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Abstract

There is debate among researchers regarding the importance of water fil-
tration in reducing mortality during the epidemiological transition. However,
there is limited research on how water filtration affected cholera mortality
during the second half of the 19th century. Using historical microdata, this
paper provides new evidence on the importance of water filtration in reduc-
ing cholera mortality during an outbreak. The results show that access to
filtered water protected almost completely against cholera mortality. Water
filtration could thereby have contributed more to mortality decline than what
has previously been documented.
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1 Introduction

During the 19th century, the bacterium Vibrio cholerae claimed millions of lives
in Europe through several pandemic outbreaks (Pollitzer, 1954). Cholera was one
of the most feared epidemic diseases at the time due to its rapid spread and high
mortality among those infected. Although British physician John Snow had already
argued in the 1850s that cholera could spread through drinking water, it would
take many decades for his ideas to become widespread (Snow, 1849).! Although
Europe remained ignorant regarding effective cholera prevention, cholera mortality
started to decline, and by the turn of the 20th century, reoccurring epidemic cholera
outbreaks were no more.

This paper provides direct evidence on the link between cholera mortality and
access to filtered water. I evaluate whether water filtration technology in the mid-
19th century provided effective protection against the disease. Water filters started
to be used in Europe in the 1830s and became increasingly popular in the large
industrializing cities of Western Europe. As cholera is one of few epidemic diseases
that is almost exclusively transmitted through ingestion of contaminated water,
water filtration is a plausible candidate explanation for the observed decline in
mortality from cholera during the late 19th century (Ewald, 1991).

There are several challenges associated with studying epidemic diseases and
preventive measures that this paper is able to overcome. First, and most trivial,
to study cholera, researchers have to observe cholera in their data.? At the turn of
the 20th century, cholera was close to eradicated in the Western world, making it
impossible for research on this time period to measure and quantify the effect of
clean water on cholera. In this paper, by contrast, the water filtration plant under
study was constructed during a cholera pandemic and at a time when cholera was
an imminent threat to the lives of urban residents in Europe.

However, even when cholera is present, analyzing the protective role of filtered

'For estimated cholera mortality during the 19th century, see table 1.

2Several papers study an endemic waterborne disease, typhoid fever. Although clean water
technologies consistently reduce mortality from this disease, they contribute very little to the
total mortality decline because the mortality rate from typhoid fever was low in most settings
under study (Cutler and Miller, 2005).



water is challenging due to the data requirements. As the timing and intensity of a
cholera outbreak is hard to predict, using more aggregated and hence geographically
distant units of observation (such as states, cities or municipalities) to study this
question is undesirable because control units may not provide valid counterfactual
exposures to the treatment group. Furthermore, externalities from treated units
could affect disease exposure in control units because epidemic diseases travel be-
tween different locations. If cities with clean water prevent diseases from spreading
to untreated cities, treatment and control units are not well defined (Imbens and
Rubin, 2015, pp.10). Using within-city variation is thus preferable.

Cholera outbreaks normally have a rapid course, and an epidemic often starts
and ends in just a few months (Koch, 1894). High-frequency data are thus required
to precisely map cholera mortality to filtered water access. When using yearly
data, the kind of data normally available to researchers, the cholera shock would
be more difficult to separate from other shocks. Moreover, a short epidemic can
avoid selective sorting of residents into different houses over time as a consequence
of the shock. The cholera outbreak studied in this paper lasted for four months.
By analyzing this shock using address-level information on access to filtered water
and mortality at a monthly frequency, I can avoid many of the challenges involved
with studying cholera.

The water filtration technology in Stockholm was, at the time, a state-of-the-art
slow sand filter that was delivered through a piped distribution network. I can study
this technology in itself because there was no simultaneous construction of sewerage
systems, something that is otherwise common (see, e.g., Alsan and Goldin, 2019).
Treatment heterogeneity is further limited by only one, and the same, technology
being provided to all treated houses. This research thereby focus attention on a
specific technology and its role in preventing cholera mortality. Comparing different
cities or municipalities is more complicated, as the water technologies under study
will differ in a wide range of attributes depending on the water sources, water

cleaning technologies, and distribution systems.?

3Estimating standard errors of several treatments in difference-in-differences designs is chal-
lenging due, inter alia, to the small-sample issues that often follow from having few groups in each
treatment arm (Cameron and Miller, 2015; MacKinnon and Webb, 2017).



Interest in how public health efforts can explain historical declines in mortality
has a long history in the social sciences (McKeown and Brown, 1955).* At present,
an extensive literature is devoted to investigating how water, sewerage, and sani-
tation technologies can explain the mortality decline observed in several historical
settings (see, e.g., Cutler and Miller, 2005; Alsan and Goldin, 2019; Ferrie and
Troesken, 2008; Anderson et al., 2019).> While there has long been agreement on
the considerable importance of water filtration in explaining the mortality decline
during the early 20th century, recent evidence has suggested that these results may
have been overstated (Cutler and Miller, 2005; Anderson et al., 2019). Although
research on water technologies and mortality has attracted considerable interest,
little attention has been devoted to the role of water filtration in defeating cholera,
a waterborne disease that caused millions of deaths during the 19th century and
remains a feared disease in developing countries.’

To study whether filtered water protected against cholera, I use monthly house-
level data on water contracts with individual-level mortality data from the city of
Stockholm for the period 1860-1872. This unique historical setting combines partial
access to filtered water within the city with a sizable citywide cholera epidemic in
1866. Using a difference-in-differences design, I test whether houses that already
had access to filtered water before the shock had lower mortality during the shock
than houses that did not.

I find that having access to filter water was protective during a cholera outbreak.
The mortality rates of houses with filtered water and those without were similar

in both levels and trends before and after the cholera outbreak. However, during

4This decrease in infectious disease mortality, termed the epidemiological transition, has been
challenging for researchers to explain. The second half of the 19th century was a time coinciding
with large-scale constructions of urban waterworks, real income increases, and an improved un-
derstanding of infectious diseases and how they spread. Separating these different explanations
for declines in mortality in infectious diseases has been high on the agenda of researchers for many
decades (Kesztenbaum and Rosenthal, 2017; Preston, 1975; Mckeown et al., 1975).

