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Abstract: A large portion of Canada is covered by wetlands; mapping and monitoring them is
of great importance for various applications. In this regard, Remote Sensing (RS) technology has
been widely employed for wetland studies in Canada over the past 45 years. This study evaluates
meta-data to investigate the status and trends of wetland studies in Canada using RS technology
by reviewing the scientific papers published between 1976 and the end of 2020 (300 papers in total).
Initially, a meta-analysis was conducted to analyze the status of RS-based wetland studies in terms of
the wetland classification systems, methods, classes, RS data usage, publication details (e.g., authors,
keywords, citations, and publications time), geographic information, and level of classification
accuracies. The deep systematic review of 128 peer-reviewed articles illustrated the rising trend
in using multi-source RS datasets along with advanced machine learning algorithms for wetland
mapping in Canada. It was also observed that most of the studies were implemented over the
province of Ontario. Pixel-based supervised classifiers were the most popular wetland classification
algorithms. This review summarizes different RS systems and methodologies for wetland mapping
in Canada to outline how RS has been utilized for the generation of wetland inventories. The results
of this review paper provide the current state-of-the-art methods and datasets for wetland studies in
Canada and will provide direction for future wetland mapping research.

Keywords: Canada; classification; remote sensing; wetland

1. Introduction

Wetlands are ecosystems where terrestrial and aquatic regions meet and share some
characteristics. Wetlands also contain water for some periods of a year and are charac-
terized by the presence of water, hydric soil, and specific vegetation adapted to a wet
environment [1,2]. Wetlands are invaluable natural resources that provide exceptional
benefits to humans and the surrounding environment [2]. Due to numerous environ-
mental services of wetlands, including carbon sequestration [3], water purification [4],
sediment filtration [5], soil conservation [6], and other critical services, wetlands have
been called the “kidneys” of nature [7]. Additionally, from an economic perspective,
wetlands are important due to their extensive applications for recreational activities [8],
fish and shellfish aquacultures [9], flood mitigation [10], and providing diverse wildlife
habitat [11,12]. Despite their numerous benefits, wetlands have been threatened by climate
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change, natural catastrophic events (i.e., wildfire), and anthropogenic activities, such as
intense irrigation practices, water drainage, groundwater extraction, and replacement by
urban and agricultural landscapes [13]. Therefore, it is vital to obtain precise, reliable, and
up-to-date information about the different characteristics of wetlands (i.e., extent, type,
health, and status).

Traditionally, wetland mapping was conducted by collecting airborne photographs
and in situ data through intensive field surveys [14,15]. Although these methods were
very accurate, they were resource-intensive and practically infeasible for large-scale studies
with frequent data collection necessities. Consequently, advanced Remote Sensing (RS)
techniques were proposed for wetland mapping and monitoring [2,16-18]. RS systems
provide frequent Earth Observation (EO) datasets with diverse characteristics and broad
area coverage, making them attractive to map and monitor wetlands” dynamics from local
to global scales through time [2,19,20]. However, it should be noted that the possibility of
obtaining reliable information about wetlands using RS data does not obviate the necessity
of collecting in situ data, and their incorporation shall provide more profound results.

Passive and active RS systems capture EO data in different parts of the electromagnetic
spectrum. In this regard, aerial [21-23], multispectral [18,24-27], Synthetic Aperture Radar
(SAR) [28-31], hyperspectral [20,32], Digital Elevation Model (DEM) [33-36], and Light
Detection and Ranging (LiDAR) point cloud datasets [36-38] have been extensively used
separately or in conjunctions for wetland mapping. Since each of these data sources
acquire EO data in different parts of the electromagnetic spectrum, they provide diverse
information about the spectral and physical characteristics of wetlands [39]. Moreover,
deployment of these sensors on airborne, spaceborne, and Unmanned Aerial Vehicle (UAV)
platforms allows recording EO data over wetlands with different spatial resolutions and
coverages. Finally, the integration of RS data with machine learning algorithms provides an
excellent opportunity to fully exploit RS data for accurate wetland mapping and monitoring
tasks [40,41].

