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To inform Salmonella on-farm management during broiler rearing, a 2-year study on two

farms compared the Australian practices of new bedding use, partial litter re-use and

an alternative, full litter re-use. Six sequential commercial cycles of ∼50 days each were

tested on each farm, on ∼day 7 from placement (litter only), prior to first thin-out, and

prior to final removal (litter and ceca). A random number sample collection occurred,

defined by shed supports (33, 39), different drinkers, feeders, and shed center. Across

the six cycles on both farms, Salmonella levels in ceca just prior to thin-out on full

re-use litter were higher (log 3.11 MPN/g, P = 0.008) than for new bedding (log 2.04

MPN/g) and partial re-use (log 2.43 MPN/g) litter (the latter two were not significantly

different). Prior to final removal across all practices the Salmonella levels in ceca from

new bedding (log 1.72 MPN/g), partial re-use litter (log 1.77 MPN/g), and full re-use litter

(log 2.33 MPN/g) were not statistically different, suggesting no effect of litter practice.

The Salmonella levels in litter prior to the first (log 1.96–2.31 MPN/g) and second

(log 2.24–2.48 MPN/g) removals were also not statistically different. The emergence

of Salmonella serovars in the partitioned chicken-free grow-out end (back) of all sheds

at ∼day 7 did not suggest carry-over. Both the pattern of emergence of Salmonella

serovars and Salmonella levels in litter ∼day 7 in the brooder-end with chickens (front),

suggested the Salmonella present were due to flock contribution and not practice driven.

The dominant Salmonella serovar across cycles on both farms was S. Sofia (75 and

77% isolates) followed by S. Typhimurium (11 and 17%). Irrespective of initial serovars,

Salmonella Sofia rapidly gained dominance and displaced 14 other serovars including

S. Typhimurium on both farms. This study demonstrates that the litter practices are not

the major driver of Salmonella prevalence in broiler farming, supporting the commercial

re-use of bedding as a sustainable farming practice in Australia. The major contributor of

Salmonella load in production is the Salmonella status of the incoming flock, indicating

this is the key area to focus future control measures.
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INTRODUCTION

The United States Centres for Disease Control (CDC) has listed
Salmonella (non-typhoidal origin) among the top five organisms
linked to domestically acquired food-borne illness with 1,027,561
estimated cases in 2011 (Centres for Disease Control and
Prevention, 2011). In Australia, the number of notifications of
salmonellosis for 2013 was 12,791 cases (NNDSS Annual Report
Writing Group, 2015) though not all these cases are of poultry
origin (Andino and Hanning, 2015). The intestines of both
humans and farmed animals (including poultry) are the main
niche for Salmonella (Jones, 2011). Feed, soil, bedding, litter, feces
(Andino and Hanning, 2015), and other vectors (Marin et al.,
2009;Wales et al., 2010) all can be common sources of Salmonella
on-farm. A direct relationship between the Salmonella levels in
on-farm litter (used poultry bedding) and the processed product
(carcass rinses) has been demonstrated (Berghaus et al., 2013).

Epidemiological links between poultry meat and human
illness have been demonstrated for a small number of Salmonella
serovars (among the 2,500) which are endemic in poultry
(Gast, 2007). In the EU in 2019, S. Enteritidis (50.3%),
S. Typhimurium (11.9%), and monophasic S. Typhimurium
(1,4,[5],12:i:-) (8.2%) were responsible for 70% of the human
illness [European Food Safety Authority (EFSA) and European
Centre for Disease Prevention and Control (ECDC), 2021]. The
EFSA has included S. Typhimurium as one of the serovars
of concern in breeding flocks due to its occurrence in both
broiler flocks and humans [EFSA Panel on Biological Hazards
(EFSA BIOHAZ Panel), 2019]. Whilst others serovars do emerge,
there is a need for close consideration of S. Typhimurium in
poultry production.

Sustainable farming practices can have positive impacts on

intensive industries such as broiler farming where bedding or
wood shavings are renewable resources (Bolan et al., 2010). The

type and extent of waste generated can vary from country to

country; for example, 10.2 million tons of litter were generated in
the USA annually (Dunkley et al., 2011). Similarly, in Australia,
the estimated annual poultry production (2009–2010) of 500
million birds contributed to an estimated 1,216,000 tons/year of
litter (McGahan et al., 2013) some of which is re-used. There
are advantages in re-using litter due challenges in sourcing
quality bedding in an expanding industry, and the environmental
impacts of disposing litter, though both attract food safety
concerns. The possible impacts of farming practices as risk factors
for Salmonella colonization of broilers has been reviewed by the
European Food Safety Authority (EFSA) to address management
options [EFSA Panel on Biological Hazards (EFSA BIOHAZ
Panel), 2019].

Re-using litter is a common practice in Australia (Runge et al.,
2007) with a dominant proportion (70%) using new bedding
with litter re-use occurring in the rest under a partial litter reuse
practice (Runge et al., 2007). Australia (specifically Queensland)
has re-used litter for over 30 years, (Collaborators pers. comm.).
Due to constraints in sourcing quality bedding the Australian
partial litter re-use practice is set to grow in the future. During
the Australian partial re-use practice, the litter at the end of the
initial broiler cycle is piled, the shed undergoes cleaning, and

the windrowed litter is spread over the back grow-out end of
the shed. The front brooder end always receives fresh bedding
where the young chicks are placed until around 14 days of age,
separated from the grow-out end via a curtain. Following which
they gain full access to the back of the shed which contains
re-used litter. The process will repeat for 3–5 sequential cycles
before a full clean-out of all litter occurs and the process restarts
again (Some litter is often removed at the end of each cycle to
prevent accumulation at the grow-out end) (Chinivasagam et al.,
2012). Litter re-use is also common in the USA (Volkova et al.,
2009) and both USA and Australia have a history of litter re-
use. The success of litter re-use in the USA is suggested to be
driven by the efficient treatment methods that occur during the
downtime between consecutive flocks, such as de-caking, tilling,
and windrowing (Bucher et al., 2020).

