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SUMMARY. Cellulitis has emerged as an economically important disease of broiler chickens.
The impact of environmental risk factors on the incidence of cellulitis has not been evaluated in
the United States. Escherichia coli (E. coli), the causative agent, is introduced through skin
scratches during the grow out. Our previous work suggested that the litter was an important
reservoir for cellulitis-associated E. coli. We hypothesized that factors contributing to a positive
environment for E. coli growth would increase the opportunity for exposure of a broiler to an
infectious dose of E. coli, capable of initiating a cellulitis lesion. This prospective study of 304
flocks on five farms from two integrated broiler companies was conducted to determine the effect
of environmental factors on the prevalence of cellulitis in California broiler flocks.
Environmental variables included temperature, wind velocity, and relative humidity (RH) at
the litter surface. Litter variables measured included E. coli and total gram-negative bacteria load
(colony forming units/g dry matter), water activity, and pH. Management variables such as clean
out, the number of flocks reared on the same litter (litter run, LR), and downtime (DT) between
flocks were also evaluated. Cellulitis ranged from 0.197% to 6.04%. Significant associations were
identified using linear regression between farm, LR, DT, ambient temperature during the
brooding period, gram-negative bacteria load in the litter during the brooding period, RH mid–
grow out, and E. coli load late in the grow out. The significant variation in the rate of cellulitis
between farms combined with the strong association of LR and DT with cellulitis demonstrated
that management choices were highly influential in this disease syndrome. Based on these data
and our previous findings, managers would be advised to increase DT between flocks and
perform a total clean out of the house when a flock processes with a high incidence of cellulitis.

RESUMEN. Estudio potencial de las variables de manejo y de la cama de los galpones
asociadas con la presencia de celulitis en lotes de pollo de engorde en California.
La celulitis ha surgido como una enfermedad de importancia económica en pollos de engorde.

En los Estados Unidos aún no se ha evaluado el impacto de los factores de riesgo medio
ambientales en la incidencia de la celulitis. El agente causante de la enfermedad, Escherichia coli,
es introducido a través de lesiones en la piel durante la crianza. En un trabajo anterior sugerimos
que la cama era un importante reservorio de la celulitis asociada con E. coli. Se planteó la
hipótesis de que los factores que contribuyen en la generación de un medio ambiente adecuado
para el crecimiento del E. coli aumentan el tiempo de exposición del pollo de engorde a una dosis
infecciosa de E. coli capaz de iniciar una lesión de celulitis. Este estudio potencial de 304 lotes en
5 granjas pertenecientes a dos compañı́as integradas de pollo de engorde se realizó con el fin de
determinar el efecto de los factores ambientales en la prevalencia de la celulitis en los lotes de
pollo de engorde en California. Las variables medio ambientales incluyeron la temperatura,
velocidad del viento y la humedad relativa de la superficie de la cama de los galpones. Las
variables de la cama de los galpones evaluadas incluyeron la carga total de bacterias gram-
negativas y de E. coli (unidades formadoras de colonias/gramo de materia seca), actividad del
agua y pH. Se evaluaron variables de manejo tales como la limpieza y desinfección de los
galpones, el número de lotes levantados en la misma cama y el tiempo de descanso entre lotes. Se
observó un rango de celulitis entre el 0.197% y el 6.04%. Mediante regresiones lineales se
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identificaron asociaciones significativas entre las variables granja, número de lotes criados en la
misma cama, tiempo de descanso entre lotes, temperatura ambiental durante el periodo de crı́a,
carga de bacterias gram-negativas en la cama de los galpones durante el perı́odo de crı́a, humedad
relativa en la mitad del perı́odo de crianza y la carga de E. coli en la última etapa de la crianza. La
variación significativa en el ı́ndice de celulitis entre granjas en combinación con una asociación
fuerte entre el número de lotes criados en la misma cama y el perı́odo de descanso entre lotes con
la celulitis demostró que las opciones de manejo influyeron de manera significativa en la
presentación de este sı́ndrome. Con base en los datos obtenidos en este trabajo y los hallazgos
obtenidos en trabajos anteriores, se recomienda a las personas encargadas del manejo de la
producción, aumentar los perı́odos de descanso entre lotes y realizar una desinfección total del
galpón cuando se encuentre un lote con una alta incidencia de celulitis.