Machine learning algorithms allow extracting and interpreting RS data automatically
and robustly to map wetlands and derive relevant information about the wetlands’ con-
dition. For instance, Random Forest (RF) [42-45], Support Vector Machine (SVM) [46-49],
Maximum Likelihood (ML) [50-53], Classification and Regression Tree (CART) [35,36],
and Deep Learning (DL) [21,27,40,54] algorithms have been implemented to produce high-
quality wetland maps. In this regard, both pixel-based and object-based approaches have
been applied to exploit the most delicate possible information about wetlands by integrat-
ing RS data and machine learning algorithms [55-62]. Moreover, studies [21,40,41,47,48,63]
were also dedicated to assessing the performance of machine learning algorithms for accu-
rate wetland mapping and monitoring to elucidate the path for other interested researchers
all around the globe.

Global wetland extents were predicted to be from approximately 7.1 million km?
to 26.6 million km? [64] and 25% of globally documented wetlands have been recorded
over Canada, covering approximately 14% of the total Canadian terrestrial surface [65].
Wetlands are extended across Canada, with the greatest concentration in northern regions.
The Northwest Territories (NT), Ontario (ON), and Manitoba (MB) provinces contain the
highest coverage of wetlands [66]. Considering the environmental and economic benefits
of wetlands, as well as the immense wetland extent in Canada, it is essential to produce
precise wetland inventories for conservation and sustainable developments. Accordingly,
different Canadian associations have categorized wetland types based on their morphology;,
hydrology, hydrochemistry, plant communities, soil and sediment characteristics, depth,
productivity, and wildlife usages to establish practical guidelines to study and monitor
wetlands [67]. One of these categorizations that has received much attention is the Canadian
Wetland Classification System (CWCS), by which wetlands are divided into five classes:
bog, fen, marsh, swamp, and shallow water [67].

Due to the importance of wetlands for the Canadian environment, many studies have
been conducted to produce wetland inventories from local to national scales using different
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types of EO datasets and machine learning algorithms [40,41,68-70]. For instance, the
study by [23] was an early study that employed aerial imagery for wetland mapping in
Canada. Later, a combination of multi-source RS datasets, including aerial, SAR, DEM,
and optical satellite images, were employed in most of the Canadian provinces for wetland
classification [7,71-73]. A significant effort has also been made to produce nation-wide
wetland inventories using cloud computing methods. For instance, [68] created the first
Canada-wide wetland inventory with 30 m spatial resolution and based on the CWCS cate-
gories. In this regard, they processed over 30,000 Landsat-8 images within the Google Earth
Engine (GEE) cloud computing platform. Afterwards, two generations of Canadian wet-
land inventories with 10m spatial resolution were produced by combining Sentinel-1 and
Sentinel-2 images within GEE [69,70]. However, they have addressed various uncertainties
regarding the large-scale and wetland types mapping.

Until now, several studies have been conducted to review the wetland studies which
have been conducted using RS technology. For instance, a two-part review [74,75] provided
a guide on how RS data can be used to quantify boreal wetland extent and monitor
drivers of change on wetland environments, along with a technical review of RS data
processing and analysis techniques. The authors of [2,76] also comprehensively discussed
the characteristics and importance of wetlands, as well as the advantages and disadvantages
of various RS sensors and methods used in wetland research. Additionally, [18] considered
the global application of SAR data for wetland mapping. Furthermore, [17] conducted
a meta-analysis of wetland classification focusing on the publication trends in North
America. However, there is a need for a national-scale, bibliographic analysis of efforts to
map wetlands with RS data within and across Canada. Therefore, this review paper aims
to provide necessary information on (1) identifying and categorizing wetland studies using
RS data, (2) illustrating the geographical distribution of inventories, (3) discussing the
classification techniques for wetland mapping, (4) assessing RS data applications, and (5)
discussing classification accuracy through a systematic literature search and meta-analysis
of studies conducted in Canada. Additionally, a comprehensive review of lead- and co-
authors and their affiliated universities/institutions who have published research studies in
Canada is provided. Keywords and citation surveys have also been individually analyzed.

