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A gruesome garden of earthly delights: Cadaver decomposition fosters the
development of specific eukaryotic microbial biodiversity
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Abstract. Decomposing cadavers have a strong impact on the soil environment and the biodiversity of soil organisms. However, exploring
these patterns in different natural settings, and beyond the first few weeks post-mortem remains a research priority. The response of soil
communities to decomposing cadavers could be used for estimating the post-mortem interval (PMI), for which current models are lacking
beyond 4-6 weeks.

We conducted a 35-month field experiment using pig carcasses (Sus scrofa Linnaeus) in a deciduous forest in Switzerland to characterise
the impact of decomposing cadavers on the diversity and community composition of soil micro-eukaryotes by high throughput sequencing
of soil environmental DNA.

The diversity of soil microbial eukaryotes strongly declined under decomposing cadavers. Several taxa which were rare in control soils
became more abundant in cadaver-impacted soils. The clear temporal succession and turnover in soil microbial eukaryote diversity and
community structure underneath cadavers offers potential for inferring the PMI.

The diversity of soil micro-eukaryotes remains poorly documented, especially in under-studied habitats such as cadaver-impacted soils.
Characterising this “rare biosphere” diversity will help better understand cadaver impacts on terrestrial ecosystems and is necessary to
develop new PMI tools.
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INTRODUCTION

Carcass decomposition represents a strong, but spa-
tially and temporarily limited, natural perturbation that
contributes to the heterogeneity and functioning of all
ecosystems through its role in the redistribution of nu-
trients and energy within and among ecosystems (Cart-
er et al. 2007; Fiedler et al. 2023). The ephemeral pulse
of matter input released by a cadaver modifies nutrient
pools and fluxes in the soil underneath (Benninger et al.
2008; Aitkenhead-Peterson et al. 2015; Fancher et al.
2017), to which the soil microbiome responds (Stokes
et al. 2009; Cobaugh et al. 2015; Metcalf et al. 2016;
Pawlett et al. 2019, Mason et al. 2023). In return, soil
microorganisms contribute to accelerating the decom-
position process (Lauber et al. 2014). The biodiversity
and bioindication potential of soil microorganisms as-
sociated with cadaver decomposition has recently re-
ceived increasing attention (Finley et al. 2015), and
these studies have recently included microbial eukary-
otes (Parkinson et al. 2009; Metcalf et al. 2016) that
are often not included in studies of soil microbial di-
versity (Geisen et al. 2018, 2020). Given the immense
diversity of soil organisms largely determined by the
high diversity of terrestrial ecosystems and soil types
(Anthony et al. 2023; Singer et al. 2021) it remains un-
clear to what extent patterns observed in one region are
universal, even when soil micro-eukaryotic diversity is
analysed at relatively coarse taxonomic resolution us-
ing metabarcoding approaches.

Decomposing carcasses release large amounts of
carbon and nutrients, especially nitrogen and phos-
phorus, to the surrounding environment (Carter et al.
2007; Benninger et al. 2008; Barton et al. 2013). The
presence of a decomposing carcass also changes the
soil microclimate (Carter et al. 2010). Annual mammal
carcass inputs can be substantial, e.g. 557 kg of animal
weight per square kilometre in a Neotropical rainforest
(Houston 1985) and 5 000 kg of bison carcass in 988 ha
of the North American tallgrass prairie (Carter et al.
2007). This organic matter input from animal carcasses
is highly patchy and may contribute disproportionately
to the overall transfer of nutrients and energy within
and among terrestrial ecosystems compared with plant
litter (Barton et al. 2013).

This transient nutrient input creates a spatial and
temporal hotspot of biological activity and is known
as the “cadaver decomposition island” (CDI). CDIs
are characterised by major changes in the biomass,

community composition and activity of different
groups of soil organisms, including increased microbial
biomass and activity, and changes in bacterial com-
munities, and nematode abundance (Carter et al. 2007;
Howard et al. 2010; Brenton et al. 2016; Szelecz et al.
2016; Wang et al. 2021). CDIs are hotspots of energy
and nutrient exchange and host specialised communi-
ties that contribute to the biodiversity and functioning
of terrestrial ecosystems (Carter et al. 2007; Barton
et al. 2013). For many arthropods, carcasses constitute
a vital food source at certain stages of their develop-
ment, for others it is a habitat where interactions with
other species occur (Hanski 1987). Carcass-impacted
soils follow an ecological succession associated with
the altered soil chemical environment, as shown for
Bacteria and Fungi (Moreno et al. 2011; Carter et al.
2015; Metcalf et al. 2016; Adserias-Garriga, et al.
2017; Fu et al. 2019; Wang et al. 2021;), euglyphid tes-
tate amoebae (Szelecz et al. 2014; Seppey et al. 2016),
nematodes (Szelecz et al. 2016), and a combination of
protists and invertebrates (Forger et al. 2019). Micro-
eukaryotes such as phagotrophic protists (protozoa)
and nematodes contribute to C mineralisation and nu-
trient cycling directly through consumption of various
microbial groups (Bouwman and Zwart 1994; Schroter
et al. 2003; Aoki et al. 2007; Wilkinson and Mitchell
2010). While the environmental DNA (eDNA) high
throughput sequencing (HTS) survey of Seppey et al.
(2016) revealed an overall negative impact of cadaver
decomposition on the diversity of soil Euglyphid tes-
tate amoeba taxa, two phylotypes phylogenetically dis-
tant from other taxa in the Genbank DNA database re-
sponded positively to carcass impacts for a certain time
interval (one month to one year), thus illustrating both
the potential of soil eDNA metabarcoding for detecting
unknown organisms and the role of carcasses in cre-
ating suitable conditions for otherwise rare soil organ-
isms. Most previous studies on cadaver impact on soil
organisms were limited in time (4 months at most) or
lacked negative controls (Metcalf et al. 2016; Mason et
al. 2023; Wang et al. 2021; Parkinson et al. 2009). The
impact of decomposing carcasses on most soil micro-
eukaryotic organisms, including most bacterivorous,
saprotrophic, and parasitic protists over a longer period
therefore remains to be documented.

