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A B S T R A C T

Space-for-time substitution, also known as pseudo chronosequence (PCS), is often used as a method to assess
temporal changes in ecosystems without having to wait for the time span that the study is supposed to cover.
However, the suitability of PCS studies is often questioned because convergent development of spatially sepa-
rated plots over time is rarely guaranteed even under optimal conditions. To assess whether the PCS approach is
justified and suitable, we studied the nematode soil food web development of free-living nematodes and bio-
logical and chemical soil components related to C and N mobilization (CO2 and NO3- ) and immobilization (mi-
crobial and soil organic carbon), in a PCS focusing on the critical early reclamation period of four years after
open-cast lignite mining, and compared it with a real chronosequence (RCS) of a reclamation site monitored
over four years. We hypothesized that: (I) nematode-derived indices indicate the same course of nematode soil
food web development in the PCS and RCS, tolerating a range of variability in weather conditions, soil com-
ponents, and management; (II) the development of nematode soil food web indicators can provide information
on the status of C and N retention and cycling in the reclaimed soil. Our results show that the PCS and RCS
approaches reach similar conclusions, indicating a rapidly developing nematode soil food web during the first
four years after reclamation. They also suggest that the nematode faunal profile may indicate the status of C and
N retention and cycling in reclaimed soil. Overall, it can be concluded that the PCS approach successfully predicts
the temporal development of the nematode soil food web in loess-dominated reclaimed mining soils, even when
there is a range of variability in soil components and management conditions.

1. Introduction

Space-for-time substitution approaches, also known as pseudo
chronosequences (PCS) are used to study the long-term development of
floral, faunal, and pedogenic processes in sand dunes, glacial moraines,
lava flows, landslide scars, abandoned or burnt land, old mining areas,
alluvial fans, floodplains of rivers, or marine terraces at manageable
time scales (Chen et al., 2014; Huggett, 1998; Walker et al., 2010; Zhao
et al., 2022). A basic requirement of the PCS approach is geological,
geographical and topographical similarity in order to isolate the effect of
time on ecosystem properties from other factors (Johnson and Miya-
nishi, 2008). Many authors stress that reliable PCS studies also require

an identical historical development, as shown by comparisons with
long-term monitoring trials (Foster and Tilman, 2000; Johnson and
Miyanishi, 2008). Even if the latter criterion cannot be fully met, con-
clusions from long-term PCS studies over more than one century, could
still be useful if weaknesses pertaining to different historical de-
velopments are openly discussed (Walker et al., 2010).

In North Rhine-Westphalia (NRW, Germany), open-cast lignite
mining produced more than 250,000 ha of initially marginal soils over
the last half century, with well-documented geological, geographic, and
topographic characteristics. It is therefore an optimal area for under-
standing both short-term and long-term soil processes, such as organic
carbon and nutrient storage, as well as the bacterial and fungal response
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to different reclamation phases (Roy et al., 2022; Schmid et al., 2020;
Zhao et al., 2022). The reclamation substrates (loess-dominated silt
loam) at the Inden mine in North Rhine-Westphalia (50◦52′44.6″N, 6◦19′
04.4″E), selected for this study, have not changed much over the past
decades and are based on an officially regulated reclamation procedure
(Landesoberbergamt, 1986; Lössabkommen, 1961). Nevertheless, even
under these optimal conditions, factors are not fully controlled and do
not necessarily remain comparable over the years, which may affect the
soil recovery, but also the validity of PCS. This raised the question if the
PCS and the real chronosequence (RCS) monitoring approach come to
comparable results on nematode soil food web development in the early
reclamation phase of a lignite mine.

A nematode soil food web is a complex, interconnected network of
organisms interacting through multiple feeding relationships, influ-
encing the retention and cycling of C and N (de Vries and Caruso, 2016;
de Vries et al., 2012; Potapov, 2022). Free-living bacterial, fungal, as
well as carnivorous and omnivorous nematode families are associated
with different levels of nematode soil food web quality, indicating the
degree of soil disturbance and nutrient status (Bongers and Ferris, 1999;
Ferris et al., 2001). Disturbances, such as increased salinity, tillage,
fertilization, acidification, heavy metal pollution, and crop rotation
frequency, affect decomposition, mineralization, nutrient cycling, and
agricultural productivity, which is indicated by negative changes in the
nematode food web structure (Biswal, 2022), loss of
disturbance-sensitive K-strategists.

