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Saltwater intrusion is a potential risk damaging crop diversity and productivity due to degraded soil physico-
chemical properties. However, little is known about how salinity affects the structure and function of soil
nematodes community in intensive rice cultivated area. This study aimed (1) to assess the impacts of saltwater

Paddy rice . . intrusion on the nematode community in alluvial and acid sulfate soils; and (2) to evaluate its relation with soil
Nematode functional guild .. . . .. L.
Salinity conditions. Saltwater intrusion reduced the abundance of both free-living nematodes (FLN) and plant-parasitic

nematodes (dominated by Hirschmanniella) in soils. FLN community was different among sites with different
physicochemical properties. The omnivorous genera Aporcelaimellus and Thornenema were only found in non-
salt-affected alluvial soil, whilst Mesodorylaimus was dominant in salt-affected acid sulfate soil, suggesting that
this genus might be tolerant to higher EC and soluble Na*t, K*, Ca®*. The bacterivorous nematodes (dominant
taxa Chronogaster, Rhabdolaimus) were dominant in both non-salt affected and salt-affected alluvial soils, which
accounted for 48% and 40%, respectively, whilst it accounted for 21% in salt-affected acid sulfate soil. The
abundance of fungivorous nematodes (Aphelenchoides, Ditylenchus, Filenchus) were greater in salt-affected alluvial
soil in contrast to the other treatments, suggesting that these might be tolerant to salinity and low pH. Saltwater
intrusion reduced biological diversity (Margalef, Shannon-Wiener, and Hill’s indices), maturity index (3_MI,
MI25), and clearly affected functional guilds of nematode community, especially c-p 5 group was reduced in both
salt-affected soils. This study suggests that saltwater intrusion showed a potential risk in the degradation of soil
properties, as indicated by the altered nematode community, trophic structure, functional guilds and their
ecological indices in paddy fields.

Soil fertility

1. Introduction triple rice that indicates cultivating one, two, and three crops of rice in a

year in the same field, respectively (Sakamoto et al., 2006).

The Vietnamese Mekong Delta (VMD) is located in the monsoon
tropical region and is surrounded by sea in the east and south. Climatic
conditions of the VMD show a high temperature in the dry season, high
precipitation in the wet season, and high humidity yearlong. Rice (Oryza
sativa L.) is an important and dominant agricultural crop in the VMD and
is planted in a total of 84% of agricultural land in this area (Tong, 2017).
Rice cultivation systems are presented as single rice, double rice, and
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Several soil types have been identified in the VMD (Nguyen et al.,
2015). For instance, Fluvisols and Ortho-Thionic Gleysols are the biggest
groups, which are the most suitable soil types for crop cultivation,
including rice, upland crops, and fruit trees. Salic Gleysols soil is a fol-
lowed group, which is located in surrounding coastal areas of the delta,
and in this soil type, aquaculture is more widespread including perma-
nent shrimp cultivation, and an integrated shrimp-rice system is also
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practiced. The other soil groups such as Leptosols, Arenosols, Histosols,
Acrisols and Plinthosols are also present. Additionally, the occurrence of
potential (predominantly as the mineral pyrite and it has not been
exposed with air) and actual (sulfides react with oxygen to form sulfuric
acid in the soils) acid sulfate soils is also described and it occupies >40%
of the VMD. Such acid sulfate soil have developed under inundation by
brackish water along the coastal line, where large amounts of organic
matter and sulfuric ion have been supplied from mangrove forests and
seawater (Xuan et al., 1982; Nguyen et al., 2000). The diversity of soil
types and cropping system may relate to differences in the soil physi-
cochemical characteristics and the diversity of the soil organism com-
munity, including nematodes.

Climate changes are becoming more extreme and have severe impact
on agricultural land since temperature is increasing in the dry season
and precipitation is decreasing in the rainy season, resulting in increased
crop damage caused by drought and salinization (Tran et al., 2019;
Wassmann et al., 2019). Among these effects, saltwater intrusion is the
most serious issue in the coastal areas worldwide and the VMD region
particularly, because it directly affects the soil property and the physi-
ology of crops. According to Wassmann et al. (2019), the paddy fields in
Kien Giang (KG), Vinh Long (VL) and Ben Tre (BT) sites (Fig. 1) have
been affected by saltwater intrusion in recent years and are now iden-
tified as fresh or slightly saline (<2 g L™!), moderately saline (2 g L™'-4
g L™1), and highly saline (>4 g L), respectively. Saltwater intrusion
into agricultural lands has many effects, including decreased crop pro-
ductivity and degraded soil property, through the inputs of water-
soluble salts (Wang et al., 2019; Kruse et al., 2020; Truc et al., 2020).
Sodium accumulation in soils results in the destruction of the soil
structure, which decreases plant growth and soil organisms, including
microbes (Celia and Elisabeth, 2012). For example, high salinity reduces
the microbial biomass (Tripathi et al., 2006), and respiration (Gennari
et al., 2007) and causes increases in soil C and decreases in N mineral-
ization, resulted in the increase of C/N ratio (Neubauer et al., 2019).
Therefore, saltwater intrusion may also affect the nematode community
through direct effects of a high concentration of soluble salts and indi-
rect effects brought about by the reduction of the microbial community,
which provides food resources for nematodes.

Nematodes are distributed worldwide from tropical to temperate
climates, including natural agroecosystems, such as forests and
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Fig. 1. Map of soil sampling locations (marked with red dots) in the Viet-
namese Mekong Delta. KG (Kien Giang province) presents alluvial soil with salt-
affected; VL (Vinh Long province) presents non-salt-affected alluvial soil, and
BT (Ben Tre province) presents salt-affected acid sulfate soil. Sources: Google
Earth, sampling locations (red dots) are located in KG (9°43'34.43" N,
105°10'55.06” E), VL (9°57/13.07” N, 105°55'58.01” E) and BT (9°58'22.51" N,
106°28'51.22" E), respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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grasslands, to cultivated crop systems (Yeates and Bongers, 1999; Van
den Hoogen et al., 2019). Moreover, they also can live in extreme
climate conditions from the deserts to Antarctica. Nematodes are
important biological components in soil ecological systems due to their
roles in organic matter decomposition and nutrient cycling (Ferris et al.,
1998; Magdoff, 2001; Buchan et al., 2013) and they are good biological
indicators for soil health assessment. For instance, some species like
Caenorhabditis elegans, Dorylaimellus, Cephalobus, Aphelenchoides are
very sensitive to soil disturbance, including heavy metal pollution and
soil pH (Korthals et al., 1996; Yang et al., 2017; Martinez et al., 2018).
Salinity, organic carbon and hydrocarbon contents of sediments are the
key factors negatively influencing the density, biomass and diversity of
nematodes (Mahmoudi et al., 2002). For example, Tylenchus and Aphe-
lenchoides were tolerant to slightly saline soil conditions whilst a few
species of taxon Dorylaimus and Tylencholaimus were abundant in saline
soil (Ray and Das, 1980).

