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Abstract

Soil nematodes are major microfaunal grazers that drive the turnover of organic matter as they foster the activity of microorganisms.
The latter are an essential component for water purification processes. The present study is the first study that investigates the
nematode community along an entire depth transect from top soil to the vadose zone at a forested groundwater recharge area,
the ‘Lange Erlen’, which provides drinking water to the city of Basel (Switzerland). Vertical core drills were performed from
0—450 cm depth at two locations in the study area. The vertical transect was divided into 30 cm thick soil sections. Nematodes
were extracted, counted, identified and divided into five trophic groups (i.e. plant feeders, fungal feeders, bacterial feeders,
omnivores, predators). Based on the classification of functional groups the Maturity Index (MI), Plant Parasitic Index (PPI), as
well as the Shannon-Weaver Index (H’) were assessed.

A total of 67 taxa were identified comprising 26 nematode families. The nematode population density was low with an average
of 6.26 and 0.85 ind./10 g DW soil across depths at the sampling sites HST and VW, respectively. Density decreased strongly with
depth, with on average 46 % of the total nematode density located in the uppermost soil layer (0-30 cm). Although soil samples
were taken down to a depth of 450 cm, no nematodes were found below 240 cm, except for Cephalobus persegnis Bastian, 1865,
which was the only species present in the lower vadose zone (220—450 cm). Plant feeders were the dominant trophic group (65 %)
throughout the entire depth transect. Decomposition was mainly mediated by the bacterial carbon and energy channel as indicated
by the low number of fungal feeders. The general low M7, PPl and H’ were neither depth nor site dependent, suggesting similar en-
vironmental conditions at the two investigated locations due to frequent flooding. SIMPER analysis revealed that the dissimilarity
in nematode community patterns at HST and VW increased with depth. Plant feeders contributed to the community dissimilarity
in the upper soil layers, while the impact of bacterial feeders increased with depth, indicating that the main resource changes along
the depth profile.
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1. Introduction from a single tropical forest site. Molecular studies
suggest nematodes to be the second most diverse metazoa

Nematodes are the most abundant soil metazoa with group on earth with around a million different species

up to 30 million individuals per square meter (Petersen
& Luxton 1982). They occur worldwide in almost all soil
types from arctic regions to the tropics, with a maximum
diversity generally observed in temperate broadleaf
forests (van den Hoogen 2019). However, Lawton et al.
(1996) report the huge number of 431 morpho-species

(Blaxter 2003). Moreover, nematodes have evolved
feeding groups at each trophic level of the soil food web
(Yeates et al. 1993)

Although nematodes are common animals in
groundwater (Eisendle-Flockner & Hilberg 2015), their
abundance and diversity can be highly variable due to
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the heterogeneity and constant changes of groundwater
habitats (Hahn 2006). Nevertheless, the occurrence of
nematodes in nearly all soils, their high density as well
as great species and trophic diversity, makes nematodes a
useful biomarker group for soil nutrient status, functioning
and disturbance. Nematodes react quickly and specifically
to environmental changes. For example, bacterial grazers
are good indicators for the decomposition rate of organic
matter: Due to their position in the food chain just above
microorganisms, the abundance of bacterial grazers
indicates the abundance of easily-decomposable organic
matter (Wasilewska 1998). Further, the high trophic
diversity of nematodes offers the possibility for assessing
the availability of food resources and of prey communities
(Yeates & Williams 2001).

For the analysis of the soil state and functioning several
diagnostic concepts have been developed to supply
information on the environmental conditions for soil
organisms (Ferris et al. 2001).

A feasible way to estimate the magnitude of soil
disturbance is the Maturity Index (MI). This concept
uses weighted c-p values for nematode families, which
represent different life history strategies with - and
K-strategists located at each end of a scale from c-p 1 to 5
(Bongers & Bongers 1998).

Artificial groundwater recharge systems are a common
practice for water purification in which large areas are
periodically, i.e. artificially, flooded. Thereby, surface and
subsurface microbial communities are major contributors
to pollutant degradation and maintenance of groundwater
quality (Albers et al. 2015). Frequently, unvegetated
sand filters are used, comprising of microorganisms,
microfauna and small crustaceans building a biofilm
matrix, are responsible for water purification (Bugge
Harder et al. 2019). Microorganisms have been studied
on account of the mechanism for contaminant attenuation
in upper soil layers (Nishiwaki et al. 2018) as well
as in deeper soil horizons down to 10 m soil depth
(Odukoya et al. 2013). However, investigations of the
accompanied soil fauna are scarce. Especially nematodes
as major microbial grazer may have a significant impact
on degradation processes. By their feeding activity
nematodes enhance mineralization processes and liberate
nutrients bound in microbial biomass for plant uptake
(Ingham et al. 1985). In particular bacterial feeders
contribute significantly to these processes by grazing on
and assimilation of microbial tissue and thereby altering
microbial community composition (Freckman 1988).

The present study investigates a groundwater recharge
zone used to obtain drinking water for the city of Basel
(Switzerland). This site is a former floodplain area of
the river Wiese called ‘Lange Erlen’ that was altered by
artificial landfill and afforestation in the 1970s and 1980s.

Embanked forested sites are regularly flooded by water
of the river Rhine to increase groundwater resources. In
contrast to the common sand filter systems, no biofilm is
generated. Nevertheless, water infiltration and purification
capacity is still satisfying despite of the long performance
of the system since 1912 (Riietschi 2004). To date, the
processes of water purification are not understood in
detail. Recent studies in the ‘Lange Erlen’ reported an
altered microbial community structure due to periodic
flooding, predominantly in the upper vadose zone (Schiitz
et al. 2009, 2010). The vadose zone extends from the soil
surface to the groundwater table lacking permanent water
saturation (Holden & Fierer 2005). Schiitz et al. (2009,
2010) further indicated that nutrient limitations were
reversed due to flooding with Rhine water, allowing a
specialized microbial community to effectively degrade
organic compounds.

For these microbial investigations, core drillings from
the soil surface down to a maximum of 450 cm depth
were performed at the ‘Lange Erlen’. This offered the
unique possibility to study the accompanied nematode
fauna in a transect from the top soil to the aquifer. Studies
that investigated the functional properties of the vertical
distribution of nematodes either focused only on the first
100 cm of the depth profile (e.g. Knox et al. 2020), or
considered single nematode trophic groups (Villate et al.
2008). The few studies that reported nematode findings
from soil layers deeper than 200 cm, however, did not
focus on the vertical distribution of nematode assemblages
(e.g. Hilberg & Eisendle-Flockner 2016).

To the best of our knowledge the present work is the
first investigation of the nematode fauna in an entire depth
transect from top soil to the aquifer. The objectives of
this study were to assess the vertical distribution of the
nematode fauna in this periodically flooded ecosystem
in order to (i) identify nematode taxa along a depth
gradient, from the top soil over the vadose zone to the
groundwater table (ii) determine the relationship between
soil properties and resources and nematode density and
trophic structure, and (iii) detect the changes of the
nematode community structure and diversity along the
investigated depth gradient.

2. Materials and methods

2.1 Infiltration system

For artificial groundwater recharge the water of the river
Rhine is pre-filtered through a rapid sand filter (80 cm
quartz sand filter). Afterwards it is periodically seeped into
11 wooded flooding areas (total area 22 ha). Each flooding
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area has a dimension of 1 to 2 hectare and is divided into
three fields with a size of 3000 to 8500 m? by dams with
a height of about 50 cm. Ten days of flooding is usually
followed by 20 days of drying and regeneration. Due
to revisions, longer interruptions occur. Depending on
soil surface structure and the percolation time water fills
up to variable heights with a maximum of 50 cm. The
percolation occurs with a speed of 1 to 2 m day! through
mull humus and fluvial silt layer of 30-90 cm, followed
by a sand/gravel layer of 2-3 m before reaching the
groundwater table at 3—4 m depth. Additionally, the water
flows horizontally from northeast to southwest within the
aquifer for 200 to 800 m. After the average retention time
in the aquifer of 10-30 days, purified water is pumped out
of groundwater wells and collected in the pumping station.
Following a brief chemical treatment with chloride dioxide
(ClO,) the water is provided to consumers.

2.2 Study sites

The study sites are located in the north east of the city
Basel, Switzerland (for map, see Schiitz et al. 2008).
The area ‘Lange Erlen’ with a size of about three square
kilometres is part of the semi-natural floodplain of the
river Wiese, descending from the southwest Black Forest,
Germany. It is a straightened tributary of the river Rhine.
A part of the ‘Lange Erlen’ is used since 1912 for artificial
groundwater recharge and allocates today nearly half of
the drinking water (15 x 10° m* ha! year!) of the city
Basel.

