Epidemiology and Infection

cambridge.org/hyg

Original Paper

Cite this article: Kalupahana RS, Mughini-
Gras L, Kottawatta SA, Somarathne S, Gamage
C, Wagenaar JA (2018). Weather correlates of
Campylobacter prevalence in broilers at
slaughter under tropical conditions in Sri
Lanka. Epidemiology and Infection 146,
972-979. https://doi.org/10.1017/
S0950268818000894

Received: 15 May 2017

Revised: 5 March 2018

Accepted: 20 March 2018

First published online: 15 April 2018

Key words:
Campylobacter; poultry; seasonality; tropical
weather

Author for correspondence:

L. Mughini-Gras, E-mail: lapo.mughini.gras@
rivm.nl

© Cambridge University Press 2018

CAMBRIDGE

UNIVERSITY PRESS

@ CrossMark

Weather correlates of Campylobacter
prevalence in broilers at slaughter under
tropical conditions in Sri Lanka

R. S. Kalupahanal, L. Mughini-Gras®3, S. A. Kottawattal!, S. Somarathne?,
C. Gamage* and J. A. Wagenaar?>6

'Department of Veterinary Public Health and Pharmacology, Faculty of Veterinary Medicine and Animal Science,
University of Peradeniya, Peradeniya, Sri Lanka; “Department of Infectious Diseases and Immunology, Utrecht
University, Utrecht, the Netherlands; 3Center for Infectious Disease Control (CIb), National Institute for Public
Health and the Environment (RIVM), Bilthoven, the Netherlands; *Department of Microbiology, Faculty of Medicine,
University of Peradeniya, Peradeniya, Sri Lanka; "Wageningen Bioveterinary Research, Lelystad, the Netherlands
and ®WHO Collaborating Centre for Campylobacter/OIE Reference Laboratory for Campylobacteriosis, Utrecht, the
Netherlands

Abstract

Campylobacter is the primary agent of human bacterial gastroenteritis worldwide. In contrast
to temperate zones, weather effects on Campylobacter prevalence in broilers under tropical
conditions are under-researched. We examined the association between weather and
Campylobacter prevalence in slaughtered broilers in Sri Lanka, a tropical country with weather
variations led by monsoons. Each month (October 2009-July 2011), 20-30 broiler batches
referring to two semi-automated slaughterhouses from five Sri Lankan provinces were tested
for Campylobacter contamination and analysed in relation to temperature, humidity and rain-
fall. Overall prevalence was 63.8% (95% CI 59.6-67.9%, n =542), peaking in September—
November. Each 1°C increase in monthly mean temperature up to 26 °C increased
Campylobacter-positive batches by 16.4% (95% CI 0.4-35.1%). For each 10 mm increase in
monthly total rainfall up to 300 mm, Campylobacter-positive batches increased significantly
by 0.8% (0.1-1.5%) at 1-month lag. For each 1% increase in relative humidity up to 80% at
1- and 2-month lags, Campylobacter-positive batches increased of respectively 4.2% (1.9-
6.7%) and 4.0% (1.5-6.5), and decreased by 3.6% (2.6-4.6%) and 4.0% (2.6-5.4%) for unit
increases above 80%. These results suggest that even in tropical countries without marked
seasons, there are weather effects possibly reflecting Campylobacter potential to colonise its
preferred host and/or survive in the environment.

Introduction

Campylobacter inhabits the intestinal tract of many animal species, but colonisation of the
chicken’s gut by Campylobacter is of particular interest due to its recognised role as the pri-
mary source of human campylobacteriosis [1, 2]. The main disease-causing zoonotic
Campylobacter species of public health significance, ie. Campylobacter jejuni and
Campylobacter coli, are commensal in chickens and can contaminate chicken meat during
slaughtering and carcass processing, thereby infecting humans via the foodborne route [3].