Okada et al. (2011) and Korobushkin et al. (2019) examined the
nematode communities in paddy and upland rice fields, and among
different biotope types in temperate regions to determine nematode
population characteristics that related to the water management. Both
studies concluded that rice cultivation under flooding conditions
increased the relative abundance of plant-parasitic nematodes (PPN) in
temperate regions. However, the responses of nematode communities to
saltwater intrusion in paddy fields in alluvial soil and acid sulfate soil in
extremely intensive monoculture rice systems are poorly known, espe-
cially in tropical paddy fields.

The hypothesis is that saltwater intrusion into paddy rice soils may
break down the structures in soil physicochemical properties by supply
higher soluble salts, resulting changes in soil nematode communities,
diversity loss. Additionally, the temporary effect of saltwater intrusion
may be a stress factor affecting specific nematode genera. Therefore, this
study aimed:

- To identify the nematode assemblage composition in intensive rice culti-
vation systems with different soil types, alluvial and acid sulfate soils,
under the effects of saltwater intrusion.

- To evaluate their relationships with the soil physicochemical and biolog-
ical properties.

- To propose nematode indicators for salinity intrusion to paddy rice fields
and for specific soil type.

2. Materials and methods
2.1. Location of paddy rice fields

Soil samples were collected at harvest of summer-autumn in 2019
from paddy rice fields which were located in Kien Giang (KG)
(9°43'34.43" N, 105°10'55.06” E) province and in Ben Tre (BT)
(9°58'22.51” N, 106°28'51.22" E) province (Fig. 1). Soil samples in Vinh
Long (VL) (9°57'13.07" N, 105°55'58.01” E) province were collected at
harvest of summer-autumn in 2017 and 2018. The soil type of KG was
alluvial soil and that of BT acid sulfate soil and both soils were affected
by saltwater intrusion in the dry season (spring-summer season), as the
locations are 22 km and 16 km, respectively, from the sea. Among the
locations, the distances from KG to VL and from VL to BT are 85 km and
60 km in a straight line, respectively. According to Wassmann et al.
(2019), the paddy fields in VL, KG and BT sites have been affected by
saltwater intrusion in recent years and identified as fresh or slightly
saline (<2 g L™1), moderately saline (2 g L™'-4 g L™1), and highly saline
(>4 g LY, respectively.

Soil samples were collected at harvest of the rice crop. At each site,
one field was chosen for soil collection. Several soil samples were
collected at different locations in a field, and consider as replicates of
each site. A total of 87 soil samples collected in the same cultivation
season (summer-autumn cultivation season) were compared. Data
deriving from 39 samples belonging to non-salt-affected soil in VL (27
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samples in September 2017 and 12 samples in September 2018), of
which 3 samples in 2017 and 3 samples in 2018 were cited from our
previous paper (Nguyen et al., 2020b); 48 samples derived from salt-
affected soils, including 32 samples in BT (September 2019), and 16
samples in KG (September 2019). In each soil sample, a total of five soil
cores were collected randomly from the soil surface (0-10 cm depth) and
evenly mixed thoroughly to obtain the homogeneous samples of inde-
pendent locations. The details of the soil physicochemical properties are
shown in Fig. 3.

2.2. Nematode extraction

Moist soils (100 g) were used for nematode extraction. These soils
were treated with 70 °C hot 4% formaldehyde solution before extrac-
tion. The nematodes were extracted by using the decanting and sieving
method (Cobb, 1918) and sucrose centrifugation (Thistlethwayte and
Riedel, 1969). A few drops of 1% rose Bengal solution were added to dye
the nematodes to enhance observation and counting. The total number
of nematodes were counted under an Olympus microscope (x40) and
converted to the density per 100 g of dry weight (DW) soil. At least 100
individual nematodes were picked out at random for fixation and
identification. Nematodes were fixed (De Grisse, 1969) and mounted in
a drop of glycerin on a glass slide and sealed with a paraffin ring for
nematode identification. Extracted nematodes were transferred into a
staining block with the solution I (99 parts of formalin solution (4%) and
1 part of glycerin), then put into a desiccator saturated with ethanol at
the bottom. The desiccator was kept in an oven at 40 °C for 24 h; the next
day the staining block was taken out of the desiccator, and % partially
covered by a glass piece on top to allow slow evaporation of the ethanol,
and placed into the oven. Solution II (95% parts of ethanol 98% and 5
parts of glycerin) was added every 2 h for a total of 4-5 times, then
solution III (50 parts of ethanol 96% and 50 parts of glycerin) was added.
The day after it was checked if the nematodes were in pure glycerin (no
whirling should be noticed when pure glycerin was added). Finally, the
nematodes were mounted into a drop of glycerin on a glass slide and
sealed with a paraffin ring. These slides were used during the identifi-
cation process for nematodes.

All nematodes were assigned to five trophic groups; bacterivorous
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Fig. 2. Principal component analysis (PCA) based on soil physicochemical
properties. PCA was run on a full set (normalized data) of soil physicochemical
properties to get the same metric for all variables. Cations Na*, K*, and Ca*’
are soluble sodium, potassium, and calcium respectively. Soil pH and electric
conductivity (EC) were extracted by deionized water in a ratio of 1:2.5.
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(Ba), fungivorous (Fu), plant-parasitic nematode (PPN), omnivorous
(Om), and predator (Pre) (Yeates et al., 1993). The classification of
nematode colonizer-persister (cp) values were performed based on life-
history strategies, which ranges from 1 to 5 and assigns the taxa of soil
nematodes according to their r and K characteristics (Bongers, 1990;
Bongers and Bongers, 1998). For example, nematodes of cp-1 have short
generation time, high fecundity, and are mainly bacterivorous that feed
on enriched media. Nematodes of cp-2, cp-3, and cp-4 have longer
generation times, greater sensitivity to adverse conditions and soil
disturbance, and are mainly bacterivorous, fungivorous, predator, and
small omnivorous. Nematodes of cp-5 have the longest generation time,
largest body, lowest fecundity, greatest sensitivity to soil disturbance,
and are mainly omnivorous and predator (Ferris et al., 2001). The
maturity index (3_MI, MI25) is an ecological measure of environmental
disturbance based on nematode species composition (Bongers, 1990).
The number of genera (S), density (N), Shannon-Weiner (H’) diversity,
species richness Margalef (d), and Hill’s (N1, N2, N infinity) indices
were performed by using a Primer package version 6 (Clarke and Gorley,
2006).

