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Abstract: Wetland loss and subsequent reduction of wetland ecosystem services in the Great Lakes
region has been driven, in part, by changing landcover and increasing urbanization. With landcover
change data, digital elevation models (DEM), and self-organizing maps (SOM), this study explores
changing landcover and the flood mitigation attributes of wetland areas over a 15-year period in
Toronto and Chicago. The results of this analysis show that (1) in the city of Toronto SOM clusters,
the landcover change correlations with wetland volume and wetland area range between −0.1 to
−0.5, indicating that a more intense landcover change tends to be correlated with small shallow
wetlands, (2) in the city of Chicago SOM clusters, the landcover change correlations with wetland area
range between −0.1 to −0.7, the landcover change correlations with wetland volume per area range
between −0.1 to 0.8, and the landcover change correlations with elevation range between −0.2 to −0.6,
indicating that more intense landcover change tends to be correlated with spatially small wetlands
that have a relatively high water-storage capacity per area and are located at lower elevations. In
both cities, the smallest SOM clusters represent wetland areas where increased landcover change is
correlated with wetland areas that have high flood mitigation potential. This study aims to offer a
new perspective on changing urban landscapes and urban wetland ecosystem services in Toronto
and Chicago.

Keywords: self-organizing maps; urban wetlands; ecosystem services; landcover change; geographic
information systems; urban flooding; flood mitigation

1. Introduction

Laurentian Great Lake wetlands provide several vital ecosystem services, including
wildlife habitat, water filtration, sediment retention, carbon sequestration, erosion preven-
tion, and flood mitigation [1,2]. Both riparian and inland wetlands are able to mitigate the
impacts of flooding events through water storage (riparian wetlands) and peak flow attenu-
ation (inland wetlands) [3,4]. Wetland loss, degradation, and fragmentation is widespread
throughout North America and is, in part, cause by land conversion, urban development,
and transportation [5]. As wetland areas are lost or converted via urban development,
and population density increases, the per capita value of wetland ecosystem services will
often rise, and the ecosystem services that wetlands offer are challenging and sometimes
impossible to fully replace or replicate once wetlands have been lost [6].

This study uses self-organizing maps (SOM) to explore changing landcover and the
flood mitigation attributes of wetland areas over a 15-year period in two Great Lakes urban
areas, Toronto and Chicago. Landcover datasets and high-resolution digital elevation
models have been used to measure several different attributes of the wetlands in these
urban areas, including wetland volume, wetland area, wetland volume per area, drainage
area, and average elevation. The wetland attributes and ranked intensity of landcover
change were included in the SOM analysis, and subsequent correlation matrices were
produced for each SOM cluster. The results of this study (1) provide insights into how the

Remote Sens. 2021, 13, 4960. https://doi.org/10.3390/rs13244960 https://www.mdpi.com/journal/remotesensing

https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://doi.org/10.3390/rs13244960
https://doi.org/10.3390/rs13244960
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/rs13244960
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs13244960?type=check_update&version=1


Remote Sens. 2021, 13, 4960 2 of 18

changing landcover of wetlands areas may alter wetland flood mitigation potential, and
(2) identify wetland areas where protection and restoration efforts would likely improve
flood mitigation potential. This study aims to contribute a novel and innovative method-
ological approach, which uses GIS and machine learning to provide new perspectives on
how landcover change can influence wetlands as flood mitigation tools in the Great Lakes
urban areas.

Research on the link between landcover change and wetland water quality in the Great
Lakes region has shown that as urbanization increases in and around wetland areas, there is
a decrease in the water quality of the wetlands. Additionally, increasing natural landcover
around wetland areas is shown to have positive impacts on water quality throughout
the watershed, and increasing natural landcover around up-river wetlands positively
impacts the water quality of the coastal and riparian wetlands down-river [7]. Increasing
development in the Great Lakes watersheds has also been shown to impact ecological
communities of coastal wetlands by increasing sediment discharge, pollutants, impervious
surface areas, and habitat destruction [8].

