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SUMMARY

Changing trends in foodborne disease are influenced by many factors, including temperature.
Globally and in Australia, warmer ambient temperatures are projected to rise if climate change
continues. Salmonella spp. are a temperature-sensitive pathogen and rising temperature can have
a substantial effect on disease burden affecting human health. We examined the relationship
between temperature and Salmonella spp. and serotype notifications in Adelaide, Australia. Time-
series Poisson regression models were fit to estimate the effect of temperature during warmer
months on Salmonella spp. and serotype cases notified from 1990 to 2012. Long-term trends,
seasonality, autocorrelation and lagged effects were included in the statistical models. Daily
Salmonella spp. counts increased by 1·3% [incidence rate ratio (IRR) 1·013, 95% confidence
interval (CI) 1·008–1·019] per 1 °C rise in temperature in the warm season with greater increases
observed in specific serotype and phage-type cases ranging from 3·4% (IRR 1·034, 95% CI
1·008–1·061) to 4·4% (IRR 1·044, 95% CI 1·024–1·064). We observed increased cases of S.
Typhimurium PT9 and S. Typhimurium PT108 notifications above a threshold of 39 °C. This
study has identified the impact of warm season temperature on different Salmonella spp. strains
and confirms higher temperature has a greater effect on phage-type notifications. The findings
will contribute targeted information for public health policy interventions, including food safety
programmes during warmer weather.

Key words: Climate – impact of, foodborne infections, infectious disease epidemiology, Salmonella,
Salmonella typing.

INTRODUCTION

Increases in ambient temperature can have a substan-
tial effect on the burden of infectious diseases with

some, such as salmonellosis, following a seasonal pat-
tern suggestive of an association with higher tempera-
ture [1]. Human Salmonella spp. infection is a
significant global public health problem with an esti-
mated 93·8 million cases per year, of which 80·3 mil-
lion are foodborne [2]. The incidence of infectious
gastroenteritis attributed to foodborne disease in
Australia, with a population of about 22 million, is
estimated to be 4·1 million cases per year [3]. From
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2007 to 2011 the mean rate of salmonellosis per
100 000 population in South Australia (SA) was 48·4
compared to 46·6 for Australia [4]. In 2009, 34% of the
foodborne outbreaks reported in Australia was caused
by Salmonella spp. infection [5], which is substantial
given that it is a commonly notified cause of infectious
gastroenteritis [6]. If the effects of extreme weather
events, including higher temperature in the warm season
continue to rise there could be an upsurge in incidence of
salmonellosis adding to the global burden currently asso-
ciated with Salmonella spp. infection [7].

The average temperature in Australia has been rising
over the last 50 years [7]. In Adelaide, the capital city of
SA and location for the present study, the average year-
ly temperature has risen by 1·1 °C over the same time
period [8]. Adelaide experiences a Mediterranean cli-
mate with cool wet winters and hot dry summers
with higher temperatures in the warm season becoming
more frequent, intense and of longer duration [9].

It iswell established that survival andmultiplicationof
salmonellosis in the environment and in food is
influenced by high temperatures [10]. Previous studies
have foundanassociationbetweenwarmerambient tem-
perature and Salmonella spp. infection [11–19]. In spite
of this, there is limited information on whether there is
greater sensitivity to increased temperature and like-
lihood of causing foodborne disease among different
serotypes of Salmonella spp. Although studies have
reported an association with temperature [20, 21] and
with risk factors and temperature [22] at the serotype
level, none have assessed if there is an association with
different Salmonella spp. phage types. Considering that
there are over 2500 Salmonella spp. serotypes, and over
300 phage types [23], knowing which strains may be
linked to warmer temperature will provide a better
understanding of the route of transmission of infection.

Not all serotypes cause human disease as some are
host adapted to other animal species [24]. Fur-
thermore, the distribution of serotypes and phage
types varies both within and between countries [25].
Some may be endemic in the environment and might
be associated with environmental routes of transmis-
sion such as contact with native animals and drinking
untreated water [26] that could become more problem-
atic with increasing warmer temperature [1].
Establishing if there is a relationship with warmer
temperature and certain serotypes and phage types
will provide valuable information for future public
health interventions on foodborne disease prevention
during hot weather with specific strategies focused
on adaptation.