2.3. Soil physicochemical properties analysis

In each location, some soil samples from the total collected soils were
chosen for chemical analysis, comprising six samples in VL, eight sam-
ples in KG, and eight samples in BT. Soils were air-dried after soil
moisture measurement. Air-dried soils were sieved through 5 mm and 1
mm diameter screens. Soils that passed through 5 mm sieve were used to
measure the maximum water holding capacity (MWHC) and set up the
incubation experiment for microbial activity analysis (Moebius-Clune
etal., 2017). Soils that passed through 1 mm diameter sieve were used to
measure pH, electrical conductivity (EC), total nitrogen (N) and total
carbon (C), and soluble cations, sodium (Na®), potassium (K") and
calcium (Ca®"). Soil moisture was measured by incubating an exact
amount of moist soils at 105 °C in 48 h. The water extraction method
was used for soil pH and EC based on a ratio of soil weight to water
volume of 1:2.5, then measured by pH meter (744-Metrohm) and EC
instrument (Twin Cond-HORIBA). A sample (0.5 g) of air-dried soil was
used to analyze the total C and total N by using a CN Coder MT-700
apparatus (Yanaco Co., Japan).

Air-dried soil (10 g) was rewetted in a 30 ml glass bottle to get 60% of
MWHC and incubated for 7 days under aerobic conditions at 25 °C in a
Biotron (NK system). The water content in the soil was checked and
maintained every day during the incubation period. The rewetted soils
at 3 days incubation were used to measure the emission of COy; the
amount of CO, emission per hour per soil weight was indicators of the
microbial activity. The amount of CO, was measured by Gas Chroma-
tography (Shimadzu-8A) with a TDC detector. The different amounts of
CO4 emission at 0 time and 3 h after the cap cover was calculated as the
total amounts of CO, emission per kg dry soil per hour.

Soil soluble cations Na™, K*, and Ca?" were extracted by deionized
(DI) water at a ratio of 1:10 of a soil weight (2.5 g) and volume of DI
water (25 ml) after 1 h shaking at 120 rpm. Then, the mixtures were
centrifugal at 8000 x g in 5 min. The supernatants passed through
Advantec 5C filter paper were analyzed for Nat, K* and Ca®" by using
flame photometers (BWB model BWB-XP).

2.4. Data analysis

Data were analyzed by using one-way ANOVA to determine the
difference of nematode community composition and soil physicochem-
ical properties among locations. Nematode abundance were trans-
formed by 1og10 (X) to obtain the normal distribution, and homogeneity
of variances assessed by Levene’s test. When the significant differences
were observed from univariate results (p < 0.05), the Post hoc Tukey’s
HSD test was used to compare the significant differences among treat-
ments. All statistical analyses were performed by using the statistical
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Fig. 3. Soil chemical and biological properties among sampling locations (non-salt-affected alluvial soil, salt-affected alluvial soil and salt-affected acid sulfate soil).
Bar indicates a mean and standard error. Different letters indicate significant differences among sampling sites by Tukey’s HSD comparison, based on a one-way
ANOVA test at p < 0.05. Total C, total carbon; Total N, total nitrogen; EC, electric conductivity; soluble Na, soluble sodium; soluble K, soluble potassium; solu-

ble Ca, soluble calcium; MBA, microbial activity.

package STATISTICA version 7. Differences at p-value < 0.05 were
considered to be statistically significant.

Further, to demonstrate the distribution pattern of taxonomic nem-
atodes communities among locations and to find out the overall of the
main corresponding variables of soil physicochemical properties among
locations, the principal component analysis (PCA) was performed based
on taxonomic nematodes abundance, and soil physicochemical

properties among locations. PCA was run on a full set (normalized data)
of nematodes abundance or soil physicochemical properties to get the
same metric for all variables. Non-metric multidimensional scaling
(nMDS) were performed based on soil nematodes community taxonomic
abundance composition to illustrate the distribution patterns of each
nematode taxa among locations. nMDS was run on log (X + 1) trans-
formed data set and a resemblance measure by S17 Bray-Curtis
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similarity among samples across all locations. The ‘stress’ value from
nMDS should be small, at least <0.20 and ideally <0.10, showing that
the reduction to two dimensions implies very little loss of information
(Legendre and Legendre, 1987). The effect of soil chemical properties on
the nematodes community was assessed by Mantel-test. For this test,
Bray-Curtis distance was used to construct dissimilarity matrices of
communities and soil characteristics (10 factors), using a vegan package
of R (version 4.0.2) with 999 permutations. Significant values were
considered when p < 0.05. Significant differences between groups in
nematode community composition datasets were tested with PERMA-
NOVA. Significant values were considered when p < 0.05. After the
PERMANOVA tests, PERMDISP routines were performed to test for the
homogeneity of multivariate dispersions. Subsequently, pairwise com-
parison tests were performed to identify the significant differences of
entire nematodes community composition from each other (e.g., non-
salt-affected and salt-affected alluvial soils, non-salt-affected alluvial
soil and salt-affected acid sulfate soil, salt-affected alluvial and salt-
affected acid sulfate soils). Data were square root transformed prior to
analysis to downsize the effects of dominant nematodes genera (Marti-
nez et al., 2018). The SIMPER (Similarity percentages - species contri-
butions) analysis was used to calculate the similarity between soil
samples in a location, and the dissimilarity between soils among loca-
tions based on nematodes communities. Those analyses were supported
by using PRIMER version 6 with the addition of PERMANOVA™
(Anderson et al., 2008). The canonical correspondence analysis (CCA)
was performed to evaluate the linkages between soil physicochemical
properties and the nematode assemblage composition using the Vegan
package version 2.5-6 in R version 4.0.2.

Table 1
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3. Results
3.1. The differences of soil physicochemical properties among locations

The principal component analysis (PCA) revealed that the first two
axes together explained 79.2% of the variation in soil physicochemical
properties (Fig. 2). Non-salt-affected alluvial soil was characterized by
greater soil moisture, total N and microbial activity, while salt-affected
acid sulfate soil was characterized by greater pH, soluble cations Ca®",
Na™, K, and EC and salt-affected alluvial soil by total C and C/N ratio.

Soil pH was significantly greater in salt-affected acid sulfate soil than
in salt-affected alluvial soil (Fig. 3b). Soil EC, soluble cations Na* and K™
were greater (p < 0.001) in salt-affected soils than in non-salt-affected
soil (Fig. 3f, g, h). Soluble Ca®t was greater (p < 0.001) in salt-
affected acid sulfate soil than in both salt-affected alluvial soil and
non-salt-affected alluvial soil (Fig. 3i).