Campylobacteriosis is the most common cause of bacterial gastroenteritis in humans
throughout the world. A distinctive feature of this disease is its seasonality, with a peak in
human disease incidence observed during the summer in countries with a generally temperate
climate. This is demonstrated by specific studies carried out in England [4], Scotland [5] and
New Zealand [6], as well as by a multi-country study including nine European countries
(Austria, Denmark, Finland, France, Germany, Norway, Scotland, Sweden and Wales) and
New Zealand [7]. There is no such seasonality described in tropical countries. To date, only
an Australian study has compared Campylobacter infection rates in humans in temperate
and sub-tropical regions of the country where seasons are not so marked. The study reported
differences in the association between campylobacteriosis notifications and some weather vari-
ables in the two cities under study (Brisbane and Adelaide), which had different climatic con-
ditions [8].

Further research has been conducted to understand the basis of human campylobacteriosis
seasonality, with climate being the primary factor investigated along with the link between
human campylobacteriosis incidence and Campylobacter prevalence in broiler flocks. For
instance, a Danish study [9], as well as an international study comprising Europe, Canada,
Australia and New Zealand [10], revealed a significant correlation between ambient tempera-
ture and the number of human campylobacteriosis cases. A strong correlation between the
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same factors was also found in England and Wales, especially in
children under 5 years of age [11]. Furthermore, by comparing lon-
gitudinal surveillance data in six North European countries, includ-
ing Denmark, Finland, Iceland, the Netherlands, Norway and
Sweden, a significant degree of co-seasonality in Campylobacter inci-
dence in humans and broilers was identified [12]. Whether such sea-
sonality is attributed to a common factor for both humans and
chickens, or whether humans acquire Campylobacter from the colo-
nised chickens, is debatable. Yet, chicken contributing to human
Campylobacter infections is supported by the findings of a Danish
study showing a direct effect of season on the occurrence of
Campylobacter in Danish broiler meat at retail [13].

Seasonal trends in Campylobacter-positive broiler flocks have
been explained with several hypotheses, including geographical
location and local climate, flock management practices, especially
biosecurity measures [14] and factors influencing the survival and
spread of Campylobacter in the environment. As an example, a
Danish study [15] has identified flies as an important mechanical
vector for the introduction of Campylobacter into broiler chicken
barns during the high prevalence season. Additionally, environ-
mental parameters like daylight hours, minimum and maximum
ambient temperatures have been shown to influence carriage
rates of thermophilic Campylobacter in the chicken’s gut [16].
Given the attention on global climate change and its conse-
quences on microbial threats [17], exploring how weather relates
to Campylobacter prevalence in broilers may provide valuable
information for predictive studies and preventative measures.
This may be particularly insightful when such information origi-
nates from areas under a tropical climate, having temperatures
that remain relatively constant throughout the year and seasonal
variations are essentially dominated by monsoonal precipitation.

Sri Lanka is a tropical island country with no marked seasons.
The island is situated at the Southern tip of the Indian sub-
continent, extending from 5°55’ to 9°51'N and from 79°42 to
81°53’E. Ambient temperature varies only slightly during the
year in most of the country but in the inland mountainous region,
whereas the largest weather variations throughout the year con-
cern the rainfall [18]. In Sri Lanka, Campylobacter prevalence
rates in broilers and layers have been documented [19], with
more than 65% of broiler flocks in some areas of the country
being Campylobacter positive. Deep-litter open-house rearing sys-
tems, which have generally low biosecurity standards, are com-
mon practice for broiler farming in Sri Lanka given the tropical
climate and level of economic development. As there is little evi-
dence about how weather relates to Campylobacter colonisation
levels in broilers reared under tropical conditions, the objective
of this study was to determine the correlation between meteoro-
logical conditions and Campylobacter prevalence in broilers at
slaughter in Sri Lanka.

Methods
Sample collection

Sampling operations were performed from October 2009 to July
2011. Sampling locations consisted of two semi-automated broiler
meat processing plants situated in the cities of Gampaha and
Gampola in Sri Lanka. These broiler meat processing plants
received broilers from different areas of the country representing
five provinces (Fig. 1). Sampling was discontinued between March
and May 2011. Each month, 20-30 slaughter batches of broilers
were tested for Campylobacter spp. A minimum of 10 pairs of
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Fig. 1. Map of Sri Lanka showing the provinces where the sampled broilers were
reared.

caecae was collected from randomly selected broilers at the
point of evisceration in every batch studied and transported
on ice to the laboratory with the accompanying information
on the flock/farm of origin. Isolation and identification of
Campylobacter spp. were carried out according to ISO
10272:2006 standards. Samples were not collected on a specific
day of the month. Instead, samples were collected in three to
four lots per month (with each lot containing samples from five
to ten slaughter batches). The time between sample lot collections
varied from 1 to 2 weeks so that samples were collected through-
out each month under study.

