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ABSTRACT

Plant detritus is abundant in grasslands but decomposes slowly and is relatively nutrient-poor, whereas animal carcasses are
labile and nutrient-rich. Recent studies have demonstrated that labile nutrients from carcasses can significantly alter the long-
term soil microbial function at an ecosystem scale. However, there is a paucity of knowledge on the functional and structural
response and temporal scale of soil microbiomes beneath large herbivore carcasses. This study compared microbiome functions
and structures of soil beneath Connochaetes taurinus (hereafter ‘wildebeest’) carcasses at various postmortem intervals of de-
composition to matched control samples over 18 months. Microbial functions were compared by their community-level physio-
logical profiles determined by sole-carbon substrate utilisation and structures by metagenomic sequences using 16S rRNA gene
markers. Overall metabolism and metabolic diversity remained increased and functionally dissimilar to control soils throughout
the experimental period, with successive sole-carbon substrate utilisation observed. Conversely, diversity was initially reduced
and structurally dissimilar from the control soil but recovered within the experimental period. The study contributes to the
knowledge of carcass decomposition by investigating the long-term soil microbiome dynamics resulting from large herbivore
carcasses decomposing in a mesic grassland. Microbial functional succession and ecologically relevant bacterial biomarkers of
soil beneath the decomposing carcasses were identified for various postmortem intervals.

1 | Introduction

Grasslands worldwide are rapidly degrading. They cover ap-
proximately 26% of the earth'sice-free land and contain approx-
imately 20% of its soil organic matter (SOM), the foundation
of soil nutrient availability, biological activity, environmen-
tal resilience and erosion control (Montanarella et al. 2015).
Grasslands are particularly suitable for herds of large ungu-
late herbivores and are of great agricultural and economic im-
portance (van As et al. 2012). When managed at low stocking
rates, large herbivores increase grassland plant diversity, pro-
ductivity and sustainability (Isbell et al. 2011). Grass, which is

relatively nutrient-poor and slow to decompose, is nonetheless
proficiently digested and absorbed by herbivores. The remain-
ing nutrients are redistributed into relatively small patches
when excreted as faeces and urine (Swift et al. 1979). Some
nutrients are immediately available to plants, whereas oth-
ers are returned to the soil (Owen-Smith 1999). Although the
herbivore carcasses themselves are labile, rapidly decompos-
ing and releasing nutrients, and are nutrient-rich, containing
high concentrations of nitrogen, phosphorus and potassium,
the nutrient losses from grasslands due to the removal of large
herbivores for human consumption and other purposes before
mortality have historically been deemed insignificant at the
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landscape ecosystem scale (Owen-Smith 1999; Parmenter and
MacMahon 2009). However, it has been suggested that the
structure of grassland soil microbiomes is driven by the qual-
ity of nutrient inputs over decades (Millard and Singh 2010;
Strickland and Wickings 2015).

Labile nutrients are more efficiently assimilated into the mi-
crobial biomass and utilised in metabolic products (Yang and
Janssen 2002; Carter, Yellowlees, and Tibbett 2007; Benninger,
Carter, and Forbes 2008; Cotrufo et al. 2013; Macdonald
et al. 2014; Strickland and Wickings 2015). An abundance of la-
bile nutrients, such as from an ungulate carcass, can shift the
soil microbial community beneath it towards a predominantly
copiotrophic community specialising in decomposing labile
nutrients rather than existing SOM. As the population of copi-
otrophs increases and then declines due to reduced labile nu-
trients, their biomass becomes the precursor for stable SOM,
leading to an increase in SOM. In contrast, a small invertebrate
carcass primarily primes the soil microbiome to produce more
enzymes, resulting in the utilisation and potential reduction
of existing SOM (Strickland and Wickings 2015). Therefore,
large carcasses may significantly alter ecosystem processes by
influencing long-term soil properties (Carter, Yellowlees, and
Tibbett 2007). Carcass decomposition is rapid, requiring spe-
cific metabolic pathways from the soil microbiota that hydrolise
the energy-rich, low molecular weight animal proteins, lipids,
and nucleic acids into fatty acids, organic acids, organic nitrogen
and phenols (Barton et al. 2013; Metcalf et al. 2013; Cobaugh,
Schaeffer, and DeBruyn 2015). The labile nutrients create short-
term accelerated microbial processes (hot moments) that result
in soil microbiomes with faster process rates and intensive in-
teraction (hotspots) that may exist for lengthy periods after the
nutrients have dissipated (Kuzyakov and Blagodatskaya 2015).
Recent studies have indicated that decomposing carcasses alter
ecosystem scale processes by the longevity of the hotspots,
demonstrating the ecological relevance of decomposing car-
casses (Yang and Janssen 2002; Carter, Yellowlees, and
Tibbett 2007; Benninger, Carter, and Forbes 2008; Strickland
and Wickings 2015; Cotrufo et al. 2013; Macdonald et al. 2014).
The microbial community functions of hotspots depend on the
competing ecological groups, namely r-strategists that grow
fast in abundant labile nutrients or K-strategists that can grow
with minimal nutrients (Fontaine, Mariotti, and Abbadie 2003;
Kuzyakov and Blagodatskaya 2015; van Elsas 2019). The com-
petition for nutrients by these ecological groups can be observed
through the dynamic succession of microbial taxa, which may
answer fundamental ecological and forensic questions.

Microbial functions are the foundation of soil quality, sta-
bility and resilience (Allison and Martiny 2008; Habig and
Swanepoel 2015). Changes in function are often inferred from
changes in microbiome structure. The highly conserved 16S
rRNA marker gene can accurately determine microbiome
structure. Some of the taxa identified by these marker gene
sequences are known to possess specific metabolic properties.
Therefore, microbiome metabolic functions can be predicted
based on the relative abundance of these marker genes within
a soil microbiome (Metcalf et al. 2016). The accuracy of these
inferences is questionable and spurious for complex microbi-
omes (Franzosa et al. 2018; Escalas et al. 2019). Furthermore,
it excludes functions derived from transposable elements and

plasmids, which often confers metabolic processes (Barton and
Northup 2011; Escalas et al. 2019; Nielsen and van Elsas 2019).
Therefore, methods that analyse the function directly, such as
oxygen consumption assays (Gomez and Garland 2012), mul-
tiple substrate-induced respiration (Singh et al. 2018), enzyme
activity assays (Scola et al. 2018) and sole-carbon substrate util-
isation (Garland 1997; Pechal et al. 2013; Heo et al. 2021) are
often utilised, although these methods only include the fraction
of culturable microbiota (Amann, Ludwig, and Schleifer 1995).