Total C was greater (p < 0.01) in salt-affected alluvial soil than in
salt-affected acid sulfate soil (Fig. 3c). Total N was greater (p < 0.001) in
non-salt-affected alluvial soil than in both salt-affected soils (Fig. 3d). C/
N ratio s was highest (p < 0.001) in salt-affected alluvial soil and lowest
(p < 0.001) in non-salt-affected alluvial soil (Fig. 3e). Microbial activity
was greater (p < 0.001) in non-salt-affected alluvial soil than in both
salt-affected soils (Fig. 3k).

3.2. Impacts of salinity on nematode abundance and community
composition

Total 72,302 nematode specimens were counted, and 9,238 in-
dividuals (12.8%) were identified to genera level. A total of 46 genera

The nematode composition among different soil types in salt affected and non-salt affected areas of the Mekong Delta.

Gradient of increasing the effec

Non-salt-affected
alluvial soil

(60.6%)

Chronogaster (7.2%)
Dorylaimus (7.0%)
Aporcelaimellus (7.0%)
Bitylenchus (6.0%)
Rhabdolaimus (5.4%)

Non-salt-affected
alluvial soil

9JJ9 9y} SUISLAIOUT JO JUIIPEID)

Salt-affected
acid sulfate soil

Salt-affected
alluvial soil

(62.0%)
Hirschmanniella (13.7%) Aporcelaimellus (5.6%)

(64.7%) (49.4%)
Hirschmanniella (25.9%) Mesodorylaimus (10.2%)
iﬁ:;?gescéﬁd Chronogaster (12.9%) Filenchus (5.6%)
Filenchus (12.4%)

Salt-affected
acid sulfate soil

(64.1%)
Aporcelaimellus (5.8%)
Mesodorylaimus (5.6%)
Thornenema (5.0%)

Different letters indicate significant difference among locations by Tukey’s HSD comparison with p* < 0.05; p** < 0.01; p

ANOVA test; a is more abundant than b.

< 0.001; ns-non significant by one-way
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were identified, belonging to 30 families, and 11 orders. The number of
genera was greater in non-salt affected alluvial soil (42 genera) than in
salt-affected alluvial soil (17 genera) and acid sulfate soil (16 genera)
(Table 1). The abundance of PPN and FLN were greater (p < 0.001) in
non-salt affected soil than in salt-affected soils (Fig. 4).

Permutational Multivariate Analysis of Variance (PERMANOVA) of
entire nematode abundance showed significant differences among lo-
cations (df = 2, F = 50.4, p = 0.001), however, distant-based test for
homogeneity of multivariate dispersions (PERMDISP) showed that
variances were significantly heterogeneous (PERMDISP = 0.001) (Sup-
plemental Material — SM 1); therefore, this requires careful interpreta-
tion of multivariate dispersion. Result of the pairwise test of
PERMANOVA among locations showed significant differences in the
nematode assemblage composition among locations, non-salt affected
alluvial soil and salt-affected acid sulfate soil (t = 8.67, p = 0.001,
PERMDISP = 0.001), non-salt affected alluvial soil and salt-affected
alluvial soil (t = 5.81, p = 0.001, PERMDISP = 0.001) and salt-
affected alluvial soil with salt-affected acid sulfate soil (t = 5.26, p =
0.001, PERMDISP = 0.814) (Supplemental Material - SM 1 & SM 2).
Moreover, nMDS ordination analysis showed distinctly different
groupings of nematode assemblage composition (Fig. 5) and the spatial
distribution pattern of dominant genera like Aporcelaimellus, Mesodor-
ylaimus and Hirschmanniella (Supplemental Material — SM 3) depending
on different locations, and less fluctuations of taxonomic composition
and abundance of nematode communities in the non-salt-affected allu-
vial soil between 2017 and 2018, with a stress of 0.14. Similarity
percentages-species contributions (SIMPER) analysis showed that soils
among locations had high levels of dissimilarity in nematode assem-
blages (Table 2). The large dissimilarity was observed between non-salt-
affected and salt-affected soils, which was 62.0% between non-affected
alluvial soil and salt-affected alluvial soil, and 64.1% between non-
affected alluvial soil and salt-affected acid sulfate soil. Nematode as-
semblages within the same location had high levels of similarity (60.6%
— 69.0%), and Hirschmanniella (13.7% — 26.5%) was the taxon that was
most similar.

The nematode community was different between locations, espe-
cially in some dominant FLN genera such as non-salt-affected alluvial
soil (Aporcelaimellus, Thornenema, Dorylaimus, Chronogaster, Rhabdolai-
mus) and salt-affected alluvial soil (Aphenlenchoides, Ditylenchus, Fil-
enchus) and salt-affected acid sulfate soil (Mesodorylaimus, Aquatides)
and some PPN genera like Hirschmanniella, Helicotylenchus, Bitylenchus
(Table 1). Aporcelaimellus (60 + 43 ind. 100 g’1 DW soil) and Thorne-
nema (76 + 128 ind. 100 g_1 DW soil) were identified only in non-salt
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Fig. 5. Non-metric Multi-Dimensional Scaling (nMDS) analysis based on
nematodes taxa abundance in non-salt-affected alluvial soil (circle), salt-
affected acid sulfate soil (triangle) and salt-affected alluvial soil (square)
across three sampling sites. In non-salt-affected alluvial soil, soil samples were
collected two times in 2017 (full dots) and 2018 (empty dots). Nematodes
taxonomic abundance was transformed by log (X + 1), then the resemblance
measure has done by S17 Bray-Curtis similarity among samples across all
sampling sites.

affected alluvial soil. The abundance of Mesodorylaimus was greater
(p < 0.001) in salt-affected acid sulfate soil (90 & 76 ind. 100 g’1 DW
soil) than in both non-salt-affected and salt-affected alluvial soils (6 11
ind. 100 g~! DW soil). Dorylaimus was greater (p < 0.001) in non-salt-
affected alluvial soil (67 + 55 ind. 100 g’1 DW soil) than in both salt-
affected soils, while Aquatides showed high abundance in salt-affected
acid sulfate soil. Chronogaster was counted at all locations (accounted
for 3.7% to 7.0% total nematodes each location) and its abundance was
greater (p < 0.001) in non-salt-affected alluvial soil (71 + 58 ind. 100
g*1 DW soil) than in salt-affected alluvial soil (31 & 25 ind. 100 g’1 soil)
and salt-affected acid sulfate soil (12 + 13 ind. 100 g_1 DW soil).
Rhabdolaimus was greater (p < 0.001) in non-salt-affected alluvial soil
(60 + 63 ind. 100 g’1 DW soil) than in both salt-affected areas (alluvial
soil, 1 & 3 ind. 100 g’l DW soil, and acid sulfate soil, 13 4 21 ind. 100
g ! DW soil). Hirschmanniella was the most dominant genus at all lo-
cations, accounting for>50% of the total nematode abundance. The
abundance of Hirschmanniella was greater in non-salt-affected alluvial
soils (725 + 408 ind. 100 g’1 DW soil) than in salt-affected area (337 +

B Non-salt-affected alluvial soil
m Salt-affected alluvial soil

m Salt-affected acid sulfate soil

b
-

Free-living nematodes

Fig. 4. Abundance of plant-parasitic nematodes and free-living nematode communities among sampling sites (non-salt-affected alluvial soil, salt-affected alluvial soil
and salt-affected acid sulfate soil). Different letters indicate the significant difference of each group among sampling sites by Tukey’s HSD comparison from one-way

ANOVA test at p < 0.05.
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Table 2
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SIMPER analysis based on nematode abundance for analyzing the similarity within location and dissimilarity among non-salt-affected alluvial soil, salt-affected al-

luvial soil and salt-affected acid sulfate soil across three locations.