SEarlier historical evidence is summarized in a review by van Poppel and van der Heijden
(1997), more recent historical evidence is provided by Helgertz and Onnerfors (2019); Peltola and
Saaritsa (2019); Floris and Staub (2019), and research from developing countries on clean water
and health includes, but is not limited to, Zhang (2012); Bhalotra and Venkataramani (2013);
Galiani et al. (2009); Kota et al. (2015); Duflo et al. (2015); Watson (2006).

6Clearly, John Snow implicitly addressed this question in his seminal works on cholera in the
UK. Following his mapping of cholera cases, there has been a series of replications of the initial
findings. See, e.g., Coleman (2019) and references therein.



the shock, the mortality rates diverged significantly. Houses without filtered water
experienced mortality rates that were up to twice as high as houses that already
had filtered water. This finding stresses the historical importance of water filtration
on mortality during time periods earlier than those previously been studied.” In
later time periods, when cholera was absent in Europe and North America, it is

possible that water filtration had a much smaller impact on mortality.

2 Background

During the 1850s, Stockholm experienced mortality rates well above 3 percent on
average. Stockholm had the highest infant mortality rate in the country and had
twice the national average mortality rate. During this time, four out of ten children
born in Stockholm did not survive to see their first birthday. Life expectancy at
birth followed the high infant mortality rate and was approximately 20 for men and
26 for women (Lindberg, 1980). This was a time when cholera was common during
the summer months, and especially violent outbreaks hit the city in 1853 and 1857.

The poor disease environment had many explanations. Stockholm was the
largest city in Sweden and expanded rapidly during the 1860s. Poverty was high,
sanitation poor, and housing construction did not keep pace with the growing pop-
ulation. Poverty is evident in the high rate of out-of-wedlock births: 37 percent of
all children in Stockholm were born out of wedlock. Observers at the time assigned
much of the high infant mortality rate in Stockholm to high fertility rates among
unmarried women (Berg, 1869). Although urban life at this time was nasty, brutish,
and short, discussions about a water cleaning and citywide piped distribution sys-

tem hinted of healthier times to come.

2.1 Filtered Water in Stockholm

Before the introduction of filtered water in Stockholm, its inhabitants relied on

wells and nearby lakes for their daily drinking and washing water supply. There

"Troesken (2008) analyze time-series data from Chicago for the years 1850-1925 which include
this earlier period. The authors do not specifically investigate cholera mortality.



were more than 300 private and 27 public wells at the time, but the water quality
and reliability during summer was generally poor (Cronstrom, 1986).> The public
wells were investigated by the local health commission in 1867, and only 6 out of 27
wells were deemed moderately suitable to drink from; the rest were recommended
against drinking from.” Bacteriological analysis of the drinking water in Stockholm
was not systematically undertaken until 1884 (Cronstrom, 1986).

The poor water quality could in part have been a result of inadequate sewerage
infrastructure. Sewage irrigation in Stockholm consisted mainly of street ditches,
some of which were covered. This allowed for ground infiltration and the released
of waste into surrounding lakes. In many of the larger cities of continental Europe,
underground self-contained sewerage systems had already been constructed in the
1840s. However, in Stockholm, it not be until 1875 that a large-scale system was
constructed. '’

Fiscal reasons delayed sewerage construction in Stockholm and generated resis-
tance to the water cleaning and distribution system. In 1853, a plan for a water
system with full city coverage was presented (Hansen, 1897). Local authorities were
initially hesitant but subsequently encouraged to make the investment as cholera
struck Stockholm during the 1850s. While the relationship between cholera and
drinking water was unknown to almost everyone at the time, contemporary writers
related disease to fumes emanating from garbage and fecal waste on the streets, the
miasma theory of disease, which could be cleaned using pressurized water (Cron-
strom, 1986).

In 1858, a modified version of the same plan received final approval, and the

8The wealthy inhabitants could buy water shipped from springs or wells outside the city where
the water quality was much better, but most inhabitants had to rely on water from the wells.

9These results were based primarily on the levels of organic compounds and water hardness,
the metrics used at this time to assess water quality. The commission urged the public not to
use well water for drinking but to rely on the piped water now in place in large parts of the city.
Information on this assessment was retrieved from the city archive in Stockholm.

10Piped water was seen as a prerequisite because a continuous water flow was need to prevent
clogging of the sewers. A few public sewerages were built during the 1860s, and in 1872, there were
four main lines. Locally, these could service a few percent of the population at most (Cronstrom,
1986). In 1875, the responsibility for city planning and construction was assigned to a newly cre-
ated institution, the construction office (Byggnadskontoret), that had more access to the resources
needed than its predecessor, Tredje Dratselndmnden. Citywide plans to build sewerage irrigation
systems could then be approved. In 1876, it had become mandatory for houses to connect to a
sewerage pipe if possible.



Stockholm Water Company was created. A few years later, in June 1861, the first
30 km of pipes were completed, and in October of the same year, for the first time,
piped water was available to the inhabitants of Stockholm. The most central parts
of Stockholm were the first with access to piped water.!! These were wealthier parts
of Stockholm, but the population was to a large extent mixed. Different income
groups often shared the same building, with the wealthier living on the lower floors
(Cronstrom, 1986). By 1872, the distribution network had already increased to 80
km in length, and to increase availability, a few public fountains were set up where
water could be collected free of charge.

When access to a main pipe was available, house owners had to decide whether to
finance an in-house service connection. The initial cost per room was 2.6 riksdaler
(riksmynt) per year ($16 USD in current prices or 154 SEK). A shared tap on
the bottom floor could be used by the tenants in each building, and there was no
additional cost of utilization. The fixed cost of installing a tap, connected to the
water supply by a service pipe, was on average 120 riksdaler ($754 USD in current
prices), a considerable sum at the time for a working class household but rather
modest if shared by many tenants.'?

After some initial skepticism, water access became popular, and more houses
were connected. In 1872, it was estimated that 70 percent of the population in
Stockholm had in-house access to piped water, and water consumption increased
during the studied time period (see figure 1).'* In 1872, daily per user consumption
was approximately 60 liters, which can be compared to approximately 180 liters

today.

1'Main pipes had been laid north, crossing Sédermalm and continuing north through the old
town (the small island in the middle) and over to Norrmalm. Figure 7 shows the initial network,
constructed before 1861 (in blue), which is heavily concentrated in the old town and the southern
parts of Norrmalm.