The semi-natural forest sites of the ‘Lange Erlen’ are
characterized as Galio-Carpinetum (i.e oak-hornbeam)
forests (Burnand & Hasspacher 1999). The regularly
flooded sites have been modified by activities such as
landfill as well as afforestation with poplars (Populus
canadensis), ash (Fraxinus excelsior), alder (Alnus nigra)
and willows (Salix spp.) (Schiitz et al. 2009). The upper soil
layer is classified as fluvi-eutric cambisol, and the aquifer
is composed of 80 % Rhine gravel (the lower part consists
mostly of limestone) and 20% Wiese gravel (upper part,
mostly silicates and limestone) (Schiitz et al. 2008).

The first sampling site, ‘Hintere Stellimatten’ (HST),
was established in 1977 after afforestation. By reason
of too high infiltration rates (11 m® m? d') and in
consequence of insufficient retention time an artificial
landfill (loess loam) and soil compaction by bulldozing
was performed in 1981. The site is mainly overgrown
with an alder swamp forest containing P. canadensis,
A. nigra and Salix spp. while the herb layer is dominated
by Rubus caesius and Urtica dioica. On unvegetated
regions some small spots of Poa ftrivialis, Potentilla
reptans, Agropyron repens and G. urbanum occurred.

The second sampling site, ‘Verbindungsweg’ (VW),
was established as flooding area after artificial landfill
(loess loam) and afforestation in 1970. The forest is
composed of old poplars, ash-leaved maple (Acernegundo)
and oak trees. The understory consists of Lysimachia
nummularia, Urtica dioica, Phalaris arundinacea, Rubus
caesus/fruticosus, Duchesnea indica, Iris preudacorus,
Seneco aquaticus and Cardamine pratensis. In the shady
northern part of the site poplars are most dominant and
the soil is bare of vegetation.

2.3 Sampling

Soil sampling at the sites HST and VW took place in
November 2005. To do so, the groundwater level had to
be lowered by stopping the flooding interval four weeks
before sampling. For analyses, the depth profile was
sectioned randomly in three zones: The surface soil layer
reached from 0 to 100 cm soil depth, whereat the section
from 0 to 30 cm soil depth is referred to as “‘uppermost
soil layer’ in this study. The unsaturated layer below, i.e.
the vadose zone, comprises solid, aqueous and gaseous
compartments with rapidly changing soil conditions from
saturation to desiccation (Kieft & Brockmann 2001).
The vadose zone was separated into upper vadose zone
(100220 cm soil depth) and lower vadose zone (220—450
cm soil depth). The groundwater table was reached below
a soil depth of 450 cm.

For the depth transect three vertical core drillings
(diameter 25 cm) were taken on each site from the soil
surface to the groundwater level in 450 cm depth by a
construction company (Glanzmann, Basel, Switzerland).
Cores were taken in sections of 50 cm. Afterwards the
cores were transferred into soil core boxes, representing
the entire depth transect. Subsequently, soil samples
were taken every 30 cm along the soil profile resulting
in 14 soil layers that represent the entire depth transect
(0-30 cm, 30—60 cm, 60—90 cm, 90—120 cm, 120—150 cm,
150-180 cm, 180-210 cm, 210240 cm, 240-270 cm,
270-300 cm, 300-330 cm, 330-360 cm, 360-390 cm,
390-450 cm). The soil samples of each layer were taken
with a shovel from the inner part of the cores.

For the soil analysis (including PLFA analysis), 100 g
fresh weight (FW) soil were taken per sample, transported
to the laboratory and frozen (-20°C) until analysis.
Before conducting all analyses, i.e. determination of
soil parameters and PLFA analysis, the soil samples
were thawed at 8§°C for 24 h. Visible organic material
(fine roots and leaves) were removed and the soil was
sieved (5 mm mesh size). Overall, 42 soil samples were
taken at each site along the entire depth transect. For
the investigation of the nematode fauna, another 100 g
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FW soil were taken per sample and stored for 3—5 days
at 7-8°C until nematode extraction. All soil samples
were weighed before and after extraction and nematode
numbers were given as individuals per 10 g dry weight
(DW) soil. On average, 50 g FW soil was extracted by a
modified Baermann method according to Ruess (1995).
This comprises 24 h extraction at room temperature
(18-20°C), followed by a heating regime temperature
program for 6 h started with 20°C and raised at 5°C/h
to 45°C. Overall, 84 nematode samples were extracted,
three replicates from each of the 14 soil layers of the
entire depth transect (0—450 cm) at HST and VW.

The nematodes were preserved by addition of 4%
cold formaldehyde solution and stored in vials until
examination in a fridge at a temperature of 8°C.
Despite careful handling one sample of each site got
lost by leakage of damaged vials. Nevertheless, the
missing samples did not affect statistical analyses and
interpretation.

2.4 Soil analysis
2.4.1 Chemical and physical soil parameters

The chemical and physical characteristics of the soil
were analyzed to detect variations of pH, carbon (C),
nitrogen (N), dissolved organic carbon (DOC), nitrate
(NO,), sulfate (SO,*) and moisture content. The soil
pH was measured in 0.01 M calcium chloride (CaCl,)
solution (1 : 4 w/v) after stirring and incubating at
room temperature for 1 h. Total soil contents of C and
N were analyzed from oven-dried (65°C, 3 days) and
pulverized (swing mill, Retsch MM 200) aliquots of the
bulk soil with an element analyzer (CHN 1000, Leco,
USA). Results are given in percentage of the soil DW.
The determination of the soil moisture content was
performed by drying the soil samples at 105°C for
24 h and calculating the mass difference before and after
drying.

DOC, NO; and SO,* were extracted from 5 g FW soil
for 0-200 cm depth and from 10 g FW soil for 200450
cm. A solution with soil and 0.01 M CaCl, (1 : 4 w/v) was
prepared, shaken for 1 h (200r.p.m.) and centrifuged for
15 min (450 g). Supernatants of each soil solution were
filtered through sterile membrane filters (0.45 um; Millex,
HA, USA) and stored in the fridge (1 h) until analysis.
DOC analysis was carried out after acidification and air-
purging (N55, 045, Carbagas, Giimligen, Switzerland)
with a TOC analyzer (TOC-5000 A, Shimadzu) in
quintuplicate. NO, and SO,* were measured via an ion
chromatograph (IC-690, Metrohm, Herisau, Switzerland).
The results are expressed as mg g! DW soil.

2.4.2 PLFA analysis

Lipid extraction and methylation were conducted after
Frostegérd et al. (1993a, b). PLFAs were extracted from
3 g FW soil in 0-30 cm, from 6 g in 30-90 cm and from
10 g in 90450 cm. Identification and quantification of
PLFAs were performed using a GC interfaced to an electron
ionization mass spectrometer (GC/EI-MS). Analyses were
carried out using a 3400/Saturn 4D iontrap GC/MS system
(Varian, Darmstadt, Germany). For detailed protocol of
PLFA analysis see Schiitz et al. (2009). The total PLFA
density is expressed as nmol g DW soil.

2.5 Nematode fauna

Total nematode numbers extracted from each sample
were counted under a dissecting microscope (Axiolab,
Zeiss, Oberkochen, Germany) using 100 x magnification.
Further, 10% of each sample but not less than
100 individuals were determined to species or genus
level. The identification of the nematodes was performed
using the Axiolab microscope coupled with a three mega
pixel digital camera (ScopeTek, DCM 310) and picture
imaging software (ScopeTek, ScopePhoto 3.0.12) to
assess body ratios according to de Man’s formula (de Man
1880). Nematodes were identified using the keys of Meyl
(1960), Bongers (1994) and Andrassy (1984, 2005, 2007)
and assigned to feeding types according to Yeates et al.
(1993). The subgroups sedentary parasites, migratory
endoparasites, semi-endoparasites, ectoparasites, root
epidermal cell and root hair feeders were all summarised
as plant feeders.

Following Bongers (1990) nematode taxa were
assigned as colonizers or persisters by their specific
c-p values ranging from 1-5. This scale represents
different life history strategies where c-p 1 consists of
r-strategists with high fecundity, small eggs, and short
generation time. On the other hand, c-p 5 represents
K-strategists with low fecundity, large body size,
and long generation time. The latter are sensitive to
changing environmental conditions and disturbance.
Both classifications of feeding type and c¢-p value enable
the assignment to functional guilds and the calculation
of indices for rating the ecological state of a soil system
in relation to disturbance and functioning (Bongers &
Bongers 1998).

