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 In-house windrow composting of broiler litter has been studied to reduce 

microbial populations between flocks.  Published time-temperature goals are 

used to determine the success of the composting process for microbial 

reductions.  Spatial and temporal density of temperature measurement can 

influence the ability to determine what portion of a windrow pile has achieved 

specified time-temperature goals.  Based on this motivation, an investigation of 

the heating profile in windrowed litter and the identification of the effects of spatial 

and temporal sampling densities on the prediction of the heating profile in 

windrowed broiler litter were executed.  Likewise, an investigation of the effects 

of moisture content on heat generation during composting of broiler litter was 

conducted.  Ultimately, the research projects were designed with the goal of 

determining the efficacy of windrow composting as a treatment method for 

reducing microbial populations in broiler litter and to produce recommendations 



for the implementation of future windrow temperature monitoring investigations.  

While past investigations have reported success of windrow composting for 

microbial population reductions, a lack of intense spatial and temporal 

temperature monitoring has likely mis-represented the pile heating profile and 

resultant effects on microbial populations. 
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CHAPTER I 

INTRODUCTION 

Background 

 Mississippi ranks fourth in broiler chicken production among U.S. states 

with 840,700,000 broiler chickens produced annually (USDA-NASS, 2007).  With 

more than two billion dollars in market value sold (USDA-NASS, 2007), poultry 

and eggs account for nearly half of all agricultural income in the state of 

Mississippi, with broiler chickens accounting for approximately 94 percent of the 

total income. 

 Broiler chickens are raised on the floor of broiler houses where wood 

shavings, rice hulls or other bedding materials are spread to create an absorptive 

layer for receiving urine and feces dropped by the birds.  The resulting “litter,”

comprised of bedding material, bird excreta, feathers, spilled feed and water, is a 

valuable fertilizer source.  Management of litter has evolved from removal after a

single use to being reused over multiple flocks as a result of increasingly strict 

environmental regulations and limitations on application of litter to soil as a 

fertilizer.  Due to the multiple flock system, in-house windrow composting of litter 

has been introduced as an alternative management practice to reduce microbial 

contaminants, pH, and litter moisture, all of which can affect the performance of 

the next flock. 
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 Broiler litter has a diverse microbial population; common microbials 

include Staphylococcus, non-pathogenic Escherichia coli, Campylobacter spp., 

Yersinia spp., Listeria spp., Salmonella spp., and other coliforms (Terzich et al., 

2000; Lu et al., 2003). Composting can efficiently reduce pathogenic 

microorganism populations when proper temperatures are sustained for a given 

length of time.  Composting is identified as an approved process to significantly 

reduce pathogens (PSRP) in sewage sludge under the Code of Federal 

Regulations “503 Rule” implemented by the U.S. Environmental Protection 

Agency (40 CFR.503 Appendix B).  Under this rule, windrow composting must 

maintain a temperature of at least 40oC for five days, with the temperature of the 

pile exceeding 55oC for four hours during the five days.   Under this same rule, 

pasteurization is defined as “maintaining the temperature of the sewage sludge 

at 70oC for 30 minutes or longer” and is listed as a process to further reduce 

pathogens (PFRP). Though the windrow composting of poultry litter is a 

relatively new approach to reducing microbial transfer between flocks, windrow 

composting has been used extensively in other industries, namely in municipal 

sewage sludge treatment.  A summary of research published by Dumontet et al. 

(1999) indicates that a time-temperature combination of 24 h at 50oC or greater 

was identified as a target for assuring the goal of a “satisfactorily sanitized”

product.  This time-temperature goal has been referenced frequently in poultry 

litter windrow composting research (Macklin et al., 2006; Macklin et al., 2008; 

Lavergne et al., 2006). 
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In general, the process of in-house composting of litter involves mounding 

litter into windrows following removal of birds and allowing the litter to experience 

heating over a period of 7 to 10 d.  Variations in the process have included 

constructing mounds of varying sizes, utilizing varying amounts of water addition, 

and placing non-breathable tarps over the piles to facilitate entrapment of heat 

and off-gases (Macklin et al., 2006; Malone, 2007; Lavergne et al., 2006).  

However, a standard method for measuring temperature in the windrow pile has 

not been reported.  In one study (Macklin et al., 2006), pile temperature was 

monitored every 4 to 6 h by inserting a temperature probe approximately 30 cm 

into the center of a 0.9 m deep windrow pile constructed on used litter in a 

packed dirt floor pen.  Another study (Macklin et al., 2008) utilized hourly 

temperature measurements at 25- and 50-cm sampling depths in a 1 m deep pile 

constructed in pens with a concrete base.  Lavergne et al. (2006) reported 

heating response in windrowed broiler litter based on temperature measurements 

monitored daily at 15.2 and 30.5 cm depths at nine linear locations in 45.7 cm 

deep x 122 cm wide windrow piles constructed inside commercial broiler 

facilities. Unpublished data from a master’s thesis (Barker, 2009) reports mean 

temperature measurements recorded every 20 min at a depth of approximately 

50.8 cm into the center of 81.28 cm deep windrow piles of broiler litter 

constructed inside commercial production facilities.  Treatments included water 

addition to de-caked litter prior to windrowing; retention of litter cake with 

windrowing and a single incidence of turning the pile; and retention of litter cake 

with windrowing and not turning the pile.  All treated plots achieved an internal 
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temperature of 50°C within 42 h.  The turned windrows achieved a mean 

maximum temperature of 57°C prior to turning and 56°C following turning.  The 

greatest temperature, 64°C, occurred in the pile in which litter cake was retained 

and the pile was not turned.  Both piles in which litter cake was retained 

maintained a temperature of 50°C for more than 4 d though retention of litter 

cake did not appear to result in significantly higher temperatures.  Another 

unpublished study in Barker (2009) utilized a treatment that included covering a 

de-caked windrow pile with a non-breathable mesh tarp in addition to windrowed 

de-caked litter, and windrowing litter with litter cake retained.  All treatments 

achieved a temperature of 50°C at a single measurement location within 48 h 

and maintained this temperature for 5 d.  Again, retaining litter cake did not result 

in significantly greater temperatures at the pile centers.   

Macklin et al. (2006) and Lavergne et al. (2006) both reported decreased 

aerobic and anaerobic bacteria populations in broiler litter following composting.  

Interestingly, Macklin et al. (2006) also reported that anaerobic bacteria 

populations decreased even in uncomposted piles. Lavergne et al. (2006) 

performed Dewar flasks trials to study the effect of moisture addition on 

composting temperature.  A maximum temperature of 55oC was reported at 32% 

moisture content (M.C.), though duration of this temperature was not reported.  A 

study of moisture addition to windrowed broiler litter through surface application 

versus incorporation revealed that surface application of moisture appeared to 

limit heating due to “caking” of litter on the surface of the pile (Lavergne et al., 

2006).  Incorporation of moisture resulted in a maximum temperature of 
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approximately 62oC in the compost pile at 37% MC, though the litter at 34% MC 

did not produce pathogen-reducing temperatures as the earlier Dewar flask study 

by the same authors suggested was possible (Lavergne et al., 2006).  Another 

study (Macklin et al., 2006) utilized water addition in combination with covering 

broiler litter piles with a non-breathable tarp.  Results indicated that litter 

amended with water to achieve a mean MC of 40% (n=8) experienced 

approximately a 2oC temperature increase compared to litter not amended with 

water (mean MC=39%, n=8).  The maximum temperature in water-amended 

piles reached approximately 55oC.  Covering the pile with a tarp appeared to 

extend duration of higher temperatures and produce a second temperature rise.  

With the studies discussed (Lavergne et al., 2006 and Macklin et al., 2006), 

temperature was monitored at only two locations in each pile, at approximately 

one-fourth and one-half the depth of each pile and frequency of temperature 

measurement did not allow for reporting of duration that temperatures were 

sustained. 

 The common piece of the puzzle missing from each of these referenced 

studies is the lack of a standard temperature measurement technique.  In all of 

the referenced studies, a maximum of two spatial sampling locations were 

utilized to draw conclusions about the cross-sectional heating profile of the piles.  

The utilization of intense spatial and temporal sampling densities will allow for 

quantification of the heating profile in windrowed broiler litter.  Furthermore, 

identification of the optimal temporal and spatial temperature sampling densities 

is essential to facilitate future windrow composting studies in an efficient manner. 
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Research Objectives 

1. Quantify the portion of broiler litter windrow piles achieving three published 

time-temperature goals: 40oC for 120 h, 50oC for 24 h, and 55oC for 4 h 

2. Evaluate the effect of temporal sample interval on quantification of the 

mean temperature response in windrowed broiler litter and evaluate the 

effects of spatial sampling density on the accuracy of predicting the cross-

sectional heating profile in windrowed broiler litter. 

3. Quantify the effect of moisture content on heat production in composted 

broiler litter and examine potential effects on microbial populations. 
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Abstract 

 In-house windrow composting of broiler litter has been studied as a means 

to reduce microbial populations between flocks.  Published time-temperature 

goals are used to determine the success of the composting process for microbial 

reductions.  Spatial and temporal density of temperature measurement can 

influence the ability to determine what portion of a windrow pile has achieved 

specified time-temperature goals.  In this study, windrow pile temperature was 

recorded every 2 min for 7 d on a 10 cm x 10 cm grid in seven 160 cm x 60 cm 

piles.  Ordinary kriging was used to predict mean portion of the windrow cross-

sectional area reaching time-temperature goals of 40°C for 120 h, 50°C for 24 h, 

and 55°C for 4 h.  Results indicate that 88.5±2.0%, 80.8±3.9% and 38.4±11.7% 

of pile cross-sectional area can be expected to reach published microbial 

reduction time temperature goals of 40°C for 120 h, 50°C for 24 h and 55°C for 4 

h, respectively.  This data is useful in determining the efficacy of windrow 
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composting as a treatment method for reducing microbial populations in used 

broiler litter. 

 
Keywords: broiler litter, composting, windrow, ordinary kriging 

 

Introduction 

In-house windrow composting of broiler litter has been studied to 

determine whether temperatures sufficient to reduce populations of pathogens 

can be achieved and maintained (Macklin et al., 2006; Malone, 2007; Lavergne 

et al., 2006).  Previous studies have monitored temperature every 4 to 6 h at 

approximately 30 cm into the center of a tarp-covered 0.9 m deep pile (Macklin et 

al., 2006), hourly at 25- and 50-cm sampling depths in a 1 m deep pile (Macklin 

et al., 2008), or daily at 15.2 and 30.5 cm depths in a 45.7 cm deep x 122 cm 

wide pile (Lavergne et al., 2006). 

Composting is identified as an approved process to significantly reduce 

pathogens (PSRP) in sewage sludge under the U.S. Environmental Protection 

Agency’s “503b Rule” (40 CFR.503 Appendix B).  Per this rule, windrow 

composting must reach and maintain 40°C or greater for 5 d (120 h), with the 

temperature of the pile exceeding 55°C for 4 h during the 5 d.  A temperature of 

50°C sustained for at least 24 h has also been identified as an effective method 

of reducing microorganisms in sewage sludge (Dumontet et al., 1999).  Macklin 

et al. (2006) reported an internal pile temperature of 50°C was maintained for 32 

h in one trial and for 12 h in a second trial in piles that were constructed in small 
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pens on a packed dirt floor.  In another study (Macklin et al., 2008), an average 

pile temperature of >50°C was maintained for approximately 32 h in piles 

constructed on concrete floors in small research pens.  Lavergne et al. (2006) 

reported a temperature of 55°C sustained for at least 60 h at the 30.5 cm depth 

while a temperature of 55°C was not achieved at the 15.2 cm depth.  Litter 

windrows were constructed inside two commercial poultry facilities in this study.  

