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Pig carcass decomposition dynamics: Insights into carcass disposal
for emergency animal disease management
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Australia is free from many economically devastating emergency
animal diseases (EADs) that threaten livestock production in
neighbouring countries. In Australia, an important consideration
for EAD control is managing susceptible feral animal populations,
especially in remote and inaccessible areas where carcass disposal
poses considerable logistical challenges. One proposed solution is to
utilise natural decomposition above ground through the ‘destroy and
let lie’ (D&LL) method, relying on post-mortem changes in carcass
temperature and pH to inactivate the EAD agent. We investigated
temperature and pH changes in pig carcasses from death until end-
stage decomposition at two locations in Queensland to gain insights
into how carcasses left in situ decompose under Australian conditions.
Using regression modelling, we identified days since humane killing,
air temperature, rainfall, relative humidity, anatomical site and study
location as significant predictors of carcass pH and temperature.
Although the observed carcass pH and temperature conditions did
not meet African swine fever virus (ASFV) inactivation thresholds,
foot-and-mouth disease virus (FMDV) was likely to be inactivated in
the thoracic cavity, superficial and deep skeletal muscle and abdomi-
nal cavity of most carcasses. However, FMDV inactivation thresholds
were not reached in bone marrow and brain. This suggests that these
carcasses may potentially remain infectious with ASFV and FMDV in
situ under the experimental conditions encountered, based on the
inactivation thresholds selected. Despite this, culling large portions of
a feral pig population, in conjunction with D&LL disposal approach,
may still support disease control imperatives during an EAD response
by reducing live pig numbers and disease transmission.
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frican swine fever (ASF) and foot-and-mouth disease

(FMD) are two economically devastating transboundary

animal diseases. The global distribution of these diseases
has changed recently, with Indonesia experiencing incursions of ASF in
September 2019 and FMD in April 2022, and ASF emerging in Timor-
Leste in September 2019 and in Papua New Guinea in March 2020. As
a result, Australia has increased its preparedness activities and reviewed
its response plans to ensure that strategies in the event of an outbreak
are appropriate for the context in which they will be applied.

Emergency animal disease (EAD) responses in Australia are guided by
the Australian Veterinary Emergency Plan (AUSVETPLAN), a nation-
ally agreed approach to EAD control. If an outbreak of either ASF or
FMD were to occur in Australia, feral pigs (Sus scrofa) may be epidemi-
ologically involved and complicate control and surveillance efforts, as
they are susceptible to both diseases and have large, widely dispersed
populations in Australia, estimated at approximately 3.2 million in the
2000s." The role of wild boar in ASF epidemiology is well documented
in the literature in the European context, and they have also been con-
sidered a threat for FMD transmission.>* Epidemiological models exam-
ining the potential role of feral pigs in an EAD outbreak in Australia
have suggested that, although infection may eventually fade out in feral
pig populations, control would still be warranted as it would lead to
faster disease elimination and would reduce spillover events between
feral pigs and domestic livestock that may contribute to ongoing disease
transmission.”™® Feral animals pose a major logistical challenge for EAD
responses in Australia, especially those populations located in rugged
and remote areas.

As well as disease-specific documents, AUSVETPLAN also includes
operational manuals that detail recommended procedures for activities
that are common to most EAD responses. One such document is the
Disposal manual, which provides a decision-making framework for
waste disposal for disease control purposes, including both animal car-
casses and products.” Disposal methods detailed in this manual
include burial, burning, rendering, composting and anaerobic diges-
tion.” However, the application of these methods is limited in exten-
sive areas of Australia that have populations of remote livestock or
feral animals and are logistically challenging to access and muster.” A
potential alternative carcass disposal method that has been proposed
for these areas is where culled animals remain in situ and carcasses
are left to decompose above ground under natural conditions, the so-
called ‘destroy and let lie’ (D&LL) method.” This approach relies on
post-mortem changes, including carcass temperature and pH condi-
tions, to reduce infectivity of the EAD agent where it may be present.
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PRODUCTION ANIMALS

Although preliminary studies have suggested that D&LL may be a via-
ble approach in specific contexts,>'" further research is needed to
assess its generalisability across different climatic regions and to vali-
date the method.” This is especially true because ASF maintenance
has been associated with wild boar carcasses in temperate regions.”

Carcass decomposition has been extensively studied under refriger-
ated conditions for meat science and food safety purposes. However,
studies evaluating pathogen inactivation have typically utilised dis-
posal methods such as composting and burial.''~'* Limited informa-
tion is available on pig carcass decomposition in situ, particularly
under Australian conditions.® ' Previous Australian studies investi-
gating the utility of the D&LL disposal method were restricted to
examining pH and temperature changes in animal carcasses for
48 hours post humane killing. pH changes consistent with the possi-
bility of foot-and-mouth disease virus (FMDYV) inactivation were
observed in the body cavity and in deep and superficial muscle of
most carcasses, but not in brain or bone marrow.*"'°

We expanded on this prior research by extending the period of carcass
monitoring until end-stage decomposition. We investigated tempera-
ture and pH changes over time in pig carcasses at two locations in
Queensland (eastern Australia) to gain insights into how carcasses left
in situ decompose under Australian conditions. Specifically, the study
objectives were to (1) understand how pig carcass temperature and
pH change over time under different environmental conditions, 2)
determine the factors that influence decomposition rates and 3) evalu-
ate if internal physiological parameters become conducive to pathogen
inactivation over extended timeframes. This information is important
to understand how D&LL may be applied in Australian conditions.

Materials and methods

Study locations

Decomposition trials were conducted at two commercial pig farms in
Queensland, Australia, one in Warra in the Western Downs region of
inland southeast Queensland and one in Biloela in the Shire of Banana
in central Queensland (Supporting Information). Two trials were con-
ducted at each location, totalling four trials. Fieldwork took place in
the southern hemisphere summer and early autumn (wet season),
between November 28, 2023, and April 2, 2024. Further information
about the study sites is given in the Supporting Information file.