Knowing how soil communities respond to decom-
posing cadavers is a prerequisite to developing new
tools to estimate the post-mortem interval (PMI) which
is a crucial question in forensic investigations when
a human cadaver is found (Tibbett and Carter 2009).
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Existing PMI tools include legal medical observation of
the cadaver itself (rigidity, temperature etc.) and forensic
entomology (Turchetto et al. 2001; Amendt et al. 2004;
Lefebvre and Gaudry 2009; Garcia-Rojo et al. 2013).
However, these tools are only useful in the first hours
or days for legal medicine (Szelecz et al. 2014) and for
forensic entomology up to approximately 4-6 weeks
(Amendt et al. 2004; Anderson 2010; Daria et al. 2011;
Szelecz et al. 2014). New tools are needed to estimate
longer PMIs and high throughput sequencing of soil
eDNA is a promising option (Finley et al. 2015; Met-
calf et al. 2016; Mason et al. 2023). Soil abiotic char-
acteristics and soil organisms are prime candidates for
developing such a tool as they include a vast array of
indicators with different dynamics from fast (e.g., Bac-
teria, labile chemical compounds) to slower (e.g. inver-
tebrates) (Carter and Tibbett 2003; Braig and Perotti
2009; Dekeirsschieter et al. 2009; Parkinson et al. 2009;
Metcalf et al. 2016; Szelecz et al. 2018).

Here, we set out to characterise the diversity of
soil micro-eukaryotic communities underneath de-
composing cadavers and to assess the response of soil
micro-eukaryotic taxa and communities to cadaver-
induced disturbance. Specifically, we asked the fol-
lowing questions: (i) Is there a temporal succession in
micro-eukaryotic diversity and community structure in
cadaver-impacted soils? (ii) Are there taxa specific to
cadaver-impacted soils and of different decomposition
stages or time steps? (iii) If so, are these taxa present
before the start of the decomposition process? (iv) Do
taxa specific to cadaver-impacted and to control soils
differ taxonomically and ecologically and to the degree
to which they are known? Answering these questions
will help better document a still poorly explored field
of unknown diversity.

MATERIALS AND METHODS

Field experiment

The experiment was conducted in a mixed beech and oak forest
near Neuchatel, Switzerland, (47°00°11.90-12.26” N / 6°56°6.45—
8.05” E, elevation 478 m), in a fenced area of approximately
6400 m2. Within the area, three blocks of approximately 25 m? were
selected (15-34 m apart), labelled 1-3, each with three plots (90 cm
x 100 cm) corresponding to one of three treatments: control (coded
C), fake carcass (bags filled with soil and covered with a cotton
cloth to investigate microclimatic effects without cadaveric fluids,
coded F) and pig carcasses (Sus scrofa Linnaeus, coded P). The
plots were at least four metres apart from one another. The weight
of the fake carcasses corresponded to the initial weight of the pig

carcasses (i.e. 20 kg, £ 1 kg). As the weight of the pig carcasses de-
creased through decomposition, a corresponding amount of soil was
gradually removed from the fake pig carcass at each sampling day
to mimic the weight loss. The choice of pigs (Sus scrofa Linnaeus)
as research animals was motivated by their common use as models
in forensic experiments (Stokes et al. 2013; Belk et al. 2018).

The three pigs were all female, killed by captive bolt stunning
and instantly transported and placed on the plots. To enable sam-
pling beneath the carcasses and to avoid disturbance by large scav-
engers, each carcass was placed in a metal wire cage. The area cov-
ered by the cages was marked with a stick in each corner to allow
for a proper placement of the cages after sampling. The cages were
lifted during sampling and placed back in the exact same position
after sampling (Szelecz et al. 2014).

Sampling and chemical analyses

The soil beneath the carcasses and in the other two treatments
was sampled immediately before the placement of the carcasses
(DO0), and after 8 (D8), 15 (D15), 22 (D22), 33 (D33), 64 (D64), 309
(D309) and 1051 (D1051) days from the start of the experiment.
The first sampling took place on August 5th, 2009 (before the fake
and pig carcasses were placed). For the initial sampling, the soil col-
lected from the nine individual plots was pooled within each of the
three blocks to obtain a composite sample for the initial conditions
per block. Subsequent samples were then collected for the nine plots
separately (no composite sample was made). Soil (ca. 25 g) was col-
lected to a depth of 10 cm in each plot and immediately transported
to the laboratory. The samples for DNA extraction were stored at
—-80°C. To measure total organic carbon and total nitrogen, ca. 3 ¢
of each sample was dried (40°C, 12 hours), ground to powder and
analysed using combustion infrared spectroscopy (CHNEA1108-
Elemental analyser, Carlo Erba Instrument) after carbonate removal
with HCI (Seppey et al. 2016). In detail, carbonate was removed
using acid fumigation method: soil samples were weighed in Ag-
foil capsules, placed in order on a microtiter plate, saturated with
water and put in a desiccator with a beaker with 12M HClI for ca. 7 h
(Seppey et al. 2016). For detailed information on total carbon and
nitrogen see Seppey et al. (2016).

