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Broiler litter (BL) is often contaminated by a variety of zoonotic pathogens. This study

attempts to assess the persistence of Salmonella enterica serovar Infantis (S. Infantis) in

BL based on spatial and temporal variation of physicochemical properties in a stockpile

and composting sleeve. A single trial of two pilot-scale setups, ∼35 m3 each, included

an open static pile (stockpile) and composting in a polyethylene sleeve with forced

aeration. The initial water content was adjusted only for the sleeve (∼50% w/w) as in a

common composting practice. Both systems were monitored weekly and then biweekly

during 2 months in 47–53 sampling points each on every campaign. Measurements

included temperature, water content, pH, electrical conductivity (EC), gas-phase oxygen,

and ammonia, and the collected data were used to construct multiple contour grid

maps. Of the stockpile volume, 83, 71, and 62% did not reach the commonly required

minimum temperature of 55◦C for three consecutive days during the first, second, and

third weeks, respectively. Oxygen levels showed a strong gradient across the stockpile,

while anaerobic conditions prevailed in the core. Variation was also recorded within the

sleeve, but due to the water content adjustment and active aeration, the conditions

favored more intense degradation and higher temperatures. Combining the grid maps

drawn in this study with decay rate constants recently published for S. Infantis in BL

under 36 combinations of temperature, water content, and pH, we assessed the spatial

persistence of S. Infantis in the stockpile and the sleeve. Temperature was shown as a

major factor, while water content and pH had only a small effect, in the stockpile only. Co-

correlations between temperature, water content, EC, and oxygen suggest that selected

physicochemical properties may be sufficient for such assessments. Up to 3 weeks

would be recommended to achieve 7–8 log10 reduction in Salmonella in a stockpile, while

this would be fully achieved within 1 week in a sleeve. This approach of combining high-

resolution spatial field sampling along with decay rates of pathogens under controlled lab

conditions may improve quantitative microbial risk assessments and future regulations

of manure utilization.
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INTRODUCTION

The poultry sector is one of the largest and among the
fastest growing agriculture-based meat production industries
worldwide, due to the growing demand for both meat and egg
products (Bolan et al., 2010). Broiler litter (BL) is a byproduct
of broiler meat production, consisting of a mixture of fecal
droppings, bedding materials (usually sawdust or shavings, rice
hulls, or straw), feathers, and wasted feed (Wilkinson, 2007; Kim
et al., 2012). Often, pathogens excreted from infected chickens
contaminate the litter, which, in turn, becomes a source of
zoonotic pathogens such as Salmonella, limiting the safe use of
BL (Chinivasagam et al., 2010;Wilkinson et al., 2011; Gould et al.,
2013). At the same time, due to the relatively high concentrations
of nitrogen and other plant nutrients along with low water
content, BL is considered a valuable fertilizer and soil additive in
conventional and organic farming (Wilkinson, 1979; Stephenson
et al., 1990; Kingery et al., 1994; Chaudhry et al., 1998; Marshall
et al., 1998; Mitchell and Tu, 2006; Cassity-Duffey et al., 2015).
The extensive global application of BL as a plant nutrient is
expected to continue, considering the increasing demand for
broiler production; yet, although BL may be contaminated by
a variety of zoonotic pathogens, most farmers use it either
without composting or after partial stabilization, by temporarily
stockpiling the material in the field, covered or uncovered under
uncontrolled conditions (Bush et al., 2007; Wilkinson, 2007;
Ogejo and Collins, 2009; Wilkinson et al., 2011). In Israel,
about 250 million broilers were grown in 2020 (Poultry Council
Chicken Health Labs, 2020), generating nearly 290 thousand tons
of BL per annum (Cnaan, N., Director of the Growth Division of
“Off Tov Group”, Israel; personal communication) of which the
majority is used directly in agriculture (Grinhut et al., 2015).

Salmonella outbreaks due to consumption of contaminated
fresh produce are still a threat to public health (Beuchat, 2002;
Islam et al., 2004a,b; Fatica and Schneider, 2011; Bell et al., 2015;
Herman et al., 2015; Chaves et al., 2016; Gu et al., 2018; Jechalke
et al., 2019). To minimize such outbreaks, pathogen inactivation
prior to land application is commonly sought, which is the main
drive for thermophilic composting of manures (Williams and
Benson, 1978; Vinnerås et al., 2003; Wichuk and McCartney,
2007; Macklin et al., 2008; Wilkinson et al., 2011). Thermal
inactivation may be partially achieved also by stockpiling the
litter for some time before spreading, but it cannot be effective
compared with controlled thermophilic composting. To ensure
effective pathogen elimination during composting, international

guidelines require a minimum of 55◦C for three consecutive

days under in-vessel or aerated static pile methods. In open
windrows, this minimal temperature should be maintained for at
least 15 consecutive days with a minimum of five turnings during
the thermophilic phase (USEPA, 2003; Wichuk and McCartney,
2007). These guidelines correspondwith the work of Isobaev et al.
(2014) who presented a statistical modeling based on temperature
measurements in a covered aerated static pile of biosolids and
wood chips. They estimated that following five turnings, the
likelihood of every particle to be exposed to the required time and
temperature conditions (≥55◦C for three consecutive days) was
98%. Multiple studies, however, reported a variety of composting

settings in which these temperature requirements have not been
fully met in the entire volume of the composting material
(Pereira-Neto et al., 1986; Fernandes et al., 1994; Erickson et al.,
2010; Wilkinson et al., 2011; Avidov et al., 2017). Although
thermophilic temperatures are reported in multiple composting
studies, only average or min and max values are often reported,
while the spatial distributions remain unknown (e.g., Déportes
et al., 1998; Tiquia et al., 1998; Raviv et al., 1999; Larney et al.,
2003; Van Herk et al., 2004; Aviani et al., 2010). Clearly, average
temperatures or a single measurement point cannot indicate
the achievement of pathogen lethal conditions. It should be
noted that pathogens surviving the composting process or any
phase of stabilization may regrow during storage under favorable
conditions or following land application (Yeager andWard, 1981;
Zaleski et al., 2005; Chen and Jiang, 2014; Reynnells et al., 2014;
Avidov et al., 2017, 2021a; Hruby et al., 2018). In our previous
study (Avidov et al., 2021a), soil-BL mixtures were inoculated
with S. Infantis and incubated at 30◦C for a period of 90 days.
Salmonella decreased by 4–6 log10 but then increased again
within 2 weeks by 2–3 log10, in response to the increase in water
content from 30 to 70% water holding capacity.