12Gee Stockholm city council propositions 1867 : 14 pp.5, link to web page. A male rural
servant could expect to be receive approximately $1900 USD (2017) in compensation per year,
including in-kind benefits (280 riksdaler rmt (1865)) (Edvinsson and Soderberg, 2011; Statistiska
Central-byran, 1868).

13 Any city using lake water at this time, including Stockholm, had problems with water temper-
atures during the summer months. Reports from the time note that piped water was not popular
to drink during the warmest time of the year as it became warm (Lindman, 1911, p. 274). The
temperature would naturally vary within Stockholm depending on the time spent underground.

14Gee: http://www.drickkranvatten.se/virtuellt-vatten. Since there were no measure-
ments at this time, some of this water went to industry, street cleaning, and cattle. However,


http://digitalastadsarkivet.stockholm.se/Kommuntryck/Visare?filename=KTR0004_005_ps.pdf&documentid=1d257a8bbf69eb355e17e8822c29f8b1#search=%22%22
http://www.drickkranvatten.se/virtuellt-vatten

Figure 1: Take-up of Piped Water and Consumption
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Note: This graph displays the uptake of piped water among households and the per user
consumption of piped water. Access to piped water is calculated as the estimated number of
household users divided by the total population. At this time, there was no water metering, so
the measure of water usage is total consumption divided by the number of household users. This
overestimates usage to some extent, as street cleaning and businesses also contributed to usage.
Source: Kommunalférvaltning (1875).

2.2 The Technology for Cleaning and Distributing Water

The water cleaning plant took water from a nearby lake. At the time it was consid-
ered to provide adequate water quality and offered technical benefits (i.e., proximity
to the water cleaning plant). Before deciding on the location of the water intake,
the lake was examined in several places for organic compounds, where the closest
location obtained the best results and was the strongest candidate. Later, as new
sources of water were considered, more thorough measures of the water intake lo-
cation and the supplied water were undertaken. The piped water was examined in
1879, and in terms of fecal residue, it was found to be superior to the piped water
in London (Cronstrom, 1986).

The technology for cleaning water by slow filtration was discovered in the early

1800s, and the first plant for cleaning piped water was built in London in 1829

income statements from the Stockholm Water Company suggest that most of the water was used
by households. In 1870, 70 percent of revenue from water consumption came from households.
Industry and public buildings had water meters and paid for each unit of water used (Kommu-
nalférvaltning, 1875).



(Huisman and Wood, 1974). The water cleaning facilities in Stockholm were also
inspired by the newest plants in the UK.'> The sand layers in the pools were seven
feet deep with eight different layers of sand and stone, from fine sand to a layer of
stones the size of coconuts (Cronstrom, 1986).'° This technology is still viewed as
an effective way of cleaning water of pathogens (Huisman and Wood, 1974).
While there are reasons to believe that the cleaning technology was effective,
the piped distribution system was more problematic. For the main distribution net,
pipes were made of cast iron coated in tar to prevent oxidation. The service pipes
in buildings were made of lead, which were easy to shape in ways that made access
around existing infrastructure easy. At this time, there were concerns about the
health effects of lead, but these concerns were dismissed, as experimentation with
other materials had shown that there existed no functional alternative (Cronstrom,

1986).!7

2.3 Cholera — “The Blue Death”

Cholera is a highly contagious and lethal bacterial disease originating from the
Ganges delta in India. Although records indicate that cholera has existed for a very
long time, pandemics are not known before the early 19th century. During the 19th
and early 20th centuries, cholera claimed millions of lives in recurring pandemics
spreading throughout nearly the entire populated world (see table 1). Stockholm
suffered severe outbreaks of cholera in 1834 and 1853, with deaths occurring in the
thousands (Zacke, 1971). In Western Europe, there were few outbreaks of cholera
after 1875.

One reason that cholera is such a feared disease comes from its rapid spread and

high mortality rate among those infected and developing symptoms. The expression,

15Large pools were built to facilitate slow filtration in adequate amounts for the population of
Stockholm. The plant was built at Skanstull in the southern part of Stockholm and initially had
three slow filtration pools with a total area of 1,600 square meters.

16The top layer of fine sand was partially removed and washed around every sixth day during
summer and more rarely during winter. When the top layer was at a minimum, new clean sand
was added. The complete sand filter was replaced every other year (Hansen, 1897).

1"Lead pipes are a concern for research on general health effects of filtered water because they
could counteract any positive effect from clean water. However, studying the effect of filtered
water on a brief cholera shock makes the pipe material less of a concern.



Table 1: Cholera Mortality Estimates for a Selected Sample of Countries

Cholera Pandemic  Years Countries Affected Mortality

First 1817-1824 Mainly in Asia ?
Second 1826-1837 Russia 100,000
France 100,000
Sweden 12,600
Hungary 100,000
UK 55,000
Third 1846-1860 Russia 1,000,000
UK 52,000
US 150,000
Spain 236,000
Sweden 20,000
Fourth 1863-1875 Russia 200,000
Hungary 30,000
Germany 115,000
UK 14,300
Netherlands 20,000
Belgium 30,000
Italy 130,000
Sweden 4,500
Fifth 1881-1896  Germany (Hamburg) 8,600
Russia 800,000
Spain 60,000
Italy 5,000
France 5,000
Sixth 1899-1923 Russia 500,000

Note: These mortality numbers can be found primarily in Pollitzer (1954). Most
numbers are crude estimates and inherently unreliable. There are many affected
European countries where there are no mortality estimates at all. Especially for
the earliest pandemics, information is lacking and highly uncertain. Nevertheless,
it provides a broad picture of the disease spread in Europe. Many other countries
in the world, e.g., Japan and India, were severely affected by cholera but are not
described here.



“The Blue Death,” comes from the blue skin tone of cholera-infected individuals
suffering from extreme dehydration. Infected humans can produce up to 20 liters
of diarrhea a day, rapidly leading to acute dehydration and a lethal imbalance of
electrolytes. During the 19th century, mortality from cholera was often as high as 50
percent (Koch, 1894). At present, with access to oral and intravenous rehydration
therapies, mortality is much lower and mainly affects small children who are more
sensitive to dehydration (UNICEF, 2019).

Although the British physician John Snow already had a good idea about how
cholera spread among people in 1849, this was not common knowledge in Sweden,
or elsewhere, for several decades (Snow, 1849). In a pamphlet distributed by the
physicians association in Stockholm during the 1866 cholera outbreak, one can read
how to prevent being exposed to the disease.'® People were encouraged to eat and
drink in moderation, to drink less liquor, not to go out in the morning without
having eaten anything, keep their feet warm and dry and bring fresh air indoors by
opening windows. Drinking water was not mentioned at all.