Australian studies (Chinivasagam, 2009) have looked at the
litter pile-up that occurs between cycles on farms (2 and 3
sequential piles) and assessed pile locations (top, core, bottom)
during the pile life. Salmonella die-off was found between 3 and 5
days of pile life across farms. Pile temperatures (35◦-60◦C; driven
by pile locations) and high pH (8.5–9.0) along with pile litter
water activity (Aw 0.83–1.00) could have played a contributory
role (Chinivasagam, 2009). In vitro studies have shown increased
thermal resistance in desiccation adapted Salmonella cells with
potential to survive in aged litter (Chen et al., 2013) but this
can be reversed by rehydration (Chen and Jiang, 2017). In-
house windrowing of broiler litter as adopted in the USA was
shown not to increase final Salmonella colonization (Brooks et al.,
2015). Competitive exclusion, pH, and temperature influence
both pathogen levels and the overall litter microbiome during
the downtime between flocks (Bucher et al., 2020). The study
found that the beta diversity of the microbiome was significantly
affected by litter pH, ammonia, moisture, and water activity.
Bacillus subtilis strains were also shown to influence in vitro
Salmonella growth (Heidelberg) (Bucher et al., 2020).

A 2.5-year study following 11 flock rotations of a US poultry
house that underwent a partial and a total clean-out, and the
introduction of new bedding, showed minimal influence of
practice on the established in-house litter microbial community
(Crippen et al., 2021). It is reported that the continuous transfer
of fecal matter can support competitive litter microflora re-
establishment by end of the flock cycle, inhibiting pathogen
proliferation (Brooks et al., 2015). The impact of the Australian
litter re-use practice on Salmonella in the sheds end with new and
re-used bedding suggested higher Salmonella levels and serovar
diversity in the new bedding end, when assessed across a whole
cycle (but no chickens were studied) (Chinivasagam et al., 2012).

Salmonella is widespread in the natural environment and can
be isolated from humans or animals with some serovars host
adapted and not having a major epidemiological significance
(Murray, 1991). There is a close relationship between the
Salmonella populations in chicken feces and litter (Santos
et al., 2005) with litter Salmonella presence being a typical
reflection of flock status at the time (Bhatia et al., 1979).
The breeder flock can be the original source of Salmonella in
commercial flock (Richardson et al., 2003; Kim et al., 2007). Re-
using litter has always generated concerns of pathogens being
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transferred from the re-used litter environment to the new flock
(Payne et al., 2007).

The Salmonella levels in older and built-up litter (cleaned
out every 2–5 years) has been shown to be lower than when
an annual clean-out of litter occurred, i.e., log <1.0 vs. log 3.6
Most Probable Number (MPN)/g, respectively, in 4–6 weeks old
birds (winter) (Payne et al., 2006). Assessing the occurrence of
Salmonella in Brazilian farms when litter was re-used up to 14
consecutive times resulted in a low presence of Salmonella i.e.,
only 2.5, 5.27, and 2.08%, respectively, over three consecutive
years (2008–2010) (Roll et al., 2011). Older and built up litter can
exhibit an inhibitory effect on Salmonella compared to new litter
(Payne et al., 2006). Salmonella has been shown to die-off during
the in-shed litter pile up between cycles that occurs as a part of
Australian litter re-use practice (Chinivasagam, 2009).

It is possible that management practices, such as litter re-
use, may only influence Salmonella prevalence and not the
Salmonella serovars present at the time (Foley et al., 2011).
From an overall perspective controlling Salmonella in integrated
broiler operations can be complicated due to the varied sources
of the organism (Kim et al., 2007). Studies such as those
assessing the “presence/absence” of the organism on-farm can
associate common characteristics (e.g., the presence of dusty
and dry conditions in houses) and their potential link to
increased Salmonella prevalence on-farm (Berghaus et al., 2012).
However, Salmonella prevalence in one of several risk factors for
addressing salmonellosis (Oscar, 2020). Thus, merely assessing
prevalence does not reveal the impact of the various management
practices adopted, housing options, or the environmental fate of
Salmonella on-farm (Payne et al., 2006).

Given that Salmonella has a close link with the bird and its
bedding, and the common belief amongst some farmers that
“used bedding will carry higher Salmonella than the new” the
main aim of this study was to adopt a quantitative approach
comparing the bedding materials and birds simultaneously with
three commercially adopted bedding practices. Any associations
between bird and bedding leads to more informed risk
management. The bedding options tested were the use of
new bedding (Australian practice), partial re-use (Australian
practice), and full litter re-use. The study was undertaken
on two different farms during standard commercial farming
cycles. Both Salmonella and Campylobacter (reported elsewhere)
(Chinivasagam et al., 2016) were simultaneously studied. It was
resource intensive and large but necessary to obtain outcomes
applicable to commercial practice. It followed through six
sequential broiler cycles lasting a year on each farm with in-
shed litter management between cycles. A key aim of the study
was to address food-safety (Salmonella levels and serovars) for
sustainable broiler farming that incorporates litter re-use in the
context of an expanding industry.

MATERIALS AND METHODS

Farm Sampling
Animal ethics approval (SA 2008-10-265) was obtained for the
entire experimental study from the Department of Agriculture
and Fisheries (Queensland) Animal Ethics Committee. All

farm sampling methods (including the three litter practices
adopted) have been previously described for the Campylobacter
component of this study (Chinivasagam et al., 2016). Briefly,
three separate adjacent sheds were randomly selected to house
three different litter practices on two commercially operated
farms; the study design was validated via a shed effects study
(data not presented). The farms (reasonably close to each other
but with no road direct access and separated by forest) were
situated in a dominant broiler farming region close to Brisbane,
Queensland, Australia and were managed by the same integrator
company and thus practices were the same on both farms. Farm
1 (F1), had four sheds (approximately 35,000 chickens per shed)
and Farm 2 (F2), had eight sheds (approximately 40,000 chickens
per shed). The trial coincided with a normal commercial farming
cycle adopted for the rest of the sheds. Thus, other than setting
up the three litter practices, all usual practices including diets,
thin-out times and final removal for slaughter were determined
by company policies and decisions.