Animals

Each trial used eight pig (Sus scrofa domesticus) carcasses. Grower
pigs (Landrace, Large white cross) aged 10-16 weeks of mixed sexes
and weights ranging between 30 and 80 kg were included. Sample
size calculations are described in the Supporting Information file.

Pigs were humanely killed using a single captive bolt as required by
animal ethics (Warra: BK-014 Blitz Kerner Captive Bolt Pistol,
Everything ID; Biloela: CASH Special Captive Bolt Stunner.22 Cali-
bre Heavy Duty 4000, FPE - Food Processing Equipment Ltd),
with death confirmed by vital signs assessment. We use the term
‘humane killing’ instead of euthanasia, in line with the recommen-
dations of the ‘Australian code for the care and use of animals for
scientific purposes’ and the Australian Veterinary Association.
Each carcass then received a gunshot to the head with a 0.22
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calibre rifle, to simulate aerial shooting as a depopulation method
during an EAD response. Although this is a smaller calibre than
would be used in Australia during an EAD response, the calibre
selection was chosen to align with the previous D&LL study’ and
to minimise carcass damage. Additionally, three carcasses per trial
(total of 12 animals) received an abdominal shot with a 0.308 cali-
bre rifle, to investigate the potential effects of internal organ dis-
ruption on decomposition parameters. The 0.308 calibre aligned
with the ‘Standard Operating Procedure for Aerial Shooting of
Feral Pigs’.*® Each carcass was positioned in lateral recumbency,
approximately 1 metre apart, within a fenced enclosure to prevent
access by scavengers (Supporting Information).

Ethical statement

All work was conducted in accordance with the ‘Australian code for
the care and use of animals for scientific purposes’. Animal ethics
approval for this research project was provided by Queensland Gov-
ernment Department of Agriculture and Fisheries Animal Ethics
Committee (#CA 2023/10/1796).

Carcass monitoring and data collection

Automated carcass temperature and pH recordings were collected
hourly using commercially available sensors (WP-80 or WP-
80 M units, TPS, Queensland, Australia) inserted into six anatomical
sites: abdominal cavity, bone marrow, brain, deep muscle, superficial
muscle and thoracic cavity (Supporting Information). A two-point
pH calibration was undertaken every 5 days, calibrated against
pH 4.0 and pH 7.0 buffer solutions. Temperature and pH sensors
were cleaned and charged every 2 days. Instruments were housed in
modified cooler boxes to limit exposure to ambient conditions. Pig
carcasses were monitored visually daily for the first 2 days and then
inspected every 1-2 days for the duration of each trial. Carcass
inspection included documenting decomposition progression and
insect activity and correcting sensor placement as needed (especially
during early stages where gas build-up caused sensor displacement).

Stages of decomposition were defined according to a modified model
that identifies six distinct stages for carcass decomposition in pigs.>!
For this study, we combined the ‘dry’ and ‘remains’ stages into a
single category, resulting in a five-stage classification: fresh/bloated,
bloated, active decay, advanced decay and dry/remains (Table 1).

Trials were concluded when there was complete soft tissue decompo-
sition and bone exposure, or extensive soft tissue decomposition
accompanied by mummified tissue, and no observed changes in
decomposition for a minimum of three consecutive days. The pH
data were also downloaded from the sensors and analysed alongside
monitoring carcass changes to ensure that values had stabilised and
were not substantially changing.

Environmental data collection

Weather data relevant to each study location were obtained from the
Australian Bureau of Meteorology weather stations located at Dalby
Airport (station number 041522) for the Warra location (approxi-
mately 45 km away) and Thangool Airport (station number 039089)
for the Biloela location (approximately 23 km away). No closer
weather stations were available with an hourly recording frequency.
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Table 1. Decomposition stage descriptions for pig carcasses.

Stage Observation criteria

Fresh/bloated Minimal discolouration, rigor mortis
present, carcass temperature
approaching air temperature.

Bloated Distension of body cavities, seepage of

fluids from natural body openings,
strong smell of ammonia.

Active decay Breaking of the outer layer of the skin,
escape of gasses from the abdomen,
carcass collapse, strong odours of

decomposition.
Advanced decay Soft tissue largely decomposed, odours of
decay beginning to fade.
Dried skin and cartilage, hair and bone
remain.

Dry/remains

Adapted from the model established by Payne (1965).%'

Data cleaning and outlier removal

Data were inspected visually using ggplot2_3.5.1 as implemented in
R versions 4.2.0 and 4.3.1. Residual analysis and a modified Tukey’s
method were used to identify outlying replicates from temperature
and pH time series data, split by trial and anatomical site. Additional
details are given in the Supporting Information file.

Measurements from at least three pigs were required at each time-
point. For timepoints with fewer than three values, all datapoints from
the two timepoints immediately preceding and two timepoints after
the timepoint were used in addition to the datapoints of the timepoint
to calculate the median. Datapoints with a pH difference of 1 or more
from the median were considered outliers and removed.

All analyses were conducted in R versions 4.2.0 and 4.3.1 using the
packages cowplot_1.1.3, dplyr_1.1.4, ggplot2_3.5.1, ggpubr_0.6.0,
ggspatial_1.1.9, gridExtra_2.3, gtools_3.9.5, hms_1.1.3, leaflet_2.2.0,
lubridate_1.9.3, maps_3.4.1, naturalsort_0.1.3,  purrr_1.0.2,
RColorBrewer_1.1-3, readxl 1.4.3, sf 1.0.14, stringr_1.5.1 and
tidyr_1.3.1.

Descriptive statistical analyses

Statistical significance was evaluated using analysis of variance
(ANOVA) followed by Tukey’s honestly significant difference (HSD)
test or the Mann-Whitney U test. Statistical significance was evalu-
ated at P < 0.05.

