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Abstract: Urban growth has had unprecedented consequences on environmental
sustainability and anthropogenic activity. The eroding coastlines throughout the world are
subject to the massive expansion of urban areas and the accountability of sustainable
hinterland landscapes. The Golden Horseshoe is Canada’s fastest growing region extending
from the Niagara Peninsula and one of the most active economic regions in North America.
This paper adopts a combined assessment of land use change and transitions in the coastal
stretches of the Greater Golden Horseshoe. Comprising the urban expansion of the region
between 1990 and 2011, an integrated assessment was carried out to: (i) detect changes in
coastal lines along Lake Ontario; (ii) derive land use changes along the coast through
spatial accounting matrices; and (iii) integrate climate change data for a combined
assessment of future erosion loci. Visible erosion was found between the decade of 1990
and 2000, while certain areas have shown coastal recession in the southern region. The
maximum recession was found to be 30 m, with an increasing urban sprawl of 19.8%
between 1990 and 2000. A combined temperature increase of 2 °C over the coming
decades brings the increase in urban heat islands leading to the importance of combined
land policies to mitigate the common problem of erosion in vulnerable urban stretches and
liveability concerning spatial resilience of growing urban regions in North America.
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1. Introduction
1.1. A Spatial Understanding of Coastal Areas
The earth is a coastal planet totaling 1,634,701 km of coastline [1]. Due to the large distribution of
coasts around the world the geomorphology of coasts is varied [2]. There are many different types of
coasts including soft-shores, rocky shores and cliffs, hilly or flat coastal plains, narrow or wide coastal
shelves and wetlands [3]. Climate types also vary, ranging from tropical and humid, to polar and dry,
resulting in different biomes on land and in the aquatic systems [1]. Coastal zones are dynamic and not
always the same size. In some regions they can extend a few hundred meters wide, while in others can
contain physical and ecological features that are interconnected further [4] to include watersheds,
drainage passages, floodplains, mangroves, swamps, estuaries, salt marshes, beaches, dunes, wetlands,
barrier islands, coral reefs and tidal flats [5]. With 41% of the world’s population living within 100 km
of the coast [2] it has been a popular location for living, leisure, recreational activities, tourism and
primary ports for commerce [6]. Humans have taken advantage of the many opportunities the coasts
provide, including clean water, food and waste disposal [7]. There is a wide breadth of knowledge of
the ecological, economic and social importance of the oceans [8]. However, only recently has the
importance of coasts been studied with the emerging technology of remote sensing and satellite
imagery [2,9]. Coastal erosion has been of great concern, as it corresponds to the gradual wearing
away of the beach or shoreline sediment due to wave action, often in regions where anthropogenic
activity occurs. Coastal erosion is one of the most visible problems affecting coastal zones, with
approximately 70% of beach receding around the world [10,11]. The natural formation of a coastline is
due to changing sea levels and the impact of wave energy [12]. In 1990, [13] first stated in a report for
the Intergovernmental Panel on Climate Change, that climate change will have significant impacts on
the world’s coastal zones particularly on sea level rise. It has also been stated that change of storm
climate and human interference are also factors, but have been questioned because of the lack of
evidence of long term increasing trend in storm severity [14], and uneven distribution of human
degradation world-wide [11]. A general conclusion is that erosion is a natural phenomenon; however
human action can speed up the process [15,16]. As discussed by [17], 40% of Lake Ontario’s coast is
considered cohesive shorelines; these are cliffed (bluff) coastlines, where the profile contains
non-resident materials with high silt and clay content. The main difference between cohesive
shorelines and dynamic beaches is that cohesive shores erode anywhere from 0.3 to 2.0 m per year and
do not have the potential to accrete, whereas dynamic beaches have the potential to accrete [18,19].
1.2. Anthropogenic Consequences of Coastal Regions in Canada
This high rate of erosion leads to economic losses in properties, roads and agriculture lands, as well
as additional costs in shoreline protection [20–22]. The eroding coastlines are causing irreversible
damage to the waterfront and wetlands and are causing economic losses for the regions surrounding
the Great Lakes [23]. Although there are many negative impacts to coastal erosion, some benefits are
still mentioned throughout the literature. These include the generation of new sand and gravel,
maintenance and extension of beaches, and preservation of some environmental habitats. Most of the
negative impacts of coastal erosion in the Great Lakes are due to poor planning, incompatible
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development decisions and inadequate hazard zone buffers from the land-water interface. These topics
are of a growing concern and have been reflected in many policy initiatives and management plans for
Lake Ontario. Population along the coast is 10%–50% greater than interior regions and this increased
use of coastal areas is threatening the delicate balances of these areas [24]. Increased population,
expanding industrial space, increased beach tourism, fishing and climate change are among the top
reasons for coastal erosion [25]. These factors can affect hydrologic patters, soil structure, natural
vegetation, and morphological processes on the coastline [26,27]. With a high influx of people to
coastal areas, there has also been an even stronger conversion from natural to artificialized land [28].
These human induced factors are speeding up the natural rate of erosion [15]. Management of coastal
areas is an important and integral aspect for communities, providing social and economic value.
Population increase, industrial plants, beach tourism and climate change are some major potential
threats for coastal areas causing imbalance to the ecosystem. These can cause problems in coastal
retreat such as sea level rising, decrease of sediment supplied to the coastal stretch and anthropogenic
degradation of natural structures. Management of the coast is difficult because of the interaction of the
dynamic-natural systems and socio-economic systems [29], and is of utmost importance in order to
maintain sustainable development [30]. It has been stated that combining knowledge from different
disciplines is best to understand and manage this complex phenomenon [12]. Our knowledge of these
interactions is not yet perfected, and this relatively new topic has limited successful cases due to
progress occurring incrementally [31,32]. Turner [12] states that in order to understand their
interactions we must do more than monitor the processes. In this sense, modeling of environmental
processes that effect coastal erosion is a necessary tool to be used in the management process. There is
a general consensus among the literature that coastal erosion is occurring throughout the Great Lakes,
and in Lake Ontario. It has also been noted the many negative effects this has on the surrounding areas.
Urbanization has also been shown to speed this process up. Although there have been some studies
conducted on the Great Lakes and erosion rates, there has been no research done on the relationship
between erosion rates and urbanization, particularly along Lake Ontario. This study will aim to
identify the relationship, predict future trends and be a starting point for other regional modeling, along
with management of coastal areas. This paper offers a systemic analysis of the combined morphology
of urbanization and land use transition processes, in line with changes along the coastal line of the
Golden Horseshoe. These land use changes are suggest an increasing amount of urbanization,
following loss of coastal stretches in detriment to agricultural land. We conclude that spatial analysis
in a combination of land use change and coastal erosion processes, can lead to a better understanding
of regional dynamics throughout the land, in particular in the area of the Golden Horseshoe in Canada
where change is extremely expressive.
2. Study Area
The Golden Horseshoe (GH) (Figure 1) is the fastest growing region in North America [33].
Population in the GH is projected to increase to 11.5 million by 2031 [34] and contributed by the
Ontario government, through the Ministry of Infrastructure. While recent years and following the
economic recession in North America and changes in the immigration patterns, a slower pace may be
applied [35]. This influx in population is placing an enormous strain on the natural capital that the
region has to offer. Forests, wetlands and Canada’s best agriculture land are being destroyed to urban
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sprawl. The provincial government Places to Grow Act, helping to establish policies for urban growth
in Southern Ontario. In 2006 the Growth Plan for the GH stated that 40 percent of increased population
had to be absorbed into preexisting built up areas [24]. This still leaves expansion for 2.7 million
people, allowing this growth to develop the area into a megacity. Megacities can cause negative
impacts on the coast, land and ecosystems, therefore careful management and sustainable development
are paramount for planning expansion [33].
Figure 1. Typologies of anthropogenic land use in the Golden Horseshoe.

