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Abstract

Extreme precipitation events are occurring more intensely in Canada. This can contaminate
water sources with enteric pathogens, potentially increasing the risk of acute gastrointestinal
illness. This study aimed to investigate the relationship between extreme precipitation and
emergency department (ED) visits for acute gastrointestinal illness in Toronto from 2012 to
2022. Distributed lag non-linear models were constructed on ED visit counts with a Quasi
Poisson distribution. Extreme precipitation was modelled as a 21-day lag variable, with a linear
relationship assumed at levels≧95th percentile. Separatemodels were also conducted on season-
specific data sets. Daily precipitation and gastrointestinal illness ED visits ranged between 0 to
126 mm, and 12 to 180 visits respectively. Overall, a 10-mm increase in precipitation >95th
percentile had no significant relationship with the risk of ED visits. However, stratification by
seasons revealed significant relationships during spring (lags 1–19, peak at lag 14 RR = 1.04; 95%
CI: 1.03, 1.06); the overall cumulative effect across the 21-day lag was also significant (RR = 1.94;
95% CI: 1.47, 2.57). Extreme precipitation has a seasonal effect on gastrointestinal health
outcomes in Toronto city, suggesting varying levels of enteric pathogen exposures through
drinking water or other environmental pathway during different seasons.

Introduction

As a result of climate change, heavy precipitation events are occurring more frequently and
intensely in many parts of the world. This has the potential to increase runoff, especially in areas
that are mostly wet or frequently dry [1]. Heavy precipitation and consequently increased water
runoff may introduce pathogens to water bodies and individuals are exposed to these pathogens
through direct contact with contaminated water or food [2, 3]. Surface waters are vulnerable to
microbial contamination since they lack any natural protection and filtration [4, 5]. As such, the
microbial load of surface water may substantially increase after a precipitation event as a result of
wash off from nearby agricultural lands, urban areas, and sewer discharges [3, 4, 6]. Additionally,
increased overland runoff (due to heavy precipitation) can transport various pathogens from
environmental reservoirs (e.g., animal manures, human sewage) into surface water. These events
can result in contamination of surface water with various enteric pathogens, including toxin-
producing Escherichia coli, Campylobacter, Cryptosporidium, and Giardia [7–9].

Several studies have revealed the impact of extreme precipitation on drinking water in Canada
[7, 10–12]. For instance, Chhetri et al. found a significant increase in acute gastrointestinal illness
(AGI) due to cryptosporidiosis and giardiasis 4–6 weeks after extreme precipitation events, with
extreme precipitation having greater effects on AGI following a dry period [11]. Another study
found an increased risk for AGI between 1 and 5 weeks after a heavy precipitation event
[12]. However, of the studies executed so far, none took into consideration the explicit effects
of other flooding indicators (stream discharge, sewer backup), especially indicators related to
direct flooding exposures in homes. For instance, Chhetri et al.’s study in Vancouver investigated
the effects of only extreme precipitation on the increase of cryptosporidiosis and giardiasis cases
among residents [13]. Similarly, studies in Toronto (Ontario) also focusedmainly on the effects of
extreme precipitation only [2, 12]; one study investigated the turbidity of surface water with
regards to heavy rainfall but did not consider exposure of turbid water exposure in residences
[14]. With Toronto still using the combined sewer systems (which is prone to backing up/flowing
out in homes), investigating the impacts of other flood indicators, especially those related to
exposures in homes, is crucial [15]. Therefore, this study aims to examine the impact of extreme
hydrological weather events on AGI outcomes in Toronto over a period of 10 years. The sub-
objectives of the study include establishing a possible association between extreme precipitation
(primary indicator of flooding) and AGI outcome, investigating the explicit effects of stream
discharge and sewer backup (secondary flooding indicators) onAGI outcomes, and determining a
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relationship between water discoloration (indicator of water con-
tamination) and AGI outcomes in Toronto city.

Methods

Study area

Weconducted a time series analysis of the association between daily
precipitation and daily counts of AGI EDvisits in Toronto, Ontario,
Canada, over a 10-year period, from 1April 2012 through 31March
2022. The City of Toronto has a population of over 3 million
residents, over a land area of 630 km2 [16]. We hypothesized that
heavy precipitation was associated with increases in AGI in the days
after a heavy precipitation event. The City of Toronto gets its
drinking water from Lake Ontario; water from the lake is treated
(at the F.J. Horgan, IslandWater, R.C. Harris, and R.L. Clark water
treatment plants) and distributed to residents and businesses in
Toronto and portions of York Region [17]. In addition to a few
other bodies of water flowing into Lake Ontario, the four major
rivers in Toronto (Etobicoke Creek, Rouge River, Humber River,
and Don River) contribute immensely to the lake’s source [17]. A
map of the administrative boundary for the City of Toronto is
provided in Supplementary Figure S1, which shows the area of
focus for our study as well as key environmental weather station
locations and water treatment plant locations. A layer for the major
Toronto rivers was added from the Toronto and Region Conser-
vation Authority (Supplementary Figure S1).

Data sets

Based on previous literature, AGI cases in this study were estab-
lished as counts of all ED visits for AGI with the following ICD-10
codes that could be related to water exposures: A02 (salmonellosis),
A03 (shigellosis), A04 (other bacterial intestinal infections), A05
(other bacterial foodborne intoxications, not elsewhere classified),
A07.1 (giardiasis), A07.2 (cryptosporidiosis), A08 (viral and other
specified intestinal infections), A09 (other gastroenteritis and col-
itis of infectious and unspecified origin), A32 (listeriosis), and B15
(acute hepatitis A) [18–20]. The AGI (outcome) data were obtained
from the National Ambulatory Care Reporting System (NACRS)
and covered 14 hospitals (with available data) across various areas
in the City of Toronto [21].

The environmental data (predictors) were collected from several
sources within and surrounding the city. Daily total precipitation
(mm) and mean air temperature (°C) were obtained from Envir-
onment and Climate Change Canada weather stations [22]. For
statistical purposes, the daily total precipitation (mm) was used to
develop the extreme precipitation variable. An extreme/heavy pre-
cipitation event was defined as daily total precipitation greater than
the 95th percentile of precipitation on all days during the study
period. Data from Pearson airport station were used as the primary
data set. Missing data were replaced with data from the Toronto
Island station; a handful of remaining missing values from Pearson
and Toronto Island stations were replaced with data from North
York station, and one final missing value was inputted with data
from the Toronto Buttonville airport station. Daily records from
each of these stations were highly correlated, supporting our
approach of filling in missing values from nearby stations where
necessary. Stream flow (m3/s) data were extracted for the four
major city rivers (Etobicoke Creek, Don River, Rouge River, and
Humber River) from the Environment and Natural Resources
Canada Historical Hydrometric archive [23]. These data were only

available until the end of 2021. Data on the number of resident calls
to the City of Toronto’s 311 service request system were obtained
from Toronto Open Data for the call categories of ‘water discolor-
ation (rusty/dirty)’ and ‘sewer main backups’ [24]. The 311 service
request system provides residents, businesses, and visitors of
Toronto with easy access to non-emergency city services, pro-
grammes, and information; calls made to 311 ranges from making
reports of unleashed dogs, or dead animals, busted pipes, flooding
in homes or on streets, illegal snow dumping, and much more
[24]. For our study, the 311 data obtained were for reports of water
discoloration and sewer backups in residences.

Statistical analysis

An ecological, time series study design was employed to evaluate
the association between extreme precipitation events and ED visits
for AGI in the City of Toronto over the study period. We con-
structed distributed lag non-linear models (DLNM) with an over-
dispersed (quasi) Poisson distribution to investigate the dynamics
of the association of interest [25]. First, we used DAGitty to create
an initial directed acyclic graph (i.e., causalmodel) and establish the
relationships (visual) between the exposure and outcome of inter-
est, as well as potential confounding variables (identified through
the review of previous similar studies) (Supplementary Figure S2)
[26, 27]. In order for predictors (main and secondary) to be
included in the model formula and to fit the DLNM requirements,
cross-basis functions were constructed for each predictor variable
(precipitation, stream discharge, water discoloration, sewer
backup). In creating the cross-basis, we explored the linear, strata,
and threshold functions and lags of 7, 14, and 21 days. These lags
were selected with the consideration that the causative agents
related to the onset of AGI typically have incubation periods
between 1 and 7 days, except protozoa which can have longer
incubation period (2–14 days) [2, 28, 29]. Additionally, AGI
patients typically visit the emergency department (ED) after having
symptoms for an average of 2–3 days; as such, these selected lag
days were suitable to cover the duration from the onset of the illness
to the time a clinical visit was made [2]. Furthermore, some
previous literature have revealed significant associations between
AGI and heavy precipitation about 1–6 weeks after a precipitation
event [2, 3, 11, 12, 30]. Using the cross-basis, we then developed
several base models (with precipitation and other covariates in
separate models and combined into one model) to determine the
suitable functional forms as well as the lag function for the non-
linear relationship between the precipitation and AGI ED visits.
Using the quasi Akaike’s Information Criterion goodness-of-fit
statistic, we determined that the model with precipitation com-
bined with other covariates, using the threshold function and lag
21, was the best fitted model for our data [31, 32]. This model
structure was used for all of our models.