In both Toronto and Chicago, landcover change and urbanization has impacted wet-
lands and facilitated wetland loss. Over the past ~200 years, southern Ontario wetlands
have experienced an estimated loss of more than 68%, and since the early 1980s wetland loss
in Toronto and the greater Toronto area has primarily been driven by urbanization [9,10].
Additionally, over the past 150 years, wetland loss has been a major feature of landcover
change in the state of Illinois, with 85% of wetlands lost in the state during this time period.
In the Chicago region, urbanization has facilitated wetland loss, reducing both the quality
and area of wetlands in the region [11].

Wetlands provide several critical ecosystem services, including flood mitigation and
reduction services through water detention and retention. The impacts of flooding can be
reduced in neighbouring areas because wetlands are able to hold water and retain compar-
atively high water tables [12]. Depressional wetlands can reduce peak flows during snow
melt and precipitation events, and prioritising the protection of larger depressional wet-
lands, while allowing the loss of smaller wetlands may impact the functions, integrity, and
resilience of the watershed [13]. The spatial scale of the wetland benefits is also important
to acknowledge, as wetlands that are spatially situated away from areas that experience
flooding may still be providing benefits and reducing the impacts of the flood [14]. Gener-
ally, the benefits of wetlands that act as a flood reduction service are defined by upstream
and downstream landscape characteristics [15]. As the impacts associated with climate
change become more prominent, utilizing wetlands as a component of flood control in the
Great Lakes region will be particularly important [16].

There have been four major flooding events in the city of Toronto in the past 100 years,
(occurring in 1954, 1976, 2005, and 2013), and climate change is projected to impact the
likelihood of more frequent flooding [17]. A 2016 study showed that non-stationary
conditions resulting from climate change impact the intensity-duration-frequency (IDF)
curves of historical precipitation data in the Province of Ontario. This study shows that, due
to climate change, the intensity, duration, and frequency of precipitation events are already
changing in Ontario and will continue to change if environmental changes associated with
climate change continue [18]. In the city of Chicago, there have been 13 significant flooding
events since 1848 (occurring in 1848, 1855, 1885, 1938, 1952, 1954, 1957, 1961, 1973, 1979,
1986, 1987, and 1996) and evidence suggests that as metropolitan Chicago has continued to
expand and develop, the magnitude of the floods has increased [19].

Self-organizing maps have a broad number of applications and SOM have been widely
used in ecological and environmental research to better understand complex systems at
both small and large scales [20]. SOM’s have been used in wetland research and land-
cover change research to predict performance of constructed wetland agro-ecosystems,
predict concentrations of heavy metals in constructed wetlands, pattern vegetation com-
munity types in coastal wetlands, and investigate changes in spatiotemporal landcover
patterns [21–24].
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2. Materials and Methods

SOM algorithms map high-dimensional data patterns to an output space or n-dimensional
grid where this output space is usually two-dimensional, and the grid of units may be
rectangular or hexagonal [25]. This process is an unsupervised machine learning technique,
which preserves the topological relationships within the dataset, and broadly, requires two
steps, training and mapping. The training process of a SOM creates a two-dimensional
input space comprised of neurons (or nodes), and the distance between the dataset neurons
and the input space pattern is determined. The neurons that are closest to the input space
pattern are selected as winning neurons. The mapping process takes the input space
pattern and maps it to the winning neurons, or to other close neurons in the output space.
SOM is useful for examining and grouping high dimensional data into clusters, as well as
visualizing the analysis through topological maps, and in this study, applying the SOM
results to spatial maps [26,27]. For a more detailed description of the SOM algorithm the
reader is referred to [28].

Measuring wetland landcover change between 2000 and 2015 in the city of Toronto re-
quired two datasets: the Southern Ontario Land Resource Information System (2000–2002)
v1.1 GeoTiff and the Southern Ontario Land Resource Information System (SOLRIS) 3.0
GeoTiff. Measuring wetland landcover change between 2001 and 2016 in the city of Chicago
also required two datasets: the NLCD 2001 Land Cover (CONUS) GeoTiff, and the NLCD
2016 Land Cover (CONUS) GeoTiff. The 2000 and 2015 SOLRIS (southern Ontario) GeoTiff
images were added to QGIS and clipped to the city of Toronto boundary, and the 2001 and
2015 CONUS (Contiguous United States) were also added to QGIS and clipped to the city
of Chicago boundary.