Variable oxygen concentrations during composting was also
demonstrated in several studies (Haga et al., 1998; Erickson
et al., 2010; Poulsen, 2011; Stegenta et al., 2019). Anaerobic
zones within the pile were reported during the first week
of composting at the bottom of the core in a static pile of
dairy cattle feces (Haga et al., 1998). Similarly, Stegenta et al.
(2019) recorded the lowest oxygen concentrations at the core
in windrow piles of sewage sludge, and Poulsen (2011) reported
the lowest oxygen concentrations at the bottom of the core in a
turned windrow pile, which contained sewage sludge, yard and
park waste, and screening residue from processing of finished
compost. In six unturned static piles of chicken litter and peanut
hulls, Erickson et al. (2010) showed oxygen concentrations
above 18% at the pile surface and below 10% at about 30-cm
depth, during the first week of composting. Aerobic–anaerobic
gradients may have an effect on pathogen persistence. Avidov
et al. (2021a) observed higher decay rates of S. Infantis in BL at
mesophilic temperatures under anaerobic compared with aerobic
conditions and postulated that it might be related to the different
composition and density of antagonistic microbial populations.
Such variability of multiple physicochemical properties has not
been used in quantitative assessments of pathogen persistence
in stockpiles or composting systems. The combination of
temperature with other environmental factors may have varying
effects on Salmonella persistence in BL. Several studies have
examined the effect of temperature and water content, generally
showing that thermal susceptibility of Salmonella spp. increases
with increasing water content (Liu et al., 1969; Wilkinson et al.,
2011; Singh et al., 2012; Chen et al., 2013). At low water content,
desiccation may play a major role in pathogen inactivation.
Yet, desiccation-adapted Salmonella spp. persisted longer in
aged chicken litter compared with non-adapted cells (Chen
et al., 2013). Other mixed physiochemical properties may also
play a role in bacterial inactivation, such as the combined and
intensified effect of drying and NH3 emissions, as shown by
Himathongkham and Riemann (1999). Biological mechanisms,
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such as competition between indigenous microorganisms and
pathogens (Wichuk and McCartney, 2007), and microbial
antagonism (Millner et al., 1987; Erickson et al., 2010; Gurtler
et al., 2018) may also affect pathogen inactivation. Recently,
Avidov et al. (2021a) explored the combined effect of temperature
(30, 40, 50, and 60◦C), water content (40, 55, and 70%; w/w), and
initial pH (6, 7, and 8.5) on the persistence of S. Infantis in BL
under laboratory controlled conditions. The authors showed that
temperature was the main factor influencing Salmonella decay
rates, while water content and initial pH were of secondary level
of influence with significant effects mainly at 30 and 40◦C.

This study presents a combined field-lab approach for
assessing pathogen persistence in BL before land application.
It is based on high-resolution spatial field sampling of BL
during temporary storage or composting, coupled with lab-
scale evaluations of the pathogen persistence under controlled
conditions. The first objective was to evaluate in detail the
spatial–temporal distribution of key physicochemical properties
that can affect the persistence of pathogens in BL. Two systems
were examined: 1. A static stockpile (without any special
treatment), which represents the common practice in Israel
and 2. composting in a closed polyethylene sleeve with forced
aeration as a cheap alternative of enclosed composting (Avidov
et al., 2017, 2018). The second objective was to combine such
field data with recently published decay rate constants of S.
Infantis under controlled lab conditions (Avidov et al., 2021a)
and use the data in assessing the persistence of the pathogen
in real scenarios. Besides being a unique systematic database
of decay constants, both the present and the previous study
used BL from tunnel-ventilated broiler houses of farms in
northern Israel that use raising protocols of the main national
poultry cooperatives.

MATERIALS AND METHODS

Experimental Setup
The study was conducted at the Newe Ya’ar Research Center,
Israel, between August and September 2018 during which the
ambient min andmax temperatures ranged between 18.9–22.8◦C
and 33.4–36.7◦C, respectively (Israel Meteorological Service;
data station No. 186; https://ims.data.gov.il). A single trial of
two pilot-scale setups, ca. 35-m3 BL each, included one open
static pile (stockpile) and one closed polyethylene sleeve with
forced aeration (Avidov et al., 2017, 2018). The BL was brought
from two broiler houses located in a poultry farm at Moshav
Balfouria (northern Israel) at the end of an extensive indoor
rearing period of 6 weeks. The stockpile was prepared directly
by unloading a truck on a concrete floor located outdoor at
the Newe Ya’ar campus. This pile consisted of three subpiles;
each was monitored at 15 points (three sampling locations
at depths of 10, 30, 50, 70, and 85 cm) plus 8 points at the
lower edges of the pile for temperature measurements, or 2
points for other measurements. A total of 47 or 53 sampling
points (Figures 1A,B) were employed on the entire stockpile.
For composting in a sleeve, the BL was initially brought to a
water content of ca. 50% (w/w), considered to be within the
optimal range for composting (Bernal et al., 2009; Christian et al.,

2009). For that, water was added to the pile manually using a
hose and a water flow meter. Then the BL was mixed several
times by means of a front-end and backhoe loader. The amount
of added water was predetermined based on the initial water
content of the BL (drying at 70◦C for 24 h). The sleeve was
constructed manually, using a polyethylene sheet of 25-m long
× 8.5-m wide and 1,500µm thick (A. A. Politiv Ltd., Kibbutz
Einat, Israel). The sheet was placed on the ground, a solid 2.5-
inch diameter PVC flexible pipe was connected to a blower
on one side (centrifugal Model PB 50-3, Shevah Blowers Ltd.,
Ashdod, Israel), while the other side was connected to a 3.5-inch
diameter perforated PVC flexible pipe (hole area ca. 10 mm2;
the pattern included six holes in circumferential rings along the
pipe at 1.7-cm intervals). The perforated pipe was placed on a
plastic sheet in the form of a longitudinal ring. Another piece
of solid pipe was placed for exhaust on the opposite side of the
sleeve (Figure 1C). The BL was piled on the sheet (on top of
the perforated pipe), and the sleeve was sealed using a manual
impulse hand sealer (hpl ISZ, HAWO, Germany). Finally, the
sheet and the pipe were taped together on both sides using
a heavy-duty masking tape (Avidov et al., 2019). This manual
procedure was developed in the present study as an alternative
to the use of a dedicated machine [like Euro-bagging CM 1.5
CCS (Avidov et al., 2017, 2018)]. The principles of the technology
remain similar, although the specific pipe geometry can affect
airflow paths. The blower was operated by a programmable logic
controller (PLC; Vision1040TM, Unitronics, Israel) for 2min ON
and 30min OFF with flowrates of ca. 150 m3 h−1. The sleeve
was monitored in four cross-sections, at 1.5-, 6-, 10- to 12-, and
16-m distance from the blower (sections I–IV, respectively). Each
cross-section was monitored in 12 sampling points, a total of 48
points (Figure 1D). To represent the results of the whole sleeve,
we calculated the weighted average of the four cross-sections,
considering the relative volume of each section. All sampling
campaigns, both in the stockpile and the sleeve, were conducted
during daytime, usually between 8 a.m. and 4 p.m.

