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a  b  s  t  r  a  c  t

Increasing  awareness  of the  negative  effects  of urban  sprawl  has  made  sprawl  a topic  of  great  debate.
However,  higher  efforts  are  needed  to  protect  forests,  agricultural  lands,  and other  open  spaces  from
urban sprawl.  This study  compares  patterns  of  accelerated  increase  in  sprawl  in  the  Montreal  and  Quebec
Census  Metropolitan  Areas  in  Canada  with  the  Zurich  metropolitan  area  in  Switzerland  between  1951  and
2011. We  applied  the recent  metrics  of  urban  permeation  (UP)  and  weighted  urban  proliferation  (WUP)
to  measure  urban  sprawl.  Urban  sprawl  has  accelerated  continuously  in Montreal  and  Quebec  since
1951.  Here,  the  fastest  increases  in  sprawl  have  been  observed  in  the  last  25  years,  whereas  in  Zurich  the
strongest  acceleration  was in  the  1960s.  Urban  sprawl  has  increased  exponentially  in Montreal  since  1951.
On the  Island  of Montreal,  the degree  of  urban  sprawl  (WUP)  increased  26-fold  from  0.49  UPU/m2 in  1971
to  12.74 UPU/m2 in 2011,  while  in  Quebec  City  it increased  9-fold  from  2.41  UPU/m2 to 21.02  UPU/m2 from
1971  to  2011.  In contrast,  the  level  of  sprawl  (WUP)  in  the  Inner  Zurich  metropolitan  area  increased  almost
3-fold  from  3.12 UPU/m2 in  1960 to 8.91  UPU/m2 in  2010,  i.e., it was  higher  before  1980,  but  then  was
surpassed  by  Montreal  and  Quebec  City.  The  strongest  increases  in land  uptake  per  person  were  observed
in  Quebec  City  and  on the  Island  of  Montreal,  while  it increased  only  slightly  in  Zurich.  Two  major  reasons
for  this  striking  difference  in  sprawl  dynamics  are  Switzerland’s  stronger  planning  legislation  since  1979
and a much  higher  level  of  public  transportation  availability  in  Zurich.  The  comparative  analysis  of  urban
sprawl  presented  in  this  study  can  greatly  help  land-use  planners  critically  assess  projected  plans  and
control  urban  sprawl  and  its  negative  consequences.  The  WUP  method  can  also  be used  to  establish
targets  and  limits  to urban  sprawl  and  to evaluate  the  effectiveness  of measures  to  control  sprawl.

©  2015  Elsevier  Ltd. All  rights  reserved.

1. Introduction

More than half of the world’s human population has been living
in urban areas since about 2008 as a consequence of popula-
tion growth and a movement of people from rural to urban areas
(UNFPA, 2007). For example, while only 50% of Americans lived

Abbreviations: CMA, Census Metropolitan Area; CMM,  Communauté Métropoli-
taine de Montréal; DIS, dispersion; FSO, Federal Statistical Office of Switzerland;
LUP,  land uptake per person; MA,  metropolitan area; NTDB, National Topographic
Database; PMAD, Plan Métropolitain d’Aménagement et de Développement; RCM,
regional county municipalities; TLM, topographic landscape model; TOD, transit-
oriented development; UD,  utilization density; UP,  urban permeation; URSMEC,
URban Sprawl MEtrics Calculation (tool); WUP, weighted urban proliferation.

∗ Corresponding author. Tel.: +1 514 848 2424x5481.
E-mail addresses: naghmeh.nazarnia@concordia.ca (N. Nazarnia),

christian.schwick@wsl.ch (C. Schwick), jochen.jaeger@concordia.ca (J.A.G. Jaeger).

in cities in 1950, 80% lived in metropolitan areas by the 1990s
(Putnam, 2000). In many cases, this has resulted in urban sprawl, in
particular in North America where low-density suburban develop-
ment and automobile dependency have been prevalent, but also in
many other places all over the world for similar reasons (Irwin and
Bockstael, 2002; Batisani and Yarnal, 2011; Hennig et al., 2015).

1.1. Causes and consequences of urban sprawl

Many factors contribute to the particular pattern of urban devel-
opment known as urban sprawl, e.g., consumer preferences for
inexpensive lots, single-family detached housing, and for living in
green low-density neighbourhoods, and the wish for second homes.
Telecommunication improvements and low gasoline prices have
made human choices of dwelling locations more independent of
their distances from central facilities (Ewing, 1997). Unorganized
patterns of growth have resulted from planning activities without
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a clear vision for the future (Wright and Boorse, 2013). Public poli-
cies, such as taxation systems, subsidies, and road construction,
may  contribute to, or moderate, the drivers of urban sprawl.

However, sprawl is an unsustainable form of development due
to its many harmful environmental, economic and social effects.
Soil sealing, increasing scarcity of land for renewable energy
and food production, increase in greenhouse gas emissions and
water pollution, loss of habitats and valuable ecosystem services,
lower infrastructure and public transportation efficiency, long com-
muting times, and reduced civic involvement in the society are
widespread consequences of urban sprawl (Haber, 2007; Frumkin,
2002; Forys and Allen, 2005; Siedentop and Fina, 2010; Ewing,
1997; Putnam, 2000).

In Canada, urbanization is the second most important human
activity causing habitat loss, which in turn is the most prevalent
threat to endangered species in this country (Venter et al., 2006).
The effects of urban sprawl are cumulative, i.e., they result from the
combination of all development projects, and most are irreversible
in human time spans. Therefore, effective efforts are needed to
better apprehend, measure, and control sprawl.

1.2. Definition of urban sprawl

The wide variety of definitions of “urban sprawl” have ren-
dered the term fuzzy (Audirac et al., 1990). Three main reasons
for this confusion are that (1) sprawl has been defined differently
by different disciplines (Bhatta et al., 2010); (2) it is difficult to dis-
tinguish “sprawl” from similar terms such as “suburbanization” or
“suburban development” (Maier et al., 2006); and (3) causes and
consequences of sprawl are often confused with the phenomenon
of sprawl itself (Jaeger et al., 2010a). Hence, a reliable definition
of urban sprawl is needed, and this study uses the following: “The
more area built over in a given landscape (amount of built-up area)
and the more dispersed this built-up area in the landscape (spa-
tial configuration), and the higher the uptake of built-up area per
inhabitant or job (lower utilization intensity in the built-up area),
the higher the degree of urban sprawl” (Jaeger and Schwick, 2014).
This definition is based on a comparison of definitions in the liter-
ature (Jaeger et al., 2010a) and served to develop a recent metric of
sprawl according to 13 suitability criteria (Section 2.2).

1.3. Comparing urban sprawl in Canada to Switzerland

There is increasing consensus among scholars, decision mak-
ers, and the general public that most Canadian cities are severely
affected by urban sprawl. However, most studies in Canada focus
on the consequences and other aspects of sprawl rather than the
degree of sprawl itself. Examples are the investigation of direct
and indirect impacts of urban development on land conversion by
Pond and Yeates (1993) and the comparison of residential density
between four major metropolitan areas of Canada by Filion et al.
(2010). The latter study identified Montreal as a more administra-
tively fragmented and decentralizing metropolitan area compared
to Toronto, Vancouver and Ottawa. A study about the relation
between municipal fragmentation and suburban sprawl in North
American cities identified Montreal and Quebec City as the most
municipally fragmented metropolitan areas in Canada (Razin and
Rosentraub, 2000). When comparing 96 cities in North America,
Montreal and Quebec City were found to be more similar to US
metropolitan areas than most other Canadian metropolitan areas
(since five of the ten least fragmented metropolitan areas were
Canadian: Toronto, Calgary, Hamilton, Winnipeg, Vancouver and
Ottawa; Razin and Rosentraub, 2000). Municipal fragmentation
was measured based on the number of local governments in rela-
tion to the number of residents, the existence of multi-purpose
metropolitan governments, and the proportion of population in

the cities of more than 100,000 residents in the metropolitan area.
A low level of municipal fragmentation did not directly correlate
with compact urban development. However, a low level of munici-
pal fragmentation could be a precondition for less dispersed urban
development because the existence of numerous local govern-
ments may  encourage sprawl through less coordinated planning
(Razin and Rosentraub, 2000).

Few studies have measured urban sprawl in Canada. Sun
et al. (2007) used Shannon’s Entropy to measure the level of
urban sprawl in Calgary for six points in time: Shannon’s Entropy
increased continuously from 0.850 in 1985 to 0.905 in 2001 indi-
cating an increase in urban sprawl.

The Montreal and Quebec Census Metropolitan Areas (CMAs)
lack a quantitative assessment of urban sprawl. About half of the
population of the Province of Quebec lives in the Montreal CMA,
and one-tenth lives in the Quebec CMA. Located on the north bank
of the Saint Lawrence River, Quebec City is among the oldest settle-
ments in North America and is the political capital of the Province.
The Montreal and Quebec CMAs comprise lands that are among the
most fertile in Canada. However, many fertile areas have been con-
verted to urban land use during the past few decades. In Montreal,
population growth in combination with a continuous reduction in
population densities in the central zones of the city since 1950 can
partly explain the current level of urban sprawl. In the 1960s, the
population spread towards the Eastern and the Western parts of
the Montreal Island and to Laval (north of Montreal Island), which
resulted in a high increase in urban sprawl. Since 1996, migration
to suburbs located further from the Island of Montreal has also
risen strongly (Linteau, 2013). In Quebec City, population growth
along with the extensive growth in the amount of built-up areas are
among the main drivers of urban sprawl. Between the years 1971
and 2006, the population of the Quebec CMA increased by 62%,
where during the same period of time, the built-up areas increased
by 261% (CMQ, 2006).

The Communauté Métropolitaine de Montréal (CMM) council
published a metropolitan land use and development plan in 2011,
entitled “Plan Métropolitain d’Aménagement et de Développe-
ment” (PMAD), that presents the projected urban development and
the associated land-use challenges in greater Montreal. The CMM
estimated that the population of greater Montreal will increase
by 530,000 additional people (or 320,000 households) by 2031. It
also predicted that 150,000 new jobs will be created by 2031. The
CMM proposed that transit-oriented development (TOD) neigh-
bourhoods should be the main focus for future urban development
to increase mass-transit use and reduce the proportion of private
transport. The PMAD also suggested that the densification of the
urban areas between the vacant lands outside of TOD zones should
be considered in projected developments (CMM,  2011).