Isolation and identification of Campylobacter

Caecal materials were extracted from the 10 pair of caeca collected
from each slaughter batch and pooled to make two samples each
containing caecal extracts from five birds. Each pooled sample was
mixed using a sterile cotton bud and streaked on modified
Charcoal Cefoperazone Deoxycholate Agar (mCCDA) directly.
As per 1SO 10272:2006, plates were incubated under a micro-
aerobic atmosphere at 42 °C for 48 h. Plates were then observed
for specific colony morphology. Presumptive Campylobacter
spp. colonies on mCCDA agar were then sub-cultured in blood
agar plates and incubated micro-aerobically at 42 °C for 48 h.
For the confirmation of thermotolerant Campylobacter spp. col-
ony morphology both on mCCDA and blood agar, Gram stain-
ing, motility, catalase test, oxidase reaction, aerobic growth at
42 °C and microaerobic growth at 25 °C were utilised.
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Climatological data

Monthly average temperature (°C), monthly total rainfall (mm)
and monthly average relative humidity (%) measured at the pro-
vinces where the broilers were reared, were obtained from the
Global Web Site (http:/worldweather.wmo.int/en/home.html),
which provides official weather observations, forecasts and other
climatological information for selected cities supplied by the
National Meteorological & Hydrological Services worldwide that
make official weather observations in their respective countries.

Data analysis

Given the clustered and longitudinal nature of the dataset, gener-
alised estimating equation (GEE) regression models with a log
link function and negative binomial error distribution were used
to examine the associations between the monthly occurrence of
Campylobacter-positive poultry batches (dependent variable)
and the meteorological variables (independent variables). The
province of origin was thus set as the panel (cluster) variable
and the month/year of sampling as the time scale. The unit of
analysis consisted of 110 province-month observations (i.e. five
provinces followed for 22 months, from October 2009 to July
2011). Generalised estimating equations accounted for the within-
province correlation resulting from repeated measurements made
over months in the same provinces using quasi-likelihood
methods and cluster-correlated robust variance estimators [20].
While the dependent variable was the monthly number of
Campylobacter-positive batches from each province, the corre-
sponding monthly total number of analysed batches from each
province (i.e. the underlying denominator of the positive batches)
was included as an offset term in the models to obtain models of
Campylobacter positivity rates. Associations were expressed as
incidence rate ratios (IRR) and corresponding 95% confidence
intervals (95% Cls); the percent increase in the monthly rate of
Campylobacter-positive poultry batches for each unit increase in
each weather variables was then calculated as (IRR-1) x 100%.
The quasi-likelihood under the independence model information
criterion (QIC) was used to guide the selection of the most par-
simonious model and the best-fitting within-group working cor-
relation structure [21]. To allow for delayed effects of weather
variables on Campylobacter prevalence, lags of 1-3 months were
also assessed. Collinearities between weather variables were
checked prior to regression analyses by calculating Spearman’s
correlation coefficients and selection between collinear variables
was selected based on improved model fit. Both univariate
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(each weather variable at a time) and multivariate (adjusted for
all other weather variables) analyses were performed.

Similar to the analytical approach used elsewhere [22, 23], the
linearity of associations between the outcome variable and each
weather variable under study was examined graphically prior to
GEE regression analysis using exposure-response curves based on
restricted cubic splines [24], with three knots at Harrell’s recom-
mended percentiles (25%, 50% and 75%) [25]. The significance
of the departure from linearity was assessed by testing the null
hypothesis that the coefficients of the non-linear terms were
equal to zero [26]. This allowed for the identification of non-linear
relationships and inflection points, if present, where Campylobacter
positivity increased or decreased as a function of the weather vari-
ables in question. Statistical analysis was performed using STATA
13 (StataCorp LP, College Station, TX, USA).