2. Wetland Classification Systems in Canada

Multiple wetland classification systems have been proposed and utilized in Canada.
The three well-known Wetland Classification Systems (WCS) are presented in Figure 1a.
CWCS is the main system used across Canada. The Alberta Wetland Classification System
(AWCS) is a customized form of CWCS for the Alberta province [77]. Both systems have the
same wetland classes with the difference in forms and subclasses. The Enhanced Wetland
Classification System (EWCS) is another system applied in Canada. This system divides
the original five classes of the CWCS into 19 finer subclasses [78].

CWCS has emerged from a series of developments within the NWWG started in
1976 [79]. The second edition and final document of CWCS was released in 1997 [67], which
classifies wetlands into five major classes and has additional characteristics features of form
and sub-form. These forms can be further categorized regarding dominant vegetations.
Each of the five classes of CWCS is briefly described below and summarized in Figure 1b.
A more detailed description of each wetland class can also be found in [80,81].

Bog is a type of ombrogenous peatland, which means its major water source is precip-
itation [39]. Therefore, it is an acidic and low nutrient environment mostly covered with
sphagnum moss, sedge, and ericaceous shrub species [82]. Bog’s vegetation form may vary
between open, shrubby, or treed depending on soil, hydrology, and nutrient characteristics.

Fen, another type of peatland, is similar to bog in terms of peat accumulation. How-
ever, its water source is not limited to precipitation like with bogs, but includes water
surface flows and groundwater contributions to its moisture [82]. Fens are typically di-
vided into two classes of rich fens and poor fens based on having contact with mineral-rich
water and nutrient availability. The vegetation cover of poor fens is similar to bog, while
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sedges, brown moss, grass, and graminoids are the dominant vegetation species in rich
fens. Nevertheless, all fens have minerotrophic indicator species meaning that they only
grow in the right nutrient environments [80].

(a)
Wetland Classification Systems In Canada
4 I
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Wetland
Classification
System
; S = ¢ ‘
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Figure 1. (a): The well-known Wetland Classification Systems used in Canada. (b): Wetland classes based on the CWCS.

Swamps exist in both mineral and peatland wetland types [80]. Swamps are often
found in contact with other hydrological systems; hence they are difficult to identify. One
of the distinguishing characteristics of swamps is that the woody vegetation (trees and
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shrubs) dominates the swamp environment (30% up to 100%) [82]. Additionally, the peat
soil in swamps is composed of well-decomposed wooded species rather than the organic
sphagnum or sedge-dominated peat in bogs and fens. The water table fluctuates in swamps,
and they are not permanently saturated or inundated like bogs and fens; thus, the soil layer
can be well-aerated [80].

Marsh is a type of mineral wetland class that experiences a high temporally periodical
(seasonal/annual) rate of inundation. The hydrology inputs are from numerous sources,
such as tides, water flow, groundwater, surface runoff, precipitation, and flooding. The
variety of dissolved mineral inputs and freshening ventilation lead to high productivity
and a diverse range of vegetation species [80]. Marsh vegetation communities are of-
ten comprised of emergent aquatic types, such as rushes, sedges, grasses, broad-leaved
emergent, floating, and submerged aquatic plants [83].

Shallow water is a semi-permanent to permanent water body with a water depth of
fewer than 2 m during mid-summer [39]. However, mudflats might be exposed in occasions
of water drawdown. Submerged aquatic and floating vegetation with the capability of
adaptation to constant inundation are present in shallow waters [82].