Key words: chicken, cellulitis, epidemiology, Escherichia coli

Abbreviations: cfu¼ colony-forming units; DT¼ downtime; LR¼ litter run; RH¼ relative
humidity

Cellulitis or infectious process has emerged as an
economically significant disease syndrome of broiler
chickens resulting from increased condemnations,
downgrading at processing, and increased costs
associated with trimming and reprocessing of
affected carcasses (14). Cellulitis is characterized
by a diffuse inflammatory reaction in the sub-
cutaneous tissue. Escherichia coli (E. coli) has been
the predominant organism recovered from cellulitis
lesions in a number of studies and is considered the
causative agent of cellulitis (7,10,14). Skin trauma
or damage to the skin by scratching has been shown
to increase cellulitis lesion formation by E. coli (10).
It is believed that most cellulitis lesions observed at
processing are initiated during grow out (20). It is
possible that the coliform bacterial flora at the
hatchery contributes to the E. coli population on the
farm because, at placement, the intestines are
already colonized with E. coli (1). One epidemio-
logical study has identified the hatchery of origin as
a possible risk factor for cellulitis (5). In contrast,
a comparison of DNA fingerprints of E. coli isolates
from cellulitis lesions in broilers originating from
the same hatchery concluded that the farm of origin
was the most likely source of E. coli causing cellulitis
lesions (12). Singer et al. also found that farm-
specific E. coli DNA fingerprints persisted over
successive flocks, regardless of the cleaning and
disinfection procedures used between flocks (11).
These findings suggested that the litter played
a major role in the maintenance of cellulitis-
associated E. coli over extended periods of time.

The microbial load in poultry house litter is
determined by the microenvironmental conditions
of the litter surface. Proper litter management has
been suggested as a fundamental means of enhanc-
ing the food safety of poultry products on the farm

(Mallinson, pers. comm.). Increased water activity
(free molecular water), increased moisture content,
increased ammonia, and decreased litter pH have
been significantly associated with the persistence of
Salmonella spp. (another gram-negative enteric
bacteria) in poultry litter (2,6,9). Air velocity,
a measure of the air movement above the litter
surface, acts to remove heat, ammonia, and excess
moisture from the litter surface and may affect
changes in the microbial load.

The impact of environmental risk factors on the
incidence of cellulitis has not been evaluated in the
United States. All epidemiologic studies of cellulitis
to date have originated from Canada, where broiler
production practices, for example, flock size and
rearing of same-sex flocks, are dissimilar to U.S.
practices. A prospective study of 44 broiler flocks in
southern Ontario identified hatchery of origin, strain
of birds, farm size, type of litter, lighting system,
total downtime, prevalence of abdominal scratches,
and other disease syndromes as significantly associ-
ated with cellulitis and potential risk factors for this
disease (5). Factors not associated with cellulitis in
this study included source of eggs, sex, average bird
weight, feed company, growth promoter, or stocking
density. Interestingly, downtime (DT) was positively
associated with cellulitis, presumably because DT
was increased by growers when higher cellulitis rates
were observed. A second, retrospective study by
Elfadil et al. (3) examined risk factors for cellulitis by
univariate and multivariate logistic regression anal-
yses of high- and low-prevalence flocks. Cellulitis
was positively associated with male and mixed flocks,
straw litter, the use of zinc bacitracin as a growth
promoter, and other diseases diagnosed at processing.
Downtime between flocks was negatively associated
with cellulitis. Tessier et al. reported a 1-yr
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retrospective study of cellulitis in Quebec (13).
Cellulitis was higher in male than female flocks but
showed no relationship to average body weight.
Associations with other disease conditions were
examined but were not strong (R2 , 0.09).

