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nthropogenic changes in climate have

been implicated in the resurgence

and spread of infectious diseases in
humans.' Climate change will compound the
effects of globalisation, population growth
and social and demographic inequalities —
key determinants of infectious disease risk.?
Uncertainties around the influence of weather
and climate on infection risk has been
recognised as a key challenge in quantifying
the impact of climate change on health.?

Globally, non-typhoidal salmonellosis is a
leading cause of enteric infections.* In New
Zealand, rates of non-typhoidal salmonellosis
are among the highest reported for any
developed country.® Previous studies

have documented a positive association
between salmonellosis and temperature.®’
These findings suggest that future climate
change will influence incidence patterns in
NZ. While the positive association between
non-typhoidal salmonellosis and increasing
temperature has been reported from Europe,
Canada, the United States, Australia and
NZ,”'? there is limited information on the
short-term (weekly) and temporally lagged
association of temperature with salmonellosis
risk across regions. As Salmonella spp.

are sensitive to temperature changes,
associations between temperature and
disease are likely to be on a shorter time
scale than monthly time scales. Higher
temperatures may result in, for example, rapid
growth of Salmonella spp. in food storage
and preparation situations where there is
inadequate refrigeration.” Understanding
spatial variations in the short term and
delayed effects of temperature can provide

Abstract

Objective: Modelling the relationship between weather, climate and infectious diseases can help

identify high-risk periods and provide understanding of the determinants of longer-term trends.

We provide a detailed examination of the non-linear and delayed association between temperature

and salmonellosis in three New Zealand cities (Auckland, Wellington and Christchurch).

Methods: Salmonella notifications were geocoded to the city of residence for the reported
case. City-specific associations between weekly maximum temperature and the onset date for
reported salmonella infections (1997-2007) were modelled using non-linear distributed lag
models, while controlling for season and long-term trends.

Results: Relatively high temperatures were positively associated with infection risk in
Auckland (n=3,073) and Christchurch (n=880), although the former showed evidence of a
more immediate relationship with exposure to high temperatures. There was no significant
association between temperature and salmonellosis risk in Wellington.

Conclusions: Projected increases in temperature with climate change may have localised health
impacts, suggesting that preventative measures will need to be region-specific. This evidence
contributes to the increasing concern over the public health impacts of climate change.
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insight into locality-specific factors that may
be sensitive to temperature and important for
transmission. Analysing how the association
of non-typhoidal salmonellosis incidence may
vary non-linearly at a given temperature and
a given lag will allow us to identify periods

of greatest public health risk in the short
term. The impacts on population health

of projected changes in temperature due

to climate change will depend on region-
specific population attributes. A comparison
of the association between salmonellosis risk
and temperature across regions and over

the short term can provide insight into the
potential mechanisms that underlie these
patterns and identify those amenable to
intervention. Such a study can also provide
information on when the interventions can
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achieve the greatest reduction in disease. The
ultimate aim is to minimise disease burden
due to future climate change.

The main aim of the present multi-city

study is to describe the association between
weekly maximum temperature and non-
typhoidal salmonellosis risk in the cities of
Auckland, Wellington and Christchurch using
distributed lag non-linear models (DLNMs).
These models specifically and simultaneously
account for the non-linear exposure-
response relationship as well as temporally
lagged associations without making any a
priori assumptions about the shape of the
exposure-response curve.'*'> This method
also allows the identification of existence of
thresholds beyond which weather—disease
relationships might vary.’s”
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Methods
Disease notification data

All cases of salmonellosis notified in NZ
during the period 1997-2007 were obtained
from the National Notifiable Disease
Surveillance system.® For notifications,

cases were defined as a clinical illness with
appropriate laboratory confirmation.'
Laboratory confirmation requires isolation
of salmonella species from a clinical
specimen.®?? |n total, 4,857 cases of (non-
typhoidal) salmonellosis were included in the
analysis. Using the onset of illness date, cases
were aggregated into counts by week over
the study period. For each reported infection,
we had information on the 2006 National
Census of Population Census Area Unit (CAU)
of residence. A CAU is a non-administrative,
geographical unit defined by Statistics NZ,
each of which comprises a population of
3,000-5,000 people. The CAUs that covered
Auckland, Christchurch and Wellington were
selected for further analyses. These areas
together represent the three most populous
regions in NZ, accounting for nearly 60% of
the total population estimated in 2006.