We wanted to compare Montreal and Quebec with a contrasting
region that (1) has a significantly higher modal share for public
transport, (2) has a longer history of development with a significant
level of sprawl in the 1960s, and (3) has a stronger regional planning
legislation than Canada, while (4) it is part of the Western cul-
ture and has a comparable lifestyle. Therefore, we selected a region
from Europe: Zurich metropolitan area (MA). The cantonal govern-
ment of Zurich created a Specialist Department for Spatial Planning
(Fachstelle für Raumplanung) in 1942, which is the Office for Spatial
Development (Amt für Raumentwicklung) today. Sensitive areas
were protected from construction activities by regulations in the
canton of Zurich for the first time in 1942. The canton has imple-
mented Regional Comprehensive Plans (regionale Gesamtpläne) on
a regular basis since 1948. The revision of the Construction Act in
1959 distinguished designated building zones from non-building
zones. The designated building zones of the years between 1964
and 1973 were rather large, based on the predicted increase in pop-
ulation and employment, and they were significantly reduced in



N. Nazarnia et al. / Ecological Indicators 60 (2016) 1229–1251 1231

1978 and again in 1995, when large parts of them were re-zoned as
agricultural land. According to the most recent cantonal Richtplan
(structure plan) of 2014, new building zones will be designated only
in exceptional cases. Additional reasons for choosing Zurich were
the availability of high-quality data (Jaeger and Schwick, 2014) and
the similar size of the Inner Zurich MA  as Montreal Island and Que-
bec City. Similar to Montreal and Quebec City, which are located
on the shore of the St-Laurence river, Zurich is located along the
shore of Lake Zurich. Zurich contrasts with the selected Canadian
cities in its historic development. Montreal was founded as a city in
1642 and Quebec in 1608, whereas Zurich has been settled for about
2000 years. Zurich has more rigorous regional planning legislation.
The Zurich MA  is distributed among seven cantons (Zurich, Aargau,
Schwyz, Zug, Schaffhausen, Thurgau and St. Gallen), and its settle-
ment structure is polycentric. Modal share of public transport in the
Zurich MA  is 63% (Statistisches Amt  Kanton Zürich, 2012), whereas
it is only 22.2% for work trips in Montreal CMA  and 11.3% for work
trips in Quebec CMA  (StatCan, 2011a).

In Switzerland, urban sprawl is hotly debated. The Federal Pres-
ident of the Swiss Confederation Leuthard and Federal Chancellor
Casanova recently concluded that “urban sprawl and the destruc-
tion of arable land are unsolved problems of regional planning”
(Leuthard and Casanova, 2010). The Federal Statute on Regional
Planning of 1979 already included a responsibility to avoid sprawl
by ensuring that land is used economically and that the extension
of settlements is limited (LAT, 1979). It strengthened the role of
the designated building zones and clearly reduced the number of
new buildings constructed outside of these zones. However, the
municipalities can designate new building zones almost entirely
autonomously, and both the building zones and the built-up areas
in Switzerland have grown apace since (FSO, 2012), i.e., the Federal
Statute has not succeeded in preventing the extension of built-up
areas. It is primarily for this reason that the Swiss parliament pro-
posed a revision of the Federal Statute in 2013. The revision requires
that (1) the designation of new building zones must be limited
according to the anticipated need based on predicted population
growth in the next 15 years, and (2) levies must be introduced to
compensate for the increase of property values following the des-
ignation of new building zones (The Federal Assembly – the Swiss
Parliament, 2012). The Swiss voters accepted this proposal in March
2013 with a clear majority of 62.9%.

1.4. Research questions

This study addresses two research questions:

1) How quickly has the level of sprawl increased in the Montreal
and Quebec CMAs since the 1950s, and what are their current
degree and spatial pattern of sprawl?

2) What are the similarities and differences between Montreal
and Quebec (representing Canada) and Zurich (representing
Switzerland) in their level of sprawl in the last six decades?

We compared these three examples to illustrate the differences
between North-American and European metropolitan areas of sim-
ilar size and lifestyle and to look for contrasts between patterns of
urban sprawl and change over time. We  also explored potential rea-
sons for the differences. We  use the terms built-up area, settlement
area, and urban area synonymously in this paper.

2. Methods

2.1. Study areas

The three regions studied are the Montreal and Quebec CMAs in
Canada and the Zurich MA  in Switzerland; nested in them are the

three inner areas: the Island of Montreal, the City of Quebec, and
the Inner Zurich MA  (Fig. 1). The Montreal CMA  is Canada’s sec-
ond most densely populated metropolitan area (StatCan, 2011b),
located in the southwest of the province of Quebec, where the St-
Lawrence and Ottawa Rivers meet, with a land area of 4260 km2

and a population of 3,824,200 inhabitants (StatCan, 2012a). The
Island of Montreal has a population of 1,886,500 and a land area of
500 km2 (StatCan, 2012b). The Quebec CMA  is the second most pop-
ulous area in the province of Quebec, with a land area of 3350 km2

and a population of 765,700 inhabitants (StatCan, 2012c). Que-
bec City has a land area of 454 km2 and a population of 516,620
inhabitants and is the capital of the Province (StatCan, 2012d). Our
definition of Quebec City includes parts of the south shore as a part
of the City as it is highly urbanized, even though the south shore is
not officially a part of Quebec City (including the south shore, the
land area of Quebec City is 554 km2 and its population is 612,092
inhabitants).

The Zurich MA  has a population of 1,820,000 and a land area
of 2131 km2 (FSO, 2011). It is located in the north of Switzerland
(Fig. 1b). Inner Zurich MA has a population of 929,000 inhabitants
(2010) and a land area of 514 km2 and is the largest continuously
urbanized area of Switzerland (own calculation based on FSO,
2011).

The extent of the CMAs of Montreal and Quebec changed
between 1951 and 2011; as a consequence, the information about
inhabitants and jobs was not available for the whole extent of the
2011 CMAs for earlier points in time. Therefore, for some areas
estimated values of inhabitants and jobs were used for the calcula-
tion of urban sprawl in 1951, 1971, 1986 and 1996 (calculation of
estimated values is described in Appendix B).

2.2. Metrics of urban sprawl

We used the metric of weighted urban proliferation (WUP) to
quantify the degree of urban sprawl of a landscape (or reporting
unit) (Jaeger and Schwick, 2014). WUP  is a combination of urban
permeation (UP), urban dispersion (DIS), and utilization density
(UD) according to the three dimensions of our definition of urban
sprawl (Section 1.2) (Fig. 2).

DIS measures the dispersion of built-up areas based on the dis-
tances between any two points within the built-up areas, expressed
in urban permeation units per square metre of built-up area
(UPU/m2) (Jaeger et al., 2010b). Its calculation requires the spec-
ification of the scale of analysis, which is denoted by the horizon of
perception (HP). People with an eye height of 180 cm can see the
surrounding area within a radius of 4.8 km due to the curvature of
the Earth (assuming there are no obstacles obstructing their view);
therefore, distances between 1 km and 5 km are suitable choices
for HP (Jaeger et al., 2010b). This study uses an HP  of 2 km.  Accord-
ingly, the maximum distance between any two points considered
within built-up area was 2 km.  The value of dispersion increases
when the HP increases; for example, the values of DIS for an HP
of 5 km are about 55–80% higher than for an HP of 2 km, and about
100–160% higher for an HP of 10 km.  The ranking order of reporting
units according to their DIS value can change when a different HP
is used, but this does not happen in most cases, as the sensitivity
analysis by Orlitová et al. (2012) has shown. The DIS is an intensive
metric, i.e., its value is invariant when the study area is enlarged
over an invariant spatial pattern. In the calculation of WUP, disper-
sion is weighted with a weighting function w1(DIS), which assumes
values between 0.5 and 1.5 to give higher weights to the more dis-
persed parts of the built-up areas (Jaeger and Schwick, 2014). We
used the URban Sprawl MEtrics Calculation (URSMEC) tool for the
calculation of the dispersion metric (Jaeger et al., 2008). The input
for the tool was  a binary map  of built-up areas (15 m cells). The out-
put of the tool was  a map  of so-called Si values that are assigned to
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Fig. 1. Study areas: (a) Montreal and Quebec CMAs (medium grey, delineation of 2011). The inner areas (Montreal Island and Quebec City) are shown in dark (Source: Statistics
Canada, 2011 boundary files. Scale: 1:2,000,000); (b) Zurich MA  (medium grey) and the Inner Zurich MA  (dark area) in Switzerland.
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Fig. 2. Relationships between the metrics of urban sprawl used in this paper.
WUP  = weighted urban proliferation, DIS = dispersion of built-up areas, UP = urban
permeation, UD = utilization density, w1 and w2 = weighting functions for DIS and
UD (modified after Jaeger and Schwick, 2014).

each cell and are the mean of the weighted distances between any
pixels of urban area and all other urban pixels within the horizon
of perception.

UP measures the extent of the urban area and its level of
dispersion (UP = built-up area*DIS). UP is an area-proportionately
intensive metric (Jaeger et al., 2010b) and is expressed in urban
permeation units per square metre of land (UPU/m2).

UD measures the density of inhabitants and jobs in the built-up
areas (number of inhabitants and jobs/built-up area). In the calcu-
lation of WUP, UD is weighted with a weighting function w2(UD),
which assumes values between 0 and 1 to give lower weights to
more intensively utilized urban areas, i.e., those that have more
inhabitants and jobs. The value of w2(UD) is close to 1 when there
are less than 40, and close to 0 where there are more than 100 inha-
bitants and jobs per hectare of built-up area (Jaeger and Schwick,
2014).

WUP  is the result of the combination of all three dimensions of
sprawl (Fig. 2).