We hypothesized that factors contributing to
a positive environment for E. coli growth would
increase the opportunity for exposure of a broiler to
an infectious dose of E. coli capable of initiating
a cellulitis lesion. Environmental variables at the
litter surface, such as temperature, litter moisture,
water activity levels, pH, ammonia volatilization,
etc., could provide a permissive or restrictive
environment for growth of E. coli. These local
environmental variables could be influenced by
management practices such as, clean out, litter
quality, and downtime between flocks.

MATERIALS AND METHODS

Experimental design. Ten houses per ranch on
five broiler farms were included in the study. These
houses were not environmentally controlled, ventilation
was accomplished by either tunnel ventilation, curtains,
fans, or foggers. Partial house brooding was used on all
farms. Brooding heat sources included hot water piping
and pan and radiant heaters. Each flock was sampled
three times during the grow-out period; early, middle,
and late. Owing to scheduling pressures and the
variability in processing ages (39 to 54 days), an overlap
of environmental sampling occurred across farms for
some samples obtained in the middle and late grow-out
periods. For example, a mid–grow-out sample on Farm
1may have occurred as late as 43 days of age, while a late
sample may have occurred on Farm 5 as early as 36 days.
The early samples were obtained 0 to 10 days post-
placement, the middle samples from 26 to 43 days
postplacement, and the late samples from 36 to 48 days
postplacement. The number of birds with cellulitis
lesions per house was obtained from processing records,
and the percentage with cellulitis was calculated.
Environmental variables. Environmental measure-

ments were as follows. Ambient temperature was measured
midhouse at shoulder height. Temperature, wind velocity,
ammonia levels, and relative humidity (RH) were measured
at the litter surface. Litter temperature and RH were
measured at approximately 2 cm above the litter surfacewith
a RH/temperature meter (Vaisala Inc., Boston, MA).
Atmospheric ammonia levels, approximately 2 cm above
the litter surface, were determined with an ammonia gas
monitor (STX70ammonia gasmonitor, Industrial Scientific
Corp., Oakdale, PA). Air velocity was measured with
a thermoanemometer (VelociCheck,AppliedAirFilters, San
Jose, CA) at approximately 2 cm above the litter surface. All
measurements were taken at nine different locations within

each house. Litter was collected from among these same sites
and returned to the laboratory for further analysis.
Litter variables. Three litter samples, one from

a wet area directly beneath a water line, one from
a caked area within 30 cm of a water line, and one
from a dry area at least 1 m away from the nearest
water or feed line, were obtained by grab sample of
approximately 60 g into sterile whirlpac bags. One
sample was taken from the front third of the house,
one from the middle third, and one from the rear third
of the house. The grab sites were randomly selected
from a grid of each house. On two houses per farms,
nine samples, three wet, three dry, and three caked,
were obtained. Values from these houses were averaged
for the final analysis. In the laboratory, water activity
was evaluated with a CX-2 water activity system
(Decagon Devices, Inc., Pullman, WA). Litter pH was
determined using a Horiba compact pH meter
(Spectrum Technologies, Inc., Plainfield, IL), after
suspension of 3 g in 10 ml of sterile water, and titrated
to a pH of 7.0 with 1 M NaOH or 1 M HCl. After 1
hr, the supernatent was loaded into the pH meter.
Litter moisture content was calculated from weights
taken before and after drying litter samples in
a convection oven for 2 hr at 40 C.
To quantify the bacteria load in the litter, 3 g of

litter were placed in 27 g of sterile phosphate buffered
saline and transported to the laboratory. The bacteria
in each sample were enumerated by plating of serial
dilutions onto MacConkey agar using a spiral plate
apparatus (Spiral Systems, Inc., Cincinnati, OH), and
colonies were counted after 24 hr incubation at 37 C.
Both gram-negative and lactose-positive, gram-negative
bacteria (considered E. coli) counts were recorded as
colony forming units (cfu) per gram of litter on a dry
matter basis.
Statistical analysis. Data were collected from five

farms, 27 placements, and 304 flocks (houses). Each
farm was represented by five or six placements and
included flocks placed during the hot-dry and cool-wet
seasons. Our goal for the statistical analysis was to
determine which management and environmental
variables were significantly associated with the percent-
age of birds exhibiting cellulitis at time of slaughter. In
order to perform linear regression with an outcome
variable that was a percentage, we used the standard
arcsine transformation to help stabilize the variance and
promote normality of errors, which was checked by
examining the distribution of residuals of our model
(8). We used a forward stepping algorithm for inclusion
of terms in the model, with a P value of �0.05 for
retention of the term in the final model. Two-way
interactions were considered for potential biologically
linked pairs of variables. Time of placement was not
examined as a significant nuisance variable in the model
because in many cases each flock consisted of more than
one breeder source; therefore, the potential clustering
effect was minimized.
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RESULTS