Spatial–Temporal Mapping of
Physicochemical Properties of the
Stockpile and the Sleeve
Temperature, water content, pH, electrical conductivity (EC), as
well as gas-phase oxygen and ammonia, were measured weekly
during the first month and biweekly during the second month
of the experimental period. Temperatures were measured by a
mobile type K thermocouple that wasmounted on an 80-cm-long
stainless steel rod and connected to a 305 thermometer (Elcon
Ltd., Israel). BL samples were collected from the designated
depths using a soil auger (Edelman head, 3.5-cm core diameter;
Eijkelkamp Soil and Water; Giesbeek, The Netherlands). Water
content (w/w) was determined on ca. 5- to 6-g samples by oven
drying at 70◦C for 48 h. The pH and EC were measured in
aqueous extracts at 1:9 dry weight:deionized water. The extracts
were prepared by using a reciprocal shaker at 200 rpm for 1 h.
The pH was analyzed directly in the suspension (LL-Ecotrode
Plus WOC; Metrohm, Herisau, Switzerland), while the EC was
determined in the supernatant after centrifugation at 6,000 rpm
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FIGURE 1 | Setup geometry and the location of sampling points in the stockpile (A,B) and the sleeve (C,D). The cross-section of the stockpile connects the centers

of three subpiles. The sleeve was divided into four sections, each was represented by a cross-section at 1.5-, 6-, 10- to 12-, and 16-m distance from the blower

(denoted as CS-I – CS-IV).

for 20min at 25◦C (CyberScan CON 11, Eutech Instruments,
Thermo Fisher Scientific Inc., Waltham, MA, USA). Gas-phase
oxygen and ammonia were monitored in the same designated
points (as used for temperature measurements and BL sampling)
by pumping the headspace of each point using two pocket
pumps (SKC 210 and SKC 220-1000TC, 84, PA, USA). The
air was pumped through a Teflon tube (1/4

′′

inner diameter)
that was connected in parallel to an acid trap (for ammonia
analyses) and an oxygen sensor (SO-210, Apogee Instruments,
Inc., Logan, UT, USA) (Supplementary Figure 1). The oxygen
sensor was calibrated, and its readings were validated at the
beginning of each sampling day against zero (pure N2; 99.999%)
and ambient air (21%). Ammonia (trapped in 0.1M sulfuric acid)
was analyzed using a spectrophotometric method with slight
modifications after that of Willis et al. (1996) and similar to
that of Avidov et al. (2021b). The method was validated against
a standard of 50-ppm ammonia (Balance N2 58L standard gas;
Calgaz, Staffordshire UK), showing a bias of <4%. On each
sampling campaign, the headspace was withdrawn at a single
time in each point of the stockpile, while for the sleeve, it
was done at intervals during aeration-off periods. In that case,
sampling was done for a period of about 30min following
aeration-on periods of 2 or 7min. Each spatial dataset was used
to construct a grid map, which was then converted into a kriged
contour map using the Surfer 7 software (Golden software, CO,
USA). The initial average height of the stockpile was 113 (±5.8)
cm and that of the sleeve was 120 (±0) cm. For simplicity,
both the stockpile and the sleeve were normalized to the same
initial height of 120 cm, as well as throughout the experiment,
during which we observed height loss (and volume) due to
natural compaction and organic matter degradation. Due to

normalization of the sampling depths, the relative position of the
sampling points in all maps overlapped each other.

BL Analyses
Selected properties of the fresh and processed BL are presented in
Table 1. The fresh BL was sampled from nine random locations
right after constructing the stockpile and the sleeve (time 0). A
composite sample of each setup was then divided into triplicate
subsamples. After 2 months, samples were collected from the
stockpile and the sleeve from all designated sampling points and
combined into composite samples (one for the stockpile and four
for each cross-section of the sleeve). Ash content was determined
after incinerating samples at 550◦C for 4 h. Total C and N were
determined after grinding the samples (mixer mill MM 400,
Retsch, Haan, Germany) and analyzing them by FlashSmart 2000
Elemental Analyzer (Thermo Fisher Scientific Inc., Waltham,
MA, USA). Total P was determined after digestion with H2SO4

and H2O2 using the ascorbic acid method (SM 4500 P-E; APHA,
2005). Analyses of water content, pH, and EC followed the same
procedures as described above for the spatial–temporal mapping.

Assessing the Persistence of S. Infantis in
Broiler Litter at the Stockpile and
Composting Sleeve
Using exponential decay constants recently published for S.
Infantis (Avidov et al., 2021a), along with the contour maps
drawn in the present study, we assessed the persistence of the
pathogen in the stockpile and the sleeve. The work of Avidov
et al. (2021a) was based on controlled static lab vessels, covering
36 combinations of four temperatures (30, 40, 50, and 60◦C),
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TABLE 1 | Selected properties of the broiler litter (BL) at time 0 and after 60 days in a static stockpile and a closed sleeve with forced aeration.

Stockpile Sleeve
†

Property Day 0 Day 60 Day 0 Day 60

CS-I

Day 60

CS-II

Day 60

CS-III

Day 60

CS-IV

Day 60

Weighted

average

Height (cm) 113 (±6) 77 (±6) 120 65 65 65 70 66 (±3)

Water content

(w/w; %)±
31.2 (±0.72) 20.1 (±7.8) 51.1 (±1.7) 42.7 (±6.3) 41.5 (±8.0) 42.0 (±15.2) 42. 2 (±10.5) 42.1 (±21.1)

pH± 7.0 (±0.0) 7.1 (±0.4) 7.0 (±0.00) 8.4 (±0.3) 8.3 (±0.4) 7.7 (±0.4) 7.9 (±0.4) 8.0 (±0.7)

EC

(dS m−1 )±
9.9 (±0.00) 10.3 (±1.2) 11.8 (±0.0) 13.6 (±1.7) 13.7 (±2.4) 10.9 (±1.5) 15.3 (±1.9) 13.2 (±3.8)

Ash

(%)#
14.9** (±0.7) 16.2 (±0.8) 15.6 (±0.9) 18.5 (±0.5) 20.0 (±0.9) 17.1 (±0.2) 18.6 (±0.7) 18.4 (±0.5)

Ctotal

(%)#
40.4 (±0.2) 39.1 (±0.6) 40.9 (±0.4) 38.8 (±0.5) 39.0 (±0.2) 40.0 (±0.9) 40.2 (±0.3) 39.5 (±0.5)

Ntotal

(%)#
3.85 (±0.2) 3.61 (±0.2) 5.03 (±0.1) 4.2 (±0.06) 3.7 (±0.07) 4.1 (±0.1) 4.4 (±0.06) 4.04 (±0.0)

C/N 10.5 10.8 8.1 9.3 10.6 9.9 9.2 9.8

Ptotal

(%)#
0.8 (±0.01) 0.9 (±0.06) 0.7 (±0.08) 1.0 (±0.08) 0.99 (±0.03) 0.91 (±0.11) 0.93 (±0.11) 0.95 (±0.08)

†
Measured in four cross-sections (CS-I – CS-IV). The weighted average of the whole sleeve is based on the relative volume fraction represented by each cross-section.