Statistical modelling

Relationship of carcass temperature and pH with predictors.
Because descriptive analyses suggested nonlinear relationships
between pH and the various predictors under investigation, a gen-
eralised additive model (GAM) was fitted. The GAM had a Gauss-
ian distribution and identity link function. Smooth terms with
cubic regression splines were used for the continuous predictors
(days since humane killing, air temperature, rainfall and humid-
ity). Animal identifier was included as a random effect and used a
random effects spline. Categorical predictors (sex, anatomical site
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and study location) were included as parametric terms. The final
pH GAM was

Carcass pH = By + S; Days since humane killing + S, Air temperature
+ S;Rainfall + Sy Animal identifier + SsHumidity
+ BgSex + By Anatomical site 4+ BgStudy location + €

When analysing the impact of including an abdominal shot on car-
cass decomposition, we added an extra fixed effect representing
whether each pig carcass received an abdominal shot (and a head
shot) or just a head shot.

We examined residuals to evaluate the model. Influential outliers
were identified using Cook’s distance. Model goodness-of-fit was
evaluated using adjusted R-squared and the percentage of deviance
explained by the model. The generalised cross-validation criterion
was used to assess model complexity and potential overfitting.
Smooth-term visualisations were generated to visualise the estimated
relationships between the continuous predictors and pH.

After the implementation of the GAM, biologically plausible outliers
remained that violated some model assumptions. We also wished to
make more accurate predictions than were possible with the regres-
sion model. We therefore used machine learning to implement ran-
dom forest (RF) algorithms. RF models are nonparametric; are more
robust to outliers, unmodelled interactions, collinearity, clustering
and overfitting; and are likely to be more accurate for predictions
than regression models.**** Details of model fitting, training and
tuning are given in the Supporting Information file.

To investigate the relationship between temperature and various pre-
dictors, we fitted a linear mixed effects model with animal identifier
as a random effect term. The error term was assumed to follow a
Gaussian distribution. Humidity and air temperature were strongly
collinear, so humidity was removed from the final model. The final
temperature linear model was

Carcass temperature = By -+ B; Days since humane killing
+ B, Air temperature + B;Rainfall + B4 Sex
+ BsAnatomical site + BsStudy location
+ (1|Animal identifier) + €

As described above for the pH model, an extra fixed effect was added
when analysing the impact of including an abdominal shot.

Model assumptions and performance were evaluated using ANOVA
and standard diagnostic plots. Machine learning was implemented to
enable more accurate predictions, as described above for the pH RF
model.

All analyses were conducted in R version 4.2.0** using the pack-
ages caret_6.0-94,”> Ime4_1.1-35.3,° mgcv_1.8—4027 and
randomForest_4.7-1.1.%8

Viral inactivation thresholds

Viral inactivation thresholds for African swine fever virus (ASFV)
and FMDV were guided by the World Organisation for Animal
Health (WOAH), AUSVETPLAN, primary inactivation studies from
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the literature and previous D&LL investigations (Table 2). A conser-
vative approach in assigning thresholds was used to increase the con-
fidence in viral inactivation inferences. This is described further in
the Supporting Information file.

Results

Carcass decomposition

A total of 32 domestic grower pigs (S. scrofa domesticus) with
an overall mean weight of 52.8 kg (SD = 13.4 kg) were used in
the study. Trial durations ranged between 12.1 and 18.2 days
(Table 3). Mean air temperatures were similar across the four trials
(24.1°C-26.9°C) (Table 4). Mean relative humidity was lower at the
Warra location (60.3-71.9%) compared with the Biloela location
(70.3-75.2%) (Table 4). Total rainfall varied considerably across the
four trials (16.3-818.7 mm) (Table 4).

Decomposition followed a similar pattern across all trials, although
the duration of each stage varied (Figures 1 and 2). The fresh/bloated
stage lasted 1 day for all trials. The bloated stage lasted between one
day (trial 2 and 3) and 2 days (trial 1 and 4). Active decay ranged
from two days (trial 2) to 8 days (trial 3). Advanced decay lasted
between five days (trial 2) and 12 days (trial 4). The dry/remains
stage lasted from two days (trial 3) to 7 days (trial 4). The duration
of the final stage reflected the timing of sensor removal, not the nat-
ural progression of decomposition. A series of post-mortem mor-
phological changes, including livor mortis, rigor mortis, algor mortis
and greenish discoloration, were observed in the decomposition pro-
cess across all carcasses (Figure 2).

Weather conditions appeared to influence decomposition rates across
trials. In trial 1, initial high temperatures, rain and humidity led to
rapid decomposition, which slowed as moisture levels decreased. The
death of maggots on day 7, associated with high air temperature, fur-
ther slowed decomposition, promoting mummification of tissues. Trial
2 experienced consistently high moisture levels, which, combined with
slightly milder temperatures compared with the previous trial,
sustained maggot activity for a longer period, likely contributing to
the more rapid progression of decomposition. Trial 3 exhibited fluctu-
ating temperatures and humidity, alongside minimal rainfall. This

Table 2. Inactivation thresholds used in this study for foot-and-mouth
disease virus and African swine fever virus.

Virus Threshold Cumulative References
time (hours)

ASFV pH <3.9 >0 41,42
ASFV pH>11.5 >0 41,42
FMDV pH <6 >0 44
FMDV pH >9 >0 44
ASFV Temperature >56°C >2 41
ASFV Temperature =60°C >1 41
ASFV Temperature =69°C >0 43
FMDV Temperature >43°C >7 8
FMDV Temperature 249°C =1 8

Australian Veterinary Journal

resulted in early loss of maggot activity by day 7 and a subsequent
slowing in decomposition. This led to more tissue mummification.
Trial 4 displayed an initial period of high heat and low moisture,
reducing maggot activity by day 7 and slowing decomposition. Despite
being followed by milder temperatures, higher humidity and continu-
ous rainfall, maggot activity did not resume.