Carcasses progress through six stages of decomposition
(fresh, bloat, active decay, advanced decay, dry and remains)
(Payne 1965). Their rate of decomposition and the microbi-
ome functional and structural successions of the soil beneath
are influenced by the carcass mass (Singh et al. 2018), the a
priori microbial structures and functions of the soil (Lauber
et al. 2014; Dalemberg and Jager 1981; Fontaine, Mariotti, and
Abbadie 2003), temperatures, humidity, precipitation and ul-
traviolet (UV) radiation (Cotrufo et al. 2013; Singh et al. 2018;
Tiao et al. 2012; Puissant et al. 2015). Silva et al. (2022) observed
that increasing UV radiation and a 5°C-10°C rise in air tem-
perature significantly enhanced the catabolism of polymers,
carbohydrates, carboxylic acids, amines and amino acids in
the soil microbiota. In addition, they noted changes in the rel-
ative abundance of alpha-, beta- and deltaproteobacteria, as
well as Clostridia. Moreover, access to the carcass by necroph-
agous invertebrates and scavengers significantly influences the
decomposition process and the surrounding soil microbiome
(Benninger, Carter, and Forbes 2008; Aitkenhead-Peterson
et al. 2012; Crippen, Benbow, and Pechal 2016). These aspects
have predominantly been studied within forensic contexts, fo-
cusing on determining the circumstances surrounding death,
indicating particulars such as the individual's height-to-weight
ratio (Mason et al. 2022), and estimating the postmortem interval
(PMI), using soil nutrients, pH and microbial biomarker succes-
sion as indicators. Most existing literature examines relatively
small carcasses over short durations (less than 1year) (Lauber
et al. 2014; Cobaugh, Schaeffer, and DeBruyn 2015; Metcalf
et al. 2016; Weiss et al. 2016; Singh et al. 2018; Heo et al. 2021;
Mason, Taylor, and DeBruyn 2023), primarily utilising human
corpses and human-like animal carcasses such as swine (Sus
scrofa) and rodents due to their similarities in mass, decay rates
and skin structure. A lack of research using carcasses exceed-
ing 50kg and further research using a variety of larger carcasses
over extended periods in different ecosystems with varied en-
vironmental conditions has been recommended for forensic
and ecological purposes (Barton et al. 2013; Weiss et al. 2016).
To obtain the ecologically relevant biomarkers, metagenomic
analysis that supports high-dimensional class comparisons and
determines the magnitude of enrichments (biologically relevant
taxa) is essential (Segata et al. 2011).

The grasslands of southern Africa are unique for their extraordi-
nary number and diversity of large-bodied herbivores, including
Connochaetes taurinus (wildebeest) (140-410kg) and numerous
predators and scavengers (Jones, Strauss, and Holekamp 2015).
Besides their mass, wildebeest are herbivores with robust skin
structures, properties rarely described in existing carcass de-
composition literature (Towne 2000; Macdonald et al. 2014;
Risch et al. 2020). In addition, up to 386kg/km? of herbivore
carcasses have been recorded annually in natural grassland and
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savannah woodlands in southern Africa (Jones, Strauss, and
Holekamp 2015), and up to 6250 river drownings (Subalusky
et al. 2017), shaping the respective microbiomes, ecosystem nu-
trient budgets and their decomposition dynamics. Considering
the degradation of grasslands, their relevance to ecosystem
maintenance as carbon sinks (Smith 2014) and their economic
and agricultural importance, our understanding of the effects
of decomposing carcasses on soil microbiomes is crucial. It
was hypothesised that distinct changes in overall metabolism,
substrate utilisation, and bacterial community composition
would be observed at different PMIs, as characterised by Biolog
EcoPlates and 16S rRNA gene sequencing. The study describes
specific metabolic functions and bacterial biomarkers of ecolog-
ical relevance during large carcass decomposition.

2 | Experimental Procedures
2.1 | Study Area and Sampling

The study was conducted at the Telperion Nature Reserve in
South Africa (25.7039°S, 28.9814°E; 1300+ 120m ASL), which
is within a mesic-grassland and bushveld biomes ecotone
(Visser et al. 1961) and has a dry-winter subtropical highland cli-
mate (Mucina and Rutherford 2006). Ten wildebeest carcasses
(209-247kg) were obtained from the reserve's culling process
(January 2019). The wildebeest were humanely euthanised with
a single shot to the head using a small calibre hunting rifle.
They were then secured to metal grids while fresh and placed
within typical grassland vegetation on level ground, more than
900m apart (Figure S1). Soil samples were aseptically collected
(0-10cm depth) within 1 month after the carcasses had ruptured
and at 6-, 12- and 18-month PMIs. Three soil samples were col-
lected below each carcass (head, thorax, hindquarters) and com-
posited as a Beneath sample replicate, and three soil samples
were collected at a 5-m radius from each carcass and composited
as its Control sample replicate (Figure S2). The 80 samples were
placed in Ziploc bags and kept at 4°C. Within 24 h, a portion of
each sample was removed and used in the soil microbial func-
tion analysis, and the remainder was frozen at —80°C.

2.2 | Microbiome Function
2.2.1 | EcoPlate Preparation

Sole-carbon substrate utilisation analysis vis functional analy-
sis was performed using Biolog EcoPlates as described by Habig
and Swanepoel (2015), with some modifications. The soil sam-
ples were aseptically sifted through a 2-mm steel mesh to re-
move roots and pebbles. Aliquots were made by adding 10g of
soil to 90mL of sterile ultra-pure water in a glass vessel. The
vessels were placed in a shaking incubator for 1h at 200rpm
(25°C) to liberate the soil microbiota and then kept stationary
for 1h to facilitate particle precipitation. The supernatant was
diluted (1:3000) and inoculated (150 uL per well) into the 96-well
EcoPlates containing a triplicate of 31 environmentally relevant
sole-carbon substrates and a blank well. The plates were incu-
bated at 25°C for 216h, and the optical density (OD) of colour
development, produced by tetrazolium salts in all the wells, was
measured at 590 nm daily.