The primary exposure of interest was extreme precipitation
(mm of rainfall). We modelled this variable as daily total precipi-
tation with a threshold relationship at values ≥95th percentile
(using df = 5, lag 21 for the cross-basis). Themodel was conditioned
on the following covariates: air temperature, antecedent dry period,
day of the week, season, COVID-19 pandemic period, and holidays.
These variables were selected based on previous literature, as well as
our understanding of certain variables (e.g., the pandemic lock-
down) that could have some effect. Air temperature (°C) was
evaluated as the daily mean for the day of the AGI ED visit.
Antecedent dry period referred to the number of days with 0 mm
of rainfall in the prior 30 days. This variable was developed based on
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the rationale that precipitation after a period of dryness will not be
absorbed quickly by the soil, leading to more runoff water and
contaminants, as well as a higher chance of contaminating water
sources [10–13]. Seasons were defined as follows: winter
(December, January, February), spring (March to May), summer
(June to August), and fall (September toNovember). The pandemic
period was considered to be all dates on or after the onset of the first
provincial emergency declaration in Ontario (March 17, 2020).
Long-term time trends were accounted for through a function of
calendar time; using a natural spline model with 7 df per year; this
and other dfs used for analysis were selected based on suggestions
from Gasparrini and others, as well as those that were best fitted
from our pre-analysis [25, 32].

We evaluated three separate models to examine alternative
extreme weather variables: the effect of streamflow, service call
volume for water discoloration, and service call volume for sewage
backups. The streamflow variable (m3/s) represented the average
daily discharge rate across the fourmajor Toronto rivers (Etobicoke
Creek, Rouge River, Humber River, and Don River). It was mod-
elled as a threshold relationship at values ≥90th percentile (using
df = 5, lag 21 for the cross-basis). Thismodel had a better fit with the
data than when the cut-off was set at the 95th percentile. The water
discolouration variable was an indicator of water treatment issues
(turbidity), defined as the daily number of reports of dirty/rusty
water by city residents (using df = 5, lag 21 for the cross-basis).
Similarly, the sewage backup variable represented possible flooding
and exposures at home (e.g., direct contact with sewage backup or
flood water). It was defined as the daily number of reports of sewer
main backups (using df = 5, lag 21 for the cross-basis). The water
discolouration and sewage backup variables were both modelled as
a threshold relationship at values above the minimum number of
events (which was 0 for both variables). All secondary models
adjusted for precipitation (using the same cross-basis initially
constructed) and the same confounding variables as the primary
model.

For both primary and secondary models, the analysis was first
conducted on the overall data set and time period. In addition, the
data were stratified into seasons and the analysis was repeated for
each season. However, the df (for constructing the cross-basis)
was decreased to 3 for seasonal analysis. As a sensitivity analysis,
we examined the effects of precipitation on AGI at a threshold of
the 90th percentile of precipitation, while adjusting for the same
covariates as the primary analysis. The same threshold was also
applied to the secondary analyses (i.e., adjusting for precipitation
at the 90th percentile). Although we added a variable (pandemic)
to adjust for the effect of the COVID-19 pandemic period in the
primary analysis, we also conducted a sensitivity analysis, in
which we excluded data covering the pandemic period (from
17 March 2020 onwards) to assess the robustness of the results.
All sensitivity analyses was repeated for seasonal data as well. For
all models, the percentage increase of relative risk (RR) was esti-
mated as follows:

RR%increase = RR‐1ð ÞX100
We defined a statistically significant relationship as one with

a RR in which the 95% confidence interval excluded the null and
had a P value that is <0.05. Also, we defined the first peak as the
first RR > 1.00 over the 21-day lag period and the highest peak as
the highest RR over the 21-day lag period. All analyses were
conducted in R, version 4.2.3 (Shortstop Beagle) using dlnm ver-
sion 2.4.7 [33–36].

Results

A total of 230,663 EDAGI-related visits were reported in the City of
Toronto between 1 April 2012 through 31 March 2022, ranging
between 12 and 180 visits per day, with an average of 63 (Table 1).
Although fall had the highest total count of AGI cases (68,381),
winter recorded the highest daily AGI count (180), while summer
noted the lowest total (47,594) and lowest daily (101) AGI counts
during the study period. ED visits for AGI showed a clear seasonal/
annual pattern (cases were high at the start and end of the year and
low in between). There was a precipitation event (>0 mm) on
1,551 days (approximately 41.4%) of the study period. Daily pre-
cipitation ranged between 0 and 126 mm; the 90th and 95th per-
centiles of precipitation were 7.2 and 12.8 mm, respectively. The
daily average stream flow ranged between 0.7 and 120 m3/s, while
the 90th and 95th percentiles of stream flow were 8.5 and 12.4 m3/s,
respectively. The full descriptive summaries and patterns for these
and other predictors are presented in Table 1, Figure 1, and
Supplementary Figure S3.

Table 2 shows a summary of associations between environmen-
tal variables and AGI incidence in Toronto. In the overall analysis,
extreme precipitation was not statistically associated with AGI-
related ED visits; the association rather showed a trend towards a
protective effect. However, the seasonal analysis revealed that
extreme precipitation during the spring season was statistically
associated with an increase in visits for AGI. For every 10 mm
increase above the 95th percentile (12.8mm) of precipitation during
spring, there was a 94.3% increase in RR for Toronto residents to
visit an ED for AGI. Given the RR for the relationship between
extreme precipitation events and AGI during the summer and fall
seasons, we consider heavy rainfall to be marginally associated with
an increase in AGI illnesses in Toronto in the summer and fall
seasons, in addition to the spring season. Similar to precipitation,
stream discharge (overall) did not have a significant relationship
with AGI incidence but showed a trend towards a protective effect.
Stratification by season revealed marginal positive associations
between stream discharge and ED visits for AGI in summer and
fall (Table 2).

The number of service calls related to the occurrence of discol-
ouredwater in homeswas significantly associated with an increased
ED visits for AGI during the summer; every 10 calls related to water
discolorationwas associatedwith a 16% increase inAGI risk. Also, a
trend towards a significant association was observed for events of
water discoloration during the fall season, with a high RR [1.87
(1.12, 3.15)] of ED visits for AGI. The number of service calls
related to sewage backup events posed the highest increased risk
of developing AGI in Toronto. Particularly, seasonal observations
revealed a very high percentage increase in RR during spring and
winter seasons. In the sensitivity analysis (i.e., precipitation at the
90th percentile), only events of sewage backup during winter and
spring remained significantly associated with AGI incidence in
Toronto (Supplementary Table S1).

Figure 2 and Table 3 show the delayed effects of extreme
precipitation and other flooding indicators on ED AGI visits in
Toronto between 2012 and 2022. The RRs given report the first
peak of an increased rate across lag days (we highlighted the first
peak because some associations peaked a second time over the
21-day lag period) and the highest peak. The first peak gives
clarity as to how long the effects of precipitation and other
predictors lingered before a positive association (increased risk)
with AGI was established. In some cases, as seen with overall
precipitation and water discoloration during winter and spring,
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there were no positive associations over the entire 21-day lag (all
RR were < 1.00) (Table 1, Figure 2, Supplementary Figure S4).
However, stratification by seasons revealed that the increased risk
of AGI outcome was established immediately after an extreme
precipitation event during winter, summer, and fall seasons and
1 day after an extreme precipitation event during spring. With
the exception of the winter season, the risk of AGI after the first

peak continued to increase and only declined around lag 17
(Figure 2). On the other hand, stream discharge (in spring) and
events of sewage backup (in fall) did not suggest an immediate
effect on risk for AGI; increased risk was established 18 and
8 days, respectively, after exposure. Associations with delayed
first peaks also noted second peaks, most towards the end of
the 21-day lag period.