The aim of this study was to examine if there is a rela-
tionship between temperature during the warm season
and number of Salmonella spp. notifications, and to
examine if there is serotype- andphage-type-specific vari-
ation with Salmonella spp. infection in Adelaide. This
study has increased relevance with episodes of extreme
heat becoming more frequent adding to the increased
risk of foodborne disease. Findings from this study will
contribute to an understanding of the association of
temperature and health outcomes which may be useful
when modelling complex climate–health patterns.

METHODS

Data collection

Notifiable disease data

Daily laboratory-confirmed salmonellosis cases resi-
dent in the Adelaide metropolitan area and notified
to the Communicable Disease Control Branch
(CDCB), SA Department for Health and Ageing be-
tween 1 January 1990 and 31 December 2012 were
obtained from the CDCB notifiable disease surveil-
lance system. Information on date of onset of illness
and demographic characteristics was extracted along
with the Salmonella spp. serotype and phage type
identified for each case.

Climate data

Climate data from 1990 to 2012 were obtained from
an Australian Bureau of Meteorology (BOM) weather
monitoring station close to the Adelaide city centre.
Daily records were obtained for maximum tempera-
ture (Tmax) and mean minimum temperature in
degrees Centigrade (°C), rainfall in millimetres
(mm), and relative humidity at 09:00 and 15:00
hours in percentage. Tmax was used as it is considered
to be a better index of exposure than average and
mean minimum temperature, and allowed for com-
parison of our findings with the results from other
studies in Adelaide that also used Tmax as a predictor
of heat-related health outcomes [27]. BOM records
from this city monitoring station have been used in
previous research conducted in Adelaide and provide
an accurate representation of weather conditions
across the metropolitan region [18, 28].

Statistical analysis

As the focus of the investigation was on the effects of
warmer temperature on the number of Salmonella spp.
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notifications, only data for the warm seasons (1
October–31 March) were included in the analyses.
To estimate the effect of Tmax in the warm season
on daily salmonellosis and specific serotypes we ap-
plied a time-series Poisson regression model. The ex-
posure variable was daily Tmax with the outcome
variable the number of Salmonella spp. notifications
reported on each corresponding day during the
warm seasons. Daily counts of salmonellosis and
specific serotypes recorded during the study period
were merged with daily weather records. Salmonella
spp. serotypes were selected for analysis based on
the five ranked with the highest frequency over the
study period. Salmonella spp. cases linked to out-
breaks were identified from the CDCB notifiable dis-
ease surveillance system and were excluded from the
analysis as the relationship of temperature may be dif-
ferent for those with a common exposure compared to
sporadic cases with no identified source of infection
[12, 18, 20].

Spearman’s correlation was used to examine the re-
lationship between Tmax and the daily number of
Salmonella spp. notifications, including serotypes
over the study period warm seasons. To identify any
lagged effects of Tmax on daily Salmonella spp. notifi-
cations, cross-correlation analyses were performed.
Sensitivity analyses of different lag times up to 28
days were conducted based on the cross-correlation
results and from existing knowledge on transmission
of Salmonella spp. infection. We controlled for auto-
correlation (AC) of the outcome variable of daily
Salmonella spp. and specific serotype notifications
based on the autocorrelation function (ACF), and
partial autocorrelation function (PACF) to identify
the autoregressive (AR) order and to account for the
serial relationship between past and current cases.

Long-termtrends indisease incidenceand seasonalpat-
terns are potential confounders in examining short-term
effects of temperature on notifications of Salmonella
spp. infection. To account for these potential confounders
in the time-series Poisson regression model we included:
day of the week using a categorical variable with
Sundayas the referenceday, an indicator variable forpub-
lic holidays, and a year variable (to include all themonths
in a fullwarmseasonwithin eachfinancial year, i.e. July to
June) adjusting for long-term trends.We examined the ef-
fect of year in ourmodel to not onlyaccount for long-term
trends but also changes to the disease notification system.
A quadratic term for temperature was included in the
statistical models to allow for a nonlinear relationship be-
tween daily notifications and Tmax. Seasonal fluctuations

were also controlled for through the restriction of analyses
to the warm season each year across the study period.