The Maturity Index (MI) was calculated by exclusions
of plant feeders and dauerlarvae of Rhabditidae as
proposed by Bongers & Bongers (1998). Dauerlarvae of
Rhabditidae were detected, but since these are inactive
stages, their presence does not indicate current nutrient
rich conditions. The trophic group of plant feeders were
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considered by calculation of the Plant Parasitic Index
(PPI), following Bongers (1990):

MI or PPI =73 v(i) - p(i)

where v = ¢-p value of taxon i, p = proportion of taxon
i in a sample, with the M/ comprising free-living and the
PPI plant parasitic taxa.

The biological diversity was measured by computing
the Shannon Index of diversity () (Shannon & Weaver
1949):

H’= -3 p(i) - Inp(i)

where p = the proportion of species i in the total
nematode community.

2.6 Statistics

Statistical analyses were performed using R (version
4.0.2, ‘Taking Off Again’). Firstly, the Shapiro-Wilk
normality test and Levene test were applied, followed
by the Mann-Whitney-U test and Kruskall-Wallis rank
sum test. If significant differences were detected Dunn's
test with Bonferroni correction (significance level at
P <0.05) was performed as post hoc test. The Spearman’s
rank order correlation coefficient was calculated to assign
the association between nematode population density
and soil parameters. This non-parametric correlation
was applied as data did not meet normal distribution.
Multivariate statistics were performed with PRIMER 7
(version 7.0.13). The density of nematode populations
was subjected to analysis of similarity (ANOSIM),
followed by similarity percentages procedure (SIMPER)
to determine the differences between sites and depths. The
Bray-Curtis similarity index was applied to the data.

For the index calculation and application of
multivariate statistics only the depths from 0 to 120 cm
were taken into account, since there were no obvious
differences between nematode communities at HST and
VW in deeper soil layers.

3. Results
3.1 Soil texture and parameters

The soil texture of the sites differed predominantly
in the upper soil layers (Tab. 1). Landfill loess loam
expanded from the surface to a depth of 100 cm at HST
but was only present up to a depth of about 40 cm at VW.

Beneath sand and gravel occurred down to 400 cm depth
at both sites. Interspersed silt and clay lenses were present
in the layers between 160 and 280 cm at HST and between
280 and 340 cm at VW. Partial FeMn depositions were
detected in deeper soil layers, indicating periodical water
logging and anoxic conditions.

At HST, total PLFA density, NO,” and water content
(% DW soil) decreased significantly with depth
(P <0.05) (Tab. 2). The soil C and N content (% DW soil)
as well as the C/N ratio declined with depth from 2.2 %
t0 0.4%, 0.1 % to 0.04 % and 16.2 to 8.1, respectively. The
DOC and SO,* content declined to a depth of 180 cm
but increased again in lower soil layers. The pH values
ranged from 6.0 to 7.4 across depths.

At VW, DOC, NO; and soil C and N content (% DW
soil) decreased significantly with depth (P < 0.05). The
total PLFA content decreased from 54.85 + 23.78 nmol
¢! DW soil in 0-30 c¢cm to 2.44 + 0.94 nmol g' DW soil in
210-240 cm soil depth. The water content (% DW soil)
decreased from 17% to 9%. Contrasting this, the pH
value increased with depth from 7.0 to 7.5. The C/N ratio
ranged from 7.3 to 9.0 across depths.

3.2 Nematode species

In total, 67 nematode taxa were identified with 36 taxa
occurring solely at HST, 11 at VW and 20 taxa occurring
at both sites (Tab. 3). 33 taxa were restricted to a single
soil layer. The most common species were Rotylenchus
quartus, Filenchus spp. and Gracilacus spp. at HST and
Filenchus teres at VW with individuals of each species
found in 5 different soil depths. Cephalobus persegnis was
the species with the widest range, i.e. with a distribution
from 30 cm down to 240 cm depth. Gracilacus spp. and
Pratylenchus pseudopratensis were the species with

Table 1. Soil textures in the soil depths 0-40, 40-100, 100-160,
160-220, 220-280, 280-340 and 340400 cm at the sites Hintere
Stellimatten (HST) and Verbindungsweg (VW).

Depth [cm] HST VW

040 landfill loess loam landfill loess loam
40-100 landfill loess loam silt, gravel, sand, clay
100-160 gravel, sand, silt, clay gravel, sand

160-220 gravel, sand, silt gravel, sand

220-280 gravel, sand, silt gravel, sand, silt
280-340 gravel, sand, silt gravel, sand, silt
340-400 gravel, sand gravel, sand, silt, clay

SOIL ORGANISMS 93 (1) 2021



Christin Hemmerling et al.

18

S01F0SS  P60FHHT 0 ¥ £0°0 WOFLTO  ASSOFSTO  SCOFPEL  TIOFI0T  AI00FII0 400 FO0r0 0vT-012
09TFLYL  6TTFOST 07 €00 0F 620 LOOFHTO0  LOOFOYL  600FL8O  100FLIO  E00FLKO 012081
060F€TL  TOIF60t  100FH00  CO0FOS0  CI0F6Z0  CTIOFLYL  9E0FE60  900FETO  pI0FLYO 08101
660F98L  LSTFHLE  100FS00  CO0FSE0  CTOFPE0  CTOFEYL  IIOFSS0  TO0FITO  100F890 0S1-021
W60FTTL POIFROE 100FS00  POOFSE0  600F9E0  600FIFL  pPOFOIT  LTOFSEO  SSOFIS0 021-06
PEOFI98  6TTTFEOL  100FS00  900FTH0  OLOFLYO  O0TOFOSL  0SOF6ET  9T0F890  IH0FSII 06-09
WTFIETL  SOTFCOL  100FS00  I€0F9E0  LEOFHO0  €COFVTL  €00FSOT  6I0OFER0  ETOF6HI 09-0¢
ICTFLELL  SLSTTFSSPS  BIIOFECO0  bIOFER0  ®OUIFPIT  800F869  STOFEIT  BILOFLLT — ®TOTFHLT 0£-0 MA
OSTFOIL  QOTFLST  POOFLOO  CIOFIF0  9E0F9S0  OFOFSTL  880F6YT  AIO0F600  100FE60 0rT-01¢
ITEF896  SEEFI®E  TO0FSO0  €00FLEO  6IOFEF0  PEOFITL  II0FS80T  ETOFIE0  ZE0FS80 012081
a6T0F98S  EUTF Y 0F 400 100460 T00F8E0  SOOFIFL  6I0FSOL  LOOFOI0  60°0F€L0 081051
GYIFSSL  LTPFHEOI 0F $0°0 007280  100F8€0  SOOFLEL  €HO0FHTL  9I0FECO  CCOFSII 051021
80T SSEl  TLSTFIEl  100F800  SOOFLKO  LOOFHE0  TTOF6CL  TIOFHI 107690  €60F691 021-06
6TFbbl  OITTFEOEl  €00FII0  SO0F6S0  €I0FSIT  9I0FSOL  I[I0OFEIT  EI0F880  8POFISI 06-09
PrOFOMSI  O0TSTFPICT  €0°0FPI0  800FE€90  OFOFTHI  bSOFSYY  LPOFSST  BSSOFSEI  890FICT 09-0¢
BLTFHE6l  BIOGHFLLIES  TOOFEI0  100FC90  600FHTT  ITOF6EL  €L0FE0T  PTIIF60T  STOFOLI 0£-0 LSH
VAL SVA'd N % H% 2% ud 08 ‘ON sod [wo] wdoq s

(S0°0 > J 1591 s,uun(q) JU2IPIp APUedyIUSIS 10U AJe 10339] SWES J) IO OU [)IM UWIN[0D © UIYILM SUBIJA
uodrad ur JySrom AIp o) uo Juawa]d 9A1n0adsar oy jo uonzodoid oy Juasaxdar N 9% pue H % O % (MA) Soms3unpuiqiop pue (. SH) USPBWI[[)S QINUIH SIS o) 38 W Oy,7—0 12 PUB ‘017—081
‘081-0ST “0ST-0TT 0TI-06 “06-09 “09-0€ ‘0£~0 WP 1108 3y Ul (S F [10s M (-3 [ouru) Kysudp (proe Ayey pidijoydsoyd) vy 1d 12303 pue (dS F 110s M -8 Sw) s1jowrered [108 °7 AqeEL

SOIL ORGANISMS 93 (1) 2021



19

The nematode fauna from the top soil to the vadose zone

L961 Asseipuy (0881 VBN

(0881) uBIN P } © op) s1utiofifyf snqoppydadoia1ap]
‘Asserpuy
(9000) . L961 P

. _ ¥(e) O o (€L81 ‘1yosiong) snpppnvaorsuo]