Temperature data

Meteorological data for Auckland,
Wellington and Christchurch were obtained
from the NIWA National Climate Centre
database (http://cliflo.niwa.co.nz). The
average maximum daily temperature (°C)
from January 1997 to December 2007 for
all stations within each city (Auckland,
Wellington, Christchurch), with complete
data for the time period 1997-2007, was
downloaded. Daily values were aggregated
to weekly values and averaged across the
stations in the region. Figure 1 shows the
weekly average maximum temperature range
across all three cities.

Data analysis

The weekly counts of cases and weekly
maximum temperature were linked by
date. Spearman’s correlation was used to
determine the correlation between the
weekly number of notifications and the
weekly average maximum temperature
in each city. A distributed lag non-linear
model (DLNM) with Poisson error term
was used to simultaneously describe
non-linear and delayed dependencies in
the association between average weekly
maximum temperature and disease.?*?'
Briefly, the DLNM allows the effect of an
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exposure event (in this case, temperature) to
be distributed over a specific period of time,
simultaneously estimating the different non-
linear associations with temperature at each
lag period and also estimating the non-linear
relationships across lags, thus providing a
comprehensive picture of the exposure-
response relationship.?

A DLNM with a maximum lag of six weeks
was used to estimate the cumulative
association with temperature over the
current week and the previous six weeks.
Previous studies of weather-related variations
and salmonellosis have reported a lag that
persists for up to five to six weeks.'*"" For
each city, the temperature—salmonella
relationship was modelled using a quadratic
B-spline with two equally spaced knots, while
the temporal structure was modelled using

a natural cubic B-spline with two equally
spaced knots over lags 0-6.22 With regards to
temperature, where a null exposure cannot
be defined, we used the mean temperature
as a reference point to allow comparisons

of the exposure-response association

across cities. The non-linear association was
modelled using a polynomial B-spline using 3

Figure 1: The range of average maximum weekly
temperatures across the three cities from 1997-2007.

Av. Weekly Max Temp

Jan 1997
Dec 2007
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df for temperature and 2 df for the lag space
for temperature. We incorporated natural
cubic spline for time, with 6 df to control for
seasonal effect and long term trend over

the time period.?*?* Model fit was evaluated
using AIC values. All analyses were performed
using R software (version 2.15.1).% The “dlnm”
package was used to create the models.”™
Model residuals were checked to evaluate
adequacy of model fit.

In each of the three cities, the following
model was used:

Y,,~Poisson(u,,)

Log(u,) = a + BT, + S(time, 6 X year)

where w is the week in which the case was
reported; Y, is the number of salmonella
infections in week w; ais the intercept; T, is
the matrix obtained by the DLNM using 3 df
for temperature and 2 df for the lag space for
temperature; B is the vector of coefficients
for T  and[is the lag week. S() is the natural
cubic spline.

To describe the relationship between
temperature and salmonellosis in each city
over the six weeks, we plotted the relative
risks against temperature and lags. Lag-
specific associations between temperature
and salmonellosis risk were assessed at

lag 2 and lag 4 weeks. Relative risk (RR) is
the change in salmonellosis risk for a unit
change in exposure, i.e. for temperature, a 1°C
increase from the average weekly maximum
temperature.