Results

Overall, there were 346 Campylobacter-positive poultry batches (out
of 542 batches tested, 63.8%, 95% CI 59.6-67.9%) over the five pro-
vinces during the entire study period. The Campylobacter preva-
lence and descriptive summary statistics of the weather variables
in each province are shown in Table 1. Except for the province of
Uva where only six batches were sampled, the highest positivity
rate (70.8%) occurred in the Western province (Table 1). The over-
all monthly mean temperature, rainfall and relative humidity were
26.1°C (x2.0 °C standard deviation (s.0.), range: 20.7-29.5 °C),
2322 mm (+165.6 mm s.0., range: 1.5-971.5 mm) and 76.5%
(£ 6.9% s.p., range: 56-95%), respectively. The weather variables
and Campylobacter prevalence in each of the five provinces and
month of the study period are shown in Figures 2 and 3, respect-
ively. The highest monthly mean temperatures were recorded in
the months of March-May, especially in the Western and North
Western provinces (Fig. 2). Temperatures varied less (coefficient
of variation (CV): 7.7%) than rainfall (CV: 71.3%) and relative
humidity (CV: 9.0%), whose highest values were recorded in the
months of April and November (rainfall) and November-January
(relative humidity), especially in the Western and Sabaragamuwa
provinces (Fig. 2). A significant negative correlation was found
between mean temperature and relative humidity (rho=-0.25,
P=0.008), whereas a significant positive correlation was found
between rainfall and relative humidity (rho =0.43, P <0.0001).
The major peak months of Campylobacter prevalence occurred
between September and November, particularly evident in the
North Western and Sabaragamuwa provinces (Fig. 3). The

Table 1. Campylobacter positivities in poultry batches and summary statistics (monthly mean + standard deviation and min-max values) of the weather variables in

the five provinces under study, Sri Lanka, October 2009 to July 2011

No. of
Campylobacter-positive

batches/total no. of Positivity rate

Relative humidity

Province batches sampled (95% Cl) Temperature (°C) Rainfall (mm) (%)

Central 34/52 65.4% (50.9-78.0%) 249+1.1 (22.2-27.2) 218.3+139.2 (24.4-546.3) 77.7+6.2 (61.0-87.4)
Western 51/72 70.8% (58.9-81.0%) 27.8+0.8 (26.0-29.0) 230.2 +239.3 (4.5-971.5) 76.6 +4.5 (65.0-82.1)
Sabaragamuwa 142/231 61.5% (54.9-67.8%) 26.9+1.1 (24.1-29.2) 334.9+145.4 (111.1-658.5) 81.2+5.7 (68.0-95.0)
North Western 113/181 62.4% (54.9-69.5%) 27.5+1.2 (25.1-29.5) 189.3+129.5 (1.5-550.5) 72.4+6.0 (56.0-78.1)
Uva 6/6 100% (54.1-100%)® 23.5+1.6 (20.7-26.0) 188.6 + 112.4 (53.4-440.3) 75.0 £ 8.8 (62.0-88.9)

#One-sided, 97.5% confidence interval.
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analysis of departure from linearity (Fig. 4) indicated a significant
non-linear association between the logarithm of the monthly
occurrence of Campylobacter-positive broiler batches with the
average temperature of the current month (no lag: P=0.0137),
as well as a borderline significant departure from linearity for
the temperature of the previous month (lag —1: P=0.0655),
whereas significant non-linearity was absent at lags of 2 (P=
0.157) and 3 (P=0.1372) months. For rainfall, no significant
departure from linearity was observed for the current month
(no lag: P=0.2977) and at lags of 2 (P=0.6031) and 3 (P=
0.5818) months, whereas a borderline significant departure
from linearity was detected for the rainfall of the previous
month (lag —1: P=0.0532). For relative humidity, significant
departures for linearity were found at any lag (lag —1: P=
0.018; lag —2: P =0.006; lag —3:P = 0.037), but not for the current
month (P=0.3162). Upon inspection of the exposure-response
curves (Fig. 4), the effect of increasing temperature on
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Campylobacter positivity appeared to be (linearly) positive until
a threshold of 26 °C and negative afterwards. Similarly, the inflec-
tion points for the (lagged) rainfall and relative humidity were
located at 300 mm and at 80%, respectively (Fig. 4). These thresh-
olds were therefore used to define knots of linear splines for the
inclusion of the respective variables in the GEE regression models.