232 9qoqy-woeniy Jo snqoppydasosarapy

9000) ey 0 L961 ‘AsseIpuy (ST duIoy])

“Te 39 9qaqy-warenkg S171U4151q 3O Snqojvydado.4a12f]

(5000) Asseapuy 3 o 0 et ¢ 4 ads

9€61 IoUIS snqojpydaonsg

" ( L961

‘AsseIpuy (€961 BYSMO[ISBA\

(500T) Asserpuy } °© © eSS0y 29 BISMO[Z0Y])

smppuoLonu snqopydaong

LE6] duIoyL ($981 ‘uenseq)

(S007) Assexpuy } 4 smpLys 39 snqojpydaonsg

(5007) Asseipuy ] o o “dds ‘G981 ‘uenseq snqojpyda)

G981

(5007) Asseipuy 1 0 ° °© ® ° ‘uenseq suSas.od sngoppyda)
(5007) Asserpuy ] o “dds €/ /81 ‘moysur sa72qoLoy aepiqoreydo)

dds ‘0261 ‘qooer,S %

(£007T) Asserpuy } °© swee], ‘onStweusoog sapun.idy
(L007) Asserpuy 1e o ¢ . dds aepiproyoud[aydy

7681 “10YdSI] saproyouajoydy o

(L00T) Asseipuy ) 0 o ‘dds ‘G981 ‘uenseq snyouajydy
(L00T) Asseipuy 1 ° © 0 °© ‘uensegq avuaan w:@u:&mm%%% depyoudjRydy
(L007) Asserpuy 1 0 ‘dds “‘9g61 “Adldiy snyouajnq oeprumsuy

c “dds

(v661) s123uog ve 0 © ‘LL6T Asserpuy snpaprydw.avg
(#661) s1o8uog 1e o o 0 o “dds ‘0881 ‘UeN op snww]y Jeprure[y
(5007) Asserpuy 1'e 0 “dds ‘¢161 ‘qq0D pLOpPUIOYOY JBPLIOPRWOIYOY
I JENqEH 0¥c-01c  01C-081 081-051 _ :wum_ ﬂaﬂmur 0CI-06 0609 09-0¢ 0¢€0 uoxe, Arue g

*90UQLINO0 [BUOISEII0 SUIUSISSE SIONORIq [IIM ‘[BLIISILIO}
— J, pue onenbe — &, se pajeoIpul 90Ul 9A1dddsar yum jenqey Jofe]N ‘M A 18 AJuo Juasaid ¢ ‘LSH 18 A[uo judsaid o ‘M A pue [SH It 1uosaid e “(L00Z ‘S00T ‘¥861) Asseipuy pue ($661)
s1o8uog (0961) [A9IA Joye dInje[ouawou pue uonedyisse[) (M A) Soms3unpuiqiop pue (LSH) UaNeWI[[2)S 21Ul JoJ yidop wd (4, 01 () WoIJ JuIpeI3 [10S & ul Juasaid exe) IpojewaN “¢ d[qeL,

SOIL ORGANISMS 93 (1) 2021



Christin Hemmerling et al.

20

(5007) Asseapuy e o 0 ey dds
1861 ‘Assepuy v.apsdyuowmnsy
1861 “Asserpuy
(5007) Assexpuy v 0 “(€L6] ‘UUBWIANY 79 YOR[IID)
ppIppNYI3UO] DA2)SAYUOUNTT
‘ 186] “Asseipuy (5981
(S007) Asseipuy ie o ‘uensesy) stuLiofiyf Dadssyuouny 2BLI)SKYUON
. -dd:
(¥661) s1o3u0g ¥(e) o ‘9181 ‘UL 9P m::h&@f:m?mm aepryouoydo
(L007) Asserpuy ) 0 o “dds ‘9gg1 “aaldrg snyouajdioy
1961 “1US (8561
(L007) Asserpuy } ° °© °© ° °© ‘AsseIpuy) snp.onb snyouajioy
(L00T) Asseipuy 1 o o o IyS SnISHqo.Lo]D &m:ﬁ:&m\%eﬂw sepruwirejojdoy
P “dds
(L007) Asserpuy 1e 0 0 ‘1261 “Uepy 3p vaoydoyoonuary sepuoydorjoAoruay
(£000) Asseapuy  1(v) o O ey dds
€161 ‘9Q0D Snyoudy10ydua|A]
(661) s1o3uog 1 O o “dds ‘661 JooT sninydo.y
Asseapu ] o +dds ¢ ‘serry snanydop.an,
L00T 1puy 0L6] 'sely Y d
L Asseipu ] o dds ‘L6 bIppIS sniuijLopy aepLIopoydIo(
00T puy 0L61 "OIPPIS I pLIOpOYOI]
(v661) s108uog ) o eqr ¢ ads
0881 ‘UBN op pLoydosaypydiq
($661) s1oSuog ! o QU0 |, 152G 30 DAOY %&ﬁmm%% oepuoydoroyydiq
¢ -dds
(5007) Asserpuy O)e o KNZI[0OTA S%e:\ﬁmm\ﬂ‘ JepLIopowsa(J
“dds ‘4161 ‘[ozuoN
(L007) Asserpuy ! © 29 JOUUQRWIJO] DUIDUOILL)
(bo61) s0Bu0g 1) o 2oy 36,51 DIt (961 sepnEoU0o)
dds “0961
(5007) Asserpuy } © ‘DISozIg Snqojnydado.a1af]
PUWIPY  IENGEH 0¥¢c—01Cc 012081 081-0S1 0s1-0CI  0TI=06 06=09 09-0¢ 0¢0 uoxe) Apueg

[wo] yydaq

panunuod ¢ IqeL

SOIL ORGANISMS 93 (1) 2021



21

(9002)
‘18 19 9q9qy-wdreniq

S861
J007 snsour3in Snunv]Liopodq

(9002)
‘Te 39 9qaqy-woenAg

-dds
‘6561 ‘Asseipuy snuipjliopodq

(9002)
‘18 19 9q9qy-wdenig

961 “Asserpuy
wnapijy snunpjLiopoq

QBPNRWIAUUIOY ],

(007) Asserpuy

dds ‘cpg1 ‘urprelng symipqryy

depHIpqEYY

(Y661) s13uog

0881 ‘U
Op SN.1220.4JU2D SNULID]LIOPNTT

(661) sw3uog

-dds
‘9861 ‘Asserpuy vjjaioplioq

aepnewduRISpN()

(¥661) s13uog

“dds ‘9¢g1 ‘adldiyig snyouajo.ag

(661) s1o3uog

8961 ‘Is104uIdg
sisuaip.dopnasd snyouajapag

aepIyous|Areld

(S007) Asseipuy

‘dds ‘g9g1 ‘uensegq snpoa)J

(5007) Assespuy

0881 ‘U 3P smjrydoziys snoald

(S007) Asseipuy

0881 ‘UBIN 9p s11ydoad snjoajJ

CUUIREIR

(L007) Asserpuy

-dds
TT61 ‘KAZIQOONN Snyouajapang

(1961) M

1961 ‘MM
SMIpPNPIINUY SNYOUIJAIDADJ

(L007) Asserpuy

9561
‘sunyuar sngoalo.d snyouajjp.ivg

($661) sw3uog

TT61 “BI9[00IN
SISUDUIMOYNG SNYIUD]DADJ

(L007) Asseipuy

“dds ‘7961 ‘isey snovjrov.LH

Jepryoud[Arered

(S007) Asseipuy

“dds ‘g¢6 1 ‘syony snunvjoiSvung

oeprureoiSeue

(661) s13uog

LT61
‘qqo)) sniuaigns SnnyIUol

QBPIYOUOUOIN

ERLIEREIEN |

0C1-06 06-09

uoxey,

Aque

The nematode fauna from the top soil to the vadose zone

panunuod ¢ dqe,

SOIL ORGANISMS 93 (1) 2021




Christin Hemmerling et al.