Unpublished data from a master’s thesis (Barker, 2009) reports mean 

temperature measurements recorded every 20 min at a depth of approximately 

50.8 cm into the center of 81.28 cm deep windrow piles of broiler litter 

constructed inside commercial production facilities.  Treatments included water 

addition to de-caked litter prior to windrowing; retention of litter cake with 

windrowing and a single incidence of turning the pile; and retention of litter cake 

with windrowing and not turning the pile.  All treated plots achieved an internal 

temperature of 50°C within 42 h.  The turned windrows achieved a mean 

maximum temperature of 57°C prior to turning and 56°C following turning.  The 

greatest temperature, 64°C occurred in the pile in which litter cake was retained 

and the pile was not turned.  Both piles in which litter cake was retained 

maintained a temperature of 50°C for more than 4 d though retention of litter 

cake did not appear to result in significantly higher temperatures.  Another 

unpublished study in Barker (2009) utilized a treatment that included covering a 

de-caked windrow pile with a non-breathable mesh tarp in addition to windrowed 

de-caked litter, and windrowing litter with litter cake retained.  All treatments 

achieved a temperature of 50°C at a single measurement location within 48 h 
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and maintained this temperature for 5 d.  Again, retaining litter cake did not result 

in significantly greater temperatures at the pile centers.  The study presented 

here utilized spatially and temporally dense temperature data measurements to 

quantify with ordinary kriging analysis the portion of broiler litter windrow piles 

achieving three time-temperature goals: 40°C for 120 h, 50°C for 24 h, and 55°C 

for 4 h. 

 

Materials and Methods 

Three trials were conducted with three windrow piles monitored during 

each trial.  Broiler litter windrow piles were constructed on insulated platforms 

located inside a room measuring 3.05 m x 5.18 m x 2.44 m at the USDA-ARS 

Poultry Research Unit in Mississippi State, Mississippi.  Conditions in the room 

were maintained at 24°C and 50% RH for the duration of all trials.   

 
Experimental Platform Design 

Platforms having 182.88 cm (W) x 91.44 (L) cm x 91.44 cm (H) inside 

dimensions (figure 3.1) were constructed to contain a segment of a windrow pile.  

Short side walls (30.48 cm) retained the outside edges of the litter pile.  The 

platform base and end walls were constructed of an outer layer of plywood (1.27 

mm) and an inner layer of PolyBoard sheeting (4 mm).  Foam board insulation 

(24 mm) was placed between these layers as a barrier to heat loss.  A composite 

R-value of 17.3 m2KW-1 was achieved to represent the linear continuation of the 

windrow and the insulative properties of a compacted soil base.  Thermal 
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conductivity of wood shavings (8.8 pcf) and sawdust (6 pcf), valued at 2.44 and 

2.00 1/k per inch, respectively (Lindley and Whitaker, 1996), were assumed to 

estimate the thermal properties of broiler litter. 

 
Litter Collection 

Fresh litter without litter cake was collected from a commercial broiler 

production facility at the Leveck Animal Research Center at Mississippi State 

University immediately following a growout cycle.  A front-end loader was used to 

thoroughly mix and collect approximately 1,180 kg of litter in 132 L plastic 

barrels.   The barrels of litter were immediately transported to the USDA-ARS 

Poultry Research Unit (Mississippi State, MS). 

 
Windrow Construction 

Three windrow piles were constructed during each trial.  A depth of 20.32 

cm of litter was placed into the litter platforms with windrows subsequently 

constructed in 10-cm layers atop this base to accommodate placement of 

thermocouples on a 10 cm x 10 cm grid.  Thermocouples entered each platform 

through holes drilled in one wall of the platform (figure 2.2) and extended 45.7 cm 

into the pile (center line of the windrow pile) (figure 2.3).  Symmetry was 

assumed along the vertical center line of the pile to minimize the number of 

spatial sampling locations. 
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Temperature Measurement 

Temperature of the litter was measured at 10 cm x 10 cm spatial intervals 

(figure 2.4) using type-T thermocouples (Omega Engineering, Inc., Stamford, CT) 

routed through relay multiplexers (AM16/32A, Campbell Scientific, Logan, UT).  

Measurements were recorded with data loggers (CR-1000, Campbell Scientific, 

Logan, UT) every 2 min over 7 d.  Each data logger and thermocouple system 

was calibrated in a water bath (IsoTemp 3013D, Fisher Scientific, Pittsburgh, PA) 

against a NIST-traceable reference thermometer (DP97, Omega Engineering, 

Stamford, CT).  Calibration equations were generated for each thermocouple and 

utilized to correct temperature data following data collection. 

 
Ordinary Kriging Analysis 

Kriging was used to predict the portion of each pile that reached specific 

time-temperature goals.  Kriging is an interpolation method that involves 

predicting values of a variable of interest at unsampled locations based on values 

of the variable obtained at known locations.  Given a sample of size n from a 

random field Z, kriging computes the value of variable Z(u0) at a new location u0 

(here, the temperature or time at or above a specified temperature at any 

unsampled locations within a windrow pile) through a linear combination of the n 

sampled values Z(uα) at locations uα (α=1,2, …,n)  through 

)()()( 0
1

0 �
�

�� uuu
n

��� �
�

 (2.1) 

 Weights, λα (α=1,2,…,n), are calculated based on a stochastic model of the 

spatial dependence, commonly measured via, 
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where )(ˆ h	  is the semivariance for sample data pairs, z(u�) and z(u� + h) are the 

measured variable at two locations, u� and (u�
+ h). There are a number of 

theoretical models like Gaussian, exponential, spherical, circular, matern, linear, 

wave and power functions to quantify the observed empirical semivariance in 

(eq. 2.2). 

Ordinary kriging, the most commonly utilized kriging method, assumes an 

unknown constant trend: μ(u�) = μ. Ordinary kriging is usually preferred to simple 

kriging because it does not require knowledge or stationarity of the mean over 

the sample area (Goovaerts, 1997). To perform a kriging analysis, the empirical 

semivariogram must be replaced by an acceptable semivariogram model, 

comprised of three essential parameters: nugget, sill and range.  The nugget 

represents variability at distances smaller than the typical sample spacing, 

including measurement error.  Sill represents the semivariance value at which 

the variogram levels off.  Range represents the lag distance at which the 

semivariogram reaches the sill value, beyond which point the autocorrelation is 

presumed to be essentially zero. 

Compared to other interpolation methods like the inverse distance 

method, one of the desirable properties of the ordinary kriging estimator as 

defined in equations (2.3) and (2.4) is its ability to produce an unbiased estimate 

of the variable of interest and minimum variance in the prediction, usually called 

best linear unbiased estimator (BLUE). 
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The Lagrange parameter, �(u), (Goovaerts, 1997) is used to minimize the 

error variance under the unbiased condition, yielding the ordinary kriging system 

(eq. 2.5): 
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where ���is the weighting coefficient, 	(u�-u�) is the semivariogram model, and u 

is the location vector (Goovaerts, 1997). 

 
Data Analysis 

A single source was used for obtaining litter to ensure a consistent product 

and the same ambient conditions were maintained for all trials.  Average litter 

moisture varied by no more than 1% between all litter piles.  However, variability 

in heating performance still existed among the piles analyzed in this project.  Of 

the nine piles constructed for monitoring, three piles were excluded due to 

equipment malfunction.  Exploratory data analysis revealed that five of the 

remaining six windrow piles sustained temperatures of 40°C and 50°C for 120 h 

and 24 h, respectively, at similar spatial sampling locations.  Data from these five 
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piles were utilized for kriging analysis. The mean cross-sectional areas of the 

windrow piles (n=5) reaching time-temperature goals of 40°C for 120 h, 50°C for 

24 h, and 55°C for 4 h was determined. 

For each of the windrow piles, the duration for which each point sustained 

temperatures of 40, 50, and 55°C was determined.  Each data set was converted 

to geodata using R software (Version 2.9.2009-08-23, Free Software Foundation, 

Inc., Vienna, Austria).  Using the Eyefit 1.0 function in R software (Version 

2.9.2009-08-23, Free Software Foundation, Inc., Vienna, Austria) a Gaussian 

theoretical semivariogram model (eq. 2.7) was selected to best fit the distribution 

of the estimated semivariograms for each windrow pile. 

� �)/(1 33
10 bhExpCC ����	   (2.7) 

Figure 2.5 illustrates a Gaussian theoretical semivariogram model fit to the 

empirical semivariogram for pile 1 from trial 1.  The semivariograms were 

examined to determine spatial continuity of the data.  The nugget, sill and range 

were determined for each semivariogram to use in fitting the theoretical 

semivariogram by the restricted maximum likelihood (REML) method (tables 2.1 

thorugh 2.3).  Ordinary kriging of the data was performed to produce a 2.54-cm 

resolution surface plot of the data and predict the total cross-sectional area of the 

pile expected to reach each time-temperature goal.  Means were compared using 

the Duncan’s multiple range test at a level of �=0.05 (SAS, SAS Institute Inc., 

Cary, NC). 
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Results and Discussion 

Results of the ordinary kriging analyses based on data from five windrow 

piles are illustrated in figure 2.6.  In each graph, the times (h) over which each of 

the previously time-temperature goals of 40°C (Figure 2.6A), 50°C (Figure 2.6B) 

or 55°C (Figure 2.6C) were sustained is illustrated according to the color scale.  

The dotted line represents the approximate outline of the windrow pile surface.  

For each time-temperature goal, cross-sectional area (m2) and portion (%) of 

each pile reaching the goals are presented (table 2-1).  Mean cross-sectional 

area (±S.E.) (m2) and mean portion (±S.E.) (%) of piles reaching each time-

temperature goal are also presented (table 2.4). 

A temperature of 40°C was sustained for at least 120 h over a mean area 

(n=5) of 0.64±0.03 m2 (88.5±4.49% of the pile).  A temperature of 50°C was 

sustained for at least 24 h over a mean area (n=5) of 0.58±0.06 m2 (80.8±8.64% 

of the pile).  A temperature of 55°C was sustained for at least 4 h over a mean 

area (n=5) of 0.28±0.19 m2 (38.4±26.2% of the pile).  Using the EPA 503b rule as 

the criteria for determining the successful heating of windrowed broiler litter for 

microbial reductions, both the 40°C (for 120 h) and 55°C (for 4 h) benchmarks 

must be achieved.  From the data presented, only 38.4±26.2% of the pile design 

used in this study was predicted to meet the 55°C requirement.  The alternative 

benchmark presented by Dumontet et al. (1999) of 50°C for 24 h appears to be 

achievable in 80.8±8.64% of the cross-sectional area for the pile design used in 

this study. 
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  Temperature profiles for each time-temperature goal were also generated 

by ordinary kriging for data from the piles (n=5) using a two-point sample grid 

(figure 2.7) similar to that used by Macklin et al. (2008).  In the referenced study, 

temperature was measured in a 1 m x 1 m x 1 m pile at depths of 25 and 50 cm 

from the top of the pile.  For comparison, temperature data collected at the 30 

and 50 cm depths in the study presented in this paper were utilized to predict pile 

heating using ordinary kriging analysis.  Results of the ordinary kriging analyses 

using this two-point grid configuration are illustrated in figure 2.8.  Cross-

sectional area (m2) and portion (%) of each pile reaching the time-temperature 

goals are presented (table 5).  Mean (n=5) cross-sectional area (±S.E.) (m2) and 

mean (n=5) portion (±S.E.) (%) of piles reaching each time-temperature goal are 

also presented (table 2.5). 

Results suggest that the two-point grid configuration underestimates the 

mean area of the pile maintaining 40°C for at least 120 h by 43.4% compared to 

the 42-point grid configuration (0.28±0.04 m2 vs. 0.64±0.01 m2).  For the time-

temperature goal of 50°C for at least 24 h, the two-point grid configuration 

underestimates the mean area of the pile by 9.1% compared to the 42-point grid 

configuration (0.53±0.03 m2 vs. 0.58±0.03 m2).  Conversely, mean area of the 

pile reaching 55°C for at least 4 h is overestimated by 189% using the two-point 

grid configuration (0.53±0.13 m2) compared to the 42-point grid configuration 

(0.28±0.08 m2).  A comparison in the kriging surface plots generated by the 42-

point and two-point grids (figures 2.6 and 2.8, respectively) for each time-

temperature goal reveals that the two-point sampling grid does not generate 
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accurate heating profile results.  Therefore, conclusions regarding the heating 

profile of windrowed broiler litter drawn from so few spatial sample locations may 

be highly biased. 

 

Conclusions 

1. The EPA 503b rule requirements for composting as a method to 

significantly reduce pathogens in biological material may only be 

achievable for approximately 38.4±26.2% of a windrowed pile of broiler 

litter built to the specifications used in this project.  Considering the high 

standard error in the prediction for the 55°C benchmark, the actual portion 

of a pile reaching this goal may be expected to be quite small in some 

instances. 