During the initial cycle (Cy1) following a full cleanout, all
sheds used new bedding. As the usual practice on both farms were
the Australian practice of partial re-use, this ensured a starting
point which allowed the setting-up of practices. The practices
adopted for the study were (a) the use of new bedding for every
cycle (an Australian practice), i.e., “new” (N), (b) the use of
new bedding in the front end (brooder) of the shed and re-used
bedding in the back end (grow-out) of the shed (an Australian
practice), i.e., “partial” re-use (P), (c) the sequential re-use of the
same bedding (an alternative practice) across the shed i.e., “full
re-use” (F). During all practices, the young chicks were segregated
via a curtain as previously described. Young chicks on placement
on both N and P practices were raised on new bedding and F
on full re-use bedding in the partitioned brooder end for around
14 days, until old enough for full shed access. Each cycle lasted
around 49–51 days, followed by a turn-around period of about 5
days between cycles. Litter was managed between cycles during
the Australian partial re-use practice (P) on F1 and F2 by piling
as described in Chinivasagam (2009) and Chinivasagam et al.
(2012). During full litter re-use, on F1, litter was heaped across
entire length of shed for 5 days and spread and on F2, litter
was aerated mechanically, clumps removed, and spread. Detailed
litter management adopted within the three test sheds on F1 and
F2 for this trial is listed in the Campylobacter component of the
study (Chinivasagam et al., 2016).

Collection of Litter and Ceca Samples
During each cycle, both litter (L) and chicken ceca (C) were
collected from the three sheds on both farms. The litter and
ceca collection are described in the Campylobacter component
of the study (Chinivasagam et al., 2016), and is elaborated
here. Chickens and litter were sampled from three sheds during
each cycle from F1 and F2 as follows: (a) around day 7
following placement—for litter only, (b) just prior to first pick-up
(thinning), litter and chickens, and (c) just prior to final pick-up,
litter and chickens, where pick-ups represented commercial pick-
up days. Litter was collected as in (Chinivasagam et al., 2012) to
a depth of 40 cm over an area of 400 cm2 using a stainless-steel
sampler. Each shed was defined into four main sections i.e., two
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in the brooder area (front end 1 and 2) and two in the grow-out
area (back-end 3 and 4). The sheds (100m length) had 39 (F1)
and 33 (F2) bays (structure supports along the shed) which were
used as markers for routine random number allocation (to allow
sample collection) across the shed, Supplementary Figure 1.
Sample collection represented a selected bay location that then
defined a selected drinker, feeder, or a shed center as sample
collection spots (also selected via random number). Thus,
initially, 16 bays were selected via random number allocation
(i.e., four bays per main section). Within this selected section,
eight spots were selected for litter sample collection from an area
adjacent to a drinker and/or feeder and/or center of the shed.
The eight litter samples were mixed and quartered to from a
single composite sample, representative of the relevant section
e.g., brooder 1. This was repeated for brooder 2, grow-out 1
and grow-out 2 to form four main samples per shed (from a
total of 32 litter samples per shed) representing those four main
sections. All compositing was done immediately on collection at
the farm and samples stored chilled on ice bricks in chiller bins
to maintain a temperature of 4◦C. Two chickens were collected
in the region of the bays selected for litter sampling resulting in
eight chickens per section (e.g., brooder 1). In this manner a total
of 32 chickens were collected to represent the four sections as
previously described. The chickens were immediately aseptically
dissected on collection at farm, the ceca suitably stored chilled
as previously described. The litter and ceca were transported to
the laboratory and litter was tested immediately on arrival and
chickens within 22 h of collection.

Enumeration of Salmonella Levels in Litter
and Ceca
The three tube MPN method was used to enumerate Salmonella
levels (MPN/g) in both litter and ceca and is previously
described (Chinivasagam et al., 2009, 2012). Briefly, 25 g of the
composite samples of litter or ceca were weighed to which
225ml of 0.1% buffered peptone water was added. The ceca
were stomached (AES smasher lab blender) and litter blended
(Bamix, stick bender (http://bamix.com.au) for 1min each, then
allowed to settle. Appropriate serial dilutions (0.1% buffered
peptone) were inoculated into 10ml of buffered peptone water
and incubated at 37◦C overnight. Six 30-µl aliquots from each
incubated broth were inoculated on to a single MSRV (Oxoid
CM0910, Basingstoke, UK) plate, followed by incubation at 42◦C
overnight. Presumptive positives from MSRV (motile zones)
were streaked on both XLD (Oxoid, CM0469, Basingstoke, UK)
and CHROMagar Salmonella Agar (Difco, 21492.5, Beckton
Dickinson, United States) following overnight incubation at
37◦C). Positives from XLD were subcultured onto nutrient agar
(Oxoid, Basingstoke, UK), incubated overnight at 37◦C, and
further confirmed using Salmonella O antiserum, Poly A-I, and
Vi (Difco, Beckton Dickinson, United States). Salmonella levels
were expressed as MPN/g of litter or ceca. Each original sample
(25 g in 225ml) was also tested (for the presence/absence of
Salmonella) as previously described and reported present (+) or
absent (–) in 25 g in the event the MPN was below detection
limit. Around 500–600 colonies were confirmed as Salmonella

spp. from a single cycle across the three practices totalling
approximately 3,000–3,600 isolates across the six cycles on a
single farm leading to ∼7,500 isolates on both farms over a 2-
year period. These isolates were randomly chosen from plates
used to enumerate Salmonella levels representing the highest
to the lowest MPN dilution series to ensure diversity. From
these confirmed isolates, an arbitrary subset of isolates from shed
segments (e.g., N1, N2, N3, N4), litter practices (new, partial full
re-use), cycles (1–6), and farms (F1, F2) were sent for serotyping
as described below.

During each cycle, around 16 confirmed positive isolates
were randomly selected from litter and ceca from each shed
that housed a litter practice per sampling day totalling to
∼50 colonies (less at times due to negatives) for the three
sheds/sampling day. A total of 1,046 Salmonella isolates (513
from F1 and 533 from F2) across 34 of the 36 sampling dates
(two day 7 on F2 were missed) were further streaked for
purity on Nutrient agar (Oxoid) and stored. The isolates were
then sent to the Salmonella Reference Laboratory, Institute of
Medical and Veterinary Science, Adelaide, Australia (IMVS)
for serotyping (and phage typing where relevant). The serovar
identity is presented based the dilutions (lowest to highest
to assess sequential dominance) they were picked from XLD
comparing those form both litter and ceca across litter practices,
cycles and farms over the 2-year period.