The semi-automatic classification plugin was used to determine the changes in pixel
classification between 2000 and 2015 (Toronto) and 2001–2016 (Chicago). The GeoTiff
landcover change image pixels were reclassified to show only the areas that were classified
as wetlands in 2000 (Toronto) and 2001 (Chicago). This was done by reclassifying the pixel
values where the reference value was classified as a wetland, and the new pixel value was
classified based on the reclass value result from the landcover change analysis. The results
of this analysis included GeoTiff images that showed the locations of wetlands as of 2000
(Toronto) and 2001 (Chicago), where the pixel classification was the landcover class as of
2015 and 2016.

The new wetland landcover change GeoTiff images were vectorized and saved as
shapefiles. An additional field was added to the attribute table of the wetland landcover
change shapefile. This field included a numerical ranking system (labelled as ‘LCC Code’
in the figures) for the landcover change based on the intensification of change that occurred
for each feature in the wetland landcover change shapefile. This was done so that the
landcover change values could be included in the SOM analysis. All the landcover change
classifications were ranked between 1 and 5, where higher values (5) denoted more intense
change and lower water retention capacity and lower values (1) denoted no change and
higher water retention capacity. The landcover change ranking system is outlined in Table 1
(Toronto) and Table 2 (Chicago).

The 2000 (Toronto) and 2001 (Chicago) wetland area and volume were calculated
with the vectorized wetland landcover change (wetland polygon) shapefiles. This analysis
required two additional datasets, a 5 m resolution greater Toronto area (GTA) Digital
Elevation Model 2002 and two 10 m resolution USGS Digital Elevation Models. The
wetland polygon shapefiles and DEM images were overlaid in QGIs. The minimum and
maximum values of the DEM, and the number of pixels (count) spatially associated with
each wetland polygon, were calculated using the zonal statistics algorithm. This process
added the minimum elevation, maximum elevation, and number of DEM pixels to the
attribute table of the vectorized wetland landcover change polygon shapefile. The formula
used to calculate the water storage capacity volume of the wetland depressional areas was
pulled from a 2017 study that used LiDAR and aerial imagery to model the hydrologic
connectivity of wetlands [29].
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V =
n

∑
i=1

(C − Zi)·R2 (1)

where C is the maximum elevation (m) of the wetland depression, Zi is the elevation of
pixel i (m), R is the spatial resolution of the DEM (m), and n is the number of pixels that fall
within the wetland depression area. This formula was applied to all the wetland polygons
using the field calculator, the volume in m3 was added as a new column to the attribute
table and the values (m3) were converted to dam3. The area of the wetland polygons was
also calculated in the field calculator as m2 and converted to dam2.

Table 1. Toronto landcover change ranking system.

Landcover Change Label Landcover Change (Ranking) Code

Treed Swamp 1

Thicket Swamp 1

Marsh 1

Open Water 2

Undifferentiated 2

Forest 3

Coniferous Forest 3

Mixed Forest 3

Deciduous Forest 3

Hedge Rows 3

Tilled 3

Built Up Area—Pervious 4

Transportation 5

Built Up Area—Impervious 5

Table 2. Chicago landcover change ranking system.

Landcover Change Label Landcover Change (Ranking) Code

Wetland 1

Open Water 2

Mixed Forest 3

Grassland/Herbaceous 3

Barren Land 4

Developed—Open Space 4

Developed—Low Intensity 4

Developed—Medium Intensity 5

Developed—High Intensity 5

Drainage areas for the Toronto and Chicago wetland polygons were calculated to
determine the area in dam2 where rainfall and water runoff will flow into each wetland
polygon. Drainage areas were calculated using the GRASS r.watershed algorithm and the
high-resolution DEM images, with the minimum size of the exterior watershed basin set
to 40,000 pixels for Toronto and 20,000 for Chicago. This process produced a new raster
image where pixel values denoted the number of pixels that drain through each pixel.

The drainage area for each wetland polygon was determined by (1) overlaying the
wetland polygon shapefile and drainage area raster image, (2) calculating the sum of the
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drainage pixel values and the number of drainage pixels (count), spatially associated with
each wetland polygon using the zonal statistics algorithm, and (3) applying the following
formula in the wetland polygon attribute table field calculator.