2. If a temperature of 50°C is sustained for at least 24 h (Dumontet et al., 

1999) in 80.8±8.64% of the cross-sectional area of a pile built to the 

specifications used in this study, it is advisable to study the survivability of 

microbes in the remaining 19.2% of the pile to determine whether re-

contamination of the litter upon disassembly of the pile may be of concern. 

3. A two-point spatial measurement scheme does not appear to accurately 

predict area of the pile achieving the 40°C for 120 h and 55°C for 4 h goals 

for the pile design used in this study.  Although the disparity in mean area 

predicted to reach 50°C for 24 h is relatively small between the two-point 

and 42-point sampling grids, the surface plot generated from the two-point 
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grid does not accurately illustrate the actual heating profile at this time-

temperature goal. 

4. Further analysis of the data should be conducted to determine the optimal 

temporal and spatial sampling densities for temperature measurement in 

windrowed broiler litter.  Analysis of the change in prediction accuracy with 

respect to sampling density may provide a basis for planning future 

windrow temperature monitoring projects. 
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Table 2.2 
 

Predicted cross-sectional area and percentage of cross-sectional area of 
windrow piles reaching each designated time-temperature goals 

based on 2-min sampling on a 10 cm x 10 cm grid 
 

Pile ID Cross-sectional Area (m2) and Portion (% of area) of Pile 
40°C for 120 h 50°C for 24 h 55°C for 4 h 

T1B1 0.62 
(86.0%) 

0.59 
(82.1%) 

0.51 
(70.0%) 

T1B2 0.62 
(85.3%) 

0.65 
(90.0%) 

0.39 
(53.7%) 

T1B3 0.61 
(84.5%) 

0.63 
(87.5%) 

0.26 
(36.4%) 

T3B2 0.67 
(92.6%) 

0.50 
(69.3%) 

0.00 
(0.00%) 

T3B3 0.68 
(94.1%) 

0.54 
(74.9%) 

0.23 
(31.9%) 

Mean±SE 
(n=5) 

0.64±0.01 
(88.5±2.0%) 

0.58±0.03 
(80.8±3.9%) 

0.28±0.08 
(38.4±11.7%) 
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Table 2.3 
 

Predicted cross-sectional area and percentage of cross-sectional area of 
windrow piles reaching each designated time-temperature goals 

based on 2-min sampling on a two-point grid. 
 

Pile ID 
Cross-sectional Area (m2) and Portion (% of area) of Pile 

40°C for 120 h 50°C for 24 h 55°C for 4 h 
T1B1 0.15 

(49.0%) 
 0.61 

(85.1%) 
 0.72 

(100.0%) 
T1B2 0.35 

(44.7%) 
 0.48 

(66.1%) 
 0.65 

(90.5%) 
T1B3 0.32 

(44.7%) 
 0.48 

(66.1%) 
 0.57 

(79.4%) 
T3B2 0.25 

(34.4%) 
 0.55 

(76.1%) 
 0.00 

  (0.0%) 
T3B3 0.15 

(20.3%) 
 0.55 

(76.1%) 
 0.68 

(94.4%) 

Means (n=5) 0.28±0.04 
(38.6±5.2%) 

0.53±0.03 
(73.9±3.6%) 

0.53±0.13 
(72.9±18.5%) 
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(Macklin et al., 2008) utilized hourly temperature measurements at 25- and 50-

cm sampling depths in a 1 m deep pile constructed in pens with a concrete base.  

Lavergne et al. (1996) reported heating responses in windrowed broiler litter 

based on temperature measurements monitored daily at 15.2 and 30.5 cm 

depths at nine linear locations in 45.7 cm deep x 122 cm wide windrow piles 

constructed inside commercial broiler facilities. 

Accurate temperature monitoring of broiler litter during composting is 

crucial to determine whether published time-temperature goals for microbial 

population reductions are achieved.  A simplified yet accurate method of 

monitoring the heating process would be beneficial for use by producers and 

researchers alike.  The objectives of this research were to 1) evaluate the effect 

of temporal sample interval on quantification of the mean temperature response 

in windrowed broiler litter; 2) evaluate the effects of spatial sampling density on 

the accuracy of predicting the cross-sectional heating profile in windrowed broiler 

litter using ordinary kriging analysis. 

 

Materials and Methods 

Three trials were conducted with three windrow piles monitored during 

each trial.  Broiler litter windrow piles were constructed on insulated platforms 

located inside a room measuring 3.05 m x 5.18 m x 2.44 m at the USDA-ARS 

Poultry Research Unit in Mississippi State, Mississippi.  Conditions in the room 

were maintained at 24°C and 50% RH for the duration of all trials.   
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Experimental Platform Design 

Platforms having 182.88 cm (W) x 91.44 (L) cm x 91.44 cm (H) inside 

dimensions (figure 3.1) were constructed to contain a segment of a windrow pile.  

Short side walls (30.48 cm) retained the outside edges of the litter pile.  The 

platform base and end walls were constructed of an outer layer of plywood (1.27 

mm) and an inner layer of PolyBoard sheeting (4 mm).  Foam board insulation 

(24 mm) was placed between these layers as a barrier to heat loss.  A composite 

R-value of 17.3 m2KW-1 was achieved to represent the linear continuation of the 

windrow and the insulative properties of a compacted soil base.  Thermal 

conductivity of wood shavings (8.8 pcf) and sawdust (6 pcf), valued at 2.44 and 

2.00 1/k per inch, respectively (Lindley and Whitaker, 1996), were assumed to 

estimate the thermal properties of broiler litter. 

 
Litter Collection 

Fresh litter without litter cake was collected from a commercial broiler 

production facility at the Leveck Animal Research Center at Mississippi State 

University immediately following a growout cycle.  A front-end loader was used to 

thoroughly mix and collect approximately 1,180 kg of litter in 132 L plastic 

barrels.   The barrels of litter were immediately transported to the USDA-ARS 

Poultry Research Unit (Mississippi State, MS). 
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Windrow Construction 

Three windrow piles were constructed during each trial.  A depth of 20.32 

cm of litter was placed into the litter platforms with windrows subsequently 

constructed in 10-cm layers atop this base to accommodate placement of 

thermocouples on a 10 cm x 10 cm grid.  Thermocouples entered each platform 

through holes drilled in one wall of the platform (figure 3.2) and extended 45.7 cm 

into the pile (center line of the windrow pile) (figure 3.3).  Symmetry was 

assumed along the vertical center line of the pile to minimize the number of 

spatial sampling locations. 

 
Temperature Measurement 

Temperature of the litter was measured at 10 cm x 10 cm spatial intervals 

(figure 2.4) using type-T thermocouples (Omega Engineering, Inc., Stamford, CT) 

routed through relay multiplexers (AM16/32A, Campbell Scientific, Logan, UT).  

Measurements were recorded with data loggers (CR-1000, Campbell Scientific, 

Logan, UT) every 2 min over 7 d.  Each data logger and thermocouple system 

was calibrated in a water bath (IsoTemp 3013D, Fisher Scientific, Pittsburgh, PA) 

against a NIST-traceable reference thermometer (DP97, Omega Engineering, 

Stamford, CT).  Calibration equations were generated for each thermocouple and 

utilized to correct temperature data following data collection. 

 
 
 
 
 
 



37 
 

Data Analysis 

 
 

Temporal Data Analysis 

Of the initial 45 sampling locations in each pile, the three highest 

thermocouples (figure 3.4 – points [0,80], [0,70] and [10,70]) were removed due 

to the piles settling after initial construction.  The remaining 42 sampling locations 

were utilized for conducting the temporal data analysis.  Temperature response 

curves for sample points within a single pile were similar in shape regardless of 

maximum temperature reached at each point (figure 3.5).  Therefore, uniformity 

in the effect of temporal sampling frequency on the temperature response for all 

sampling locations within a pile is assumed.  A mean temperature response 

(MTR) curve for each pile was generated using all 42 sample locations at each 

time interval.  The MTR curve data (2-min sample interval) was parsed to create 

additional MTR curves at sample intervals of 10, 24, 50, 60, 70, 80, 90, 100, 124, 

150, 200, 400, 600 and 1000 min for each pile.  A Weibull distribution was fit to 

each MTR curve.  Weibull distribution “scale” and “shape” parameters and 

standard errors of each parameter were generated for each curve (R 2.9.2, The 

R Foundation for Statistical Computing, Vienna, Austria). 

 
Spatial Data Analysis 

Kriging was used to predict the portion of each pile that reached specific 

time-temperature goals.  Kriging is an interpolation method that involves 

predicting values of a variable of interest at unsampled locations based on values 
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of the variable obtained at known locations.  Given a sample of size n from a 

random field Z, kriging computes the value of variable Z(u0) at a new location u0 

(here, the temperature or time at or above a specified temperature at any 

unsampled locations within a windrow pile) through a linear combination of the n 

sampled values Z(uα) at locations uα (α=1,2, …,n)  through 
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 (3.1) 

 Weights, λα (α=1,2,…,n), are calculated based on a stochastic model of the 

spatial dependence, commonly measured via, 
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where )(ˆ h	  is the semivariance for sample data pairs, z(u�) and z(u� + h) are the 

measured variable at two locations, u� and (u�
+ h). There are a number of 

theoretical models like Gaussian, exponential, spherical, circular, matern, linear, 

wave and power functions to quantify the observed empirical semivariance in 

(eq. 3.2). 

Ordinary kriging, the most commonly utilized kriging method, assumes an 

unknown constant trend: μ(u�) = μ. Ordinary kriging is usually preferred to simple 

kriging because it does not require knowledge or stationarity of the mean over 

the sample area (Goovaerts, 1997). To perform a kriging analysis, the empirical 

semivariogram must be replaced by an acceptable semivariogram model, 

comprised of three essential parameters: nugget, sill and range.  The nugget 

represents variability at distances smaller than the typical sample spacing, 
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including measurement error.  Sill represents the semivariance value at which 

the variogram levels off.  Range represents the lag distance at which the 

semivariogram reaches the sill value, beyond which point the autocorrelation is 

presumed to be essentially zero. 

Compared to other interpolation methods like the inverse distance 

method, one of the desirable properties of the ordinary kriging estimator as 

defined in equations (3.3) and (3.4) is its ability to produce an unbiased estimate 

of the variable of interest and minimum variance in the prediction, usually called 

best linear unbiased estimator (BLUE). 
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The Lagrange parameter, �(u), (Goovaerts, 1997) is used to minimize the 

error variance under the unbiased condition, yielding the ordinary kriging system 

(eq. 3.5): 
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where ���is the weighting coefficient, 	(u�-u�) is the semivariogram model, and u 

is the location vector (Goovaerts, 1997). 
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For each of the windrow piles, the duration for which each point sustained 

a temperature of 40°C was determined.  Each data set was converted to geodata 

using R software (Version 2.9.2009-08-23, Free Software Foundation, Inc., 

Vienna, Austria).  Using the Eyefit 1.0 function in R software (Version 2.9.2009-

08-23, Free Software Foundation, Inc., Vienna, Austria) a Gaussian theoretical 

semivariogram model (eq. 3.) was selected to best fit the distribution of the 

estimated semivariograms for each windrow pile. 

� �)/(1 33
10 bhExpCC ����	   (3.6) 

Figure 3.6 illustrates a Gaussian theoretical semivariogram model fit to the 

empirical semivariogram for pile 1 from trial 1.  The semivariograms were 

examined to determine spatial continuity of the data.  The nugget, sill and range 

were determined for each semivariogram to use in fitting the theoretical 

semivariogram by the restricted maximum likelihood (REML) method (table 3.2).  