Table 1. Daily distributions of AGI visits and environmental variables during the study period, 2012–2022

Mean (SD) 0p 50p 90p 95p 100p Total count/days

Overall

AGI cases 63.2 (23.1) 12.0 61.0 94.0 104.0 180.0 230,663

Precip (mm) 2.2 (5.7) 0.0 0.0 7.2 12.8 126.0 1,551

SD (m3/s) 4.1 (5.3) 0.7 2.5 8.5 12.4 120.0 3,653

Temp(°C) 8.9 (10.8) �22.3 8.7 23.0 24.5 30.5 3,743

WD 0.9 (1.7) 0.0 0.0 2.0 3.0 45.0 3,161

SB 0.6 (1.5) 0.0 0.0 2.0 2.0 48.0 2,077

Winter

AGI cases 70.1 (25.9) 13.0 80.0 117.0 115.0 180.0 63,197

Precip (mm) 1.9 (4.4) 0.0 0.0 5.6 10.8 59.0 470

SD (m3/s) 3.7 (5.2) 1.0 2.5 7.0 10.4 120.0 903

Temp (°C) �1.5 (6.5) �22.3 �0.8 6.2 8.8 16.1 962

WD 0.8 (1.3) 0.0 0.0 2.0 3.0 16.0 812

SB 0.5 (0.8) 0.0 0.0 1.0 2.0 5.0 484

Spring

AGI cases 70.0 (25.9) 12.0 73.0 100.0 108.0 158.0 51,491

Precip (mm) 2.1 (4.9) 0.0 0.0 6.8 12.0 44.6 382

SD (m/s3) 5.4 (5.9) 1.0 3.4 11.6 17.6 52.4 920

Temp (°C) 4.3 (8.8) �22.3 4.3 15.8 18.6 25.8 951

WD 0.9 (1.4) 0.0 1.0 2.0 3.0 19.0 757

SB 0.5 (0.9) 0.0 0.0 1.0 2.0 17.0 443

Summer

AGI cases 55.9 (12.0) 23.0 57.0 71.0 75.0 101.0 47,594

Precip (mm) 2.3 (7.0) 0.0 0.0 7.8 15.1 126.0 319

SD (m3/s) 3.7 (4.8) 0.7 2.3 7.4 10.7 74.5 920

Temp (°C) 19.6 (4.9) 0.9 20.3 25.3 26.5 30.5 920

WD 1.0 (2.2) 0.0 1.0 3.0 3.0 45.0 895

SB 0.8 (2.4) 0.0 0.0 3.0 3.0 48.0 667

Fall

AGI cases 51.7 (13.4) 15.0 52.0 67.1 72.0 111.0 68,381

Precip (mm) 2.2 (5.5) 0.0 0.0 7.8 13.4 56.0 380

SD (m3/s) 3.1 (3.6) 0.7 2.0 6.2 9.5 52.6 910

Temp (°C) 13.6 (8.0) �9.6 14.9 23.4 24.9 30.5 910

WD 0.9 (1.2) 0.0 0.0 2.0 3.0 9.0 697

SB 0.6 (1.0) 0.0 0.0 2.0 2.2 9.0 483

Note: Total count reports the sum of occurrences (AGI cases, water discoloration events, and sewer backup events), and total days reports the number of days an event occurred or was reported
(precipitation, stream discharge, and air temperature).
Abbreviations: AGI, acute gastrointestinal illness; p, percentile; Precip, precipitation; SB, sewer backup (events of sewer backup in homes); SD, streamdischarge/flow; Temp, air temperature; WD,
water discoloration (events of water discoloration in homes).
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The highest peak for extreme precipitation was observed during
spring at lag 14; every 10 mm increase above the 95th percentile of
precipitation was associated with 4.4% increased risk of AGI. Events
of water discoloration and sewage backup noted their highest peaks
at lag 21 during fall and spring, respectively. Both predictors also
noted the longest lag span (lag 0–21) with positive associations with
AGI emergency visits; the risk percentage increase ranged between
2.8% and 4.2% and 3.3% and 18.3%, respectively (Table 3,
Supplementary Figure S4). Unlike other associations, the delayed
effect of stream discharge onAGI risk was highest at its first peak, lag
0, during winter but subsequently decreased over the 21-day lag
period (Figure 2).However, the longest lag span duringwhich stream
discharge was positively associated with AGI risk was lag 0–10 in the
fall season, with risk percentage ranging between 0.8% and 1.0%.

Substantial differences were not observed between the lagged
effects for the primary and sensitivity analyses. A few notable
changes included a quicker lag-response relationship for stream

discharge and AGI during spring. The first and highest peaks were
at lag 18 and 21, respectively, for the primary model; however, for
the sensitivity model, observations were at lag 10 and 15, respect-
ively. Nonetheless, the RRs were similar and not statistically sig-
nificant in both models. The opposite was noted for the sewage
backup variable; its highest peak during summer was observed at
lag 0 in the primary model and at lag 4 in the sensitivity model.
Results from the COVID-19 sensitivity analysis were slightly lower
than that of the primary analysis. However, the statistical signifi-
cance for both analyses were the same (overall and per season)
(Supplementary Table S3).

Discussion

Epidemiological research undertaken in high-income nations like
the United States, Canada, Taiwan, France, England, and Australia

Figure 1. Timeseries plot of daily values during the study period, for: (a) counts of AGI emergency visits; (b) precipitationmeasurements; (c) average stream discharge of four major
rivers in Toronto; (d) average daily air temperature.
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Figure 2. Graphical presentation of the association between extreme precipitation, stream discharge and AGI incidence in Toronto across a 21-day lag.
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Table 3. Associations of extreme precipitation, flooding indicators, and AGI cases at the first and highest lag with RR > 1

Precipitation

Season Lag with first peak >1 RR (95%CI) RR% increase Lag with highest peak RR (95%CI) RR% increase

Overall - - - 9 1.00 (0.99, 1.01)a �0.0

Winter 0 1.04 (0.99, 1.10) 4.0 0 1.04 (0.99, 1.10) 4.0

Spring 1 1.00 (0.98, 1.03)a 0.0 14 1.04 (1.03, 1.06) 4.0

Summer 0 1.00 (0.99, 1.02)a 0.0 7 1.00 (1.00, 1.01) 0.0

Fall 0 1.01 (0.98, 1.04) 1.0 10 1.02 (1.0, 1.03) 2.0

Stream discharge

Overall 0 1.01 (1.00, 1.02) 1.0 0 1.01 (1.00, 1.02) 1.0

Winter 0 1.02 (1.00, 1.05) 2.0 0 1.02 (1.00, 1.05) 2.0

Spring 18 1.00 (0.99, 1.01)a 0.0a 21 1.00 (0.99, 1.01)a 0.0

Summer 0 1.01 (0.99, 1.03) 1.0 6 1.01 (1.00, 1.02) 1.0

Fall 0 1.01 (0.98, 1.04) 1.0 10 1.01 (0.99, 1.03) 1.0

Water discoloration

Overall 9 1.00 (0.99, 1.01)a 0.1 11 1.00 (0.99, 1.02)a 0.0

Winter - - - 12 0.97 (0.96, 1.02) �3.0

Spring - - - 12 0.99 (0.96, 1.01) �1.0

Summer 4 1.00 (0.992, 1.014)a 0.3 12 1.02 (1.01, 1.03) 2.0

Fall 0 1.03 (0.97, 1.09) 3.0 21 1.04 (0.98, 1.11) 4.0

Sewer main backup

Overall 0 1.01 (0.99, 1.04) 1.0 0 1.01 (0.96, 1.04) 1.0

Winter 4 1.01 (0.96, 1.06) 1.0 12 1.12 (1.07, 1.17) 12.0

Spring 0 1.03 (0.96, 1.11) 3.3 21 1.18 (1.09, 1.29) 18.0

Summer 0 1.01 (0.98, 1.03) 1.0 0 1.01 (0.98, 1.03) 0.6

Fall 8 1.00 (0.96, 1.04)a 0.0 19 1.04 (0.99, 1.10) 4.0

Abbreviations: AGI, acute gastrointestinal illness; RR, relative risk.
aIndicates the RR and RR% increase are >1 when the value has not been rounded up.