2.2.2 | Community-Level Physiological Profiling

The OD values of the substrate-containing wells were corrected
by subtracting blank-well values and substituting negative val-
ues with 0. The phases of average well-colour development
(AWCD) (lag, exponential or stationary), the number of unre-
sponsive wells, colour development outside the linear OD range,
and the variance between well-colour development were used
as criteria (Weber and Legge 2010) to select a single incubation
time point (144 incubation hours) to compare the microbial
function. AWCD, which indicates the total metabolic function
(Pechal et al. 2013), Simpson's diversity (Simpson 1949) and
Pielou’s evenness index values were compared between groups.
The OD values were Wisconsin double-standardised (Legendre
and Legendre 2012), and the Bray-Curtis dissimilarity index
values (Bray and Curtis 1957) were calculated using the (vegdist:
vegan-package version 2.6-4) (Oksanen et al. 2023). The dissim-
ilarities were compared by rank order analysis of dissimilarity
(ANOSIM) (anosim: vegan-package) (Clarke 1993), multivariate
analysis of variance (PERMANOVA) (Anderson 2001) (adonis2)
and beta dispersion (PERMDISP) (Anderson, Ellingsen and
McArdle 2006) (betadisper) using 9999 random permutations.
Non-metric multidimensional scaling (nMDS) (Kruskal 1964)
was performed on the dissimilarity results and visualised using
the ggplot2 package (Wickham 2016). The 31 carbon substrates
were grouped into six substrate guilds (Table S1), representing
their chemical nature (Rutgers et al. 2016), and the similarity
percentages (SIMPER) between the groups were calculated
(Clarke 1993). The differences in mean substrate-guild utilisa-
tion were compared (Zak et al. 1994).

2.3 | Soil Nutrient Analysis

Soil nutrient contents of the Control and Beneath groups from
sample Sites 2, 4, 5 and 8 (n=4) (Figure S1) of each PMI were
analysed by the Institute of Soil, Climate and Water of the
Agricultural Research Council of South Africa. Ammonium
and nitrate ion contents were measured using the potassium
chloride extract method (ISO 2003), and sulphate was measured
using a 1:10 soil water extraction method (ISO 1995). After
filtration, the ion contents were measured using spectropho-
tometry. Phosphorus content was measured using the Bray 1
method (Bray and Kurtz 1945). A redundancy analysis (RDA)
was performed using the forward selection approach (Blanchet,
Legendre, and Borcard 2008) of the soil nutrients most likely
to explain the dissimilarity in microbial function between the
groups at the same PMI.

2.4 | Microbiome Structure
2.4.1 | Dataset Creation and Analysis

The environmental DNA of the soil samples from Sites 2, 4, 5
and 8 (n=4) (Figure S1) of each PMI were recovered and pu-
rified using the Dneasy PowerSoil DNA isolation kit (Qiagen,
Valencia, CA, USA). Omega Bioservices (Norcross, USA)
amplified the V3-V4 region of the 16S rRNA genes using the
341F-785R primer pair. The amplicon DNA was sequenced
with an Illumina MiSeq v3 platform using the KAPA HiFi
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PCR kit (KAPA Biosystems 2024) and provided 300 base-pair
(bp) forward and reverse sequence reads (adapters removed) in
FASTAQ files.

The divisive amplicon de-noising algorithm (DADA) was ap-
plied to the FASTQ files using the dada2 package version 1.26
(Callahan et al. 2016) to remove sequence reads containing
errors. The default pipeline was used for quality filtering apart
from the maximum expected errors, which was set to two and
three for forward and reverse reads with the filerAndTrim
function. In addition, the first 25 and last 10 nucleotides were
trimmed from each read, and only forward and reverse reads
of more than 270 and 205 were included in the downstream
analysis. The paired-end reads were merged with the merge-
Pairs function using the default minimum overlap of 12bp
with no bp mismatches. De novo chimaeras were detected and
removed (6.7%), and taxonomy was assigned to the remain-
ing amplicon sequence variants (ASVs) from the SILVA rRNA
reference database (release 138.1) (www.arb-silva.de/) (Quast
et al. 2013).

Results from the DADA analysis were analysed using the
phyloseq package version 1.41 (McMurdie and Holmes 2013).
Rarefaction curves were created (Figure S7) to establish sam-
ple coverage, and the sampling depths were normalised by
random subsampling (rarefying) the data to 41,094 subsa-
mples (Lin and Peddada 2020) using the rarefy_even_depth
function and reduced the gene inventory from 24,570 to 24,080
unique ASVs. Observed richness and inverse Simpson's diver-
sity index values (Simpson 1949) were estimated using the
estimate_richness function and statistically compared for the
different groups at the same PMI and the same group at differ-
ent PMIs. Principal coordinate analyses (PCoA) (Gower 1966)
were performed using the ordinate function, PERMANOVA
and PERMDISP was performed to establish if there were sig-
nificant differences between the groups and the ordination
results were illustrated using the rgl package version 1.3.1 and

ggplot2.

A subset of the normalised data, including only bacteria and
excluding unassigned ASVs, was processed through the linear
discriminant analysis (LDA) effect size (LEfSe) algorithm. The
LEfSe algorithm was applied through the run_lefse function of
the microbiomeMarker package version 1.3.2 (Cao et al. 2022).
The algorithm uses the Kruskal-Wallis rank-sum test to indi-
cate significant differences between class abundances. Then, it
uses the Wilcoxon rank-sum test to compare the subclasses of
the identified classes to test for statistical differences in abun-
dance (p <0.05). LDA was used to estimate the effect size of the
identified classes and subclasses (LDA score >2.5), indicating
them as biomarkers most likely to explain the differences be-
tween the groups and PMIs. The discovered biomarkers were
illustrated in a cladogram using the plot_cladogram and plot_
ef_bar functions as they were the most relevant biomarkers at
each PMI (Segata et al. 2011; Lin and Peddada 2020).

All statistical analysis was performed in R version 4.3.3 (R Core
Team 2023). The Wilcoxon signed-rank (Wilcoxon 1945) (wil-
cox. test function, paired =TRUE) and the Kruskal-Wallis rank-
sum tests (Kruskal and Wallis 1952) (kruskal.test) were used to
compare two and multiple independent groups for statistically

significant differences. Significant results in the Kruskal-Wallis
test were followed by the post hoc Dunn's test (Dunn 1964)
(DunnTest; DescTools) for pairwise comparisons. Dunnet's test
(Dunnett 1955) (DunnettTest; DescTools) was used to compare the
Beneath groups at different PMIs to a composite control. Results
were adjusted with the Benjamini-Hochberg (BH) adjustment
for a false discovery rate (Benjamini and Hochberg 1995) and
considered statistically significant at a p <0.05.