±On day 0, the values represent the average and standard deviations of triplicate subsamples obtained from a composite sample from nine random locations right after the construction

of the stockpile and the sleeve. On day 60, the average and standard deviations are calculated for all grid cells, and for the sleeve weighted average, it is calculated for all grid cells in

the four cross sections.
#On day 0, the values represent the average and standard deviations of triplicate subsamples obtained from a composite sample from nine random locations right after the construction

of the stockpile and the sleeve. On day 60, the values represent the average and standard deviations of triplicate subsamples obtained from a composite sample from all designated

sampling points used to characterize the physicochemical properties.

three water contents (40, 55, and 70%), and three initial pH
(6, 7, and 8.5). Thus, according to the contour maps drawn for
temperature, water content, and pH, the stockpile and the sleeve
were divided into volume fractions of specific combinations. To
link between the discrete values used by Avidov et al. (2021a)
and the ranges applied in this study, we assumed the following
matching: Temperatures of 30, 40, 50, and 60◦C were considered
as ≤35◦C, 35–45◦C, 45–55◦C, and >55◦C; water contents of
40, 55, and 70% were considered as <47.5%, 47.5–62.5%, and
>62.5%; and pH of 6, 7, and 8.5 were considered as ≤6.5, 6.5–
7.75, and >7.75. Based on the specific combination, each grid
cell was assigned with a respective k value from Avidov et al.
(2021a), representing the first-order decay constant according to
Equation (1).

C(t) = C0e
k(t) (1)

where C(t) is the concentration of Salmonella (CFU g−1 dry
matter) at point in time t (days), C0 is the initial concentration of
Salmonella, and k is the first-order decay constant (days−1). After
assigning k values, the log10 reduction of Salmonella (C(t)/C0)
during the first week (t =7 days) was calculated for each cell.
Then the log10 reduction after 2 weeks (t = 14 days) in each cell
was calculated as the sum of log10 reductions in week 1 and week
2. Likewise, the log10 reduction can be calculated for longer times
based on the temporal physicochemical grid maps constructed
for each week.

Statistical Analyses
JMP Pro 15 (SAS Institute Inc.) was used for all statistical
analyses. The comparisons between kriged contour maps
(performed using the Surfer 7 software; see above) were made
on selected number of grid cells (n value) that is comparable
to the number of physical sampling points measured in the
sleeve and the stockpile. This limited number of cells were
evenly distributed throughout the cross-section (50 points for
the single cross-section of the stockpile and 12 points for each
of the four cross-sections of the sleeve) to represent the overall
spatial distribution of physicochemical properties. Significant
differences were determined using Tukey’s honestly significant
difference (HSD) test at p ≤ 0.05. Pearson’s r correlations were
determined among the physicochemical variables determined for
all grid cells in the stockpile and the sleeve.

RESULTS AND DISCUSSION

Spatial and Temporal Variations of Key
Physicochemical Properties in the
Stockpile and the Sleeve
Temperature

Stockpile
A clear trend was evident since the first week, showing higher
temperatures in the center of the stockpile and relatively cool
temperatures at the margins and top surface (Figure 2A). The
temperature gradient ranged from 61◦C at the core, down to
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FIGURE 2 | Spatial–temporal variation in temperature (◦C). Contour maps (week 1) and the cumulative volumetric percentage of temperature in the stockpile (A,A1)

and the sleeve (B; cross-section II, B1; weighted average of cross-sections I–IV).

33–34◦C toward the surface. Within this range, 83% of the
total cross-section (considered here as the total pile volume)
was below (≤) 55◦C. Moreover, 27% of the entire pile volume,
within the margins and top surface, did not reach thermophilic
conditions (≤45◦C). This trend did not change significantly
during a period of 2 months (Supplementary Figure 2-1

and Supplementary Table 1B), although this gradient slightly
weakened over time, and the hot regions were reduced. A plot
of cumulative volume fractions (Figure 2A1) shows a slight cool
down on weeks 6 and 8, such that 50% of the pile volume was
below 49–50◦C, 49–50◦C, 50–51◦C, 49–50◦C, 49–50◦C, and 46–
47◦C, on weeks 1, 2, 3, 4, 6, and 8, respectively. This trend is also
expressed by the average temperature of all grid cells, which was
48.8, 49.0, 49.5, 48.8, 48.3, and 46.1◦C, on weeks 1, 2, 3, 4, 6, and
8, respectively.

Sleeve
Temperatures on weeks 1–4 and 6 were significantly higher than
in the stockpile (Supplementary Table 1A), while the core and
the top of the sleeve were still warmer than the lower sides
(Figure 2B; CS-II). During the first week, the weighted average
gradient of the four cross-sections ranged from 68 to 69◦C in
the core, down to 45–46◦C at the lower sides. Within this range,
20% of the volume was below 55◦C. The proximity to the blower
seemed to have a chilling effect only in the first cross-section
(CS-I; Supplementary Figure 3-1, significantly lower than other

cross-sections only on weeks 2 and 4; Supplementary Table 1C);
during the first week, 32, 10, 25, and 11% of the volume exhibited
temperatures below 55◦C in CS-I, CS-II, CS-III, and CS-IV,
respectively. This trend did not change substantially during the
entire period of 2 months (Supplementary Figure 3-1), although
the gradient weakened over time and the upper part cooled down
gradually, such that it finally became less spatially heterogeneous.
A plot of the cumulative volume fractions (Figure 2B1) shows a
more substantial cool down trend compared with the stockpile,
such that 50% of the volume was below 58–59◦C, 56–57◦C, 57–
58◦C, 55–56◦C, 50–51◦C, and 49–50◦C, on weeks 1, 2, 3, 4, 6, and
8, respectively. This cool down is also expressed by the weighted
average temperature of all grid cells, which was 58.5, 56.7, 56.7,
54.8, 50.6, and 48.6◦C, on weeks 1, 2, 3, 4, 6, and 8, respectively.
No clear effect of the proximity to the blower was shown on these
average temperatures.

Sleeve geometry and the setting of the perforated aeration
pipe as well as the selection of blower type (Figure 1C) could all
have an effect on temperature distribution and the relatively cool
low edges. In our previous studies on biosolids and green waste
(Avidov et al., 2017, 2018), the perforated pipe was placed in the
center of the sleeve and showed lower temperatures along the
centerline in the proximity to the aeration pipe. These studies also
showed extensive heat accumulation within the middle and top
parts of the sleeve. The sleeve clearly provided better conditions
for thermal inactivation of pathogens: Compared with 83, 71, and
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FIGURE 3 | Spatial–temporal variation of water content (%). Contour maps (week 1) and the cumulative volumetric percentage of water content in the stockpile

(A,A1) and the sleeve (B; cross-section II, B1; weighted average of cross-sections I–IV).