DNA extraction, PCR amplification and
high-throughput sequencing

DNA was extracted using the MoBio Power Soil DNA isola-
tion kit (Carlsbad, CA USA) according to the instructions provided
by the manufacturer. PCR amplification of gene sequence encod-
ing the 18S rRNA V9 region was carried out with eukaryotic-spe-
cific primers 1380F (CCCTGCCHTTTGTACACAC) and 1510R
(CCTTCYGCAGGTTCACCTAC) (Seppey et al. 2016). PCR was
conducted according to the following conditions: denaturation at
94°C for 3 min, 30 cycles at 94°C for 30 sec, 57°C for 60 sec and
72°C for 90 sec and final extension at 72°C for 10 min (Seppey et al.
2016). The PCR mixture was constituted of 1 ng of environmental
DNA, 6 pL of 10x PCR buffer, 0.6 pl of each primer, 0.6 pl of ANTP
400 uM (Promega) and 0.2 pl of 0.05 U/ul Go Taq (Promega). The
purification step was done using a PCR Purification Kit (Qiagen,
Hilden, Germany) followed by DNA library preparation with NEB-
Next DNA Sample Prep Master Mix Set 1 (New England Biolabs,
http://www.neb.com/nebecomm/ManualFiles/manualE6040.pdf)
excluding the size selection step. Paired end sequencing was per-
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formed by the Genomics Core Facility at Brown University (Provi-
dence, USA) with an Illumina HiSeq 2000 sequencer and provided
and overall 47,156,126 sequences of 2*75 bp. The raw sequences
are available on ENA-EMBL under the project PRIEB25144. Fur-
ther details can be found in Seppey et al. (2016), in which a subset
of the data (i.e. euglyphid testate amoebae) was analysed.

Sequence analyses

The computational pipeline used to analyse the reads is avail-
able at GitHub (https://github.com/lentendu/DeltaMP ; v0.4) and
includes the following steps: trimming of the tagged primer se-
quences, merging, quality check, clustering, chimaera sequences re-
moval, taxonomic assignation. Primers were removed from 5’-end
of reads using cutadapt v1.18 (Martin 2011) allowing until 6 mis-
matches. Reads were pair-end assembled using the “simple_bayes-
ian” algorithm of pandaseq v. 2.11 (Masella et al. 2012). Reads were
further filtered out if the average phred score was below 20 or the
length was below 90 nt or above 200 nt using MOTHUR v.1.42.0
(Schloss et al. 2009). Sequence clustering was then done using
Swarm v.2.2.2 (Mahé et al. 2015) with the fastidious option, and
OTUs were checked for chimaera using the UCHIME algorithm as
implemented in vsearch v.2.9.1 (Rognes et al. 2016). Non-chimeric
OTUs were taxonomically assigned by aligning the most abundant
sequence of each OTU against the PR? database v.4.14.0 (Guillou
et al. 2013, https://github.com/pr2database/pr2database) using the
global pairwise alignment method of vsearch with default param-
eters (i.e. without end-gap allowed). For that, the PR? reference
sequences were first trimmed according to the amplified fragment
using cutadapt. Protist function was inferred from taxonomy fol-
lowing Lentendu et al. (2025).

Statistical analyses

The community matrix was first pre-processed by removing the
Embryophyceae (i.e. plants) and Metazoa, with exception of Nema-
toda which were proven useful in forensic sciences (Szelecz et al.
2016). The OTUs with a percentage of identity (PID) below 60%
with the PR? database were also removed as putative prokaryotes.
Spurious taxonomic assignments were also corrected by lower-
ing the taxonomic resolution after pairwise alignment (BLASTN,
Camacho et al. 2009) on the GenBank database. As such, OTUs
assigned to Syndiniales were considered as unknown Alveolata,
and Radiolaria and Haptophyta were considered as unknown Eu-
karyotes. We also discarded OTUs with low information, namely
having only one non-zero value or sharing a ratio between the two
most common values above 95/5 and several unique values below 8
(nearZeroVar pgk caret: Kuhn 2020). From this abundance matrix,
we calculated the relative abundance of each OTUs in each sample
(comm_relabu) and the centred log ratios after replacing the null
values by geometric multiplicative replacement (cmultRepl pkg
zCompositions: Palarea-Albaladejo and Martin-Fernandez 2015).

OTUs characteristic of carcass presence (CPI = carcass pres-
ence indicator) or absence (CAI = carcass absence indicator, includ-
ing control and fake pig treatments) at any time periods between
8 and 1051 days (PMI) were then identified by calculating indicator
values following the method of De Caceres and Legendre (2009)
using the function multipatt of the R package indicspecies v. 1.7.12.
An indicator value was considered significant if the probability of
having a higher value by chance was below 0.01.

We then assessed microbial eukaryote alpha diversity using the
richness, Shannon index, the residual of a linear model between
the richness and the number of sequences, and the Pielou’s even-
ness. To assess the changes in community structure (beta diversity)
over time and among treatments, we calculated a non-metric multi-
dimensional scaling (NMDS) of the community relative abundance
data. We then tested the correlation between the community struc-
ture and the treatments, PMI, carbon, and nitrogen by permutation
test (999 permutations).

We calculated for each time point the Accumulated Degree Days
(ADD) and compared these values with the PMI. Additive degree
days (ADD) were estimated using the nearest meteorological sta-
tion with the lowest variance in temperature with the study site, as
computed using a Swiss wide climatic model (Killing et al. 2024).
The meteorological station of Neuchatel (Switzerland) was chosen
with an average of + 1.0°C (+/— 0.08°C) difference during the four
years of the experiment (2009-2012). ADD was computed as the
cumulative sum of days with an average daily temperature > 0°C at
the experimental site (that is > 1°C at the meteorological station of
Neuchatel) from the first day of the experiment, using open Swiss
meteorological station data (Swiss Federal Office for Meteorology
and Climatology MeteoSwiss).