Robert Koch, one of the most important contributors to bacteriological science,
confirmed the ideas of John Snow when he isolated the bacterium Vibrio cholerae
in 1884." In addition to isolating bacteria, Koch also observed and documented
epidemic outbreaks of infectious diseases. While working with a cholera outbreak in
Hamburg in 1892, he noted that residents of Altona, a separate municipality within
the city of Hamburg, had almost no cholera cases, while Hamburg had many (see
figure 2). The only difference between the two municipalities, right at the border,
was that Altona had its own water supply taken downstream from the river Elbe,
while Hamburg took its water upstream. As Hamburg was a large city with its
sewer released into the Elbe, Altona should have been worse off, although flood

tides reversed the flow of the river regularly. However, Altona had used a water

18This pamphlet can be found at the Swedish historical web page Stockholmskillan (SLL, 1866).

19The medical community was resistant to these new ideas, which competed with the ruling
miasma theory of disease, but the evidence was indisputable. The change in perspectives and the
success of the germ theory of disease was consolidated in 1905 when Koch received the Nobel prize
in Medicine and Physiology for discovering the cause of another bacterial disease, tuberculosis.
Furthermore, Koch was not the first to observe and attribute the disease of cholera to a bacillus.
The Italian Filippo Pacini had already done this in 1854 and published a report that was completely
ignored by the medical community for decades (UCLA, 2020).

10



filter since 1859 to clean their drinking water, while Hamburg did not. He wrote,

“On both sides of the frontier [between Hamburg and Altona/, the state of the
soil, the buildings, the sewerage, the population, in short all the conditions the are
important in this connection, are perfectly similar, and yet the cholera in Hamburg

spread only to the frontier of Altona, and stopped there.” (Koch, 1894, pp. 25)

Figure 2: Cholera Cases in Hamburg and Altona at the City Border 1892-1893

1Y \ fl'-J" v b :
Note: Dots represent cholera cases, and the thick line represents the border between Hamburg
(below) and Altona (above). Altona had its water filtered, while Hamburg did not. Both took
their drinking water from the river Elbe, bottom-left corner. Reproduced from Exner (2015)
describing the cholera outbreak in Hamburg.

Clearly, the difference in water supply between Hamburg and Altona was crucial
for the spread of cholera at that time. However, whether it was due to water filtra-
tion or some other unobserved differences in water quality generated by differences

in water intake has not been established (BMJ, 1893).

2.4 Cholera in Stockholm 1866

The last severe outbreak of cholera in Stockholm was in 1866. The first and last
recorded deaths from cholera took place on June 29 and October 29 (Sundhets-
collegii, 1869, pp.25). The cholera epidemic was unexpected in Stockholm. The first
documented cases were discovered in both Stockholm and the second largest city in

Sweden, Gothenburg, at almost the same time. During these few months, cholera

11



was widespread in the city. All eight geographical parishes comprising Stockholm
reported cholera cases and fatalities.?’

During the cholera outbreak in 1866, most of the deceased were prime-age adults
and small children. The vast majority of cholera deaths, and cases, were concen-
trated in adults between 20 and 50 years of age (see the left panel of figure 3). By
this with the right panel of the same figure, which depicts the age distribution of
all deaths before 1866, we can see that prime-age adults were disproportionately
affected by cholera compared to, for example, small children.

That adults were infected more frequently, and subsequently died from cholera,
is strengthened by other information on cholera infections reported at the time
(Sundhets-collegii, 1869, pp.25). Adults more often contracted cholera but died less
often. Children under age 10 died in almost half of all documented infections, i.e.,
a case fatality rate (CFR) from cholera of approximately 0.42. Prime-aged adults
(aged 20-50) had a much lower CFR of 0.26, while the elderly, over age 60, had an
even higher CFR of 0.55. This suggests that cholera infections were most common
in adults between 20 and 50 years of age.

At present, small children are at much higher risk of succumbing to cholera than
adults. Cholera mortality among children under five makes up approximately half
of all cases in endemic countries (UNICEF, 2019). Historical evidence, however,
shows a different picture. Davenport et al. (2019) found that in London, despite
the high severity of the cholera outbreaks in 1849, 1854, and 1866, infant mortality
was largely unaffected during these outbreaks. Historical evidence from Denmark
shows that the cholera mortality rate during the 1850s was lowest among children
under 5 (2.7 %) and highest among the elderly (16.7 %) (Phelps et al., 2017).

Unfortunately, the social class of those who died of cholera in 1866 is not well
documented. However, as different social classes often lived in the same buildings
and in the absence of knowledge on how cholera spreads, the disease could have
been difficult to avoid. Detailed information from an earlier cholera outbreak in

Stockholm shows that excess mortality was 2-3 times the average mortality among

20The parishes reported between 20 and 122 fatalities from cholera during the shock. In total,
there were 655 documented deceased and 2,200 infected.

12



the upper classes, making up some 30 % of the population. For the “rest” of the
population, mortality was 3-4 times the average during the outbreak (Zacke, 1971,
pp. 167). As with most infectious diseases, the poor are normally more susceptible
to infections and subsequent death than other social classes. Nevertheless, while

poverty was a risk factor for dying from cholera, everyone was at risk.

Figure 3: Age Distribution of Cholera Deaths in 1866 and Previous Years
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Note: The left panel shows the age distribution for documented cholera cases in Stockholm
according to official records. Source data for the left panel can be found at Sundhets-collegii
(1869, pp.25). The right panel describes the age distribution of all-cause mortality cases in the
data averaged over the period 1860-1865 and only using deaths from July through October.