22

I I I € 8 61 8 MA
(1#103)
I L €1 (114 (44 6 (43 LSH $9123ds Jo JdquInN
[4 I I € 4! £3 81 MA
03) s[enpiA|
(4 I 61 8  9v  pL oS ISH e
(£007) Assepuy ) o O ooy dds
(2961 “Aopoon)) snyouajpyda)
(L007) Asseipuy } o o o o Sbippis Sy snyoud Ewwww 9BpLIOPOAL
(L007) Asserpuy 1e o o o 0 o “dds ‘981 ‘uenseg snyouajAy
(8007) 1oeI2D 1 o 6L61 ‘Asseipuyy snivut snyouajAy
(L007) Asseipuy 1(e) o "dds ‘1761 ‘URIA Op SnyouajIS
(L00T) Asserpuy  )(e) o o o “dds ‘g9 ‘Asseipuy snyouapppy
‘ 61 ‘Asseapuy (0881
(£007) Asseipuy ¥(®) 0 ‘UBA] Op) put0soyda] o Snyouaja
9861 ‘1PIPPIS (1261
(8002) How1D ! 4 0 4 ° ° ONUQYSOIY) S2.42) SNYOUD]JL,]
(L00T) Asserpuy 1e o o o o I o ‘dds ‘psg1 ‘Asserpuy snyouajry
9861 ‘IDIPPIS (6961
(r661) s15u0g ! 4 °© ‘1918420zS) snp.ionb snyouaji,y
9861
(8007) MeeI2D 1 (R) o o “bippig (/61 ‘oyuayoezey])
SIDPRDIIULIOJIULLD SNYIUD]L
(8007) waesD ! © w:twoﬁ%mmgow%ﬁwﬁwww SBPIYOUSIAL
(¥661) s1o5u0g 1e o “dds ‘g9g1 ‘uensegq vddiif oeprAduy,
Tew Emﬁé%%ww 1) ° o “dds ‘€161 ‘qq0D) sML0poYLL] oEpLIOpOYILL]
DWBPY  IENqEH 0¥C01CT  01T081 081-0S1 0S1-021  0TI-06 0609 09-0¢ 0¢0 uoxey Apueg
[wo] yydaq

panunuod ¢ IqeL,

SOIL ORGANISMS 93 (1) 2021



The nematode fauna from the top soil to the vadose zone

23

the highest density across depths with 25.8 + 3.0 and
0.8 + 0.6 ind./10 g DW at HST and VW, respectively.
Filenchus was the most diverse genus at HST (5 species),
while Filenchus and Plectus (3 species, respectively)
were most diverse at VW. The highest species diversity
at HST occurred in a depth from 0-30 cm and declined
constantly from a depth of 60-90 cm. At VW, the highest
species diversity was found in a depth from 30-60 cm and
decreased rapidly at greater depths. The decline in species
number with depth at both sites was significant (Kruskall,
HST: P=0.025; VW: P =0.044). However, this trend was
not statistical meaningful after the post hoc test. Below a
soil depth of 240 cm no nematodes were found.

35 species are typical inhabitants of terrestrial habitats,
while 31 species are known to occur in terrestrial as
well as aquatic habitats. The species Eumonhystera
longicaudatula occurs exclusively limnic.

3.3 Nematode density

The nematode population density ranged from 30.4 +
39.1 ind./10 g DW (0-30 cm) to 0.2 + 0.3 ind./10 g DW
(210-240 cm) at HST and from 3.1 + 1.8 ind./10 g DW
(30-60 cm) to 0.1 + 0.1 ind./10 g DW (210-240 cm) at
VW (Fig. 1). The nematode density strongly declined
with depth at both sites (Kruskall, HST: P = 0.025; VW:
P = 0.011). However, this trend was not significant after
the post hoc test.

In total 26 nematode families were observed in the
soil across depths at the two investigated sites with more
families occurring at HST than at VW (except in 30—60
cm depth) (Tab. 4). Paratylenchidae had the highest
density (19.56 + 33.62 ind./10 g DW, HST, 0-30 cm) and

Alaimidae and Tripylidae the lowest (0.04 + 0.07 ind./10
g DW, HST, 60-90 cm). Generally, family number and
density were not affected by depth or site.

3.4 Community structure and diversity

The major trophic groups of nematodes across depths
(0—120 cm) and sites were plant feeders with an average
relative abundance of 65 %, followed by bacterial feeders
(26%), omnivores (7%) and fungal feeders (2%).
Predators were scarce with a proportion of less than 1%
and occurred only at HST (60-90 cm depth). Generally,
the occurrence of trophic groups was not affected by
depth or site.

The overall abundance of nematodes was related to
soil parameters and resources across all depths and both
sites (Tab. 5). In detail, each trophic group was positively
correlated to DOC and nitrate (P < 0.05) at VW. Plant
feeders were positively linked to C (P < 0.05), H
(P<0.05)and N (P <0.05) at HST and VW, respectively.
Plant and bacterial feeders showed a positive correlation
to PLFAs, which was more pronounced at HST (P < 0.001
and P < 0.01, respectively) than at VW (P < 0.05 and
P < 0.05, respectively). A negative correlation occurred
between each trophic group at VW and predators at HST
and pH, albeit not significantly.

Several indices were calculated to assign the impact of
soil depth (0—-120 cm) on nematode community structure
with a focus on disturbance and diversity (Tab. 6).
Generally, none of the indices were affected by depth or
site. The low Maturity Index (MI) at HST (1.72 + 2.44
to 2.95 + 1.83) and at VW (1.21 = 1.72 to 2.83 + 1.44)
revealed a high disturbance at both investigated sites. In

Figure 1. Population density of nematodes (ind./10 g DW soil + SD) at Hintere Stellimatten (HST) and Verbindungsweg (VW). The decline
in density was significant at both sites (Kruskall-Wallis rank sum test), but showed no significant differences after Dunn’s post hoc test.

HST VW
0-30 i [
30-60 S | Em—
— 60-90 "_‘ n [ Plant feeders
g 90-120 F B Fungal feeders
§ 120-150 [l Bacterial feeders
150-180 }‘ Omnivores
180-210 Depth Depth [l Predators
210-240 P <0.025 P<0.0M
0 2I0 4I0 6I0 8[0 (I) é lll é
Density [ind./10 g DW soil + SD] Density [ind./10 g DW soil + SD]

SOIL ORGANISMS 93 (1) 2021



Christin Hemmerling et al.

24

€ 8 ()8 L 01 91 9 €1 (1309) safiwey jo Jdquny
LO0OF 00 seprjAduy, €
LT'0OF 010 SBPIYIUOUOIN 14 S103epald
600 FS0°0 9T'0FCI'0 LT'0OF 010 0L0 F6¥°0 780F€L0 SBpRWAUdUIOY ], S
LTOFOI0 LTOFOI0 oeprewoueISpn) ¥
LI'OFOI0 depiyouoydo] ¥
¥1'0 F80°0 SePLIOPRWOIIY ¢ SQIOATUTI()
€C0F €0 SE0FSTO LSOFLYO SEPNIPqeY !
91’0 F6€°0 8C'0F¥E0 91'0 F60°0 epndd[d Z
91'0 F¥60°0 oepruireoIseued I
9¢0F 10 8T0OFII0 QBPLIISAYUOIA I
0€0FLIO JepLiopowsa €
91'0 F60°0 6C0FCEO $9°0 F9¥°0 LTOFEP0 PEOF 610 CSTFT0T aepiqofeqdo) 4
600 FS00 LTOFOI0 LO0 F#0°0 Y90 FLEO SEpIElY ¥ awwmww
#1°0 F80°0 LTOFOT0 sepuoydoroyydiq ¢
91'0 F60°0 aeprproyous[aydy 4
050 F 620 LI'OFOI0 8%'0 F8CT0 oepryousfeydy [4
91'0FCI0 sepumguy T SI0pa9y [eSunyg
€0 F6T°0 LT'OFOT0 T€0F8I0 9EPLIOPOIAT, C
LTOFIT0 910 F60°0 09°0F90°'T 6v'0F S€0 L80FT90 S80F 190 9T0FIT0 €Y Fo6v'T JBPIYIUDA], 4
y€0F 610 SBPLIOPOYOLI], ¥
9I'0 F91°0 6C°0F8CT0 860 F69°0 610 FIT°0 9T'0FST0 sepryoudfAyelqd €
9I'0FCI0 68 TF €8l 8TCTFE0T COITF6LL  T9EEFIS6l oepryoud|hrered C
600 FS0°0 €E0F6I°0 S0 F 070 PE0F 610 CS0FLEO YTEFT0C aeprurejojdoy €
600 F <500 €0 FST0 sepuoydoroAotoy €
0T0FTTO 610FI10 CCSFE SepLIopoyaIoq €
LEOFTTO LTOFOI0 9BPNRWIAUOILL) € SI10pa9J Jue[d
0C1-06 06-09 09-0¢ 0€-0 0C1-06 06-09 09-0¢ 0€-0 Sy opoyeway d-»  dnos ogdoig
MA LSH