All statistical analyses were conducted in R v.4.3.0. A compiled
version of the full code used for analysis is provided in a repository
at https://gitlab.com/cseppey/cadaver_bioindic.

RESULTS

Diversity and structure of the eukaryotic OTU
assemblage

The Illumina sequencing generated 41,744,854 raw
Eukaryote SSU V9 reads clustered into 264,875 OTUs.
After the preprocessing 36,612,273 reads were retained
and clustered into 13,869 OTUs. In the non-carcass
plots (controls and fake pigs) Fungi accounted for
85.9% of the micro-eukaryotic reads. Among protists,
the dominant groups were Rhizaria (3.7%), Alveolata
(3.0%) and Stramenopiles (1.1%) (Fig. S1). In the car-
cass impacted soils, the proportion of fungal sequences
was significantly lower (47.1% Wilcoxon test P <0.05),
whereas the proportion of protists was higher, with
highest contributions of Rhizaria (19.5%), Fonticulidae
(10.1%), Alveolata (5.6%) and Excavata (2.7%) and
a clear increase in the number of Nematode sequences
(7.2%) (Fig. S1).

Decomposition stages and chemical variation along
time

The carcasses followed the decomposition stages
described in Payne (1965): fresh (DO0), bloated (D2,

not sampled), active decay (D8-D15), dry (D22-D64)
and remains (D309) up to the point when only scattered
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bones were left (D1051), a stage we refer to as “dry
remains”. Over the course of the experiment, the PMI
was well correlated to the accumulated degree day
(ADD); but ADD at first increased somewhat more than
PMI during the first weeks (summer) (Fig. S2). Carcass
decomposition caused an increase in total N concentra-
tion starting from D8 (0.72% + 0.15 SE) as compared to
the fake carcass and control (0.39% + 0.05 and 0.51%
+ 0.06 SE respectively), reaching the highest value
309 days after the beginning of the experiment (1.17%
+0.48 SE). Similarly, total C concentration was highest
on day 309 (13.9% =+ 4.8 SE). The C/N ratio decreased
underneath the carcass from DO (18.0 + 1.3 SE) to D15
(10.8 £ 0.7 SE) and remained low (ca. 10) until D64,
followed by an increase to the level of the control by
D1051 (control: 17.0 + 1.8; fake cadaver: 18.5 + 1.1;
pig: 16.5 £ 0.9) (Fig. S2).

Identification of carcass indicators

In total, 1914 OTUs (i.e. 13.8% of all 13,869 OTUs)
were indicators of either carcass absence (CAl, 1628
OTUs, 11.7%) or presence (CPIL, 286 OTUs, 2.1%).
The sub-group of carcass absence indicators (CAI)
were composed of a high percentage of Pezizomyco-
tina (26%), Agaricomycotina (47%) and Mucoromyco-
tina (12%) in addition of some Rhizaria (3%), Alveo-
lata (2%) and Stramenopiles (1%) (Fig.1). Under the
pig carcasses most of the indicator OTU reads were as-
signed to Fonticula alba (69%) in addition to parasitic
Alveolata (Colpodellidae: 5%) and Amoebozoa (6%).
Fungal indicators were less numerous than underneath
the cadaver (8% as opposed to 91%) (Fig. 1). The full
list of indicators OTUs is given in Table S1.

Changes in protist community alpha diversity

Shannon diversity and OTU richness were influ-
enced by cadaver decomposition (Fig. 2). Shannon di-
versity decreased sharply after 8 days, associated with
the early decomposition phases, and recovered after
1051 days. Overall, micro-eukaryotic Shannon diver-
sity was significantly lower in the carcass samples as
compared to both control and fake carcass samples
(Kruskal-Wallis test P < 0.001). The richness showed
a similar pattern with lower values for the carcass from
D8 to D309 (Table 1).

Changes in protist community composition

The NMDS ordination (Fig. 3) shows that the car-
cass treatment communities clearly diverged from the
control and fake carcass in the ordination space from
D8 until D309 (Table 2, Fig S7). A permutation test
showed a significant relationship between the struc-
ture of micro-eukaryotic communities and treatment,
nitrogen (permutation test, both p < 0.01) and carbon
(p <0.05).

Soil protist community composition differed among
treatments (Fig. S1) as well as over time in cadaver-
impacted soils (Fig. S3). The initial communities in
cadaver-impacted soils were dominated by Fungi,
mostly Agaricomycotina (number 23 in Fig. S3), Pezi-
zomyecotina (nr 21) and Mucoromycotina (nr 27). At
D8, the proportion of bacterivorous taxa (e.g. Fonticula
alba -related (nr 34), Cercomonads (nr 40), Nematoda
(nr 32), Parabodonida (nr 17) and Lobosea (nr 12-15))
started to increase whereas the proportion of Fungi
decreased. The proportion of these bacterivorous taxa
stayed high until D64 and started to decrease thereafter
(Fig. S3). By D1051 the carcass impacted samples con-
verged back towards the samples of the other two treat-
ments. However, the proportion of consumers remained

Table 1. Difference of micro-eukaryotic OTU richness and Shannon diversity between each combination of control (C), fake (F) and pig
(P) treatments for all post-mortem intervals (PMI) and corresponding accumulated degree days (ADD) and average temperature over the

corresponding interval.