2.3. Data sources

The calculation of the metrics requires only two datasets: a map
of built-up areas and information about inhabitants and jobs. For
the calculation of urban sprawl in Montreal and Quebec, we used
the CanVec dataset provided in vector format in 2007 by Natural
Resource Canada and updated in 2011, CanMap Route Logistics
(version 2011.3, a product of DMTI spatial), and national topo-
graphic maps (see Tables A1 and A2 in Appendix A for complete list
of all layers and features considered in the delineation of built-up
areas).

We used the same method to calculate the area of single build-
ings in the Canadian case studies as in the study of urban sprawl in
Switzerland by Jaeger and Schwick (2014). After gathering all rel-
evant entities from CanVec and CanMap datasets some limitations
were identified in these layers and suitable modifications were
applied. The main modification was the manual delineation of the
settlement areas based on the solitary buildings provided in point
format. According to our definition of urban areas, small vacant
lands located between solitary buildings are part of the urban area.
Therefore, these small open pieces of land were included in the
built-up areas. Wherever four or more buildings were closer to each
other than 100 m,  a new settlement area was delineated (examples
in Fig. 3a). There was one exception to this rule: when four or more
buildings were located in a row, the buildings were kept in their
original pattern. Therefore, around all the points representing soli-
tary buildings, buffers of a radius of 15 m were created (assumed
area of each building was !r2 = 706.5 m2).

Another modification was related to building footprints. The
datasets represent some urban features as building footprints, but
other industrial areas and residential areas as settlement areas that
include alleys and small vacant lands between the buildings. The
use of the building footprints alone would not allow for a com-
parison with the study from Switzerland. Therefore, we delineated
urban areas around the building footprints in a way  that small alleys

and vacant lands between the buildings were always included in
the settlement areas (Fig. 3b), similar to the study from Switzerland
(Jaeger and Schwick, 2014).

For the earlier years, historic datasets were not available in dig-
ital format. Therefore, we geo-referenced and digitized national
topographic maps of Montreal and Quebec at the scale of 1:50,000
backwards in time, starting from the base layer of 1996 (CanVec
data) (Fig. 4) using ArcGIS 10.1 (ESRI, 2011).

Lack of homogeneous data has been a common challenge for
studies of urban growth over time. Although the source data of
the CanVec and CanMap datasets are very similar, there are some
minor differences. For example, the same solitary buildings pre-
sented as points in CanVec are shown as building footprints in
CanMap. To reduce potential errors resulting from such differences,
data of 1996 (CanVec) were used together with 2011 data (Can-
Map) to produce built-up areas for 2011, i.e. all features of the 1996
built-up areas are part of the 2011 layer, resulting in a neglect of
the (small number of) built-up areas that may have been removed
between 1996 and 2011. In addition, assigning an average area (of
706.5 m2) to solitary buildings and potential digitization errors of
topographic maps may  have led to errors (potentially up to 10% in
the final results).

The information about inhabitants in Montreal and Quebec
came from the Canadian census for 1951, 1971, 1986, 1996 and
2011 (StatCan, 1951, 1971, 1986, 1996, 2011c). Job data in Montreal
and Quebec for 2011 were from the census of workplace of 2006
(StatCan, 2006). Canadian censuses have been conducted every
five years by Statistics Canada and are the main source of socio-
economic and demographic information. However, at census tract
level, the census of workplaces was  not available for 1951–1996.
Therefore, we  used a correction factor for the calculation of utiliza-
tion density for these years (Appendix B).

The base data for Zurich for 2010 were provided by Swisstopo’s
digital topographic landscape model TLM VECTOR25 at a scale of
1:25,000 (Federal Office of Topography swisstopo, 2013). Its set-
tlement areas were manually captured along their borders. Larger
open spaces within settlements were not recorded as urban areas
(if they covered 2–4 ha or more). However, this data acquisition
method is a little imprecise: in widely scattered settlements it can
be difficult to draw a clear distinction between closed urban areas
and single buildings. Despite this drawback, the TLM is still the
best available for delimiting settlements in Switzerland. Data for
2002 were obtained from the digital landscape model VECTOR25
(predecessor of the TLM) (Federal Office of Topography swisstopo,
2002). On this basis, settlement areas of 1960, 1980 and 1990 were
digitized using 1:100,000 maps. Urban areas were delimited using
the same criteria as TLM and VECTOR25 (Jaeger and Schwick, 2014).
Single buildings outside closed urban areas were manually digitized
using the same maps, and were assigned spaces based on existing
data (VECTOR25, National Register of Buildings and Dwellings).

Data about inhabitants in Zurich were drawn from the censuses
of 2010 (FSO, 2011), 2000, 1990, 1980 and 1960 (FSO, 1850–2000),
and jobs for 2010 and 2002 from the federal business census of 2008
and 2001 (FSO, 2002, 2009). For earlier times, we used commuter
statistics from the censuses.

2.4. Reporting units

We used three sets of reporting units: (1) the metropolitan areas
(CMAs of Montreal and Quebec City, and Zurich MA), (2) the inner
metropolitan areas: Montreal Island, Quebec City, and Inner Zurich
MA,  and (3) districts and census tracts (Montreal and Quebec) and
municipalities (Zurich).

A CMA  consists of one or more neighbouring municipalities
located around a core that has a total population of at least 100,000
people (StatCan, 2011d). A disadvantage of using CMAs is that their
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Fig. 3. Delineation of built-up areas: (a) delineation around building footprints located at distances less than 100 m from one another (left); solitary buildings located in a
row  were kept in their original pattern using a buffer of a radius of 15 m (right). (b) Delineation by converting building footprints to settlement areas: vacant areas between
building footprints are part of urban areas and should be considered in the measurement of urban sprawl (both the pink and the red areas are considered as built-up areas).
(For  interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

extension has changed significantly between 1951 (when the term
CMA  was used for the first time) and 2011. As a consequence, the
suitability of CMAs as reporting units to assess urban sprawl over
time is limited. Therefore, to be able to directly compare the three
regions (without the effect of growing reporting units) we also
studied the central, most densely populated zones of similar size
(Montreal Island size of 500 km2, Quebec City size of 554 km2, Inner
Zurich MA  size of 514 km2).

The Zurich MA  was defined by the Swiss Federal Statistical Office
(FSO). Any municipality is part of the MA  if it is part of the central
city (e.g., the town of Zurich), or if the urban areas have grown to

form a continuous built-up area, or at least 1/12 of the population
of a given municipality is working in the core city (Zurich), or if it
is part of an agglomeration that itself is part of the MA  of Zurich.
Zurich MA  consists of 226 municipalities from seven cantons.

The Inner Zurich MA  is not officially defined. Our delineation is
based on the objective that its size be similar to Montreal Island
and Quebec City (about 500 km2). Therefore, only the criteria 1 and
2 of the official FSO definition were used. Inner Zurich MA  consists
of 51 municipalities from three cantons (Zurich, Argau, Schwyz).

The existence of a wide range of census data at the scale of census
tracts has made census tracts one of the most important reporting
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Fig. 4. Built-up areas in the three study areas at three points in time: (a) Montreal CMA  in 1951, 1986 and 2011 (Source: built-up areas in 2011: CanVec (2011) and CanMap
(2011)  vector datasets, built-up areas in 1986 and 1951: own digitization based on national topographic maps at the scale of 1:50,000 product of National Resource Canada);
(b)  Quebec CMA  in 1951, 1986 and 2011 (Source: built-up areas in 2011: CanVec (2011) and CanMap (2011) vector datasets, built-up areas in 1986 and 1951: own digitization
based  on national topographic maps at the scale of 1:50,000 product of National Resource Canada.); (c) Zurich MA  in 1960, 1980 and 2010.

units in urban studies. In Canada, census tracts usually have a pop-
ulation between 2500 and 8000 people (StatCan, 2011e), e.g., the
Montreal CMA  of 2011 consists of 921census tracts. One potential
(but usually negligible) limitation of census tracts is the change
in their delineation over time due to neighbourhood growth,

community reformation, and municipal integration (StatCan,
2011e). However, in most cases, these changes consist in the split of
census tracts into two  or more new census tracts (StatCan, 2011e),
and usually users can reaggregate the new census tracts to the
original census tract for historical comparison.



1236 N. Nazarnia et al. / Ecological Indicators 60 (2016) 1229–1251

0 10 20 30 40 505
km

b: Quebec CMA
1951

1986

2011

Fig. 4. (Continued ).

The degree of urban sprawl at the district and municipality level
provides a more aggregated picture of similarities and differences
among study areas. Districts are a combination of boroughs and
municipalities. We  delineated them based on census tract bound-
aries of 2011 (and kept them constant for all points in time). We
calculated population and job information at the district level by

aggregating the information of groups of census tracts. The six
districts of Quebec City are a combination of six boroughs of Que-
bec, the south shore and the L’Ancienne Lorette region. Montreal
CMA  contains 46 districts, which are a combination of 19 bor-
oughs, 15 municipalities, and 12 regional county municipalities
(RCMs).
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Fig. 4. (Continued ).

All other reporting units follow the official definitions that have
been used by the administrative institutions and therefore are rele-
vant for their planning efforts and policy making, while they allow
for temporal comparisons. (The only exceptions are that our defi-
nition of Quebec City included the south shore and our delineation
of Inner Zurich MA.)

3. Results

3.1. Current level of urban sprawl

The current WUP  value (2011) in the Montreal CMA  is
12.6 UPU/m2, much lower in the Quebec CMA  with 4.98 UPU/m2,
and between these two in the Zurich MA  with 7.46 UPU/m2

(Table 1). Montreal has the largest proportion of built-up area
(26.5%) and the highest DIS (47.82 UPU/m2). The Zurich MA  has a
proportion of built-up area of 21.8% and a DIS of 46.42 UPU/m2,
lower than the Montreal CMA. The proportion of built-up area
in Quebec CMA  amounts to 9.8%, with a somewhat higher DIS
(46.94 UPU/m2) than in Zurich.

Even though UD in Quebec CMA  (3224 inhabitants and jobs per
km2) is much lower than in Zurich MA  (5927 inh. and jobs per km2),
the value of WUP  in Quebec CMA  is clearly lower than in the Zurich
MA,  due to the lower proportion of settlement area in Quebec CMA,

which is 45% of Zurich’s. The Quebec CMA  is much larger (by 57%)
(3344 km2) than the Zurich MA  (2131 km2).