Gradient of increasing the effect by

Q

= Non-salt-affected Salt-affected

%. alluvial soil alluvial soil

=

)

oy (60.6%) (62.0%)

5 Hirschmanniella (13.7%) Aporcelaimellus (5.6%)

§ Non-salt-affected Chronqgaster (7.2%)

g alluvial soil Dorylaimus (7.0%)

() Aporcelaimellus (7.0%)

=3 Bitylenchus (6.0%)

g Rhabdolaimus (5.4%)

=

&

= (64.7%)
Hirschmanniella (25.9%)

iﬁ::v?gegid Chronogaster (12.9%)

Filenchus (12.4%)

Salt-affected
acid sulfate soil

Aporcelaimellus (5.8%)
Mesodorylaimus (5.6%)
Thornenema (5.0%)

Salt-affected
acid sulfate soil

(64.1%)

(49.4%)
Mesodorylaimus (10.2%)
Filenchus (5.6%)

Shaded boxes comparison of stations within the same soil type: average of similarity and genera that contributed most. Non-shaded box, percentage of dissimilarity
(bold) between soil types and genera that contributed most (cut-off percentage: 90%). Values in bracket indicate the percentage of average similarity or dissimilarity

total or each most contributed taxa within or between soil types.

107 ind. 100 g’1 DW soil), and its abundance was lowest (p < 0.001) in
salt-affected acid sulfate soil (181 + 72 ind. 100 g’1 DW soil).

3.3. Impacts of saltwater intrusion on trophic structure, functional guilds
of free-living nematode community in paddy rice fields

Bacterivorous nematodes were greater (p < 0.001) in non-salt-
affected alluvial soil (40%) and salt-affected alluvial soil (48%) than
in salt-affected acid sulfate soil (21%) (Fig. 6). The relative abundance of
omnivorous nematodes was greater (p < 0.001) in salt-affected acid
sulfate soil (70%) than in salt-affected alluvial soil (4%) and non-salt-
affected alluvial soil (47%). Fungivorous nematodes were significantly
greater in salt-affected alluvial soil (43%) than in non-salt-affected al-
luvial soil (4%) and in salt-affected acid sulfate soil (6%). Predator
nematodes were less abundant at all locations and its relative abundance
was significantly greater in non-salt-affected alluvial soil (8%) than in
salt-affected acid sulfate soil (2%).

The relative abundance of functional guilds of the FLN community
varied among sites (Fig. 7). Nematodes of cp-1 were lowest at both sites
(varied: 0.06% — 2.98% total FLN), and were significantly (p < 0.001)
greater in salt-affected alluvial soil (2.9%) compared with that in non-
salt-affected alluvial soil (0.46%) and salt-affected acid sulfate soil
(0.06%). There were significantly (p < 0.001) more nematodes of cp-2 in
salt-affected alluvial soil (53.6%) than in non-salt-affected alluvial soil
(7.3%) and salt-affect acid sulfate soil (9.6%). Nematodes of cp-3
occurred in significantly (p < 0.001) greater numbers in both non-salt-
affected (33.6%) and salt-affected (34.0%) alluvial soil than in salt-
affected acid sulfate soil (17.4%). Numbers of nematodes of cp-4 were
greatest (p < 0.001) in salt-affected acid sulfate soil (70.5%) and lowest
in salt-affected acid sulfate soil (6.4%). Nematodes of cp-5 was signifi-
cantly (p < 0.001) greater in non-salt-affected alluvial soil (36.4%) than
in salt-affected alluvial soil (3.1%) and acid sulfate soil (2.5%).
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Fig. 6. Relative abundance of free-living nematode community among non-
salt-affected alluvial soil, salt-affected alluvial soil and salt-affected acid sul-
fate soil. Different letters indicate the significant difference of each group
among sampling sites by Tukey’s HSD comparison from one-way ANOVA test at
p** < 0.01; p*** < 0.001.
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Fig. 7. The relative abundance of functional guilds (c-p values) of free-living
nematodes community among sampling sites (non-salt-affected alluvial soil,
salt-affected alluvial soil and salt-affected acid sulfate soil). Different letters
indicate the significant difference of each cp-value among sampling sites by
Tukey’s HSD comparison from one-way ANOVA test at p*** < 0.001.

3.4. Effects of salinity intrusion on diversity and nematodes indices

The number of genera (Fig. 8a), Margalef richness index (d),
Shannon-Wiener index (H’) and Hill’s indices were greater (p < 0.001)
in non-salt-affected alluvial soil than in salt-affected areas (Fig. 8b & c).
Both >"MI and MI25 were greater (p < 0.001) in non-salt-affected al-
luvial soil than in salt-affected soils, and it was significantly the lowest in
salt-affected alluvial soil (Fig. 8d). The PPI index was lower (p < 0.001)
in non-salt-affected alluvial soil than in salt-affected soils (Fig. 8d).

3.5. Correlation of dominant taxa, trophic structure, and diversity to soil
physicochemical properties

Mantel test was used to estimate the main factors of soil physico-
chemical properties that affect the distribution of nematode assemblage
composition among locations. Results showed that the soil physico-
chemical properties affected on nematode composition, particularly soil
moisture (p < 0.001), soil EC (p < 0.001), and soluble salt cations Na™
(p < 0.01), K" (p < 0.01) and Ca2" (p < 0.001) (Supplemental Material —
SM 4).