Results
Descriptive statistics

The average weekly temperature was 19.3°C
for Auckland, 16.8°C for Wellington and 17.1°C
for Christchurch. The total number of notified
cases, with onset date reported, was 3,073

in Auckland, 880 in Wellington and 904 in
Christchurch. The average weekly number
was five cases in Auckland, and two in both
Wellington and Christchurch. Based on the
estimated resident population from the

2006 National Census, the average annual
incidence of reported salmonellosis was 21.43
ilinesses/100,000 population in Auckland

city; 44.57 illnesses/100,000 population in
Wellington; and 23.58 illnesses/100,000
population in Christchurch. Spearman’s

rank correlation coefficients between

weekly average maximum temperature and
cases were 0.31 (Standard Error S.E. 0.03) in
Auckland, 0.18 (S.E. 0.04) in Wellington and
0.22 (S.E.0.04) in Christchurch.
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Association of temperature with
salmonellosis risk

The overall association between temperature
and relative risk of salmonellosis is shown

in the three-dimensional plot of the relative
risk (RR) along temperature change and lags
of up to six weeks (Figure 2). These surface
plots are a deterministic representation of
the complex non-linear relationships and

do not provide estimates of uncertainty. The
association with temperature appeared to be
non-linear and temporally lagged for all three
cities. In Auckland, an increase in the relative
risk of salmonellosis was associated with

high temperatures, over the 90" percentile
of the weekly maximum temperature range
(24°C) at a lag of two weeks. In contrast,

in Wellington, there appeared to be an
increase in relative risk at a lag of 5-6 weeks
following exposure to cool temperatures (25%
percentile of weekly maximum temperature
14°C). In Christchurch, an increase in
salmonellosis relative risk following both
cool and hot temperatures between lags

two to four weeks was evident, although the
increase in salmonellosis associated with
higher temperatures was much greater.

Figure 3 shows the association of temperature
and salmonellosis relative risk after two weeks
and after four weeks with 95% confidence
intervals across the three cities. In Auckland,

a high temperature was associated with a
significant increase in salmonellosis after

an apparent threshold (risk at average
temperature) value of 20°C. After four weeks,
this association became negative after 20°C,
although it was not significant. In Wellington,
although the estimated non-linear trend
suggests a peak in risk associated with a
temperature of 22.5°C at a lag of two weeks,
the 95% credible intervals were wide and
crossed the null value. After four weeks, the
association was negligible. In Christchurch,
after a lag of four weeks, temperatures above
27°C showed a significant positive association
with salmonellosis risk. Diagnostic analysis of
model residuals showed that they followed

a normal distribution (Supplementary Figure
S1, available online).

Discussion

There is growing evidence to suggest that
projected climate change will affect health.
To our knowledge, this is the first study to
explore the non-linear and time-dependent
association of temperature and salmonellosis
risk across cities. Study findings indicate that
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Figure 2: City-specific three dimensional plot showing
the Relative Risks (RR) for salmonellosis along a
gradient of temperature and weeks, adjusted for
seasonal and inter-annual variation.
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increases in weekly maximum temperatures
above average are associated with an
increased risk of salmonellosis in Auckland
and Christchurch.

The positive association between
temperature and salmonellosis risk in
Auckland and Christchurch is consistent with
previous studies from NZ°and elsewhere.62
Salmonellosis tends to peak in summer and
decrease in winter.'%? Increased temperatures
could provide optimal conditions to enhance
pathogen survival and multiplication and
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therefore increase pathogen load in food*°
and environmental reservoirs*® and prolong
transmission seasons.>' Foreign travel

may also partly explain summer peaks in
salmonellosis®*?and warmer temperatures
may influence human behaviour, such

as more frequent barbecues, providing
opportunities for transmission of bacteria
through consumption of under-cooked
food.>* We found evidence of a stronger
association of temperature with salmonellosis
risk in Auckland as compared to Christchurch.
Similar regional variations were observed in
Australia, where Zhang et al. (2010) found
that lag times for the impact of temperature
on salmonella infections were shorter in
tropical Townsville compared to subtropical
Brisbane. The authors suggested that this
minor difference may be due to the narrower
range of temperatures in tropical Townsville.®

The apparent association of elevated
temperature with salmonellosis risk is
lagged by several weeks in Auckland and
Christchurch. This suggests that the effects
of temperature may not be mediated by
direct effects on salmonellosis multiplication
in food close to the point of consumption.
The incubation time for Salmonella spp.