3 The Historical Data Sources

To study how clean water affects cholera mortality, data from several historical
sources have purposely been collected and digitized. Data from three different
sources are used: the 1860 Swedish census, archival water contract information,
and mortality data from parish registers. These data sources are detailed below.
Since the treatment is clustered at the house level, possible confounding factors
should be addressed at this level. To obtain more information on the buildings
under study and their populations, I digitized part of the 1860 census in Sweden
concerning Stockholm. These data contain information on existing addresses of res-
idential buildings in 1860, which I use to set up a population of houses. In addition
to defining residential buildings, the data contain information on the number of
residents at each address, the number of households in the building, and the sex
composition at the time of the census. These are important characteristics related

to the mortality and socioeconomic status of residents.
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From the mortality data, I exclude deaths at public and private institutions, such
as poor houses, prisons, orphanages, military installations, and hospitals. These
institutions rarely have valid addresses (a street name and street number combina-
tion), and they always contain large populations. To match this selection in the
census data, I exclude households with more than 50 inhabitants in 1860 (average
household size is approximately 5 in the sample). Establishments housing the poor
and military installations often contain up to 100-300 inhabitants per household
(as defined in the census data). After excluding buildings without a valid address,
removing institutions reduces the sample by approximately 56 households. In total,
the census data contain 3,201 valid addresses with residents in 1860.2!

Information on filtered water was retrieved from water contract lists preserved
at the Stockholm City Archives for the public water company. This archive includes
a contract book dating from 1861 to 1872, which is the source of the contract data.
The contract data contain information on the day, month, and year of each contract,
as well as the address, parish, block, and number of rooms debited (see figure 8).

The water data contain 3,530 contracts, of which I can match 2,700 to the
population of houses described above. Those that cannot be matched either belong
to buildings that had no residential population (e.g., a factory or warehouse), to
houses that were constructed after 1860, or to houses that were missing from the
census for other reasons. Of these matched contracts, 1,564 are unique. As houses
changed owners, a new contract had to be written and thereby counted twice or
more in the data. Furthermore, I am not able to separate addresses with the same
street name and street number, but separated by letters (e.g., a, b, ¢, d). These
addresses were part of the same building but with different entry doors and are
unfortunately not well distinguished in the census data. I merge these special cases
at their street name and street number.

Mortality data are available from the Swedish genealogical society (Sveriges

slaktforskarforbund). Recently, they digitized all deaths in Sweden between 1860

2'However, it is likely that the available census data are incomplete. Summing up the total
number of inhabitants in the data, without exclusions, I have 107,191 residents compared to the
official number of 117,000. Some parts of the archive could unfortunately have gone missing over
the years.
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and 2017 in their searchable database, The Swedish Death Index (SSF, 2018). This
database contains information on date of birth, date of death, sex, marital status
at time of death, and address at the time of death. The primary underlying source
for this database is the parish records. I merge the mortality data with the census
population and water contract data using month and address of death.

The data do not contain information on cause of death. Although this is a
limitation, using all-cause mortality allows me to capture the effect on cases where
cholera is an underlying, but not the primary, cause of death and on cases where
cause of death is missclassified. The mortality data further allow me to separately
construct mortality measures at different ages and by sex.

Observing a consistent population of residential houses over time implies that
some of the mortality (and water contract) data are lost. The crude mortality data,
between 1860 and 1872, contain 52,172 entries of disease. A meaningful fraction of
these belong to institutions that are not used in the data. At least 8,000 entries
belong to an institution, where the largest one is an orphanage (Allména Barn-
huset) that contains approximately 3,000 deaths. A further 9,000 entries have a
valid address but cannot be matched to the sample. This is due to houses missing
in the census data, newly constructed residential buildings not existing in 1860,
or buildings that were not inhabited in 1860 but were later. Finally, I have ap-
proximately 35,000 deaths that are within the sample selection criterion, of which
6,500 are missing on either street address, street number, or both. The final sample
contains 28,557 valid observations of diseased individuals. More information on the

matching procedure is provided in the Appendix (see section 7).

4 Empirical Approach

To analyze how access to filtered water affected cholera mortality, I use July-October
as months with cholera and define a dummy variable indicating these months in 1866
(Choleray). 1 further divide the sample into two parts, buildings that had water
in June 1866 and those that did not, to have a treatment measure that cannot

respond to the shock. Since the shock was only active for four months, this narrow
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time frame reduces the scope for having an in-house tap installed in response to the
shock. Figure 4 shows that only a small fraction of the water users connected during
the cholera shock of 1866, more reflecting it being summer when the temperature

allowed for digging than a demand response.

Figure 4: Cumulative Number of Water Contracts in the Data
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Note: The figure shows cumulative unique contracts in Stockholm between 1860 and 1872.
Unique means that only the first occurrence of a contract at a specific address is counted. The
same building could have several contracts in the data if the house, e.g., changed owners during

the period. The cholera shock is marked in gray.

Since the aim of this analysis is to compare mortality between groups of houses
during a cholera shock, it is vital to understand which houses belong to these
different groups. The treated group are houses that had connected to the water
network and signed a contract prior to June 1866. The control group consists of
houses that did not have water at that time. Table 2 presents descriptive statistics
of the variables used in the analysis. At the time of the cholera epidemic of 1866, 26
percent of the houses in the data had in-house filtered water. Access had increased
to 49 percent as of the end of 1872.

Moreover, the houses that connected to the water distribution network are rela-
tively large, especially early adopters. The average number of inhabitants in these
houses is 38, compared to 29 in the control group. While houses with and with-

out water in 1866 had a similar mix of men and women, there are somewhat more
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Table 2: Descriptive Statistics

Mean SD Min Max  Observations

Water Variables

In-house Water 0.239 0426 0 1 499356
Water Before Cholera 0.260 0.438 0 1 499356
Water Before Cholera x Cholera 0.007 0.081 0 1 499356
Water Before 1873 0.490 0.500 0 1 499356
Months From 1859 79 45 1 156 499356
Rooms (Ever Water Sample)

Rooms per House 33 32 1 312 1567
Residents per room .79  1.88 0.02 24.00 1567
Census Data

Popualtion in 1860 31.46 28.06 1 346 3201
Fraction female 1860 0.57  0.13 0 1 3201
Households per House 1860 6.30  5.42 1 62 3201
Streets in data 23 21 1 137 3201
City Blocks in Data 250 142 1 492 3201
Addresses in data 1601 924 1 3201 3201
Mortality Variables (Monthly)

Mortality Count 0.057 0.275 0 34 499356
Mortality (per pop) 0.002 0.015 0 1 499356
Mortality (100k pop) 215 1520 0 100000 499356
Female Mortality (100k pop) 107 1087 0 100000 499356
Male Mortality (100k pop) 108 1018 0 100000 499356
Child Mortality (100k pop) 97 996 0 100000 499356

Note: The water and mortality variables come at a monthly frequency at the address level. The
“Ever water sample” includes addresses that eventually obtained a water contract up to 1872.
The census provides cross-sectional data for 1860 only.

households in the treated houses, reflecting that the latter were relatively larger.??