3. Data Sources and Tools
The United States Geological Survey (USGS) is a science organization that helps inform the public
on environmental factors such as the health of the environment, natural resources and hazards, and
climate change [36]. The USGS provides access to satellite imagery from many different sources such
as Landsat, IKONOS, LIDAR and MODIS. For this project, Landsat 4 TM images were collected
from the USGS Earth Explorer Program. July 1990, August 2000 and July 2011 were collected from
path 17 row 30, that contained less than 10% cloud cover. They contained bands 1–7 and covered the
full region of the study site. For land use classification, a mosaic of classified land (using Landsat
imagery) was collected from a previous study [33]. These images were of the Golden Horseshoe (GH)
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and represent the study site along the coast. Furthermore, spatial climate data was added from
SimCLIM. SimCLIM is a tool used for modelling climate change impacts and evaluating uncertainties
for different climate factors. It produces projection of future climate and changes compared to the
baseline climate. SimCLIM for ArcGIS, purchased from CLIMsystems, is an extension used in
ArcMap 10.1 for global and regional climate models. This data contained regional climate models of
Ontario with maximum, minimum and mean temperatures as well as average precipitation. The data
could be run with a choice of six different emission scenarios and one of twenty scenario patterns. The
predictions could be made up until the year 2100. Months could be selected individually or as a
combined collection.
4. Methodology
Figure 2 (below) illustrates the project methodology devised. The methodology adopted divided the
research into three parts: Part one details the work done in with the Integrated Land and Water
Information System (ILWIS) deriving the coast line; part two details work done in ArcMap to show
the change in land cover that has occurred; and part three details SimCLIM climate change models.
Figure 2. Combined methodology.
Coast line derived in ILWIS