The areas in the Montreal CMA  exhibiting the highest levels
of sprawl are located in the west of the main Island, in Laval, in
Longueuil and its surroundings, and along the shoreline north of
Laval (Fig. 8). Highly sprawled areas in the Quebec CMA  include
L’Acienne Lorette, Les Rivières, and Sainte-Foy-Sillery-Cap-Rouge.
In the Zurich MA,  areas of highest sprawl are Kilcherg, Rüschlikon,
and Erlenbach.

The lowest levels of sprawl in the Montreal CMA  were observed
in the downtown area (high UD values) and in the regions that are
located in the outskirts of the CMA  such as Mirabel and Rouville
which have lower amounts of built-up area compared to suburbs
located closer to the city centre. Similarly, the lowest values of WUP
in the Quebec CMA  were found in the downtown area and in areas
with large open lands that are located far from the city centre.

The results of WUP  for the three inner study areas are
directly comparable. The WUP  value on the Montreal Island is
12.74 UPU/m2, whereas it is significantly higher in Quebec City with
21.02 UPU/m2, and lower in the Inner Zurich MA  with 8.91 UPU/m2.
The strikingly high value in Quebec City is mostly caused by the
low UD of only 3798 inhabitants and jobs per km2, whereas both
the built-up area and DIS are high. In contrast, both Montreal Island
and the Inner Zurich MA have a much higher UD of 8237 and 7476
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Table  1
Values of the urban sprawl metrics in the Montreal CMA, Quebec CMA, Montreal Island, Quebec City, Zurich MA and Inner Zurich MA. The boundaries of these areas were
constant over time: Inner Zurich MA,  Zurich MA,  Montreal Island, and Quebec City, whereas the boundaries of the Montreal and Quebec CMAs were extended over time (Fig. 8).
UD  = utilization density, DIS = urban dispersion, UP = urban permeation, WUP  = weighted urban proliferation, UD′ = utilization density (where only number of inhabitants was
considered in the calculations), WUP′ = weighted urban proliferation where UD′ was  used. For information on UD′ , WUP′ and the correction factor please refer to Appendix B.

Montreal Island

Year 1951 1971 1986 1996 2011

Area of reporting unit (km2) 500 500 500 500 500
Built-up area (km2) 114.2 220.4 247.5 281.8 342
Inhabitants + Jobs – – – – 2,816,900
UD ((inh + jobs)/km2) 17,150.86 13,304.48 10,334.55 9469.26 8236.96
Inhabitants 1,308,989 1,959,145 1,709,465 1,783,315 1,882,440
UD′ (inh/km2) 11,461.35 8890.94 6906.23 6327.99 5504.48
DIS (UPU/m2) 47.21 48.28 48.49 48.66 48.91
UP (UPU/m2)  10.78 21.28 24.00 27.43 33.45
WUP (UPU/m2) 0.02  0.49 3.15 5.75 12.74
WUP′ (UPU/m2) 0.71 5.86 14.89 20.26 30.07
Correction factor 1.496 1.496 1.496 1.496 –

Montreal Census Metropolitan Area

Year 1951 1971 1986 1996 2011

Area of reporting unit (km2) 568.18 2694.68 3546.91 4071.96 4291.69
Built-up area (km2) 130.47 416 551.77 763.7 1137.08
Inhabitants + Jobs – – – – 5,227,186
UD ((inh + jobs)/km2) 14,619.557 8993.816 7236.831 5953.652 4597.026
Inhabitants 1,395,436 2,737,250 2,921,352 3,326,452 3,824,221
UD′ (inh/km2) 10,695.7 6579.9 5294.48 4355.71 3363.19
DIS (UPU/m2) 47.19 47.077 47.08 47.32 47.82
UP (UPU/m2)  10.84 7.27 7.32 8.88 12.67
WUP (UPU/m2) 0.11 1.81 3.83 6.8 12.60
WUP′ (UPU/m2) 1.1 4.68 6.34 8.88 14.16
Correction factor 1.367 1.367 1.367 1.367 –

Quebec City

Year 1951 1971 1986 1996 2011

Area of reporting unit (km2) – 554.29 554.29 554.29 554.29
Built-up area (km2) – 79.21 123.12 132.58 219.83
Inhabitants + Jobs – – – – 834,958
UD ((inh + jobs)/km2) – 8079.47 5695.44 5714.02 3798.29
Inhabitants – 464,594 509,036 549,944 606,108
UD′ (inh/km2) – 5865.01 4134.40 4147.89 2757.23
DIS (UPU/m2) –  46.4 47.16 47.43 48.22
UP (UPU/m2)  – 6.63 10.48 11.34 19.12
WUP (UPU/m2) –  2.41 8.43 9.21 21.02
WUP′ (UPU/m2) 4.94 10.65 11.67 22.49
Correction factor – 1.378 1.378 1.378 –

Quebec Census Metropolitan Area

Year 1951 1971 1986 1996 2011

Area of reporting unit (km2) 386.66 944.04 3211.79 3211.79 3343.56
Built-up area (km2) 18.36 87.23 176.47 191.08 327.91
Inhabitants + Jobs – – – – 1,057,317
UD ((inh + jobs)/km2) 20,027.37 7645.42 4744.63 4880.18 3224.45
Inhabitants 264,924 480,500 603,267 671,889 761,818
UD′ (inh/km2) 14,430.12 5508.68 3418.60 3516.27 2323.28
DIS (UPU/m2) 43.69 45.99 45.68 45.96 46.94
UP (UPU/m2)  2.07 4.25 2.51 2.73 4.60
WUP (UPU/m2) 0.0006 1.80 2.19 2.38 4.98
WUP′ (UPU/m2) 0.019 3.33 2.5 2.75 5.20
Correction factor 1.388 1.388 1.388 1.388 –

Inner Zurich Metropolitan Area

Year 1960 1980 1990 2002 2010

Area of reporting unit (km2) 514.2 514.2 514.2 514.2 514.2
Built-up area (km2) 122.3 169.4 176.3 188.5 198.66
Inhabitants + Jobs 1,060,962 1,232,296 1,323,668 1,384,210 1,485,220
UD ((inh + jobs)/km2) 8675.1 7274.5 7508 7343.3 7476.3
DIS (UPU/m2) 46.56 47.17 47.19 47.3 47.39
UP (UPU/m2)  11.07 15.54 16.18 17.34 18.31
WUP (UPU/m2) 3.12 8.04 7.70 8.82 8.91

Zurich Metropolitan Area

Year 1960 1980 1990 2002 2010

Area of reporting unit (km2) 2131 2131 2131 2131 2131
Built-up area (km2) 272.1 376.7 400.7 428.8 465.5
Inhabitants + jobs 1,718,770 2,141,256 2,373,531 2,526,852 2,758,880
UD ((inh + jobs)/km2) 6316.7 5684.2 5923.5 5892.8 5926.7
DIS (UPU/m2) 45.42 46.08 46.12 46.26 46.42
UP (UPU/m2)  5.8 8.15 8.67 9.31 10.14
WUP (UPU/m2) 3.65 6.2 6.28 6.84 7.46
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Fig. 5. Relationships between the current values of weighted urban proliferation (WUP) and the four metrics of amount of built-up area, dispersion, number of inhabitants
and  jobs, and utilization density for six reporting units: Montreal Island, Montreal CMA, Quebec City, Quebec CMA (2011 data), Inner Zurich MA and Zurich MA (2010 data).

inhabitants and jobs per km2, respectively. As a consequence, large
parts of the 342 km2 of built-up areas on the Montreal Island are
not viewed as sprawled, which resulted in a lower value of WUP.
The WUP  value in the Inner Zurich MA  is lower than in Quebec City
because utilization density is higher (199 km2 of built-up area with
about 1,485,000 inhabitants and jobs vs. 220 km2 with only 835,000
inhabitants and jobs in Quebec City).

The UD values on the Montreal Island and in the Inner Zurich
MA are close to each other. Even though UD is slightly higher in
Montreal, WUP  is lower in Zurich because UP is much lower in
Zurich (18.31 UPU/m2) than in Montreal (33.45 UPU/m2) due to a
lower proportion of urban area. The value of UP in Quebec City
(19.12 UPU/m2) is close to the value for the Inner Zurich MA.  The
higher UD values in Montreal (Island) than in Inner Zurich are
related to the fact that the Inner Zurich MA  is not an official politi-
cal unit. We  defined it to select an area of similar size as the Island
of Montreal for the comparison. It is not identical to the City of
Zurich, but also includes suburban and periurban areas. The urban
densities in the neighbourhoods of the City of Zurich are mostly
higher than 40,000 inhabitants and jobs per km2, while the sub-
urban and periurban densities range between 2000 and 20,000
inhabitants and jobs per km2. The inner city of Montreal has been
larger than the inner city of Zurich during the study period. There-
fore, the Inner Zurich MA  has a larger proportion of suburban and
periurban densities than the Island of Montreal. Montreal is the
second most densely populated metropolitan area in Canada after
Toronto (StatCan, 2011b) and has a higher population density than
most other North American cities (Filion et al., 2004, p. 54; calcula-
tions based on 2010/11 census data by Townsend and Ellis-Young,
pers. comm.).

Urban sprawl in the Inner Zurich MA  is slightly higher than in
the Zurich MA  (8.90 UPU/m2 vs. 7.46 UPU/m2). However, there is a
much larger difference between the values of WUP  in Quebec City
(21.02 UPU/m2) and Quebec CMA  (4.98 UPU/m2).