Statistical Analysis
Prior to commencement of the trial, sampling of surface litter to
examine for shed effects was undertaken, comparing the three
sheds on F1. Analysis of variance for water activity, moisture,
pH, and temperature showed no notable impact of the shed
environment (data not presented). The study sheds were found to
be approximately equal, thus validating the study design adopted
on F1 and F2 for the overall study (Chinivasagam et al., 2016).

Statistical analyses were carried out for Salmonella levels in
litter and ceca, both overall and separately for the prior first thin-
out and final pick-up for both farms. The time-series nature of the
data was taken into account by an analysis of variance of repeated
measures (Rowell and Walters, 1976), via the AREPMEASURES
procedure of GenStat (2013).

Litter pH, Moisture, and Shed Conditions
In order to have a general understanding of the litter macro-
environment across litter practices, litter pH and moisture
content was measured as described in Chinivasagam et al.
(2012). Water activity was tested (Decagon safe storage quick
check, Decagon devices, USA), following sample collection in
the shed by inserting the probe for about a minute into the
sample bag (following air elimination) until a stable recording.
Relative humidity (RH) was monitored at litter level by setting
up a handheld weather station (Kestrel 4100 pocket airflow
tracker, https://kestrelmeters.com.au/Australia) on a tripod at the
mid-point in the shed, at approximately 1m. height from the
bottom of the shed at the commencement of sample collection
in the shed.
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TABLE 1 | Salmonella levels in litter (log MPN/g) on day 7 across brooder (segments 1, 2) and grow-out (segments 3, 4) ends of the sheds housing new, partial, and full

re-use litter practices on both farms (F1 and F2), across cycles 1–6.

Farm 1 Farm 2

Cy1* Cy2 Cy3 Cy4 Cy5 Cy6 Cy1* Cy2 Cy3 Cy4 Cy5 Cy6

New New

1 – + – 3.9 5.2 3.3 3.4 nd 1.4 2.2 nd –

2 – 2.4 – 5.0 0.7 4.2 4.0 nd 1.0 3.7 nd –

3 – – 0.7 – – + – nd – – nd –

4 – – – – – 1.6 – nd – – nd –

Partial Partial

1 – – – 3.9 3.4 2.4 3.6 nd 3.0 + nd –

2 – – – 5.0 3.4 2.7 1.4 nd 3.0 – nd –

3 – – – – + + – nd – – nd –

4 – – – – + – – nd – – nd –

Full Full

1 – – – 2.4 1.0 + + nd + 0.7 nd –

2 – – – 2.7 2.6 0.7 + nd – + nd –

3 – – – + – – – nd – – nd –

4 – – – – 0.7 + – nd 0.9 – nd –

Cy1* all three sheds, new bedding; nd, not done; –, negative (minimum detection MPN/g = log 0.6); presence/absence +/– in 25 g (reported when MPN/g was below detection limit);

1 and 2 brooder section (front), 3 and 4 grow-out section (back).

RESULTS

Salmonella Levels in Litter—Around
Placement
The Salmonella levels in litter at the brooder ends with chicks
(shed segments 1 and 2) and the chick-free grow-out end (shed
segments 3 and 4) were tested at the start of each sequential cycle
(i.e., around day 7; Table 1). On F1, at the commencement of the
trial (Cy1) following a full clean-out of litter and new bedding
incorporated to all sheds, Salmonella was not detected across
all three sheds at the brooder end containing chicks, indicating
an absence of Salmonella in the litter at placement. Salmonella
was also not detected in the chick-free end which serves as
an indicator of possible carry-over from the previous cycle. In
contrast, on F2, during Cy1, Salmonella levels in the brooder
end with chicks ranged from being detected (presence/absence)
in 25 g to log 4.0 MPN/g across the three sheds, indicating a
Salmonella positive flock, compared to being not detected in litter
in the chick-free grow-out end. During the rest of the cycles
(Cy2–Cy6) on both farms, when detected at the brooder ends in
litter in the presence of chicks, Salmonella levels ranged from a
minimum of log 0.7 MPN/g to a maximum of log 5.2 MPN/g.
There were many instances of a Salmonella absence at the chick-
free grow-out end irrespective of shed litter practice, indicating
no carryover (Table 1). When detected at the chick-free grow-
out end, on both farms, across cycles, Salmonella was either
detected in 25/g (reported when MPN was below detection) or
at lower levels (log 0.7–1.6 MPN/g compared to when chicks
were present). Similarly, Salmonella was below detection/or at
low levels (i.e., presence in 25/g to levels of 2.4 MPN/g) even
in the presence of chicks in the brooder end with chickens
(Cy 2 partial, full re-use, Cy3, all practices on F1, Cy 6 on F2,

TABLE 2 | Probability values (P-value), overall mean Salmonella levels for litter

practices (MPN/g), and standard errors (s.e.) for each pick-up.

P-value New Partial Full re-use s.e.

Ceca–First pick-up 0.008 2.04b 2.43b 3.11a 0.23

Ceca–Final pick-up 0.109 1.72 1.77 2.33 0.21

Litter–First pick-up 0.503 2.22 1.96 2.31 0.21

Litter–Final pick-up 0.469 2.24 2.31 2.48 0.19

Means with a different superscript are significantly different (P < 0.05).

all practices) indicating low flock contribution of Salmonella
to litter.