The associations between the weather variables and Campylobacter
positivity rates are presented in Table 2. In the multivariate analysis
(where the effects of the other weather variables are controlled for),
significant positive associations were observed for temperature
<26 °C, rainfall <300 mm and relative humidity <80% and significant
negative associations were found for relative humidity >80%, for some
of the lag months (Table 2). Specifically, for each 1 °C increase in the
mean monthly temperature up to 26 °C, the rate of Campylobacter-
positive poultry batches was expected to increase significantly by
16.4% (95% CI 0.4-35.1%) in the current month. Moreover, for
each 10 mm increase in the total monthly rainfall up to 300 mm,
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the Campylobacter positivity rate increased significantly by 0.8% (95%
CI 0.1-1.5%) in the following month. Finally, for each 1% increase in
relative humidity up to 80% at lags of 2 and 3 months, a significant
increase of, respectively, 4.2% (95% CI 1.9-6.7%) and 4.0% (95% CI
1.5-6.5) in the rate of positive batches was expected, whereas signifi-
cant decreases of 3.6% (95% CI 2.6-4.6%) and 4.0% (95% CI 2.6-
5.4%) for each 1% increase above 80% relative humidity was observed
at lags of 1 and 2 months.

Discussion

Seasonal trends in Campylobacter prevalence in broilers have been
widely explained in the literature as the result of factors ranging

No lag Lag 1 month
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from broiler management practices to climate, but current knowl-
edge is largely based on studies carried out in industrialised coun-
tries with a temperate climate. This study investigated the
association between the weather and Campylobacter prevalence
in broilers reared in a developing country with a tropical climate,
using a multivariate modeling approach. The lack of similar stud-
ies from tropical areas hinders the direct comparison of our
results to published research and comparison of our data with
published reports from temperate countries may not be com-
pletely appropriate due to major differences in management prac-
tices, among others.

Horizontal transmission from the environment is believed to
be the most important source of Campylobacter in poultry.

Lag 2 months

Lag 3 months

O 200 400 600 800 1000 O 200 400 80D 800 1000

Raintall (mm) Rainfall {mm}

60 70 80 0 10 60 70 80
Relative humidity (%) Relative humidity (%)

Fig. 4. Smoothing plots of weather variables vs. Campylobacter positivity rates in poultry batches from the five provinces under study, Sri Lanka, October 2009-
July 2011. The grey areas around the black curves indicate the 95% confidence intervals.
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Table 2. Incidence rate ratios (IRR) and 95% confidence intervals (Cl) for the associations between weather variables and the occurrence of Campylobacter-positive

poultry batches

Variable

Univariate IRR (95% Cl)

Multivariate IRR (95% CI)?

Temperature (per 1 °C increment)

Current month (no lag); <26 °C

1.172 (1.012-1.358)*

1.164 (1.004-1.351)*

Current month (no lag); >26 °C

0.866 (0.759-0.987)*

0.867 (0.727-1.035)

Previous month (lag —1); <26 °C

1.180 (0.917-1.518)

1.188 (0.947-1.489)

Previous month (lag —1); >26 °C

0.861 (0.754-0.982)*

0.875 (0.755-1.014)

Two months before (lag —2)

1.009 (0.878-1.158)

1.043 (0.917-1.185)

Three months before (lag —3)

1.064 (0.934-1.212)

1.109 (0.973-1.263)

Rainfall (per 10 mm increment)

Current month (no lag)

1.003 (0.998-1.007)

0.999 (0.981-1.018)

Previous month (lag —1); <300 mm

1.011 (1.001-1.021)*

1.008 (1.001-1.015)*

Previous month (lag —1); >300 mm

0.998 (0.991-1.005)

0.997 (0.991-1.002)

Two months before (lag —2)

1.005 (0.999-1.012)

1.000 (0.994-1.006)

Three months before (lag —3)

1.006 (0.997-1.016)

1.002 (0.994-1.010)

Relative humidity (per 1% increment)

Current month (no lag)

1.007 (1.000-1.015)*

1.002 (0.995-1.008)