3. Method of META-Analysis

Figure 2 shows the workflow of preparing the documents for content analyses in this
review. The bibliographic database of the present review was attained through perform-
ing a title, abstract, and keywords systematic literature search of relevant articles in the
two well-known scientific databases of Clarivate Analytics Web of Science and Elsevier
Scopus. To this end, all the combinations of search words (see Table 1) were applied to
select English language journal papers, conference papers, and review papers between
1975 and the end of 2020. For instance, the combination of “wetland”, “Canada”, and
“remote sensing” was the first combination for the literature search. It is worth mentioning
that “Canada” was separately considered to include those research papers conducted over
the entire country of Canada, as well as papers in which the province name was not stated
in the title, abstract, or keywords. Afterwards, the Preferred Reporting Item for Systematic
Review and Meta-Analysis (PRISMA) checklist was applied to organize the collected docu-
ments [84]. First, all the results for each combination were separately examined, and then
the duplicate documents were removed. Subsequently, the remaining corpus of documents
was combined to generate a consolidated database that encompassed 686 papers. A title
filtering was then performed to identify the duplicate documents obtained by different
combinations, which led to 473 documents. Later, those documents that their source file
was not found, along with irrelevant documents, were also excluded, which finally resulted
in 300 remaining papers. Following this filtering step, the title, abstract, and keywords
sections of the remaining papers were screened to distinguish papers associated with wet-
land mapping from other wetland studies. This was performed because further attributes
(see Figure 2) were derived from wetland mapping-related papers as the primary focus of
this review. Finally, all 300 papers were fully inspected to extract different attributes (see
Table 2), such as year, study area, classification method, and data type, for further analyses
(see Table A2).
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Figure 2. Workflow of preparing content analyses of this review paper.

Table 1. List of search words to prepare the procurements of this review.

First Word Second Word Third Word

Canada

Newfoundland and Labrador (NL)
Ontario

Quebec (QC)

Nova Scotia (NS)

New Brunswick (NB) .
Manitoba Remote Sensing

Wetland And British Columbia (BC) And Radar
Satellite

Prince Edward Island (PE)
Saskatchewan (SK)
Alberta (AB)

Northwest Territories
Yukon (YT)

Nunavut (NU)
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Table 2. The 14 attributes considered for content analysis of all 300 papers for further investigations.

Attribute Categories
1 First Author Name
2 Co-authors Name
3 Publication year Value
4 Citation Value
5 Paper type Type: Journal, Conference
6 Study area Type: 13 provinces/territories and Canada
7 Affiliation Type: University, Organization
8 Data type Type: Optical, SAR, LiDAR, UAYV, Aerial, Orthophoto, Multi-sensor
9 Method Type: (Supervised, Unsupervised), (Object-based, Pixel-based)
10 Number of wetland classes Value: One, Two, Three, Four, Five, CWCS, and Six or more
11 Classifier Type: 8 classifiers, multiple classifiers, and Other
12 Journal Name
13 Area extent Type: Very small, Local, Regional, Provincial, National
14 Accuracy Value

4. Results and Discussion

Several statistical analyses were first conducted in the following subsections based
on the procedure defined in the method section. In addition to demonstrating the general
characteristics of 300 RS-based wetland studies in Canada (e.g., publication details, geo-
graphical information, and RS datasets), a comprehensive survey and discussion of the
meta-analysis status and trends were provided to present a comprehensive overview of
128 mapping studies. Policymakers can gain advantages from this overview in wetland
mapping over Canada using RS technology.

4.1. Publication Details
4.1.1. Number of Annual Publications

Figure 3 shows a schematic summary of the distribution of published articles during
the time-period studied period along with the number of journal and conference papers.
Figure 3 also includes those journals that have published more than one paper in each
time interval. It is worth noting that for the period 20062020, those journals that have
published more than three papers are only provided. According to Figure 3, several clear-up
conclusions can be drawn and summarized as follows. Over time, the number of published
papers increased. As such, the distribution of articles shows a major positive trend in
publications of wetland studies in Canada. A total of 9 (3%), 14 (4.7%), 10 (3.4%), 37 (12.4%),
43 (14.4%), 62 (20.7%), and 124 (41.5%) papers were, respectively, published in 1976-1985,
1986-1995, 1996-2000, 2001-2005, 20062010, 2011-2015, and 2016-2020. These results show
that the published articles gradually increased about 50% in the period 1976-2020.