62%, of the stockpile volume, only 20, 14, and 8% of the sleeve
volume did not reach the commonly required minimum of 55◦C
for three consecutive days (USEPA, 2003) by the end of the first,
second, and third weeks, respectively.

Water Content

Stockpile
The initial water content of the BL was relatively low (31.2 ±

0.72%; Table 1), and it was not adjusted prior to stockpiling
as in a common practice. The gradient ranged from 14%
at the stockpile edges and up to 39% at some locations
in the center (Figure 3A). Within this range, none of the
locations were at optimal conditions for biological activity (50–
60%; Bernal et al., 2009, 45–65%; Christian et al., 2009). The
water content gradient slightly decreased during the 2 months
(Supplementary Figure 2-2, significantly lower on weeks 6 and
8; Supplementary Table 1B); a plot of the cumulative volume
fractions (Figure 3A1) shows a gradual drying over time, such
that 50% of the material was below 28–29%, 24–25%, 25–26%,
24–25%, 22–23%, and 19–20%, on weeks 1, 2, 3, 4, 6, and 8,
respectively. This gradual drying is also expressed by the average
water content of all grid cells, which was 27.7%, 23.6%, 24.1%,
23.5%, 21.7%, and 20.1% on weeks 1, 2, 3, 4, 6, and 8, respectively.

Sleeve
In contrast to the stockpile, the water content of the BL in
the sleeve was pre-adjusted before composting to 51.1 ± 1.7

(Table 1). During the first week, the weighted average gradient of
all cross-sections ranged between 43 and 64%. Within this range,
only 16% of the sleeve volume was below 50% water content

and 7% above 60% (Figure 3B; CS-II). The BL significantly
dried out over time (Supplementary Table 1B), without a clear

spatial trend. However, slightly drier conditions were observed
at the sleeve’s base next to the location of the perforated

aeration pipe, while the proximity to the blower did not show

a consistently significant effect (Supplementary Figure 3-2). A
plot of the cumulative volume fractions (Figure 3B1) shows a

gradual drying, such that 50% of the material was below water

contents of 53–54%, 50%, 49–50%, 49%, 51–52%, and 42–43%,

on weeks 1, 2, 3, 4, 6, and 8, respectively. This gradual drying is
also expressed by the weighted average water content of all grid
cells, which was 53.6, 50.2, 50.1, 47.8, 50.9, and 42.1%, on weeks
1, 2, 3, 4, 6, and 8, respectively. The range of water content that is
ideal for composting is not definite (e.g., suggested as 50–60% by
Bernal et al., 2009, or 45–65% by Christian et al., 2009). Water
contents at the upper range (above 60%) increase water film
thickness that fill small pores between particles and, in turn, limit
oxygen diffusion throughout the composting material (Richard
et al., 2002; Richard, 2004).

The different initial water content of the stockpile vs. the sleeve
reflects the standard practice of farmers in which the relatively
dry BL is stockpiled (Ogejo and Collins, 2009), while water
content is adjusted before composting to optimize biological
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FIGURE 4 | Spatial–temporal variation of pH. Contour maps (week 1) and the cumulative volumetric percentage of pH in the stockpile (A,A1) and the sleeve (B;

cross-section II, B1; weighted average of cross-sections I–IV).

activity (Walker, 2004). The relatively dry and poorly aerated
static stockpile of this study resulted in low biological activity
and, in turn, less heat accumulation compared with the moist
and forced aerated sleeve setup. Further drying of the stockpile
surface was eased by the dry summer weather (a total of 1.7-
mm rain) and warm temperatures (max day temperatures of
33.4–36.7◦C) during the experimental period.

pH

Stockpile
The initial pH of the BL was 7.0 (Table 1). During the first week
(Figure 4A), the pH gradient ranged between ca. 7 at the core
and 8.5 at the surface. A similar trend was observed during
the whole period (Supplementary Figure 2-3). The average pH
was significantly higher in weeks 1–2 than in all other weeks
(Supplementary Table 1B). A plot of the cumulative volume
fractions (Figure 4A1) does not show a substantial trend over
time, such that 50% of the material was below 7–7.5 during the
entire period.

Sleeve
The initial pH of the BL was 7.0 (Table 1). During the
first week, the weighted average gradient of all cross-sections
ranged between 6.5 and 8.5 with a slightly lower pH in
the core (Figure 4B; CS-II). Except week 1, the average
pH values were significantly higher in the sleeve compared
with the stockpile (Supplementary Table 1A). A similar spatial

pattern was observed in all cross-sections during the 2
months, while it was more noticeable in CS-I and CS-II
(Supplementary Figure 3-3). A plot of the cumulative volume
fractions (Figure 4B1) shows a gradual increase in pH, such that
50% of the material was below 7–7.5 on week 1, 7.5–8 on weeks
2–4, and 8–8.5 on weeks 6 and 8. This increase in pH, which was
more apparent in the sleeve, is also expressed by the weighted
average pH values of all grid cells during the entire period, which
was 7.4, 7.6, 7.8, 7.8, 8.1, and 8.0, on weeks 1, 2, 3, 4, 6, and 8,
respectively. No consistently significant effect of the proximity to
the blower was observed.

In general, the higher pH values in the sleeve can be expected
due to the more intense aerobic activity, which, in turn, results
in the degradation of organic acids and the release of ammonia
during mineralization of proteins, peptides, and amino acid
(Gigliotti et al., 2012). On the other hand, poor aeration would
lead to the production of acidic compounds, which might explain
the slightly lower pH in the core of the stockpile and in some
locations within the sleeve. Avidov et al. (2021a) showed a pH
decrease from 6.5–7 to 5.5 and an increase from 6.5–6.8 to 7.5–7.6
under anaerobic vs. aerobic degradation of BL, respectively.

Electrical Conductivity (EC)

Stockpile
The initial EC of the BL was 9.9 dS m−1 (Table 1). During the
first week (Figure 5A) the EC gradient ranged between 7 and 8
dS m−1 at the surface and 13 dS m−1 at the core and the bottom
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FIGURE 5 | Spatial–temporal variation of EC (dS m−1). Contour maps (week 1) and the cumulative volumetric percentage of EC in the stockpile (A,A1) and the sleeve

(B; cross-section II, B1; weighted average of cross-sections I–IV).

of the stockpile. A similar trend was observed during the whole
period (Supplementary Figure 2-4). A plot of the cumulative
volume fractions (Figure 5A1) does not show a trend over time,
such that 50% of the material was below 10–11 dS m−1 during
the entire period. The average EC values of all grid cells were also
similar during the 2 months.