PMI [days] 0 8 15
ADD [°C] 0 159 322
Average T[°C]  n.a. 19,9 23,3
OTU richness C-F 1 0,46 0,90
C-pP 1 0,74 0,17
F-P 1 0,13 0,07
Shannon C-F 1 0,37 0,99
C-P 1 0,90 0,09
F-P 1 0,17 0,13

22 33 64 309 1051
466 649 1146 2713 10536
20,6 16,7 16,0 6,4 10,5
0,64 0,74 0,99 0,55 0,90
0,37 0,23 0,09 0,03 0,64
0,07 0,04 0,13 0,30 0,90
0,99 0,99 0,37 0,99 0,90
0,09 0,09 0,02 0,09 0,90
0,13 0,13 0,37 0,13 1,00
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Cadaver absence
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Fig. 1. Taxonomy assigned to the cadaver absence indicators (CAIl) and cadaver presence indicator (CPI) OTUs at taxonomic levels 2-5 of
PR2. The proportions are calculated on the average of relative abundances of each OTU across all samples of a given category. Organisms
belonging to underrepresented clades at taxonomic level 2 are pooled into the category “rare tax lev 2”.
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Fig. 2. Diversity indices (Shannon index and OTU richness) calcu-
lated from protist OTU communities retrieved from soils impacted
by cadaver (green), fake cadaver (red) and control (black) in func-
tion of the PMI.

Table 2. Significance of the difference in protist beta diversity (dif-
ference between cadaver-impacted soil and control) for different
postmortem intervals (PMI).

PMI [days] vs. DO vs. C
8 0,13 0,15
15 0,06 0,07
22 0,03 0,02
33 0,03 0,01
64 0,03 0,01
309 0,01 0,01
1051 0,16 0,15

higher at the end of the experiment than at the begin-
ning which shows that measurable differences among
control and cadaver-impacted soils were still present
1051 days after the beginning of the experiment. Final-
ly, there was a minor but significant difference between
the control and fake pig treatments (Fig. S4, permuta-
tion test: p < 0.05), suggesting a microclimatic effect
and a temporal variation on soil micro-eukaryotic com-
munities as well as a significant effect of nitrogen and
C/N ratio (P < 0.01).
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Fig. 3. Non-metric multidimensional scaling (NMDS) calculated on
the protist communities retrieved from soil impacted by cadavers
(green), fake cadavers (red) and controls (black). The arrows show
the change in community through PMI (shown by the number).
Stress = 0.17.

Temporal variation in the relative abundance and
composition of cadaver-presence indicators

The relative abundance of the CPIs found in the ca-
daver plots at DO was low (0.03%). Thereafter, their
relative abundance increased to over 15% during the
active decay and most of the dry stage (PMI 8 to 33
days) before decreasing to under 10% in later stages
(PMI 64 to 1051 days) (Fig. 4). It is noteworthy that the
CAls were again relatively more abundant than CPls
at the end of the experiment (1051 days postmortem).

The taxonomic composition of the CPls also
changed through the decomposition process (Fig. 5).
Noteworthy at first is the high proportion of OTUs
closely related to Fonticula alba. At DO, Fonticulids
constituted 37% of the CPlIs; this proportion increased
to the near totality of the indicator community (> 96%)
during the active decay stage (D8 and D15). The pro-
portion of Fonticulids then decreased through the dry
(D22-D64) and remains (D309) stages to 48% + 16 SD
and 10% respectively. Nevertheless, fonticulids were
still present in the last part of the decomposition pro-
cess (D64-D309), due to the presence of OTU X2007,
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Fig. 4. Temporal trend in the relative abundance of indicator OTUs
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which was almost absent from the first decomposition
stages (Fig. S5, highlighted by a brown box).

Fungi constituted the second largest group of CPIs
cumulating at 18% of indicators found in DO. No fungal

CPI was present during active decay. However, Asco-
mycota represented 10 to 22% of the CPIs during the
dry stage (D22-D64). The proportion of Fungi (mostly
Ascomycota) continued to increase until reaching 27%
and 53% of the CPI community in T309 and T1051.

The Alveolata accounted for 17% of the CPIs found
at DO and were dominated by ciliates from the order
Colpodea (9%) and the early branching Colpodellida
(5%) (Fig. 5). Colpodellida were the only taxon that
covered more than 1% of the CPIs during the active de-
cay. During the rest of the experiment, Alveolata con-
tinued to constitute a large part of the CPlIs, covering
from 3% to 17%. Nevertheless, the taxonomic coverage
changed through time; OTUs assigned to Colpodellida
being present during the dry stage, Eugregarinorida ap-
pearing at D64 (4%); and finally Ciliophora (57% and
62% of Alveolata in D309 and D1051).

Rhizarians were dominated by Cercozoa and their
proportion among CPls increased during the dry stage
(D22-D64). Most OTUs belonged to Sarcomonadea,
a group that remained present through the rest of the
decomposition process, particularly in the remains and
old remains stages (26% and 70% of Rhizaria in D309
and D051, respectively). In addition, the Imbricatea
represented a large proportion of the Rhizaria sequenc-
es at the end of the dry, remains and old remains stages
(79%, 55%, 30% of Rhizarian CPIs in D64, D309 and
D1051 respectively).

Amoebozoa also increased during the dry stage
(D22 and D64), particularly during D33 and D64 when
this taxon represented 17% and 16% of the CPIs, re-
spectively.