Lag values were included in the regression models
to estimate the delayed effects of temperature on
daily Salmonella spp. notifications. Relative humidity
and rainfall were excluded because Adelaide experi-
ences dry, hot weather during the warmer months
with little rainfall and humidity [18]. Goodness-of-fit
tests were used to assess model fit. In the case of over-
dispersion a negative binomial model was fitted.
Incidence rate ratios (IRRs) with 95% confidence
intervals (CIs) are reported with results interpreted
as percent (%) change in the number of daily
Salmonella spp. counts per 1 °C increase in Tmax [27].

To examine if any relationship differed above a cer-
tain temperature for Salmonella spp. counts and for
the serotypes ranked with the highest frequency
notified in the warm season, we also investigated the
effect of temperature thresholds. We assessed the ex-
posure–response relationship between counts of sal-
monellosis (or serotypes) and Tmax by use of a
non-parametric regression lowess (locally weighted
scatter plot smooth) smoother at a bandwidth of 0·8
(using 80% of the data). The plots were visually
inspected for temperature thresholds. Piecewise linear
regression models were fitted with a single breakpoint
at the identified temperature thresholds using the
‘hockey-stick’ nl command in Stata. Separate piece-
wise linear regression models (if appropriate) were
fitted to examine the effects of temperature in the
warm season on daily Salmonella spp. counts and
on each of the five serotype counts.

A significance level of 0·05 was accepted for all stat-
istical tests. Analyses were conducted using StataSE
v. 13 (StataCorp LP, USA).

Ethical approval

Ethical approval was given by the Human Research
Ethics Committees of The University of Adelaide
(H-202–2011) and the SA Department for Health
and Ageing (463/07/2014).

RESULTS

Descriptive

A total of 7845 Salmonella spp. cases were reported
from 1990 to 2012, of which 4412 (56%) had an illness
onset date in the warm season. Figure 1 shows the
temporal distribution of daily Salmonella spp.
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notifications over the entire study period with peaks
occurring in the warmer months. Table 1 presents
summary statistics for the entire study period and
for the warm season. The mean daily Tmax during
the warm seasons was 27 °C (standard deviation =
6·1). The proportion of days during the warm season
with a recorded Tmax < 20 °C was 6·5%, and >40 °C
was 1%. Little rainfall was recorded in the warm sea-
sons and higher humidity was noted across the whole
study period compared to the warm seasons.

There were 178 unique Salmonella spp. serotypes
and phage types reported across the study period,
with the five most frequently observed being:
Salmonella enterica serovar Typhimurium phage
type 9 (S. Typhimurium PT9) (n= 422 in warm season
of 715 total in the study period; 59%), Salmonella
Infantis (S. Infantis) (n= 229 in warm season of 382
total; 60%), S. Typhimurium PT108 (n = 209 in
warm season of 374 total; 56%), S. Typhimurium
PT44 (n = 179 in warm season of 297 total; 60%)
and S. Typhimurium PT135 (n= 178 in warm season
of 318 total; 56%).

Daily Tmax was positively correlated with the number
of notifications for overall Salmonella spp. infection (r=
0·07). Weaker correlations were observed between Tmax

and S. Typhimurium PT9, PT135 and PT108 notifica-
tions. There was negligible correlation of Tmax with
S. Infantis and S. Typhimurium PT44 notifications.

We selected the optimal lag structure for Tmax

based on the maximum correlation coefficients iden-
tified from cross-correlation analyses for the final
models as they improved the fit of the model.
Lagged effects of Tmax on the number of daily salmon-
ellosis and serotype cases varied from 5 to 20 days
with a lag of 14 days common across most of the
five serotypes in the analyses. The AR order included
in the Poisson regression models to control for AC of
overall Salmonella spp. and serotype cases was based
on PACF values. An AR structure of order 3 was
included in the final model for overall salmonellosis;
for serotypes, the optimal AR order ranged between
1 and 8 days. Daily Tmax, Tmax

2 , the AR order of the
number of salmonellosis and serotype cases and lag
days for Tmax based on the maximum correlation

Fig. 1. Annual distribution of monthly notifications of Salmonella spp. infection, 1990–2012, Adelaide, South Australia.
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coefficients were included in the final time-series
Poisson regression models.