Land use change derived in ArcMap

Climate model of temperature and
precipitation using SimCLIM

Finding patterns of coastal erosion,
urban change and climate change

Predicted areas of vulnerability
for coastal erosion

There have been several different methods used to detect coastal change using satellite imagery.
Alesheikh et al. [37] successfully derived coastal erosion of Urmia Lake and his modeling process can
be seen below in Figure 3. His process involves using the infrared band to separate water from the
coast. According to [37], the first step of the process is to perform a radiometric calibration on the
images. In Geomatica, the ATCOR2 function was used to perform an atmospheric correction of both
the upper and lower levels of the atmosphere. This application runs both a radiometric correction,
correcting for the reflectance values, and atmospheric correction, correcting for any haze/cloud
cover [38]. In order to properly perform this function on the images, the date, time, latitude and
longitude were require to be retrieved from the metadata and inputted to ascertain the correct/accurate
solar zenith and solar azimuth. Additionally, the visibility (the distance at which objects of suitable
size can be seen) was required to calibrate the sensor information; this was found on Environment
Canada’s National Climate Data and Information Archive website. The last step of the preprocessing
was to georeference the images to a control image to ensure accurate correlation to facilitate the
overlaying of images atop one another [37].
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Figure 3. Extrapolated land use classification for 1990.