3 | Results and Discussion
3.1 | Site Description and Carcass Decomposition

The mean ambient temperatures of the study area were between
5°C and 23°C, with an annual mean of 40mm of rain during
the dry-winter periods (May-September) and between 15°C
and 28°C with 510mm of rain during the wet summer period
(November-March) (Figure S3) (SAWS 2021). The vegetation
was heterogeneous, consisting of grassland and woodland com-
munities. Common grassland species include Fimbristylis hispi-
dula, Cleome rubella, Eragrostis curvula, Phyllanthus parvulus,
Cynodon dactylon and the encroaching shrub Seriphium plumo-
sum and Kyllinga brevifolia and Perotis patens in the degraded
grassland areas (Graham, Barrett, and Brown 2020).

The stages of carcass decomposition were categorised as fresh,
bloated, active decay, advanced decay, dry and remains by their
maggot activity and appearance (Figure S4) (Payne 1965).
Within 1month, when the first soil samples were collected,
some carcasses were in active decay while others were in ad-
vanced decay (Figure S5A,B). Some carcasses were intact but dry
at 6 months, whilst others were scattered remains (Figure S5C).
At 12 and 18 months, very little remained of the carcasses apart
from hair and bones (Figure S5D,E). Small to medium-sized
vertebrate scavengers intermittently disturbed the carcasses
(Figure S5F), but large sections of the carcasses had not been
removed. The wildebeest carcasses had entered the bloat stage
within 24 h, and anaerobic microorganisms would have released
enzymes, hydrolysing carbohydrates, proteins and lipids and
producing organic and inorganic gasses (Benninger, Carter, and
Forbes 2008; Forbes and Carter 2015). Internal pressure from
the gas causes the bloating, which leads to the purging of fluids
and eventual rupture of the carcasses. The difference in stages
of decomposition observed at the first sampling time point may
have resulted from variations in the extent of carcass rupture,
exposure to the soil microbiota (Lauber et al. 2014), insect, mite
and nematode activity (Weiss et al. 2016; Heo et al. 2021) and
vertebrate scavagers (Figure S5F).

3.2 | Functional Succession
3.2.1 | Community-Level Physiological Profiles

After 1 month, during active to advanced decay, the average co-
lour development of the EcoPlates vis overall metabolic func-
tion of the Beneath group was significantly different (Wilcoxon
signed-rank: V=50, p<0.002) from the control soil, having a
twofold increase in Ecoplate OD measurements (Table 1). The
metabolic function remained significantly different throughout
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TABLE1 | Community-level physiological profiles compared after 144 incubation hours.

Mean overall metabolism and functional diversity (xSEM)

Control Beneath Control Beneath
1 Month 6 Months
AWCD 0.41+0.05% 1.06+0.028 0.08 +0.024 0.30+0.08B
D? 18.8+1.084 24.6+0.83B 8.8+1.144 13.7+1.478
J 0.91+0.01* 0.96+0.01B 0.75+0.04* 0.83+0.02F
12Months 18 Months
AWCD 0.31+0.054 0.42+0.06" 0.11+0.024 0.18+0.028
D? 15.5+1.304 20.2+1.108 11.0+1.264 17.8+1.038
J 0.87+0.014 0.92+0.019 0.80+0.024 0.90+0.018

Note: The average well-colour development (AWCD), inverse Simpson's (D?) and Pielou’s evenness (J') index values are indicated with the standard error of the mean
(SEM). The letters indicate significant differences (Wilcoxon signed-rank: p <0.05, n=10) in the median of paired observations between the Control and Beneath
groups of the same postmortem interval (the same letter indicates no significant difference).

the experimental period (Table S2). The results revealed that the
increase in overall metabolic function is not analogous to the
ephemeral nature of carcass decomposition, having not been
reduced to control levels after the carcasses were completely de-
composed. A similar increase in overall metabolic activities was
observed by Cobaugh, Schaeffer, and DeBruyn (2015) beneath
human cadavers during the advanced decay stage by measur-
ing soil CO, production. However, their study ended before the
dry stage of decomposition. Alpha diversity, measured by the
inverse Simpson's diversity (D?) and Pielou's evenness (J') index
values, remained significantly elevated (p <0.05) in the Beneath
group compared to controls throughout the entire experimental
period (Table 1), indicating the enduring impact of carcass de-
composition on soil microbiome functional diversity.

Preliminary analysis identified seasonality as a confounding
factor affecting beta diversity (functional dissimilarity), with
Control group time points from different seasons (wet and
dry) showing statistically significant dissimilarity (p<0.05).
Consequently, functional dissimilarity comparisons were lim-
ited to Control and Beneath samples collected at the same time
points. Similar to alpha diversity, functional dissimilarity be-
tween the groups remained significantly different (p<0.05)
throughout the experimental period. nMDS ordination plots
of Bray-Curtis dissimilarities (Figure 1a) illustrate that within
1 month, the Beneath group formed a small cluster separate from
the Control group, which was more dispersed. Analysis of sim-
ilarity indicated that the groups were significantly dissimilar,
having only some similarities in substrate utilisation (ANOSIM:
R=0.35, p<0.001). Although the difference remained statis-
tically significant throughout the experimental period, dis-
similarities steadily decreased. At 6 months, the groups were
classified as different with some similarities (ANOSIM: R=0.26,
p=0.001) and at 12 and 18 months, they were similar with some
differences (R<0.25). Within 1month, the group dispersions
around their geometric centres (Figure 1b) were significantly
different (PERMDISP: F, ,=20.88, p<0.001), and the group
geometric centres were different (PERMANOVA: F1,18:4.20,
R?=0.19; p<0.001). These parameters remained significantly
different (p <0.05) between the groups throughout the experi-
mental period.