"uoAI3 are (0661 ) s1efuog 1ok sanjea d - o pue dnois orydon Aq paSuerre o1e sorjrwef
opojewdN ‘(M A) Foms3unpuiqrop pue (LSH) UdNLWI[[A)S d1uly 10J yidop wd )z 03 () Wolj JudIpers [10s . ur Juasaid (S F [10S A S ([/ Pul) SAI[IUIR] 9POJRWAU JO ANSUI(] *p AqEL

SOIL ORGANISMS 93 (1) 2021



25

The nematode fauna from the top soil to the vadose zone

Kyisuop

1000 S90 1000 €0 1000  vL0 10000 60  88¥'0  SI'0-  II00 TS0 T0000 L0  8S00 L0 woendod

e10L

SI0yepald

POLO 800 6L000  THO  LOI'0  6£0  PELO  LEO 90O  LTO-  0SO0  I¥0 9100 SO 0100 TS0 SRIOATUWIQ)

€00 TH0  6E10 950 6800 10 €800  TH0 60 200~ STI0 €0 9100 SO 8600 10 enovnd

8610 T€0  ¥SI0 SE0 €610 S€0 €510 S€0  T0SO  SI'0-  S0S0  TTO  6K00 140 92070  9y0  S1pooj [eSung
1€00  SPO 6200 TS0 0€00 IS0 LZO0 TS0  STTO 970~ 6£T0  9T0 000 190 0100 €50 SOPRJWEd  MA

Kyisuop

€000 180 200 $SO 6000 90 €000 SO0 €660  T00  THEO 170 TZ00  9L0 10000 L0 uoe|ndod

[EIoL

0£80 SO0 9690 10 LSS0 SI'0 LSS0 S0 €1T0  8T0- 090 IO~ 1T€0  TTO  T6TO  $T0 s1078po1d

6900 0 180 810  8TCT0  I€0  0vTO0 €0  ¥bEO  I1TO €00  TH0  PELO €60 800  1¥0 SoI0ATIWQ)

1000 $9°0  80€0  9T0  80T0  T€0 010 I¥0 OO 8TO  I€C0  TTO KOO0 650 0100 S0 enorny

65€0 170 SS80 SO0 Op60  TO0-  OLFO 610  €6£0 610 660 0 10F0 610  SOSO  SI'0  siopody[edung
L000 80  $€00 IS0 1Z00  SSO 8000 90  6LLO 900  $SE€0  IZ0 10000 ¥LO  £000°0 L0 siopoaj ueld  LSH

d d d d d d d d d d d d d d d d

svald N % H % 2% oS *ON s0d dnos3 orydoa ans

uadrad ur JyFrom AIp o) uo Juawld dA19adsar o) Jo uontodoid oy Jussardar N 9, pue H % O % (MA) Soms3unpuiqiop pue (. SH) USHBWI[[9)S IJUIH J0J
(woz—0) sypdap 1108 [e ssoxoe Aysuap (proe Aney prdijoydsoyd) v 14 18103 pue s1ojowered [1os pue (10s A\ 3/ pur) sdnois orydon apojewau 10y (d) JUSIOLI09 UONL[aLI00 UeuLeadS *S J[qR],

SOIL ORGANISMS 93 (1) 2021



26 Christin Hemmerling et al.

Table 6. Maturity Index (MI), Plant Parasite Index (PPI) and Shannon diversity Index (H”) = SD for nematode communities present in a
soil gradient from 0 to 120 cm depth for Hintere Stellimatten (HST) and Verbindungsweg (VW).

Depth [cm]
Index Habitat 0-30 30-60 60-90 90-120
MI HST 295+1.83 1.72+2.44 2.14+1.85 1.94+0.10
VW 1.21+1.72 1.50 +1.32 2.83+1.44 1.33+1.53
PPI HST 2.23+£0.25 2.25+0.35 2.11+0.18 2.33+0.17
VW 1.18 £ 1.67 2.47+0.29 1.78 + 1.58 0.67 +1.15
H* HST 1.70 £1.02 0.91+0.31 1.54 +0.78 1.83 +0.65
VW 0.93 + 1.31 1.71 £0.57 0.87+0.80 0

Table 7. Similarity percentage (SIMPER) analysis of the individual nematode family contribution (%) to the dissimilarity of nematode
community patterns in 0-30, 30-60, 60-90 and 90-120 cm soil depth at Hintere Stellimatten (HST) and Verbindungsweg (VW).

Groups (sites Average . Average family Contributiqn (?f ffumilies
& depths) dissgi;(:illlgrity Families Average abundance dissimilarity to group(dol/‘sslmllarlty
HSTO0-30 &
HST30-60 80.21 HSTO0-30 HST30-60
Paratylenchidae 0.86 0.62 24.60 30.66
Tylenchidae 0.29 0.07 9.02 11.24
Hoplolaimidae 0.31 0.14 8.20 10.23
Cephalobidae 0.23 0.00 8.01 9.99
Dolichodoridae 0.32 0.00 5.69 7.09
HSTO0-30 &
HST60-90 79.42 HSTO0-30 HST60-90
Paratylenchidae 0.86 0.41 17.45 21.97
Tylenchidae 0.29 0.19 10.30 12.97
Hoplolaimidae 0.31 0.08 7.25 9.14
Cephalobidae 0.23 0.08 6.60 8.31
Rhabditidae 0.17 0.00 5.60 7.05
HST0-30 &
HST90-120 73.48 HSTO0-30 HST90-120
Paratylenchidae 0.86 0.30 18.46 25.12
Tylenchidae 0.29 0.13 8.11 11.03
Dolichodoridae 0.32 0.06 6.44 8.76
Hoplolaimidae 0.31 0.15 6.30 8.57
Rhabditidae 0.17 0.00 5.72 7.78
HST30-60 &
HST60-90 76.76 HST30-60 HST60-90
Paratylenchidae 0.62 0.41 25.62 33.37
Tylenchidae 0.07 0.19 8.54 11.12
Pratylenchidae 0.07 0.00 5.49 7.16
Thornenematidae 0.16 0.06 5.13 6.68
Hoplolaimidae 0.14 0.08 4.63 6.03
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Table 7 continued

Groups (sites Average Famili A bund Average family Ctontributié)p of f_zllmilties
& depths) dis s’%fr?illlgrity amilies verage abundance dissimilarity 0 group( ol/i§lml arity
E:i;gfgo& 82.75 HST30-60  HST90-120
Paratylenchidae 0.62 0.30 22.56 27.26
Cephalobidae 0.00 0.20 9.96 12.04
Tylodoridae 0.00 0.19 9.56 11.55
Tylenchidae 0.07 0.13 8.51 10.29
Hoplolaimidae 0.14 0.15 8.00 9.67
Xagi(g O& 63.80 VW0-30 VW30-60
Pratylenchidae 0.37 0.14 8.92 13.99
Rhabditidae 0.21 0.00 7.90 12.38
Cephalobidae 0.30 0.14 6.64 10.41
Anguinidae 0.15 0.00 5.58 8.75
Paratylenchidae 0.15 0.00 5.58 8.75
ngig 0& 76.36 VW0-30 VW60-90
Pratylenchidae 0.37 0.10 13.22 17.31
Cephalobidae 0.30 0.06 11.78 15.42
Rhabditidae 0.21 0.00 10.25 13.42
Tylenchidae 0.26 0.06 9.83 12.88
Anguinidae 0.15 0.00 7.25 9.49
Xvwvg;i(l) 285 88.12 VWO0-30 VW90-120
Pratylenchidae 0.37 0.00 20.19 2291
Cephalobidae 0.30 0.00 16.49 18.71
Rhabditidae 0.21 0.00 11.66 13.23
Tylenchidae 0.26 0.11 8.34 9.46
Anguinidae 0.15 0.00 8.24 9.35
ngg_gg & 71.05 VW30-60 VW60-90
Tylenchidae 0.31 0.06 17.35 24.43
Plectidae 0.15 0.11 10.65 14.99
Cephalobidae 0.14 0.06 7.08 9.97
Pratylenchidae 0.14 0.10 6.56 9.24
Hemicycliophoridae 0.09 0.04 6.54 9.21
ngg?g 0& 91.65 VW60-90  VW90-120
Plectidae 0.11 0.00 19.83 21.64
Monhysteridae 0.00 0.12 17.36 18.94
Tylenchidae 0.06 0.11 15.64 17.06
Pratylenchidae 0.10 0.00 12.27 13.39
3\8;(?_—33(? & 69.65 HSTO0-30 VWO0-30
Paratylenchidae 0.86 0.15 13.62 19.55
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Table 7 continued