Ordinary kriging of the data was performed based on eight spatial sampling grids 

(figure 3.7) to produce 2.54-cm resolution surface plots of the data.   The surface 

plots were utilized to predict total cross-sectional area of the pile expected to 

reach the time-temperature goal of 40°C for 120 h based on each grid 

configuration.  This single time-temperature goal was utilized in the spatial 

analysis due to consistent responses of all piles at this time-temperature 

response level.  Although some piles achieved the 50°C for 24 h and 55°C for 4 h 

time-temperature benchmarks at some spatial locations within the piles, there 

was not a consistent response among the piles at these time-temperature levels. 
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To compare grid prediction accuracy (GPA) of the parsed spatial sampling 

configurations to the original 42 spatial sampling points and 2-min temporal data, 

the cross-sectional area predicted to reach 40°C for 120 h by each spatial 

sampling grid using a 200-min temporal sample interval data was divided by the 

cross-sectional area predicted to reach the same time-temperature goal using 

the original spatial and temporal data (eq. 3.7) by: 

%100x
Area
Area

GPA
orig

grid�  (3.7) 

where Areagrid represents the area predicted to reach 40°C for 120 h for each 

grid using temperature data parsed to a 200-min sample interval, and Areaorig 

represents the area predicted to reach 40°C for 120 h by the original 10 cm x 10 

cm sample grid for temperature data on a two-min sample interval. 

 
Statistical Analysis 

One-way analysis of variance (ANOVA) was performed with the PROC 

GLM procedure (SAS, SAS Institute Inc., Cary, NC) to: 1) determine if 

differences exist in the mean standard errors of the Weibull fit parameters at 

each sample interval and 2) determine if differences exist in the mean CSA 

reaching 40°C for 120 h among the eight grid configurations.  Means were 

compared using the Duncan’s multiple range test at a level of �=0.05 (SAS 9.2, 

SAS Institute Inc., Cary, NC). 
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Results and Discussion 

A single source was used for obtaining litter to ensure a consistent product 

and the same ambient conditions were maintained for all trials.  Average litter 

moisture content varied by no more than 1% between all litter piles.  However, 

variability in heating performance still existed among the piles analyzed in this 

project.  Of the nine piles constructed for monitoring, three piles were excluded 

due to equipment malfunction.  Exploratory data analysis revealed that five of the 

remaining six windrow piles produced similar heating responses at the 40°C and 

50°C benchmarks.  These five piles were utilized for temporal and spatial data 

analysis.  The sixth pile did not reveal any spatial sampling locations reaching the 

50°C for 24 h time-temperature goal despite this pile responding similarly to the 

other five in terms of the 40°C for 120 h time-temperature response. 

 
Temporal Data Analysis 

Mean temperature response curves were created for all piles (figure 3.8).  

Figure 3.9 provides a representation of the 2-min MTR curve and five parsed 

MTR curves (100, 200, 400, 600 and 1000-min) for Trial #1 – Pile #1.  Visual 

inspection of the curves reveals that the parsing of the curve to larger temporal 

sample intervals primarily affected the shape of the curve in the very early stages 

of the heating process.  Maximum temperature and time to achieve maximum 

temperature do not appear to be affected by parsing.  From a practical 

standpoint, it appears that a sample interval between 200 and 400 minutes 
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produces a MTR curve that adequately represents the entire pile heating 

response curve. 

 Comparison of the shape and scale parameters among the analyzed 

temporal sample intervals did not reveal differences.  Mean standard errors of 

the Weibull fit parameters (table 3.1) were then compared for each sample 

interval.  As sample interval increased, standard error (SE) of both Weibull fit 

parameters increased.  A significant change in the SE’s for both the shape and 

scale parameters was detected between the 2- and 24-min sample intervals, 

though visual comparison of the MTR curves reveals that a much larger temporal 

sample interval appears to accurately represent the MTR of the piles.  Further 

inspection of the comparison of shape and scale SE’s reveals a significant 

change in both parameter SE’s between the 200- and 400-min sample intervals.  

Additional parsing between the 200- and 400-min sample intervals did not result 

in identification of a significant change in SE.  Because the analysis of parameter 

SE’s and visual comparison of parsed MTR curves both reveal a change in the 

curve shape between the 200- and 400-min sample intervals, a 200-min sample 

interval was selected as an appropriate temporal sampling density to generate a 

reliable model for describing the temperature response within the windrowed 

piles of poultry litter in this study.  Further visual comparison of the MTR curves 

in figure 3.7 reveals that a sample interval as large as 1000 min still appears to 

accurately represent the general shape of the original MTR curve and may be 

feasible for certain windrow temperature monitoring applications where some 

degree of temporal sampling accuracy can be sacrificed. 
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Spatial Data Analysis 

The eight spatial sampling configurations (10 cm x 10 cm, 14 cm x 14 cm, 

20 cm x 20 cm, 30 cm x 20 cm, 30 cm x 30 cm 9-point, 30 cm x 30 cm 4-point, 

22 cm linear, and vertical 2-point) utilized for spatial analysis are illustrated in 

figure 3.7.  Figure 3.10 shows the kriging prediction surface plots for mean (n=5) 

time above 40°C for each grid configuration with mean portion of the pile 

achieving 40°C for 120 h indicated below each plot.  Windrow pile cross-sectional 

area (CSA) predicted to reach 40°C for 120 h is summarized for each pile and as 

the mean±SE (n=5) for each grid configuration in table 3.3.  No difference in 

mean CSA predicted to reach 40°C for 120 h is observed between the original 10 

cm x 10 cm grid on a 2-min sample interval and grids A (10 cm x 10 cm grid on a 

200-min sample interval) and B (14 cm x 14 cm grid on a 200-min sample 

interval).  Beyond grid B, as the number of spatial sampling locations decreases, 

mean CSA predicted to achieve 40°C for 120 h decreases.  A significant 

(P<0.05) change in mean CSA predicted to reach 40°C for 120 h is observed 

between a 9-point grid configuration [grid (D), 30 cm x 30 cm] and a 23-point grid 

configuration [grid (B), 14 cm x 14 cm].  The 2-point vertical grid configuration (H) 

that is representative of previously published spatial sampling schemes 

(Lavergne et al., 2006; Macklin et al., 2006; and Macklin et al., 2008) produced a 

prediction of mean cross-sectional area reaching 40°C for 120 h that was 

significantly less than all other spatial sampling grid configurations.   



45 
 

The grid prediction accuracy (GPA) data is summarized in table 3.4.  As 

with the prediction of mean CSA predicted to reach 40°C for 120 h, the GPA 

decreases as the number of spatial sampling points decreases.  A significant 

change in GPA is observed between the 9-point grid configuration [grid (D), 30 

cm x 30 cm] and the 23-point grid configuration [grid (B), 14 cm x 14 cm], with 

GPAs of 90.3±1.9 and 100.0±0.0, respectively.  The two-point vertical sampling 

grid reveals a mean prediction accuracy of only 45.2±7.0% compared to the 

original sampling scheme.  The mean (n=5) percent of the actual windrow pile 

CSA predicted to maintain 40°C for 120 h as a function of the number of 

sampling points is represented in figure 3.11.  The accuracy of predicted pile 

CSA maintaining 40°C for 120 h decreases as the number of spatial sampling 

points decreases with a sharp decline in accuracy as the number of sampling 

points decreases from nine to two. 

 

Conclusions 

1. Temperature measurement at a 200-minute time interval should provide a 

representative curve of the mean temperature response for a windrowed 

pile of poultry litter. 

2. Temperature measurement at a 20 cm x 20 cm grid spacing in a 180 cm x 

60 cm pile has potential to minimize time and expense while providing for 

a 95% prediction accuracy in area of the pile reaching the 40°C for 120 h 

time-temp goal. 
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3. As the number of spatial sampling points decreases, accuracy of predicted 

pile cross-sectional area reaching 40°C for 120 h decreases with a sharp 

decrease in accuracy occurring when decreasing to between 14 and two 

sampling points. 

4. Previous studies utilizing fewer temporal and spatial sampling intervals 

have likely not accurately captured the heating profile in windrowed broiler 

litter. 

5. Despite the consistency in the litter product and pile construction used in 

this study, a large amount of variation still existed in the temperature 

responses for all piles.  Therefore, further analysis of the heating trends in 

windrowed poultry litter would be prudent to confirm the results of this 

study. 

6. Because poultry producers require a simplified methodology for monitoring 

windrow heating in on-farm scenarios, analysis of the accuracy of a 1440 

min (24 hr) temporal sample interval will need to be further explored to 

determine whether an acceptable level of accuracy can be achieved with 

such a sampling scheme. 
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Table 3.1 
 

Mean Weibull shape parameter, standard error (SE) for shape parameter, scale 
parameter, and standard error (SE) for scale parameters by sample interval.  

Letters of the same type indicate no statistical differences (P<0.05). 
 

Sample 
Interval 
(min) 

Mean 
Shape 

Parameter 

Mean S.E. for 
Shape 

Parameter 

Mean 
Scale 

Parameter 

Mean S.E. for 
Scale 

Parameter 
2 13.25 0.1223a…... 45.38 0.03877a… 

10 13.24 0.2733ab…. 45.38 0.08673ab. 
24 11.40 0.4233abc.. 45.38 0.13437bc. 
50 13.26 0.6099bcd. 45.26 0.19422cd. 
60 13.22 0.6686bcde 45.37 0.21273cd. 
70 13.23 0.7225cde.. 45.38 0.22963de. 
80 13.18 0.7694cde.. 45.37 0.24561de. 
90 13.17 0.8154cdef. 45.36 0.26147def 

100 13.17 0.8594def.. 45.36 0.27559def 
124 13.16 0.9573def.. 45.37 0.30749efg 
150 13.15 1.0524ef…. 45.36 0.33811fg.. 
200 13.13 1.2128f….. 45.36 0.39076g... 
400 13.07 1.7124g…. 45.34 0.55462h.. 
600 13.02 2.1084g… 45.34 0.68598i… 

1000 12.89 2.6742h… 45.28 0.89353j… 
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Table 3.3 
 

Area of piles (n=5) reaching 40°C for 120 h as a function of grid configuration for 
data parsed to a 200-min sample interval. Letters of the same type indicate no 

statistical differences in mean area by grid (P<0.05). 
 

Grid 
Cross-sectional Area (m2) of Pile 

T1B1 T1B2 T1B3 T3B2 T3B3 Mean 
(n=5) 

§Orig. 0.62 0.62 0.61 0.67 0.68 0.64 
±0.01a. 

A 
(10 cm x 10 cm) 

0.62 0.62 0.61 0.67 0.68 0.64 
±0.01a. 

B 
(14 cm x 14 cm) 

0.63 0.62 0.61 0.66 0.67 0.64 
±0.01a. 

C 
(20 cm x 20 cm) 

0.61 0.61 0.60 0.61 0.62 0.60 
±0.00ab 

D 
(30 cm x 20 cm) 

0.58 0.58 0.56 0.57 0.59 0.58 
±0.01b. 

E 
(30 cm x 30 cm 9-pt) 

0.54 0.54 0.53 0.49 0.50 0.51 
±0.01c. 

F 
(30 cm x 30 cm 4-pt) 

0.49 0.49 0.48 0.41 0.41 0.45 
±0.02d. 

G 
(22 cm Linear) 

0.41 0.41 0.43 0.42 0.44 0.43 
±0.00d. 