The canonical correspondence analysis (CCA) (Fig. 9) for the rela-
tionship between soil physicochemical properties and abundance of
nematode assemblage composition across showed that most abundant
nematode genera were found in non-salt-affected alluvial soil, which
had the greatest total N, moisture and microbial activity and was
significantly correlated with Thornenema and Aporcelaimellus. Salt-
affected soils, particularly the acid sulfate soil, had the greatest soil EC
and soluble cations (Na™, K" and Ca®") and was linked to the presence of
genera such as Mesodorylaimus, Daptonema and Aquatides. Furthermore,
nematode genera abundance (Aporcelaimellus, Chronogaster, Dorylaimus,
Helicotylenchus, Hirschmanniella, Rhabdolaimus and Thornenema), trophic
structure, and diversity indices were significantly negatively correlated
with soil EC, Na*, K*, Ca?" (Supplemental Material — SM 5). Soil
moisture was positively correlated with most genera (except Ditylenchus
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and Mesodorylaimus), trophic structure and diversity, whilst soil pH and
C/N ratio were negatively correlated, except for Mesodorylaimus. Mi-
crobial activity and total N were significantly positively correlated with
almost all genera (except for Mesodorylaimus), trophic structure and
diversity, whilst total C was not significantly correlated with nematode
assemblages in this study and only showed a positive (p < 0.05) corre-
lation with Filenchus, and a negative (p < 0.05) correlation with
Mesodorylaimus.

4. Discussion

4.1. Effects of saltwater intrusion on nematode abundance and
composition in rice field

The nematodes communities were identified in three different loca-
tions. The abundance of nematodes, both FLN and PPN, was greater in
non-salt-affected alluvial soils than in salt-affected soils. Their distri-
bution may be related to the soil physicochemical properties affected by
locations and saltwater intrusion. The alluvial soil was most fertile due
to the higher total C, total N, and microbial activity. These conditions
provide more food resources and better environmental conditions for
the soil nematode community (Okada et al., 2011; Yan et al., 2018; Chen
etal., 2019; Nguyen et al., 2020a). By contrast, in salt-affected areas, the
factors that different the most were soil EC, soluble cations such as Na™,
K™, Ca2+, and C/N ratio. In general, salinity causes, directly or indi-
rectly, a harmful influence on soil quality, since it affects the physical,
chemical and biological properties of the soil (Celia and Elisabeth,
2012).

In this study, saltwater intrusion decreased almost the abundance of
nematodes composition, particularly in some dominant nematodes
genera, such as Hirschmanniella, Aporcelaimellus, Thornenema, Dor-
ylaimus, Rhabdolaimus and Chronogaster. We considered that saltwater
intrusion reduced the abundance of the genera through direct and in-
direct effects. A direct factor may be osmotic pressure due to soluble
salts because nematode abundances were significantly negative corre-
lations with soil EC, soluble Na™, and soluble K. Also, Wu et al. (2015)
reported that the total abundance of nematodes was greater in non-
saline soils than in saline soils due to the lower EC, and the nematode
abundance never exceeded 2 nematodes g ! DW soil at a salinity level of
>2dSm~'. A bacterivorous nematode species, Caenorhabditis elegans, is
the most extensively studied and tolerates up to 15.5 g NaCl L™ for 96 h
or up to 20.5 g NaCl L 'in24h (Khanna et al., 1997). Moreover, Moens
and Vincx (2000) reported that salinity had strongly impacted the
viability of the juvenile stage of bacterivorous nematode species in
extreme salinity conditions. As an indirect effect on soil nematodes
community, saltwater intrusion reduces microbial biomass or plant
biomass, resulting in less food resources for microbial growth and pro-
duction. In this study, the microbial activity declined in both salt-
affected soils, which may result in less food sources for nematodes.
Indeed, saltwater intrusion reduced microbial biomass and respiration
(Tripathi et al., 2006; Mavi et al., 2012). Also, Neubauer et al. (2013)
reported that soils irrigated with saltwater had significantly lower soil C
and N contents and higher C/N ratios compared to the treatments irri-
gated with fresh water. These findings suggest that the total abundance
of nematodes declined directly through salt stress and indirectly through
reduced microbial biomass by saltwater intrusion.

Salinity is an important environmental factor driving distribution
patterns of nematode assemblage composition within the estuaries.
Many studies have reported the nematode community assemblage in the
different estuarine environments, such as European estuaries (Soetaert
et al., 1995; Adao et al., 2009; Alves et al., 2014) and the Vietnamese
Mekong estuaries (Nguyen, 2011; Quang et al., 2016; Yen et al., 2020).
However, information is lacking on the nematode composition in the
intensive paddy rice fields affected by salinity. Our results showed that
the nematode community assemblage in the paddy rice soils in this study
was markedly different to that in the sediment of the estuarine
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Fig. 8. The biological diversity indices (a & b) and nematode indices (c) of the nematode community among sampling sites (non-salt-affected alluvial soil, salt-
affected alluvial soil and salt-affected acid sulfate soil). Bar indicates the mean and standard error. Different letters indicate the significant difference among
sampling sites by Tukey’s HSD comparison from a one-way ANOVA test at p < 0.05. S, number of genera; d, Margalef index; H’, Shannon-Wiener index; > MI, total
maturity index; MI25, maturity index of free-living nematode with cp-values from 2 to 5; PPI, plant-parasitic index.

environment in the VMD region. For example, the nematode community
present in the paddy rice field at severely salt-affected soils in Ben Tre
site in this study differed in taxonomic composition to the nematode
assemblage in the estuarine sediment in the upstream of the Mekong
River (Yen et al., 2020), for example, the predominant species in paddy
rice in Ben Tre site were Hirschmanniella, Mesodorylaimus, Aquatides,
Rhabdolaimus, Filenchus, Chronogaster and Dorylaimus in this study, but