Effects of maximum temperature on salmonellosis

As shown in Table 2 the number of salmonellosis
notifications was related to the number occurring in
the preceding 3 days. A Tmax lag of 14 days was posi-
tively associated with the number of salmonellosis
cases. A rise of 1 °C in Tmax was associated with a
1·3% increase (IRR 1·013, 95% CI 1·008–1·019) in
the daily number of cases.

Effects of maximum temperature on specific
Salmonella spp. serotypes

As demonstrated in Table 2, S. Infantis and all the S.
Typhimurium phage types investigated with the

exception of S. Typhimurium PT44 were associated
with daily Tmax increases. Each 1 °C increase in
Tmax was associated with a 3·7% increase in the
daily number of S. Typhimurium PT9 cases (IRR
1·037, 95% CI 1·020–1·053) with a Tmax lag in
cases of 14 days. Tmax at 5 days prior was positively
associated with a 4% (IRR 1·040, 95% CI 1·015–
1·065) increase in daily S. Typhimurium PT108
cases. For S. Typhimurium PT135 a Tmax lag of 16
days was associated with a 3·4% (IRR 1·034, 95%
CI 1·008–1·061) increase in daily cases per 1 °C rise
in temperature. For S. Infantis a Tmax lag of 14
days in cases was observed with a 4·4% (IRR
1·044, 95% CI 1·024–1·064) increase in daily cases
per 1 °C rise in temperature. There was no significant
association on daily S. Typhimurium PT44 notifica-
tions and Tmax.

Table 1. Summary statistics for weather data, 1990–2012, Adelaide, South Australia

Weather variables

Warm season* All seasons†

Mean (S.D.) 25th centile 75th centile 95th centile Mean (S.D.) 25th centile 75th centile 95th centile

Daily Tmax (°C) 27·0 (6·1) 22·0 31·0 37·7 22·4 (6·7) 17·0 26·6 35·3
Daily Tmin (°C) 15·2 (4·4) 12·2 17·7 23·5 12·3 (4·9) 8·9 15·1 21·5
Daily rainfall (mm) 0·9 (3·5) 0·0 0·0 5·8 1·5 (4·2) 0·0 0·6 8·8
Daily RH, 09:00
hours (%)

54·0 (18·0) 43·0 65·0 82·0 61·4 (19·5) 49·0 75·0 93·0

Daily RH, 15:00
hours (%)

39·0 (17·0) 27·0 49·0 69·0 46·5 (18·6) 34·0 58·0 80·0

S.D., Standard deviation; Tmax, maximum temperature; Tmin, minimum temperature; RH, relative humidity.
* Salmonella spp. cases (n= 4412) notified in the warm season (October–March).
† Salmonella spp. cases (n= 7845) notified in the entire study period.

Table 2. Daily number of Salmonella spp. serotype and phage-type notifications reported in the warm season
(October-March) per 1 °C increase in maximum temperature (Tmax), 1990–2012, Adelaide, South Australia

Serotype Variables Lag day IRR 95% CI P value

Salmonella spp. AR 3 1·061 1·033–1·089 0·001
Tmax 14 1·013 1·008–1·019 0·001

S. Typhimurium PT9 AR 1 1·295 1·094–1·533 0·003
Tmax 14 1·037 1·020–1·053 0·001

S. Typhimurium PT108 AR 8 1·640 1·224–2·190 0·001
Tmax 5 1·040 1·015–1·065 0·001

S. Typhimurium PT135 AR 3 1·647 1·126–2·409 0·010
Tmax 16 1·034 1·008–1·061 0·009

S. Typhimurium PT44 AR 3 1·580 1·280–1·951 <0·001
Tmax 20 1·004 0·980–1·028 0·718

S. Infantis AR 3 1·923 1·459–2·534 <0·001
Tmax 14 1·044 1·024–1·064 <0·001

AR, Autoregressive order; IRR, incidence rate ratio; CI, confidence interval.
P value (0·05 significance level).
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Temperature thresholds