Table 2. RR associated with extreme precipitation, individual flooding indicators, and AGI emergency department visits in Toronto, 2012 to 2022

RR (95% CI) RR% increase RR (95% CI) RR% increase

Precipitation Stream discharge

Overall 0.92 (0.83, 1.01) �8.0 0.97 (0.92, 1.02) �3.0

Winter 1.02 (0.69, 1.51) 2.0 1.21 (0.99, 1.47) 21.0

Spring 1.94 (1.47, 2.57)a 94.0 0.95 (0.85, 1.05) �5.0

Summer 1.07 (0.95, 1.19) 7.0 1.15 (0.95, 1.40) 15.0

Fall 1.38 (1.10, 1.73) 38.0 1.22 (0.91, 1.62) 22.0

Water discoloration Sewage backup

Overall 0.88 (0.75, 1.02) �12.0 1.06 (0.87, 1.28) 6.0

Winter 0.67 (0.45, 1.02) �33.0 2.91 (1.55, 5.46)a 191.0

Spring 0.63 (0.43, 0.91) �38.0 13.06 (7.83, 21.77)a 1,206.0

Summer 1.16 (1.00, 1.39)a 16.0 1.02 (0.82, 1.28) 2.0

Fall 1.87 (1.12, 3.15) 87.0 1.14 (0.67, 1.91) 14.0

Abbreviations: AGI, acute gastrointestinal illness; CI, confidence interval; RR, relative risk.
aStatistically significant.
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have shown a link between heavy precipitation and an increased
risk of AGI [3, 4, 7, 10, 35, 36]. This association raises a significant
public health concern since it may indicate microbial contamin-
ation of drinking water supplies that have evaded treatments by
water systems or could indicate exposure from direct contact with
floodwater or residential sewage backups resulting from heavy
rainfall events. Depending on the source waters for drinking water
supplies, upstream land use, impermeable land cover, and the
presence of combined sewer systems, certain countries and regions
are more exposed than others to health-related issues from heavy
precipitation events [30]. During heavy rains, water treatment
plants may become overburdened, resulting in possible cross-
contamination between sewage and drinking water pipes, sewage
overflow, or bypasses into local waterways, residences, or other
properties [6]. This occursmostly where older water infrastructures
(such as combined sewer systems) are used. Where in use, the
combined sewers carry all contents (rain, melted snow, and sewage)
simultaneously, and consequently combined sewer overflows con-
tain various pathogens, heavy metals, oils, pesticides, and nutrients
that can increase microbial growth and compromise the quality of
water [6, 15]. Additionally, exposure to faecal contamination is
more likely, especially in areas with combined sewer systems. A
combined sewer system is still used by a lot of Toronto residents,
which increases the likelihood of a sewer flooding event because
combined sewers overflow more frequently during heavy rain than
separate sewers do. The percentage of residents using the combined
sewer system varies across provinces; for example, 21% and 44% of
residents of Quebec and Vancouver, respectively, use the combined
sewer systems [37, 38].

In Canada, waterborne enteric illnesses remain a significant
public health concern despite ongoing developments in water
treatment infrastructure and analytical monitoring methods
[39]. There’s an estimated 20.5 million AGI cases in Canada
annually; of these, 334,966 cases are estimated to be associated with
the consumption of tap water from municipal systems (Canadian
municipal drinking water systems) [40]. With 83% of Canada’s
population consuming tap water from municipal drinking water
plants, these estimates (associated with tap water consumption)
might be higher given that most cases are under-diagnosed and
under-reported [40, 41].

Using several sources of data, our study examined the lagged
relationship between extreme precipitation and emergency visits
for AGI in the City of Toronto over a 10-year period. Our hypoth-
esis was that any associated increase in AGI risks was most likely to
occur via waterborne transmission, but indirect contamination
through contact with contaminated floodwater was also considered
as a possibility.We found a significant association between extreme
rainfall and ED visits for AGI during spring only, with a cumulative
increased risk of 94.3% over a 21-day lag. The exclusion of the
pandemic period had no significant effect on the primary findings
of the study. Overall precipitation was still not statistically associ-
ated with AGI incidence in Toronto, and similar to the primary
results, only the stratification by seasons revealed significant asso-
ciation between the two variables (precipitation and AGI) in spring
season. A minor impact (slightly lower RR) on the winter season
results was noted but was insufficient to change or alter the primary
findings. A mechanical pathway involving waterborne transmis-
sion of AGI starts with heavy precipitation resulting in higher than
acceptable levels of pathogens entering source waters, either
through stormwater runoff or from sewer overflows or the
re-suspension of stream sediments [42]. Individuals could then
be exposed by consuming contaminated water or having direct

contact with river water, floodwater, or sewage backups. For
instance, numerous studies have linked cryptosporidiosis
(a frequent cause of waterborne gastroenteritis) to high rainfall,
most likely as a result of runoff and flooding contaminating water
sources [10, 11, 37, 43]. A study in New Jersey discovered that
Cryptosporidium concentration rose after rainfall and was even
more closely connected with other factors like streamflow and
turbidity than rainfall [42].

Other than consumption of contaminated water, we considered
whether contact with recreational watersmay also have contributed
to the increases in AGI cases. However, the plausibility of this
remains questionable, considering that the relationship between
precipitation and AGI was significant only during spring, when
contact with recreational water is low due to the cold ambient and
water (river/lake)/air temperatures. Contact with flood waters and
sewer backups, especially in homes, are also plausible exposure
routes through which individuals may come into contact with
various enteric pathogens [44]. In Toronto, the city’s older areas
use combined sewers in which only one pipe carries both sewage
and stormwater. During periods of heavy rainfall, the volume of
stormwater that enters these combined sewers may exceed the
system’s capacity and overflow directly into water bodies (creeks,
rivers, lakes) or flood private properties or public spaces (via catch
basin backup or overflows) [15, 45].

Regardless of the exact route of transmission, the aetiology of
AGI is due mostly to viral agents (mainly rotavirus, norovirus, and
other enteric viruses), bacterial pathogens (such as Campylobacter,
Salmonella, or toxin-producing E. coli), and/or protozoa (such as
Giardia and Cryptosporidium). As at 2021, Campylobacter, Crypto-
sporidium, Giardia, Salmonella, Shigella, and Verotoxin-producing
E. coli were identified as some of the most common pathogens
causing foodborne/waterborne illnesses among Ontario residents
[46–48]. These causative agents typically have an incubation period
of 1 to 7 days, except protozoa which can have longer incubation
periods (2–10 days and 1–14 days forCryptosporidium andGiardia,
respectively) [2, 28, 29]. We found a consistent positive association
between extreme precipitation andAGI from 4 to 20 days following
a heavy precipitation event during the spring season. The increased
risk during this period ranged from 1.9% to 4.4% for every 10 mm
above the 95th percentile of precipitation (Table 2). The sensitivity
analysis also revealed similar associations. Given that AGI patients
tend to visit the ED after having symptoms for an average of
2–3 days [2], the observed time lag in our study is consistent with
the expected timing of exposure.

We found a marginal association with stream discharge (the
average volume of water flowing in the four major rivers in this
study) and ED visits for AGI in Toronto (Table 2). As such, we
consider its effect may be closely linked to the risk observed for
extreme precipitation. Stream flow is affected by weather
(increasing during rainstorms and decreasing during dry periods)
and seasons (decreasing during summer when evaporation is high
and shoreline vegetation is actively growing and removing water
from the ground) [49].We found amoderate correlation (r = 0.409)
between stream discharge and precipitation, indicating the increase
or decrease of both variables was moderately proportional. Such
relationships are known to influence the kinds of organisms and the
amount of silt and sediment found in water bodies [50, 51]. Sedi-
ments introduced to slow-flowing streams (indicative of low pre-
cipitation) will settle quickly to the stream bottom and reduces the
chances of human contact. However, fast moving streams
(indicative of high precipitation) will keep sediments suspended
longer in the water column, increasing the chances of human
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contact [50,51]. These phenomena align with the findings of our
study, given that stream flow was higher during spring (90th per-
centile: 11.6 m3/s) than summer (90th percentile: 7.4 m3/s) and only
during spring did precipitation have a significant relationship with
AGI (Table 1). Understanding the main and interactive effects of
precipitation and stream flow on AGI incidence is needed to
securely establish this finding.

While other studies mostly noted that the incidence of AGI is
responsive to precipitation events, our study additionally examined
indicators of water quality (reports of water discoloration) and
exposure of floodwater in and around residences (reports of sewage
backups). Service calls related to water discoloration in Toronto
were significantly associated with ED visits for AGI during the
summer. Similar to precipitation, the lag span duringwhich delayed
effects were noted coincides with the incubation period of many
causative agents of AGI.Water discolorationmay be a consequence
of inadequately treated water supplies, equipment or infrastructure
repairs or malfunctions, construction, or other factors (e.g., nearby
fire hydrant use) [11, 12].Water colour is affected by a combination
of inorganic and organic substances that, when present in the water
at high enough quantities, produce excessive turbidity or colour
that is perceptible to consumers [52]. Inorganic compounds of
concern include iron and manganese that can originate from the
source water and/or be released from the pipe wall due to corrosion
reactions or hydraulic events [53]. Organic substances may be a
result of heavy precipitation following long dry periods [54–
56]. Prolonged dry spells cause the soil to become compact and
retain contaminants, which when followed by an intense rainfall
event, allows for overland runoff into sources of drinking water,
increasing turbidity and pathogen loads [57–59]. Such events have
the potential to overwhelm drinking water treatment processes,
allowing pathogens to pass through to the distribution system and
ultimately to residents’ homes where they are ingested [12, 60]. The
findings of our study suggest this could be a possible route of
exposure in Toronto, given that summer has relatively longer dry
periods than other seasons.