The functional diversity and dissimilarity results place the effect
of large herbivore carcasses past 18 months and support obser-
vations (Strickland and Wickings 2015; Singh et al. 2018) that
decomposing carcasses have along-term influence on the soil mi-
crobiome processes of their immediate environment. Increased
functional diversity advances ecosystem functioning (Carter,
Yellowlees, and Tibbett 2007; Parmenter and MacMahon 2009;
Strickland and Wickings 2015; Maron et al. 2018; Escalas
et al. 2019). Although carcass decomposition has historically
been deemed irrelevant because of its rapid decomposition,
uneven distribution and minimal nutrient contribution to the
total landscape (Owen-Smith 1999). The short-term availability
of labile carcass nutrients created hot moments of accelerated
microbial processes observed in the twofold increase in overall
metabolism. The hot moments created long-term hotspots with
greater overall metabolic potential and functional diversity that
persisted for over 18 months. Intermittent hot moments may have
an accumulative effect on the microbial dynamics at an ecosys-
tem scale (Kuzyakov and Blagodatskaya 2015), which is linked
to ecosystem functions (Escalas et al. 2019), improved soil fertil-
ity and climate regulation (Delgado-Baquerizo et al. 2016).

3.2.2 | Substrate-Guild Utilisation

Within 1 month, amino acid and amine utilisation were signifi-
cantly increased (Wilcoxon: V=0, p=0.002; V=2, p=0.006) and
polymer utilisation was significantly reduced (V=49, p=0.027)
(Figure 2a) beneath the carcasses. The SIMPER analysis of
substrate-guild utilisation indicates that amino acids, which
consist of an amino and carboxylic acid group, and amine con-
tributed 44% to the functional dissimilarity between the Beneath
and Control groups. Polymers contributed 19.7% to dissimilarity
(Table 2). Proteases from the bacteria degrade proteins from the
carcasses into amino acids. Some amino acids are deaminated
to carboxylic acids and ammonia or decarboxylated to amines
and carbon dioxide (Forbes and Carter 2015). The biogenic
amines, such as putrescine, can be deaminated and oxidised
to carboxylic acids, such as y-aminobutyric acid (Luengo and
Olivera 2020). Arginine, putrescine and y-aminobutyric acid are
included as sole-carbon substrates in EcoPlates. The decreased
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FIGURE 1 | Dissimilarity and dispersion of substrate utilisation for the four postmortem intervals. (a) Non-metric multidimensional scaling

(nMDS) indicates stress values, analysis of similarities (R) and statistical significance (p). (b) Box plots illustrating 8-dispersion around the group's

geometric centre. Significant differences are indicated as; ***p <0.001, **p <0.01, *p <0.05.

polymer utilisation resulted from the increased availability
of labile, low molecular weight, high-energy amino acids and
amines (Fontaine, Mariotti, and Abbadie 2003), which are pre-
ferred as they rapidly incorporate into the citric acid cycle, gly-
colysis and the pentose phosphate pathways (Koner et al. 2021).
Increased free amino acids and peptides in soil and their utili-
sation by soil microbiota have been reported up to six months
postmortem beneath kangaroo carcasses (17-80kg) (Macdonald
et al. 2014). Our results show that amino acid utilisation was not
significantly elevated after 6 months (Figure 4b,c).

Carboxylic acid utilisation was significantly increased (V=4,
p=0.014) beneath the carcasses at 6 months (Figure 2b), ac-
counting for 23% of the functional dissimilarity (Table 2). It re-
mained significantly increased (V=38, p=0.049) after 12months
(Figure 2c). Polymer utilisation was also notably elevated at
12months, although not statistically significant. Carboxylic
acids with aliphatic chains (fatty acids) are produced by the hy-
drolysis of lipids and the fermentation of carbohydrates (Forbes
and Carter 2015). The mounting pool of carboxylic acids stimu-
lated the soil microbiomes' carboxylic acid utilisation potential
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FIGURE 2 | Stacked bar chart of the SIMPER analysis dissimilarity contribution percentages of various substrate guilds, illustrating the relative
impact of each substrate guild on the overall community dissimilarity at 1, 6, 12 and 18 months postmortem intervals.

TABLE 2 | Soil nutrient measurements.

Soil nutrients (ppm + SEM)

Control Beneath Control Beneath
1Month 6 Months
NH, 13.8£1.24@ 314.3+43.25@ 10.9+0.9A® 352.8+65.85@
NO, 1.3+0.3A@ 1.3+0.28@ 2.4+0.3A@ 80.0+12.25()
P 3.2+1.42@ 54.1+6.64@ 5.8+1.98@ 304.3+16.55)
SO, 18.4+1.7A® 155.3+£35.15@ 14.1+1.48@ 152.2+49.35@
12Months 18 Months
NH, 11.8+1.3A® 71.0+£41.9A® 14.0+2.30@ 49.8+22.94@
NO, 1.8+0.64@ 42.9+28.18® 3.4+1.35@ 13.2£8.940)
P 4.1£2.08@ 242.6+44.3800) 5.5+2.4A@ 210.7+8.65©)
SO, 22.5+4.6A@ 36.7+£22.0®) 19.9+3.84@ 28.4+13.1A®

Note: Significant differences (Dunn's: N=4, p<0.05) in the median ammonium (NH,), nitrate (NO,), available phosphorus (P) and sulphate (SO,) content between the
Control and Beneath groups of the same postmortem intervals are indicated by different capital letters and between the same group at different postmortem intervals
are indicated in brackets (). Mean values in parts per million (ppm) + standard error of the mean (SEM).

(Grayston et al. 2001), resulting in increased utilisation at 6 and
12months.

Rutgers et al. (2016), and we, similarly, address specific car-
bon substrates further. Increased utilisation of substrates, a-
cyclodextrin and glycogen (Table S1) contributed most to the
increase in polymer guild utilisation. These substrates contain
glucose subunits, thus being a subcategory of carbohydrates.
Carbohydrate and polymer utilisation contributed 37% to the
observed dissimilarity (Figure 1). The increased utilisation of

After 18 months, significant increases in the polymer (V=11,
p=0.106), carbohydrate (V=7, p=0.037) and amine (V=5,
p=0.019) utilisation were observed (Figure 4d). As energy-
rich low-molecular-weight substrates (amines and amino

acids) are exhausted, high-molecular-weight lower-energy
substrates, polymers and carbohydrates are utilised (Fontaine,
Mariotti, and Abbadie 2003). Underlying microbial func-
tions within EcoPlate substrate guilds have been observed by

glucose-containing substrate corresponds with observations
by Singh et al. (2018), although they estimated the increase in
glucose utilisation to be between 8 and 12 months postmortem
below human corpses.