Carcass and ambient conditions were conducive for insect develop-
ment across all trials. Subjectively, more insects were observed at the
Warra location compared with the Biloela location, although this
was not quantitatively evaluated. Subjectively, flies were the sole
insect observed during the fresh/bloated stage. Flies were present
within the first hour after humane killing in trials 2-4, whereas
heavy rain resulted in the absence of flies on the first day in trial
1. Fly colonisation (i.e. the presence of maggots) occurred uniformly
across all carcasses in each trial during early decomposition. A sec-
ond generation of flies emerged during the active decay stage in all
carcasses, increasing the number of flies observed. In the absence of
professional entomological identification, flies were identified as
family Calliphoridae or family Sarcophagidae, both of which are
commonly associated with decomposition processes.**

Maggot colonisation of the carcasses was observed during the
bloated stage, initially concentrated in the head region (eyes, mouth
and cranial gunshot wound). Maggot activity peaked during the
active decay stage. Maggot activity was largely absent from all
carcasses by day 7 (trials 1, 3, 4) to day 11 (trial 2).

Beetles (family Cleridae, genus Necrobia or close relative) were pre-
sent on the carcasses during the bloating stage for trials 1 and 4, and
during active decay for trials 2 and 3. No ants were observed on any
of the carcasses across all trials. Cane toads (Rhinella marina) were
observed feeding on maggot populations during trials 3 and 4 on
two separate nights. This was primarily during night hours and dur-
ing periods with peak maggot activity.

Temperature and pH changes by anatomical site

Carcass temperature and pH data were collected hourly at six
anatomical sites (i.e. abdominal cavity, bone marrow, brain, deep
muscle, superficial muscle, thoracic cavity). A total of 13% of tem-
perature readings and 32% of pH readings were classified as outliers
during the data cleaning process (Table 3). The cleaned dataset for
all trials comprised 49,039 individual temperature readings and
38,083 pH readings.

Across all trials and time points, carcass pH ranged from 4.7 in the
thorax to 9.1 in the bone marrow (Figure 3). Mean pH was lowest in
the abdominal cavity, at 6.8. Mean pH at other anatomical sites
ranged from 7.1 to 7.4. The lowest values were recorded in the first
48 hours post humane killing (Figure 4). Differences in pH between
most combinations of anatomical sites were statistically significant
(ANOVA P < 0.001) (Figure 3).

Across all trials and timepoints, carcass temperature ranged from
15.5°C to 58.6°C (Figures 5 and 6). The hottest temperatures for tri-
als 1, 2 and 3 were recorded in the last 5 days of each trial, whereas
the hottest temperature for trial 4 was recorded on day 7 and
appeared to be associated with the highest air temperatures. Mean
temperature was highest in the thoracic cavity, at 33.3°C (Figure 5).
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Table 3. Summary of decomposition trials.
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Trial
Variable 1 2 3 4 Total
Location Warra Warra Biloela Biloela
Start date 28/11/2023 22/1/2024 19/2/2024 14/3/2024
End date 13/12/2023 3/2/2024 4/3/2024 2/4/2024
Duration of trial (days) 14.9 12.1 13.2 18.2
Number of pigs Total (M/F)? 8 (5/3) 8 (4/4) 8 (8/0) 8 (8/0)
Mean weight (kg) (SD)° 51.5(8.2) 51.5 (8.5) 48.8 (10.5) 67.5 (18.3)
Total no. timepoints 17,136 13,920 15,168 20,976 67,200
No. of temp. recordings 13,816 10,299 13,595 18,845 56,555
No. hours without temp. readings (%) 19.4 26 104 10.2
Temp. outliers (%) 12.7 13.2 13 14
No. temp. recordings after outlier removal 12,059 8,942 11,831 16,207 49,039
No. pH recordings 13,693 10,089 13,580 18,749 56,111
No. hours without pH readings (%) 20.1 275 10.5 10.6
pH outliers (%) 29.5 30 327 348
No. pH recordings after outlier removal 9,651 7,065 9,146 12,221 38,083

@ Male/female.
b Standard deviation.

Table 4. Summary statistics of ambient weather conditions across all trials obtained from the Australian Bureau of Meteorology weather stations

located at Dalby Airport (Trials 1 & 2) and Thangool Airport (Trials 3 & 4).

Condition Trial 1 Trial 2 Trial 3 Trial 4
Mean temperature °C (SE)® 25.0 (5.3) 26.9 (4.5) 26.2 (4.7) 24.1 (4.1)
Minimum temperature °C 14.1 184 159 155
Maximum temperature °C 359 374 35 345
Mean relative humidity % (SE)® 60.3 (22.8) 71.9 (17.2) 70.3 (22.5) 75.2 (19.0)
Minimum relative humidity % 22 30.5 28 27
Maximum relative humidity % 96 98 100 100
Mean daily rainfall mm (SE)® 0.0 (0.3) 2.6 (11.1) 1.1 (4.9) 0.9 (2.3)
Minimum daily rainfall mm 0 0 0 0
Maximum daily rainfall mm 5 73.2 29.2 12.2
Total rainfall mm 16.3 818.7 387 4335
Hours of recorded rain 21 48 39 105

@ Standard error.

Mean temperature at other anatomical sites ranged from 32.0°C to
32.9°C. Differences between anatomical sites were statistically signifi-
cant (ANOVA P < 0.0001); however, this difference was not consid-
ered biologically meaningful (<1.3°C).