Disturbances can be visualized in the nematode faunal profile, which
summarizes the overall status of a nematode soil food web. It consists of
two indicator values: First the enrichment index (EI), which stands for
the relative frequency of fast-growing, r-strategic nematodes, indicating
increased resources availability (Ferris et al., 2001). Second, the struc-
ture index (SI) on the x-axis of the faunal profile represents more
slow-growing, more K-strategic nematodes known as indicator of food
web complexity, including predators at higher trophic levels (Ferris
et al., 2001). Most free-living nematodes, which are not plant parasites,
feed on soil bacteria and fungi regulating their activity as well as growth
and death rate (Biswal, 2022; Shi et al., 2023). Thus, the complexity in
the food web may relate to the necromass formation rate as basis for C

and N cycling and retention, and thus soil fertility in the long term
(Camenzind et al., 2023; Sokol et al., 2022). Therefore, we propose that
the nematode-derived food web indicators can serve as an indicator of
the C and N retention and cycling potential in the reclamation soil.

To address the above questions, we monitored the nematode soil
food web development on one reclamation field over four years, i.e., a
RCS and compared it with data from a PCS with one-time sampling at
multiple plots of increasing reclamation age (cf. Reichel et al., 2017). We
formulated the following hypotheses:

I. Nematode-derived indices indicate the same course of nematode soil
food web development in the PCS and RCS, tolerating a range of
variability in weather conditions, soil components, and
management.

II. The development of nematode soil food web indicators can provide
information on the status of soil C and N retention and cycling in
reclaimed soil.

2. Material and methods

2.1. Site description

The sites of the PCS and RCS were both located in an area of 5 km2 of
the open-cast lignite mine “Zukunft/Inden” between Eschweiler and
Jülich, Germany (Fig. 1). The climatic conditions of the PCS between
2010 and 2016 were: 10.5 ◦C mean annual temperature and 703 mm
mean annual rainfall (German Weather Service, Aachen-Orsbach, Ger-
many). The RCS site, reclaimed in 2018 and monitored until 2021, had a
mean annual temperature of 11.4 ◦C (0.9 ◦C warmer than PCS) and a
mean annual rainfall of 624 mm (79 mm less rainfall per year than PCS).

The characteristics of the original Luvisol soil (soil texture: silt loam,
12.5 % clay, 82.7 % silt, and 4.8 % sand) prior to excavation varied
according to the previously applied soil management practices:
6.3–6.6 pH(CaCl2), 1.07–1.46 % organic carbon (Corg), 0.14–0.16 %
total nitrogen (Nt), 3–57 mg kg− 1 mineral N (Nmin), 1–17 mg kg− 1

mineral sulfate (Smin), 79–153 mg kg− 1 plant-accessible P (P-CAL),
100–141 mg kg− 1 plant-accessible K (K-CAL), and 130–160 mg kg− 1

Fig. 1. Location of the real chronosequence site (RCS, black) and the pseudo chronosequence sites (PCS, white) relative to the Inden open-cast lignite mine of the
RWE AG (Germany). The calendar year of soil reclamation is shown next to the sites, followed by the years after reclamation. The dashed arrow shows the distance
between deposition of the freshly mixed substrate and excavation of the original soil and underlaying loess material (original soil, black striped).
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plant-accessible magnesium (Mg). The properties were analyzed by the
LUFA Speyer (Germany) using standard methods (VDLUFA, 1991). Prior
to reclamation, lignite had been mined using bucket excavators that
initially remove the first five to six meters, comprising the recent topsoil
and the underlying calcium carbonate-rich loess material. The two
substrates were mixed in a ratio of approximately 1:5 (v/v) during
excavation, transport by conveyor, and dumping. After three to six
months of settling, the substrate was levelled and constituted the top two
meters of the reclaimed soil profile (Lössabkommen, 1961). After mix-
ing, the properties of the reclamation substrates were significantly
different from those of the original soil, as shown here (Reichel et al.,
2017).

2.2. Chronosequence description

A summary of the management steps and differences between the
RCS and PCS is shown in Table 1 and described in detail below.