The relationships between the values of WUP, DIS,  UD, the num-
ber of inhabitants and jobs, and the amount of built-up areas
provide additional insight about the sprawl patterns (Fig. 5). The
amount of built-up area in the Montreal CMA  is more than 3 times
as high as on the Montreal Island. Similarly, the amount of built-up
area in the Zurich MA  is more than twice as large as in the Inner
Zurich MA.  In contrast, 67% of the built-up area of the Quebec CMA
are located in Quebec City. Similarly, the number of inhabitants
and jobs in the Montreal CMA  is 86% higher than on the Montreal
Island, and also 86% higher in the Zurich MA  than in the Inner
Zurich MA.  However, in the QCMA it is only slightly higher than
in Quebec City (by 27%). Moreover, DIS in each CMA/MA is lower
than in its respective inner areas; the biggest difference in its value
is observed between Quebec City (48.22 UPU/m2) and the Quebec
CMA (46.94 UPU/m2). The UD at the city level is higher than at the
metropolitan scale in Montreal and Zurich. However, UD in Quebec
City (3798 inhabitants and jobs per km2) is only 18% higher than in
the Quebec CMA  (3224 inhabitants and jobs per km2). As a result,
the high value of WUP  in Quebec City can be explained by its large
value of DIS, along with its low value of UD.

The top six districts of highest levels of urban sprawl in 2011 are
Hampstead, Beaconsfield, Baie D’urfe, Dollard-Des-Ormeaux, Kirk-
land, and Dorval, located in the west of the Montreal Island (with
the exception of Hampstead) (Fig. 9a). These districts encompass
large amounts of built-up areas and are among the least densely
populated areas (UD < 4800 inhabitants and jobs per km2). High
values of WUP  in the districts located in the west of the Island were
mostly due to the presence of industrial areas with a low density
of jobs. Many of the industrial sites in Montreal are located in the
west of the main Island. For example, one third of the land in the
district of Baie-D’urfe is covered by industrial parks, and 60% of the
land in Dorval is covered by the Pierre-Elliot-Trudeau airport.

On the other end of the spectrum, Ville Marie, Le Plateau-Mont-
Royal, Côte-des-Neiges, Rosemont, and Outremont are the five
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Fig. 6. Increase in the values of weighted urban proliferation (WUP) and urban permeation (UP) in Montreal CMA  (always for the 2011 delineation), Quebec CMA  (2011
delineation) and Zurich MA  since 1951 (using average WUP  for Montreal and Quebec CMAs). Calculation of average WUP  used for the years 1951–1996 and the use of
correction factors for the calculation of UD for these years for the Montreal and Quebec CMAs are presented in Appendix B.

districts with the lowest levels of sprawl (<0.7 UPU/m2). These dis-
tricts are all located in the centre of the Island and constitute the
city core of Montreal, which is the most densely populated space
in Montreal.

The WUP  values in districts off the Island of Montreal (i.e., Laval,
Deux-Montagnes, Les Moulins, L’assomption, etc.) were always
higher than 8 UPU/m2, with the exception of Mirabel and Rouville
(3.05 and 3.84 UPU/m2, respectively), while WUP  is 27.07 UPU/m2

in Laval.
In Quebec City, the district of L’Ancienne Lorette exhibits the

highest and La Cité-Limoilou the lowest level of sprawl. The latter
can be explained by the high value of UD (11,398 inhabitants and
jobs per km2) in this district which constitutes the downtown of
Quebec City (Fig. 10a).

In the Zurich MA,  a similar pattern is observed. The highest
values of sprawl were found in the municipalities that constitute
the suburbs (e.g., Zollikon, Kilchberg, Rüschlikon, and Erlenbach
with WUP  > 20 UPU/m2). Municipalities located north of the city of
Zurich are also highly sprawled (>15 UPU/m2). They are covered
by large built-up areas that are mostly a mixture of residential
and industrial areas with relatively low values of UD. Low to rel-
atively low values of sprawl are found in the outskirts of the Zurich
MA.  The city of Zurich (1.32 UPU/m2 in 2010) and the city of Zug
(1.71 UPU/m2) are also among the areas that have lowest values of
sprawl. Although these cities have large built-up areas, their UD is
high to very high. All the other municipalities with WUP  values of
below 2 UPU/m2 in 2010 are rural and located in hilly terrains.

3.2. Historic development

Urban sprawl in all three study areas has been continuously
increasing. Until 1971, the degrees of urban sprawl in the Mon-
treal and Quebec CMAs were close to each other, and much lower
than in the Zurich MA.  However, since 1971, urban sprawl in Mon-
treal CMA  has increased more sharply compared to Quebec CMA
(Fig. 6).

Until 1997, the Zurich MA  had the highest value of WUP  among
the three metropolitan areas, and only then was surpassed by the
Montreal CMA. The Zurich MA  clearly has a longer history of urban

sprawl, and exhibited a much higher level of 3.65 UPU/m2 in 1960
than the Montreal and Quebec CMAs, where it was still less than
1 UPU/m2 at this time. Some may  have expected that Zurich was
less sprawled in 1960 than Montreal and Quebec. However, an
important finding of our study is that sprawl in Montreal and Que-
bec is a more recent phenomenon than in Zurich, and the strongest
increases in sprawl have happened since the early 1980s. Both Que-
bec and Montreal have exhibited their sharpest increases in sprawl
during the past 25 years, whereas the sharpest increases of sprawl
in the Zurich MA  happened between the years 1960 and 1980, while
urban sprawl in the Zurich MA increased less strongly during the
past 25 years than in earlier times.

Since the comparison of values of urban sprawl in study areas of
different sizes needs to be done with caution, to correctly consider
the influence of the sizes of the reporting units, we also compared
the three inner areas as their extents are very similar and their
comparison is more straightforward (Fig. 7).

Utilization density has decreased significantly on the Montreal
Island and in Quebec City. UD in Montreal Island decreased by about
50% (from 17,151 to 8237 inhabitants and jobs per km2) and is now
close to UD of Inner Zurich MA  (7476 inhabitants and jobs per km2).
UD in Quebec City also decreased by about 50%, but starting in 1970
already from a level of 8079 inhabitants and jobs per km2 which
Montreal has arrived at today, down to 3798 inhabitants and jobs
per km2. In contrast, UD in the Inner Zurich MA  has been almost
stable, and even increased slightly in the periods of 1980–1990 and
2002–2010. It almost equals the current UD in Montreal and the UD
of Quebec City in 1971.

Urban dispersion has been increasing in all three study areas,
most pronouncedly in Quebec City, and the least in Zurich. Mon-
treal Island has always exhibited the highest values of dispersion.
The strongest increases in Montreal occurred between 1951 and
1971. In Quebec, the increase was  more or less equally strong at
all times. In the Inner Zurich MA,  the sharpest increases took place
in 1960–1980. Approximately in 1987, DIS values in Quebec and
Zurich were similar, but DIS continued to increase faster in Quebec
City.

Urban permeation also has increased; for example, UP in Mon-
treal increased by a factor of three from 10.78 UPU/m2 in 1951 to
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Fig. 7. Values of UD, DIS, WUP  and UP between 1951 and 2011 in Quebec City, Inner Zurich MA  and Island of Montreal.

33.45 UPU/m2 in 2011. It has always been higher than in Quebec
City and Zurich. Between 1951 and 1996, the most rapid increase
in UP was observed in Montreal. However, since 1996, UP has
increased even faster in Quebec City.

Weighted urban proliferation has increased very strongly in
all three study areas. The increase has accelerated in Montreal and
Quebec. While WUP  for Montreal Island was 0.02 UPU/m2 in 1951,
it reached 12.74 UPU/m2 in 2011. Urban sprawl in Quebec City
in 1971 was 2.41 UPU/m2, and in 2011 it was nine times as high
with 21.02 UPU/m2. In the Inner Zurich MA,  WUP  increased almost
3-fold from 3.12 UPU/m2 in 1960 to 8.91 UPU/m2 in 2010. While
sprawl was the highest in the Inner Zurich MA  before 1985, it has
been surpassed by Quebec City by 1984 and Montreal Island by
2002.

The value of WUP  in Quebec City was always higher than on
Montreal Island. The strongest increase in urban sprawl in Quebec
City happened in 1986–2011. The higher value of WUP  in Quebec
City in the most recent time can be explained by its very low value
of UD in combination with strong increases in DIS and UP.  In the

Inner Zurich MA,  the sharpest increase in WUP  occurred between
1960 and 1980. Sprawl in Montreal has accelerated more steadily
compared to the other two cities. Although dispersion and urban
permeation on the Montreal Island were always higher than in Que-
bec City, the higher values of UD on the Montreal Island and in Inner
Zurich MA  resulted in a lower value of urban sprawl than in Quebec
City.

Considering urban sprawl at smaller geographic regions (census
tracts and districts) helps urban planners conduct more detailed
analysis of this phenomenon. Fig. 8 presents the values of WUP  at
the census tract level for the Quebec and Montreal CMAs in five
points in time (1951–2011), and for the Zurich MA at the munici-
pality level in three points in time (1960, 1980 and 2010).

In most census tracts, urban sprawl increased at all times. How-
ever, there are a few census tracts in which sprawl decreased
between 1971 and 1996 or between 1986 and 1996. In these areas,
an increase in UD, while the amount of urban areas remained con-
stant or was slightly reduced, resulted in a decrease in the value of
WUP.
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At district level, urban sprawl has increased in most districts;
however, there are some exceptions here as well. Figs. 9 and 10
present the values of WUP  for 2011 and of WUP′ (based on inha-
bitants only, i.e., not including jobs) for all points in time at the
district level in the Montreal and Quebec CMAs.

4. Discussion

4.1. Current level of sprawl

Based on the amount of built-up area and the size of the repor-
ting units, we had expected that the value of urban sprawl in the
Inner Zurich MA  would be higher than in Quebec City and lower
than on the Montreal Island. However, Quebec City exhibits the
highest value of WUP  in 2011, followed by Montreal Island.

The WUP  in Quebec City in 2011 is more than twice as high as
in the Inner Zurich MA  in 2010 (21 UPU/m2 vs. 9 UPU/m2), even
though the amounts of settlement area in Quebec City (220 km2)
and in the Inner Zurich MA  (199 km2) are close to each other.
However, Quebec City shows a lower value of UD,  and it suffers
from a higher dispersion than the Inner Zurich MA.  The Inner
Zurich MA has a lower dispersion (47.39 UPU/m2) than Quebec
(48.22 UPU/m2) and Montreal (48.91 UPU/m2). Although Montreal

Island is more dispersed than Quebec City and has more built-up
areas it is less sprawled since it has a much higher UD (8237 vs.
3798 inhabitants and jobs per km2 in Quebec City).