The relationship between pH and anatomical site was modelled
using a multivariable GAM approach, which revealed complex and
strongly nonlinear relationships (Table 5). Model fit was reasonably
good, with an R* value of 69%. The model revealed significant differ-
ences in pH between all anatomical sites, except between superficial
muscle and thoracic cavity, indicating that different anatomical sites
experience different post-mortem pH changes when considering

© 2025 Commonwealth of Australia, Ausvet, SunPork Group and The Author(s). Australian Veterinary Journal published by
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multiple predictor variables. In contrast, when multiple predictors
are not considered (i.e. in Figure 3), these differences may be over-
looked. For example, differences between brain and superficial mus-
cle are only apparent when accounting for mixed effects.

Given the relationship between air temperature and carcass
temperature was largely linear (Figure 6), the relationships
between temperature and anatomical sites were modelled using
mixed effects multivariable linear regression. Model fit was reasonably
good, with an R* value also of 69%. There were significant differences
in temperature between all anatomical sites when accounting for
multiple predictors (Table 6).
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Figure 1. Decomposition of pig carcasses left in situ. Pig carcasses (n = 8 per trial) were monitored visually every 1-2 days, and decomposition
was classified into five stages. Trials 1 and 2 were conducted in the Western Downs region of southern inland Queensland, whereas trials
3 and 4 were conducted in central Queensland. Decomposition did not proceed uniformly in all pigs, resulting in overlapping stages. The
duration of the final stage reflects the timing of sensor removal, not the natural progression of decomposition. Gaps indicate days when car-

casses were not inspected.

Factors influencing carcass pH and temperature

Using a GAM and a machine learning-assisted RF algorithm, the most
important variable influencing carcass pH in both analyses was days
since humane killing, followed by anatomical site (Figure 7 and
Table 5). Additionally, air temperature, rainfall, relative humidity, study
location and animal identifier were all highly significant (P < 0.0001)
(Table 5).

For carcass temperature, both linear mixed effects modelling and
a machine learning algorithm identified that the most important
predictor was air temperature, with other important variables
including days since humane killing and rainfall (Figure 8 and
Table 6). Additionally, the RF model identified humidity as an
important predictor of carcass temperature, which was not

Australian Veterinary Journal

included in the linear mixed effects model due to collinearity
with air temperature (Figure 8). However, this collinearity could
be handled by an RF model. Furthermore, study location was
also found to significantly affect carcass temperature (P < 0.001).
Temperature was, on average, 1.01°C higher at Warra compared
with Biloela (Table 6).

We used the RF models to predict pH at each anatomical site for
14 days post humane killing and temperature at each anatomical site
across an ambient temperature range of 14°C-37°C (i.e. within the
scope of the model) (Supporting Information). These predictions
may be used to inform future risk assessments around the suitability
of the D&LL carcass disposal method depending on the environmen-
tal conditions at the culling location.

© 2025 Commonwealth of Australia, Ausvet, SunPork Group and The Author(s). Australian Veterinary Journal published by

John Wiley & Sons Australia, Ltd on behalf of Australian Veterinary Association.

95U8017 SUOWIWOD SA 181D 3 (dedtdde au Ag peusenob a1e seoiLe VO ‘88N J0 S9N 10} AIq1T 8UIUO /8|1 UO (SUOTHPUOD-PUE-SLUIBY/WIOY™A8| 1M Afed 1[ulUO//SdNL) SUORIPUOD Pue SWiS 1 81 38S *[520z/S0/8T] U0 Arlqiauluo 8|1 ‘921AI8S UoTTeWoU | Yotesssy AQ OvrET [Ne/TTTT'0T/I0p/w00 A8 i Ale.q1ul|uoy/sdny Wwolj papeojumod ‘0 ‘€T80TS.LT



Trial 1

Trial 2

Trial 3

Trial 4

PRODUCTION ANIMALS

Trial
completion

Figure 2. Decomposition of pig carcasses left in situ on day 2, day 8 and at trial completion. Pig carcasses (n = 8 per trial) were monitored visually every
1-2 days. Trials 1 and 2 were conducted in the Western Downs region of southern inland Queensland, whereas trials 3 and 4 were conducted in central
Queensland. Trial durations were 14.9, 12.1, 13.2 and 18.2 days, respectively. Note that the images are not of the same pig carcass in each trial.

To investigate the potential effects of internal organ disruption on carcass
decomposition, three carcasses per trial (n = 12) received a post-mortem
abdominal shot in addition to a head shot. The remaining 20 carcasses
received only a head shot. The effect of an abdominal shot was not statis-
tically significant for either carcass pH or temperature based on our sta-
tistical models (pH P = 0.268; temperature P = 0.278).

Inferences around ASFV and FMDV inactivation

Throughout all trials, no pH or temperature values at any anatomical
site exceeded the upper or lower ASFV inactivation threshold across
three or more pigs (Figures 9 and 10). One pig showed an abdominal

© 2025 Commonwealth of Australia, Ausvet, SunPork Group and The Author(s). Australian Veterinary Journal published by

John Wiley & Sons Australia, Ltd on behalf of Australian Veterinary Association.

pH reading of <6 at the end of the trial, which was determined to be
an outlier that was not captured in our automated data cleaning
methodology. A threshold of 56°C for >2 hours was observed in the
bone marrow of one pig carcass in trial 3; however, no other pigs
recorded similar readings.