Descriptive statistics of flock variables.
The average prevalence of cellulitis for all flocks was
1.14% and ranged from 0.197% to 6.04%. The
average bird age at processing was 47.8 days, ranging
from 39.0 to 54.0 days. Average processing weight
was 2443g, with a range of 1839 to 2838g.

Linear regression model. There were sig-
nificant associations between the percentage of
cellulitis and the following factors: farm of origin,
litter run, downtime, ambient air temperature
measured at the first visit, gram-negative bacteria
counts in the litter in the front third of the house on
the first visit, relative humidity on the second visit,
and E. coli levels in the back third of the house at the
third visit (see Table 1 for P values). The overall
multiple R squared (R2) was 0.37. The effect of
company in the model was tested and found not
significant (P ¼ 0.09).

Significant variables. Farm was a significant
effect, with a partial R2 of 0.20. Using the coefficients
generated in the linear regression model for the
highest and lowest prevalence farms, we calculated
the association between the various potential risk
factors and the amount of cellulitis. This association
was presented graphically for each significant variable
in the model in Figure 1a–1f to demonstrate the
effect of altering one of the potential risk factors
within the range of values observed in this data set.
For example, Figure 1b shows the percentage
cellulitis expected along the range of observed values
for litter run if all the other significant variables in the
model are held constant at their median value. Only

the farm with the highest prevalence and lowest
prevalence cellulitis are depicted.

Litter run. There was a positive association
between litter run and cellulitis, which indicates that
flocks placed on previously used litter had more
cellulitis and that this effect increased with each
additional flock placed on the same litter. The
number of flocks on the same litter varied between
one and six flocks with a median of two flocks
between total clean out and new litter. With all other
variables held at their median, our model predicted
a flock cellulitis prevalence of 0.5% to 1.0% for low-
prevalence farms and 1.3% to 2.0% for high-
prevalence farms. This indicated that on low-
prevalence farms, flocks placed on first-run litter
would have half as much cellulitis as flocks placed on
sixth-run litter. On high-prevalence farms the
percent cellulitis would drop by 54% if flocks were
placed on first-run vs. sixth-run litter.

Downtime. The association between downtime
and cellulitis was negative, which indicates that as
downtime decreased between flocks there was more
cellulitis. Downtime ranged from 8 to 30 days with
an average of 19 days. With all other variables held
at their median, our model predicted a drop in
cellulitis from 0.8% to 0.4% (cut in half) for low-
prevalence farms and a 55% decrease for high-
prevalence farms from 1.7% to 1.1%, as downtime
increased from 8 to 30 days.

Ambient air temperature, early grow
out. There was a positive association between
ambient temperature and cellulitis, meaning that
flocks brooded when temperatures were higher had
more cellulitis. Temperatures measured during this

Table 1. Variables significantly associated with cellulitis in a linear regression model (P � 0.05).

Factor Coefficient P value R2

Intercept �0.0192 0.37
Farm 0.20
1A 0.0000 —
2 0.0960 0.0045
3 0.0198 0.0002
4 0.0427 0.0001
5 0.0288 0.0001
Number of flocks placed on the same litter (litter run) 0.0059 0.0163 0.02
Downtime between flocks �0.0011 0.0021 0.03
Ambient house air temperature, 0 to 7 days (F) 0.0003 0.0199 0.02
Litter gram-negative bacteria levels in the brooding area in the

first week (log cfu/g) 0.0037 0.0079 0.02
Relative humidity, mid–grow out 0.0006 0.0001 0.04
Litter lactose positive bacteria (E. coli) levels near the end of