Sleeve
The initial EC of the BL was 11.8 dS m−1 (Table 1). In general,
significantly higher EC values were measured in the sleeve
compared with the pile (Supplementary Table 1A). During the
first week, the average gradient of all cross-sections ranged
between 8 and 20 dSm−1, with the lower values appearing on one
side (Figure 5B; CS-II). Compared with the stockpile in which
the maximum value on week 1 was 13 dS m−1, between 63
and 88% of the sleeve cross-sections was above that value. No
clear spatial trend was observed during the whole period, while
a more noticeable gradient was observed in CS-II and CS-IV
(Supplementary Figure 3-4). A plot of the cumulative volume
fractions (Figure 5B1) shows some EC increase and then another
decrease, such that 50% of the material exhibited values below
13–14 dS m−1 on weeks 1–2, 14–15 dS m−1 on weeks 3–4, 15–
16 dS m−1 on week 6, and finally again below 12–13 dS m−1

on week 8. However, no clear spatial trend was observed for the
weighted average EC values of all grid cells during the whole

period; neither any consistently significant effect could be related
to the proximity to the blower.

On the average, the higher EC values in the sleeve can be the
result of salt dissolution under higher water content compared
with the stockpile. It can also reflect the more intensive aerobic
degradation, which in turn results in the reduction of organic
matter and increase in mineral (ash) content. Such increase in EC
values during composting was reported in multiple studies (Zaha
et al., 2013; Avidov et al., 2017; Karanja et al., 2019), although
the opposite trend has been reported as well and was attributed
to the release of volatile organic sulfur compounds, precipitation
of mineral salts, microbial consumption of salts, and leaching of
compost piles (Gondek et al., 2020).

Gas-Phase Oxygen

Stockpile
During the first week (Figure 6A), a strong gradient was
observed, ranging from 21% at the surface, down to 0–1% at
the core. A similar spatial trend was observed during the whole
period, whereas the anaerobic fraction was lower on weeks 1
and 8. Of the pile volume, 14, 35, 32, 31, 37, and 19% was
below 5% of oxygen on weeks 1, 2, 3, 4, 6, and 8, respectively
(Supplementary Figure 2-5). A plot of the cumulative volume
fractions (Figure 6A1) is another indication for this trend, such
that 50% of the material was below 12–13%, 9–10%, 9–10%,
10–11%, 9–10%, and 12–13% oxygen, on weeks 1, 2, 3, 4, 6,
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FIGURE 6 | Spatial–temporal variation of gas-phase oxygen (%). A contour map (week 1) and the cumulative volumetric percentage of oxygen are presented for the

stockpile (A,A1). Gas-phase oxygen in the sleeve is presented at time windows during which the blower was operated for 2–7min, and the air was sampled at time

intervals up to 30min thereafter (B).

and 8, respectively. Similarly, the average oxygen values of all
grid cells were 12.1, 9.5, 9.7, 9.9, 9.1, and 11.8%, on weeks 1,
2, 3, 4, 6, and 8, respectively, although these differences were
not significant.

Sleeve
The levels of oxygen are expected to fluctuate according to
aeration on/off episodes. Thus, air sampling was conducted
during off-periods following operation of the blower for 2–7min
(Figure 6B). On weeks 2 and 3, it was evident that aeration
was more effective in proximity to the blower (CS-I and CS-
II), whereas CS-III was mainly below 5% oxygen and CS-IV
was around 0% on week 3. This effect decreased on weeks 4
and 6, during which no clear advantage was shown for the
proximity to the blower. Moreover, as the composting process
progressed, a lower rate of oxygen decline was observed following
aeration episodes.

There is a basic difference between gas sampling of the
stockpile and the sleeve: Oxygen levels measured in the static
stockpile represent the headspace around the sampling point,
while those measured in the sleeve following aeration episodes
represent an unknown mix of headspace volumes depending
on the dynamics of airways, and thus, a full spatial–temporal
picture is hardly resolved. Without active turning, the stockpile

was poorly aerated, whereas the extensive heat built up at the
core did not trigger efficient air convection (the “chimney effect;”
Stegenta et al., 2019). Since the water content in the stockpile was
low, this poor passive aeration cannot be attributed to reduced
air transport due to water-filled pores. Notably, poor aeration
was also reported in turned windrow piles with high oxygen
variability (Poulsen, 2011; Stegenta et al., 2019).

Regarding the sleeve, the inefficient aeration at the cross-
sections away from the blower has not been reported in our
earlier studies in which we monitored oxygen levels at limited
sampling points (Avidov et al., 2017, 2018). Evidently, the specific
configuration of the perforated pipe would affect the flow paths
within the sleeve and, in turn, the magnitude of this effect.
Compaction of the BL during composting may also reduce
aeration efficiency (Avidov et al., 2017), although the present
study shows that aeration was improved with time in sections III
and IV, presumably due to the gradual drying of the composting
material (Figure 3B1). In any case, as long as the holes of the
perforated pipe are uniform in size and density (a shelf product),
the loss of pressure along the sleeve would reduce aeration
efficiency at increased distances from the blower. Practically,
longer “on” periods may be applied during sleeve operation to
improve aerobic conditions. Alternatively, a stronger blower may
be used.
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FIGURE 7 | Spatial–temporal variation of gas-phase ammonia (ppm). A contour map (week 1) and the cumulative volumetric percentage of ammonia are presented for

the stockpile (A,A1). Gas-phase ammonia in the sleeve is presented in a boxplot of the collective results obtained from all cross-sections on each sampling week (B).

Gas-Phase Ammonia

Stockpile
During the first week (Figure 7A) and later on
(Supplementary Figure 2-6), no clear spatial trends were
observed. A large variability of ammonia concentrations of
50–700 ppm was recorded throughout the pile, with significantly
higher values on week 8 (extreme values over 1,000 ppm). A
plot of the cumulative volume fractions (Figure 7A1) shows
fluctuations over time, such that 50% of the material was below
100–200, 10–50, 10–50, 10–50, 50–100, and 200–300 ppm on
weeks 1, 2, 3, 4, 6, and 8, respectively. These fluctuations are also
expressed by the average ammonia concentrations of all grid
cells, which were 227, 46.1, 27.7, 47.6, 80.2, and 305 ppm on
weeks 1, 2, 3, 4, 6, and 8, respectively.

Sleeve
Like oxygen, gas-phase ammonia concentrations were clearly
related to the blower operation. However, in contrast to oxygen,
no clear dynamics was found during aeration episodes; neither
any effect of the proximity to the blower has been observed.
Thus, the collective results of all cross-sections are presented for
each week on a boxplot (Figure 7B). Generally, as composting
proceeded, ammonia emissions increased, but no significant

trend was observed between weeks 2, 3, and 6. Overall, ammonia
concentrations during aeration episodes were an order of
magnitude higher than those measured at the static pile, with
average values of 451, 2,258, 2,742, 3,711, and 2,507 ppm, on
weeks 1, 2, 3, 4, and 6, respectively.