For FMDYV, pH inactivation thresholds were reached in some ana-
tomical sites (Figures 11 and Supporting Information). Throughout
all trials, the lower (acidic) pH threshold was consistently reached by
most sensors in the abdominal cavity, deep muscle, superficial mus-
cle and thoracic cavity (Supporting Information). The lower thresh-
old was generally reached in the first 14 hours of the trials, after the
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Figure 3. Tissue pH by anatomical site. Shown
are boxplots of the pH measurements col-
lected hourly from each pig across all four tri-
als, split by anatomical site. In contrast to
mixed effects modelling, this does not capture
501 effects due to other predictors. The central
. . . boxes show the 25th, 50th (median) and 75th
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Figure 4. Tissue pH as a function of anatomical site and time since humane killing. Dots represent individual observations colour-coded by trial. A
line of best fit was fitted as a univariable generalised additive model for each trial and anatomical site. Plots are faceted by anatomical site. Data
were standardised across trials by calculating the time since humane killing in days (x-axis).
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Figure 5. Tissue temperature by anatomical
site. Shown are boxplots of temperature mea-
surements collected hourly from each pig
across all four trials, split by anatomical site. In
contrast to mixed effects modelling, this does
not capture effects due to other predictors. The
central boxes show the 25th, 50th (median)
and 75th percentiles. Whiskers represent 1.5x
the interquartile range above and below quar-
tile 1 and quartile 3. Data points outside this
range are shown as outliers. Significance was
determined using Tukey’s HSD test; only signifi-
cant differences (P < 0.05) of at least 2°C are
shown (****P < 0.0001).
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Figure 6. Tissue temperature as a function of air temperature. Dots represent individual observations colour-coded by trial. A line of best fit was
fitted using a univariable generalised additive model for each trial and anatomical site. Plots are faceted by anatomical site.
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Table 5. Model results for the pH GAM fitted to estimate carcass pH from anatomical site while adjusting for other relevant variables.

9 Parametric coefficients Estimate Standard error t-value P-value

=

E (intercept) 6.709 0.068 98.603 <0.001

Z Sex (female) Reference

5 Sex (male) 0.005 0.061 0.076 0.940

§ Abdominal cavity Reference

= Bone marrow 0.723 0.007 106.317 <0.001
Brain 0.543 0.007 80.970 <0.001
Deep muscle 0.489 0.007 71.459 <0.001
Superficial muscle 0.388 0.007 56.175 <0.001
Thoracic cavity 0.390 0.007 57913 <0.001
Study location (Biloela) Reference
Study location (Warra) 0.129 0.050 2.561 0.011
Approximate significance of smooth terms Smoothing df° Reference df* F-value P-value
s(days since humane killing) 8.933 8.998 7206.394 <0.001
s(air temperature) 4138 5.190 6.244 <0.001
s(rainfall) 7.723 8.227 7.750 <0.001
s(animal identifier) 28.731 29.000 110.980 <0.001
s(humidity) 8.341 8.874 12.035 <0.001

Measures of model fit. Adjusted R?> = 0.688. Deviance explained = 68.9%. Minimised generalised cross-validation score = 0.136. Scale
estimate = 0.136. Number of observations = 38,035.
? Degrees of freedom.

Table 6. Model results from the linear mixed effects model fitted to estimate carcass temperature from anatomical site while adjusting for other rel-
evant variables.

Parametric coefficients Estimate Standard error t-value P-value
(intercept) 5.065 0.296 17.119 <0.001
Days since humane killing —0.039 0.004 —10.426 <0.001
Air temperature 1.098 0.004 311.328 <0.001
Rainfall —0.065 0.003 —23.962 <0.001
Sex (female) Reference

Sex (male) 0.062 0.248 0.248 0.806
Abdominal cavity Reference

Bone marrow —0.842 0.056 —15.032 <0.001
Brain —0.230 0.055 —4.155 <0.001
Deep muscle —0.651 0.056 —11.686 <0.001
Superficial muscle —0.660 0.057 —11.513 <0.001
Thoracic cavity 0.475 0.056 8520 <0.001
Study location (Biloela) Reference

Study location (Warra) 1.015 0.205 4.943 <0.001
Random effects

Name Variance Standard deviation

Animal identifier 0.233 0.483

Residual 12.580 3.547

Model fit

Conditional R? = 0.697. Marginal R* = 0.692, Number of observations = 48,986. Groups = Animal identifier (32). Animal identifier categorical
predictors have been excluded for simplicity.
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dom forest (RF) machine learning algorithm to
predict carcass pH. A RF model was fitted and Study site: Warra I
trained to explore relationships between car-
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Figure 8. Variable importance plot for the ran-
dom forest (RF) machine learning algorithm to
predict carcass temperature. A RF model was
fitted and trained to explore relationships
between carcass temperature and various pre-
dictor variables. A relative index of the impor-
tance of each predictor is shown as a bar. The
detailed methodology for the calculation of this
relative index is given in the documentation for
the randomForest::importance function.”

expected drop in pH post humane killing. The time to reach
the lower pH inactivation threshold was fastest in deep muscle,
with a median time of 2 hours, followed by superficial muscle
and thorax, which reached the threshold within a combined
median time of 7 hours. Only one pig (trial 3) met the lower
pH inactivation threshold in all six anatomical sites (Supporting
Information). The upper (alkaline) FMDV pH inactivation
threshold was recorded for two sensors in bone marrow late in
trial 4. These are unlikely to be true readings, as bone marrow by
this stage had typically dried out. FMDV temperature inactivation
thresholds were occasionally reached, but less reliably than pH
thresholds (Figures 12 and Supporting Information). No pigs met
FMDYV temperature inactivation thresholds across all six anatomi-
cal sites (Supporting Information).

© 2025 Commonwealth of Australia, Ausvet, SunPork Group and The Author(s). Australian Veterinary Journal published by
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When considering both the pH and temperature inactivation thresh-
olds together, two pigs had recordings consistent with FMDV inacti-
vation in all six anatomical sites (Supporting Information). A further
three pigs met FMDYV inactivation thresholds in all sites where sensors
remained active (i.e. some probes did not record, but remaining pro-
bes all met inactivation thresholds). For the remaining 27 pigs (84%)
in this study, FMDV inactivation criteria were not met in one or more
anatomical sites.

Discussion

This study explored decomposition dynamics, including internal pig
carcass temperature and pH changes, during natural above-ground
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decomposition under Queensland conditions to inform whether patho-
gens could be inactivated, based on carcass pH and temperature, using
a D&LL disposal approach. This work has expanded upon a previous
study (Stage 1) by exploring carcass changes beyond 48 hours.”