H 
(2-pt Vertical) 

0.35 0.35 0.32 0.25 0.15 0.28 
±0.04e 

§Data based on analysis of the original 42-point sample grid monitored at a two-
minute sample interval 
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Table 3.4 
 

Summary of total number of sample points, pile cross-sectional area per sample 
point, predicted mean cross-sectional area at 40°C for 120 h, and mean 

prediction accuracy for spatial sampling grid configurations 
 

Grid ID 
 

Sample 
Points 

 

Pile CSA per 
Sample Point 

(cm2) 

Predicted 
Mean CSA at 
40°C for 120 h 

(m2) 

Mean (n=5) 
Prediction 
Accuracy§ 

 
A 42     86.0 0.64 

±0.01. 
100.0 

±0.0a 
B 23   157.0 0.64 

±0.01. 
100.0 

±0.0a 
C 14   258.0 0.60 

±0.00 
  95.3 

±1.8ab 
D 9     401.3 0.58 

±0.01. 
  90.3 

±1.9b 
E 6   602.0 0.51 

±0.01. 
  81.6 

±3.4c 
F 4   903.0 0.45 

±0.02. 
  71.7 

±4.6d 
G 3 1204.0 0.43 

±0.00. 
  66.3 

±1.3d 
H 2 1806.0 0.28 

±0.04 
  45.2 

±7.0e 
§Prediction accuracy is based on Predicted Mean CSA (column 4) divided by 
Predicted CSA calculated using the original sampling scheme (42-point 
spatial sampling configuration at a 2-min temporal sample interval) where the 
Predicted CSA under the original sampling scheme equaled 0.64±0.01 m2. 
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Figure 3.1 

Platform for broiler litter windrow construction 

 

 

  

Figure 3.2 

Thermocouple wire placement through platform end walls 
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Figure 3.3 

Thermocouple wire placement in litter windrow pile 

 

 

 

 

Figure 3.4 

Temperature sampling locations on a 10 cm x 10 cm grid 
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Figure 3.5 
 

Temperature response curves for five randomly-selected sampling points                  
in pile 1 from trial 1 and the mean temperature response curve                                    

for the entire pile 
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Figure 3.6 
 

Gaussian theoretical semivariogram model fit to the empirical semivariogram     
for pile 1 from trial 1 
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Figure 3.7 

 
Grid configurations with filled circles (●) representing sampling points utilized in 
the kriging analysis for the specified grid configuration: (A) Original 10 cm x 10 

cm grid (42 sampling points); (B) 14 cm x 14 cm grid (24 sampling points);        
(C) 20 cm x 20 cm grid (14 sampling points); (D) 30 cm x 20 cm grid                          

(9 sampling points);(E) 30 cm x 30 cm grid (6 sampling points);                                
(F) 30 cm x 30 cm grid (4 sampling points); (G) 22 cm linear                                      

grid (3 sampling points); and (H) 2-point                                                       
vertical grid (2 sampling points) 

 

(A) 10 cm x 10 cm (B) 14 cm x 14 cm (C) 20 cm x 20 cm 

(D) 30 cm x 20 cm (E) 30 cm x 30 cm 9-pt (F) 30 cm x 30 cm 4-pt 

(G) 22 cm linear (H) 2-point vertical 
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Figure 3.8 
 

Mean temperature response curves for all piles in study; (A) Trial #1, Pile #1; (B) 
Trial #1, Pile #2; (C) Trial #1, Pile #3; (D) Trial #2, Pile #1; (E) Trial #3, Pile #1; 

(F) Trial #3, Pile #2; (G) Trial #3, Pile #3 
 

 

(A)  (B) (C) 

(D) 

(E) (F) (G) 



 

 59   

   

 

     
 
 

 
Figure 3.9 

 
Trial 1 – Box 1 mean temperature response curves with 2 min sample               
interval (A), 100 min sample interval (B), 200 min sample interval (C),                     

400 min sample interval (D), 600 min sample interval (E)                                          
and 1000 min sample interval (F) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(A) (B) (C) 

(D) (E) (F) 
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Figure 3.10 

 
Kriging surface plots representing time over which windrow cross-sectional area 

is predicted to sustain 40°C for each sample grid configuration;                       
mean±SE portion of pile sustaining a temperature of                                             

40°C for 120 h is indicated in parentheses 
 

10 cm x 10 cm Grid 
(88.5±2.0%) 

14 cm x 14 cm Grid 
(88.5±1.6%)

20 cm x 20 cm Grid 
(83.7±0.7%) 

30 cm x 20 cm Grid 
(79.9±0.8%) 
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Figure 3.10 (continued) 

 
 
 
 
 
 
 
 

30 cm x 30 cm 9-pt Grid 
(71.2±1.4%) 

30 cm x 30 cm 4-point Grid 
(62.8±2.6%) 

22 cm Linear Grid 
(59.3±0.7%) 

2-point Vertical Grid 
(38.6±5.2%) 
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Figure 3.11 
 

Percentage of actual pile cross-sectional area predicted to reach 40°C for 120 h 
as a function of the number of spatial sampling points (based on spatial                   

sampling grid configurations used in this study). 
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Abstract 

Moisture content can affect the magnitude of heat generation during 

composting.  Temperature was recorded every 2 min for 7 d at 10-cm increments 

throughout the vertical profile of broiler litter treated with five quantities of water 

addition.  Water additions were applied to achieve litter moisture contents of 25, 

30, 35, 40, and 45% MC w.b.  Broiler litter moisture content between 30 and 35% 

was found to provide maximum heat generation during composting.  Mean 

maximum temperature across all treatments was highest at the 10 and 20 cm 

litter depths.  No moisture content treatment generated temperatures of required 

durations to meet all aspects of the EPA 503b rule for class B compost 

standards.  Populations of total culturable aerobes, total culturable anaerobes 

and total culturable coliforms were enumerated in raw litter (time 1) and in treated 

litter after 84 h of composting (time 2) to determine if changes in population 

density were apparent.  Over the 84 h composting period, a 4-log10 reduction in 



64 
 

aerobes and coliforms was found for litter samples where a temperature of 40°C 

was sustained for as little as 4 h.  Populations of total culturable anaerobes were 

reduced from time 1 to time 2, though the reduction was not physiologically 

relevant. The results demonstrate that incorporation of water to achieve a litter 

moisture content between 30 and 35% provides for greater heating during litter 

composting.  Published time-temperature goals for pathogen reduction may not 

be achievable even with the added moisture, though relevant reductions in total 

culturable aerobes and coliforms were demonstrated with 84 h of composting. 

 
Keywords: broiler litter, composting, microbes 

 

Introduction 

Broiler litter is the combination of bedding material, bird excreta, spilled 

feed and water.  This material is a valuable by-product of broiler management as 

a fertilizer source.   Management of litter has evolved from removal of litter after a 

single use to being reused over multiple flocks to reduce production costs and 

reduce the environmental impact of nutrient application to land.  Due to the 

multiple flock system, in-house windrow composting of litter has been introduced 

as an alternative management practice to reduce microbial contaminants, pH, 

ammonia and litter moisture, all of which can affect the performance of the next 

flock. 

Composting is identified as an approved process to significantly reduce 

pathogens (PSRP) in sewage sludge under the Code of Federal Regulations 



65 
 

“503 Rule” implemented by the U.S. Environmental Protection Agency (40 

CFR.503 Appendix B).  Under this rule, windrow composting must maintain a 

temperature of 40°C or greater for at least five days, with the temperature of the 

pile exceeding 55°C for four hours during the five days.  Data has reported that a 

temperature of at least 50°C sustained for at least 24 h is capable of reducing 

populations of bacteria as well as most viruses, fungi and parasite eggs 

(Dumontet et al., 1999).  Broiler litter has a diverse microbial population; common 

microbials include Staphylococcus, non-pathogenic Escherichia coli, 

Campylobacter spp., Yersinia spp., Listeria spp., Salmonella spp., and other 

coliforms (Terzich et al., 2000; Lu et al., 2003). Composting can efficiently reduce 

pathogenic microorganism populations when proper temperatures are sustained 

for a given length of time. 

Composting of broiler litter has been studied to determine whether 

elevated temperatures can be achieved and maintained to facilitate reduction of 

microbial population (Macklin et al., 2006; Macklin et al., 2008; Malone, 2007; 

Lavergne et al., 2006).  Macklin et al. (2006) and Lavergne et al. (2006) both 

reported decreased aerobic and anaerobic bacteria populations in broiler litter 

following composting.  Interestingly, Macklin et al. (2006) also reported that 

anaerobic bacteria populations decreased even in uncomposted piles.  Lavergne 

et al. (2006) performed Dewar flasks trials to study the effect of moisture addition 

on composting temperature.  A maximum temperature of 55°C was reported at 

32% moisture content (M.C.), though duration of this temperature was not 

reported.  A study of moisture addition to windrowed broiler litter through surface 
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application versus incorporation revealed that surface application of moisture 

appeared to limit heating due to “caking” of litter on the surface of the pile 

(Lavergne et al., 2006).  Incorporation of moisture resulted in a maximum 

temperature of approximately 62°C in the compost pile at 37% MC, though the 

litter at 34% MC did not produce pathogen-reducing temperatures as the earlier 

Dewar flask study by the same authors suggested was possible (Lavergne et al., 

2006).  Another study (Macklin et al., 2006) utilized water addition in combination 

with covering broiler litter piles with a non-breathable tarp.  Results indicated that 

litter amended with water to achieve a mean MC of 40% (n=8) experienced 

approximately a 2°C temperature increase compared to litter not amended with 

water (mean MC=39%, n=8).  The maximum temperature in water-amended 

piles reached approximately 55°C.  Covering the pile with a tarp appeared to 

extend duration of higher temperatures and produce a second temperature rise.  

However, the time and capital inputs required to cover windrow piles in 

commercial poultry production operations likely would negate the use of tarps to 

achieve a 2°C temperature rise.  Unpublished data from a master’s thesis 

(Barker, 2009) reports mean temperature measurements recorded every 20 min 

at a depth of approximately 50.8 cm into the center of 81.28 cm deep windrow 

piles of broiler litter constructed inside commercial production facilities.  

Treatments included water addition to de-caked litter prior to windrowing; 

retention of litter cake with windrowing and a single incidence of turning the pile; 

and retention of litter cake with windrowing and not turning the pile.  All treated 

plots achieved an internal temperature of 50°C within 42 h.  The turned windrows 
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achieved a mean maximum temperature of 57°C prior to turning and 56°C 

following turning.  The greatest temperature, 64°C occurred in the pile in which 

litter cake was retained and the pile was not turned.  Both piles in which litter 

cake was retained maintained a temperature of 50°C for more than 4 d though 

retention of litter cake did not appear to result in significantly higher 

temperatures.  Another unpublished study in Barker (2009) utilized a treatment 

that included covering a de-caked windrow pile with a non-breathable mesh tarp 

in addition to windrowed de-caked litter, and windrowing litter with litter cake 

retained.  All treatments achieved a temperature of 50°C at a single 

measurement location within 48 h and maintained this temperature for 5 d.  

Again, retaining litter cake did not result in significantly greater temperatures at 

the pile centers.  With the studies discussed (Lavergne et al., 2006; Macklin et 

al., 2006; Barker, 2009), temperature was monitored at only one or two locations 

in each pile, at approximately one-fourth and one-half the depth of each pile and 

frequency of temperature measurement did not allow for reporting of duration 

that temperatures were sustained. 

To date, limited data has reported the effect of litter moisture content on 

heating response.  Furthermore, previous studies have lacked a controlled 

environment and spatially and temporally dense sample intervals.  Based upon 

the lack of previous research, the objective of this project is to quantify the effect 

of moisture content on heat production in composted broiler litter and examine 

potential effects on microbial populations. 
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Materials and Methods 

 
Experimental Treatments  

This project was designed to analyze the effect of five quantities of 

moisture addition to broiler litter on temperature response during composting.  

Initial broiler litter moisture content was determined and water addition quantities 

were calculated to achieve final treatment moisture contents of 25, 30, 35, 40 

and 45% w.b.  Treated litter was placed into plastic barrels (170 L) wrapped in 

fiberglass batt insulation (R-15) with thermocouples inserted along the vertical 

profiles of the barrels to monitor temperature.  Barrels were utilized to represent 

the vertical core of a broiler litter windrow pile as illustrated in figure 4.1. 

 
Facilities 

Broiler litter was obtained from a commercial poultry facility at the Leveck 

Animal Research Center at Mississippi State University. Barrels of treated litter 

were randomly placed inside a room measuring 3.05 m x 5.18 m x 2.44 m at the 

USDA-ARS Poultry Research Unit (Mississippi State, MS).  Ambient temperature 

and relative humidity were maintained at 24°C and 50%, respectively, throughout 

the trial. 

 
 
Samples Collected 

Six litter samples were collected from the poultry facility following bird 

removal (time 1) to establish baseline litter moisture content and microbial 



69 
 

populations.  Forty-eight hours later, litter was collected from the same facility by 

using a front-end loader to thoroughly mix and collect approximately 1,225 kg of  

litter in 131-L plastic barrels.  Collected litter was immediately transported to the 

USDA-ARS-Poultry Research Unit, Mississippi State, MS. 

 
Moisture Content Analysis 

For each sample of litter, moisture content was analyzed in triplicate by 

placing 10 g of litter into a drying oven (Lindberg Blue M, Thermo Scientific, 

Asheville, NC) at 54.5°C (130oF) for 24 h (Peters et al., 2003).  Upon removal 

from the oven, samples were allowed to cool in a desiccator prior to being 

weighed.  Moisture content was determined (eq. 4.1) on a percent wet basis by: 
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where W(i) and W(f) represent initial and final weights, respectively. 
 