Previous month (lag —1); <80%

1.027 (1.011-1.043)**

1.017 (0.997-1.038)

Previous month (lag —1); >80%

0.966 (0.951-0.982)**

0.964 (0.954-0.974)***

Two months before (lag —2); <80%

1.039 (1.019-1.059)***

1.042 (1.019-1.067)***

Two months before (lag —2); >80%

0.958 (0.932-0.984)**

0.960 (0.946-0.974)***

Three months before (lag —3); <80%

1.035 (1.021-1.050)***

1.040 (1.015-1.065)**

Three months before (lag —3); >80%

0.979 (0.961-0.998)*

0.986 (0.972-1.000)

*P<0.05; **P<0.01; ***P<0.001.
®Adjusted for the other weather variables.

Thus, the implementation of strict biosecurity is the best way to
control flock colonisation [14, 27]. Other than that, seasonality
in Campylobacter prevalence in poultry may be explained, at
least in part, by flies as a potential source of infection [15, 28],
as fly populations follow closely the temperature pattern [29].
Accordingly, fly screens proved to be effective in reducing the
number of Campylobacter-positive flocks in Denmark [30].
However, in countries like Sri Lanka, broilers are reared under
deep-litter open-house systems all year round, meaning that the
birds are constantly exposed to the outside environment and
flies are free to move in and out the farm premises. Even though
the present study did not collect data on the specific biosecurity
levels of the farms from which the sampled chickens originated,
it is well known that these are minimal and that poultry reared
in such circumstances is at increased risk of Campylobacter colon-
isation [31, 32]. Temporal variations in Campylobacter prevalence
can, therefore, be mainly ascribed to weather.

Being in the equatorial tropical zone, Sri Lanka always has a
generally warm weather, with only small variations in temperature
throughout the year. On average, the difference between the cool-
est months of the year (November-February) and the warmest
ones (April and May) is around 2 °C. Additionally, being an
island, relative humidity is high and it is generally about 70% dur-
ing the day and above 90% at night (http://www.statistics.gov.lk/
Abstract2014/Pages/chapl.htm). The only factor leading to
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some seasonality is the Indian Ocean Monsoons. Indeed, Sri
Lanka experiences two monsoons that give rise to four distinct
(monsoonal) seasons, namely the South-West monsoon, the
North-East monsoon and two inter-monsoonal periods, in a cal-
endar year [18]. Rainfall during the South-West monsoon, which
lasts from May to September, hits mainly the South-Western parts
of the country. We found that Campylobacter prevalence in
broiler batches varied to some extent throughout the year, reveal-
ing that the major peak months were those between September
and November (Fig. 3). This may be related to the weather
changes of the South-West monsoonal rains. Indeed, the onset
of the prevalence peak coincided with the warmer weather and
commencement of the South-West monsoon in May (Fig. 3).
Furthermore, the decline of positivity rate seems to coincide
with the dry season accompanied by comparatively lower tem-
peratures (November—February). Moreover, most of the positive
batches studied originated from those areas more heavily hit by
the South-West monsoons.

All three weather parameters tested (i.e. temperature, rainfall and
relative humidity) were significantly associated with Campylobacter
prevalence at some lags in time. Our analyses also suggested that
there were thresholds for (lagged) weather effects, with linear and
positive effects for average monthly temperature up to 26 °C, for
total monthly rainfall up to 300 mm and for average monthly rela-
tive humidity up to 80% (and some negative effects above 80%
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relative humidity). The positive correlation with temperature is in
agreement with other studies. For example, strong correlations
have been reported between the temperature 3-4 weeks before
slaughter and the percentage of broiler flocks colonised with
Campylobacter [9]. Additionally, Jore ef al. [12] found an association
between Campylobacter incidence in broilers in a given month and
the mean temperature of the Northern hemisphere in the same and
preceding month. Furthermore, the Australian study has found the
temperature to be positively associated with human Campylobacter
infections in the sub-tropical climate of Brisbane, but negatively
correlated with the number of cases in the temperate climate city
of Adelaide [8]. Also, the positive associations with rainfall and rela-
tive humidity are in agreement with the literature, as humidity and/
or precipitation allowing for moist conditions are known to support
the survival of Campylobacter in the environment [9]. Furthermore,
because of high susceptibility to UV radiation and desiccation,
Campylobacter spp. have been found more frequently in broiler
flock surroundings in rainy days when compared with sunny days
[33]. The identification of thresholds above which such positive cor-
relations are no longer (linearly) significant and sometimes even
become negative, deserves further investigation as to understand
the possible underlying biological processes. Positive and negative
correlations between Campylobacter prevalence and weather have
also been explained by varying Campylobacter survival in the
environment, including biofilm formation by Campylobacter in
water systems of poultry farms [34], as well as differing sources of
contamination, such as the increased number of wild birds and
pests in the warm vs. cool months [9]. However, in open housing
systems, broilers are always exposed to wild birds and pests due to
poor biosecurity. Therefore, such a factor influencing the prevalence
of Campylobacter does not appear to be justified despite the fact that
wild birds and pests tend to enter these poultry houses more often
seeking water and shelter in hot or rainy periods.