Once the preprocessing was completed in Geomatica, the images were brought over to ILWIS for
coastal extraction. This model uses the histogram thresholding on the infrared band (band 5) to
separate the water’s low reflectance from the land’s reflectance. Histogram thresholding is a tactic
used to divide an image into constituent regions or objects; in this case it was used to determine the
lake area. For band 5, the maximum and minimum values were determined for the water areas by
observing the histogram. These values were then inputted into the Stretch function in ILWIS and
created an output image for each band. However, ascertaining an accurate threshold value is difficult
due to areas of mixed pixels resulting from pockets of land containing water in the transition zone [39].
To reduce this effect, a second condition is applied: the ratio of the satellite band 2 to satellite band 4 is
set to greater than 1 and satellite band 2 to satellite band 5 is set to greater than 1 [37]. The output is a
binary image of water and non-water areas of the coast of the lakes. This image and the band 5
thresholding image were then multiplied together. The resulting composite output image is then
converted into a vector file and exported as a shapefile to be used in ArcMap. These steps were applied
to the 1990, 2000 and 2011 Landsat images.
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An unsupervised classification was conducted on the images to decide what main reflectance
categories were present. Six classes were chosen as the main categories of land-use that best
represented the environmental characteristics of the topology of the land: Urban; Agriculture; Barren;
Forest; Rangeland; and Water [33]. The unsupervised classification algorithm was constructed for all
timestamps, namely for 1990, 2000 and 2010, and for each individual time stamp, the following steps
were taken carefully into account: (i) identification of training sites resulting from similar values in the
electromagnetic spectrum and their reflectance attributes; (ii) classification at a pixel level of each land
cover class, and finally, the production of a thematic map, consistently identifying land use and land
cover for the regional of the Golden Horseshoe in Canada. A post-classification change detection
analysis was conducted on three images that have been collected and accurately classified (80%) in the
GH area over a span of 30 years (1990–2011) (Figure 3)
The classified data was received in vector polygons so the first step was to convert the polygons to
raster files. This was done for the 1990, 2000 and 2011 data in ArcMap using the Conversion Tool
Polygon to Raster function, with a cell size setting of 30 to produce a fine image resolution. To
perform a post-classification image analysis, the raster images are required to be subtracted from each
other. To demonstrate gradual topographical change, two different calculations were performed using
the Raster Calculator tool; firstly change from 1990 to 2000, and secondly, change from 2000 to 2011.
The table below (Table 1) shows the percentage change of land use types in the Golden Horseshoe
between 2000 and 2010.
Table 1. Land Use allocation between 2000 (columns) 2010 (rows).
Urban
Barren
Agriculture
Rangeland
Forest
Water
Total

Urban

Barren

Agriculture

Rangeland

Forest

Water

Total

17.40%
0.22%
0.56%
0.89%
1.18%
0.04%
20.29%

0.26%
0.18%
0.10%
0.06%
0.02%
0.04%
0.66%

3.84%
0.28%
12.55%
5.36%
3.94%
0.02%
25.99%

2.66%
0.10%
5.33%
9.23%
7.40%
0.03%
24.75%

2.50%
0.02%
1.62%
3.67%
15.68%
0.06%
23.55%

0.09%
0.02%
0.03%
0.07%
0.16%
4.26%
4.63%

26.74%
0.82%
20.19%
19.28%
28.37%
4.44%

A closer assessment on the changes pertaining 2000 and 2010 (Figure 4), leads to a clearer
understanding on the land use allocation in detriment of coastal urbanization in the Golden Horseshoe.
Urban sprawl has increased 6.45% while agricultural areas have decreased in detriment of
urbanization −5.80% followed by a similar decrease in rangeland (−5.47%). This is particular
concerning, as most agricultural and rangeland land use has become urban land in particular along
Lake Ontario.
SimCLIM climate change model data was collected for regional climate modelling purposes.
SimClim is an extension for ArcMap from CLIMSystems software that produces global and regional
climate models. Ontario data was purchased online from their website. When generating a scenario,
the CCCMA-31 (Canadian) pattern was used. Emission Scenario B2 was used with a sensitivity setting
of “high”. The B2 Emission Scenario was selected because it describes a world in which the emphasis
is on local solutions to economic, social and environmental sustainability [40]. This family best
described the current and predicted outcome for the GH (Figure 5).
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Figure 4. Land use dynamics and change between 2000 and 2010.
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Change

5.00%
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Water

-5.00%
-10.00%

Figure 5. Maximum Temperature 2050.