 
Application of Treatments 

Barrels of litter were transported to the USDA-ARS Poultry Research Unit 

(Mississippi State, MS) where batches of litter received addition of 3.8, 11.4, 

18.9, 26.5 or 34.0 L of water to reach target moisture contents of 25, 30, 35, 40 

and 45% w.b., respectively.  Water addition treatments were determined by 

calculating the initial litter moisture content on a decimal dry basis (eq. 4.2) and 

the mass of the litter to be treated (eq. 4.3): 
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litterlitterlitter xVm litt  (4.3) 

where mlitter is the mass of litter, litter is the density of litter, and Vlitter is the 

volume of litter.  Density of litter was taken as 0.511 g/mL (32 lb/ft3) (NRAES-132, 

1999).  The mass of dry matter (eq. 4.4) and initial mass of water in litter (eq. 4.5) 

were calculated as follows: 
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where m(i)litter and mH2O-1 represent the initial mass of litter and initial mass of 

water in each barrel, respectively.  Initial mass of water was determined by re-

arranging equation 4.5 and solving for mH2O-1.  Finally, the volume of water to be 

added for each treatment was determined by calculating the mass of water 

required to achieve a specified final moisture content on a decimal dry basis (eq. 

4.6) and solving for the equivalent volume of water (eq. 4.7) as shown: 
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where mH2O-2 is the mass of water to be added for each treatment, Vwater 

represents the volume of water to be added to a barrel of litter, and water is the 

density of water (1 kg/L). 

Treatments were applied in triplicate for a total of 15 treated barrels.  

Water from a municipal source was added to each batch of litter with a garden 
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sprayer as the litter was mixed in a portable cement mixer to ensure adequate 

absorption of water by the litter particles.  Once thoroughly mixed, the litter was 

placed into the insulated barrels in 10 cm layers.  A composite sample of each 

litter batch was collected for moisture content analysis while filling the barrels.  

Thermocouple wires were inserted at the center of the barrels at depths of 10, 

20, 30, 40, 50, 60, and 70 cm (figure 4.1). 

One barrel from each treatment was utilized to obtain microbial population 

data.  As each of these barrels was filled, four samples of litter (approximately 50 

g each) were collected and wrapped in cheesecloth.  A string was tied around the 

top of each pouch and the pouches were laid near the thermocouples at depths 

of 10, 30, 50 and 70 cm.  Strings were labeled and extended over the edge of the 

barrel before the next layer of litter was added.  After 84 h of composting (time 2), 

the pouches were retrieved from the barrels for analysis. 

 
Microbial Analysis 

Populations of total culturable aerobic bacteria, total culturable anaerobic 

bacteria, and total culturable coliforms were enumerated for the raw litter 

collected prior to moisture addition and for each pouch removed from the barrels 

after 84 h of composting.  For each litter sample, 10 g of litter was combined with 

90 mL of buffered peptone water in a sterile Whirl-pak bag and stomached for 30 

s at 130 RPM (Brinkmann/Seward 440C Stomacher®, Fisher Scientific, Marietta, 

GA).  This solution was then serially diluted in sterile buffered peptone to a final 

dilution of 1:108.  For each sample, 0.1 mL of each dilution was spread plated in 
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quadruplicate onto one media and in duplicate onto another media.  Tryptic soy 

agar (TSA) was used for enumerating total culturable aerobes and total 

culturable anaerobes.  Eosin methylene blue (EMB) agar was used for 

enumerating total culturable coliforms.  Aerobic bacteria TSA plates and EMB 

plates were inverted and incubated aerobically at 37°C.  Anaerobic bacteria TSA 

plates were inverted and incubated at 37°C in Mart anaerobic chambers (Mart® 

Microbiology B.V., The Netherlands) after flushing the chambers with a 

microaerophilic gas mixture containing 10% CO2, 10% H2, and 80% N2 using the 

Mart Anoxomat AN2CTS Mark II System (Mart® Microbiology B.V., The 

Netherlands).  After 48 h, colonies were counted and average bacterial counts 

were obtained using plate count data.  Bacterial counts were translated to 

colony-forming units per gram using log10 transformation. 

 
Temperature Monitoring 

Temperature of the litter was recorded every 2 min for 7d with data 

loggers (CR-1000, Campbell Scientific, Logan, UT) using Type T thermocouple 

wire (Omega Engineering, Inc., Stamford, CT).  Multiplexers (AM16/32A, 

Campbell Scientific, Logan, UT) were utilized to expand the capacity of the data 

loggers.  The data logger and thermocouple system was calibrated in a water 

bath (IsoTemp 3013D, Fisher Scientific, Pittsburgh, PA) against a precision 

thermometer.  Calibration equations were generated for each thermocouple and 

utilized to correct temperature data following data collection. 
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Statistical Analysis 

One-way analysis of variance (ANOVA) was performed with the PROC 

GLM procedure (SAS, SAS Institute Inc., Cary, NC) to determine if differences 

exist in 1) mean maximum barrel temperature, mean maximum temperature by 

depth, and mean time that temperatures of 40, 50 and 55°C are sustained as a 

function of moisture content and depth.  Main and interaction effects for 

treatment and depth were subsequently compared using LSMEANS and t-tests.   

 

Results and Discussion 

 
Moisture Content Effect on Temperature 

Initial moisture content of litter (time=1) was 19.69% w.b.  Water was 

added to the litter in five different amounts in this project: 3.8 (MC25), 11.4 

(MC30), 18.9 (MC35), 26.5 (MC40) and 34.0 (MC45) L per 170-L barrel of litter 

with final moisture content goals of 25, 30, 35, 40 and 45% MC w.b., 

respectively.  Actual moisture contents of treated litter samples are summarized 

in table 4.1.  Desired litter moisture contents were not consistently achieved as a 

result of the measured water additions; however, for analysis, litter batches of 

similar moisture content were grouped as defined by the superscripts in table 4.1.  

Mean maximum temperature and mean time that temperatures of 40, 50 and 

55°C were sustained as a function of MC were pooled across all depths and are 

summarized in table 4.2.  Among the five moisture content groups, MC30 and 

MC35 experienced significantly higher (P<0.05) mean maximum temperatures 
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(40.4±3.1 and 40.4±2.3°C, respectively) than the remaining three groups.  No 

significant differences existed among the five moisture content groups when 

comparing the average time that a temperature of at least 40°C was sustained.  

However, MC30 and MC35 maintained a temperature of 50°C for a significantly 

longer time (8.3±4.0 and 6.5±2.4 h, respectively) (P<0.05) than the remaining 

treatment groups.  A temperature of 55°C was only achieved in MC30 and MC35, 

with MC35 sustaining this temperature significantly longer than MC30 (0.9±0.5 

vs. 0.2±0.1 h) (P<0.05). 

Mean maximum temperature by depth across all moisture content 

treatments is illustrated in figure 4.2.  When litter is windrowed, it is typical for the 

highest temperatures to occur at approximately one-third to one-half of the 

distance from the base of the pile (Schmidt et al., unpublished data).  Within the 

barrels used in this study, a significantly higher (P<0.05) mean maximum 

temperature occurred at depths of 10 and 20 cm from the top of the barrel (figure 

4.2).  Heat loss through the uninsulated barrel bottoms likely contributed to this 

occurrence.  It is worth noting that the lack of excess moisture in the bottoms of 

the barrels when litter was removed indicated that water addition was performed 

effectively to allow absorption of moisture by litter particles and even distribution 

of the water throughout the medium.  Likewise, for all pouches at the 70 cm 

depth except the one in barrel MC30, ending moisture content did not exceed 

beginning moisture content.  Therefore, moisture collection in the bottoms of the 

barrels likely did not contribute to poor heating at the deeper measurement 

locations.  Further analysis of moisture content and depth interaction effects for 
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all treatments at the 10 and 20 cm depths (table 4.3) did not reveal significant 

interactions for maximum temperature, time above 40°C or time above 50°C by 

depth.  However, MC35 sustained a temperature of 55°C significantly longer at 

the 10 cm depth compared to all other treatments and compared to the 20 cm 

depth within the MC35 treatment. 

Excess moisture in litter upon re-introduction of chicks to the production 

house can promote the growth of microorganisms and also lead to skin burns 

and, ultimately, downgrades on the bird carcass.  Therefore, it is essential to 

identify a compost moisture content that effectively generates microbe-reducing 

temperatures while minimizing litter moisture to limit the potential for detriment to 

bird health upon re-introduction of chicks.  Treatments MC30 and MC35 

produced similar results for mean maximum barrel temperature and time above 

40, 50 and 55°C.  These results agree with a previous study (Lavergne et al., 

2006) identifying 32% MC w.b. as an effective broiler litter moisture content for 

windrow composting.  Lavergne et al. (2006) reported a maximum temperature of 

55°C at 32% MC, though duration of this temperature was not reported.  In this 

study, both MC30 and MC35 achieved temperatures of 40 and 55°C, though 

neither treatment sustained these temperatures for 120 h and 4h, respectively, 

as required by the EPA 503b Rule for Class B composting standard.  Treatment 

MC30 sustained a temperature of 50°C for 28.5±20.8 h at the 20 cm depth, 

which meets the microbial reduction standard published by Dumontet et al. 

(1999).  For this depth and treatment level, only a single replication within the 

treatment experienced a temperature of 50°C at the 20 cm depth leading to the 
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large standard error in the mean. Treatment MC35 also sustained a temperature 

of 55°C for 6.3±2.4 h at the 10 cm depth (required by EPA 503b Rule for Class B 

composting standard), though the lower time-temperature requirement of 40°C 

for 120 h was not achieved for this sample.  In general, no moisture content 

treatment produced results meeting the entire EPA 503b standard for Class B 

compost. 

 
Microbial Population Data 

Actual moisture content of litter in the pouches utilized for microbial data 

analysis is reported.  The times over which each pouch location sustained 

temperatures of at least 40, 50, and 55°C are summarized in tables 4.4 through 

4.6.  Tables 4.7 through 4.9 summarize changes in total culturable aerobes, total 

culturable anaerobes and total culturable coliforms (log10 Nt/No) by depth and 

moisture content.  Pouches at the 50 and 70 cm depths did not achieve a 

temperature of 40°C at any time during the trial (table 4.4).  A temperature of 

50°C was achieved at the 10 cm depth for pouches at 30.7, 35.1, 44.0 and 

51.5% MC, with the 30.7% MC pouch also achieving this temperature at the 30 

cm depth (table 4.5).  Only the pouch at 35.1% MC at the 10 cm depth 

experienced a temperature of 55°C (table 4.6).  Interestingly, despite being the 

only pouch to reach a temperature of 55°C, this pouch did not experience a 

notably different reduction in total aerobes, anaerobes or coliforms compared to 

the other pouches. 
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Achieving a temperature of 40°C, regardless of duration that this 

temperature is sustained, appears to influence microbial populations.  Microbial 

data was, therefore, grouped according to time at or above 40°C for further 

examination.  Figures 4.3 through 4.5 illustrate microbial counts at time 1 versus 

time 2 for samples grouped according to time over which a temperature of at 

least 40°C was sustained.  In figures 4.3 through 4.5, group 1 represents 

samples that never achieved a temperature of 40°C.  Groups 2, 3 and 4 

represent samples that experienced a temperature of 40°C for less than 50 h, 50 

to 75 h, and greater than 75 h, respectively.  For all microbial groups analyzed, 

greater population reductions were observed when a temperature of 40°C was 

achieved.  Although groups 2 through 4 all achieved 40°C, it is worth noting that 

none of these samples sustained this temperature for greater than 84 h.  Results 

suggest that some reduction in microbial populations occurs simply by handling 

and mixing the litter.  These results should be investigated further to determine 

whether previously published time-temperature goals (40°C for 120 h, 50°C for 

24 h and 55°C for 4 h) are required to facilitate a significant reduction in microbial 

populations during litter composting. 
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Conclusions 

From the data in this preliminary study, the following conclusions may be 

drawn: 

1. Broiler litter moisture content between 30 and 35% provides maximum 

heat generation during composting. 

2. No moisture content treatment generated temperatures of required 

durations to meet all aspects of the EPA 503b rule for class B compost 

standards (40 CFR.503b).  Likewise, no treatment generated a mean 

temperature of 50°C for 24 h referenced by previous researchers and 

reported to result in reductions in bacteria as well as most viruses, fungi 

and parasite eggs (Dumontet et al., 1999). 