Sampling of all PCS sites was conducted in June 2016 (Reichel et al.,
2017). The PCS site established in 2016 (year 0; 50◦52.996’N,
6◦20.564’E) was between the deposition and levelling phase (Table 1).
Directly after ploughing and sowing of alfalfa (Medicago sativa L.), the
PCS site established in 2015 (year 1; 50◦52.637’N, 6◦19.648’E) received
an initial fertilization with 200 kg compound fertilizer with 15 % N,
15 % P2O5 and 15 % K2O to alleviate the high initial nutrient limitation.
Alfalfa grew up to 8 cm until the time of sampling. The PCS site estab-
lished in 2014 (year 2; 50◦52.361’N, 6◦19.384’E) and PCS 2013 (year 3;
50◦52.267’N, 6◦ 19.115’E) were managed as described for the site
established in 2015. Before soil sampling, the fields had been densely
covered with alfalfa, which was later partially harvested and mulched.

All samplings of the RCS were conducted on a single reclamation
field (50◦53.098’N, 6◦ 20.933’E) in June and October 2018 (year 0),
March and September 2019 (year 1), April and October 2020 (year 2),
and May and September 2021 (year 3). The samplings in year 0 covered
the state of deposition (June) and levelling (October). In contrast to the
PCS, winter wheat (Triticum aestivum L., cultivar Benchmark) instead of
alfalfa was sown after ploughing in year 0 to protect the soil during the
cold and wet winter season. The fields also received the typical initial
fertilization as mentioned above. During the March sampling of year 1,
wheat roots reached around 15 cm soil depth. In June, the wheat was
harvested in premature state and used for biogas production. Before
sowing of alfalfa, wheat residues were plowed into the soil. Alfalfa
reached up to 5 cm height at the time of sampling in September. In
contrast to the PCS, the alfalfa growth was patchy and dominated by
weeds such as Chenopodium album (L.). Mid-April of year 2, the vege-
tation was cleared in the RCS and plowed again. Afterwards, alfalfa was
re-established until the next sampling in October. In May of year 3, al-
falfa formed a dense cover. Prior to the following sampling in
September, the aboveground biomass of alfalfa was mulched.

2.3. Soil sampling

The dimensions and age of the reclaimed sites was determined, using
maps provided by the RWE (RWE Power AG, Germany). The first sam-
pling spot was randomly selected at a distance of 20 m parallel to the
country lane adjacent to the site. The other sampling spots of each site
were placed in a diamond-shaped area 25 m apart, randomly labeled,
and marked by GPS. Three replicates were used for nematode analysis
on undisturbed fresh samples (RCS and PCS) and four (RCS) and five
(PCS) for all other soil components, depending on the time required for
analysis. The total number of samples is shown in Table S1 at the sum of
reclamation years× samplings per year (one for PCS and two for RCS)×
the number of replicates per parameter (three to five).

From each sampling spot, we took an undisturbed and a mixed soil
sample from 0 to 10 cm soil depth at five spots. Sampling of undisturbed
soil was carried out for determining the nematode soil food web in-
dicators (nematode abundance, EI and SI) and the greenhouse gas
emissions (CO2, N2O), using PP (polypropylene) tubes (HT drainpipes
with 50 mm in diameter and 215 mm long), which were inserted to the
depth of 10 cm using a rubber hammer. During transport and storage,
the bottom was sealed with a plastic bag and tape, and the top was
closed by a plug (HT drainpipe socket plug, 50 mm in diameter, PP). For
all other soil components, soil was collected as a composite sample
around the PP tube using four drills with a 6 cm diameter soil auger.
Undisturbed and disturbed soil samples were transported on ice.
Disturbed soil samples were sieved directly to 2 mm, aliquoted for the
various analyses, and frozen at − 20 ◦C. The undisturbed samples in the
PP tubes were stored at 4 ◦C until measurement of greenhouse gas
emissions and nematode extraction. Note that all PCS data described
below refer to Reichel et al. (2017).

2.4. Microbial soil analyses

Cmic and Nmic were extracted with 0.01 M CaCl2 after chloroform
fumigation and determined with a TOC/TN analyzer (TOC-VcPH +

TNM-1 + ASIV, Shimadzu, Japan), and calculated and corrected with
the factors kEC = 0.45 and kEN = 0.40 (Joergensen, 1996).