Figure 2 demonstrates the exposure–response relation-
ship between Tmax and daily Salmonella spp. serotype
and phage-type notifications during the warm season.
The relationship between temperature and Salmonella
spp. notifications changed above a certain threshold
and we observed a broadly linear increase in cases
with a rise in Tmax above the threshold. We estimated
a temperature threshold of 38·5 °C (95% CI 35·9–41·0,

P < 0·01) for overall salmonellosis cases as depicted in
Figure 2a. For S. Typhimurium PT9 cases we detected
a threshold of 39·2 °C (95% CI 34·5–43·8, P< 0·01)
(Fig. 2b), for S. Typhimurium PT135 cases a thresh-
old of 34·9 °C (95% CI 29·3–40·4, P< 0·01) (Fig. 2d)
and a threshold of 39·3 °C (95% CI 36·8–41·7, P<
0·01) was detected for S. Typhimurium PT108 notifi-
cations (Fig. 2c). No thresholds for the effects of Tmax

Fig. 2. Exposure–response relationships between maximum temperature and daily Salmonella spp. and serotype
notifications, reported in the warm season (October-March), 1990–2012, Adelaide, South Australia. (a) Overall
salmonellosis notifications, (b) S. Typhimurium PT9 notifications, (c) S. Typhimurium PT108 notifications, (d) S.
Typhimurium PT135 notifications, (e) S. Typhimurium PT44 notifications, (f) S. Infantis notifications.
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on S. Typhimurium PT44 (Fig. 2e) and S. Infantis
(Fig. 2f) cases were detected.

DISCUSSION

This study has identified that S. Infantis and certain
phage types including S. Typhimurium PT9, PT135
and PT108 are more sensitive to the effects of tem-
perature during the warm season. Our findings are
in accordance with those from previous studies in
that salmonellosis cases increase with warmer tem-
perature. However, as addressed in the limitations of
some studies [14, 19], serotypes could have different
sensitivity to climate variables and should be exam-
ined to account for such effects. Two studies consid-
ered the effect of temperature on S. Typhimurium
[20, 21], a common serotype isolated from humans
and farm animals in Australia as well as in other
countries [29], and S. Enteritidis, which is not com-
monly reported in Australia. However, the association
was made at the serotype level with no further exam-
ination of significance at the phage-type level. Our
study addressed these gaps by examining whether dif-
ferent serotypes and more distinctively, if phage types
are likely to be affected by ambient temperature.
Thus, our work contributes not only to the knowledge
gap in this area, but also to public health practices in
disease control and prevention.

We found an increase in daily counts of 1·3% on the
overall number of salmonellosis cases per 1 °C rise in
maximum temperature, with greater observed
increases ranging from 3·4% to 4·4% in cases depend-
ing on the serotype and phage type. Other studies
examining the effect of temperature on salmonellosis
found increases of 1–15% of cases per 1 °C rise in tem-
perature [11–22]. However, these estimates are based
on Salmonella spp. counts aggregated by week or
month. We used daily disease notification with date
of onset from surveillance data which may be more
sensitive in detecting variability in temperature than
weekly or monthly aggregated data as daily
Salmonella spp. notifications should align better with
climate data [30].

S. Infantis and all of the S. Typhimurium phage
types in our analyses, with the exception of S.
Typhimurium PT44, were significantly associated
with an increase in cases linked to temperature in
the warmer months. Although 60% of cases were
reported in the warm season, S. Typhimurium PT44
did not appear to be associated with Tmax. Some
Salmonella spp. strains may be better acclimatized to

higher temperature which could be the case for this
phage type [31]. However, the number of notifications
reported during the warm seasons was sparse and the
results should be interpreted with caution.