3. Relevant reductions in total culturable aerobes and coliforms were 

demonstrated with 84 h of composting despite samples not achieving 

published time-temperature goals for microbial reductions. 

4. Results suggest that further research may be needed to confirm whether 

heating during windrow composting is solely responsible for reductions in 

microbial populations, or if other mechanisms may be contributing to 

previously reported population reductions. 
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Table 4.1 
 

Measured moisture contents (% w.b.) for treated barrels of broiler litter 
following water addition 

 
Sample ID Moisture 

Content 
aMC25-1 26.98 
aMC25-2 27.16 
aMC25-3 26.81 
bMC30-1 30.66 
aMC30-2 27.07 
cMC30-3 37.94 
cMC35-1 35.09 
cMC35-2 37.59 
bMC35-3 30.08 
dMC40-1 44.00 
cMC40-2 36.88 
dMC40-3 42.55 
eMC45-1 51.55 
dMC45-2 45.64 
eMC45-3 49.72 

Superscripts denote grouping of samples by moisture content, where: a=MC25 
(27.0% MC), b=MC30 (30.4% MC), c=MC35 (36.9% MC), d=MC40 (44.1% MC), 
e=MC45 (50.6% MC) 
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Table 4.2 
 

Mean maximum temperature and mean time above 40, 50, and 55°C by moisture 
content group 

 
Group Tmax 

oC 
Time>40°C 

h 
Time>50°C 

h 
Time>55°C 

h 
MC25 
(n=4) 

36.3b 
±1.7 

16.3b. 
±5.8 

2.0b 
±1.3 

0.0b 
±0.0 

MC30 
(n=2) 

  40.4a 
±3.1 

30.9ab 
±9.5 

8.3a 
±4.0 

0.2b 
±0.1 

MC35 
(n=4) 

  40.4a 
±2.3 

26.8ab 
±5.9 

6.5a 
±2.4 

0.9a 
±0.5 

MC40 
(n=3) 

  37.5b 
±2.0 

21.5ab 
±7.6 

1.8b 
±1.1 

0.0b 
±0.0 

MC45 
(n=2) 

  35.8b 
±2.6 

20.6ab 
±10.2 

1.3b 
±5.0 

0.0b 
±0.0 

Means with the same superscript within a column are not significantly 
different (P<0.05). 
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Table 4.4 
 

Time above 40°C as a function of initial litter moisture content and depth in barrel 
for pouch locations used in microbial analysis 

 
Moisture Content, 

% w.b. 
Time at or Above 40°C, min 

10 cm 30 cm 50 cm 70 cm 
27.0 0.0   0.0 0.0 0.0 
30.7 61.8 84.0 0.0 0.0 
35.1 56.0 44.1 0.0 0.0 
44.0 84.0   4.4 0.0 0.0 
51.5 84.0   0.0 0.0 0.0 

 
 
 

Table 4.5 
  
Time above 50°C as a function of initial litter moisture content and depth in barrel 

for pouch locations used in microbial analysis 
 

Moisture Content, 
% w.b. 

Time at or Above 50°C, min 
10 cm 30 cm 50 cm 70 cm 

27.0   0.0   0.0 0.0 0.0 
30.7   7.4 25.1 0.0 0.0 
35.1 30.2   0.0 0.0 0.0 
44.0   8.2    0.0 0.0 0.0 
51.5 18.6   0.0 0.0 0.0 

 
 
 

Table 4.6 
 

Time above 55°C as a function of initial litter moisture content and depth in barrel 
for pouch locations used in microbial analysis 

 
Moisture Content, 

% w.b. 
Time at or Above 55°C, min 

10 cm 30 cm 50 cm 70 cm 
27.0 0.0 0.0 0.0 0.0 
30.7 0.0 0.0 0.0 0.0 
35.1 9.7 0.0 0.0 0.0 
44.0 0.0 0.0 0.0 0.0 
51.5 0.0 0.0 0.0 0.0 

 
 



 

85 
 

Table 4.7 
 

Change in total culturable aerobes as a function of beginning litter moisture 
content and depth in barrel for pouch locations used in microbial analysis 

 
Moisture Content, 

% w.b. 
Log10(Nt/No) 

10 cm 30 cm 50 cm 70 cm 
27.0 1.32 1.56 1.22  0.95 
30.7 4.17 4.30 1.52  1.15 
35.1 4.45 4.35 2.22 -1.34 
44.0 4.27 4.18 2.44   1.22 
51.5 4.20 3.93 1.60  1.36 

 
 
 
 

Table 4.8 
 

Change in total culturable anaerobes as a function of initial litter moisture content 
and depth in barrel for pouch locations used in microbial analysis 

 
Moisture Content, % 

w.b. 
Log10(Nt/No) 

10 cm 30 cm 50 cm 70 cm 
27.0 2.31 3.60   2.29   2.51 
30.7 2.51 3.63 -1.32 -0.32 
35.1 2.68 2.91 -0.30   5.55 
44.0 3.81 3.63 -0.03 -1.05 
51.5 3.54 2.75 -0.40 -0.11 

 
 
 

Table 4.9 
 

Change in total culturable coliforms as a function of initial litter moisture content 
and depth in barrel for pouch locations used in microbial analysis 

 
Moisture Content, % 

d.b. 
Log10(Nt/No) 

10 cm 30 cm 50 cm 70 cm 
27.0 1.63 2.93 2.05 1.22 
30.7 4.74 4.83 1.98 1.57 
35.1 4.73 4.95 2.35 2.42 
44.0 4.51 4.43 1.75 1.38 
51.5 4.32 0.84 0.67 1.26 
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Figure 4.1 

Illustration of barrel representing measurement of temperatures through the 
vertical core of a windrow pile of broiler litter 

 
 
 

 
 

Figure 4.2 
 

Mean maximum temperature by depth across all MC treatments; means with 
same letter are not significantly different (P<0.05) 
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Figure 4.3 
 

Aerobic bacterial counts (log10) for samples grouped according to time over 
which a temperature of 40°C was sustained. Time 1 is initial sampling                    
and time 2 is sampling after 84 h composting.  Group1 = temperature                         

of 40°C not achieved; group 2 = 40°C sustained for less than 50 h;                         
group 3 = 40°C sustained for 50 to 75 h; and group 4 = 40°C                                       

sustained for more than 75 h 
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Figure 4.4 
 

Anaerobic bacterial counts (log10) for samples grouped according to time over 
which a temperature of 40°C was sustained. Time 1 is initial sampling                    
and time 2 is sampling after 84 h composting.  Group1 = temperature                         

of 40°C not achieved; group 2 = 40°C sustained for less than 50 h;                         
group 3 = 40°C sustained for 50 to 75 h; and group 4 = 40°C                                       

sustained for more than 75 h 
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Figure 4.5 
 

Coliform bacterial counts (log10) for samples grouped according to time over 
which a temperature of 40°C was sustained. Time 1 is initial sampling                    
and time 2 is sampling after 84 h composting.  Group1 = temperature                         

of 40°C not achieved; group 2 = 40°C sustained for less than 50 h;                         
group 3 = 40°C sustained for 50 to 75 h; and group 4 = 40°C                                       

sustained for more than 75 h 
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CHAPTER V 
 

GENERAL CONCLUSIONS 
 

 
1. In-house windrow composting of broiler litter has been studied as a means 

to reduce microbial populations between flocks.  Published time-

temperature goals are used to determine the success of the composting 

process for microbial reductions.  Spatial and temporal density of 

temperature measurement can influence the ability to determine what 

portion of a windrow pile has achieved specified time-temperature goals.  

In this study, windrow pile temperature was recorded every 2 min for 7 d 

on a 10 cm x 10 cm grid in seven 160 cm x 60 cm piles.  Ordinary kriging 

was used to predict mean portion of the windrow cross-sectional area 

reaching time-temperature goals of 40°C for 120 h, 50°C for 24 h, and 

55°C for 4 h.  Results indicate that 88.5±2.0%, 80.8±3.9% and 

38.4±11.7% of pile cross-sectional area can be expected to reach 

published microbial reduction time temperature goals of 40°C for 120 h, 

50°C for 24 h and 55°C for 4 h, respectively.  This data is useful in 

determining the efficacy of windrow composting as a treatment method for 

reducing microbial populations in used broiler litter. 

2. In-house windrow composting of broiler litter has been studied to 

determine whether high enough temperatures can be achieved and 
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maintained to facilitate pathogen population reductions (Macklin et al., 

2006; Macklin et al., 2008; Malone, 2007; Lavergne et al., 2006).  

However, a standard method for measuring temperature in the windrow 

pile has not been reported.  Temperature data collected every 2 min on a 

10 cm x 10 cm spatial sampling grid in five identically-constructed litter 

windrow piles was utilized in this study.  A Weibull distribution was fit to 

mean temperature response (MTR) curves of each pile.  Curves were 

constructed at sample intervals parsed over a range of two to 1000 

minutes.  No difference in Weibull shape or scale parameters was 

observed among the analyzed sample intervals.  A difference (P<0.05) in 

mean standard error of Weibull distribution fit parameters was identified 

between the 200- and 400-min sample intervals.  Further analysis 

between the 200- and 400-minute sample intervals did not reveal a more 

appropriate value for optimal temporal sampling frequency.  Optimal 

spatial sampling density was characterized using ordinary kriging analysis.  

Ordinary kriging was used to predict the cross-sectional areas of piles 

reaching specified time-temperature goals.  Eight spatial sampling grid 

configurations were analyzed.  Mean (n=5) predicted cross-sectional area 

(CSA) reaching 40°C for 120 h differed significantly (P<0.05) between the 

30 cm x 20 cm and 30 cm x 30 cm grid spacing configurations.  Accuracy 

of predicted pile CSA decreased as spatial sampling density decreased. 

This data will be beneficial when designing future windrow composting 

temperature monitoring studies. 
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3. Moisture content can affect the magnitude of heat generation during 

composting.  Temperature was recorded every 2 min for 7 d at 10-cm 

increments throughout the vertical profile of broiler litter treated with five 

quantities of water addition.  Water additions were applied to achieve litter 

moisture contents of 25, 30, 35, 40, and 45% MC w.b.  Broiler litter 

moisture content between 30 and 35% was found to provide maximum 

heat generation during composting.  Mean maximum temperature across 

all treatments was highest at the 10 and 20 cm litter depths.  No moisture 

content treatment generated temperatures of required durations to meet 

all aspects of the EPA 503b rule for class B compost standards.  

Populations of total culturable aerobes, total culturable anaerobes and 

total culturable coliforms were enumerated in raw litter (time 1) and in 

treated litter after 84 h of composting (time 2) to determine if changes in 

population density were apparent.  Over the 84 h composting period, a 4-

log10 reduction in aerobes and coliforms was found for litter samples 

where a temperature of 40°C was sustained for as little as 4 h.  

Populations of total culturable anaerobes were reduced from time 1 to 

time 2, though the reduction was not physiologically relevant. The results 

demonstrate that incorporation of water to achieve a litter moisture content 

between 30 and 35% provides for greater heating during litter composting.  

Published time-temperature goals for pathogen reduction may not be 

achievable even with the added moisture, though relevant reductions in 
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total culturable aerobes and coliforms were demonstrated with 84 h of 

composting. 
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APPENDIX A. 
 

DATA ACQUISITION SYSTEM CALIBRATION EQUATION PARAMETERS 
 

FOR WINDROW PILE TEMPERATURE MEASUREMENT 
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Table A1. 
 