As noted for oxygen, measurements of gas-phase ammonia in
the stockpile represent the headspace around the sampling point,
while following aeration episodes of the sleeve, it represents
an unknown mix of headspace volumes. Higher ammonia
emissions in the sleeve compared with the stockpile are expected,
whereas the overall microbial activity is enhanced under aerobic
conditions and due to the initially adjusted water content.
Kirchmann and Witter (1989) reported that during composting
of poultry manure, <1% of the nitrogen was volatilized as NH3

during anaerobic decomposing due to the low pH values.

Mass Degradation and Element Losses in
the Stockpile and the Sleeve
The average height of the stockpile was reduced during an 8-
week process by 32%, from 113 to 77 cm, and that of the sleeve
was reduced by 45%, from 120 to 66 cm. About 50% of this
decline occurred during the first week in both setups, indicating
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the effect of material compaction after BL piling (Table 1 and
Supplementary Figure 4). The four cross-sections of the sleeve
had a similar height at the beginning, then slightly differentiated,
and finally became similar (Supplementary Figure 4B). Other
properties measured at the beginning and after 2 months are
summarized in Table 1. Ash content slightly increased in both
setups, while the ratios between the initial and the final contents
were used to estimate the losses of dry matter (Larney and
Buckley, 2007; Avidov et al., 2018), yielding 8.4 and 15.5%
losses in the stockpile and the sleeve, respectively. The gap
between height reductions and dry matter loss estimations is
another indication of the co-effect of material compaction and
biodegradation. Total nitrogen concentrations decreased by 6.2%
in the stockpile and by 19.6% in the sleeve. Based on dry
matter losses, these values are equivalent to 14.1 and 32.0%
nitrogen losses in the stockpile and the sleeve, respectively.
Likewise, the general increase in total P concentrations (Table 1)
reflects organic matter degradation and an increase in mineral
concentrations (Sommer and Dahl, 1999; Osada et al., 2001).
Presumably, dry matter losses are mainly attributed to the
degradation of the broiler droppings, and much less to the
sawdust that is used for bedding, which is expected to be fairly
recalcitrant due to its high contents of lignin and cellulose
(Leconte et al., 2009). Nevertheless, the sawdust in Israel is
estimated to comprise only about 7% of the total BL on a
dry matter basis (N. Cnaan, Director of the Growth Division
at “Off Tov Group”, Israel; personal communication). The
lower N losses in the stockpile (also expressed by lower
ammonia emissions; Figure 7) can be attributed to the anaerobic
conditions prevailing in extensive zones of the stockpile
(Figure 6). In contrast, the larger amounts of N losses in the
sleeve correspond with the study of Avidov et al. (2017), who
reported 38–45% losses during 6 months of municipal biosolid
composting in sleeves. Ignoring sanitary issues that trigger
the motivation for thermal treatment through composting,
ammonia volatilization is a negative consequence, being a major
mechanism of N losses. From the point of view of plant nutrition,
stabilizing BL in a stockpile would be preferred, as less N is lost
through ammonia volatilization.

Co-correlations Between Physicochemical
Properties in the Stockpile and the Sleeve
Co-correlations between the measured physicochemical
properties are visually apparent from the contour maps.
Pearson’s r linear correlations were determined for every pair of
variables, including the values of all grid cells in the constructed
contour maps (Table 2 and Supplementary Table 2). Due to the
large dataset (all grid cells), the significance of the correlations
is always very high (low p-value) and, therefore, not indicated.
Generally, higher correlations, either positive or negative, were
obtained for the stockpile compared with the sleeve. Considering
the contour maps constructed for all weeks in one dataset
(Table 2A), high positive correlations (r = 0.74–0.90) were
obtained in the stockpile for the pairs of temperature/water
content, temperature/EC, water/EC, and pH/oxygen, while high
negative correlations (r = −0.60 to −0.87) were observed for

the pairs of temperature/pH, temperature/oxygen, water/pH,
water/oxygen, pH/EC, and EC/oxygen. The highest correlations
were obtained for EC/water (r = 0.90), EC/oxygen (r =

−0.87), and water/oxygen (r = −0.85). Ammonia was the least
correlated with any of the other properties. The same trends
(positive or negative), but less strong correlations, were obtained
for the sleeve (Table 2B). These correlations do not include
ammonia and oxygen due to the different methodologies used
to characterize the gas phase (during “off” aeration, following
active aeration episodes). The pair of water/pH did not show a
correlation in the sleeve, although it was negatively correlated
in the pile. Also, the pair of temperature/EC showed a positive
correlation only in CS-III and CS-IV (away from the blower).
The dynamics of these correlations was not consistent as
composting progressed, except for the sleeve on the first week,
during which temperature and water positively correlated with
pH, while the opposite trend was observed in the stockpile and
sometimes in the sleeve (Supplementary Table 2).

These correlations reflect the co-dynamics of key properties
during composting, while the static vs. dynamic settings of the
stockpile and the sleeve affected such interactions differently.
Under static conditions, passive aeration is inefficient, which
is reflected by a strong oxygen gradient. Oxidation reactions
within the core of the stockpile still result in heat accumulation
(less than in the sleeve), while temperature correlates with the
water content, which is required for biological activity, on one
hand, and is a byproduct of aerobic degradation, on the other
hand. Also, biological activity at the stockpile margins and
the top surface may respond to the cooling and drying effect
of the ambient atmosphere. Intense aerobic degradation also
correlated with EC, thus, reflecting, on one hand, possible salt
dissolution at higher water content, and it is also related to the
process of increases in ash content. The same trends, which
were found in the sleeve, yet of less strong correlations, probably
reflect highly dynamic spatial–temporal distribution of oxygen
and related physicochemical properties, as resulting from active
aeration. This interpretation is supported by the slightly stronger
correlations observed for CS-III and CS-IV that were aerated
less efficiently and, thus, presented similar environments to the
static stockpile.

Assessing the Persistence of S. Infantis in
the Stockpile and the Sleeve
Assessment of the spatial persistence of S. Infantis in the
stockpile is presented in Figure 8, based on the exponential decay
constants reported by Avidov et al. (2021a) and the grid maps
constructed in this study. As shown in Supplementary Table 3,
the measured conditions of temperature, water content, and
pH, are matched with 10 (stockpile) and 17 (sleeve) out of
the 36 combinations studied by Avidov et al. (2021a), whereas
combinations including temperatures of≤35◦C prevailed only in
the stockpile. The spatial persistence of Salmonella is expressed
by log10 reduction after 1 and 2 weeks (Figure 8). For example,
68.3% of the stockpile volume reached the conditions under
which at least 8 log10 reduction is expected after 1 week. Thus,
assuming an initial concentration of 7–8 log10 CFU g−1 BL, we
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TABLE 2 | Pearson’s r linear correlation coefficients among the physicochemical properties measured in the stockpile and the sleeve during 2 months.