It is possible for weather conditions to influence not only the
bacterium but also the host, ie. broiler chickens in our case.
Previous studies on Campylobacter seasonality in poultry, being car-
ried out in temperate countries, focused primarily on pathogen-
related factors, as in those countries broilers tend to be reared in
controlled environments; thus, animals are not directly exposed to
outdoor conditions. The situation is different when broilers are
reared in open-houses, which are the most appropriate type of
poultry houses in a developing country with a tropical climate
like Sri Lanka because of the easier heat loss through natural venti-
lation, although they directly expose broilers to the outside environ-
ment. It is known that high ambient temperatures may have a major
detrimental impact on poultry health and productivity, and when
high temperatures are coupled with high humidity, the outcome
may be worse. The situation may be further aggravated by the usu-
ally high poultry density in these houses [35]. The neutral tempera-
ture for broilers is 16-19 °C and temperatures above this range leads
to heat stress, which affects the physiology and productive perform-
ance of the birds [36, 37]. Heat stress is a recognised problem in
broiler production in the tropics [38], with breathing difficulties,
decreased feed intake and growth being often observed. As the stud-
ied flocks are usually exposed to temperatures almost constantly
above 25°C with high humidity for at least 6 h a day, they are
often in the heat stress state. Studies have also shown significant
changes in the normal intestinal microbiota and intestinal morph-
ology in heat stressed poultry [39]. Experimental exposure of broi-
lers to high temperatures (30 °C) for 24 h has been shown to change
significantly the intestinal microbial community structure, evoking
susceptibility to Salmonella [40]. Additionally, broilers in heat stress
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have an impaired immune system [39, 41]. Altogether these factors
may contribute to explain the observed Campylobacter prevalence
associated with variations in temperature and humidity.

The biggest limitation of this study is due to its ecological
nature, i.e. to the spatiotemporal resolution of the meteorological
and prevalence data. Indeed, we used monthly average tempera-
ture, monthly total rainfall and monthly average relative humidity
at the level of provinces where the broilers originated from, as it
was not possible to obtain weather variables at smaller geograph-
ical units like the farm premises themselves. The main factors to
consider when selecting the time scale to assess meteorological
effects on disease occurrence have been summarised elsewhere
[42]. Our analysis was based on a monthly time scale, which
may be too large to appreciate potential short-term (or ‘acute’)
weather effects, so we cannot rule out that these effects could be
finer than those evidenced here. However, broilers were examined
at slaughter and broilers’ production cycles do not usually last less
than 6 weeks, so our results are meant to reflect the potential
(average) effects of weather during most of broilers’ production
cycle. Another limitation is related to the lack of data on transport
conditions from farms to the processing plant that may also have
had an effect, although all broilers were transported within 2-3 h.

Conclusions

Even in a tropical country like Sri Lanka without marked differ-
ences among seasons and with relatively stable (warm and
humid) weather conditions throughout the year, the levels of
Campylobacter contamination of broilers at slaughter show sig-
nificant correlations with meteorological variables like tempera-
ture, rainfall and relative humidity, with some thresholds for
differential (linear and non-linear) effects of these weather vari-
ables, suggesting that they may influence the potential of
Campylobacter to colonise its preferred host and/or to survive
in the environment.
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