Various factors such as the scarcity of suitable land in the Zurich
MA,  much higher use of public transportation by inhabitants from
all social classes, continuous expansion of the public transport sys-
tem and the higher level of utilization density explain the lower
level of urban sprawl in Zurich. Switzerland also has a stronger
regional planning legislation than Montreal and Quebec, e.g. the
Spatial Planning Act of 1979 and the Richtpläne (structure plans)
of the cantons. There are a number of limitations for new desig-
nated building zones in Switzerland, and only zones with relatively
high population densities and almost always good connection to
public transport are permitted for designation. The direct democ-
racy in Switzerland has favoured stronger legislation and stricter
regulations for regional planning that are commonly accepted by
the population’s voting, e.g., Kulturlandinitiative was  a referen-
dum that aimed at protecting farmlands, and the revision of the
Spatial Planning Act in March 2012 made this law more restric-
tive. In the city of Zurich, motorized private traffic is scheduled
to decrease from 36 to 26% in the next 10 years according to a
decision by the population in September 2011. The area of the
city of Zurich is 92 km2 and covers about 20% of the Inner Zurich
MA.

Fig. 8. Urban sprawl (WUP) at the census tract level in the Montreal CMA  from 1951 to 2011 (a), in the Quebec CMA  from 1951 to 2011 (b) and at the municipality level in
the  Zurich MA in 1960, 1980 and 2010 (c). Source:  own data. Note that over time, the sizes of the CMAs expanded in Montreal and Quebec CMAs. WUP′ indicates the value of
urban  sprawl in accordance with UD′ (UD′ = inhabitants/settlement area).
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Fig. 8. (Continued).
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Fig. 9. (a) Urban sprawl (WUP) in the Montreal CMA  at district level in 2011. (b) Urban sprawl (WUP′) in the Montreal CMA  at district level at five points in time from 1951
to  2011, * indicates missing data in one time step, and **** indicates missing data in four time steps, respectively.

At the city level of similar size (about 500 km2), i.e., Montreal
Island, Quebec City and Inner Zurich MA,  we found that cities with
higher levels of public transport (higher modal share) and higher
utilization density are less sprawled. Montreal and Quebec are
examples of concentric cities surrounded by suburbs, i.e., they are
typical of sprawl, whereas in the Zurich MA,  several centres are
growing towards each other. However, even though Zurich MA is
more polycentric compared to Montreal and Quebec, it still has

a lower degree of sprawl, and has almost stabilized the level of
sprawl. Our results suggest that a polycentric settlement structure
does not necessarily lead to a higher level of sprawl, but a poly-
centric settlement structure may  indeed be suitable for reducing
urban sprawl when efficient public transportation is implemented,
which makes the use of cars unnecessary for travelling between the
centres. It is certainly not as important as other factors to explain
the differences between the Inner Zurich MA  and Montreal Island
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Fig. 10. (a) Urban sprawl (WUP) in the Quebec CMA  at district level in 2011. (b) Urban sprawl (WUP′) in the Quebec CMA  at district level at five points in time from 1951 to
2011.
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and Quebec City. A more detailed analysis is needed to compare
urban sprawl between polycentric and monocentric urbanization
patterns.

4.2. Historic development since 1951

Urban sprawl in Montreal and Quebec has been rapidly increas-
ing and most drastically in the last 25 years. The high value of urban
sprawl can be explained by the large amount of built-up areas along
with their high dispersion in the landscape as well as the decreasing
utilization density in both study areas. Neither in Quebec City nor
in Montreal did the strongest increase in sprawl occur during the
time of classic suburbanization (neither in the City nor in the CMA),
but only in the last 20–30 years, and at an increasing rate.

In contrast, the increase of sprawl in Zurich (both in the Inner
MA and in the MA)  was significantly slower in the years after 1980
than before 1980, and clearly slower than in Montreal and Que-
bec since the 1980s. This may  give hope for further slowing down
its increase and even advancing a decrease if appropriate meas-
ures are taken, even though it exhibited higher sprawl in the 1960s
and 1970s. However, in Montreal and Quebec, the increase has
become strikingly faster since the 1980s, faster than ever before,
with no slowdown in sight. These results may  reflect the differ-
ences in sprawl patterns between North America and Europe more
generally.

Utilization density on the Montreal Island has always been
higher than in Quebec City and the Inner Zurich MA.  Since 1980,
UD in the Inner Zurich MA  has stabilized at about 7300 inhabitants
and jobs (7275 inhabitants and jobs in 1980 and 7476 in 2010), and
similarly in the Zurich MA.  In contrast, UD on the Montreal Island
has continuously decreased from 17,151 inhabitants and jobs per
km2 in 1951 to 8237 inhabitants and jobs per km2 in 2011, but this
value is still slightly higher than in the Inner Zurich MA.  However,
UD in the larger Montreal CMA  is now as low as 4597 inhabitants
and jobs per km2, and also has decreased strikingly, while it has
always been between 5900 and 6400 inhabitants and jobs per km2

in the Zurich MA.  In Quebec City, UD lost 53% of its value of 1971,
and in the Quebec CMA, 83% of its value of 1951 (from 20,027 in
1951 to 3224 inhabitants and jobs per km2 in 2011).

There are three levels of government in Canada (federal, provin-
cial and municipal). According to Section 92(8) of the Constitution
Act (1867), in each province, “the legislature may  exclusively
make laws in relation to municipal institutions in the Province”
(Constitution Act, 1867). The rights and duties of municipalities in
Quebec can be found in the “cities and towns act”, the “municipal
code”, and the act respecting “land use planning and development”
(established in 1979). However, planning laws in Quebec are not
as strict as in Switzerland, and there is no common law between
municipalities with the aim of controlling sprawl or densification
of urban development.

As both Montreal and Quebec City have a similar settlement
structure, the difference in sprawl, UD, and dispersion can only be
explained by the difference in their size, modal share, history, and
planning policies.

Since 1971, the Montreal Urban Community has coordinated
certain plans, but their effects on land-use planning were weak
(Filion et al., 2010; Germain and Rose, 2000). In 1978, agricultural
zoning and urban growth boundaries were established for Mon-
treal. However, they were not effective since most of the requests
regarding rezoning of agricultural lands have been accepted by the
provincial governments who are responsible for this policy (Filion
et al., 2010; Germain and Rose, 2000).

Montreal’s inhabitants use public transport more often than
Quebec’s (with a modal share of 22.2% vs. 11.3% in Quebec).
Montreal has an extensive bus system, an underground metro sys-
tem and numerous commuter trains. However, the growth in the

capacity of the metro was  much less (almost none) than the 72%
increase in population between 1961 (when the Montreal metro
was built) and 2011 (from 2,215,600 to 3,824,200 in the Montreal
CMA).

Public transport in Quebec City only includes a bus system. Low
availability of public transportation in addition to a lower price of
gasoline in Quebec (annual average 3% less than in Montreal) facil-
itated higher use of the automobile and the construction of many
freeways and highways in Quebec.

4.3. Comparison with other studies

A study about the former county of Laprairie in Montreal CMA
showed that 72% of the remaining open lands in 1988 became
developed by 2000 (Murshid, 2002). Use of more land per person,
mostly due to the reduction in household size, has been a major
reason for the conversion of agricultural lands into urban areas in
this county (Murshid, 2002). The former county of Laprairie, located
in the municipality of Roussillon (district 4), exhibited a WUP  value
of 8.46 UPU/m2 in 2011, demonstrating a drastic increase in sprawl
in the past 15 years.

Between 1971 and 2006, inner city density in Montreal declined
sharply (Filion et al., 2010). A similar trend was  observed in our
results, since 1951. Absence of metropolitan-wide planning agen-
cies and the formation of numerous jurisdictional institutions has
made Montreal one of the most administratively fragmented urban
areas in Canada (Filion et al., 2010; Razin and Rosentraub, 2000).
The lack of efficient planning strategies and the lack of coordination
between too many existing institutions were major reasons for the
high degree of urban dispersion and urban sprawl in Montreal and
Quebec City. For Montreal, Dupras and Alam (2015) have recently
shown that this increase in built-up areas has reduced the amount
of croplands, grasslands, and forest, and has had negative impacts
on ecosystem services.

4.4. Advantages and disadvantages of the WUP  method

The main advantage of the WUP  method is that it meets all 13
suitability criteria for measuring urban sprawl proposed by Jaeger
et al. (2010a). It does not require many datasets to analyze urban
sprawl (only a map  of built-up areas and information about inha-
bitants and jobs). It can be applied at any scale and for different
kinds of reporting unit (e.g., census tracts, districts, municipalities)
and allows planners to conduct quantitative assessments of urban
sprawl and to compare potential future scenarios. Switzerland has
already implemented WUP  in various monitoring systems since
2010, e.g., the Swiss Landscape Monitoring System LABES (Kienast
et al., 2015).

The first step in calculating WUP  delineates the reporting unit.
It is not possible to compare cities without delineating the land-
scapes for which sprawl is measured. If the analysis of sprawl for
a small city is done using a smaller landscape than for a large
city, the interpretation of the results needs to consider that the
sprawl values refer to the respective landscapes studied. For exam-
ple, the 2011 value of WUP  for the Quebec CMA  was  4.98 UPU/m2

and 21.02 UPU/m2 in Quebec City. The difference is largely due to
the larger CMA  area used as reporting unit in the denominator when
calculating UP (the larger the area, the smaller the UP value, if the
amount of built-up area and dispersion remain constant), while the
amount of built-up areas within the QCMA is only slightly larger
than the amount in Quebec City (about 90% of the QCMA is open
space, whereas built-up areas cover 40% of land in Quebec City). For
monitoring temporal changes, the reporting unit should be kept the
same. Since we  applied the same CMA  (extent of 2011) in Fig. 6 for
all points in time, all values can be compared directly.
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We  used the number of full-time equivalents for the calculation
of UD, but these numbers may  not always be available. The raw
number of jobs can then be used instead as a good approximation:
the value of UD will then usually be a few percent higher (3–8%),
and rarely more than 10%. The differences in the resulting (lower)
WUP  values depend on the value of UD in the weighting function
w2(UD), i.e., the differences can be small or rather large. For exam-
ple, the decreases in WUP  are 23.5% in Montreal Island (from 12.74
to 9.74 UPU/m2), 3.3% in Quebec City (from 21.02 to 20.33 UPU/m2),
and 19.4% in Inner Zurich MA  (from 8.91 to 7.18 UPU/m2). One
option to avoid this difficulty is to use a general conversion factor
between jobs and full-time equivalents, which can be applied when
no other value is available for the region studied. In Switzerland this
factor is: 1 job = 0.85 fulltime equivalents. Alternatively, one can
use the raw number of jobs (+inhabitants) for time series, but then
the results cannot be directly compared to regions where full-time
equivalents (+inhabitants) were used.