Calibration parameters for litter platform #1 
 
 

 
 
 

 
 

Sensor ID m b  Sensor ID m b 

[0,80] 0.9968 -0.5153  [20,10] 0.9959 -0.3754 
[0,70] 0.9854 -0.1277  [30,10] 1.0259 -1.7826 

[10,70] 0.9964 -0.3385  [40,10] 0.9948 -0.3153 
[0,60] 0.9065 2.0228  [50,10] 0.9963 -0.4045 

[10,60] 0.9978 -0.4082  [60,10] 0.9955 -0.3040 
[20,60] 0.9919 -0.2215  [70,10] 0.9947 -0.2979 
[0,50] 0.9593 0.6454  [0,0] 0.9929 -0.3412 

[10,50] 0.9968 -0.4421  [10,0] 0.9952 -0.2364 
[20,50] 0.9987 -0.4320  [20,0] 0.9958 -0.3511 
[30,50] 0.9976 -0.4800  [30,0] 0.7919 4.8017 
[0,40] 0.8904 2.2605  [40,0] 0.9964 -0.3995 

[10,40] 0.9962 -0.5168  [50,0] 0.9969 -0.4452 
[20,40] 0.9956 -0.3017  [60,0] 0.9943 -0.2570 
[30,40] 0.9931 -0.1999  [70,0] 0.9948 -0.2575 
[40,40] 0.9944 -0.2437  [80,0] 0.9969 -0.3407 
[0,30] 0.7586 5.7956  CONTROL-1 0.9947 -0.2743 

[10,30] 0.9939 -0.2653  CONTROL-2 0.9945 -0.2720 
[20,30] 0.9958 -0.3312  CONTROL-3 0.9958 -0.3511 
[30,30] 0.9948 -0.3878  CONTROL-4 0.9957 -0.3449 
[40,30] 0.9987 -0.4771  CONTROL-5 0.9954 -0.3666 
[50,30] 0.9970 -0.3270  CONTROL-6 0.9955 -0.3295 
[0,20] 0.9902 -0.0942  CONTROL-7 0.9947 -0.2874 

[10,20] 0.9938 -0.2030  CONTROL-8 0.9944 -0.2631 
[20,20] 0.9945 -0.2293  [0,60]-OUT 0.9944 -0.2606 
[30,20] 0.9932 -0.2145  [0,30]-OUT 0.9959 -0.3918 
[40,20] 0.9933 -0.2335  [0,0]-OUT 0.9887 -0.1401 
[50,20] 0.9820 0.1850  [0,60]-IN 0.9943 -0.3145 
[60,20] 0.9948 -0.2685  [0,30]-IN 0.9963 -0.4186 
[0,10] 0.9948 -0.3001  [0,0]-IN 0.9968 -0.4825 

[10,10] 0.9921 -0.2068  
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Table A2. 
 

Calibration parameters for litter platform #2 
 

 
 
 
 

 
Sensor ID m b  Sensor ID m b 

[0,80] 1.0016 -0.6588  [20,10] 0.9970 -0.3749 
[0,70] 1.0013 -0.6618  [30,10] 0.9964 -0.3416 

[10,70] 1.0015 -0.6232  [40,10] 0.9958 -0.3865 
[0,60] 1.0000 -0.6045  [50,10] 0.9960 -0.3717 

[10,60] 1.0011 -0.5956  [60,10] 0.9955 0.3957 
[20,60] 1.0019 -0.5977  [70,10] 0.9954 -0.4020 
[0,50] 1.0005 -0.6051  [0,0] 0.9978 -0.4071 

[10,50] 1.0009 -0.6061  [10,0] 0.9976 -0.3603 
[20,50] 1.0007 -0.6294  [20,0] 0.9966 -0.3576 
[30,50] 1.0002 -0.5988  [30,0] 0.9966 -0.3534 
[0,40] 0.9989 -0.5733  [40,0] 0.9968 -0.3445 

[10,40] 0.9976 -0.5367  [50,0] 0.9958 -0.3415 
[20,40] 1.0004 -0.5609  [60,0] 0.9961 -0.3610 
[30,40] 1.0007 -0.5399  [70,0] 0.9953 -0.3436 
[40,40] 1.0005 -0.5473  [80,0] 0.9995 -0.4697 
[0,30] 0.9997 -0.5323  [0,60]-OUT 0.9992 -0.4726 

[10,30] 0.9989 -0.5100  [0,30]-OUT 0.9988 -0.4565 
[20,30] 0.9985 -0.4850  [0,0]-OUT 0.9984 -0.4509 
[30,30] 0.9982 -0.4921  [0,60]-IN 0.9975 -0.4298 
[40,30] 0.9982 -0.4838  [0,30]-IN 0.9978 -0.4064 
[50,30] 1.0022 -0.5243  [0,0]-IN 0.9962 -0.3554 
[0,20] 1.0005 -0.5080  

[10,20] 0.9999 -0.4828  

[20,20] 0.9998 -0.4840  

[30,20] 0.9987 -0.4901  

[40,20] 0.9984 -0.4444  

[50,20] 0.9973 -0.4559  

[60,20] 0.9974 -0.4244  

[0,10] 0.9966 -0.4142  

[10,10] 0.9972 -0.3781  

 
 

b
m

y
m

x bbb
m

yyy
m

11



97 
 

Table A3. 
 

Calibration parameters for litter platform #3 
 

 
 
 

 
 

Sensor ID m b  Sensor ID m b 

[0,80]  [20,10] 0.9925 -0.2407 
[0,70] 0.9942 -0.4100  [30,10] 0.9938 -0.2908 

[10,70] 0.9938 -0.3851  [40,10] 0.9936 -0.3110 
[0,60] 0.9942 -0.3740  [50,10] 0.9941 -0.3327 

[10,60] 0.9934 -0.3476  [60,10] 0.9943 -0.3590 
[20,60] 0.9981 -0.3383  [70,10] 0.9955 -0.4238 
[0,50] 0.9929 -0.3270  [0,0] 0.9945 -0.3243 

[10,50] 0.9936 -0.3319  [10,0] 0.9934 -0.3025 
[20,50] 0.9932 -0.3320  [20,0] 0.9937 -0.3014 
[30,50] 0.9931 -0.3355  [30,0] 0.9940 -0.3114 
[0,40] 0.9936 -0.3980  [40,0] 0.9947 -0.3430 

[10,40] 0.9933 -0.4379  [50,0] 0.9952 -0.3383 
[20,40] 0.9935 -0.3332  [60,0] 0.9953 -0.3967 
[30,40] 0.9936 -0.3135  [70,0] 0.9961 -0.4378 
[40,40] 0.9936 -0.3200  [80,0] 0.9960 -0.4053 
[0,30] 0.9933 -0.3100  [0,60]-OUT 0.9946 -0.3264 

[10,30] 0.9933 -0.3313  [0,30]-OUT 0.9946 -0.2712 
[20,30] 0.9940 -0.3480  [0,0]-OUT 0.9943 -0.2793 
[30,30] 0.9934 -0.3573  [0,60]-IN 0.9946 -0.3084 
[40,30] 0.9939 -0.4281  [0,30]-IN 0.9941 -0.2927 
[50,30] 0.9941 -0.3448  [0,0]-IN 0.9949 -0.3474 
[0,20] 0.9942 -0.3687  

[10,20] 0.9942 -0.3428  

[20,20] 0.9940 -0.3368  

[30,20] 0.9948 -0.3351  

[40,20] 0.9942 -0.3388  

[50,20] 0.9945 -0.3118  

[60,20] 0.9943 -0.3240  

[0,10] 0.9936 -0.3228  

[10,10] 0.9932 -0.3044  
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Table B1. 
 

Calibration parameters for moisture content study 
 
 
 
 
 

Sensor ID m b  Sensor ID m b 
MC1-1-4(*) 0.9969 -0.2712  MC1-2-24 0.9958 -0.2424 

MC1-1-8 0.9979 -0.3063  MC1-2-28 0.996 -0.2486 
MC1-1-12(*) 0.9991 -0.3715  MC3-3-4 0.9961 -0.2299 

MC1-1-16 0.9989 -0.3639  MC3-3-8 0.9972 -0.3131 
MC1-1-20(*) 0.9993 -0.3418  MC3-3-12 0.9977 -0.244 

MC1-1-24 0.9983 -0.3148  MC3-3-16 0.9973 -0.2546 
MC1-1-28(*) 0.9975 -0.316  MC3-3-20 0.997 -0.2487 

MC1-3-4 0.9973 -0.3014  MC3-3-24 0.997 -0.2703 
MC1-3-8 0.9969 -0.3418  MC3-3-28 0.9974 -0.3144 

MC1-3-12 0.9966 -0.341  MC3-2-4 0.9973 -0.3063 
MC1-3-16 0.9983 -0.3795  MC3-2-8 0.9969 -0.2626 
MC1-3-20 0.9959 -0.314  MC3-2-12 0.9966 -0.3006 
MC1-3-24 0.9953 -0.1911  MC3-2-16 0.9971 -0.315 
MC1-3-28 0.9966 -0.245  MC3-2-20 0.9967 -0.303 

MC2-1-4(*) 0.9959 -0.2361  MC3-2-24 0.9969 -0.3068 
MC2-1-8 0.9955 -0.235  MC3-2-28 0.9963 -0.2905 

MC2-1-12(*) 0.9958 -0.2102  MC4-1-4(*) 0.9965 -0.2889 
MC2-1-16 0.9957 -0.2038  MC4-1-8 0.9958 -0.2307 

MC2-1-20(*) 0.9953 -0.1945  MC4-1-12(*) 0.9958 -0.2704 
MC2-1-24 0.9948 -0.2252  MC4-1-16 0.9954 -0.2697 

MC2-1-28(*) 0.9964 -0.2882  MC4-1-20(*) 0.9962 -0.2821 
MC3-1-4(*) 0.9978 -0.327  MC4-1-24 0.9969 -0.2802 

MC3-1-8 0.9968 -0.2993  MC4-1-28(*) 0.9973 -0.3163 
MC3-1-12(*) 0.9977 -0.32  MC2-3-4 0.9964 -0.2784 

MC3-1-16 0.9978 -0.318  MC2-3-8 0.9961 -0.2479 
MC3-1-20(*) 0.9976 -0.3121  MC2-3-12 0.9967 -0.2831 

MC3-1-24 0.998 -0.3058  MC2-3-16 0.9965 -0.2717 
MC3-1-28(*) 0.9978 -0.3142  MC2-3-20 0.9965 -0.258 

MC1-2-4 0.997 -0.3003  MC2-3-24 0.9968 -0.2993 
MC1-2-8 0.9971 -0.3104  MC2-3-28 0.9961 -0.2468 

MC1-2-12 0.9966 -0.2984  MC4-2-4 0.9964 -0.2522 
Sensor ID m b  Sensor ID m b 
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MC1-2-16 0.996 -0.2918  MC5-2-24 0.9963 -0.2864 
MC1-2-20 0.9968 -0.2993  MC5-2-28 0.9965 -0.3141 
MC4-2-16 0.9965 -0.3373  MC4-2-8 0.9957 -0.2518 
MC4-2-20 0.9972 -0.3597  MC4-2-12 0.9963 -0.3598 
MC4-2-24 0.997 -0.3649  Panel 0.9972 -0.358 
MC4-2-28 0.9969 -0.3416  

MC4-3-4 0.9967 -0.2977  

MC4-3-8 0.9974 -0.3516  

MC4-3-12 0.9978 -0.3629  

MC4-3-16 0.9966 -0.3369  

MC4-3-20 0.9967 -0.3324  

MC4-3-24 0.9961 -0.3061  

MC4-3-28 0.9963 -0.336  

MC5-1-4(*) 0.9968 -0.3308  

MC5-1-8 0.996 -0.3155  

MC5-1-12(*) 0.9966 -0.3142  

MC5-1-16 0.9966 -0.275  

MC5-1-20(*) 0.9973 -0.2895  

MC5-1-24 0.9955 -0.2977  

MC5-1-28(*) 0.9961 -0.3219  

MC2-2-4 0.996 -0.3285  

MC2-2-8 0.9983 -0.3954  

MC2-2-12 0.9983 -0.371  

MC2-2-16 0.9969 -0.3275  

MC2-2-20 0.9979 -0.2639  

MC2-2-24 0.9965 -0.2661  

MC2-2-28 0.9997 -0.3065  

MC5-3-4 0.9973 -0.3318  

MC5-3-8 0.9966 -0.3124  

MC5-3-12 0.9991 -0.359  

MC5-3-16 0.9963 -0.3138  

MC5-3-20 0.9962 -0.3183  

MC5-3-24 0.9964 -0.335  

MC5-3-28 0.9964 -0.3562  

MC5-2-4 0.9964 -0.3128  

MC5-2-8 0.9967 -0.2779  

MC5-2-12 0.9966 -0.3171  

MC5-2-16 0.9965 -0.2815  

MC5-2-20 0.9969 -0.297  

 