This can to a large extent be explained by the initial distribution network being

22This can be more directly seen by comparing houses that had water before 1866 to those that
had water after 1866 but before 1873. Houses with water before 1866 have on average 39 rooms,
while later adopters only have 25 on average. See table 5.
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concentrated in the central part of Stockholm, where there were also large houses.
I include these control variables in the main regression model to account for these
differences.

As the main outcome variable, I use the mortality rate per 100,000 population at
each address and month. To create this variable, I collapse the data to the address
and month level. T divide by the population in 1860 and multiply by 100,000. The
same procedure is used for measures of child mortality and for mortality by sex.

The empirical approach is a difference-in-differences design, following the early
work of John Snow (Lechner, 2011). To this end, I create an interaction between
water before the cholera shock and the four cholera months. With time and address
fixed effects, the main effects of the interaction are subsumed. I include a time-
and address-varying water dummy in all specifications ( Water,;) that describes the

timing of water contracts at each address, leading to the following model:

Mortality,, = B'(Waterf,zl%ﬁ(‘]“"e) -Choleray)+0- Watery, + Xt 46,4y, +vpe. (1)

In equation 1, v, and ¢, are street address and unique month fixed effects. X’t,
are the predetermined house characteristics described above that interact with the
time dummies, i.e., population, fraction female, and number of households. v, is
a random disturbance term. With this design, I am comparing the difference in
mortality during the cholera shock between houses with and without water to the
difference in mortality between the same groups before and after the cholera shock.

The regression model, equation 1 above, is estimated using weighted least squares
(WLS) while weighting by the number of residents in each building in 1860. Since
there are large differences in house populations and mortality at the address-month
level is uncommon, weighting can reduce noise in the data and thereby increase
precision. Standard errors are clustered at both the time dimension (month) and at
the city block level to account for common shocks in time and geographically cor-
related persistence over time for houses close to one another (Cameron and Miller,

2015).
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5 The Effect of Having Filtered Water during a
Cholera Outbreak

The first evidence I present is graphical and shows the monthly mortality rate over
time (per 100,000 population in 1860) for houses with and without filtered water
in June 1866. These results are presented in figure 5. The water group, containing
approximately 25 percent of the houses in the data, is naturally somewhat more
volatile than the group without water in 1866. Nevertheless, there is a clear co-
movement between the two series, in both trends and levels. If these groups were
different on characteristics related to mortality, we would expect to see at least

differences in mortality in levels.

Figure 5: All-Age Mortality Rate between Water and No Water in 1866
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Note: The cholera shock is marked in gray. The two groups described in the figure are defined
based on having a water contract in June 1866. The water group (black) had a water contract
before June 1866, while the no-water group (gray) did not.

The exception to this co-movement is during the time of the cholera shock.
During those months, there is a clear spike in mortality in the group of houses
without filtered water, while there is almost no response in houses with filtered
water. After the shock, the series converge again and move closely together. Con-

sistent with other accounts of cholera, the disease spreads rapidly after entering the
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population and rather quickly decreases in intensity (Koch, 1894). According to
official records, peak mortality was only four weeks after the first case was recorded
(Sundhets-collegii, 1869, pp.25).

The difference in mortality as cholera spread in Stockholm is even more apparent
if we focus on the 1.5 years before and after the shock. Figure 6 shows this restricted
version, where we can see more clearly that mortality peaked in the first month after
the start of the epidemic. Furthermore, mortality was only higher for houses without
water until the second month into the epidemic and then subsumed in intensity to
more comparable levels. Mortality before cholera followed the same trend between
the two groups and returned to a common path after cholera. After the epidemic,
there was a small dip in mortality for both treated and controls. This dip could
reflect both behavioral changes after the epidemic and a shift in mortality over
time.?

Figure 6: All Age Mortality Rate between Water and No Water in 1866
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Note: The cholera shock is marked in gray. The two groups described in the figure are defined
based on having a water contract in June 1866. The water group (black) had a water contract
before June 1866, while the no-water group (gray) did not.

To be more specific about the magnitude of the protective effect of filtered

23Behavioral changes could include people being extra cautious in terms of movements or inter-
actions after the epidemic. Shifting mortality over time means that people who in the absence of
the epidemic would have died after the shock, but now died during the shock.
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water, regression models are used that estimate equation 1. Table 3 (panel A)
shows separate estimates for females, males, and for both sexes under the age of
five. In column 1, the interaction effect of filtered water during the cholera shock is
-131 (se= 60) deaths per 100,000 population. Since the average monthly mortality
rate was 259 per 100,000 population during the cholera period, the estimated effect
amounts to a 50 % reduction in mortality over the four months of cholera. The
effect is almost exactly the same for males and females and somewhat smaller for
children under five, likely reflecting that young children were not infected by cholera

to the same extent as adults.

Table 3: Does Filtered Water Protect Against Cholera?

Outcome: Mortality Rate per 100,000 Population

All Women Men Under 5
(1) (2) (3) (4)
Panel A.
Water x Cholera -131.31972  -66.69967  -64.62005  -28.78169
(59.60666) (30.08416) (33.21549) (20.11003)
Panel B.
Water x Cholera:
First Month -207.15492 -122.31294 -84.84198  -29.09534
(59.82604) (27.84917) (32.56129) (17.18516)
Second Month -185.65061 -69.23194 -116.41867 -69.11705
(60.76466) (26.96423) (33.79723)  (20.12995)
Third Month -76.76850  -65.67822  -11.09028  -26.32293
(53.19313)  (28.05164) (23.29181) (17.04716)
Fourth Month -55.93768 -9.72467 -46.21302 9.33404
(26.08427)  (8.11208)  (17.98883)  (4.07899)
Mean 215.2020 112.8707 115.3932 102.5151
Observations 499356 499356 499356 499356
Note: FEach column in panel A displays results from a separate regression for the in-

teraction term: water before July 1866 and the four months of cholera in 1866
(July-October). Panel B reports four interactions for each of the cholera months.
All models include month and address fixed effects and controls for the number of
households, population size, and fraction of females residing in the building in 1860
(interacted with time effects). In total, the data contain 3201 unique addresses.
Standard errors are clustered at both the time level (G; = 154) and at the city
block level (G2 = 492). All regressions are WLS using house populations in 1860
as weights.