7 of 16



Underlining functions were also observed within the amine
guild. The increased utilisation of amines observed within the
first months (Figure 3a) resulted from the significant (p =0.027)
increases in phenylethylamine utilisation (Table S1), whereas
after 18 months (Figure 3d), it resulted from an increase in pu-
trescine utilisation (p=0.049). Amine utilisation contributed
21% to the observed functional dissimilarity after 18 months
(Figure 1).

3.3 | Soil Nutrients

Significant differences in ammonium, sulphate, nitrate and
phosphorus content could not be detected between the control
samples of different PMIs (Kruskal-Wallis: p>0.05) (Table 2),
validating a 5-m radius from the carcasses (Figure S2) as a
boundary beyond which control samples could be recovered.
As the Beneath group PMIs had significant differences, Dunn's
test was conducted to compare the Control and Beneath groups
at the same and different PMIs. After a month of decomposi-
tion, ammonium increased 20-fold (Dunn's: z=2.68, p<0.015),
and sulphate increased 8-fold (z=2.26, p=0.042) beneath the
carcasses and remained significantly increased after 6 months

(NH,: z=3.51, p=0.006; SO,: z=3.03, p=0.017). The in-
creases in ammonium and sulphate may be attributed to the
deamination of amino acids to carboxylic acid (Parmenter and
MacMahon 2009; Forbes and Carter 2015). Although nitrifica-
tion of ammonia ordinarily starts 3days after its augmentation
to soil (Webster et al. 2005), it was not evident beneath the car-
casses after a month of decomposition despite the abundance
of ammonium (Table 2). As Aitkenhead-Peterson et al. (2012)
and Keenen et al. (2018) observed, undisturbed carcasses cre-
ate an anaerobic environment beneath them, possibly prevent-
ing nitrification. Keenen et al. (2018) further indicated that the
depletion of soil O, was accompanied by increased respiration
without change to soil moisture, indicating that the stimu-
lated heterotrophs were consuming the oxygen. They further
suggested that soil oxygen availability was a chemical param-
eter to delineate vertebrate decomposition into three distinct
biogeochemical phases. The heavy wildebeest carcasses were
relatively undisturbed, releasing copious amounts of nutrients
into the soil until they were lighter from desiccation and could
be moved by the scavengers (Figure S5F). After 6 months, the
mean nitrate levels had increased 33-fold beneath the carcasses
(z=2.22 p<0.036) (Table 2) and were still elevated by 12months
(z=2.43, p=0.026).

a One month b Six months
0.51 * 101
' 05
0.0 * él* $+ : —
: 0.0 E
051 - )
05 :
92
g
% c Twelve months d Eighteen months
q) * * * *
S . ' )
ﬁ 0.5 ‘ * 0.51 _ ﬁ
0.0 é S* 0.0 ’ * * : '_‘i'
051 . . -0.51
?SQ(\% \)S(\q‘?‘ & C}&‘ Qvé‘\ Q\{\Q ?_6\(\% \-;SQQ?‘ = C}& < & . &

Substrate guild
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B Beneath

FIGURE 3 | Relative utilisation of the substrate guilds: Amines (Amns), amino acids (AmnA), carbohydrates (Crbh), carboxylic acids (CrbA),
phenols (Phnl) and polymers (Plym) at 1, 6, 12 and 18 months after carcass placement. Values were compared at 144 h of incubation. Significant dif-

ferences (Wilcoxon signed-rank test) between group means are indicated as ***p <0.001, **p <0.01, *p <0.05 (n =10).
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At 1month, phosphorus beneath the carcasses was elevated
but not statistically different from the control sample (z=1.77,
p=0.082). At 6months, it had increased 52-fold compared
to controls (z=2.94, p<0.012) and remained significantly
elevated throughout the experiment (Table 2). Benninger,
Carter, and Forbes (2008) observed a rapid increase in phos-
phorous beneath swine (S. scrofa) carcasses, culminating at
15days and decreasing through a sampling period of 100 days.
Phosphorus content is proportionate to body weight and at
different ratios to body weight in different species (Parmenter
and MacMahon 2009). The amounts of phosphorus con-
tained in wildebeest are more comparable to Bos bison (bison)
(>318kg). Soil from beneath bison reportedly contained
200 ppm phosphorus after 12months and remained signifi-
cantly increased for 3years (> 100 ppm) when measurements
ceased (Towne 2000).

A RDA (Figure S6), performed to evaluate the association be-
tween soil nutrients and microbial function beneath the car-
casses, indicated that ammonium was significantly (p=0.016)
linked to the variance in substrate-guild utilisation and ac-
counted for 40% of the variance 1-month postmortem. At
6months, nitrate and phosphorus significantly (p=0.031) ex-
plained 46% of the observed variance, correlating with the
Beneath group's carboxylic acid, polymer and amino acid util-
isation. The soil nutrients were independent of the substrate
utilisation at 12months; however, after 18 months, phosphorus
correlated significantly (p <0.037) with polymer, carbohydrate
and amino acids utilisation.

3.4 | Structural Succession
3.4.1 | Richness and Diversity

Seasonal climate variations have a weak but significant effect
on the diversity of soil bacteria (Zhao, Shu, and Hao 2022).
Therefore, the Beneath and Control samples of the same time
point were compared, eliminating seasonal variation as a con-
founding factor. Significant reductions of the species richness
(Observed) and inverse Simpson's diversity index values were
measured beneath the carcasses after 1month (Figure 4).
The abundance of labile nutrient-rich proteins and lipids may
be causing some taxa to dominate the microbial community.
The richness and diversity recovered sigmoidally, and after
12months, species richness and, at 18 months, diversity was
no longer significantly (p <0.05) different from the control soil.
Reduced diversity has been observed beneath rodent and swine
carcasses in short (< 2months) and long-term studies (Metcalf
et al. 2013; Weiss et al. 2016) and a long-term study (24 months)
with human cadavers (Singh et al. 2018). Conversely, Cobaugh,
Schaeffer, and DeBruyn (2015) indicated that richness and di-
versity remained similar to control soil during active decay and
only increased during advanced decay (3-6months) beneath
human cadavers.