For each decade studied (1990, 2000 and 2011), data was collected for the existing coastline and
land cover. Regional climate models of precipitation and temperature were also collected.
5. Results
Many areas have remained the same but there are some areas where the coast has grown and
receded. There is more observable retreat of coastline occurring from 1990 to 2000, than there is from
2000 to 2011. The fluctuation of water levels, in particular the below average lake levels of 2011 [41],
has a large effect on coastal growth and retreat. There are areas of coastal growth, from 2000 to 2011
that is notable along areas of urban development with an average growth of 15 m. There is a noticeable
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trend of coastal retreat where rangeland is situated from 1990 to 2011 with an average retreat of 15 m.
Areas of barren land have the largest amount of unchanged coastline along Lake Ontario. At a regional
level there are patterns of coastline recession, most notably in the Southern region. The maximum
recession from 1990 to 2011 is 30 meters across, this is occurring East of Toronto and along the coast
of Hamilton. There have been many changes to the landscape of the Golden Horseshoe, including an
increase of urban sprawl from 1990 to 2011. The research findings indicate that from 1990 to 2000,
19.8% of all change that occurred was to urban land. From 2000 to 2011 7.2% of changes were to
urban land. From 1990 to 2011, The Greater Toronto Area’s urban classification has steadily grown
and is currently almost entirely classified as urban land. With population growth estimated to rise in
the region of 4.5 million people in the next thirty years, the amount of urban land is expected to
increase proportionately. The most notable change between 1990 and 2011, is the amount of forest and
rangeland that has become urban land; it is predicted that this trend will continue. This increase in
urban land is causing a heat island effect, impacting regional temperatures and human health [42],
further enhanced by the conclusions seen in steady increase in average temperature between 1990 and
2011. The predictions concerning climate change indicate that a continuous rise will be seen
throughout the province, particularly in the Southern region where it is predicted that the average high
temperature will be 17 degrees Celsius for the year. Mean temperature for Ontario is estimated to
increase by over two degrees Celsius from 1990 to 2050. According to the Great Lakes Environmental
Research Laboratory, this increase in temperature is the reason for declining lake levels [41], due to
greater levels of evaporation, which is drying the lakes out. Although precipitation is shown to
increase from 1990 to 2050, the most intense rainfall is surrounding Lake Erie, Lake Huron and Lake
Superior and along the southern region of Lake Ontario. The quantitative interpretation carried out has
led to several important conclusions concerning the integrated changes of in land use and erosion
processes in the Golden Horseshoe: (i) there is coastal recession along the coast; (ii) the densest
patterns of recession are found in areas of agriculture; and (iii) these changes have a spatiotemporal
pattern. The research findings highlight the land most vulnerable to coastal erosion is rangeland and
agricultural land surrounding urban centers. As climate change occurs, the increased risk of storms,
flooding and wave action cause an increase of coastal erosion along these shores. The figure below
(Figure 6), illustrates the calculated costal line surrounding Lake Ontario.
Within the subsection of the Golden Horseshoe, the largest section of coastal retreat is 30 m across.
It should be noted that this region also has the highest precipitation and temperature levels in the
province—both of which are contributing factors to lake levels and coastal erosion. There are
noticeable trends of coastal erosion in locations of undeveloped land that is surrounded by urban
development. Significantly, the data highlights erosion is occurring in areas of increased temperature
and rainfall. The dynamic nature of Lake Ontario allows for periods of increased and decreased water
levels thus exacerbating erosion [43]. The lower water levels in 2011 have been seen in areas of urban
development and routinely affect property and infrastructure that was not designed to handle such
fluctuations in water levels [44]. The lower lake levels are exposing the coast and making them more
vulnerable to erosion [45]. Analysis of environmental predictions for 2050 suggests the highest
increase in temperature and precipitation for Ontario will be in the areas adjacent to the western
shoreline of Lake Ontario. This estimated increase in temperature and precipitation is predicted to lead
to an increase in erosion along the coast. If current trends in urban expansion and climate change
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continue, as evidence in this research suggests, Lake Ontario can be expected to experience increased
levels of coastal erosion over the next forty years. The estimated socio-ecological impact of this
scenario would suggest discussion and analysis of potential environmental outcomes should be
undertaken at a governmental level to ensure the protection and preservation of the natural
environment around Lake Ontario for future generations. However, there is no federal ownership of
the lake itself, which has contributed to the lack of government incentive and intervention on this
issue [46].
Figure 6. Coast line in 2000.