Summary Statistics, Practices, Cycles, and
Farms (First and Final Pick-Up)
The Salmonella levels in ceca prior to thin-out were low (log
2.04–3.11 MPN/g) but were around a log lower (log 1.72–2.33
MPN/g) in mature birds just prior to final removal, irrespective
of litter practice, thus varied with bird age Table 2. Whereas, the
Salmonella levels in litter prior to first and final removals, was also
low (log 1.96–2.48 MPN/g), irrespective of practice. In analyses
across the six cycles on both farms Table 2, Salmonella levels in
ceca just prior to thin-out on full re-use bedding were higher
(log 3.11 MPN/g, P = 0.008) than for new (log 2.04 MPN/g)
and partial re-use (log 2.43 MPN/g) bedding (the latter two were
not significantly different). Prior to final removal across all the
practices the Salmonella levels in ceca log 1.72 MPN/g, (new),
log 1.77 MPN/g (partial), and to log 2.33 MPN/g (full re-use)
were not statistically different, suggesting no litter practice driven
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FIGURE 1 | Salmonella levels ceca (log MPN/g) and litter (log MPN/g) prior to thin-out and final removal across new bedding, partial, and full re-use litter across

sequential farming cycles on both, farms F1 and F2.

TABLE 3 | Serovars isolated (%) from both litter and ceca from F1 and F2 from

three litter practices across six sequential farming cycles.

Serovar F1 (%) F2 (%)

S. Sofia 74.9 76.9

S. Typhimurium PT135a 9.7 16.7

S. Typhimurium PT193 1.0

S. Typhimurium PT6 0.2 0.6

*Others 14.2 5.8

Total isolates 513 533

*On both farms: S. Chester; S. Senftenberg; S. Zanzibar; S. Tennessee.

*Farm A: S. Give var 15+; S. Montevideo; S. Ohio; Salmonella subsp 1 ser 4,12:d:-;

S. Virchow PT23; S. Virchow PT25.

*Farm B: S. Infantis; S. Singapore; Salmonella sups1 ser 16:1v:-; S. Taksony.

influence. The Salmonella levels in litter prior both removals
across practices (prior first log 1.96–2.31 MPN/g and prior
second 2.24–2.48 MPN/g) were also not statistically different.

Salmonella Levels—Prior First Thin-Out
and Final Pick-Up—Ceca and Litter
Two patterns of a ceca–litter relationship were apparent
on F1and F2 across cycles prior to thin out and prior
to final removal (Figure 1); In the first pattern, there was
an absence of Salmonella in ceca and litter, irrespective of

litter practice (highlighted orange arrows). This was observed
on F1, Cy1 at trial commencement when all sheds had
new bedding in two of the three sheds both prior thin-
out and final removal and during Cy2 in the partial re-
use shed. On F2 an absence in ceca and litter was apparent
during Cy5 (partial) and Cy6 (partial and full re-use). The
second pattern was an absence in ceca, but low Salmonella
levels detected in litter [i.e., shed with new bedding, 0.7
MPN/g (F1 Cy2), prior to thin out]. A similar situation (i.e.,
absent in ceca, low levels in litter) occurred on F2 (new)
during Cy6, first and final removals (highlighted with blue
arrows in Figure 1).

Salmonella Serovar Dynamics Across
Litter Practices and Cycles
There was a total of 15 different serovars (including different
phage types) detected on farms across the six cycles (Table 3).
Despite the farms being geographically separated and studied a
year apart, the serovar distribution on both farms was striking
similar with Salmonella Sofia the dominant serovar in both
litter and ceca (75% F1 and 77% F2). This was followed by
S. Typhimurium PT135a (9.7% F1 and 16.7% F2). The rest of
the serovars formed a minor component (14% on F1, 6% on
F2). Those that formed the minor component were included S.
Chester, S. Give var 15+, S. Montevideo, S. Ohio, S. Senftenberg,
S. Tennessee, and S. Zanzibar (F1). S. Infantis, S. Virchow,
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TABLE 4 | Salmonella serovar sequence across six sequential cycles, Farm 1.

Ceca Litter

CYCLE 1 Shed 1 Shed 2 Shed 3 Shed 1 Shed 2 Shed 3

Not detected Not detected Tennessee

Sofia

Sofia Not detected Tennessee

Sofia

CYCLE 2 New Partial Full New Partial Full

Virchow

Sofia

Sofia Sofia Virchow

Senftenberg

Sofia

Sofia Sofia

CYCLE 3 Sofia Sofia Sofia Sofia Sofia Sofia

CYCLE 4 Typhimurium

Sofia

Typhimurium

Sofia

Typhimurium

Chester

Sofia

Typhimurium

Sofia

Typhimurium

Sofia

Typhimurium

Tennessee

Sofia

CYCLE 5 Sofia Typhimurium

Sofia

Give var 15+

Chester

Sofia

Montevideo

Sofia

Typhimurium

Sofia

Give var 15+

Senftenberg

Zanzibar

Ohio,

Sofia

CYCLE 6 Montevideo

Sofia

Virchow

Sofia

Virchow

Zanzibar

Sub spp.

Senftenberg

Sofia

Montevideo

Typhimurium

Zanzibar

Sofia

Virchow

Sub spp.

Sofia

Virchow

Zanzibar

Sub spp.

Sofia

Total isolates, 513.

TABLE 5 | Salmonella serovar sequence across six sequential cycles, Farm 2.

Ceca Litter

CYCLE 1 Shed 1 Shed 2 Shed 3 Shed 1 Shed 2 Shed 3

Typhimurium

Sofia

Typhimurium

Sofia

Sub spp.

Sofia Typhimurium

Sofia

Typhimurium

Sofia

Sub spp.

Typhimurium

Sofia

New Partial Full New Partial Full

CYCLE 2 Typhimurium

Sofia

Typhimurium

Sofia

Typhimurium

Sofia

Infantis

Sofia

Typhimurium

Sofia

Typhimurium

Sofia

CYCLE 3 Sofia Sofia

Taksony

Sofia Tennessee

Sofia

Typhimurium

Sofia

Senftenberg

Typhimurium

Sofia

CYCLE 4 Typhimurium

Sofia

Sofia Typhimurium

Singapore

Zanzibar

Chester

Sofia

Typhimurium

Singapore

Sofia

Typhimurium

Sofia

Typhimurium

Senftenberg

Zanzibar

Sofia

CYCLE 5 Typhimurium Sofia Sofia Typhimurium

Sofia

Sofia

Salmonella

Sofia

CYCLE 6 Salmonella

Sofia

Salmonella Salmonella

Sofia

Sofia Salmonella Sofia

Total isolates, 533.