We quantified the abundance of N cycling marker genes in the soil of
RCS autumn samples from reclamation years 0, 2 and 3, when the
processes are most active, using the method described in detail here
(Reichel et al., 2022). For nitrification, we used archaeal (AOA) and
bacterial ammonia (AOB) monooxygenase (amoA gene) as markers, for
denitrification the nitrate reductase (nirS and nirK genes), and for
complete denitrification to N2 the nitrous oxide reductase (nosZ gene).

2.5. Physicochemical soil analyses

For H2Ograv, soil was dried at 105◦C until constant weight, pH was
determined in 0.01 M CaCl2 at a dry soil-to-solution ratio of 1:2.5
(VDLUFA, 1991). Corg and Nt were determined by combustion according
to DIN EN 15936:2012-11 and DIN EN 16168:2012-11 (DIN, 2017).

Table 1
Reclamation steps in the real chronosequence (RCS) and the pseudo chronosequence (PCS) in the phase between deposition (D) and levelling (L), L and ploughing/
sowing (PS), and PS and fertilization (F) with winter wheat (W) or alfalfa (A).

Reclamation Year.Section 0.1 0.2 0.3 0.4 1.1 1.2 1.3 1.4 2.1 2.2 2.3 2.4 3.1 3.2 3.3 3.4

Deposition RCS D D
PCS D D

Leveling RCS L
PCS L

Ploughing/sowing RCS PS PS PS
PCS PS

Fertilization RCS F
PCS F

Cover plant (W/A) RCS W W A A A A A A A A A
PCS A A A A A A A A A A A A A
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DOC and DN were determined using 0.45 μm filtrates of the unfumi-
gated samples from the previously described Cmic and Nmic extraction
procedure. VDLUFA extraction methods were applied for NH4+, NO3- ,
Smin, Mg, and plant accessible P-CAL plus K-CAL (VDLUFA, 1991).

2.6. Greenhouse gas emissions

Soil CO2 and N2O emissions of the PCS were determined with a gas
chromatograph with flame ionization and electron capture detector
(Clarus 580, PerkinElmer, Rodgau, Germany) using disturbed, recom-
pacted soil (1.4 g cm3) in glass vials (Reichel et al., 2017).

CO2 and N2O emissions of the RCS were measured using the PP tubes
with undisturbed soil cores as described above. Tubes were left with the
PP plugs removed for 24 h prior to analysis. For the measurement, a gas-
tight PP headspace chamber (HT drainpipe coupler, 50 mm in diameter,
126 mm long, with two sockets and rubber washer, one side covered by
a PP plug) was placed on top of the PP tube, covering 0.0016 m2 soil.
Headspace plus the empty space of the tube added up to 0.3674 L. The
PP cap of the headspace chamber contained three Swagelok ® tube
fittings. One for a polytetrafluoroethylene (PTFE) vent tube open to
ambient air with 1.6 mm inner diameter and 1300 mm length. The other
two fittings connected a PTFE tube with an internal diameter of 4 mm
and a length of 630 mm to an infrared laser gas analyzer for 10 minutes
in a closed-loop mode (G2508, Picarro, Inc., Santa Clara, CA, USA), with
a volume of 0.0792 L. Increases in gas concentrations over time with R2

> 0.81 were considered as significant and used in the calculation as
described by Brümmer et al. (2008).

2.7. Nematode extraction and calculation of indices

Free-living nematodes were extracted from the whole undisturbed
soil cores of 196 cm3 (bulk density 1.4 g m− 3) of the PCS and RCS using
a modified Cobb’s method, i.e., a decanting and sieving procedure (Van
Bezooijen, 2006), reducing the extract volume stepwise from 100 ml to
5 ml. The final concentrate was vortexed before transferring 3× 50 µl to
microscope slides for examination and counting of nematode families
with different colonizer-persister (cp) values (Bongers and Bongers,

1998) and their affiliation to the basal, enrichment, or structure
component (Ferris et al., 2001) as provided in Table 2. To avoid double
counting, the entire slide was examined along vertical lines that visually
overlapped. In addition, we counted all nematodes extracted from 2 g of
undisturbed RCS soil from October 2020 (year 2) to provide an estimate
of absolute nematode abundance during the period of apparent struc-
tural change.

We focused on EI and SI as the two main food web indicators,
allowing a time-efficient assessment of the nematode soil food web
status (Chen et al., 2014; Reichel et al., 2017). Enrichment (EI) and
structure (SI) indices were calculated as described below and then
summarized in the nematode faunal profile as described here (Ferris
et al., 2001).