DA = L2
(

S
C

)
(2)

where DA is the drainage area (m2), L is the resolution of the drainage area raster image (m),
S is the sum of the pixel values overlapping each wetland polygon, and C is the number of
pixels overlapping each wetland polygon. The area in m2 was added as a new column to
the attribute table and the values (m2) were converted to dam2.

The attribute tables of the 2000 (Toronto) and 2001 (Chicago) wetland polygon shape-
files included (1) the 2015 (Toronto) and 2016 (Chicago) landcover change (ranking) code
(i.e., the 2015 (Toronto) and 2016 (Chicago) landcover change ranking, denoting the intensi-
fication of change that occurred for the areas that as of 2000 (Toronto) and 2001 (Chicago)
were classified as wetlands), (2) the area of each wetland polygon (dam2), (3) the volume
of each wetland polygon (dam3), (4) the drainage area (dam2) for each wetland polygon,
and (5) the average elevation of each wetland polygon (calculated from the DEM zonal
statistics, where the zones were each wetland polygon). The attribute tables were exported
as spreadsheets and were used in the SOM analysis. To avoid a small number of spatially
large wetland systems skewing the result of the SOM analysis, the wetland area (dam2)
and wetland volume (dam3) data were converted to wetland volume/area (dam). The
SOM analysis was conducted in R, and the Toronto and Chicago data were mapped in
two separate SOM analysis. The Toronto and Chicago data were normalized and due to
differences in the size of the datasets, the Toronto data were mapped on a 6 × 6 hexagonal
grid with 5 clusters and the Chicago data were mapped on a 4 × 4 hexagonal grid with
4 clusters. The R script used to conduct the SOM analysis is included in the Supplementary
Materials (Toronto_Wetland_SOM.R and Chicago_Wetland_SOM.R).

The correlation coefficients of the SOM analysis results were calculated for each cluster
and were used to create correlation matrices. The wetland area (dam2) and wetland volume
(dam3) data were included in the correlation matrices so that these wetland attributes could
be compared to the attributes included in the SOM analysis and enhance the discussion
of the study results. It is acknowledged that the large wetland outliers slightly skewed
the correlation between the wetland area (dam2) and wetland volume (dam3), and other
wetland attributes included in the correlation matrices. However, their inclusion in this
analysis does not retract from the correlation comparison of the remaining wetland at-
tributes and the wetland volume/area (dam) attribute was retained in this analysis. The R
script used to calculate the correlation coefficients of the SOM analysis are included in the
Supplementary Materials (Correlation_Matrix_Code.R).

The SOM clusters were added to the wetland shapefiles attribute tables, which were
used to produce maps for Toronto and Chicago displaying the wetland areas (as of 2000
and 2001). Colours of the wetland polygons were changed to reflect their SOM cluster
classification. A 200-m buffer was added to each polygon and the opacity of the buffer was
reduced to 50%. This was done to enhance the visualization of the maps and ensure that
small wetland polygons were visible. All GIS analysis and map creation was completed in
QGIS 3.14. The SOM analysis and correlation matrices were completed in R [30,31].

3. Results
3.1. City of Toronto

The results of the SOM analysis for the city of Toronto are included in Figure 1.
Clusters 1 and 3 are the dominant clusters, with the highest number of wetland polygons
included in cluster 1. Cluster 2 has a moderately high number of wetland polygons.
Clusters 4 and 5 have the lowest number of wetland polygons, with very few wetland
polygons included in cluster 4. In the following correlation matrices, the colour and size
of the circles describe the level of correlation between the wetland attributes in each SOM
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cluster. Larger and darker circles illustrate stronger correlational relationships and smaller,
lighter circles illustrate weaker correlational relationships. Blue circles illustrate a positive
correlational relationship and red circles illustrate negative correlational relationships.
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Figure 1. Toronto SOM clusters.