Panel B displays the same models but where I define treatment for each of
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the four cholera months. This provides more information on the dynamics of the
epidemic over time. It is clear from panel B that cholera was most active during the
first two months and had a much smaller impact thereafter. During the first month,
houses with piped water had 207 fewer deaths per 100,000 population. During the
last cholera month, there were only 56 fewer deaths in houses with filtered water.
This trend is similar for men, women, and children.

Although the regression results are consistent with the visual evidence presented
in the figures above, the estimated effects could still be sensitive to deviations from
the specification described in equation 1. Particularly since the treatment time
period is short and only constitutes a small fraction of all time periods in the
data, the estimates could be sensitive to alternative specifications. Table 4 presents
regression estimates from several different specifications, highlighting the robustness
of the main findings presented above.

Column 1 of table 4, shows the population-unweighted difference-in-differences
estimate without control variables. First, excluding control variables is relevant
to make clear how important they are for identification. The point estimate is
reduced to -85 (se= 36) without control variables but remains significant and is
not statistically different from the WLS estimate with control variables. Second,
weighting the observations by population size can be important if treatment effects
are heterogeneous in that dimension. The same model without control variables is
also estimated using WLS, with weights according to the 1860 population, resulting
in a slight increase of the point estimate (estimated effect: -97 (se= 38)). This
congruence between weighted and unweighted estimates serves as a specification
check and indicates that there is limited heterogeneity in the effect across houses
with different population sizes (Solon et al., 2015).

Another concern is that the underlying (mortality) data are in actual counts at
this very low level of aggregation and that further include many zero observations
(the mortality count mean is 0.0572). Since it is not clear that OLS performs well
under this type of data generating process, I compare OLS estimates on count data
to a count data estimator (i.e., a Poisson estimator). When estimating the effects

of filtered water using these two estimators, I find that they are very close. OLS
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suggests that filtered water reduced cholera mortality by 46 percent (at the mean
of the outcome), while the Poisson estimator finds that mortality was reduced by

approximately 44 percent.**

Table 4: Specification Checks

Mortality Rate per 100’000 Pop Mortality Count
Model: OLS WLS OLS Poisson

(1) 2 3) n

Water x Cholera  -85.91743 -97.09771 -0.02631  -0.37175
(35.70893) (37.98707) (0.01011)  (0.13571)

Mean 215.2020 215.2020 0.0572  0.0572

Observations 499356 499356 499356 456300

Note: FEach column displays results from a separate regression for the interaction term:
water before July 1866 and the four months of cholera in 1866 (July-October). The
model used includes month and address fixed effects. There are no control variables
in these models to provide comparisons to other specifications with control variables.
In total, the data contain 3201 unique addresses. Standard errors are clustered at
both the time level (G; = 154) and at the city block level (G2 = 492). In column 4,
standard errors are clustered at the block level only.

6 Conclusion

Cholera emerged as a feared and lethal disease in European cities during the first
half of the 19th century. However, long before effective treatment or a vaccine
against cholera was invented, cholera mortality in continental Europe had declined
dramatically. This development coincides with water improvements in many Euro-
pean cities beginning in the 1830s. This paper studied the case of Stockholm and
how access to filtered water on tap protected against cholera during its last out-
break in 1866. To do so, new and detailed information on mortality and in-house
filtered tap water at the address level during the 1860s was used.

The findings showed that filtered water was an important technology for pre-
venting cholera-related mortality. Residents of houses with access to tap water

were nearly immune to cholera, in contrast to those without such access. These

24Using the correction for a log difference approximation (%372 — 1) x 100 ~ 44%.
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findings emphasize the importance of waterworks during the 19th century in reduc-
ing mortality from cholera. If water filtration was most effective in mitigating truly
waterborne diseases, such as cholera, it may have been less important for the mor-
tality decline at later stages of development when cholera was not present anymore
(Anderson et al., 2019).

Water filtration is not the only possible reason for the decline in cholera, which
could have been aided by other public health efforts. Better quarantine rules for
migrants and merchants, improvements in living standards (nutrition), and medical
advances (rehydration therapy) could have reduced morbidity and mortality from
cholera and other epidemic waterborne diseases (Preston, 1975; Mckeown et al.,
1975). However, the analysis showed that filtered water on its own was sufficient to
almost entirely prevent cholera mortality among those with access.

Although this research found that filtered water was effective in preventing
cholera mortality, quantifying the full benefit of waterworks in relation to cholera
is complicated due to the positive externalities of almost all contagious disease-
mitigating technologies. Constructing waterworks in a specific city could, e.g.,
reduce the probability of cholera appearing in other, nearby cities. In this way,
waterworks in cities situated at the center of extensive trade networks could have
been important for stopping the further spread of cholera. While heavily affected by
imported infectious diseases, these cities were likely early adopters of technologies
that reduced disease propagation, such as waterworks or strict quarantine rules.

An interesting avenue for future research would be to further this line of reason-
ing by mapping out trade routes, cholera outbreaks, and waterworks. If important
trade hubs constructed water cleaning infrastructure, other more peripheral cities
could have benefited from the reduced spread of disease. In this way, it could po-

tentially be possible to quantify some of the positive externalities from waterworks.
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7 Appendix

7.1 Data set construction

The mortality data used in this paper were collected and transcribed by the Swedish
genealogical society using parish church books for all deceased individuals in Swe-
den from 1860 onward. The information available in these records is sex, address
at death, parish of death, parish of birth, date of birth/death, and marital status
(including widowed). Loading the raw data, I have 52,172 recorded deaths for the
city of Stockholm between 1860 and 1872. I do not use mortality recorded at insti-
tutions or organizations such as elderly homes, hospitals, orphanages, or delivery
clinics. Although I could map out some of these institutions to addresses, many of
these would have a huge impact on the estimates, and changes in the institutional
environment, new institutions or locations, would make the analysis rather compli-
cated. Furthermore, there are many missing addresses for these institutions, and
some of them keep their own parish records (death books).