Of all predictors observed in our study, service calls related to
sewage backup in and around homes had the highest increased risk
for AGI ED visits in Toronto. This may be related to the fact that
sewer backups are strongly influenced by heavy precipitation
(sewer backup was significantly associated with heavy precipita-
tion) and also suggests the severity of exposure to sewer backup
(which could make sewer backup an indicator of AGI risks in
Toronto city). The association between events of sewer backup
and AGI was significant in winter and spring seasons and remained
robust for all sensitivity analyses and adjustments. Heavy precipi-
tation causes sewer lines to backup into basements whenmunicipal
storm drains reach maximum capacity and the excess water flows
into residential sewer lines. Although there are other causes of
sewer backup, the significant association noted during seasons
typical of heavy precipitation may indicate precipitation, in this
case, primarily influenced the reported events [61, 62]. Such flood-
ing events should be considered a serious health concern with
regards to AGI risks, as this could lead to direct contact to enteric
pathogens [10, 30, 43]. There is a high tendency of faecal contam-
ination exposure, especially where a combined sewer system is used.
About 23% of the City of Toronto still uses a combined sewer
system, which has a much higher chance of experiencing a sewer
flooding event, given that combined sewers tend to flood easily
during heavy rain than separated sewers [52]. There are likelymany
under-reported incidents of sewer backup events. According to
TorontoWater, for a single sewer backup event in a home reported

to 311, there is a possibility that multiple properties on the same
street may have experienced similar flooding (a likely indication
that the sanitary sewer under the street has a blockage) [61]. For
each report of a sewer backup, it is likely that several residents are
affected. As a measure to combat sewer flooding, the City of
Toronto is currently undertaking a comprehensive, multi-year,
multi-billion dollar infrastructure plan to reduce the impact of
combined sewers on water quality [15]. A major outline of the
project is keeping combined sewer overflows out of key waterways
and the harbour by capturing sewage within a tunnel system,
storing it during heavy rain until system capacity is restored, and
then transporting it for treatment. Additionally, a newly built
integrated pumping station will move raw sewage from under-
ground sewers into a treatment plant to provide additional capacity
for outflow and replace two ageing pumping stations [63].

There are some limitations of this study. As we only had access
to aggregated illness data, we could not stratify by gender and age to
give more insights on specific populations and group risks. We also
could not group AGI incidence into different categories based on
ICD classifications, which could have revealed more specific asso-
ciations with different aetiologies. Additionally, under-reporting of
AGI cases is likely given that ED visits are mainly representative of
more severe cases. Less severe cases of AGI which do not make it to
the ED may have a different relationship with the predictors of
interest. This is because less severe cases are often found in adults,
while more severe cases that are reported/diagnosed are mostly
found in children. As such, the data used may not be representative
of all age categories. It is also important to note that the health data
used did not reveal if AGI was or was not the primary illness or
reason for the ED visit. As common with most ecological studies,
exposure data were only available at the city level. The weather
conditions and exposure levels observed in the study were based on
city-wide data and not specific to each patient or their homes. This
challenge may limit knowledge of the precise relationship between
heavy precipitation and AGI, since weather conditions and expos-
ure levels can vary from location to location. The streamflow and
311 call data were only available until the end of 2021; this may only
minutely reduce the statistical power of the secondary analyses but
will likely not have a large impact on the results due to the volume of
data used. Also, the 311 call data (for occurrence of water discol-
oration and sewer backup) were more of syndromic surveillance
indicator of a possible signal of issues or direct exposure to flooding
at home and does not reflect precise measurement of these indica-
tors. Additionally, since the 311 call data were self-reported sec-
ondary data, it was impossible to determine if the events reported by
residents were accurate.

Conclusion

As extreme weather events become more frequent due to climate
change, it is important to identify their possible impacts on water
systems and anticipate possible health risks.We found an association
between heavy precipitation (in spring), sewer backup reports
(in winter and spring), and water discoloration reports
(in summer) and the number of ED visits for AGI in the City of
Toronto. Overall, we found a seasonal effect of precipitation and
other flood indicators on the health of Toronto residents, specifically
AGI outcomes. Tailored monitoring, sampling, and additional
research to determine specific pathogens and exposure pathways
associated with each season may be warranted to ensure ideal water
treatment and safety. Additionally, public health messaging and risk
communication about the immediate and delayed effects of heavy
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precipitation and its related events on AGI should be considered to
raise awareness of possible illness risks and risk mitigation strategies
and to encourage reporting of flooding events (e.g., sewage backups)
to support syndromic surveillance.

The use of 311 service for syndromic surveillance of AGI (or other
waterborne/foodborne illnesses) should be explored to provide resi-
dents a plethora opportunities to report mild or severe symptoms
prior to ensure all cases in the general public are captured.

Supplementary material. The supplementary material for this article can be
found at http://doi.org/10.1017/S0950268824000207.

Data availability statement. The environmental data sets analysed in this
study are publicly available from the City of Toronto and Government of
Canada open data sets, as referenced in the Methods section. The emergency
department visit data were obtained from the Canadian Institute for Health
Information. The final aggregated data set used in the analysis can be requested
from the authors.

Acknowledgements. We thank the Open Data initiatives of the City of
Toronto andGovernment of Canada for allowing access to data for this analysis.
Additionally, parts of this material are based on data and information provided
by the Canadian Institute for Health Information. However, the analyses,
conclusions, opinions, and statements expressed herein are those of the authors
and not necessarily those of the Canadian Institute for Health Information.

Author contribution. Conceptualization: I.Y., J.S., J.T., L.G., C.J.E.; Data
curation: I.Y., C.J.E.; Funding acquisition: I.Y.; Investigation: I.Y., J.S., J.T.,
L.G., C.J.E.; Methodology: I.Y., J.S., J.T., L.G., C.J.E.; Project administration:
I.Y., C.J.E.; Resources: I.Y., C.J.E.; Software: I.Y., C.J.E.; Supervision: I.Y., C.J.E.;
Validation: I.Y., J.S., J.T., L.G., C.J.E.; Visualization: I.Y., C.J.E.; Writing –

original draft: I.Y., J.S., J.T., L.G., C.J.E.; Writing – review & editing: I.Y., J.S.,
J.T., L.G., C.J.E.; Formal analysis: C.J.E.

Funding statement. This work was supported by the Ontario Early
Researchers Awards programme (grant number: ER21-16-134) and the Public
Health Agency of Canada Infectious Disease and Climate Change Fund (grant
number: 021-HQ-000017).

Competing interest. The authors declare they have no conflict of interest.

References

[1] DonatMG, et al. (2016)More extreme precipitation in the world’s dry and
wet regions. Nature Climate Change 6, 508–513. https://doi.org/10.1038/
nclimate2941

[2] Drayna P, et al. (2010) Association between rainfall and pediatric emergency
department visits for acute gastrointestinal illness. Environmental Health
Perspectives 118(10), 1439–1443. https://doi.org/10.1289/ehp.0901671

[3] Tornevi A, Bergstedt O and Forsberg B (2014) Precipitation effects on
microbial pollution in a river: Lag structures and seasonal effect modifica-
tion. PLoS One 9(5), e98546. https://doi.org/10.1371/journal.pone.0098546

[4] Kistemann T, et al. (2002) Microbial load of drinking water reservoir tribu-
taries during extreme rainfall and runoff. Applied and Environmental Micro-
biology 68(5), 2188–2197. https://doi.org/10.1128/AEM.68.5.2188-2197.2002

[5] Kistemann T, Dangendorf F and Exner M (2001) A geographical infor-
mation system (GIS) as a tool for microbial risk assessment in catchment
areas of drinking water reservoirs. International Journal of Hygiene and
Environmental Health 203, 225–233.

[6] Cann KF, et al. (2013) Extreme water-related weather events and water-
borne disease. Epidemiology and Infection 141(4), 671–686. https://doi.
org/10.1017/S0950268812001653

[7] Thomas KM, et al. (2006) A role of high impact weather events in
waterborne disease outbreaks in Canada, 1975–2001. International Jour-
nal of Environmental Health Research 16(3), 167–180. https://doi.
org/10.1080/09603120600641326.

[8] Ferguson CM, et al. (1996) Relationships between indicators, pathogens
and water quality in an estuarine system. Water Research 30, 2045–2054.

[9] Payment P, et al. (2000) Occurrence of pathogenic microorganisms in the
Saint Lawrence River (Canada) and comparison of health risks for popu-
lations using it as their source of drinking water. Canadian Journal of
Microbiology 46(6), 565–576.