After evaluating the time-level publication rates, we examined the number of publi-
cations for each year according to the study area. To this end, 300 articles were divided
into 12 categories based on the Canadian provinces and territories, including BC, QC,
SK, NU, MB, YT, NS, NL, AB, NT, NB, and ON. Figure 4 summarizes yearly trends in
Canada’s wetland publications according to the study area. Based on the results, there
were no studies published from 1983 to 1987. It must be kept in mind that in this period,
articles were presented in printed mode. Although many of them have been scanned into
searchable formats and made available online, there may have been some other articles
that were not scanned. Additionally, our extensive search of online resources indicates no
studies published before 1987, and a small number of papers were published in early 2000
as well as in 2004. Almost 75% of the total 300 papers were published after 2004. The year
2020, with a total of 15 papers, had the most published articles since 1976. Moreover, the
years 2019, 2018, and 2017, with a total of 24 published articles, were the second years with
the most papers published about RS-based wetland studies in Canada.
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Figure 3. Schematic summary of the number and percentage of RS-based wetland publications along with a list of the key
journals and the corresponding number of studies published in each for various time intervals.
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Figure 4. The number of publications on RS-based wetlands studies in Canada for each year (since 1976) according to the
study area (i.e., Canadian provinces/territories).

After 2000, a wide range of studies has been conducted in different provinces of
Canada so that the study on the YT and NB were started in 2011 and 2016, respectively. As
such, the wetlands of all 12 Canadian provinces/territories were considered as the study
area. After 2017, in most years, a large number of studies were developed in NL, ON, and
AB (see Figure 4). We found that 22% (23 out of 103 articles), 18% (19 out of 103 articles),
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and 18% (18 out of 103 articles) of the studies published in 2017-2020 were, respectively,
conducted in NL, AB, and ON.

4.1.2. Keyword Analysis

Figure 5 a illustrates the word cloud generated from the keywords’ frequencies. The
size of each keyword is related to the frequency that a keyword has been used in all
300 papers. Considering the combination for the literature search, the biggest keywords
were “Wetland” and “Remote Sensing”. Since the reviewed papers came from different
journals with various formats, the keywords were not consistent. Therefore, we prepro-
cessed the words before feeding them into the word-cloud generator. For this purpose,
all plural keywords were converted to their singular form. Lower- and upper-case words
were justified, and all the first letters were capitalized. For instance, “Remote sensing”,
“landsat”, and “wetland” were changed to “Remote Sensing”, “Landsat”, and “Wetland”,
respectively. With this substitution, the word cloud generator algorithm considered such
words the same (e.g., “landsat”, “Landsat”, “LandSat”, and “LANDSAT” were considered
as one keyword of Landsat). The acronyms and their expanded versions were justified;
then, acronyms were used in the word cloud. Finally, due to the similar meaning of some
words, such as UAV and Unmanned Aerial System (UAS), they were merged and one of
them was used.
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Figure 5. (a): Keyword frequencies of all the reviewed papers about RS-based wetland studies and (b): how many times a

keyword has been repeated through the years.

To find out how many times a keyword has been used throughout the years, Figure 5b
scatters the keywords per year. Each dot shows that the keyword has been mentioned in
papers published in the corresponding year, and its size represents its frequency. Colors
were selected arbitrarily for better visualization. The vertical axis representing the publica-
tion year was limited to 2000-2020 and the publications before 2000 were not displayed in
this figure. As is clear, “wetland(s)” and “remote sensing” were the most frequently used
keywords followed by “synthetic aperture radar (SAR)”, “Landsat”, and “RADARSAT-2.”

4.1.3. Journal and Conference Analyses

In total, the 300 papers were published in 68 journals and 13 well-known international
conferences. The journal publishers, as well as journals and conference papers, which
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published more than three times, are illustrated in Figure 6. The Canadian Journal of Remote
Sensing and Remote Sensing (MDPI) with 46 and 40 papers were the top two journals, re-
spectively. Moreover, Hydrological Processes, Remote Sensing of Environment, and International
Journal of Remote Sensing with 19, 14, and 12 papers, respectively, were the other journals
of interest in this field. In terms of the publisher center, most of the journal papers were
published by Taylor & Francis followed by Wiley, MDPI, and Elsevier. Less than 8% of the
journal papers were published by the SPIE, IEEE, and Springer. Among the conference
papers, the IEEE IGARSS with 16 papers is the top conference for publishing papers on
wetland studies in Canada, where the ISPRS Archive was the second one with 10 papers.