S. Singapore, Salmonella sups1 ser 16:1v:-, and S. Taksony are
detailed in Table 3.

Examination the serovars present in each cycle on F1
(Table 4) and F2 (Table 5) revealed the serovar present in

ceca was also commonly isolated from litter. Salmonella Sofia
was dominant across all 12 cycles with some serovars unique
to cycles (Tables 4, 5). The detailed pattern of emergence
of Salmonella serovars on F1 and F2 for selected cycles on
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day 7, prior to first and second removal, for new bedding
(sections, N1, N2, N3, N4), partial (sections P1, P2, P3, P4),
and full litter re-use (sections F1, F2, F3, F4) is shown in
Figures 2–4.

On F1 Cy 1 (Figure 2A) a minor contribution of S. Tennessee
and S. Sofia at the chick-free grow-out end (a possible residue
from a previous cycle) is observed. Subsequently S. Sofia begins
to gradually dominate in both litter and ceca initially in one
shed and then across all three sheds. Similarly, on F1, Cy2,
S. Senftenberg and S. Virchow though not detected in Cy1
(Figure 2B) emerge only in the shed allocated to new bedding
with S. Sofia initially dominant (litter and ceca) in the shed
allocated to full reuse and continues to widely populate all three
litter practices (both in ceca and litter).

The Salmonella dynamics during Cy1, F2 is interesting with S.
Typhimurium spread widely in litter across the chick populated
brooder ends (rather than the chick-free ends) of all three
litter practices suggestive of flock contribution at placement
(Figure 3A). This is the initial cycle, and all sheds are on new
bedding. Prior to first removal there is a mix of both serovars
in two sheds and only S. Sofia in the third shed, after which S.
Sofia gains dominance across all three sheds prior final removal.
Similarly, S. Sofia–S. Typhimurium dynamics was also apparent
almost a year earlier during Cy4, F1 (Figure 3B), irrespective
of the minor presence of S. Chester (full re-use ceca) and S.
Tennessee (full re-use litter).

Salmonella Sofia also could proliferate in both ceca and litter
across a cycle following minor emergence in a single shed (new
bedding) irrespective of another serovar and the litter practice
as seen in Cy3, F1 (Figure 4). Additional detailed data (such as
presented here) for all 12 cycles in F1 and F2 are presented in
Supplementary Figures 2, 3.

Litter pH, Moisture, and Litter Level RH
The litter pH for F1 (Chinivasagam et al., 2016) and F2
(Supplementary Figure 4) show no major differences in range
prior to first pick-up (8.0–8.8) and prior to final removal (8.4–
8.8) across practices. On F1, full re-use (which had more aged
litter) the pH was significantly different (P < 0.05) in only
five instances to new across both pick-ups and only a single
instance, when comparing partial re-use with new (P < 0.05)
(Chinivasagam et al., 2016). This demonstrates no major practice
driven variations. The litter moisture (Supplementary Figure 5)
on day 0 (with chicks) after a full clean-out (all new shavings)
was ∼15–16% (F1) did not vary markedly to the litter moisture
of the chick- free grow-out area around day 7 after placement
across practices (∼15–20%, F1, F2). This point can be compared
to the starting point of the moisture content of re-used bedding,
at the commencement of a cycle. Just prior to first removal
and final removal the litter moisture was generally in the
same range (21.5–29%, F1, F2) with no major practice driven
variations. Litter water activity on F1 (Supplementary Figure 6),
in the presence of new shavings (no chicks) at day 0 ranged
of Aw 0.70–0.79, which was not much variable across practices
prior to first pick-up (Aw 0.74–0.84) and final removal 0.74–
0.91 suggesting no major practice driven influence variations.
The RH in the shed at litter level (F1) across the six cycles

and practices (Supplementary Figure 7) ranged around 40–60%
across practices. In summary, the litter macro environment was
reasonably similar between litter practices.

DISCUSSION

The current study is unique in that it adopted a multifaceted
approach exploring sustainable commercial litter practices and
Salmonella colonization dynamics in broilers. The adoption of
a quantitative rather than a qualitative approach in Salmonella
investigations has been shown to uncover unique facets of the
organism’s contribution on-farm (Lahellec et al., 1986). This
study used quantitative methods to address Salmonella entry,
extent in litter and ceca plus the emergence of 15 Salmonella
serovars at various points tested through 12 sequential cycles
on F1 and F2 across three litter practices. Li et al. (2021) using
a quantitative approach, assessed the origins and dissemination
of S. Enteritidis to breeding stock, demonstrating its value to
risk management. The study provided an understanding of
the origins of S. Typhimurium (a serovar of concern) and S.
Sofia including their interactions in the presence the others,
simultaneously in the bird and litter, which otherwise would
not be possible. Identifying the relationship between on-farm
Salmonella populations and environmental parameters together
with adopted farm management practices can aid in informing
on-farm pathogen control strategies, such as those adopted for
HACCP (hazard analysis critical control point) (Payne et al.,
2006) during food production. The current study provided a
comprehensive understanding of potential critical control points
than can facilitate informed decision making to address on-farm
Salmonella in broiler production.

But in the current study there were no patterns of Salmonella
emergence or levels driven by litter practice, statistically or
any serovar influence connected to placement across cycles
and farms. The Australian practice of placing the flock in the
front of the shed (for ∼14 days) and only spreading litter
in the partitioned (chick-free) back of the shed presented a
unique opportunity to assess the Salmonella status of litter
used for each cycle. Around placement, amongst the 36
shed sections on F1 that defined the chick-free end (i.e.,
two sections/shed; three sheds/cycle; six cycles), only low
Salmonella levels were detected (maximum of log 1.6 MPN/g)
in eight sections. Similarly, on F2, of a total of 24 shed
sections tested, Salmonella was only detected once at a low
level (log 0.9 MPN/g).