the grow-out period (log cfu/g) 0.0034 0.0167 0.02
AReferent farm.
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Fig. 1. The expected percentage of cellulitis was plotted along the range of observed values for (a) house ambient
temperature (F) measured midhouse at 4 ft height in the brooding period (0–7 days), (b) litter run (number of
flocks placed on the same litter), (c) litter gram-negative bacterial load in the brooding period (log cfu/g), (d)
downtime between flocks (days), (e) relative humidity at the litter surface mid–grow out, (f) lactose positive
bacterial load in the litter near the end of the growout period (log cfu/g), with all other variables in the model held
at their median value. Only the farms with the highest and lowest incidence of cellulitis are depicted.
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Fig. 1. Continued.
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period ranged from 29 to 94 F with a median
temperature of 56 F. With all other variables held at
their median, our model predicted the percentage of
birds with cellulitis at slaughter would be 0.5% to
0.8% for low-prevalence and 1.2% to 1.9% for
high-prevalence farms as temperature increased
across this range. This represents a 40% and 60%
increase in cellulitis as temperatures increased by
approximately 60 F.

Litter gram-negative bacteria load in
brooding area. There was a positive association
between the quantity of gram-negative bacteria in
the litter in the front third of the house (the brooding
area) during the brooding period and the percentage
of cellulitis. The gram-negative bacteria load in this
litter ranged from 3 to 10 log cfu/g, with a median of
7 log cfu/g. With all other variables held at their
median, our model predicted the percentage of birds
with cellulitis at processing would be 0.4% to 0.8%
for low-prevalence farms and 1.1% to 1.7% for high-
prevalence farms. This represents a doubling of
cellulitis for low-prevalence farms and a 55% in-
crease on high-prevalence farms when gram-negative
counts increased across this range.

Relative humidity, mid–grow out. There
was a positive association between relative humidity
and cellulitis, meaning that as RH increased,
cellulitis increased. Relative humidity ranged from
36% to 93%, with a median of 64%. With all other
variables held at their median, our model predicted
that the percentage of birds with cellulitis at
processing would be 0.3% to 0.9% for low-
prevalence farms and 1.0% to 1.9% for high-
prevalence farms when relative humidity increased
from 36% to 93%. This represents a 300% increase
in cellulitis on low-prevalence farms and a 90%
increase on high-prevalence farms.

Litter E. coli load at the end of grow out.
There was a positive association between lactose-
positive bacteria levels in the litter (i.e., E. coli
counts) in the rear of the house near the end of the
grow out and cellulitis, which indicates that in flocks
where the E. coli load in the litter was higher,
cellulitis was also higher. The median E. coli count
in litter was 6 log cfu/g, with a range of 4 to 10 log
cfu/g. With all other variables held at their median,
our model predicted a percentage of birds with
cellulitis at slaughter of 0.4% to 0.7% for low-
prevalence farms and 1.1% to 1.7% for high-
prevalence farms when litter counts increased from
4 to 10 log of E. coli per gram. This is equivalent to
a 40% to 60% increase in cellulitis as the E. coli load
in the litter increased.

Variables not significantly associated
with cellulitis. Variables that were not significant
in this model included age at processing; processing
weigh; ammonia levels; relative humidity in the early
and late grow out; temperature at the litter surface; air
velocity at the litter surface; litter pH; litter water
activity; gram-negative bacteria levels in the litter
measured early in the grow out but not in the
brooding area or in themiddle or late grow out;E. coli
levels in the litter measured in the brooding area in
mid–grow out or in the front two-thirds of the house
late in the grow out; litter type (crusted, wet, or dry);
month placed; and whether the house was totally
cleaned or partially cleaned between placements.

DISCUSSION

This study identified two factors affecting cellulitis
prevalence that can be completely controlled with
management: litter run and downtime. According to
this model, limiting the number of flocks reared on
the same litter and increasing downtime will
significantly reduce the rate of cellulitis. If loss
estimates accrued at slaughter for rehang, slowing of
the line, and trimming of affected carcasses were
available for each percentage cellulitis in a flock, the
economic break-even point for each day of down-
time and litter run could easily be calculated to guide
possible changes in management practices. Our
results are in agreement with the retrospective study
of Canadian broilers (3), where downtime between
flocks was negatively associated with cellulitis.