The Control group had significant differences in species rich-
ness between different PMIs (Kruskal-Wallis: y>=11.5, df=3,
p<0.009) as the 12th and 18th month's richnesses were signifi-
cantly (Dunn's: p <0.05) reduced compared to the sixth month
(Figure 4). Singh et al. (2018) found a significant decrease

(p<0.05) in richness at 1 m, but not 5m, from human cadavers
(47-153kg) and suggested that the effect of decomposition is not
limited to the soil directly beneath the decomposing bodies. The
reduction in the richness that we observed in the 5-m Control
soil from substantially larger carcasses (209-247kg) was not a
result of nutrients (ammonia, nitrate, sulphate and phospho-
rus) seeping from the carcass to that radius, as indicated by the
soil nutrient results (Table 2). The reduced richness may have
resulted from the bioturbation of the surrounding soil (West
and Whitman 2022) by animals that frequented the carcasses.
However, species diversity was not significantly different in the
Control soil.

3.4.2 | Compositional Dissimilarities

The Control group maintained compositional homogene-
ity and stability over 18months with ordination centroids
(PERMANOVA: F3,11 =0.62, R>=0.14; p=0.993) and dispersion
(PERMDISP: F;,,=0.73, p=0.572) not being statistically dif-
ferent over time (Figure 5). The Beneath group formed distinct
clusters with different centroids (PERMANOVA: F,,=8.12,
R*=0.67, p=0.001) and dispersions (PERMDISP: F, ,=3.50,
p=0.039) at the different PMIs. A pairwise comparison of
Beneath group centroids revealed that the 1-month PMI differed
significantly from the 6-month interval and that the 1- and 6-
month intervals differed from 12- and 18-month intervals, sug-
gesting that the microbiomes changed successively. The 12- and
18-month intervals did not differ (pairwise PERMANOVA:
F1,6=1.04, R?=0.15, adjusted p=0.374); thus, the succession
rate had been reduced. A pairwise comparison of dispersion
revealed that the sample replicates at 1 and 6 months were less
dispersed (adjusted p <0.05) than the 12 and 18 months, which
overlapped substantially (Figure 5), indicative of the subsample
replicate differences increasing.

Significant dissimilarities (PERMANOVA: p<0.05) between
the Beneath and Control groups were observed (Figure S8)
at the 1-, 6- and 12-month PMIs. After 18 months, the groups
were no longer different (PERMANOVA: F, ;=1.78, R*=0.26,
p=0.143) as the Beneath group returned to a structure similar
to the Control group. Cobaugh, Schaeffer, and DeBruyn (2015)
suggested a possible return to the original community structure
of soil beneath human cadavers (50-77kg), having monitored
dissimilarities to a control group over 7 months; however, it was
not observed in the experimental period. Our results suggest
that soil beneath large herbivore carcasses (209-247kg) had re-
turned to a community structure similar to the Control soil after
18 months, as the null hypothesis of no significant difference in
dissimilarity could not be rejected after 18 months.

3.4.3 | Bacterial Biomarkers

Over 350 taxa were significantly (Kruskal-Wallis and Wilcoxon:
p<0.05) enriched throughout the experimental period
(Table S3), many of which have been observed in the existing
literature. Only the ecologically relevant bacterial biomarkers
(LEfSe: p<0.05, LDA log,,>2.5) of various taxonomic levels,
identified by comparing pooled Control to the Beneath groups
at different PMIs, are illustrated in Figure 6 and discussed.
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Biomarkers identified by comparing only the Control and
Beneath groups of the same PMIs are shown in Figures S9-S13.

Compared to the control group, Verrucomicrobia, Acidobacteriota
and Chloroflexota exhibited a diminished presence beneath the
carcasses. Verrucomicrobia, particularly Chthoniobacterales and
Candidatus Xiphinematobacter, are oligotrophic K-strategists

common in grassland soil microbiomes (Bergmann et al. 2011).
This contrasts with Risch et al. (2020), who found positive correla-
tions between Verrucomicrobia genera and soil beneath bison and
elk. The reduction in Acidobacteria is likely due to pH elevation
from ammonium produced during protein and lipid catabolism
(Metcalf et al. 2013; van Elsas 2019). Chloroflexi, including pho-
totrophic subgroups, may have diminished due to reduced solar
radiation beneath the carcasses.

After 1month, Bacillota (Firmicutes) were highly enriched
beneath the carcasses, particularly Savagea and Sporosarcina
(Planococcaceae), associated with faeces and urine degradation
(Dworkin 2006; Patil et al. 2021), and Pseudogracilibacillus,
linked to composting (Ma et al. 2022). Also enriched
were Tissierella (Clostridiales), often found in gravesoil
(Metcalf et al. 2013; Cobaugh, Schaeffer, and DeBruyn 2015;
Lauber et al. 2014; Mason, Taylor, and DeBruyn 2023), and
Erysipelotrichaceae (Erysipelothrix), known for lipid catabolism
and containing ungulate pathogens (Mavrot et al. 2020). While
Firmicutes increase during the bloat phase (Metcalf et al. 2013;
Cobaugh, Schaeffer, and DeBruyn 2015), they decrease after
rupture due to oxygen exposure. However, spore-forming anaer-
obes like Clostridiales remained enriched for 12months and can
dominate late-stage decomposition in graves (Kim et al. 2017).

Burkholderiaceae (genus Paenalcaligenes) and
Wohlfahrtiimonadaceae (genus Ignatzschineria) from Class
Gammaproteobacteria were also highly enriched beneath
the carcasses. Gammaproteobacteria's enrichment has been
documented in both short-term (Metcalf et al. 2013; Lauber
et al. 2014; Cobaugh, Schaeffer, and DeBruyn 2015) and a long-
term study by Singh et al. (2018) indicated a correlation in its
abundance with carcass mass. Gammaproteobacteria are preva-
lent on mammal carcass skin and in the necrophagous dipteran
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larval microbiome (Pechal et al. 2014; Weatherbee, Pechal,
and Eric Benbow 2017). Burkholderiaceae have been isolated
from the gut of soldier fly larvae (Lee et al. 2013), and frequent
carcasses during late advanced decay (Cobaugh, Schaeffer,
and DeBruyn 2015) and are present in the study area (Picker,
Griffiths, and Weaving 2012). Available phosphorus that accu-
mulated in the soil after six months (Table 2) provided a com-
petitive advantage to Burkholderiaceae, which can solubilise
phosphate (Stephen et al. 2015).