We also found that the effects of Tmax on daily
Salmonella spp. notifications, both overall and for S.
Infantis and S. Typhimurium phage types were
delayed by up to 14 days which supports the findings
from a previous study conducted in Adelaide [18].
Further to this a lag of 1 month was found in five
Australian states, including SA [12]. Varying lags
have been detected in other studies with temperature
peaking at 1 week [20], 2 weeks [17], 1 month [11,
14, 15, 22] and up to 2 months [13, 16, 18]. A lag of
temperature on Salmonella spp. notifications varies
between geographical regions because of location
specific factors including other relevant climatic con-
ditions [19]. We found an overall Tmax lag of 14
days in Salmonella spp. serotype and phage-type
notifications in our study with the exception of S.
Typhimurium PT108 where we observed a shorter
lag of 5 days. Our findings associated with lag effects
of temperature on serotype notifications is similar to
other studies in that Tmax with 1- and 2-week lags, per-
sisting up to 5 weeks were positively associated with S.
Typhimurium and S. Enteritidis cases [20, 21]. The in-
cubation period for Salmonella spp. infection is esti-
mated between 8 h and 72 h and lag effects of
temperature can also be associated with different incu-
bation periods [24]. This difference depends on the
serotype and phage type and is influenced by infec-
tious dose, virulence, transmission route and individ-
ual susceptibility [32]. Identification of which of the
commonly notified serotypes and phage types are
affected by temperature in the warm season, including
lag effects is important because of the implications for
foodborne disease prevention.

The prevalence of Salmonella spp. serotypes is
influenced by geographical and epidemiological differ-
ences thus affecting transmission routes [33]. As stated
earlier the transmission pathways for Salmonella spp.
serotypes and phage types may be a reason for the dif-
ferences in lag effects found across our study and
those reported previously [21]. Our finding of a shorter
effect of Tmax on S. Typhimurium PT108 cases could
also point to differences in transmission pathways
associated with this particular phage type. Lag effects
are important as they provide an indication where
food contamination could have occurred. Short lag
times with temperature points to food contamination
closer to the time of consumption, whereas longer
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time lags could indicate effects at the production pro-
cessing stages [21].

Findings from our study of Tmax lags of 5 and 14
days is suggestive of influences occurring closer to
the primary food production stages which has impli-
cations for public health interventions and food safety
regulation. Pathogens can enter and contaminate the
food chain from beginning (farm) to end (fork). At
the primary production stage contamination may
occur through the use of manure and water to fertilize
and irrigate fresh fruit and vegetables [34]. Because
Salmonella spp. can survive outside of animal or
human hosts, higher ambient temperatures may en-
hance replication in manure. This may facilitate trans-
mission between animals, particularly in conditions
associated with intensive farming and overcrowding
[1]. Likewise, higher temperatures can lead to live-
stock animals becoming stressed with increases in
the rates of multiplication and subsequent shedding
of the bacteria into the environment [10].

Our findings suggest that Salmonella spp. serotypes
and particular phage types are affected by temperature
[25]. This questions the role of environmental pathways
in salmonellosis infection. Some Salmonella spp. sero-
types and phage typesmay bemore endemic in the envir-
onment and not necessarily associated with food, but
withother environmental exposures, suchaswarmeram-
bient temperature. For example, inTasmania,Australia,
S. Mississippi is endemic suggesting that transmission is
associated with environmental exposure and not food
[26]. Understanding the mechanisms of the relationship
of temperature on transmission of Salmonella spp. infec-
tion may point to possible sources of those strains, such
as host and reservoirs and environmental conditions
[25], hence the need for targeted public health messages
and producer-related policies to reduce incidence of
and consequent burden associated with disease.

The serotypes and phage types in this study are com-
mon in Australia and are isolated from human and
non-human sources [29]. Non-human sources from
farmed animals include cows, sheep, pigs and poultry.
The serotypes and phage types in our analyses were
commonly isolated from broiler chickens (S. Infantis,
S. Typhimurium PT135), eggs (S. Typhimurium
PT135 and PT108) and egg shed drag swabs (in order
of decreasing frequency, S. Typhimurium PT135,
PT108, PT9 and S. Infantis). S. Typhimurium PT9,
PT108 and PT135 were isolated from cattle, followed
by sheep and poultry [35]. Although we excluded out-
breaks from the analyses, the serotypes in our study iso-
lated from farmed animals are also linked to foodborne

related outbreaks associated with eggs and chicken and
this suggests transmission via contaminated food [31,
36–40]. Food contamination and pathogen transmis-
sion is highly complex as there are many causal path-
ways which involve several mechanisms [25].