Our results show that about 63% of the carcass indi-
cator OTUs (CPIs) were already present in low relative
abundances in the soils before cadaver decomposition
occurred. The number (richness) of CPIs found at DO
varied from 147 to 232 (mean=180 + 30 sd) and in-
creased over time (Spearman correlation: rho = 0.79,
p-value < 0.05, Fig. 6). Their proportion at DO varied
from 32 to 41% but did not vary in function of the PMI
(Spearman correlation: rho 0.21, p-value > 0.1). Car-
cass presence indicators were significantly less abun-
dant (lower CLR values, Kruskal-Wallis test P < 0.001)
in the overall dataset than CAls, the median CLR val-
ues being at 40 and 110 respectively (Fig. S6).

The percentage of identity (PID) of CPIs was lower
than for CAls (median = 95.7% and 96.2%, respective-
ly) (Fig. 7 A). This difference was mostly marked dur-
ing the dry stage (D22-D64; Fig. 7 B). The proportion
of indicators between the seven first taxonomic levels



tax_lev_2 tax_lev_3 tax_lev_4 tax_lev 5
= Alveolata = Apicomplexa » Gregarinomorphea = (1) Eugregarinorida
= (2) Neogregarinorida
= (3) other Gregarinomorphea
= other Apicomplexa = (4) other Apicomplexa
= Chrompodellids = Colpodelidea = (5) Colpodelida
= Ciliophora » Colpodea = (6) other Colpodea
= Spirotrichea = (7) Hypotrichia
= (8) other Spirotrichea
= pther Ciliophora = (9) other Ciliophora
= Dinoflagellata = Dinophyceae = (10} Suessiales
= other Alveolata = other Alveolata = (11) other Alveolata
© Amoebozoa “ Lobosa = Discosea-Flabellinia = {12) Vannellida
= Lobosa-G1 = (13) other Lobosa-G1
= Tubulinea = (14) other Tubulinea
= other Lobosa = (15) other Lobosa
« Excavata » Discoba » Heterlobosea = (16) Tetramitia_V|
« Kinetoplastea = (17) Parabodonida
* other Discoba = (18) other Discoba
» Opisthokonta » Choanoflageliida » Choanoflagellatea » (19) Acanthoecida
* (20) Craspedida
= Fungi = Ascomycota » (21) Pezizomycotina
= (22) Saccharomycotina
» Basidiomycota = (23) Agaricomycotina
= (24) Pucciniomycotina
= Chytridiomycota = (25) Chytridiomycotina
= Kickxellomycota » (26) Kickxellomycotina
* Mucoromycota » (27) Mucoromycotina
= other Fungi = (28) other Fungi
= Mesomycetozoa = Filasterea = (29) other Filasterea
= Nucleariidea = (30) Nucleariida
« other Mesomycetozoa = (31) other Mesomycetozoa
« Metazoa » Nematoda » (32) Chromadorea
“ (33) other Nematoda
= other Opisthokonta = Fonticulea = (34) Fonticulida
= other Opisthokonta = (35) other Opisthokonta
« Rhizana « Cercozoa * Filosa-Imbricatea * (36) Euglyphida
» (37) Spongomonadida
« (38) Thaumatomonadida
« (39) other Filosa-Imbricatea
« Filosa-Sarcomonadea  » (40) Cercomonadida
* (41) Glissomonadida
“ {(42) other Filosa-Sarcomonadea
» Filosa-Thecofilosea = (43) Cryomonadida
« other Cercozoa “ {(44) other Cercozoa
« other Rhizaria « other Rhizaria » (45) other Rhizaria
= Stramenopiles = Ochrophyta = Chrysophyceae = (46) other Chrysophyceae
= Sagenista = Labyrinthulomycetes = (47) Amphifilida
= other Stramenopiles = other Stramenopiles = (48) other Stramenopiles
= rare tax_lev_2 = rare fax_lev_2 = rare tax_lev_2 " (49) rare tax_lev_2
= pther Eukaryota = other Eukaryota = pther Eukaryota = (50) other Eukaryota

The development of specific eukaryotic microbial biodiversity 29

Day 8

Day 15

Day 22

Fig. 5. Taxonomic proportions of carcass indicators through time. The number above the pie charts indicate the PMI. The numbers in each
slice indicate the relative abundance of carcass indicators found at each time point. Organisms belonging to underrepresented clades at
taxonomic level 2 are pooled into the category “rare_tax_lev 2”.



30 Ch. V.W. Seppey et al.

o
O—
™
— -
3
o o 8
i i
Q o°
8— c
3
9 L. 32
5 o s 2
o 1D— o
Q &)
D b
c e 2
S - e @4
— : =)
o
Q
o 8
8- &
- —
® v o 9 % 9
- o (o] o

3
1051

PMI

Fig. 6. Dark bars: number of cadaver presence indicator OTUs
(CPI) found at each time point (post-mortem interval — PMI). Grey
bars: proportion CPI OTUs represented at DO.

(according to PR? informal taxonomy) within carcass
absence or presence samples was similar (Fig. 7 C).
Nevertheless, the percentage of identity of these indica-
tors was significantly lower for the CPIs at high taxo-
nomic resolution (tax lev_5; Kruskal-Wallis test P <
0.05, Fig. 7 B).

