative abundance of nematodes with c–p = 2 began
from July. With the increasing temperature, DO and salinity declined and reached the
lowest values in July. At the same time, the studied beach is a popular visiting place and
received a large number of tourists during the period between July and October every year.
Intensive human trampling would increase the density of sand and compressed space,
which was believed to have a strong influence on marine nematodes [55]. This suggested
that marine nematodes faced more stressful habitat in July and October due to natural
and anthropogenic disturbance. Nematodes with c–p = 2 have short generation times
and are considered as opportunistic or tolerant to stressful habitats, e.g., hypoxia [56,57].
Therefore, the relative abundance of nematodes with c–p = 2, e.g., Axonolaimus, Bathylaimus,
Dichromadora and Enoplolaimus, increased quickly in July and October at GB sites.

5. Conclusions

In general, a relatively restricted range of functional traits were observed in fine
sands, suggesting that a high niche overlap existed among species. Nematode species
composition and functional traits varied, closely related to environmental factors. Chl-a was
the most prominent variable that significantly related to nematode data at XB sites. Instead,
the increased microhabitat heterogeneity in coarse sands can support species with more
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diverse functional traits but with lower niche overlap. Nematode species composition and
functional traits were closely related to temperature or temperature-related environmental
factors, such as DO and salinity at GB sites. The results of this study seem to suggest
that nematode taxonomic structure and functional traits should be different between the
habitats and may be closely related to the sediment particle size, which deserves further
comparisons and tests in future studies.
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