Groups (sites Average . Average family Contributiqn (.)f f_amilies

& depths) dissgi:r?illlgrity Families Average abundance dissimilarity to group(dol/i;lmllarlty
Pratylenchidae 0.00 0.37 9.93 14.26
Tylenchidae 0.29 0.26 9.31 13.37
Hoplolaimidae 0.31 0.00 6.62 9.50
Dolichodoridae 0.32 0.00 5.16 7.41

HST30-60 &

VW30-60 78.44 HST30-60 VW30-60
Paratylenchidae 0.86 0.00 19.59 24.98
Tylenchidae 0.07 0.31 11.48 14.63
Plectidae 0.00 0.15 6.50 8.29
Cephalobidae 0.00 0.14 5.92 7.55
Dolichodoridae 0.00 0.12 5.15 6.56

HST60-90 &

VW60-90 89.59 HST60-90 VW60-90
Paratylenchidae 0.41 0.00 21.35 23.83
Tylenchidae 0.19 0.06 13.07 14.59
Plectidae 0.00 0.11 8.08 9.02
Pratylenchidae 0.00 0.10 5.90 6.58
Desmodoridae 0.08 0.00 5.61 6.27

HST90-120 &

VW90-120 92.55 HST90-120  VW90-120
Cephalobidae 0.20 0.00 14.89 16.09
Paratylenchidae 0.30 0.00 14.77 15.96
Tylodoridae 0.19 0.00 14.37 15.53
Tylenchidae 0.13 0.11 12.45 13.45
Hoplolaimidae 0.15 0.00 12.35 13.34

line with this is the low Plant Parasite Index (PP/) ranging
from 2.11 £ 0.18 to 2.33 +£ 0.17 at HST and from 0.67 to
2.47 £0.29 at VW. The diversity at both investigated sites
was low as indicated by a Shannon diversity Index (H’)
ranging from 0.91 + 0.31 to 1.83 + 0.65 at HST and from
0to 1.71 £0.57 at VW.

3.5 Community distribution

Multivariate analysis of nematode population density
with one-way ANOSIM (habitat x depth) revealed a
separation by site but not depth (Global R = 0.057,
significance level of sample statistic = 32.2 %).

The SIMPER analysis (Tab. 7) revealed that the average
group dissimilarity between communities was higher
between HST and VW (83 %) than within communities at
HST (79 %) and VW (78 %). In detail, the highest average
group dissimilarity occurred between HST and VW in a
depth of 90—120 cm (93 %) with the family Cephalobidae

contributing most to the group dissimilarity with 16 %.
The lowest group dissimilarity existed between the depths
of 0-30 cm and 30-60 cm at VW (64 %). In general,
Paratylenchidae and Tylenchidae were the families
that contributed most to the group dissimilarity with an
average of 23 % and 14 %, respectively.

4. Discussion

Although nematode findings have been reported down
to 1.4 km (Borgonie et al. 2015), the aspect of depth
distribution of nematodes has been studied very rarely so
far. Thus, the present work gives first insights about the
nematode fauna in an entire depth transect from topsoil
to the aquifer. The sampling campaign at the forested
flooding site ‘Lange Erlen’ of an artificial groundwater
recharge system was carried out together with the authors
Schiitz et al. Therefore, the results concerning microbial
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biomass, activity and PLFA patterns cited in the following
refer to the same bore cores as the nematode data and are
discussed in detail in Schiitz et al. (2008, 2009, 2010).

4.1 Nematode taxa along a depth gradient

The investigation of the vertical distribution of
nematode species along the depth gradient from the soil
surface to a depth of 450 cm at the ‘Lange Erlen’ revealed
a heterogenous distribution pattern of species. Around
half of all taxa occurred in only one soil layer which
implies the existence of several distinct microhabitats
derived from changes in soil physical properties and
resource availability. For example, Heterocephalobus cf
bisimilis and Heterocephalobus spp. were restricted to
the 030 cm soil layer. Analogously, Heterocephalobus
was only found in the top soil layer in a Pinus radiata
stand (Yeates et al. 2000). All taxa of the Dolichodoridae,
except Tylenchorhynchus, were restricted to the upper
soil layers, i.e. Merlinius spp. and Paratrophurus spp. to
0-30 cm and Trophurus spp. to 0—60 cm soil depth.
Although both are ectoparasites and exploit the same
resources, the taxa of the Paratylenchidae, especially
Gracilacus spp. and Paratylenchus spp., did not just
have a higher vertical distribution but also a higher
abundance than the Dolichodoridae. This matches
findings from natural birch forests where the abundance
of paratylenchids exceeds that of dolichodorids
(Renco et al. 2012). The dominance of Paratylenchidae
over Dolichodoridae is likely caused by their higher
colonization potential and tolerance to disturbances
(Bongers & Bongers 1998). Cephalobus persegnis was
the only species present in the lower vadose zone (220—
450 cm). The occurrence of the genus Cephalobus at
higher depth corresponds to a study of Liang et al. (2005)
investigating the bacterial grazing nematode community
under different land uses in a gradient from surface layer
down to 150 cm. As Cephalobus persegnis is the most
common species of the genus living in various terrestrial
habitats (Andrassy 2005) it is not surprising to find
exactly this species at greater depth at the ‘Lange Erlen’.

Of all the species found, 52% are terricolous while
46 % occur also in water habitats. The high proportion
of nematodes found in the investigated soil adapted
to aquatic environments fits to the periodical flooding
at the ‘Lange Erlen’. Even the predominantly limnic
Prodesmodora spp. and the exclusively limnic species
Eumonhystera longicaudatula were found at the
artificial water recharge area. Although the flooding
water was not examined for nematodes, it is likely
that these species were transported into the ‘Lange
Erlen’ habitat by flooding with river Rhine water. Even

though the soil sampling was carried out four weeks
after the last flooding, the ability of Prodesmodora
spp. to exist in terrestrial circumstances (Andrassy
2005), presumably allowed it to survive the draining
period. Further, Eumonhystera longicaudatula can
be found in the sediment of lakes (Andrassy 2005),
where environmental conditions may be similar to
those in the soil at the ‘Lange Erlen’ floodplain and thus
enable survival.

Nevertheless, the most abundant and common species
found at the ‘Lange Erlen’ are exclusively terrestrial. In
detail, the root feeders Gracilacus ssp. and Pratylenchus
pseudopratensis were the species with the highest
abundance across depths with a total of 149 and 11
individuals in HST and VW, respectively. However, in
comparable deciduous forests not affected by inundation
the abundances of these two genera were already much
higher at a depth of 020 cm with 510 and 294 individuals
for Gracilacus and Pratylenchus, respectively (Renco
et al. 2012), indicating that flooding affects nematode
numbers. The most common species were the plant
feeders Rotylenchus quartus, Gracilacus spp. and
Filenchus teres with individuals of each species found in
5 out of 8 different soil depths. Correspondingly, a study
investigating the depth distribution of nematodes from
the top soil (0—10 cm) over the rooted zone (40—50 cm) to
the root-free zone (60—70 cm) in an arable soil reported
Filenchus findings from all three examined soil layers
(Ewald et al. 2020). However, Rotylenchus occurred
only once in the 40-50 cm layer while Gracilacus was
completely absent. This low distribution matches a report
from an oak forest where both genera were found in less
than half of the samples (Lazarova et al. 2004). The high
vertical occurrence at the ‘Lange Erlen’ is, therefore,
likely caused by the translocation of individuals by
flooding with river water.

4.2 Relationship between soil properties
and nematode density

The population density of nematodes at the examined
regularly flooded forest sites strongly decreased with
depth from the surface soil layer (0-100 cm) to the
lower vadose zone (220—450 cm) at HST and VW with
on average 46 % of the total nematode density located in
the uppermost soil layer (0-30 cm). In comparison, the
upper and lower vadose zone combined (100—450 cm)
comprised on average 2 % of the total nematode density.
This decline is most likely attributed to a decrease in major
resources and changing soil properties (Yeates & Bongers
1999). Nematode density particularly correlated with the
decline of DOC, NO,", SO,*, H, C and N, suggesting that
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mineralization processes take place predominantly in the
first 30 cm of the soil profile. Correspondingly, microbial
biomass and PLFA content were highest in the top soil
as reported by Schiitz et al. (2010). Microbial activity i.e.
mineralization rates and nutrient supply are highest in
the rhizosphere (Kuzyakov & Xu 2013). Subsequently,
a decline in root density with depth indirectly causes a
decline in nematode density as a result of a decreasing
number of microorganisms. Mirroring this, nematode
numbers strongly decreased below the assumed rooting
depth of the herbaceous vegetation cover (approximately
at 90 cm soil depth) at the ‘Lange Erlen’. The finding
of only two nematode individuals in the lower vadose
zone (below 220 cm soil depth) further underlines the
decline in nutrients and microbial food sources along the
depth gradient.