Global Change Biology, 2%
Forestry Chronicle, 2%
Ecohydrology, 3%
IEEE Transactions on Geoscience and Remote Sensing, 2%
IEEE Journal of Selected Topics in Applied
Earth Observations and Remote Sensing, 4%
Wetlands, 4%

Hydrology and Earth System Sciences, 2%

Canadian Journal of Remote Sensing, 26%

Wetlands Ecology and Management, 2%
Remote Sensing of Environment, 8%

International Journal of Applied Earth
Observation and Geoinformation, 2%
Journal of Geophysical Research Hydrological Processes, 11%

Atmospheres, 2%
GlScience and Remote Sensing, 2%

L ISPRS Journal of Photogrammetry and Remote
Sensing, 3%

Remote Sensing, 22%
International Journal of Remote Sensing, 7%

(a)

Canadian Symposium on IEEE International Geoscience and SPIE.
Remote Sensing, 32% Remote Sensing Symposium
(IGARSS). 52% &) Springer
@WILEY
7
ey

< IEEE 5.97%
S
% 0
International Archives of the %Ii; :‘ 12.94%
Photogrammetry, Remote Sensing and Tavi &E } "
Spatial Information Sciences, 16% (&) Taylor & Francis _31.84%
(b) (©)
Figure 6. Percentage of published RS-based wetland studies in Canada per (a) journal, (b) international conference, and

(c) publisher.

4.1.4. First and Co-Authors Analysis

This section summarizes the number of authors and co-authors in word-cloud, re-
spectively. All the 300 papers were written by 210 unique first authors, and there were
943 co-authorships by 614 unique co-authors. Figure 7 displays all the authors who have
more than three papers in their contributions, whether as author or co-author. Brisco B. is
the lead author with a considerable difference from others. Additionally, Amani M. and
Mahdianpari M. with 10 contributions are at the top as first authors. Brisco B. and Salehi B.
with about 35 and 25 papers, also have the highest number of papers, respectively.
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Figure 7. Authors who have contributed more than three papers as first author or co-author (alphabetically ordered).

4.1.5. Affiliation Analysis

In Table 3, the top universities and institutions and their contribution are summa-
rized. For this analysis, only institutions with three or more publications were considered.
Memorial University of Newfoundland has the highest number of publications in wetland
classification. However, multiple institutions from ON (e.g., Canada Centre for Remote
Sensing and National Wildlife Research Centre) also have a significant contribution with a

total number of 61 papers.

Table 3. The detailed information of affiliations analysis.

Institute Country/Province Papers Citation CPP
Memorial University of Newfoundland NL 29 787 27.14
Canada Centre for Remote Sensing ON 15 952 63.47
INRS QC 11 419 38.09
University of Saskatchewan SK 10 423 423
Ducks Unlimited Canada MB 9 23 2.56
University of Western Ontario ON 9 279 31
University of Alberta AB 9 236 26.22
Canada Center for Mapping and Earth Observation ON 9 71 7.89
National Wildlife Research Centre ON 8 105 13.125
Carleton University ON 7 176 25.14
Université de Sherbrook QC 7 85 12.14
Canadian Wildlife Service of Environment Canada QC 6 218 36.33
University of Toronto ON 6 150 25
National Water Research Institute, Environment Canada SK 6 416 69.33
McMaster University ON 5 93 18.6
University of New Brunswick NB 5 26 52
University of Calgary AB 5 270 54
University of Victoria BC 5 211 42.2
Wilfrid Laurier University ON 4 270 67.5
University of Guelph ON 4 106 26.5
University of Alaska Fairbanks Alaska, U.S. 4 85 21.25
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Table 3. Cont.