When assessing the process of coastal erosion, Geographical Information Systems (GIS) provides
accurate and cost efficient results. Whilst principally a tool that can be used to derive coastal erosion,
GIS also integrates other features; including change detection and regional climate models. This tool
can be used for decision making and policy planning for ecosystems along the coast. GIS and spatial
analysis can help support decision making relating to many spatiotemporal environmental processes
through data analysis and visual aid [47]. Due to its powerful analysis capability and integrated
approach, GIS can detect coastal changes and land use change, provide regional climate models on
large and small scales and help visualize geographical information. The methods presented in this
research can be seen as a useful guide for planning and conservation in the GH area, which is expected
to see an increase in demographic population in the coming years. The methodology employed in this
research can also be applied to other regional areas facing coastal erosion and urban expansion. This
method is designed to help conservationists further understand the relationship between the human and
natural environments and to inform their decision-making processes relating to ecological and
conservational matters. Tourism relating to Lake Ontario’s coastline forms a significant portion of the
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GH economy therefore preservation of the coastline is an integral aspect in the continued economic
wellbeing of the region.
6. Conclusions
The spatial aspects of economic, demographic and land use processes are intrinsic for
understanding the complexity of future outcomes of rapidly expanding urban regions. Geographic
Information Systems and spatial analysis techniques provide important tools for accurate decision
making, tackling the complexity of urbanization and accurate visualization of regional coastal changes
when allied to monitoring land use allocation over time. The availability of several decades of satellite
imagery and the advances in computational methods, have allowed to assess the Golden Horseshoe, a
region of increasing demographic and urban change and debating with its future directions for
sustainable development. This is the case in many regions throughout the world, where rapid sea level
variability and impacts on vulnerable urban stretches are shaking the traditional limits of urbanization,
and demanding new solutions on urban and coastal interactions. These negative impacts on
anthropogenic land use call forth for modeling and coastal impact studies. It is the multi-temporal
combination accrued with spatial dynamics of land use that, from a climate research perspective, must
be dealt with to create more sustainable future landscapes and a livable environment. This paper has
brought a combined technique of understanding: (i) land use transitions over the last decades in rapidly
expanding areas; (ii) correlated these changes with the vulnerability of coastal stretches where
urbanization seems to be significantly higher; and (iii) assess the dependency of climate change
leading to warmer and less habitable areas in future. GIS and spatial analysis is only recently
becoming more integrated into social sciences to help better understand the complex processes of our
world. The methodology employed highlights the benefit in utilizing analysis tools such as deriving
coastlines, change detection and regional climate models to produce visualizations, which can assist in
understanding environmental impact and coastal erosion of the lakeshore areas. In turn, this greater
understanding facilitates a more informed decision-making process. This research demonstrates the
importance of a holistic, integrated approach to coastal modeling and the particular benefit in relation
to understanding the interaction of human dynamics in such a fragile natural environment. As previous
research has indicated, it is of upmost importance to preserve our coasts for ecological and economic
reasons [20–22]. With the greater proliferation of techniques utilizing a combination of GIS and
remote sensing, we are beginning to see a greater number of successful ecological management
strategies being implemented and integrated into regional planning policies. This highlights the
significant importance of providing more accurate solutions in coastal environment analysis
predictions and the beneficial impact these studies can make [47,48]. This method is designed to help
conservationists further understand the relationship between the human and natural environments and
to inform their decision-making processes relating to ecological and conservational matters.
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