The correlation matrix for Cluster 1 (Figure 2) shows that (1) landcover change has
a weak negative correlation with wetland volume, wetland area, and volume per area,
indicating that wetland areas where more intense landcover change has occurred tend to
be areas with smaller, shallow wetlands that have a lower water storage capacity per area.
(2) Drainage area has a weak positive correlation with wetland volume per area, indicating
that in this cluster, during rain events, more water tends to flow into wetlands with a higher
water storage capacity per area. For the city of Toronto, this correlation matrix (Cluster 1),
as well as in the correlation matrices for clusters 2–5, wetland volume, wetland area, and
wetland volume per area are positively correlated.
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The correlation matrix for Cluster 2 (Figure 3) shows that (1) landcover change has a
weak negative correlation with wetland volume and wetland area; however, there is almost
no correlation between landcover change and wetland volume per area. This indicates that
wetland areas where more intense landcover change has occurred tend to be comprised of
smaller, shallow wetlands. (2) Drainage area has a weak negative correlation with wetland
volume and wetland area; however, there is almost zero correlation between drainage area
and wetland volume per area, which indicates that wetland areas with higher drainage
areas tend to be comprised of smaller, shallow wetlands.
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The correlation matrix for Cluster 3 (Figure 4) shows that (1) landcover change has
a weak positive correlation with average elevation, indicating that wetland areas where
more intense landcover change has occurred tend to be located at a higher elevations.
(2) Drainage area has a weak positive correlation with wetland volume per area, indicating
that in this cluster, during rain events, more water tends to flow into wetlands with a higher
water storage capacity per area.
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The correlation matrix for Cluster 4 (Figure 5) shows that (1) landcover change has a
fairly strong positive correlation with drainage area and fairly strong negative correlation
with average elevation, indicating that areas where more intense landcover change has
occurred tend to be wetland areas that have a larger drainage area and are located at
lower elevations. Landcover change is also negatively correlated with wetland volume
and wetland area, and there is a weak negative correlation between landcover change and
wetland volume per area. This indicates that wetland areas where more intense landcover
change has occurred tend to be comprised of smaller and shallow wetlands that have a
somewhat lower water storage capacity per area. (2) Drainage area has a weak negative
correlation with wetland volume, wetland area, and wetland volume per area, as well as a
negative correlation with average elevation. This indicates that wetland areas with higher
drainage areas tend to be comprised of smaller and shallow wetlands with a lower water
storage capacity per area that are located at a lower elevation.
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The correlation matrix for cluster 5 (Figure 6) shows that (1) landcover change has a
weak negative correlation with drainage area, wetland volume, and wetland area. This
indicates that areas where more intense landcover change has occurred tend to be smaller
and shallow wetland areas with small drainage areas. However, there is also a weak
positive correlation between landcover change and wetland volume per area, indicating
that these small and shallow wetlands have a stable water storage capacity per area.
(2) Drainage area has a weak negative correlation with wetland volume, wetland area, and
average elevation; however, there is a weak positive correlation between drainage area and
wetland volume per area. This indicates that wetland areas with higher drainage areas
tend to be smaller and shallow wetland areas located at lower elevations. Again, these
wetland areas, although small and shallow, do have a stable water storage capacity per
area. (3) Average elevation has a weak positive correlation with wetland volume per area,
indicating that wetlands with a higher water storage capacity per area tend to be located at
higher elevations.
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Figure 6. Toronto cluster 5 correlation matrix.

The spatial distribution of the city of Toronto wetland areas by SOM cluster is shown
in Figure 7. Wetland areas in cluster 1 tend to be densely concentrated along watercourses
throughout Toronto; however, this cluster does contain several wetland areas that are
geographically isolated and removed from the urban watercourses. Wetland areas in
cluster 2 are geographically dispersed but are all located along the Humber River and Don
River watercourses throughout Toronto. Wetland areas in cluster 3 are located both along
watercourses throughout Toronto, as well as in geographically isolated areas, removed
from the urban watercourses. Wetland areas in cluster 4 are geographically dispersed and
are located on the Humber River, Rouge River, and Highland Creek watercourses, with a
single, geographically isolated wetland area removed from the urban watercourses, located
near the city’s centre. Wetland areas in cluster 5 are somewhat geographically dispersed
but are all located along the Humber River, Don River, Rouge River, and Highland Creek
watercourses throughout Toronto. There is some dense clustering of wetlands along the
northern Don River, southern Rouge River, and along Highland Creek. Broadly, although
clusters 4 and 5 contain the lowest numbers of wetland polygons, these wetlands tend to
be much larger both in area in volume, compared to wetlands in clusters 1, 2, and 3.