Time to end-stage decomposition ranged from 12.1 to 18.2 days, with
trial 4 having the longest duration. The size of the pigs used in trial
4 likely influenced the rate of decomposition. The average weight of
feral pigs in Australia ranges from 50 to 60 kg for females, up to
100 kg for males.*® Therefore, the generalisability of our findings to
large feral boars may be limited. Other pig studies have found that
decomposition can take up to 30 days without the presence of scaven-
gers, or as little as 7-10 days with scavenger and insect activity.”*™*

We defined end-stage decomposition based on the state of soft tissues.
Carcass remains, including bone, skin and leached soluble body con-
tents, were still present (Figure 2). In the context of the application of
the D&LL disposal method, infectious virions may remain in or on tis-
sue fragments (e.g. bone) and may leach into the surrounding soil and
ground/surface water as a carcass decomposes.”>* Scavengers such as
birds, rodents and other mammals may disperse the virus away from
the initial carcass site, either becoming contaminated with bodily fluids
while feeding or through the transport of infectious body parts.>"*>

Significant declines in pH were observed primarily within the first
48 hours, before trending towards neutral for the remainder of the
trials. In agreement with the observations, the most important pre-
dictor for carcass pH was days since humane killing. This aligns with

Australian Veterinary Journal
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Figure 9. Potential for ASFV inactivation
through pH effects. pH over time by anatomi-
cal site is shown. Lines represent the mean of
all probes at each timepoint and are colored
by trial. Ribbons show the 95% confidence
interval around the mean. Plots are faceted
by anatomical site. Data were standardised
across trials by calculating the time since
humane killing in days (x-axis). ASFV inactiva-
tion thresholds are marked by dashed red
lines and labelled.3%%°

the trends seen in previous studies exploring pig decomposition in
situ.” The observed pH changes were not as marked as those in the
previous Stage 1 D&LL study, with pH values up to 1.1 pH units
higher in our study. This difference could be due to several factors.
Stage 1 used both feral and domestic pigs, whereas we used domestic
pigs only. Carcass pH profiles are known to differ between breeds.*?
Furthermore, different handling and destruction methods were
implemented between the studies.

The highest carcass temperatures were associated with elevated air
temperatures above 32°C. Carcasses will typically trend towards the
ambient temperature after humane killing and will likely be influenced
by factors such as carcass temperature at the time of death, composi-
tion of the carcass, for example, size, mass, muscle and fat composi-
tion, and other insulating factors such as coat type and colour.***’
Shortly after death, internal temperatures will reduce with algor mortis
and then increase in the bloated stage, associated with putrefaction
and the metabolic activities of maggot masses.’® For example, larval
masses of the blowfly Lucilia sericata can increase carcass temperature
by 2.5-14°C,”” although this temperature increase is typically localised
to body cavities.*® This may have influenced the elevated temperatures
seen in the abdomen. Larval masses and their secretions generally tend
towards a neutral to alkaline pH ,*” consistent with the findings in our
study where acidic tissue pH was not maintained.

The most important predictor of carcass temperature was air tem-
perature, with other notable predictors including humidity, days
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Figure 10. Potential for ASFV inactivation through temperature effects. Temperature over time by anatomical site is shown. Lines represent the
mean of all probes at each time point and are coloured by trial. Ribbons show the 95% confidence interval around the mean. Plots are faceted by
anatomical site. Data were standardised across trials by calculating the time since humane killing in days (x-axis). ASFV inactivation thresholds are

marked by dashed red lines and labelled.>**'

since humane killing and rainfall. This suggests that carcass tempera-
ture is unlikely to exceed temperature thresholds required for FMDV
and ASFV in more southern areas of Australia or where extreme, higher
temperatures are less likely. Interestingly, for both carcass temperature
and pH, we observed an effect of geographic location when controlling
for environmental conditions and other predictors. This suggests that
carcass temperature and pH are influenced by one or more unmeasured
environmental variables that differ between study locations.

Although this study did not involve any primary virological experi-
ments, the temperature and pH conditions observed in the pig carcasses
were not conducive to inactivating ASFV, based on widely accepted
temperature and pH inactivation thresholds.**~*' Taking the effects of
temperature and pH together, FMDV was likely to be inactivated in the
thoracic cavity, superficial and deep skeletal muscle and abdominal cav-
ity of most carcasses.**> FMDV was less likely to be inactivated in the
bone marrow and was least likely to be inactivated in the brain. We
found that post-mortem temperature and pH dynamics vary signifi-
cantly between anatomical sites, highlighting the importance of investi-
gating multiple tissues. Critically, there are other tissues that were not
examined that are of high relevance for ASFV and/or FMDV transmis-
sion. For example, ASFV loads are highest in the bone marrow, lymph

© 2025 Commonwealth of Australia, Ausvet, SunPork Group and The Author(s). Australian Veterinary Journal published by
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nodes and blood*’ and FMDV viral loads are typically highest in epi-
thelium but are also high in blood, bone marrow and lymph nodes.”
Tissues such as lymph nodes undergo little to no post-mortem acidifica-
tion due to compartmentalisation from muscle through connective tis-
sue layers.*>**~*® When considering disposal in an EAD response, the
unit of interest is the carcass. Therefore, virus must be inactivated in all
tissues to render a carcass noninfectious. However, the absolute viral
load present in the environment will be reduced if fewer tissues remain
infective.

Our findings suggest that >84% of ASFV- or FMDV-infected carcasses
may have remained infectious under the environmental conditions
experienced during the trials, based on the inactivation thresholds used.
Importantly, viral inactivation is more complex than simple pH and
temperature threshold criteria. Several previous studies have shown that
there are insufficient primary virological data available in the literature
to robustly estimate ASFV and FMDV decay rates in different tissues,
particularly under nonconstant conditions.*”** Although numerous
studies have explored ASFV and FMDV survivability in tissues, most
of these studies were conducted in controlled environments under
constant conditions, with very few examining survival in natural field
conditions with fluctuations in experimental conditions. Critically, this
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study, along with previous D&LL research,” has determined the tem-
perature and pH dynamics that a pig carcass may experience under
southeast and central Queensland environmental conditions during
late summer and autumn. Knowing this information, primary virolog-
ical studies (e.g. with surrogate viruses) can be conducted within these
temperature and pH ranges to robustly understand viral inactivation
under these conditions.