In comparison, at the ends that received chickens at
placement, the organism was more widespread across the shed
(sections) with litter Salmonella levels reaching a maximum
of log 5.2 MPN/g (F1) and log 3.7 MPN/g (F2), indicative
of transfer via placed flock to litter. There were instances of
low litter Salmonella levels (log 0.7–log 1.0 MPN/g; F1, F2),
even with flock presence, which reflects that the Salmonella
contribution from flock to litter levels can be variable. It
has been suggested that native intestinal microorganisms
(Lactobacilli) can contribute to colonization resistance in the
ceca which may influence litter levels (Dunkley et al., 2009)
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FIGURE 2 | Distribution of Salmonella serovars for F1 cycles 1 (A) and 2 (B), day 7, first and second pick-up, across of new (sections, N1, N2, N3, N4), partial

(sections P1, P2, P3, P4), and full re-use (sections F1, F2, F3, F4), based on highest and lowest 10-fold serial dilutions used for Salmonella (log MPN/g), litter, and ceca.
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FIGURE 3 | Distribution of Salmonella serovars for F2 cycle 1 (A) and F1 (B) cycle 4, day 7, prior to first and second pick-up, across of new (sections, N1, N2, N3,

N4), partial (sections P1, P2, P3, P4), and full re-use (sections F1, F2, F3, F4), based on highest and lowest 10-fold serial dilutions used for Salmonella (log MPN/g)

litter and ceca.

in colonized flocks. Overall, the study outcomes suggest that
the major contributor of Salmonella to emerging cycles are
the incoming flock rather than possible residual carryover
via litter.

Salmonella is closely associated with the chicken and has been
shown to adhere to the mucosa of the ceca together with other
cecal microflora (Soerjadi et al., 1981, 1982) in an anaerobic cecal
environment (Barnes, 1972). Competing flora in the chicken gut

Frontiers in Sustainable Food Systems | www.frontiersin.org 10 February 2022 | Volume 6 | Article 816181

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Chinivasagam et al. Salmonella in Broiler Farming Practices

FIGURE 4 | Distribution of Salmonella serovars for F1 cycle 3, day 7, prior to first and second pick-up, across of new (sections, N1, N2, N3, N4), partial (sections P1,

P2, P3, P4), and full re-use (sections F1, F2, F3, F4), based on highest and lowest 10-fold serial dilutions used for Salmonella (log MPN /g), litter and ceca.

can inhibit Salmonella via competitive exclusion (Nurmi and
Rantala, 1973) by adhering to the sites Salmonella may occupy.
Across the study, there were instances of an absence of Salmonella
in ceca and a simultaneous absence in litter when assessed either
prior thin-out only or prior both removals irrespective of litter
practice and/or cycles.When detected in ceca either prior to thin-
out or final removal the levels were low (log 1.72–3.1 MPN/g)
with no statistical differences attributed to practices, cycles and
farms. In comparison, Campylobacter levels (log 7.0–9.0 CFU/g)
measured in the same ceca, detected simultaneously across the
current study (reported elsewhere in Chinivasagam et al., 2016)
were much higher (around 6 log CFU/g). Though, the levels
of neither Salmonella nor Campylobacter (Chinivasagam et al.,
2016) in the ceca were influenced by litter practices, cycles
or farms.

Salmonella levels in the ceca were higher prior to thin-out
(log 2.04–3.11 MPN/g) compared with prior to final removal
(log 1.72–2.33 MPN/g). Bird age has been shown to influence

Salmonella litter levels re-used bedding (Chinivasagam et al.,
2012). In young chicks the diversity of microbial populations
in the small intestine and ceca can change with bird age
(Amit-Romach et al., 2004) influencing Salmonella colonization.
Varying chicken diets across the bird’s growth cycle may also
contribute to nutrient availability which can influence Salmonella
colonization of the gastrointestinal tract (Vandeplas et al., 2010).
As per usual commercial practice the birds were subjected to a
starter, grower, finisher, and withdrawal diets across their growth
cycle, which may have influenced Salmonella colonization of
the ceca.

Amongst the 1,046 Salmonella isolates selected for serotyping
across the study, 15 serovars were isolated from F1 and F2,
all associated with Australian broilers. Multiple phage types are
reported for two serovars (S. Typhimurium, PT 135a, 193, 6; S.
Virchow PT 23, 25). Across the 12 cycles, two serovars dominated
(S. Sofia 75% at F1 and 77% at F2; S. Typhimurium 11% at F1
and 17% at F2). The rest were minor contributors but were key in
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providing an understanding of serovar emergence patterns across
sequential cycles on F1 and F2 and thus the influence of used litter
and ceca. The serovar isolated on the chicks’ first day have been
found to be the major contributor to serovars in the broiler house
compared to those isolated later in the rearing period (Lahellec
et al., 1986). This was apparent in the current study with the
incoming flock the major contributor to the litter environment.

Salmonella serovar dynamics across the 12 cycles tended to
follow three general patterns. The first pattern involved the
emergence of a single or multiple serovars, generally at the chick-
end of the shed at placement which were replaced by S. Sofia as
the cycle progressed (e.g., S. Tennessee, Cy1 F1, new bedding,
chick-free end); the serovars were not generally related to the
previous cycle; The second pattern showed S. Typhimurium
dominance at placement, predominantly in the flock-end and
irrespective of litter practice followed by S. Sofia dominance as
the cycle progresses (e.g., Cy1 F2 new, partial and full re-use; Cy
4, F1 new, partial and full re-use chick populated end). The third
pattern was “S. Sofia only cycles,” shows a minor emergence of
S. Sofia early, or widespread midcycle, which continued to gain
dominance as the cycles progressed (e.g., Cy3 F1 re-use end; Cy6
F2 new).

Across the 12 cycles, S. Sofia (in ceca and litter) generally
dominated mid-cycle rather than, as seen on few occasions,
around placement. On F2, cycles 1 and 2 indicated a follow on
of S. Typhimurium from Cy1 to Cy2, where litter may have
played a role. But unfortunately, Cy 2 litter was not tested due to
unforeseen operational circumstances at placement. Irrespective
of origin, the S. Sofia–S. Typhimurium replacement was apparent
across both cycles. Given the importance of S. Typhimurium
from a regulatory context, the S. Sofia–S. Typhimurium dynamics
observed in Australian poultry is intriguing.