[10] De Roos AJ, et al. (2020) Heavy precipitation, drinking water source, and
acute gastrointestinal illness in Philadelphia, 2015–2017. PLoS One 15(2),
e0229258. https://doi.org/10.1371/journal.pone.0229258

[11] Chhetri BK, et al. (2017) Associations between extreme precipitation and
acute gastro-intestinal illness due to cryptosporidiosis and giardiasis in an
urban Canadian drinking water system (1997–2009). Journal of Water
Health 15(6), 898–907. https://doi.org/10.2166/wh.2017.100

[12] Graydon RC, et al. (2022) Associations between extreme precipitation,
drinking water, and protozoan acute gastrointestinal illnesses in FourNorth
American Great Lakes cities (2009–2014). Journal of Water Health 20(5),
849–862. https://doi.org/10.2166/wh.2022.018

[13] Chhetri BK, et al. (2019) Projected local rain events due to climate change and
the impacts on waterborne diseases in Vancouver, British Columbia, Canada.
Environmental Health 18(1), 116. https://doi.org/10.1186/s12940-019-0550-y

[14] Wang Y, McBean E and Gharabaghi B (2018) Increased risks of water-
borne disease outbreaks in Northern Ontario due to climate change. Journal
of Water Management Modeling. https://doi.org/10.14796/JWMM.C436

[15] City of Toronto (n.d.) Combined Sewer overflows. Available on https://
www.toronto.ca/services-payments/water-environment/managing-rain-
melted-snow/what-is-stormwater-where-does-it-go/combined-sewer-over
flows/ (accessed 27 July 2023).

[16] City of Toronto (n.d.) Toronto at a glance. Available on https://www.toronto.ca/
city-government/data-research-maps/toronto-at-a-glance/ (accessed 28 July 2023).

[17] City of Toronto (n.d.) Tap Water. Available on https://www.toronto.ca/
services-payments/water-environment/tap-water-in-toronto/ (accessed
15 May 2023).

[18] Drudge C, et al. (2019) Estimated annual deaths, hospitalizations, and
emergency department and physician office visits from foodborne illness
in Ontario. Foodborne Pathogens and Disease 16, 173–179. http://doi.
org/10.1089/fpd.2018.2545

[19] International Classification of Disease (n.d.) ICD-10 Version: 2019.
Available on https://icd.who.int/browse10/2019/en#/A00-A09 (accessed
16 May 2023).

[20] Greco SL, et al. (2020) Estimates of healthcare utilisation and deaths from
waterborne pathogen exposure in Ontario, Canada. Epidemiology and
Infection 148, e70. https://doi.org/10.1017/S0950268820000631

[21] Canada Institute for Health University - National Ambulatory Care
Reporting System (NACRS) (n.d.) Available on https://www.cihi.ca/en/
national-ambulatory-care-reporting-system-metadata-nacrs (accessed
6 December 2022)

[22] Environment Canada (n.d.) Environmental data Available on https://
weather.gc.ca/ (accessed 1 February 2023).

[23] Environment Canada (n.d.) Historical Hydrometric data. Available on
https://wateroffice.ec.gc.ca/mainmenu/historical_data_index_e.html
(accessed 1 February 2023).

[24] City of Toronto 311 service request (n.d.) Available on https://www.tor
onto.ca/home/311-toronto-at-your-service/create-a-service-request/
(accessed 6 December 2022).

[25] Gasparrini A, Armstrong B and Kenward MG (2010) Distributed lag
non-linear models. Statistics in Medicine 29, 2224–2234. https://doi.
org/10.1002/sim.3940

[26] Tennant PWG, et al. (2021) Use of directed acyclic graphs (DAGs) to
identify confounders in applied health research: Review and recommenda-
tions. International Journal of Epidemiology 50(2), 620–632. https://doi.
org/10.1093/ije/dyaa213.

[27] Textor J, et al. (2016) Robust causal inference using directed acyclic
graphs: The R package ‘dagitty’. International Journal of Epidemiology
45(6), 1887–1894, https://doi.org/10.1093/ije/dyw341.

[28] Centers for Disease Control and Prevention (n.d.) DPDx - Laboratory
identification of parasites of public health concern (Giardiasis). Available
on https://www.cdc.gov/dpdx/giardiasis/index.html#:~:text=Acute%

10 Crystal J. Ethan et al.

https://doi.org/10.1017/S0950268824000207 Published online by Cambridge University Press

http://doi.org/10.1017/S0950268824000207
https://doi.org/10.1038/nclimate2941
https://doi.org/10.1038/nclimate2941
https://doi.org/10.1289/ehp.0901671
https://doi.org/10.1371/journal.pone.0098546
https://doi.org/10.1128/AEM.68.5.2188-2197.2002
https://doi.org/10.1017/S0950268812001653
https://doi.org/10.1017/S0950268812001653
https://doi.org/10.1080/09603120600641326
https://doi.org/10.1080/09603120600641326
https://doi.org/10.1371/journal.pone.0229258
https://doi.org/10.2166/wh.2017.100
https://doi.org/10.2166/wh.2022.018
https://doi.org/10.1186/s12940-019-0550-y
https://www.chijournal.org/
https://www.chijournal.org/
https://doi.org/10.14796/JWMM.C436
https://www.toronto.ca/services-payments/water-environment/managing-rain-melted-snow/what-is-stormwater-where-does-it-go/combined-sewer-overflows/
https://www.toronto.ca/services-payments/water-environment/managing-rain-melted-snow/what-is-stormwater-where-does-it-go/combined-sewer-overflows/
https://www.toronto.ca/services-payments/water-environment/managing-rain-melted-snow/what-is-stormwater-where-does-it-go/combined-sewer-overflows/
https://www.toronto.ca/services-payments/water-environment/managing-rain-melted-snow/what-is-stormwater-where-does-it-go/combined-sewer-overflows/
https://www.toronto.ca/city-government/data-research-maps/toronto-at-a-glance/
https://www.toronto.ca/city-government/data-research-maps/toronto-at-a-glance/
https://www.toronto.ca/services-payments/water-environment/tap-water-in-toronto/
https://www.toronto.ca/services-payments/water-environment/tap-water-in-toronto/
https://doi.org/10.1089/fpd.2018.2545
https://doi.org/10.1089/fpd.2018.2545
https://icd.who.int/browse10/2019/en#/A00-A09
https://doi.org/10.1017/S0950268820000631
https://www.cihi.ca/en/national-ambulatory-care-reporting-system-metadata-nacrs
https://www.cihi.ca/en/national-ambulatory-care-reporting-system-metadata-nacrs
https://weather.gc.ca/
https://weather.gc.ca/
https://wateroffice.ec.gc.ca/mainmenu/historical_data_index_e.html
https://www.toronto.ca/home/311-toronto-at-your-service/create-a-service-request/
https://www.toronto.ca/home/311-toronto-at-your-service/create-a-service-request/
https://doi.org/10.1002/sim.3940
https://doi.org/10.1002/sim.3940
https://doi.org/10.1093/ije/dyaa213
https://doi.org/10.1093/ije/dyaa213
https://doi.org/10.1093/ije/dyw341
https://www.cdc.gov/dpdx/giardiasis/index.html#:~:text=Acute%20giardiasis%20develops%20after%20an,bloating%2C%20nausea%2C%20and%20vomiting
https://doi.org/10.1017/S0950268824000207


20giardiasis%20develops%20after%20an,bloating%2C%20nausea%2C%
20and%20vomiting (accessed 10 October 2023).

[29] Centers for Disease Control and Prevention (n.d.) DPDx - Laboratory
identification of parasites of public health concern (Cryptosporidiosis).
Available on https://www.cdc.gov/dpdx/cryptosporidiosis/index.html#:~:
text=Infection%20with%20Cryptosporidium%20spp.,resolving%
20within%202%E2%80%933%20weeks (accessed 10 October 2023).

[30] Jagai JS, et al. (2015) Extreme precipitation and emergency room visits for
gastrointestinal illness in areas with and without combined sewer systems:
An analysis of Massachusetts data, 2003–2007. Environmental Health
Perspectives 123, 873–879. https://doi.org/10.1289/ehp.1408971

[31] Peng RD, Dominici F and Louis TA (2006) Model choice in time series
studies of air pollution and mortality. Journal of the Royal Statistical
Society 169, 179–203.

[32] Gasparrini A (2011) Distributed lag linear and non-linear models in R:
The package DLNM. Journal of Statistical Software 43(8), 1–20. https://
doi.org/10.18637/jss.v043.i08

[33] R Core Team (2023) R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria.
Available on https://www.R-project.org/.