The EI was calculated by the basal and enrichment components as

follows: 100
(

e
(e+b)

)

, with b =
∑

kbnb (kb: guild weighting; nb: guild

abundance) and e =
∑

kene (ke: guild weighting; ne: guild abundance),
reflecting the responsiveness to resources availability.

The SI was calculated as follows: 100
(

s
(s+b)

)

, with b =
∑

kbnb and

s =
∑

ksns (ks: guild weighting; ns: guild abundance), integrating pa-
rameters such as longevity, body size and perturbation sensitivity based
on the life history of r and K strategists, reflected in the colonizer-
persister (cp) concept (Bongers, 1990).

Nematode classification was based on existing ecological knowledge,
representing the state of the art at the time of the PCS study (Reichel
et al., 2017), to ensure maximum comparability. Please note that there
may be more current nematode data available in the online tool Nem-
atode INdicator Joint Analysis (NINJA: https://shiny.wur.nl/content
/5/; (Sieriebriennikov et al., 2014).

2.8. Statistics

Statistics were performed with SPSS Statistics 21 (IBM, Ehningen,
Germany) using all replicates of a parameter. Calculation of means with
standard deviation and visualization in graphs and tables were per-
formed using Excel 365 (Microsoft, Munich, Germany, 2023). For better

Table 2
Mean abundance (± standard deviation) of nematode families of the real chronosequence (RCS) and pseudo chronosequence (PCS) with different colonizer-persister
(cp) values and their affiliation to the basal (b), enrichment (e) or structure (s) component and the guild weight used. The mean total abundances of nematodes related
to EI and SI in 150 µl of 5 ml concentrated extract from 196 cm3 soil are given in the last row. We also counted all nematodes extracted from 2 g of undisturbed soil
from the October 2020 (year 2) RCS soil replicates to provide an estimate of the total nematode abundance during the period of apparent structural change. The
absolute nematode numbers ranged from 1050 to 13,050 per 100 g dry soil. The PCS data refer to Reichel et al. (2017).

Year after reclamation Year 0 Year 1 Year 2 Year 3

Indicator values/approach cp Affiliation RCS PCS RCS PCS RCS PCS RCS PCS

Nematode families value k weight
Rhabditidae 1 e 3.2 0.5 ±

0.8
4.8 ± 5.6 16.0 ±

9.2
12.2 ±

5.6
14.3 ±

6.8
34.7 ±

24.0
25.0 ±

7.1
Plectidae 2 b 0.8 2.3 ±

2.6
0.3 ±

0.5
1.3 ± 2.2 9.7 ±

6.8
6.8 ± 4.5 2.7 ±

3.8
4.7 ± 6.2 0.3 ±

0.5
Cephalobidae 2 b 0.8 6.3 ±

4.9
1.0 ±

0.8
28.7 ±

6.7
33.7 ±

8.1
29.0 ±

10.9
15.0 ±

4.5
20.3 ±

24.8
16.3 ±

2.1
Aphelenchidae/-choididae 2 b/

e
0.8 1.0 ±

1.0
4.2 ± 3.2 1.3 ±

1.2
18.2 ±

17.4
5.7 ±

4.2
14.0 ±

9.3
11.7 ±

6.3
Diphtherophoridae 3 s 1.8 0.2 ±

0.4
Prismatolaimidae 3 s 1.8 1.0 ±

1.4
15.0 ±

4.1
0.3 ±

0.5
Nordiidae 4 s 3.2 0.2 ± 0.4 1.2 ± 0.9 4.7 ±

4.1
3.7 ± 2.4 4.3 ±

1.7
Qudsianematidae 4 s 3.2 0.7 ± 1.1
Aporcelaimidae 5 s 5 0.2 ±

0.4
0.2 ± 0.4 0.3 ±

0.5
3.3 ± 1.9 0.3 ±

0.5
5.7 ±

4.1
Thornenematidae 5 s 5 4.8 ± 3.5 1.3 ±

1.9
Absolute EI and SI nematode abundance in
150 µl extract

- 10.5 ±

5.6
1.3 ±

1.2
39.3 ±

10.9
62.0 ±

7.1
71.3 ±

10.3
57.7 ±

6.6
82.2 ±

32.8
65.0 ±

7.1
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comparison with the PCS, the two sampling times of the RCS have been
averaged.