DISCUSSION

We characterised the diversity and temporal pat-
terns of soil micro-eukaryotes underneath decomposing
pig cadavers in comparison with control and fake pig
treatments with the aim of identifying indicators of (1)
cadaver presence and (2) of different time steps (post-
mortem interval — PMI). Our results clearly confirm
that decomposing pig cadavers strongly influences the
diversity and community composition of soil micro-eu-
karyotes. Our results demonstrate that several taxa are
specific to either cadaver-impacted soils (cadaver pres-
ence indicators, CPI) or non-impacted soils (cadaver
absence indicators, CAl) and that CPIs represent an im-
portant proportion of the overall micro-eukaryotic com-
munity underneath cadavers. In other terms, corpses
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Fig. 7. The density of protist indicator OTUs from carcass absence
(CAl, blue) or presence (CPI, green) soils in function of their iden-
tity percentage to the PR? database (PID). A) black boxes show the
1st and 3rd quartiles of the distribution while the vertical line indi-
cates the median of the distribution. B) and C) respective PID of
CAI and CPI OTUs at different taxonomic levels (B) and different
post-mortem intervals (PMI).
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decomposing in forests host highly specific eukaryotic
communities. We also found a clear temporal succes-
sion in microbial eukaryote diversity and community
structure underneath cadavers, in line with several pre-
vious studies (Bergmann et al. 2014; Cobaugh et al.
2015; Metalf et al. 2016; Forger et al. 2019).

The fact that CPIs are taxonomically less known
than CAls suggests that cadavers favour the develop-
ment of a diversity of lesser known and phylogenetical-
ly potentially divergent organisms. Characterising this
unknown diversity will contribute to improving the still
patchy knowledge on soil biodiversity and may also
help better understand the phylogenetic relationships
among groups of protists (Lax et al. 2018). Studying
the biodiversity of cadaver-impacted soils contributes
to alleviating the discrepancy among habitats studied
for global biodiversity assessment. This is an example
of Racovitzan impediment of knowledge, and hence
likely conservation, of the characteristic biodiversity of
unexplored environments (Ficetola et al. 2019).

The soil microbial eukaryote micro-fauna special-
ised to cadaver-impacted soils

About 2.3% of the OTUs underneath pig cadavers
were specific to this treatment (CPI) based on indica-
tor value analysis. These taxa were disproportionately
abundant, representing up to 32% of the total com-
munity 15 days after the beginning of the experiment
(Fig. 4). This is particularly striking as these taxa ac-
counted for less than 0.01% of the total relative abun-
dance in the same soils before the beginning of the
experiment and in the control plots (Fig. 4B). This con-
firms that cadaver-impacted soils harbour a specialised
micro-eukaryotic diversity composed by taxa adapted
to the specific conditions of these habitats.

Temporal succession in micro-eukaryotic communi-
ties underneath cadavers

In accordance with our hypotheses, we found clear
temporal succession in micro-eukaryotic diversity
(Fig. 2) and community structure (Fig. 3) in cadaver-
impacted soils. The initial sharp decrease in biodiversity
suggests an overall negative impact of decomposing ca-
davers on micro-eukaryotic communities, as previously
observed for different groups of soil micro-organisms
(Bergmann et al. 2014). This suggests that many taxa
cannot tolerate the initial pulse of organic matter input
released by the cadaver and other chemical changes (e.g.
pH, phosphorus (Benninger et al. 2008)). This confirms
previous results from the same experiment for testate

amoebae based on morphological and metabarcoding
analyses and extends the conclusion to the entire soil
micro-eukaryotic diversity (Szelecz et al. 2014; Seppey
et al. 2016). Although this was expected, a striking re-
sult was the duration of this effect. After the last sam-
pling (D1051), almost three years after the beginning
of the experiment, micro-eukaryotic community com-
position, but not OTU richness and diversity (Fig. 2),
was still clearly different underneath the carcasses as
compared to the control plots or initial sampling (Fig.
5, S7). This points towards a slow recovery of micro-
bial eukaryotic communities following the disturbance
induced by cadaver decomposition.

Our results confirm the existence of successional
stages in soil micro-eukaryotic communities that cor-
respond to cadaver decomposition stages (Fig. 5, S3).
We distinguished two time periods with specific trends
in soil micro-eukaryotic community taxonomic and
functional composition. The period between active de-
cay and dry stage (between D8 and D64) was charac-
terised by an increase in bacterivores such as Chroma-
dorea nematodes, Cercomonadida and Fonticulida, and
a decrease in Fungi. Examples of taxa that increased
in relative abundance during this period include Fon-
ticula alba, different groups within the Cercomonadida
(Fig. S3). These taxa likely benefited from the increase
in bacterial biomass caused by the nitrogen and carbon-
rich cadaveric fluids (Fig. S2) and/or the subsequent
reorganisation of the food web. In addition, a stable
proportion of the community was assigned to pro-
tist parasites from genus Colpodella (Mikhailov et al.
2015) during the active and dry stages. Similar organ-
isms have been isolated from pig faeces (Bass et al.
2016), another N-rich environment. Thus, it can be
hypothesised that these organisms parasitize bacterivo-
rous micro-eukaryotes that thrive underneath carcasses
(Worley et al. 1979).

The period between remains and old remains stage
(between D64 and D1051) was characterised by an op-
posite trend with an increase in Fungi and a decrease
in bacterivores. These OTUs most likely did not ben-
efit directly from the release of cadaveric fluids and
nutrients in the initial decomposition phase but found
favourable conditions during these later stages. During
this period, community composition in cadaver-im-
pacted soils progressively became more similar to that
of non-impacted soils, without returning to the initial
community composition, possibly due to the accumula-
tion of dormant stages of CPIs. The speed of this re-
covery likely depends on the changes in environmental
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conditions, especially soil chemistry for which evi-
dence of cadaver impact was documented for PMIs up
to five years (Fancher et al. 2017) although effects may
vanish after three years (Anderson et al. 2013). Such
differences likely explain differences in community re-
sponses among studies and illustrate the need for more
studies in different settings. For instance, the coloni-
sation of taxa from nearby non-impacted soils might
speed up the recovery whereas priority effects might
slow it down.