were Parodontophora, Theristus, Daptonema, Terschellingia, Sphaerother-
istus, Mesodorylaimus, Rhabdolaimus and Viscosia in the estuarine sedi-
ment. Interestingly, the two dominant nematode genera Mesodorylaimus
and Rhabdolaimus were found both in the sediment of the estuarine
environment in the Mekong River (Yen et al., 2020) and in soils from
paddy fields having the greatest EC and soluble cations in this study. In
particular, Mesodorylaimus had a high abundance in the paddy rice field
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in Ben Tre site and showed significantly positive correlation to soil EC
and soluble Na™. This finding suggests that Mesodorylaimus and Rhab-
dolaimus are the most tolerant nematodes genera of paddy rice fields and
can adapt to saltwater intrusion. Indeed, Ocana (1991) and Tudorancea
and Zullini (1989) reported that genera Rhabdolaimus and Mesodor-
ylaimus were most able to tolerate high salinity. Moreover, the presence
of taxa Daptonema was only observed in the paddy rice field in Ben Tre
site in this study, which was considered to be the most severely salt-
affected soil. In general, species of taxon Daptonema are found in the
intertidal zone and are adapted to salt conditions (Soetaert et al., 1995;
Adao et al., 2009). Our data agree with the results of Quang et al. (2016)
and Yen et al. (2020), who reported that Daptonema was found in the
estuarine sediment in the intertidal zone in the Mekong River. There-
fore, our hypothesis that the presence of Daptonema in paddy rice soil in
Ben Tre site may result from the intrusion of saltwater in the dry season
and irrigation practices. Also, we found that the abundance of Aquatides
was significantly greatest in the Ben Tre site where the salinity in soil
showed the highest values. In general, Aquatides is present in freshwater
environment (Eyualem-Abebe et al., 2006) and was not found in sedi-
ments from estuarine environment (Soetaert et al., 1995; Alves et al.,
2014; Quang et al., 2014). However, the understanding of the behav-
ioral ecology of this taxon in the paddy fields is lacking, particularly
about the effects of salinity exposure; therefore, further tests on the
survival of Aquatides taxon in different salinity levels may be important
for understanding their adaptation to different levels of salinity. We
suggest that the monitoring of the presence of nematode assemblage
composition in the paddy rice soils can be applied to assess the effects of
saltwater intrusion on taxonomic composition and on biological indices
of their community.
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Fig. 9. Canonial correspondence anal-
ysis (CCA) for the relationship between
soil physicochemical properties (red
vectors, bold letters) and nematode
assemblage composition (italic abbrevi-
ation names) across different locations.
Green circle, yellow square and green
triangle denote non-salt-affected alluvial
soil, salt-affected alluvial soil and salt-
affected acid sulfate soil, respectively
(Supplemental Material — SM 6). Soil
property: total C, total carbon, total N,
total nitrogen; C/N, total C and N ratio;
Na™, soluble sodium; K*, soluble potas-
sium; Ca?", soluble calcium; EC, electric
conductivity; pH, soil acidity. Abbrevi-
ated names: Acro, Acrobeloides; Alai,
Alaimus; Aphe, Aphelenchoides; Apor,
A Aporcelaimellus; Aqua, Aquatides; Brev,
Brevitobrilus; Ceph, Cephalobus; Chro,
A Chronogaster; Cryp, Cryptonchus; Dapt,
Daptonema; Dity, Ditylenchus; Dory, Dor-
ylaimus; Eumo, Eumonhystera; File, Fil-
enchus; Hirs, Hirschmanniella; Meso,
Mesodorylaimus;  Monh,  Monhystera;
Monhs,  Monhystrells;  Neoa, Neo-
actinolaimus; Pana, Panagrolaimus; Prat,
Pratylenchus; Prot, Protorhabditis; Rhab,
Rhabdolaimus; Thor, Thornia; Thorn,
Thornenema and Ters, Terschellingia. (For
interpretation of the references to colour
in this figure legend, the reader is
referred to the web version of this
article.)
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4.2. Effects of saltwater intrusion on trophic structure, functional guilds of
free-living nematodes community in rice field

Among locations, trophic structures of nematodes communities
showed a clear distribution pattern. Bacterivorous nematodes showed
higher dominance in both salt-affected and non-affected alluvial soils
than in salt-affected acid sulfate soil. This can be explained due to the
higher soil fertility expressed as the higher total C, total N, and microbial
activity of the alluvial soils since Pan et al. (2010) already reported that
the abundance of bacterivorous nematodes was significantly correlated
with soil organic carbon. The greater microbial activity in non-salt-
affected soil may increase bacterivorous nematodes in this site, as
Trap et al. (2016) reported that the presence of bacterivorous signifi-
cantly increased soil microbial basal respiration. Jiang et al. (2017) also
reported the positive correlation between bacterivorous nematodes and
microbial biomass.

The abundance of fungivorous nematodes was greater in salt-
affected alluvial soil (p < 0.001) than in non-salt-affected alluvial soil
and salt-affected acid sulfate soil, possibly due to the higher C/N ratio
and the total C in the soil. Deng et al. (2016) reported that soils with a
higher C/N ratio can stimulate fungal biomass and activity that could
provide food resources for fungivorous nematodes in the soil habitat (Ito
et al., 2015). The greater fungivorous in salt-affected alluvial soil may
also relate to the low soil pH. In general, the fungal community shows
greater dominance in lower pH soils (Rousk et al., 2010). Indeed, a lower
soil pH resulted in a greater abundance of fungivorous nematodes
(Hyvonen and Persson, 1990), and increased soil pH reduced the
abundance of fungivorous nematodes (Korthals et al., 1996). Our results
showed that the genera Aphelenchoides, Ditylenchus and Filenchus were
greater in salt-affected alluvial soil with the lowest pH. These fungivo-
rous nematodes have been found to be tolerant to a low pH, like pH 3.9,
and their abundance was significantly decreased by lime application
(Zhao et al., 2015). In addition, Aphelenchoides and Ditylenchus were
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reported as the most tolerant taxa to higher zinc concentration (1000
mg kg™1-3200 mg kg~!) (Smit et al., 2002), which is negatively corre-
lated with soil pH (Rutkowska et al., 2015). Also, Ocana (1993) reported
that the nematode genera in the order Tylenchida and Aphelenchida
generally are tolerant to acidic pH ranges from 4.9 to 5.9.

Omnivorous nematodes are highly sensitive to changes in environ-
mental conditions (Bongers, 1990). However, the distribution in the
paddy rice ecosystem of many genera of omnivorous nematodes has not
been understood. An interesting finding is the different distribution of
the dominant omnivorous taxa, Aporcelaimellus, Thornenema, Mesodor-
ylaimus and Dorylaimus, between locations in this study. Dorylaimus was
observed at all locations and dominant in non-salt-affected alluvial soil,
while Mesodorylaimus was dominant in salt-affected-soil. Ray and Das
(1980) reported that Dorylaimus can be tolerant in saline soil. Interest-
ingly, the occurrence of two dominant genera Aporcelaimellus and
Thornenema were only observed in non-salt-affected alluvial soil. This
result may suggest that the greater soil EC and soluble salts such as Na™,
K" in salt-affected soils may suppress Aporcelaimellus and Thornenema. In
general, these taxa are widespread and typical inhabitants of terrestrial
habitats (Eyualem-Abebe et al., 2006). The lowest abundance of
omnivorous nematodes in salt-affected alluvial soil may be caused by
the lowest soil pH. Hyvonen and Persson (1990) concluded that the
strong acidity markedly reduced the abundance of omnivorous nema-
todes in general. In addition, both Aporcelaimellus and Mesodorylaimus
abundance were limited by soil pH lower than 4.0 (McSorley, 2012). In
contrast to Aporcelaimellus and Thornenema, Mesodorylaimus showed a
greater abundance in salt-affected acid sulfate soil and a few in non-salt-
affected alluvial soil, and it was absent in salt-affected alluvial soil. In
this study, salt-affected acid sulfate soil contained the highest concen-
tration of soluble Ca** and had the highest soil pH value, and these two
factors could be related to the greater abundance of Mesodorylaimus in
this location. The application of lime increases soil pH, which resulted in
a greater abundance of omnivorous and dorylaiminae nematodes
(Hyvonen and Persson, 1990). Also, Mesodorylaimus was one of the few
taxa observed in high salinity conditions (Tudorancea and Zullini,
1989).