Despite the ungulate rumen housing numerous non-spore-
forming Bacteroidota (Bacteroidetes) (McCann, Wickersham,
and Loor 2014) that increase during the bloat phase (Metcalf
et al. 2013; Cobaugh, Schaeffer, and DeBruyn 2015), only the

genera Moheibacter and Myroides, from families Weeksellaceae
and Flavobacteriaceae, were highly enriched beneath the car-
casses after a month. However, after 6 months, Bacteroidetes
and the families Weeksellaceae and Flavobacteriaceae (genus
Aequorivita), as well as Sphingobacteriaceae (Pedobacter), dom-
inated the carcass soil microbiome (Figure 6). They are known
to degrade complex molecules such as polysaccharides as well
as proteins (Gavriilidou et al. 2020; Figueiredo et al. 2022), and
the enriched genus Aequorivita produces esterases that break
down fats and oils (Zhang et al. 2022). Cobaugh, Schaeffer, and
DeBruyn (2015) also observed an increase in bacteroidetes after
6months when their study ended. After 6 months, the phylum
Actinomycetota (Actinobacteria) and its order Micrococcales, as-
sociated with mammalian skin and blood (Dastager et al. 2014),
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were highly enriched beneath the carcasses. Particularly, the
genera Glutamicibacter and Brevibacterium, which are linked
to carboxylic acid metabolism (Pham et al. 2017; Yastrebova,
Malysheva, and Plotnikova 2022), showed significant en-
richment. Their enrichment coincided with increased car-
boxylic acid utilisation observed from the EcoPlate results
(Figure 3b). Conversely, the Actinobacteria orders Frankiales
and Solirubrobacteriales were significantly reduced beneath the
carcasses throughout the experiment (Figure 6B). Frankiales
are known for their symbiotic nitrogen-fixing relationship with
plants (Sen et al. 2014), notably absent beneath the carcasses and
grids, likely explaining Frankiales' and Solirubrobacteriales' di-
minished presence.

The thermophilic phylum Deinococcus-Thermus (genus
Truepera) was significantly enriched beneath the carcasses
after 6months during winter. Truepera, an extremophile
with an optimal growth temperature of 50°C, can reduce ni-
trate under high-temperature conditions (Shi et al. 2022) and
assimilate various sugars, carboxylic acids and amino acids
(Albuquerque et al. 2005). Its enrichment coincided with a 33-
fold increase in nitrate levels (Table 2) and increased utilisation
of carboxylic acids (Figure 3b). The combination of elevated
temperatures beneath the carcass remains and grids under the
winter sun, along with high nitrate levels and carboxylic acids,
likely resulted in the enrichment of Truepera. In addition, the
Proteobacteria family Rhizobiaceae (genus Aquamicrobium),
which can reduce nitrate to nitrite or nitrogen gas under
oxic and anoxic conditions while utilising carboxylic acids
as carbon sources (Bambauer et al. 1998), was also enriched.
Moraxellaceae, another Proteobacteria family that includes
species such as Moraxella bovis, which causes bovine kerato-
conjunctivitis (Loy and Brodersen 2014), was also enriched be-
neath the carcasses.

After 12months, Proteobacteria emerged as the dom-
inant phylum, with notable enrichment of the genus
Rhodanobacter from the order Xanthomonadales, as well as
the order Sphingomonadales and its genus Sphingomonas
(Figure 6). However, after 12months, the Bacteroidetes family,
Chitinophagaceae, emerged as the dominant family-level bio-
marker. During advanced decay, the soil beneath the carcasses
became littered with fly-pupal casings, primarily composed of
chitin. Chitinophagaceae includes numerous genera that metab-
olise chitin (Beier and Bertilsson 2013); thus, its enrichment is
well-justified.

After 18 months, when only scattered bones, dried skin and
hair remained, Planctomycetota (hereafter Planctomycetes)
was the dominant phylum-level biomarker. Although,
order Xanthomonadales, a Proteobacteria, its family
Rhodanobacteraceae and the genus Chujaibacter were the
most enriched subordinate carcass soil biomarkers. These re-
sults substantiate observations by Cobaugh, Schaeffer, and
DeBruyn (2015) that Xanthomonadales and Sphingomonadales
are suitable long-term estimators of PMIs, although the spe-
cific genera we identified were different. In addition, the genus
Mpycobacterium, an Actinobacteria with pathogenic members
such as M. bovis (Hines, Kreeger, and Herron 1995; Kuria 2019),
whose environmental longevity has been questioned (Conteddu

et al. 2024), as well as the Firmicutes genus Tumebacillus, a
species that have been isolated from the gut of vultures (Sung
et al. 2018), were identified as highly enriched after 18 months.

4 | Conclusions

The results from this study contribute to our understanding of
the enduring effect that carcass decomposition has on the im-
mediate soil microbial environment and may have utility in
postmortem microbial forensics. Functional changes to the soil
microbiome beneath the carcasses occurred successively well
beyond the visible carcass decomposition. The overall soil mi-
crobial function and functional diversity increased during ac-
tive decay and remained elevated compared to the control soil
for the entire experimental period. The microbiome also re-
mained functionally dissimilar from the control soil, although
the dissimilarity was reduced over time. The sole-carbon sub-
strate utilisation assay indicated that metabolism shifted from
increased amino acid and amine utilisation during the first
month postmortem to carboxylic acid utilisation between 6 and
12months and polymer, carbohydrate and amine utilisation
after 18 months. Variations of soil nutrients (ammonium, ni-
trates and phosphorus) significantly explained the variation in
carbon-substrate utilisation.

The soil microbiomes beneath the carcasses underwent succes-
sive structural changes exceeding 18 months. Species richness
and diversity decreased during active decay. Richness recovered
within 12months and diversity by 18 months. The microbiome
structure beneath the carcasses was significantly dissimilar
from the control group for up to 12 months and was successively
dissimilar between PMIs for up to 6 months. Firmicutes fami-
lies, especially those associated with necrophagous dipteral lar-
vae, dominated the soil microbiomes beneath carcasses during
active decay. Bacteroidetes and Proteobacteria families were
enriched during advanced decay, and Planctomycetes remained
enriched post-carcass decay. Some enriched genera included
ungulate pathogens, which remained enriched in the soil post-
carcass decomposition and may be specific to the animal species
utilised in the study.

The soil microbiomes exposed to carcass decomposition ex-
hibited significant functional and structural differences even
beyond the experimental period, with biomarkers of carcass de-
composition still detectable. These results underscore the sub-
stantial impact that the decomposition of large carcasses can
have at an ecosystem scale. Given that the association between
function and structure in these microbiomes is only loosely re-
lated, further research is necessary to fully understand its eco-
logical implications.
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