Future refinements of the UD metric are possible by also includ-
ing the number of people using specific buildings (e.g., number of
students in a school or visitors of theatres) in addition to the number
of jobs, but such data may  not be easily available.

5. Conclusion

In Montreal and Quebec, urban sprawl has gotten out of con-
trol and has turned into a serious and fast growing problem since
the late 1980s. In the last 25 years, urban sprawl in Montreal
and Quebec has become worse than ever before and has done
so faster than ever before. Quebec City is a prime example of
urban sprawl today, in particular regarding its rapid increase since
1970. The steepest increases were observed in L’Acienne Lorette,
Les Rivières, and Sainte-Foy-Sillery-Cap-Rouge in Quebec, and in
Hampstead, Beaconsfield, Baie D’urfe Dollard-Des-Ormeaux, and
Kirkland in Montreal. Montreal and Quebec City are still invest-
ing large amounts of money in more roads and almost nothing in
the expansion of public transport, even though this path is con-
sidered as being unsustainable. For example, in 2012 Quebec used
$705 million from the Building Canada fund for the completion of
the second phase of highway 30 that connects Vaudreuil-Dorion
to Chateauguay. Another example is the ongoing reconstruction of
the Turcot Intersection in Montreal for 3 billion dollars (Thompson
et al., 2013). Therefore, we expect that this trend will continue
in the future. The steps planned currently for Montreal and Que-
bec such as the intensification of urban areas or the development
of TOD zones in Montreal (CMM,  2011) are so little compared to
Switzerland (that itself suffers from sprawl) that much stronger
efforts are needed to discontinue these unsustainable growth pat-
terns. Switzerland should continue on its way to limit urban sprawl
or at least stabilize the level of sprawl over all its cantons, including
Zurich. However, in Montreal and Quebec rigorous measures and
long term plans such as massive expansion of public transport are
required.

Our study provides an indication of the potential of how much
sprawl could be reduced and what factors could be changed in Mon-
treal and Quebec. There is ample room in Montreal and Quebec for
improvements in public transport, in the regional planning legisla-
tion, in the settlement pattern (creation of sub-centres with higher
densities), and in UD. For example, Laval should be densified and
covered by the metro system.

The WUP  method can be applied for measuring the levels
of sprawl and dispersion of the urbanized areas and their tem-
poral changes at any scale and for the classification of regions
regarding urban sprawl and the identification of areas that are
most in danger from sprawl, and areas with higher potential for
future urban developments and for reduction of urban sprawl

in particular. The WUP  can be used to investigate relationships
between sprawl and its impacts (e.g., relation with car owner-
ship), as an indicator to monitor urban development, to evaluate
the effectiveness of new regulations for urban development (e.g.,
development of TOD zones in Montreal CMA) and the effectiveness
of the protection of high-value lands. For example, goal 6 of the
federal sustainable development strategy aims to “Maintain pro-
ductive and resilient ecosystems with the capacity to recover and
adapt; and protect areas in ways that leave them unimpaired for
present and future generations” (Sustainable Development Office
& Environment Canada, 2010, p. 27). Various measures to limit
urban sprawl have been proposed in the literature (summarized
by Schwick et al., 2012), e.g., controlling the dispersion of built-up
areas and stronger protection of agricultural lands. Better educa-
tion of the public about the negative consequences of urban sprawl
may  encourage consumers to decrease land uptake per inhabitant
and help decrease the level of urban sprawl.

In the Zurich MA,  every vote about suggested expansions or
improvements of public transport has been accepted by the pop-
ulation, while many proposed road construction projects were
rejected. This indicates that more sustainable patterns of develop-
ment require strong support in the society and long-term planning
with a 20–30 year planning horizon. Elements of direct democracy
seem to be very helpful in the case of Switzerland in this regard.

Increasing the modal share of public transport in Montreal from
22.2 to 40% would be easier to achieve than increasing it from 63
to 78% as is currently being done in Zurich. These numbers indicate
the order of magnitude of the effort that is needed for the increase
of metro connections between the sub-centres in Montreal. Since
the inauguration of the Montreal metro in 1966 its expansion has
been far less significant than the expansions of the tramways and
S-Bahns (rapid (sub-)urban railways) in Zurich. Without a strong
increase in UD and a massive expansion of public transport, urban
sprawl in Montreal and Quebec will continue to increase at a fast
rate and will result in even more serious traffic problems than
today and growing negative effects that are typical of unsustainable
development.
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Appendix A. Data used for the delineation of built-up areas

Tables A1 and A2 present the layers (including point and poly-
gons) that represent urban areas. Table A1 presents the features
of CanVec dataset, used for the delineation of built-up areas for
the year 1996 and previous time steps (1951, 1971 and 1986), and
Table A2 presents the features of the CanMap dataset used for the
delineation of built-up areas of the year 2011. CanVec was pro-
duced from three main sources: the National Topographic Database
(NTDB), Landsat 7 imagery coverage, and Geobase data. CanVec
contains 11 themes, one of which is the layer of buildings and urban
structures that includes all types of buildings and urban structures
defined as “permanent walled and roofed constructions”. This layer
consists of 41 types of buildings as areas or points. Some other rel-
evant features such as airports, domestic and industrial waste, and
gas and oil facilities are not included in this layer, but were added
to the analysis because we also considered them as urban areas.
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Table  A1
Entities from the CanVec dataset that were used for the delineation of urban areas (BS: building and structures, LX: places of interest, IC: industrial and commercial areas,
EN:  energy, TR: transportation).

Entity Entity description Theme Name (point) Name (surface)

Building Arena BS 2010009 0 2010009 2
Building Other BS 2010009 0 2010009 2
Building Community centre BS 2010009 0 2010009 2
Building Highway service centre BS 2010009 0 2010009 2
Building Medical centre BS 2010009 0 2010009 2
Building Sportsplex BS 2010009 0 2010009 2
Building Gas and oil facilities building BS 2010009 2
Building Parliament building BS 2010009 0 2010009 2
Building Educational building BS 2010009 0 2010009 2
Building Penal building BS 2010009 0 2010009 2
Building Industrial building BS 2010009 2
Building Religious building BS 2010009 0 2010009 2
Building Railway station BS 2010009 0 2010009 2
Building Hospital BS 2010009 0 2010009 2
Building City hall BS 2010009 0 2010009 2
Building Unknown BS 2010009 0 2010009 2
Building Armoury BS 2010009 0 2010009 2
Building Courthouse BS 2010009 0 2010009 2
Building Customs post BS 2010009 0 2010009 2
Building Police station BS 2010009 0 2010009 2
Building Fire station BS 2010009 0 2010009 2
Building Electric power station BS 2010009 0 2010009 2
Building Municipal hall BS 2010009 0 2010009 2
Building Satellite-tracking station BS 2010009 0 2010009 2
Building Coast guard station BS 2010009 0 2010009 2
Chimney Burner BS 2060009 0
Chimney Unknown BS 2060009 0
Chimney Industrial BS 2060009 0
Chimney Flare stack BS 2060009 0
Tank  Horizontal, unknown BS 2080009 0 2080009 2
Tank  Unknown, unknown BS 2080009 0
Tank  Vertical, other BS 2080009 0 2080009 2
Tank  Vertical, water BS 2080009 0 2080009 2
Tank  Vertical, unknown BS 2080009 0 2080009 2
Cross  Cross BS 2120009 0
Navigational aid Navigation beacon BS 1250009 0
Navigational aid Navigation light BS 1250009 0
Navigational aid Unknown BS 1250009 0
Silo  Silo BS 2440009 0
Tower Communication BS 2530009 0
Tower Control BS 2530009 0
Tower Clearance BS 2530009 0
Tower Firebreak BS 2530009 0
Tower Lookout BS 2530009 0
Residential area Residential area BS 1370009 2
Cemetery Cemetery LX 1000039 0 1000039 2
Drive-in theatre Drive-in theatre LX 2070009 0 2070009 2
Domestic waste Domestic waste IC 1360019 2
Industrial solid depot Industrial solid depot IC 1360029 0 1360029 2
Gas  and oil facilities Gas and oil facilities EN 1360049 0 1360049 2
Runway Airport, indefinite TR 1190009 0 1190009 2
Runway Airport, nonofficial TR 1190009 0 1190009 2
Runway Airport, official TR 1190009 0 1190009 2
Runway Heliport, indefinite TR 1190009 0
Runway Heliport, nonofficial TR 1190009 0
Runway Heliport, official TR 1190009 0
Runway Hospital heliport, nonofficial TR 1190009 0
Runway Hospital heliport, official TR 1190009 0
Runway Water aerodrome, indefinite TR 1190009 0
Runway Water aerodrome, official TR 1190009 0

Although the latest update of the CanVec dataset was in 2011,
the most recent actual date of update for the buildings and urban
structures is 1996 in the Montreal CMA, and even earlier in some
parts of the Quebec CMA. Therefore, the CanVec layers were used
as the base layer for the analysis of urban sprawl for 1996 and
were modified for the earlier points in time according to historic
topographic maps. For the calculation of urban sprawl in 2011,
the CanVec layers were used along with CanMap Route Logistics
(version 2011.3, a product of DMTI spatial). Being consistent with

the CanVec dataset, those features of CanMap that represent urban
areas were used.