3.2. City of Chicago

The results of the SOM analysis for the city of Chicago are included in Figure 8.
Clusters 1 and 2 are the dominant clusters, with the highest number of wetland polygons
included in cluster 2. Clusters 3 and 4 have the lowest number of wetland polygons, with a
low number of wetland polygons included in cluster 3.

The correlation matrix for cluster 1 (Figure 9) shows that (1) average elevation has
a weak negative correlation with landcover change wetland volume, wetland area, and
wetland volume per area, indicating that wetland areas at a high elevation tend to be
smaller and shallower wetlands located in areas where little to no landcover change has
occurred. (2) Average elevation has a positive correlation with drainage area, indicating
that in this cluster, during rain events, more water tends to flow into wetlands wetland
areas at a high elevation. (3) Wetland volume, wetland area, and wetland volume per area
are positively correlated with each other.
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Figure 8. Chicago SOM clusters.

The correlation matrix for cluster 2 (Figure 10) shows that (1) landcover change has
a negative correlation with average elevation, indicating that wetland areas where more
intense landcover change has occurred tend to be located at lower elevations. (2) Drainage
area has a weak positive correlation with wetland volume per area, indicating that in
this cluster, more water tends to flow into wetlands with a higher water storage capacity
per area. (3). Again, wetland volume, wetland area, and wetland volume per area, are
positively correlated with each other.
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The correlation matrix for cluster 3 (Figure 11) shows that (1) landcover change has a
strong positive correlation with drainage area and has a positive correlation with wetland
volume and wetland volume per area. Additionally, landcover change has a strong negative
correlation with wetland area and has a weak negative correlation with average elevation.
This indicates that wetland areas where more intense landcover change has occurred have
more water flowing into them during rain events, are located at lower elevations, and tend
to be geographically smaller and deeper wetlands. (2) Drainage area has a weak positive
correlation with wetland volume and a stronger positive correlation with wetland volume
per area, a strong negative correlation with wetland area and a weak negative correlation
with average elevation. This indicates that wetland areas that have more water flowing
into them during rain events are located at lower elevations and tend to be geographically
smaller and deeper wetlands. (3) Wetland volume is positively correlated with wetland
volume per area and average elevation, and it also has a weak positive correlation with
wetland area. Wetland area has no correlation with wetland volume per area and a positive
correlation with average elevation, and wetland volume per area has a weak positive
correlation with elevation. This indicates that in this cluster, wetlands located at higher
elevations also tend to be fairly deep relative to their area.

The correlation matrix for cluster 4 (Figure 12) shows that (1) landcover change has a
fairly weak negative correlation with drainage area, wetland area, wetland volume, and
average elevation, and a stronger positive correlation with wetland volume per area. This
indicates that wetland areas where more intense landcover change has occurred have
more water flowing into them during rain events, are located at lower elevations, and are
geographically smaller and shallower wetlands. (2) Drainage area has a weak negative
correlation with wetland volume per area and a weak positive correlation between average
elevations, indicating that that in this cluster, more water tends to flow into wetlands
located at a higher elevations with a lower water storage capacity per area. (3) Wetland
volume per area has a weak negative correlation with wetland volume and wetland area,
indicating that wetland areas in this cluster tend to be shallow. (4) The average elevation
has a strong positive correlation with wetland area and wetland volume, and a negative
correlation with wetland volume per area, indicating that wetland areas located at higher
elevations tend to be larger and shallower wetlands with a lower water storage capacity
per area.

The spatial distribution of the city of Chicago wetland areas by SOM cluster is shown
in Figure 13. Wetland areas in cluster 1 are geographically dispersed and are located
near the mouth of the Calumet River, with one smaller cluster near the shore of the Des
Plaines River and another smaller cluster removed from the urban watercourses in the
northwest part of the city. Wetland areas in cluster 2 tend to be situated in dense clusters
in the northern and southern parts of the city, near the mouth of the Calumet River, the
shore of the Des Plaines River, and the shore of the North Branch of the Chicago River.
Smaller clusters, removed from the urban watercourses, are located in the southwest part
of the city, as well as along the shores of Lake Michigan. Wetland areas in cluster 3 are
small and geographically isolated, and they are located along the shore of the Des Plaines
River. Wetland areas in cluster 4 are comprised of a low number of relatively large wetland
polygons, located primarily in the northern part of the city along the Des Plaines River and
the North Branch of the Chicago River. A smaller cluster of wetland areas is also located in
the southern part of the city along the Calumet River. Broadly, cluster 1 tends to contain
a high number of spatially small wetlands, cluster 2 contains a high number of spatially
small, medium, and large wetlands, cluster 3 contains a low number of small wetlands,
and cluster 4 contains a low number of spatially large wetlands.
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Figure 12. Chicago cluster 4 correlation matrix.
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4. Discussion