Infectious disease transmission is complex and stochastic, depending on
the proportion of susceptible animals in a population, the contact rate
between susceptible animals and infectious material, and the probability
of infection given contact (which depends on factors including the
amount of infectious virus present/transferred and the minimum infec-
tive dose).”® Although infected pig carcasses may remain infectious
after culling in the field, this may be of little epidemiological conse-
quence during an outbreak in Australia. Repeated and independent
modelling has indicated that the culling of feral pigs in a disease-
affected area of Australia could lead to disease fadeout in the Australian
environment, whether or not carcasses are considered.**>! This is in
contrast to the European context, where carcasses are believed to have
an important epidemiological role in ASF maintenance.” These models
all indicated that the culling of the population will lead to reduced con-
tact and hence reduced transmission. In addition, if culling is spatially
large enough, the culled area will pass the edge of the infected zone, and
populations around the infected areas will be depressed, reducing the
chance of transmission outside an infected area. When assessing the
suitability of D&LL for carcass disposal, a risk assessment considering
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Figure 11. Potential for FMDV inactivation
through pH effects. pH over time by anatomi-
cal site is shown. Lines represent the mean of
all probes at each time point and are
coloured by trial. Ribbons show the 95% con-
fidence interval around the mean. Plots are
faceted by anatomical site. Data were
standardised across trials by calculating the
time since humane killing in days (x-axis).
FMDV inactivation thresholds are marked by
dashed red lines and labelled.*

the efficacy of culling tools in a location, potential for disease spread
by predators and scavengers and the potential for introduction into
epidemiologically distinct populations to continue transmission should
be conducted.” This should be balanced against the risks, benefits and
feasibility of alternative disposal methods.

Several limitations of this study must be noted. The predictive power of
the models developed is limited to the scope of the experimental data.
Although overfitting is a concern in all models, our analysis approach
was designed to mitigate this risk. Regression models were used for
exploration rather than prediction, whereas RF models were chosen for
their resilience to overfitting. As such, predictions around carcass tem-
perature and pH should be inferred from the RF models. Through tech-
niques such as cross-validation, ensemble averaging, hyperparameter
tuning and using robust evaluation metrics like mean absolute error, we
ensured that our models were robust and avoided overfitting. The envi-
ronmental conditions (i.e. air temperature, relative humidity, rainfall)
were obtained from the Bureau of Meteorology and were measured at a
location some distance from the study location; exposed carcasses may
have experienced slightly different ambient conditions. Throughout the
course of the study, we experienced temperature and/or pH sensor
malfunctions at various times. Sensors were checked at least every
2 days, pH sensors were calibrated every 5 days, and obvious outliers
were excluded during data cleaning; however, missing data may have
limited the precision of our results. Bone marrow access required sec-
tioning of the femur with exposure of bone marrow to the ambient
environment. This would have led to more rapid degradation and
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Figure 12. Potential for FMDV inactivation through temperature effects. Temperature over time by anatomical site is shown. Lines represent the
mean of all probes at each time point and are coloured by trial. Ribbons show the 95% confidence interval around the mean. Plots are faceted by
anatomical site. Data were standardised across trials by calculating the time since humane killing in days (x-axis). FMDV inactivation thresholds are

marked by dashed red lines and labelled.?

breakdown of tissue, not representative of marrow sealed within a bone.
To the best of our abilities, the surrounding muscle was placed for pro-
tection over the incision. However, tissues rapidly broke down after
death, and the bone was exposed for most of the trial. Similarly, for the
brain, the process of humane killing involved a captive bolt and head
shot, which resulted in exposure of brain tissue to the environment and
maggots, and relatively rapid tissue degradation. Domestic pig carcasses
were used for this study, whereas the D&LL methodology is most likely
to be applied to feral pigs. The finding that geographical location signifi-
cantly affected carcass temperature and pH indicates that similar trials
must be carried out in additional geographical areas, particularly those
where D&LL would potentially be employed if found suitable. Finally,
the carcasses were protected from almost all scavengers. In reality, car-
cass removal from the environment may be much more rapid than
recorded here, reducing viral persistence in the environment, although
this may also lead to dissemination of potentially infectious material.>*

The use of D&LL as a management technique to achieve the objec-
tive of complete viral inactivation within an infected carcass under
northern Australian conditions cannot be applied with confidence
based upon our findings. Although many selected anatomical sites did
reach an inactivation threshold, indicating a reduction in carcass

© 2025 Commonwealth of Australia, Ausvet, SunPork Group and The Author(s). Australian Veterinary Journal published by

John Wiley & Sons Australia, Ltd on behalf of Australian Veterinary Association.

infectivity was likely, there was almost always at least one anatomical
site that did not reach the inactivation threshold in each carcass, indi-
cating that viral inactivation may not occur based on pH and temper-
ature parameters. In addition, we did not investigate other anatomical
sites and tissues which are often more infectious, particularly where
viral persistence is likely to occur, for example, lymph nodes and
blood clots. Primary viral inactivation studies under the observed
carcass pH and temperature conditions are required for enhanced
confidence in whether carcasses would remain infectious. The D&LL
disposal approach, however, may still support disease control impera-
tives during an EAD response, mitigating logistical challenges in the
management of feral pig carcasses and suppressing virus transmission
by reducing live, susceptible pig numbers. The specific disposal
method/s adopted during an EAD response will need to be considered
in the context of the outbreak, location and environment.
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