Microbial “seed bank” and necrophagous hitch-
hikers

On average, 35% of the CPIs were also found in
low abundance at DO (Fig. 6). It is noteworthy that
this proportion remains rather stable (35% + 3 SD)
through the experiment, which could indicate that the
contribution of this “seed bank” to the CPIs is inde-
pendent of the PMI. Part of the soil micro-eukaryotic
seed bank is composed of taxa specifically adapted to
cadaver disturbance that would stay mostly dormant
in non-impacted soils (Lennon and Jones 2011). This
strategy is also observed in other highly variable habi-
tats such as vernal pools that dry up during the sum-
mer (Sisson et al. 2018). The changes in soils following
cadaver decomposition likely induce an increase in the
activity and relative abundance of these taxa. Howev-
er, roughly two thirds of the CPIs were not detected at
DO which would suggest that dispersal from elsewhere
(other soils or from the cadaver itself) is an important
alternative colonisation strategy. This dispersal can be
passive (wind) or mediated by necrophagous animals
such as flies, coleoptera, or larger scavengers (Perotti
and Braig 2009). Necrophagous hitchhiking is likely
to be the most successful strategy given the scattered
spatiotemporal distribution of cadaver-impacted soils.
These findings are in line with previous results (Met-
calf et al. 2016) and suggest the existence of two main
strategies for the colonisation of cadaver-impacted soils
by microbial eukaryotes: the soil micro-eukaryotic seed
bank and dispersal from elsewhere.

Cadaver-associated taxa: a field of mostly unknown
diversity

Our results provide evidence that the taxa specific
to cadaver-impacted soils are poorly known taxonomi-
cally as indicated by the lower PID of CPI in compari-
son to the CAI (Fig. 7 A). Importantly, the proportion of
indicator OTUs having a PID lower than 80% is much
higher for CPI than CAI. This is particularly true for

the period between 22 and 64 days after the beginning
of the experiment (Fig. 7 B). These results highlight
an important gap in our knowledge of the soil micro-
eukaryotic diversity associated with cadaver-impacted
soils. This gap has implications for our understand-
ing of the functional role of soil micro-eukaryotes in
the decomposition process and hampers potential use
of micro-eukaryotic taxa as bioindicators in a forensic
context from a taxonomic perspective.

CONCLUSIONS

Overall, our results confirm that cadaver decom-
position constitutes a major disturbance for microbial
eukaryotic communities that leads to a transient taxo-
nomic and functional reorganisation of the soil mi-
crobial food web. From day 8 to 64, the disturbance
induced by cadaver decomposition leads to a reorgani-
sation of communities in favour of bacterivores. Day 64
to 1051 corresponds to a slow recovery of communi-
ties where differences to the control soils progressively
diminish over time. This period is characterised by an
increase in Fungi and a decrease in bacterivores. In ad-
dition to these general trends, taxa specific of each de-
composition stage were identified. However, the taxon-
omy and ecology of these taxa remains poorly known
suggesting that carcass-impacted soils are unique and
very little studied habitats that host a mostly unknown,
yet functionally important micro-eukaryotic diversity.
Detailed characterization of the ecology and taxonomy
of these taxa is critical to further our understanding of
the role of microbes in cadaver-impacted soils.
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Supplementary Material

Table S1. Relative abundance of 1916 indicator OTUs at days 8,
15, 22, 33, 64, 300 and 1051, in the three replicates of the Control
(C), Fake pig (F) and Pig cadaver (P) plots with indication of the
p-Value of the IndVal analysis and taxonomic assignment from the
PR? database.

Fig. S1. Taxonomy assigned to the overall OTU found below
carcass un-impacted (tCA) and impacted (tCP) soils. The propor-
tions are calculated on the relative abundance of each OTU in each
sample.

Fig. S2. Relationship between the postmortem interval (PMI) and
the calculated accumulated degree days.

Fig. S3. Amount of carbon (C), nitrogen (N) and C/N ratio in soils
impacted by cadaver (green), fake cadaver (red) and control (black).
The grey bars represent standard error

Fig. S4. Taxonomic proportions of micro-eukaryotes through time.
The number above the pie charts indicate the PMI.

Fig. S5. Redundancy analysis calculated on the protist communities
retrieved from soil impacted fake cadaver (red) and control (black).
The arrows show the change in community through PMI and the
black dot show the initial communities.

Fig. S6. Bioindicators OTUs of a given PMI (one to seven sam-
plings in a row) for communities found under decomposing pigs.
Black, red and green lines represent the control, fake pig and ca-
daver treatments respectively. The grey bars represent the standard
error for each sampling and treatment.

Fig. S7. Density distribution of soil micro-eukaryotic indicator
OTUs of carcass absence (blue) or presence (green) in function of
their abundance in their respective dataset (transformed by centred
log ratio: CLR). The black boxes show the 1st and 3rd quartiles of
the distribution while the vertical line indicates the median of the
distribution. As the sum of the CLR transformed dataset in each
sample is 0, it is normal to have OTUs with a CLR sum below 0.
The barplots on the top right corner indicate the proportion of the
overall soil protist diversity corresponding to the carcass absence
(CAL, blue) and presence (CAP, green) indicators.

Fig. S8. Difference in the NMDS coordinates (from Fig. 3) between
protist OTUs communities of a given PMI and the initial sampling
(grey) or the control of the given PMI (black). All differences were
calculated within blocks.

Fig. S9. Taxonomic proportions of carcass absence indicators
through time within the cadaver un-impacted plots. The number
above the pie charts indicate the PMI. The pie of Day0 indicates the
relative abundance of carcass indicators found at DO. Organisms be-
longing to underrepresented clades at taxonomic level 2 are pooled
into the category “rare_tax lev 2”.