Below, I provide some information on where the missing mortality data come
from. First, there are 2,520 deaths that are completely missing address information.
A total of 543 of these are noted as dying at a delivery clinic (and a handful
of these are also at a hospital). At the time, delivery clinics (by law) allowed
parents to remain anonymous and hand over newborns to foster care (organized
by orphanages). These infants would not be exposed to the home environment
of the parents and could be placed in foster care anywhere in Sweden. A further
350 of these deaths are recorded at military installations, some of which kept their
own death records (but often lacking the address of death). Additionally, more
than 300 records missing address information come from parishes/congregations
not belonging to the Swedish protestant church. The English, Finnish, and Jewish
congregations in Stockholm would also gather members from other parts of Sweden
without a congregation. A total of 1,250 of the 2,520 observations without address
information are listed in the geographical parishes of Stockholm and should be in
the data if a useful address had been provided. These are unidentified deaths and

deaths of individuals without a known address. Many of these have double zeros as
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entries for month and day of birth, suggesting that their age has been estimated.
This could mean that they were visiting or recently migrants to Stockholm not yet
registered as residents.

Next, of the 49,652 observations that are left, 11,979 lack a proper address.
Almost 3,000 deaths without a proper address come from the death books of the
largest orphanage in Stockholm at the time. Many more of these are institutional
deaths, and many of them should not be in the sample; 6,094 belong to the 8
geographical parishes and could possibly be in the data. Of these 6,094 deaths,
more than half of the observations still belong to an institution (as described in the
address field). Notably to an orphanage (Stora Barnhuset, 510 observations), the
city morgue (Stockholms stads Barhus, 376 observations), and work houses for the
poor (Fattighuset, 817 observations). Out of these nearly 12,000 deaths, at least
8,000 are listed in an institutional death book or have an institution written in the
address field.

In the final stage, the different data sources were matched together. The cen-
sus was used to set up a sample of addresses that were populated and existed in
1860. The water data, containing clearly written contracts, were rather easy to
merge. The mortality data were more complicated. Since many streets changed
names during the 1850s, there were many names not merely misspelled or misinter-
preted but also describing a street using an old name. I looked through all street
names that I could not easily match to the census using internet resources (mainly
Stockholmskéllan providing historical photos and documents from Stockholm) and
Westlund and Stahre (1986) where historical street names in the inner city are
detailed. Furthermore, I made use of a map from 1863 where all existing street
names were listed (unfortunately, the street numbers were not written out). With
this map, I could benchmark that a street number existed. I used this map and
inspected all street names that were given a street code.?

Using these sources, I was able to match most of the address fields to a street
name. Approximately 6,500 deaths with a valid street name and number could not

be matched to the census. These missing data could be due to typos, transcription

25See Stockholm map 1863 at Stockholmskallan, last accessed 2020-03-09.
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errors, or addresses not existing in 1860. If there were several streets with the same
name, of which there were a handful in Stockholm at this time, I only matched
those where the geographical parish matched the street name. For example, “Lilla
Badstugatan” exists in both the Sofia and Clara parishes. Only entries with that
address registered in either of these geographical parishes were used to avoid placing
deaths at the wrong address. See figure 9 for an example of the matching. The

matching sheet is available from the author upon request.

7.2 Additional Figures and Tables

Table 5: Treated, Controls, and Ever Treated

Variable (mean) All  Treated Control Control | Water
After Cholera
Population 32 38 29 36
Fraction Female 0.57 0.57 0.56 0.57
Households per House 6.3 7.3 6.0 7.3
Rooms per House . 39 . 25
Residents per Room . 1.46 . 2.16

Note: The table shows averages of different variables measured in 1860 or recorded
in the water contracts (rooms in building). These averages are presented for
different groups in the data. Ever treated are those that eventually had a
water contract in the data, i.e., before 1873. The ever treated controls are
then houses that were listed for a contract after June 1866 but before 1873.
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Figure 7: Map of Water Network Construction over Time

Note: Blue lines represent the distribution network at the time of its introduction in 1861.
Yellow lines show the additional pipes laid during the 1860s, and the other colors represent later
construction. Source: Stockholm Water Company archive at Stockholm City Archives.
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Figure 8: Water Contract List Data

Note: Example of the contract list data between 1861 and 1872. From the left, the data include
contract number, contracting date, contract holder name, resident parish, block name, street
address and number of rooms debited (total yearly cost). Source: Stockholm Water Company

archive at Stockholm City Archives.
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Figure 9: Example of Matching

A B C D E F
1 'sname scode Forsaml Férsamling water Dead
2 ?-gatan Adolf Fredrik 1
3 | Kungsholmsbrogatan Klara 1
4 |, Vattugatan Klara 1
5 |.. Kungsholmsbrogata Klara 1
6 Adolf Fredrik kyrkogata 58 Adolf Fredrik 1
7 Adolf Fredrik Sédra Grand 58 Adolf Fredrik 1
8 Adolf Fredrik S6dra Kyrkogata 58 Adolf Fredrik 1
9 Adolf Fredriks Kyrkogata 58 Adolf Fredrik 1
10 Adolf Fredriks S Kyrkogata 58 5 Adolf Fredrik 1
11 Adolf Fredriks Sédra Gata 58 Adolf Fredrik 1
12 Adolf Fredriks Sédra Kyrkogata 58 5 Adolf Fredrik
13 Adolf Fredriks Sédra Kyrkogata 58 Adolf Fredrik 1
14 |Adolf Fredriks torg 600 Maria
15 Adolf Fredrikskyrkogata 58 Adolf Fredrik 1
16 Akademiegrand 154 6 Klara 1
17 |Akademigrand 154 6 Klara
18 Akademigrand 154 Klara 1
19 Albano 601 Johannes
20 Allm grand 602 Stockholms finska 1
21 Allmana grand 602 Hedvig Eleonora 1

Note: Example of how the matching took place. Unique street names from all three data sources
were appended to one file and sorted on name. Sname is the street name, providing a common
street code for all spellings. Scode is the street code that I assigned to all contracts, houses, and
deaths that with the same name. Forsaml and Forsamling are the parishes from the death data
and contract list data. Water and dead columns indicate the source of each street name,
meaning that if no indication on these variables, the source is the census. A missing scode means
that no match was done, and the data were excluded.

35



	water.pdf
	Introduction
	Background
	Filtered Water in Stockholm
	The Technology for Cleaning and Distributing Water
	Cholera – ``The Blue Death''
	Cholera in Stockholm 1866

	The Historical Data Sources
	Empirical Approach
	The Effect of Having Filtered Water during a Cholera Outbreak
	Conclusion
	Appendix
	Data set construction
	Additional Figures and Tables