The Kolmogorov-Smirnov test was performed on each CS dataset/
residuals to test for normal distribution. The Levene test was used to
determine whether the data showed homogeneity of variance. Based on
this, we decided which statistic (parametric Student’s t-test or non-
parametric Mann-Whitney U test) to use to check for statistically sig-
nificant differences between the CS approaches. To compare the CO2
and N2O emissions between the CS approaches, which were measured
using different methods, we used z-transformed data. Significance over
reclamation time was tested separately using either one-way ANOVA
with post-hoc tests (Tukey-B for homogeneous variance or Games-
Howell for non-homogeneous variance) or the non-parametric Krus-
kal-Wallis test for multiple pairwise comparisons.

In addition, we performed stepwise multiple regressions to explore
the significant predictors of the nematode soil food web indicators EI
and SI, including the combined, z-transformed data of the PCS and RCS,
where EI and SI can be directly related to the soil data (n = 108). The
nitrogen cycle gene data (n = 9) from the RCS was used to explore their
potential relationship with the EI and SI indicators. The method “step-
wise forward” and the Akaike information criterion (AICC) were used to
include significant predictors. The significance level was p< 0.05 for all
tests.

3. Results and discussion

3.1. Nematode soil food web development of the PCS and RCS are
comparable

In both approaches, the food web quality developed from a disturbed

and nutrient-depleted (square D in the faunal profile) to a more mature
and nutrient-enriched status (square A) over three years of reclamation
(Fig. 2). A range of variability in weather conditions, soil components,
and management (cf. Section 2, Tables S1 and Table 2) did not confound
the direction of nematode soil food web development over time (Fig. 2)
as both chronosequences have a comparable geological, geographic, and
topographic setting. A review of successions comparing non-
chronosequence methods, such as monitoring permanent plots over
time, with space-time substitution (PCS) approaches, highlighted that
PCS studies are often too uncritical without any justification of site
similarity in terms of the substrate mineralogy, topography, and espe-
cially historical development (Johnson and Miyanishi, 2008). In this
respect, reclamation studies are very attractive, as accurate maps and
information on the above prerequisites are usually available, and man-
agement is similar over long periods of time (Lössabkommen, 1961).
When the geology, geography, and topography are similar, some vari-
ation in weather, soil components, and management, as in the present
study (Table 1, Table 2), does not seem to preclude the use of PCS to
draw conclusions about time-dependent soil developments. Even the
initial use of wheat instead of alfalfa and its subsequent clearing and
ploughing in the RCS compared to the PCS (Table 1) did not prevent the
overall recovery of the nematode soil food web (Fig. 2). Nevertheless,
interventions as in the RCS may temporarily alter some biological dy-
namics, such as the development of the abundance of EI and SI indicator
nematodes, which was linearly related to time in the RCS but more
logarithmically in the PCS (Table 2). It is known that heavy metal
contamination, salinity, acidity, fertilization, pesticides, and tillage can
negatively affect the dynamics and structure of a nematode soil food
web (Biswal, 2022), but for some stressors this is only temporary as long
as a certain threshold and duration of disturbance is not exceeded.
Despite some obvious differences, the RCS and PCS showed a
time-dependent course of developments in the soil, especially of the
biological components (Table S1). Our study also shows that PCS ap-
proaches are best suited for soil components that change in a linear
manner with respect to time (Walker et al., 2010). This was validated for
plant communities on marginal soil by resampling the same plots years
later at the Cedar Creek Natural History Area, Minnesota, USA (Foster
and Tilman, 2000). We agree with other authors that well-documented
PCS studies are more likely to improve our understanding of temporal
processes in soil, especially when they cannot be studied within a
reasonable time frame (Huggett, 1998; Walker et al., 2010). Consistent
with our first hypothesis, we can therefore confirm that the PCS and RCS
approach show the same developmental trajectory of the nematode soil
food web.

3.2. Nematode soil food web may indicate C and N retention and cycling
status

Our data show that DN and the nematodes abundance have a positive
while DOC and Smin have a negative relationship with the EI (Table 3,
Table S1). The increase in nematode abundance was only significantly
related to EI, but not to SI. The increased abundance of EI nematodes
such as Rhabditidae (Table 2) with a wider biomass C:N ratio compared
to their microbial food source may explain the contrasting change in
DOC (negative = incorporation) and DN (positive = excretion; Table 3).
The negative response of EI to Smin may be explained by a negative effect
on some nematode groups as shown here (Zhang et al., 2021). Alter-
natively, some of the relationships could also be due to parallel,
time-dependent developments, such as sulfate leaching and uptake, N
accumulation due to N fixation by alfalfa, and increasing microbial C
limitation.