A. Stockpile

Stockpile—all weeks

Temperature Water pH EC Ammonia Oxygen

Temperature

Water 0.77

pH –0.64 –0.60

EC 0.74 0.90 –0.77

Ammonia −0.29 −0.16 0.23 −0.23

Oxygen –0.79 –0.85 0.79 –0.87 0.32

B. Sleeve

Sleeve—all weeks (Sections I + II)

Temperature Water pH EC

Temperature

Water 0.32

pH –0.44 0.03

EC 0.16 0.69 0.16

Sleeve—all weeks (Sections III + IV)

Temperature

Water 0.67

pH –0.39 −0.05

EC 0.42 0.61 −0.02

Sleeve—all weeks (all sections)

Temperature

Water 0.54

pH –0.41 −0.01

EC 0.31 0.64 0.07

Positive correlations are marked in green. Negative correlations are marked in red. All correlation coefficients above 0.3 are underlined, and those above 0.5 are also bolded. Due to the

large dataset (all grid cells of contour maps), the significance of the correlation is always very high and, therefore, not indicated.

expect that 25.3% of the stockpile volume (6–7 log10 reduction)
plus 1.4% (3–4 log10 reduction) will still be contaminated
with the pathogen after 1 week. Similarly, a volume fraction
of 1.3% will still be contaminated by the end of 2 weeks. If
the initial concentration of the pathogen would be lower, e.g.,
2–3 log10 CFU g−1 BL, then it will be eliminated from the
entire stockpile volume within 1 week only. The zones that
are most prone to incomplete inactivation of the pathogen
would be located at the pile margins, which were generally
cooler than the core. Moreover, the physicochemical properties
at the pile margins are affected by the environmental condition,
like temperature, wind, precipitations, shading, or direct sun
exposure (the potential role of UV radiation is considered
irrelevant since the polyethylene sheet becomes heavily dirty).
A secondary effect of both water content and pH, is shown
at the top of the stockpile, which was also relatively cool but
matched with a different combination of temperature, water
content, and pH, for which Avidov et al. (2021a) reported higher
Salmonella persistence.

Since Salmonella concentrations in poultry litter are typically
in the range of 3–5 log10 CFU g−1 litter (Chinivasagam et al.,
2009, 2010; Brooks et al., 2010), the assessments shown in
Figure 8 suggest that 2 weeks should be sufficient for S. Infantis
elimination in a stockpile. Yet, under certain conditions, such

as drying and re-wetting, Salmonella can multiply in the BL
and increase by several orders of magnitude (Avidov et al.,
2021a). Thus, for minimizing risks, a total of 3 weeks may
be recommended before land application of BL stockpiles. In
contrast, the same analysis for the sleeve yields over 8 log10
reduction of S. Infantis in the entire volume after 1 week
only. This result is a direct expression of the significantly
higher temperatures prevailing in the sleeve, while the relatively
cool margins were still warm enough to be represented by a
relatively low persistence of the pathogen. A secondary effect
of water content and pH was noticeable only in the relatively
cool stockpile, in which mesophilic temperatures were recorded
in the first few weeks. Avidov et al. (2021a) showed that
temperature was the main factor influencing Salmonella decay
rates, while water content and pH mainly had an influence at 30
and 40◦C.

Overall, this approach that combines high-resolution
spatial field data along with decay rates of pathogens under
controlled lab conditions may improve quantitative microbial
risk assessments of manure utilization. Such assessments can
hardly be validated in the field, since BL stockpiles or other field-
scale setups cannot be artificially inoculated with any specific
pathogen. Moreover, homogeneous inoculation of such volumes
is technically impossible and would not be allowed for sanitary
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FIGURE 8 | Assessments of the spatial persistence of S. Infantis in the stockpile, based on the exponential decay constants from Avidov et al. (2021a) and the grid

maps constructed in this study for temperature, water content, and pH.

reasons. Yet, the approach presented in this study can assist
with regulations for any non- or forced-aerated static setups. It
is much more informative than common regulations, e.g., the
requirement for a minimum of 55◦C for three consecutive days.
As stated, although thermophilic temperatures are reported
in multiple composting studies, only average or min and max
values are often presented, while the spatial distribution remains
unknown. In such cases, a pseudo-compliance with regulations
may be shown just because of misrepresentation of the litter. As
shown in this study, 83, 71, and 62% of the stockpile volume
did not reach the commonly required minimum temperature
of 55◦C for three consecutive days during the first, second,
and third weeks, respectively. Using the combined field-lab
assessments, we would recommend a period of 3 weeks before
safe land application. The assessment made in this study are
based on temperature, water content, and pH only. Yet, the
co-correlations found between temperature, water content, EC,
and oxygen suggest that selected physicochemical properties may
be sufficient for such assessments. Moreover, upon mapping the
spatial distribution of key physical properties of relevant manure
processing setups, this approach can be used to assess the spatial
persistence of any pathogen that is tested under lab-controlled
physicochemical conditions.

CONCLUSIONS

Static BL stockpiles are expected to develop a highly spatially
non-homogeneous environment. The spatial–temporal
distribution of physicochemical properties, combined with

decay models, can be used to determine the persistence of
zoonotic pathogens residing within livestock manure. Out of
the measured properties, temperature is expected to remain a
major factor, although the distribution of other properties should
be considered, based on lab-scale controlled experiments. Co-
effects of other physicochemical properties besides temperature
are most relevant under mesophilic conditions and, thus,
are applicable for manure stockpiles, but not for enclosed
sleeves with forced aeration or any enclosed setups that ensure
high thermophilic temperatures in the entire volume of the
BL. Although only a single trial was conducted due to the
intense labor demand in such a study, we assume that similar
trends will be observed in future trials of such representing
setups. Up to three weeks would be recommended to achieve
7–8 log10 reduction of S. Infantis in BL stockpile, while this
would be fully achieved within 1 week in composting sleeves.
Ammonia volatilization during composting, on one hand, and
the cost and labor associated with the sleeves, on the other
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hand, imply that composting in such setups may be longer
than the time needed for pathogen inactivation but is still
relatively short, sufficient enough to achieve other goals like
reduction of odors and vector attraction. An approach that
combines high-resolution field data, along with decay rates
of pathogens under controlled lab conditions, may improve
quantitative microbial risk assessments of manure utilization. It
can be recommended as a universal approach in assessing the
spatial persistence of other pathogens tested under controlled
physicochemical conditions and analyzed against field-based
detailed grid maps.
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