Institute Country/Province Papers Citation CPP

University of Lethbridge AB 4 44 11

McGill University QC 3 375 125

University of Waterloo ON 3 102 34

Trent University ON 3 48 16
Université Laval QC 3 110 36.67
Environment and Climate Change Canada QC 3 70 23.33
The University of British Columbia BC 3 65 21.67

University of California at Los Angeles CA,US. 3 39 13
Ontario Centre for Remote Sensing ON 3 26 8.67
Wood Environment & Infrastructure Solutions NL 3 23 7.67

In terms of citation, publications of the Canada Centre for Remote Sensing have
attracted the greatest amount with a total citation of 952, followed by Memorial University
of Newfoundland (787); University of Saskatchewan (423); INRS (419); National Water
Research Institute, Environment Canada (416); and McGill University (375). Additionally,
regarding Citation Per Paper (CPP), McGill University with a CPP of 125 is the highest. The
next top institutions were the National Water Research Institute, Wilfrid Laurier University,
and the Canada Centre for Remote Sensing having CPP values of 69.33, 67.5, and 63.46,
respectively.

4.1.6. Citation Analysis

Citation analysis helps to ascertain prominent documents that significantly influence
the corresponding field [85]. Furthermore, it also reflects the objectivity and quality of
a paper by manifesting the number of attracted scholars to cite such a paper. Therefore,
the citation number of all considered papers until the end of 2020 was extracted from
Google Scholar to identify the high-contributing papers. It should be noted that earlier
papers may have more citations than the recently published articles due to a more extended
availability to the scientific community. Thus, the average citation per year was also
calculated along with the total number of citations to reduce the effect of the elapsed time
since publication. Table 4 presents the ten most cited papers devoted to wetland mapping
in Canada. Based on Table 4, Ref. [27] was recognized as the most influential paper in the
wetland studies conducted in Canada, in which the authors examined the applicability
of various deep Convolutional Neural Networks (CNNs) for wetland mapping using
high-resolution RS imagery.

Table 4. Highly cited papers devoted to wetland studies in Canada.

Average Number

Rank First Author of Citations Total Citations = Publication Year Region
per Year

1 Mahdianpari et al. [27] 44 132 2018 Part of NL
2 Mahdianpari et al. [86] 37.5 75 2019 Entire NL
3 Kokelj and Jorgenson [87] 30.37 243 2013 -

4 Mahdianpari et al. [44] 29.75 119 2017 Part of NL
5 Touzi, R. [88] 28.5 399 2006 Part of ON
6 Mahdavi et al. [2] 24 72 2018 -

7 Delancey et al. [21] 23 23 2020 Part of AB
8 Hird et al. [40] 225 90 2017 Part of AB
9 Connon et al. [89] 18.28 128 2014 Part of NT
10 Amani et al. [68] 17 34 2019 Entire Canada
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4.1.7. Number of Wetland Classes

As mentioned, 128 out of the 300 papers were about wetland classification in Canada.
These 128 papers were analyzed based on the number of wetland classes they included
(see Figure 8). Almost all the papers (i.e., 114 papers) used five or fewer wetland classes. In
total, 40 articles focused on five wetland classes (i.e., based on CWCS). Then, the second
highest amount (29) belongs to papers covering one wetland class. The number of papers
considering two, three, and four wetland classes were 14, 20, and 12, respectively. A few
studies considered more than five classes. For example, four papers mapped six and seven
classes, and two papers considered eight classes. There were only three papers discussing
a large number of wetland classes, including 11, 12, and 17 classes.

45
# papers
40
29 35
14
20 30 5
12 g 25
=%
<
40 g 20
4 3 /
4 15
L 10
1
1 3 5 7 9 11 13 15 17

# wetland classes

Figure 8. The number of papers based on the number of wetland classes included.

4.1.8. Province- and Territories-Based Analysis

The percentage of the papers based on the number of mapped wetland classes in each
Canadian province/territory are illustrated in Figure 9. Note that articles that covered
large regions and nationwide study areas were not considered in this analysis.

Since almost 90 percent of the papers considered five or fewer wetland types, the
classes in Figure 9 were decided to be from one to five, and others were considered as having
six or more classes. Furthermore, an extra category of CWCS was also considered to depict
the percentage of papers that followed the CWCS specifications. The NL province had the
highest number of published papers (86.4%) based on CWCS specifications, followed by
NS, BC, and YT (~50%). ON had the highest number of papers overall (36); however, none
of them used CWCS. In addition, NB and SK were not studied in any CWCS-structured
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