On the other hand, nematode density did not correlate
with pH, as it hardly fluctuated with depth. This is most
likely due to regular flooding with Rhine water at a
relatively constant pH value of 8.2 (Schiitz et al. 2009).

Nematode densities varied considerably with site, with
an average of 9 times higher density at HST than VW. But
since the values of the soil parameters of the two sites are
similar in the uppermost soil layer (0-30 cm), they can be
excluded as the cause of the different nematode densities
at HST and VW. The only site-specific difference is soil
particle size, i.e. a higher amount of artificial landfill
exists at HST compared to VW. Presumably, the higher
content of silt microaggregates of the landfill layer at
HST (down to 100 cm) positively affected the nematode
community, as nematodes prefer coarse-textured soils
(Ronn et al. 1995).

Additionally, nematode densities in the uppermost soil
layer (0-30 cm) at the ‘Lange Erlen” were much lower
than in comparable riparian forest sites (e.g. Pavao-
Zuckerman & Coleman 2007). However, similar numbers
are reported from paddy fields (e.g. Hu et al. 2018). The
general low nematode densities of flooded habitats
compared to non-flooded sites (Han¢l 2002) is caused
by the waterlogging of soils. The oxygen limitation in
such soils depresses nematode activity and abundance
(Liu et al. 2008). Correspondingly, the occurrence of
anaerobic conditions at the watered sites at the ‘Lange
Erlen’ was indicated by high PLFA iso/anteiso ratios
(Schiitz et al. 2009).

4.3 Nematode trophic structure along a
depth gradient

In contrast to nematode density, the pattern of trophic
groups showed no distinct depth profile. At the ‘Lange
Erlen’, frequent flooding events likely caused the

vertical transfer of soil microorganisms and nutrients,
resulting in soil layers with similar nutritional resources.
Underlining this, Schiitz et al. (2009) found comparable
PLFA profiles, i.e. microbial community patterns at
each depth.

The most dominant nematodes in each soil layer (except
in 60-90 cm depth at VW) were plant feeders (65%
across depths). This matches reports that plant feeders
are the main trophic group in riparian forests (Margenot
& Hodson 2016). The top soil was predominated by plant
feeders of the ectoparasitic Paratylenchidae (HST) and
endoparasitic Pratylenchidae (VW). Below a depth of
90 cm, the composition of plant-associated nematodes
differed between sites: At HST, obligate plant feeders,
mainly Paratylenchidae dominated. On the other hand,
at VW plant feeders belonged exclusively to the genus
Filenchus, facultative root-/fungal feeders (Yeates et al.
1993) with the ability to switch to a fungal-based diet
when herbaceous plant roots become sparse. However,
no fungal feeders have been detected in this soil layer
at VW.

Bacterial feeders occurred with a proportion of 26 %
across depths at the ‘Lange Erlen’. The majority of
bacterial feeders were Cephalobidae and Plectidae,
general opportunists (c-p 2) that survive under food-poor
conditions and are very tolerant to disturbances (Bongers
& Bongers 1998). These traits make Cephalobidae the
predominating nematode family under field conditions
worldwide (Yeates 2003). On the other hand, the
enrichment opportunists (c-p 1) Rhabditis spp. and
Eumonhystera spp. occurred only occasional and in low
densities pointing to a generally low nutrient availability
at the studied sites as these taxa are known for an
explosive population growth under food-rich conditions
(Bongers & Bongers 1998).

Fungal feeders were almost completely absent with a
proportion of 2% across depths. Similar findings were
reported from paddy fields (Liu et al. 2008). The lack of
fungal feeders indicates a minor importance of the fungal
energy channel for the faunal food web at ‘Lange Erlen’.
Supporting this, an analysis of soil PLFAs at HST and
VW revealed a low ratio of fungi to bacteria ranging
from 0.04 to 0.14 across sites and depths (Schiitz et al.
2009). Presumably, the frequent flooding and anaerobic
conditions suppressed mycorrhizal colonization and
diversity (Paradi & Baar 20006).

Omnivores and predatory nematodes were only a
minor proportion (7% across depths) of the nematode
assemblage, indicating that the soil faunal community
supports only few large omnivorous and predacious
nematodes. However, their representatives are mostly
large individuals. Hence, according to their biomass,
they might play a larger role within the soil food web
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than is indicated by their low abundance. Underlining
this, omnivores and predators contributed much to
ecosystem function in riparian woodland sites as
estimated by their high biomass and metabolic footprint
(Hodson et al. 2014).

4.4 Community structure and diversity
along a depth gradient

The dissimilarity in nematode community patterns
at HST and VW increased with depth, as indicated by
SIMPER analysis. Presumably, this is caused by the soil
texture at HST and VW, which starts to differ at 40 cm soil
depth. Moreover, SIMPER analysis unveiled that plant
feeders contributed most to the community dissimilarity
in the upper soil layer, while the impact of bacterial feeders
increased with depth. Likely, the differing plant species in
the herb layer at HST and VW shaped distinct assemblages
of plant feeders in the top soil. Correspondingly, Wasof et
al. (2019) reported that vegetation composition influences
nematode assemblages. On the other hand, in deeper soil
layers (below 90 cm soil depth), which lack herbaceous
plant roots, bacterial resources became more important in
shaping the nematode communities at the ‘Lange Erlen’.

The state of the ecosystem in relation to disturbance was
assessed by the calculation of the indices M1 and PPI. Both
indices were low with values of 2.0 and 1.9 for M1 and PP/
across depths and sites, respectively. Higher values were
reported for paddy fields and deciduous forests (Hanél
2008, Wang et al. 2019). Thus, it can be assumed that the
‘Lange Erlen’ area is a relatively disturbed habitat. The
cyclical disturbance of waterlogging causes changes in
temperature as well as aerobic and anaerobic conditions
unfavorable for certain nematode taxa. Accordingly,
long-living K-strategists that are characteristic for
habitats with a long durational stability (Bongers 1990),
e.g. Prodorylaimus and Eudorylaimus occurred only
sporadically, as they experience several flooding and
regeneration events at the ‘Lange Erlen’. On the other
hand, short-living r-strategists that are tolerant to a wide
range of environmental factors (Bongers & Bongers
1998) and probably experienced only one flooding cycle,
dominated the nematode fauna at ‘Lange Erlen’. Further,
MI and PPl showed no clear depth related pattern,
indicating varying degrees of disturbance along the
depth profile. Contrasting this, a PLFA analysis at HST
and VW revealed that the stress indicating trans/cis ratio
was constant with depth (Schiitz et al. 2009), indicating
similar levels of disturbance in different soil layers.

The diversity of the nematode community, expressed
as the index H’, was low with values between 0.9 and
1.8 across sites and depth. Low nematode diversity as

consequence of disturbance has been reported for a wide
range of habitats (Hodda et al. 2009). Like MI and PPI, H’
showed no depth dependency, but rather fluctuating values
along the depth profile. Likely, spatial heterogeneity, e.g.
due to differing pore sizes or changes in soil physical
properties, created microhabitats with distinct nematode
metacommunities and diversities (Scharroba et al. 2016).

5. Conclusion

The present study is the first investigation of the
nematode fauna in an entire depth transect from top
soil to the vadose zone providing new insights on the
functional properties of the vertical distribution of
nematodes. Analyzing the species composition of
the nematode community revealed a heterogenous
distribution pattern of species along the depth gradient,
implying the existence of distinct microhabitats.
Nematode population density strongly decreased along
the depth profile, which was associated to a decline
in DOC, NO,, SO, H, C and N. This suggests that
mineralization processes take place predominantly in
the uppermost soil layer (0-30 cm) at ‘Lange Erlen’.
Opposing nematode density, trophic structure was not
altered by depth, pointing to similarnutritional conditions
along the depth profile, presumably caused by flushes
through frequent flooding. Decomposition was mainly
mediated by the bacterial carbon and energy channel as
indicated by the lack of fungal feeders. Long-term water
recharge practice enhanced the overall disturbance and
reduced diversity, resulting in a nematode community
mainly composed of opportunistic taxa with a wide
ecological amplitude.

All in all, the nematode survey at species level enabled
investigations of the nematode community composition
in a very high resolution. Additionally, the quantification
and evaluation of the disturbance level at the ‘Lange
Erlen’ caused by artificial water recharge highlights the
importance of nematodes as biomarkers.
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