[34] RStudio Team (2019) RStudio: Integrated Development for R. RStudio,
Inc., Boston, MA. Available on http://www.rstudio.com/.

[35] Hunter PR (2003) Climate change and waterborne and vector-borne
disease. Journal of Applied Microbiology 94(Suppl), 37S–46S. https://doi.
org/10.1046/j.1365-2672.94.s1.5.x

[36] Curriero FC, et al. (2001) The association between extreme precipitation
and waterborne disease outbreaks in the United States, 1948–1994.Ameri-
can Journal of Public Health 91(8), 1194–1199. https://doi.org/10.2105/
ajph.91.8.1194

[37] Daily Hive (n.d.) City of Vancouver identifies need to accelerate sewer
separation work. Available on https://dailyhive.com/vancouver/vancou
ver-sewer-separation-overflow (accessed 10 October 2023).

[38] Our LivingWaters (n.d.) Combined sewer overflow. Available on https://
www.ourlivingwaters.ca/combined_sewer_overflow (accessed 10 October
2023).

[39] Schuster CJ, et al. (2005) Infectious disease outbreaks related to drinking
water in Canada, 1974–2001. Canadian Journal of Public Health 96(4),
254–258. https://doi.org/10.1007/BF03405157

[40] Murphy HM, et al. (2016) Estimating the number of cases of acute
gastrointestinal illness (AGI) associated with Canadian municipal drink-
ing water systems. Epidemiology and Infection 144(7), 1371–1385. https://
doi.org/10.1017/S0950268815002083

[41] Ngo H, et al. (n.d.) What is the burden of disease associated with recre-
ational water? Available on https://atrium.lib.uoguelph.ca/server/api/
core/bitstreams/d69a4c97-8512-40f6-b5b0-9ade785a3ce3/content
(accessed 10 August 2023).

[42] Atherholt TB, et al. (1998) Effect of rainfall onGiardia and crypto. Journal
of American Water Works Association 90, 66–80.

[43] Guzman HBR, et al. (2015) Analytical studies assessing the association
between extreme precipitation or temperature and drinking water-related
waterborne infections: A review. Environmental Health 14, 29. 10.1186/
s12940-015-0014-y

[44] Public Health Ontario. Enteric Diseases and Food-Borne Diseases. Avail-
able on: https://www.publichealthontario.ca/en/diseases-and-conditions/
infectious-diseases/enteric-foodborne-diseases (accessed 5 October 2023).

[45] The Pink Plumber. Effects of heavy rainfall on your sewer system. Available
on: https://thepinkplumber.com/news/effects-of-heavy-rainfall-on-your-sew
age-system (accessed 27 July 2023).

[46] Public Health Agency of Canada (n.d.) The Chief Public Health Officer’s
Report on the State of Public Health in Canada 2013 – Food-borne and
water-borne infections. Available on https://www.canada.ca/en/public-
health/corporate/publications/chief-public-health-officer-reports-state-pub
lic-health-canada/chief-public-health-officer-report-on-state-public-health-
canada-2013-infectious-disease-never-ending-threat/food-borne-and-
water-borne-infections-invisible-threats.html (accessed 10 October 2023).

[47] Public Health Ontario (n.d.) Infectious Disease Trends in Ontario.
Available on https://www.publichealthontario.ca/data-and-analysis/com
monly-used-products/reportable-disease-trends-annually#/8 (accessed
5 October 2023).

[48] United States Environmental Protection Agency (n.d.) Water: monitor-
ing and assessment. Available on https://archive.epa.gov/water/archive/
web/html/vms51.html#:~:text=Stream%20flow%2C%20or%20discharge
%2C%20is,(ft3%2Fsec) (accessed on: 4 July 2023).

[49] United States Environmental Protection Agency (n.d.) Stream flow. Avail-
able on https://archive.epa.gov/water/archive/web/html/vms51.html#:~:
text=Stream%20velocity%2C%20which%20increases%20as,sediment%
20carried%20by%20the%20stream (accessed 27 July 2023).

[50] Canada.ca (n.d.) Water pollution: Erosion and sedimentation. Available
on https://www.canada.ca/en/environment-climate-change/services/
water-overview/pollution-causes-effects/erosion-sedimentation.html
(accessed 27 July 2023).

[51] Pacific Region (n.d.) Effects of sediment on fish and their habitat. DFO
Pacific Region Habitat Status Report 2000/01. Available on https://waves-
vagues.dfo-mpo.gc.ca/library-bibliotheque/255660.pdf (accessed 27 July
2023).

[52] Speight VL,Mounce SR and Boxall JB (2019) Identification of the causes
of drinking water discolouration from machine learning analysis of his-
torical datasets. Environmental Science: Water Research and Technology 5,
747–755. https://doi.org/10.1039/C8EW00733K.

[53] United States Environmental Protection Agency (n.d.) Water quality
topics: Pathogens. Available on https://www.epa.gov/wqclr/water-quality-
topics-pathogens (accessed 27 July 2023).

[54] Senhorst HA and Zwolsman JJ (2005) Climate change and effects
on water quality: A first impression. Water Science Technology 51(5),
53–59.

[55] Johnson T, et al. (2015)Modeling streamflow and water quality sensitivity
to climate change and urban development in 20U.S. watersheds. Journal of
the American Water Resources Association 51, 1321–1341. https://doi.
org/10.1111/1752-1688.12308

[56] Breinl K, et al. (2020) Extreme dry and wet spells face changes in their
duration and timing. Environmental Research Letters 15, 074040. https://
doi.org/10.1088/1748-9326/ab7d05

[57] van Vliet MTH and Zwolsman JJG (2008) Impact of summer
droughts on the water quality of the Meuse river. Journal of
Hydrology 353, 1–17.

[58] Mosley LM (2015) Drought impacts on the water quality of freshwater
systems; Review and integration. Earth-Science Reviews 140, 203–214.

[59] Krometis LA, et al. (2007) Intra-storm variability inmicrobial partitioning
and microbial loading rates. Water Research 41(2), 506–516. https://doi.
org/10.1016/j.watres.2006.09.029

[60] Moreira NA and Bondelind M (2017) Safe drinking water and water-
borne outbreaks. Journal of Water Health 15, 83–96. https://doi.
org/10.2166/wh.2016.103

[61] City of Toronto (n.d.) Blocked or Backed-Up Basement Drain. Available
on https://www.toronto.ca/services-payments/water-environment/your-
water-pipes-meter/water-related-help-advice/blocked-or-backed-up-base
ment-drain/ (accessed 6 July 2023).

[62] Toronto Sewers (n.d.) The Sewers on the Street - Understanding Sewer
Infrastructure. Available on https://www.toronto.ca/services-payments/
water-environment/managing-rain-melted-snow/what-is-stormwater-where-
does-it-go/the-sewers-on-the-street/#:~:text=While%20there%20are%20three
%20types,and%20the%20combined%20sewers%20system (accessed 6 July
2023).

[63] Toronto Sewers (n.d.) Don River and Central Waterfront Wet Weather
Flow System & Connected Projects – Project List. Available on https://
www.toronto.ca/services-payments/water-environment/managing-rain-
melted-snow/what-the-city-is-doing-stormwater-management-projects/
lower-don-river-taylor-massey-creek-and-inner-harbour-program/pro
jects-of-the-lower-don-river-taylor-massey-creek-and-inner-harbour-
program/ (accessed 27 July 2023).

Epidemiology and Infection 11

https://doi.org/10.1017/S0950268824000207 Published online by Cambridge University Press