The abundance of predator nematodes tended to decrease with the
increase of EC, Na®, K in salt-affected soils in this study. Nygolaimus
and Mononchus were the most dominant genera in non-salt-affected al-
luvial soil. This result could be explained by the greater total N and
microbial activity in the soil. A previous study found that the high
numbers of predatory Mononchus nematodes was probably the most
important factor explaining the increased N mineralization (Setala et al.,
1990). Also, the greater microbial activity in non-salt-affected alluvial
soil may stimulate the abundance of bacterivorous nematodes in this
study, which might result in the increment of predator nematodes. Trap
et al. (2016) reported that bacterivorous nematodes significantly
increased soil microbial basal respiration and microbial turnover. Also,
nematode predation has an important role in determining the compo-
sition and dynamics of the bacterial community (Jiang et al., 2017).
Predator nematodes have been known to feed on a variety of soil mi-
croorganisms including nematodes such as bacterivorous and PPN
(Bilgrami et al., 1986; Bongers and Ferris, 1999). Moreover, the greater
soil EC and soluble cations Na*, K* in salt-affected soils may also sup-
press those taxa since the species are commonly distributed in terrestrial
habitats and freshwater (Eyualem-Abebe et al., 2006). Predator nema-
todes have the lowest fecundity and are most sensitive to environment
disturbance (Ferris et al., 2001). This suggests that saltwater intrusion in
the dry season may be a factor involved in the reduction of predator
nematodes in paddy rice fields.

The nematodes with a higher cp-value, e.g. nematodes of cp-5, which
are mainly omnivorous and predator nematodes, have the largest body,
lowest fecundity, and greatest sensitivity to soil disturbance (Ferris
et al.,, 2001). In this study, one of the typical nematodes that were
counted only in non-salt-affected alluvial soil was a cp-5 genus, Apor-
celaimellus. Due to saltwater intrusion, which generally induces greater
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soil EC and soluble Na*, K™, Ca* in soil like this study, or greater Mg>*
(Celia and Elisabeth, 2012; Li et al., 2019), it may directly affect the
structure of the nematode community, especially with the most sensitive
taxa like omnivorous and predator nematodes. The greater abundance of
nematodes with the higher cp-values in soil indicated a structured and
matured soil ecosystem and it decreases in case of soil disturbance or
degradation. Interestingly, cp-4 nematodes (most dominant genus Mes-
odorylaimus) had the greatest abundance in salt-affected acid sulfate soil
where soil EC, and soluble Na*t, K*, Ca?*, and pH were higher compared
to other sites. It is known that Mesodorylaimus seems the only genus
common in intermittent lakes subject to high salinity and showed
remarkable adaptation to extreme environments (Tudorancea and Zul-
lini, 1989; Eyualem-Abebe et al., 2006; McSorley, 2012). Moreover,
Mesodorylaimus was less affected by the toxicity of heavy metal, as Smit
et al. (2002) reported that it can reach optimal abundance in a con-
centration range of zinc of 180 mg kg ~'-560 mg kg~?, and can live even
in the concentration of 3200 mg kg~ ! of zinc. Most cp-3 nematodes were
bacterivorous feeders in this study and had relatively greater abundance
in alluvial soils, reflecting the higher soil fertility, as described above.
The cp-2 nematodes had the greatest relative abundance in salt-affected
alluvial soil, which was represented almost entirely by fungivorous
nematodes (dominated by Filenchus). The result may relate to the high
soil total C, C/N ratio, and low pH, as explained above. Cp-1 nematodes
mostly are bacterivorous feeder that had a high relative abundance in
salt-affected alluvial soil (dominant Protorhabditis) in this study. This
may be related to total soil C. In general, bacterivorous of the cp-1 guild,
enrichment opportunists, were most responsive to increase in their food
source (Ferris et al., 2004), and it was often found in disturbed envi-
ronments (Ferris et al., 2001), which may be caused by saltwater
intrusion.

4.3. Effects of saltwater intrusion on diversity and nematodes indices

Non-salt-affected alluvial soil showed a better soil quality than salt-
affected soils, as indicated by the greater total N, total C and microbial
activity, and lower soluble cations Na™, K*, Ca®*, and EC. These could
be the main factors driving the greater diversity of nematodes commu-
nity in non-salt-affected soil, like a study by Wu et al. (2015). The
maturity index (3_MI, MI25) indicates an environmental disturbance of
soils (Bongers, 1990). A higher > MI, MI25 value indicates a mature and
stable food web structure in the soil habitats, which is considered better
for crop productivity and ecosystem, whilst a lower Y MI, MI25 in-
dicates a higher disturbance in soil. The greater Y MI and MI25 values
were positively associated with soil fertility (Shaw et al., 2019). These
results suggest that saltwater intrusion causes a potential reduction in
diversity and food web structure of soil nematodes in paddy fields.

5. Conclusion

A total of 46 nematodes taxa belonging to 30 families and 11 orders
have been identified in this study. Saltwater intrusion decreased the
abundance of both FLN and PPN communities. Mesodorylaimus was the
most dominant taxa in salt-affected acid sulfate soil, whilst it was absent
in salt-affected alluvial soil. Two genera, Thornenema and Aporcelai-
mellus were only identified in non-salt-affected alluvial soil. Aphe-
lenchoides, Ditylenchus and Filenchus were capable of tolerating soils with
low pH and moderate salinity in the soils. Non-salt-affected alluvial soil
showed the greatest number of genera, diversity (Margalef, Shannon-
Wiener, and Hill's indices), and Y MI, MI25 index. These results indi-
cate the greater soil fertility and stability in terms of the nematode di-
versity and structure in non-salt-affected alluvial soil than in salt-
affected soils. Saltwater intrusion reduced both the Y MI and MI25 in-
dexes, which indicates the loss of the soil nematodes’ component and
ecological functions in salt-affected soils. Both trophic groups, Shannon-
Wiener, and Margalef diversity indices had a positive correlation to MBA
and total N, whilst they had a negative correlation with soil EC, Na™, and
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K*. This study concluded that saltwater intrusion is a potential risk
causing declining nematodes community in paddy fields as well as
adversely affecting the soil physicochemical properties and microbial
activity. We suggest that the use of nematode assemblage composition as
an indicator is capable of assessing soil health conditions, particularly in
paddy rice soils that are most vulnerable to saltwater intrusion due to
climate changes.
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