The SOM analysis results have grouped the areas classified as wetlands in 2000
(Toronto) and 2001 (Chicago) into clusters based on their average elevation, drainage area,
water storage volume per area, and intensity of landcover change between 2000 and 2015
(Toronto) and 2001–2016 (Chicago). The subsequent correlation matrices have shown the
level of correlation between the variables outlined above as well as the wetland area and
wetland volume. Urban wetlands provide several important ecosystem services, and the
results of this analysis offer a new perspective on changing urban landscapes and urban
wetland ecosystem services in Toronto and Chicago. Additionally, these results allow for
insight to where more intensive landcover change is correlated with wetland areas capable
of providing higher levels of flood mitigation.

The analysis for the city of Toronto has illustrated that the wetland areas in cluster 2,
cluster 4, and cluster 5 are locations where more intensive landcover change has resulted
in decreases in wetland areas that have high flood mitigation potential. In cluster 2, more
intense landcover change is negatively correlated with wetland area and volume, however,
drainage area is also negatively correlated with wetland area and volume. This indicates
that although more intense landcover change is associated with smaller wetland areas, these
wetland areas tend to have larger drainage areas (i.e., a greater amount of water flowing into
them during rain and snow-melting events). In cluster 4, more intense landcover change is
negatively correlated with wetland area, volume, and elevation; however, it is positively
correlated with drainage area. This indicates that, again, more intense landcover change is
associated with smaller wetland areas at low elevations, which tend to have larger drainage
areas. These correlations in cluster 4 are stronger compared to the correlations between
landcover change and wetland characteristics in the other clusters. In cluster 5, more
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intense landcover change is negatively correlated with wetland area and volume; however,
there is a positive correlation between more intense landcover and wetland volume per
area. This indicates that although more intense landcover change is associated with smaller
wetland areas, these wetland areas have a stable water storage capacity per area. The
wetland areas included in cluster 2, cluster, 4 and cluster 5 are almost entirely situated
along major waterways in Toronto. This feature increases their flood mitigation potential
as wetland loss near stream networks is associated with increased stream peak flow and
cumulative flow [32]. Clusters 2 and 5, in particular, have several wetland areas that are
located further away from the river mouths. These wetland areas are important to highlight
for potential restoration and protection, as evidence suggests that wetlands located further
upstream provide greater flood reduction [33]. Broadly, in the city of Toronto analysis
more intense landcover change tends to be correlated with small shallow wetlands, and the
ecosystem service value of small wetlands should not go unrecognized. The cumulative
services of many small wetlands can be highly effective at reducing the overland flow
of water, particularly if the wetlands are situated along hydrological pathways and low
elevations, and have higher evapotranspiration rates [34,35].

The analysis for the city of Chicago has illustrated that the wetland areas in cluster 3
and cluster 4 are locations where more intensive landcover change is correlated with
wetland areas that have high flood mitigation potential. In cluster 3, more intense landcover
change is negatively correlated with wetland area; however, it is positively correlated with
wetland volume, wetland volume per area, and drainage area. This indicates that although
more intense landcover change is associated with small wetland areas, these wetland areas
have high water storage capacity per area and a greater amount of water flowing into
them during rain and snow-melting events. The depth and high water storage capacity
per area of the wetlands in cluster 3 is important to highlight because although wetland
depth doesn’t alter storm water runoff flow significantly during small floods, during larger
floods deeper wetlands are able to more greatly reduce the peak flow of storm water
runoff compared to shallow wetlands [36]. In cluster 4, more intense landcover change is
negatively correlated with wetland area, wetland volume, drainage area, and elevation;
however, it is positively correlated with wetland volume per area. This indicates that
although more intense landcover change is associated with smaller wetland areas at low
elevations, these wetland areas tend to have a higher water storage capacity per area.
Broadly, in the city of Chicago, more intense landcover change tends to be correlated with
spatially small wetlands that have a relatively high water-storage capacity per area and
are located at lower elevations. The ecosystem service value of small wetlands has already
been highlighted in this discussion, and the value of Chicago’s wetland areas in cluster
3 and cluster 4 can be further displayed by their proximity to the Des Plaines River. The
Des Plaines River runs through Chicago in the northwest corner of the city, and this is
where all the wetland areas in cluster 3, and a large portion of the wetland areas in cluster 4,
are located. Each year, flooding of the Des Plaines River costs property owners and local
governments USD 20 million. This cost of flooding is linked to wetland loss, and evidence
suggests that the presence of these lost wetlands would mitigate the impacts of annual
floods [37].