Appendix B. Calculation of WUP  and UD for the Montreal
and Quebec CMAs

(1) Calculation of WUP
The extent of the CMAs of Montreal and Quebec changed

between 1951 and 2011. The CMA  boundary extended over time;
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Table  A2
Entities from the CanMap dataset that were considered for the delineation of urban
areas (BFR: building footprints, LUR: land use).

Entity description Theme Code Shape file type

Arena BFR 106 Region
Armoury BFR 107 Region
Automobile plant BFR 108 Region
Barn/machinery shed BFR 109 Region
Cement plant BFR 111 Region
Chemical plant BFR 112 Region
Church BFR 113 Region
City hall BFR 114 Region
Coast guard station BFR 115 Region
College BFR 116 Region
Community centre BFR 117 Region
Convent BFR 118 Region
Correctional institute BFR 119 Region
Courthouse BFR 120 Region
Court house BFR 120 Region
Customs post BFR 121 Region
Dome BFR 122 Region
Electric power station BFR 123 Region
Factory BFR 124 Region
Filtration plant BFR 125 Region
Fire station BFR 126 Region
Fire/police station BFR 127 Region
Fish hatchery BFR 128 Region
Fish processing plant BFR 129 Region
Grain elevator BFR 130 Region
Hall BFR 131 Region
Highway service centre BFR 132 Region
Hospital BFR 133 Region
Hostel BFR 134 Region
Hotel BFR 135 Region
Kiln (tobacco) BFR 136 Region
Lumber mill BFR 137 Region
Medical centre BFR 139 Region
Monastery BFR 140 Region
Motel BFR 141 Region
Municipal hall BFR 142 Region
Museum BFR 143 Region
Non-christian place of worship BFR 144 Region
Observatory BFR 145 Region
Oil/gas facilities building BFR 146 Region
Gas and oil facilities BFR 146 Region
Other BFR 147 Region
Parliament building BFR 149 Region
Penitentiary BFR 150 Region
Petroleum refinery BFR 151 Region
Plant BFR 152 Region
Police station BFR 153 Region
Pulp/paper mill BFR 154 Region
Railway station BFR 155 Region
Reformatory BFR 156 Region
Sanatorium BFR 157 Region
Satellite-tracking station BFR 158 Region
Sawmill BFR 159 Region
School BFR 160 Region
Seminary BFR 161 Region
Senior citizens home BFR 162 Region
Sewage treatment plant BFR 163 Region
Shipyard BFR 164 Region
Shopping centre BFR 165 Region
Sportsplex BFR 166 Region
Steel mill BFR 167 Region
Trading post BFR 168 Region
University BFR 169 Region
Warden/ranger station BFR 170 Region
Water treatment plant BFR 171 Region
Weigh scale (highway) BFR 172 Region
Weight scale BFR 172 Region
Greenhouse BFR 174 Region
Penal building BFR 175 Region
Lodging facilities BFR 176 Region
Industrial building BFR 177 Region
Religious building BFR 178 Region
Educational building BFR 179 Region
Fort: generic/unknown BFR 585 Region
Fort BFR 585 Region
Greenhouse BFR 618 Region
Stadium BFR 1220 Region
Commercial LUR – Region
Residential LUR – Region

therefore, some parts of the current CMA  (2011 delineation) are not
included in the 1951, 1971, 1986 or even 1996 CMA  delineation.

Accordingly, the information about inhabitants and jobs for
some built-up areas that are distributed within the 2011 CMA were
not available for the years 1951, 1971, 1986 and 1996. Therefore, in
order to compare the results of sprawl within the constant bound-
ary of 2011 CMA  in different points in time, we used the average
value of weighted urban proliferation, which is calculated in the
following steps:

For all the time steps except 2011, we determined two values
for inhabitants and jobs: the first value is the exact value within
the true extent of CMA  in each time step, and the second value
is the estimated value within the 2011 CMA  boundary. Estimated
values were calculated by using the available information for the
closest time step. For example, in the calculation of inhabitants and
jobs for 1986, for those urban areas that were not included in the
delineation of the 1986 CMA  boundary, but were included in the
delineation of 2011 boundary, we used the inhabitants and jobs of
the closest time step (which is 1996 in this case) of the respective
areas and called it the “estimated inhabitants and jobs of 1986”.

Using these two different values, we calculated urban sprawl
twice: first, we  used the exact value of inhabitants and jobs for each
time steps, and we called it the maximum value of sprawl, mean-
ing that it is assumed that there were no people living or working
within those built-up areas that are not in the delineation of the
CMA  of corresponding year, but are part of the 2011 CMA. The WUP
will be higher compared to the situation when we  consider the
people living and working in the respective areas. Therefore, we
called it WUPmax. The second time, we used the estimated value of
UD, and we called it the minimum value of sprawl because when
we consider there are people living and working in all areas of the
CMA (using the available population values for the closest point in
time, and estimating the number of job using a correction factor,
see below), the value of UD will be higher, and the value of WUP will
be lower. Therefore, we called it WUPmin. Then, we used the average
of these two values WUPmax and WUPmin (we called it the average
value of sprawl) for each time step in order to compare the results
of sprawl in different points in time. Table B1 presents the true and
estimated values of inhabitants and jobs and the associated values
of WUP.

(2) Calculation of UD
Since the information about job counts was  not available for the

years 1951–1996, we used a correction factor to calculate the value
of UD in these years at CMA  level and at city level. The correction
factor is UD of 2011 divided by UD′ of 2011 (where UD is the number
of inhabitants and jobs per km2 of built-up area in 2011 and UD′ is
the number of inhabitants per km2 of built-up area in 2011).

Correction factor = UD((Inh + jobs)/km2) in 2011

UD′(Inh/km2) in 2011

UD of 1996 = UD′ (inhabitants/km2) in 1996*correction factor. This
estimation of the number of jobs is correct when this ratio is
constant over time. However, regionally specific changes of this
ratio are possible (for example a region may  be affected by de-
industrialization and loss of jobs more than other regions), which
are not captured by our approach.

In order to see the differences in the values of sprawl when UD is
calculated only based on inhabitants or based on inhabitants plus
jobs per area of land, we calculated WUP′ indicating the value of
sprawl when utilization density is measured only based on number
of inhabitants. As expected, the value of WUP′ for all reporting units
in all time steps was  higher than value of WUP. Table B1 presents
the values of WUP, WUP′, UD, UD′ and the correction factor used for
the calculation of urban sprawl for the reporting units of Montreal
CMA  and Quebec CMA.
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Table  B1
WUP, WUP′ , UD,  UD′ and the correction factors for the reporting units of Montreal CMA and Quebec CMA.

Montreal Census Metropolitan Area (in the delineation of 2011)

Sprawl metric 1951 1971 1986 1996 2011

Area of reporting unit (km2) 4291.69 4291.69 4291.69 4291.69 4291.69
Built-up area (km2) 210.38 459.19 603.07 775.68 1137.08
Inhabitants + jobs – – – – 5,227,186
Estimated inhabitants + jobs – – – – –
Exact UD ((inh + jobs)/km2) 9066.35 8148.01 6621.28 5861.73 4597.03
Estimated UD ((inh + jobs)/km2) 15,165.89 8969.45 7138.64 6200.71 4597.03
Inhabitants 1,395,436 2,737,250 2,921,352 3,326,452 3,824,221
Estimated inhabitants 2,334,237 3013,203 3,149,616 3,518,815 –
Exact UD′ (inh/km2) 6633 5961.1 4844.1 4288.5 3363.2
Estimated UD′ (inh/km2) 11,095.4 6562.1 5222.6 4536.4 3363.2
DIS  (UPU/m2) 45.25 46.66 46.85 47.22 47.82
UP  (UPU/m2) 2.22 4.99 6.58 8.54 12.67
WUPmin (UPU/m2) 0.01 1.23 3.52 6.13 12.6
WUPmax (UPU/m2) 0.48 1.79 4.14 6.64 12.60
WUPAverage (UPU/m2) 0.25 1.51 3.83 6.39 12.60
WUP′

min (UPU/m2) 0.16 3.16 5.70 8.32 14.16
WUP′

max (UPU/m2) 1.27 3.69 6.05 8.57 14.16
WUP′

Average (UPU/m2) 0.71 3.43 5.88 8.44 14.16
Correction factor 1.367 1.367 1.367 1.367 –

Quebec Census Metropolitan Area (in the delineation of 2011)

Sprawl metric 1951 1971 1986 1996 2011

Area of reporting unit (km2) 3343.56 3343.56 3343.56 3343.56 3343.56
Built-up area (km2) 31.26 108.97 181.67 196.91 327.91
Inhabitants + jobs – – – – 1,057,317
Estimated inhabitants + jobs – – – – –
Exact UD ((inh + jobs)/km2) 11,761.50 6120.01 4608.62 4735.62 3224.45
Estimated UD ((inh + jobs)/km2) 16,353.71 6946.23 4646.99 4771.03 3224.45
Inhabitants 264,924 480,500 603,267 671,889 761,818
Estimated inhabitants 368,362 545,369 608,290 676,912 –
Exact UD′ (inh/km2) 8474.4 4409.6 3320.6 3412.1 2323.3
Estimated UD′ (inh/km2) 11,783.2 5004.9 3348.3 3437.6 2323.3
DIS  (UPU/m2) 41.30 44.73 45.60 45.87 46.94
UP  (UPU/m2) 0.39 1.46 2.48 2.70 4.60
WUPmin (UPU/m2) 0.001 0.73 2.18 2.37 4.98
WUPmax (UPU/m2) 0.01 0.92 2.19 2.39 4.98
WUPAverage (UPU/m2) 0.01 0.83 2.18 2.38 4.98
WUP′

min (UPU/m2) 0.01 1.15 2.46 2.72 5.2
WUP′

max (UPU/m2) 0.08 1.25 2.47 2.72 5.2
WUP′

Average (UPU/m2) 0.05 1.20 2.47 2.72 5.2
Correction factor 1.388 1.388 1.388 1.388 –
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