is 12-48 hours, so we would expect that
factors operating close to the point of
infection would have a minimal lag time.
These potential long-lagged effects raise
important questions about the biological
pathways through which temperature may
influence salmonellosis risk. This temporally
lagged association of disease risk with high
temperatures may reflect an environmental
source of infection that is influenced by
temperature, such as direct exposure to
faeces from infected animals, resulting from
a longer chain of temperature-dependent
events in reservoir hosts prior to the point of
human exposure.3** For example, epidemics
of salmonellosis in wild bird populations,
which could be enhanced by temperature-
dependent transmission, have also been
identified as a source of human disease in the
South Island of NZ.3728 Similarly, it is plausible
that these more ‘distal’ temperature effects
could operate in food growing areas (for
example through contamination of grain,
fruit, vegetables and others foods) that are
removed in time and place from where
these contaminated foods are subsequently
consumed. Findings from these studies
suggest the need for more sophisticated
investigation to identify and control these
more distant sources of salmonellosis.
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Unlike Auckland and Christchurch, there
were no significant associations between
temperature and salmonellosis incidence

in Wellington. This could be due to chance
(e.g. insufficient data resulting in low
power) as the lowest number of cases were
reported from Wellington. The shape of the
relationship between disease incidence and
temperature at a lag of two weeks indicates
an upward trend with a peak at 22.5°C;
however, this was associated with wide
confidence intervals and was non-significant.
Alternatively, the absence of a significant
relationship could be due to differences

in reporting between regions. Finally, it

could also suggest that there really is no
biologically meaningful association between
temperature, lag and cases in Wellington due
to differences in the aetiology/epidemiology
of the disease in this part of NZ.

The non-linear and temporally delayed
association between temperature and
salmonellosis risk may vary by region in NZ.
An increase in the frequency and intensity
of extreme temperatures is expected under
current climate change scenarios for NZ.3*
3 The period 1997-2007 covers the big
epidemic of Salmonella DT160 that started
in Christchurch in 1999 in sparrows and
spread very rapidly all over NZ.>” In contrast,

Figure 3: Estimated association of average maximum weekly temperature with salmonellosis notifications across

the three cities after a lag of two (Lag 2) and four weeks (Lag 4), adjusted for mean temperature, seasonal and
inter-annual variation. The red lines are the relative risks and the grey lines are 95% confidence intervals.
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S. Brandenburg stayed largely in South
Island and was associated with sheep.®® So
there are differences in the distribution of
potential hosts, particularly livestock hosts,
that could explain regional differences. In
addition, Maori and Pacific Peoples and
populations residing in socioeconomically
deprived areas are more severely affected
by salmonellosis.® Thus, in areas that provide
optimal temperature conditions to favour
the replication of Salmonella spp., the health
risks for Indigenous and socioeconomically
disadvantaged populations are likely to be
amplified by climate change.

While climatic extremes are strongly
associated with both sporadic enteric
infections and outbreaks,***° neglecting the
considerable variation in the magnitude
and timing of such events may misrepresent
the overall effect.*' Results from this

study illustrate that traditional time series
methods of describing associations between
environmental exposures and disease
incidence may not adequately capture the
non-linear and delayed effects. Disease
response to interacting environmental and
demographic variables is seldom linear.
While results from this study are preliminary
and simplistic, in that non-climatic factors
were not accounted for, they highlight the
complexity of the potential mechanisms
through which future climate change

may influence disease risk. Studies on the
independent influence of local climatic
variation on sources of infection, reservoirs,
and patients are needed in the future.

This analysis was limited by data quality,

as notified cases represent only a portion

of actual incidence in the community*?and
may be not be representative of disease
characteristics. However, no major changes
were made to the surveillance of these
notifiable diseases from 1997-2007

(except for the addition of direct laboratory
notification in 2008). The similar temporal
trend in salmonellosis notifications and
hospitalisations suggests that notifications do
provide a fairly stable and consistent measure
of disease incidence.>** Consequently, the
completeness of case ascertainment is likely
to have remained the same over this time
period. It seems unlikely that there were
substantial seasonal variations in reporting
that might have introduced bias. Although
the patterns reported here could differ by
pathogen strain,* which may have different
sensitivities to climatic factors* and varying
incubation times,* strain-specific information
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