In both cities, the smallest clusters represent wetland areas, where (1) increased
landcover change is correlated with high flood mitigation potential, and (2) wetland
restoration and protection would be beneficial in terms of increasing flood mitigation
potential. In the city of Toronto, this is cluster 4, which includes wetlands located near the
mouth of the Humber River, along Rouge River, and Highland Creek watercourses, and
a single, isolated wetland area removed from the urban watercourses, located near the
city’s centre. In the city of Chicago, this is cluster 3, which includes a small cluster of deep
wetlands located along the shore of the Des Plaines River.

The impacts of climate change, in tandem with continued urban development, are
projected to increase the severity of urban flooding events. Climate change will lead to
more severe and frequent rain events and urban development will increase the aerial extent
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of impervious surfaces in urban areas. An important solution to this issue is the protec-
tion and restoration of natural wetlands as well as the construction of artificial wetlands.
Increasing wetland areas has been shown to limit flood risk by improving groundwater
infiltration, altering water delivery routes to streams, and lowering overland water trans-
port rates [38]. Wetland areas have the potential to limit the impacts of increasing flooding
events associated with climate change. However, freshwater wetlands are also particularly
vulnerable to the impacts of climate change [39,40]. It is therefore recommended that the
wetland areas included in clusters 2, 4 and 5, and clusters 3 and 4 for Toronto and Chicago,
respectively, be actively considered for protection and restoration.

The authors recognize that there are some limitations to this study. First, landcover
classification datasets are highly important tools for ecological and landcover change
research; however, there are challenges in achieving complete accuracy in the classification
of regional landcover datasets [41]. The authors acknowledge that there may be some errors
in the landcover datasets used in this study, particularly in the classification of spatially
small wetland areas. Landcover datasets were acquired from the same source for each
region to (1) reduce errors in the landcover change analysis and (2) ensure that the same
methodological approaches to landcover classification were applied to the datasets used in
the compared time periods. Second, wetlands are part of complex hydrological systems
and there are additional wetland characteristics that can contribute to water retention
capacity (e.g., vegetation and soil composition) that were not included in this study [42,43].
The authors acknowledge this limitation; however, the inclusion of vegetation and soil
composition analysis within the SOM, and subsequent correlation analysis was not within
the scope of this study. Rather, the goal of this study was to present a machine learning
framework, which uses landcover data and high-resolution digital elevation models to
explore how landcover change can influence wetlands as a flood mitigation tool.

5. Conclusions

The SOM analysis and subsequent correlation matrices in this study allow for new
perspectives in understanding how the changing landcover of wetland areas may reduce
or increase flood mitigation in Great Lakes urban areas. The results of this study have
identified several wetlands areas, where more intensive landcover change is correlated
with wetland areas capable of providing higher levels of flood mitigation. In the city of
Toronto, these wetland areas, situated along the Humber River, Don River, Rouge River,
and Highland Creek watercourses, are represented in cluster 2, cluster 4, and cluster 5. In
the city of Chicago, these wetland areas, situated primarily along the Des Plaines River,
and along the North Branch of the Chicago River and Calumet River watercourses, are
represented in cluster 3 and cluster 4.

Landcover change, particularly that which leads to the reduction of pervious surfaces
in urban areas, can alter water balance and increase the amount of runoff during rain and
snow-melting events [44]. Wetlands in the Great Lakes region provide essential ecosystem
services, including urban runoff and flood mitigation, and the protection and restoration
of these wetland areas should not be neglected in urban policy development and urban
management [1].
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