The EU Salmonella food safety criteria prescribes Salmonella
be not detected in 25 or 10 g of products as per the sampling
criteria. In addition, as per Regulation (EC) No 1086/2011 the
target serovars, one of which is S. Typhimurium (including
monophasic S. Typhimurium), be not detected in 25 g in fresh
poultry meat [European Food Safety Authority (EFSA) and
European Centre for Disease Prevention and Control (ECDC),
2021]. It is unknown what triggers S. Sofia emergence as there
can be S. Sofia free cycles. Collaborators (pers. comm.) have
indicated to the author that S. Sofia is not associated with flock,
unlike the other serovars. Given the interest on S. Sofia’s ability
to proliferate the chicken, experimental studies have previously
explored the potential of using S. Sofia to decrease the level of
S. Typhimurium colonization in chickens (Heuzenroeder et al.,
2004). The current study, using a quantitative approach, has
demonstrated the potential for S. Sofia to naturally replace S.
Typhimurium (and other serovars) due to an ability to rapidly
gain dominance on exposure to the chicken (ceca).

This brings the question as to the origins of S. Sofia in
the chicken production environment. Salmonella Sofia was first
isolated in chickens in 1980s (Harrington et al., 1991) and rapidly
spread across the broiler industry, though rarely isolated from
layers (Murray, 1994). It is of low virulence to humans but has
good ability to colonize the broiler gut (Heuzenroeder et al.,
2001). In the United States, S. Kentucky, a dominant serovar

is also a prolific colonizer in chicken ceca but rarely linked
with human illness and more specifically food-borne illness of
chicken origin (Foley et al., 2011). Both serovars do present some
similarity in this context. A prior study (Chinivasagam et al.,
2012) assessing the “dual litter environment” of the Australian
litter re-use practice tracked S. Sofia’s initial emergence to the re-
use end (back) of the shed following on to the front end (i.e.,
at days 25, 14 re-used end vs. days 31, 22 new bedding ends,
respectively), but with chicken presence at a later stage when
the birds were no longer segregated and had access to the re-
use end. The isolation of S. Sofia across the two farms as the
dominant serovar is not uncommon. Salmonella Sofia was also
the dominant serovar (70%) in both new and re-used litter in a
survey of three major Australian states along with S. Virchow,
S. Chester (10%) S. Bovismorbificans, and S. Infantis (at 8%)
demonstrating a wide distribution of this serovar in Australia
(Chinivasagam et al., 2010).

In the present study, S. Sofia did also emerge in two instances
only (across 36 shed samplings) at the new bedding end, but
with chickens present. The emergence of another serovar, S.
Taksony was detected in ceca from both ends of partial re-
use shed (P1, P3) just prior to final flock removal (Cy3 F2).
This serovar was reported in the 1970’s when it was commonly
isolated from animal feeds but has been rare in recent times
(Australian SalmonellaReference Centre, 2011). The earlier study
(Chinivasagam et al., 2010) may indicate that some serovars
such as S. Taksony and S. Sofia may have a yet uncharacterized
niche in the chicken production environment which leads to
sporadic emergence, but no conclusive evidence was seen in
the current study. It is notable that S. Sofia is a very good
colonizer of broilers which suggests long-term adaptation to
the host.

In the current study, the low Salmonella litter levels (i.e., log
1.96–2.48 MPN/g) prior to first and final removal reflected the
low ceca levels (which were around one-log higher). The litter
Salmonella levels across the study were not significantly different
when assessed across litter practices, cycles and farms. Higher
Salmonella levels (log 4–6 MPN/g) in re-used litter with the
presence of chickens has been reported in a weekly assessment of
the partial litter re-use practice (Chinivasagam et al., 2012). The
Salmonella litter levels noted across both these studies suggests
that levels are primarily driven by the extent of bird colonization.
Therefore, flock Salmonella levels are a critical control point for
in-shed litter management between re-use broiler cycles. Cecal
Salmonella levels in broilers raised on litter were lower than
those raised in cages (log 3.8 vs. 4.4 MPN/g) with litter mediated
competitive exclusion possibly playing a role (Santos et al., 2008).

Aged litter has also been shown to be inhibitory to Salmonella
(Olesiuk et al., 1971). Chickens are known to ingest litter
(Hetland et al., 2003) and a significant consumption of litter
among broilers from the shed floor has been demonstrated
(Svihus et al., 2009). Studies on reused litter have also shown that
at 14 and 28 days of chicken age the cecal microbiota of birds
varied (Torok et al., 2009). Salmonella colonization resistance
has also been linked to higher (P < 0.05) cecal concentrations
of volatile fatty acids in chicks placed on used litter compared to
those chicks on new litter (Corrier et al., 1992) which in turn can
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contribute to reducing Salmonella (Pivnick and Nurmi, 1982).
The interactions between microbial communities including
beneficial bacteria in shed environments can be modified by
scheduling production practices and maximizing microbiome
contributions to bird production and minimizing environmental
impacts (Crippen et al., 2019). So, while litter re-use has been
viewed by some farmers with concern, the current study shows
there was no significant differences in Salmonella levels and
serovars with reuse litter compared to the use of new bedding.
These outcomes support sustainable litter re-use backed by sound
and informed in-shed management between cycles.

In summary, this study shows that use of new or re-used
bedding had no influence on Salmonella levels or serovars on-
farm compared to the use of new bedding, when assessed
across 12 sequential commercial cycles on two farms. The study
done over 2 years thus demonstrates that the litter practices
are not the major driver of Salmonella prevalence in broiler
farming. These outcomes should lead to an increase in the
sustainability of broiler farming due to the potential to re-use
bedding. Managing incoming Salmonella loads via the placement
flock on-farm can contribute to modifying Salmonella levels and
serovars impacting end-product safety at processing. The major
contributor of Salmonella load in production is the Salmonella
status of the incoming flock, indicating this is the key area
to focus future control measures. The outcomes of this study
provide a framework for addressing on-farm Salmonella in
poultry production.
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