The common paradigm is that increasing litter
runs increases the build up of bacteria (E. coli) in the
litter, resulting in more cellulitis. However, we
tested the association between E. coli load in late
grow out and litter run and between gram-negative
bacteria load and litter run using linear regression.
We found they were not significantly associated.
This means that the E. coli and gram-negative litter
counts were essentially the same between first-run
and sixth-run litter. The fact that litter run and
downtime were significant in the regression model
when gram-negative and E. coli counts are also
included also supports that E. coli counts are not the
factor driving increases in cellulitis when more
flocks are reared on the same litter and downtime
between flocks decreases.

The association between E. coli bacteria counts
and downtime was positive and significant, with E.
coli load increasing as downtime between flocks got
longer. Additional days of downtime did not reduce
the concentration of E. coli in the litter as expected.
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This may suggest that a qualitative change in the
litter was occurring, perhaps a shift toward an E. coli
population that is more adapted to the environment
and less pathogenic (bird adapted).

Ambient temperature may affect feathering, with
flocks brooded in higher temperatures feathering at
a slower rate. This may make them more susceptible
to abdominal scratches and subsequent cellulitis at
processing. Poor feathering, strain of bird, and
stocking density were identified as risk factors for
abdominal scratches in a clinical trial of Canadian
broilers (4).

High gram-negative bacteria counts in the front
third of the house, where the chicks are brooded, had
a positive association with cellulitis, but there was no
such association in the middle or rear third of the
house. This is interesting because only the brooding
area is top dressed with new litter. These high counts
may reflect high numbers of Klebsiella spp.,
Salmonella spp., or other common gram-negative
bacteria found in the poultry house environment, as
well as E. coli.

Relative humidity measure in the mid–grow-out
period (26 to 43 days of age) was significantly
associated with cellulitis. It is harder to cool a broiler
house at higher relative humidity. This may
adversely affect behavior, encouraging broilers to
sit or lie down during the hot period of the day.
Over time this could adversely affect leg strength
and also cause crowding at the feeders and water
lines when temperatures cool in the evening and in
the early morning.

We found that higher E. coli loads in the back
third of the house were associated with a higher
prevalence of cellulitis late in the grow out. This is
the period when bird density in the house is highest.
High E. coli loads in the litter when bird density is at
its peak may offer a critical juxtaposition of
scratching and an infectious inoculating dose.

Our study, like all of the Canadian reports, found
that average bird weight at processing was not
associated with cellulitis (5,13).

Although we found bacterial load to be a signif-
icant factor associated with cellulitis in this study, we
did not identify specific litter environmental varia-
bles, such as water activity, pH, moisture content, or
ammonia, as significant effects. This may reflect, in
part, the huge variation in microenvironments that
exists within a broiler house. Although our study
sampled the environment more intensively than any
other prospective studies to date, we recognize that
the perfect methodology for sampling such a large
area over time would likely prove to be cost

prohibitive. Unfortunately, this means that based
on these results environmental sampling cannot be
used to predict the bacterial load in the litter or as
a monitoring device for gauging the efficacy of
management changes adopted to reduce cellulitis
prevalence.

The large farm effect, combined with the strong
association of litter run and downtime with cellulitis,
demonstrates that management choices are highly
influential in this disease. In addition, we have
demonstrates that cellulitis-associated E. coli per-
sisted over multiple flocks grown in the same house
(11). Consequently, if a virulent strain of E. coli
caused a high cellulitis incidence in a particular
house, it could be expected that this strain would also
affect subsequent flocks. Because cellulitis is a mul-
tifactorial disease, it would be unlikely that altering
any single management or environmental variable
would eliminate the condition. However, using the
data from this study, farm managers would be
advised to increase downtime and perform a total
litter clean out when a flock processes with a high
incidence of cellulitis.
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