Overall salmonellosis cases increased when a higher
temperature threshold of >38 °C (which is above
the 95th percentile for daily Tmax in the warm season
as shown in Table 1) was reached. S. Typhimurium
PT9, PT108 and PT135 notifications increased
when the threshold was between 34·9 °C and 39·3 °C.
Temperature thresholds examined in other studies
found none [14, 15, 19], while in another study the rela-
tionshipsbetweenSalmonella spp. casesand temperature
was linear above a certain threshold [20]. Detection of
thresholds is important in disease control and prevention
because there may be excess notifications if temperature
rises above acertain level.We identified thresholds above
the 95th percentile and with increasing frequency in hot
weather, especially heatwaves we may expect to see an
increase in Salmonella spp. cases.

Given that the incidence of Salmonella spp. infec-
tion is likely to increase with rises in temperature pre-
dicted with climate change, extreme high temperatures
such as those detected with the thresholds highlights
the importance of this study and the need for food-
borne disease prevention during the warmer months.

Our study has several limitations. Salmonella spp. in-
fection is underreported given its reliance on a passive
disease surveillance notification system [6]. However, it
is unlikely that underreporting will affect estimates of
the association between temperature and increased risk
of salmonellosis. In addition, underreporting is believed
to have remained relatively stable over the study period
[18]. We were unable to exclude cases that travelled out-
side of the study area prior to onset of illness because the
data were not fully captured in the disease notification
surveillance system. Only a small proportion of cases
are expected to travel and inclusion of cases that trav-
elled is unlikely to have any tangible effect on the esti-
mates. The proportion of Salmonella spp. cases
notified in the warm season was 56% overall and
about 60% for the five serotype and phage types. The
proportion of cases could be low in the context of our
hypothesis of an association between temperature in
the warm season and increased Salmonella spp. cases
andwarrants further examination of the potential for ex-
cess cases attributed to high temperatures.

The fact that Salmonella spp. can multiply in food,
and the examination of any Tmax lags in cases provides
a useful framework through which to investigate the
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points in the food chain at which risks alter with tem-
perature change [24], as this has implications for disease
prevention and control. Where the risk occurs in rela-
tion to effects on primary production, food processing
and/or food handling by consumers [1] has implications
for food safety, particularly food preparation, handling
and storage at the time of consumption and could be
incorporated as part of an early warning system for
public health awareness. Similarly, effects introduced
at the stage of primary production will require industry
and government intervention with monitoring and en-
forcement of industry standards an important mechan-
ism for prevention [41]. In addition, increased cases of
Salmonella spp. infection in the warm season could be
associated with human behaviour. Changes in eating
patterns and behaviour such as eating out, consumption
of ready-to-eat foods, outdoor eating and barbequing
may lead to people’s exposure to Salmonella spp. infec-
tion [1, 13]. The results from our study indicate a need
for tailored preventive control measures that account
for different Salmonella spp. serotypes and phage
types and point to transmission routes that may be asso-
ciated with human behaviour, environment and climatic
factors such as warmer ambient temperature.

CONCLUSION

With populations worldwide exposed to variability in
weather patterns and increasingly warm temperatures,
the burden of diarrhoeal diseases, including
Salmonella spp. infection is likely to increase if climate
change continues as projected [7]. Knowledge about
the delayed effect of temperature on foodborne infec-
tion is important, because contamination can occur at
any point along the food chain, thus influencing
actions in foodborne disease prevention. Additional
studies are needed to contribute knowledge about dif-
ferent Salmonella spp. serotypes and phage types and
the relationship with temperature and links to non-
human sources, environmental exposure and transmis-
sion as well as foodborne transmission pathways.
Together with the findings reported here, this informa-
tion will contribute to an understanding of possible
causal mechanisms associated with foodborne infec-
tion and temperature that plays important roles for
informing public health policy and intervention.
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