Nevertheless, our data seem to show that the abundance of EI nem-
atodes and their predation activities may have limited the development
of the microbial biomass (Table 1). This was particularly evident for the
PCS, where much of the accessible DOC and DN were not immobilized
into new microbial biomass as might be expected (Table S1). This could

Fig. 2. Nematode faunal profile of the real (RCS, black circles) and pseudo
chronosequence (PCS, white boxes). The year after reclamation is displayed
next to the symbols. The y-axis is related to the nematode-derived enrichment
index (EI), indicating the level of rapidly growing members of the nematode soil
food web and the related resource availability. The x-axis displays the
nematode-derived structure index (SI), indicating the trophic complexity of a
food web. Arrows mark the dominant direction of the food web development
between the reclamation years. Faunal profile square “A” indicates strongly
disturbed food webs dominated by bacterial growth and related to high
resource availability (typical for interrupted, annual cultivation); “B” indicates
increasingly developed, more balanced bacterial-fungal food webs and
increased resource availability (typical for perennial cultivation); square “C”
represents undisturbed food webs dominated by fungi and moderate resource
availability. “D” indicates highly disturbed food webs and low resource
availability.
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be explained by a temporal imbalance in the nematode soil food web, i.e.
more microbial grazers than their predators, shifting the status more
from retention to release of C and N. This is supported by an early desert
ecosystem study, where the loss of predators of microbial grazers in the
soil food web led to an overgrazing of the bacterial biomass and a halt in
their nutrient cycling activities (Whitford et al., 1982).

Some microbial groups in the N cycle may have significantly
benefited from N release through increased bacterial grazing, as indi-
cated by the significant positive relationship between EI and AOA in the
RCS soil (Table 3, Fig. S1).

Interestingly, we also found a positive relationship between food
web structure (SI) and AOA in the RCS and with released N2O in both
approaches (Table 3), indicating nitrification activity in well-aerated
soils (Mathieu et al., 2006). The release of N by grazing of microbial
biomass, as described above, and its control by the soil food web could
support higher levels of microbial biomass and its contribution to N
cycling, but also C retention.

Overall, we found a significant positive relationship between SI and
Corg in the reclaimed soil (Table 3). Also other authors proposed a
relationship between SI and the size and activity of the microbial
biomass affecting soil C retention processes (Shi et al., 2023). A shift to a
fungal-dominated community may increase the C and N retention effi-
ciency in soil approximately sixfold (Zhou et al., 2023), as indicated by
the square C of the nematode faunal profile (Fig. 2). A consequence of
this shift may be a more moderate nutrient availability, which may limit
the rate of biomass and necromass formation and cycling. In a study
using isotopically labeled microbial necromass, two-thirds of it was
associated with soil minerals within three days (Buckeridge et al., 2022),
a process that can also be expected in the marginal loess-dominated
reclaimed soils, as the mineral surfaces are unlikely to be saturated.
Other authors have shown that microorganisms in such reclaimed soils
become more efficient at incorporating C into biomass when a critical
value of 1 % Corg is reached (Clayton et al., 2021), which could be
related to the saturation state of the mineral surface with microbial
compounds such as proteins, reducing the investment in exoenzymes
and increasing their efficiency in C acquisition. Inferred from our data,
the optimal rate of formation of microbial compounds that can associate
with mineral surfaces may be reached when reclaimed soils are located
in square B of the nematode faunal profile, where EI and SI approach
their maximum (Fig. 2). This is consistent with our second hypothesis
and may help to optimize the organic C retention rate and counteract the
often overlooked inorganic C losses due to natural acid buffering re-
actions from these marginal, carbonate-rich loess soil (Zhao et al.,

2022).

4. Conclusions

In conclusion, the PCS approach successfully predicted the temporal
development of the nematode food web during the early phase of soil
reclamation at a lignite mine. The nematode soil food web indicators EI
and SI reflected the status of C and N retention and cycling in the
reclaimed soil. Further research is needed to determine the thresholds
above which natural and anthropogenic variations within a PCS
approach compromise the time factor.
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