https://www.cdc.gov/dpdx/giardiasis/index.html#:~:text=Acute%20giardiasis%20develops%20after%20an,bloating%2C%20nausea%2C%20and%20vomiting
https://www.cdc.gov/dpdx/giardiasis/index.html#:~:text=Acute%20giardiasis%20develops%20after%20an,bloating%2C%20nausea%2C%20and%20vomiting
https://www.cdc.gov/dpdx/cryptosporidiosis/index.html#:~:text=Infection%20with%20Cryptosporidium%20spp.,resolving%20within%202%E2%80%933%20weeks
https://www.cdc.gov/dpdx/cryptosporidiosis/index.html#:~:text=Infection%20with%20Cryptosporidium%20spp.,resolving%20within%202%E2%80%933%20weeks
https://www.cdc.gov/dpdx/cryptosporidiosis/index.html#:~:text=Infection%20with%20Cryptosporidium%20spp.,resolving%20within%202%E2%80%933%20weeks
https://doi.org/10.1289/ehp.1408971
https://doi.org/10.18637/jss.v043.i08
https://doi.org/10.18637/jss.v043.i08
https://www.R-project.org/
http://www.rstudio.com/
https://doi.org/10.1046/j.1365-2672.94.s1.5.x
https://doi.org/10.1046/j.1365-2672.94.s1.5.x
https://doi.org/10.2105/ajph.91.8.1194
https://doi.org/10.2105/ajph.91.8.1194
https://dailyhive.com/vancouver/vancouver-sewer-separation-overflow
https://dailyhive.com/vancouver/vancouver-sewer-separation-overflow
https://www.ourlivingwaters.ca/combined_sewer_overflow
https://www.ourlivingwaters.ca/combined_sewer_overflow
https://doi.org/10.1007/BF03405157
https://doi.org/10.1017/S0950268815002083
https://doi.org/10.1017/S0950268815002083
https://atrium.lib.uoguelph.ca/server/api/core/bitstreams/d69a4c97-8512-40f6-b5b0-9ade785a3ce3/content
https://atrium.lib.uoguelph.ca/server/api/core/bitstreams/d69a4c97-8512-40f6-b5b0-9ade785a3ce3/content
https://doi.org/10.1186/s12940-015-0014-y
https://doi.org/10.1186/s12940-015-0014-y
https://www.publichealthontario.ca/en/diseases-and-conditions/infectious-diseases/enteric-foodborne-diseases
https://www.publichealthontario.ca/en/diseases-and-conditions/infectious-diseases/enteric-foodborne-diseases
https://thepinkplumber.com/news/effects-of-heavy-rainfall-on-your-sewage-system
https://thepinkplumber.com/news/effects-of-heavy-rainfall-on-your-sewage-system
https://www.canada.ca/en/public-health/corporate/publications/chief-public-health-officer-reports-state-public-health-canada/chief-public-health-officer-report-on-state-public-health-canada-2013-infectious-disease-never-ending-threat/food-borne-and-water-borne-infections-invisible-threats.html
https://www.canada.ca/en/public-health/corporate/publications/chief-public-health-officer-reports-state-public-health-canada/chief-public-health-officer-report-on-state-public-health-canada-2013-infectious-disease-never-ending-threat/food-borne-and-water-borne-infections-invisible-threats.html
https://www.canada.ca/en/public-health/corporate/publications/chief-public-health-officer-reports-state-public-health-canada/chief-public-health-officer-report-on-state-public-health-canada-2013-infectious-disease-never-ending-threat/food-borne-and-water-borne-infections-invisible-threats.html
https://www.canada.ca/en/public-health/corporate/publications/chief-public-health-officer-reports-state-public-health-canada/chief-public-health-officer-report-on-state-public-health-canada-2013-infectious-disease-never-ending-threat/food-borne-and-water-borne-infections-invisible-threats.html
https://www.canada.ca/en/public-health/corporate/publications/chief-public-health-officer-reports-state-public-health-canada/chief-public-health-officer-report-on-state-public-health-canada-2013-infectious-disease-never-ending-threat/food-borne-and-water-borne-infections-invisible-threats.html
https://www.publichealthontario.ca/data-and-analysis/commonly-used-products/reportable-disease-trends-annually#/8
https://www.publichealthontario.ca/data-and-analysis/commonly-used-products/reportable-disease-trends-annually#/8
https://archive.epa.gov/water/archive/web/html/vms51.html#:~:text=Stream%20flow%2C%20or%20discharge%2C%20is,(ft3%2Fsec)
https://archive.epa.gov/water/archive/web/html/vms51.html#:~:text=Stream%20flow%2C%20or%20discharge%2C%20is,(ft3%2Fsec)
https://archive.epa.gov/water/archive/web/html/vms51.html#:~:text=Stream%20flow%2C%20or%20discharge%2C%20is,(ft3%2Fsec)
https://archive.epa.gov/water/archive/web/html/vms51.html#:~:text=Stream%20velocity%2C%20which%20increases%20as,sediment%20carried%20by%20the%20stream
https://archive.epa.gov/water/archive/web/html/vms51.html#:~:text=Stream%20velocity%2C%20which%20increases%20as,sediment%20carried%20by%20the%20stream
https://archive.epa.gov/water/archive/web/html/vms51.html#:~:text=Stream%20velocity%2C%20which%20increases%20as,sediment%20carried%20by%20the%20stream
https://www.canada.ca/en/environment-climate-change/services/water-overview/pollution-causes-effects/erosion-sedimentation.html
https://www.canada.ca/en/environment-climate-change/services/water-overview/pollution-causes-effects/erosion-sedimentation.html
https://waves-vagues.dfo-mpo.gc.ca/library-bibliotheque/255660.pdf
https://waves-vagues.dfo-mpo.gc.ca/library-bibliotheque/255660.pdf
https://doi.org/10.1039/C8EW00733K
https://www.epa.gov/wqclr/water-quality-topics-pathogens
https://www.epa.gov/wqclr/water-quality-topics-pathogens
https://doi.org/10.1111/1752-1688.12308
https://doi.org/10.1111/1752-1688.12308
https://doi.org/10.1088/1748-9326/ab7d05
https://doi.org/10.1088/1748-9326/ab7d05
https://doi.org/10.1016/j.watres.2006.09.029
https://doi.org/10.1016/j.watres.2006.09.029
https://doi.org/10.2166/wh.2016.103
https://doi.org/10.2166/wh.2016.103
https://www.toronto.ca/services-payments/water-environment/your-water-pipes-meter/water-related-help-advice/blocked-or-backed-up-basement-drain/
https://www.toronto.ca/services-payments/water-environment/your-water-pipes-meter/water-related-help-advice/blocked-or-backed-up-basement-drain/
https://www.toronto.ca/services-payments/water-environment/your-water-pipes-meter/water-related-help-advice/blocked-or-backed-up-basement-drain/
https://www.toronto.ca/services-payments/water-environment/managing-rain-melted-snow/what-is-stormwater-where-does-it-go/the-sewers-on-the-street/#:~:text=While%20there%20are%20three%20types,and%20the%20combined%20sewers%20system
https://www.toronto.ca/services-payments/water-environment/managing-rain-melted-snow/what-is-stormwater-where-does-it-go/the-sewers-on-the-street/#:~:text=While%20there%20are%20three%20types,and%20the%20combined%20sewers%20system
https://www.toronto.ca/services-payments/water-environment/managing-rain-melted-snow/what-is-stormwater-where-does-it-go/the-sewers-on-the-street/#:~:text=While%20there%20are%20three%20types,and%20the%20combined%20sewers%20system
https://www.toronto.ca/services-payments/water-environment/managing-rain-melted-snow/what-is-stormwater-where-does-it-go/the-sewers-on-the-street/#:~:text=While%20there%20are%20three%20types,and%20the%20combined%20sewers%20system
https://www.toronto.ca/services-payments/water-environment/managing-rain-melted-snow/what-the-city-is-doing-stormwater-management-projects/lower-don-river-taylor-massey-creek-and-inner-harbour-program/projects-of-the-lower-don-river-taylor-massey-creek-and-inner-harbour-program/
https://www.toronto.ca/services-payments/water-environment/managing-rain-melted-snow/what-the-city-is-doing-stormwater-management-projects/lower-don-river-taylor-massey-creek-and-inner-harbour-program/projects-of-the-lower-don-river-taylor-massey-creek-and-inner-harbour-program/
https://www.toronto.ca/services-payments/water-environment/managing-rain-melted-snow/what-the-city-is-doing-stormwater-management-projects/lower-don-river-taylor-massey-creek-and-inner-harbour-program/projects-of-the-lower-don-river-taylor-massey-creek-and-inner-harbour-program/
https://www.toronto.ca/services-payments/water-environment/managing-rain-melted-snow/what-the-city-is-doing-stormwater-management-projects/lower-don-river-taylor-massey-creek-and-inner-harbour-program/projects-of-the-lower-don-river-taylor-massey-creek-and-inner-harbour-program/
https://www.toronto.ca/services-payments/water-environment/managing-rain-melted-snow/what-the-city-is-doing-stormwater-management-projects/lower-don-river-taylor-massey-creek-and-inner-harbour-program/projects-of-the-lower-don-river-taylor-massey-creek-and-inner-harbour-program/
https://www.toronto.ca/services-payments/water-environment/managing-rain-melted-snow/what-the-city-is-doing-stormwater-management-projects/lower-don-river-taylor-massey-creek-and-inner-harbour-program/projects-of-the-lower-don-river-taylor-massey-creek-and-inner-harbour-program/
https://doi.org/10.1017/S0950268824000207

	Relationship between extreme precipitation and acute gastrointestinal illness in Toronto, Ontario, 2012-2022
	Introduction
	Methods
	Study area
	Data sets
	Statistical analysis

	Results
	Discussion
	Conclusion
	Supplementary material
	Data availability statement
	Acknowledgements
	Author contribution
	Funding statement
	Competing interest
	References


