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Abstract: We analyzed the distribution and number of forest fire occurrences, burned areas, and
seasonality, and their trends of human- and lightning-caused small (<200 ha) and large (>200 ha)
fires from 1959 to 2021 in the forested 14 subregions of Alberta, based on the Canadian National
Fire Database. We applied a non-parametric statistical test, i.e., Mann—-Kendall and Sen’s slope
estimator, for the patterns and magnitudes of the trends. Our results revealed that all subregions
experienced significantly increasing trends of fire occurrences, either monthly or yearly, except the
Alpine subregion. In the burned area case, nine ecoregions demonstrated significantly decreasing
monthly trends for small fires caused by humans, except for an increasing trend in the Lower Boreal
Highlands subregion in May. For seasonality, we found one to two days for both early start and
delayed end of fire season, and eventually two to four days longer fire seasons in five ecoregions.
This study provides an updated understanding of the fire regimes in Alberta. It would be helpful for
fire management agencies to make strategic plans by focusing on high-priority regions to save lives
and properties.

Keywords: climate change; fire season; human-caused; lightning-caused; Mann-Kendall; Sen’s slope

estimator; wildfire; wildland fire

1. Introduction

Occurrences of fires are an integral part of many forest ecosystems around the world. In
Canada, it is a rising concern that the number of forest fire occurrences [1,2] and associated
areas burned [2] are increasing in the past decades, despite the increased capacity and
effectiveness of fire suppression and the increased coverage for suppression [3,4]. Early start,
delayed end, and increased length of forest fire season are also believed to be happening [1].
Occurrences of the number of fires and changes in the fire season in a region are considered
as critical factors for fire management agencies to determine the necessary fire suppression
resources [5,6]. Such resources are usually developed based on the existing knowledge,
experience, and understanding of fire occurrence trends and seasonality. Therefore, when
even a small number of forest fires exceed the historical number or the fire season extends
in a region, it might transcend the existing resource capacities [5,7]. It could lead more
escaped fires, and potentially cause a larger burned area [6]. In fact, climate change (mostly
warming; [8]) and more human activities in the forest [9,10] are considered responsible for
the changes in fire weather that lead to the increasing trends of forest fire occurrences and
longer season. These are likely putting the fire management agencies in a difficult situation
to respond and deploy required resources in time to suppress the fires.

Increases in the number of forest fires and the length of the fire season are already hap-
pening in many parts of Canada and are projected to continue in the entire country [11,12],
which would affect forest ecosystems and human health and safety [13]. Fire weather is one
of the principal drivers of fires in the forest ecosystems on a regional scale [14-16], where
the amount of fuel (vegetation) moisture is a key component [17]. Fuel moisture varies in
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different ecoregions and subregions depending on the forest type and associated climate
or weather [18]. In fact, forest ecosystems and climate change have a close interrelation-
ship. For instance, forest ecosystems are sensitive to climate, and thus changes in climate
directly or indirectly affect the growth and productivity of forests [19]. It significantly
effects tree species distributions, growth rate, and forest structure by altering the growth,
reproduction, and mortality of trees [20]. On the other hand, local climate or weather are
also influenced by forests that remove and release large amounts of atmospheric carbon,
reflect/absorb solar radiation, cool the ground through evapotranspiration, and produce
aerosols to form clouds [21,22]. Different subregions have different forest compositions
and tree species with variable leaf and wood water contents [23], bark properties [24],
and fire resistance capacities [25] that behave differently in the initial ignition and fire
spread [26-28]. Additionally, local warming characteristics and their relationships with
the large-scale atmospheric oscillations vary in the subregions [29]. It is probably one of
the primary reasons that most of the forest-fire-related studies in the literature performed
their analysis based on the characteristics of ecoregions or subregions. For instance, a study
showed that the western ecozones (ecoregions) in Canada, such as Montane Cordillera,
Boreal Plains, and Boreal Shield West, had the highest density of total wildfires, where
the longer seasonal trend was evidenced in the Montane Cordillera during 1959-2018 [1].
Another study found significant differences in spatial metrics, such as fire size, shape
(eccentricity and complexity), clustering, and geographic orientation, among ecozones
in Canada [30]. Further, a study on local warming (related to climate change) reported
variable rates of land surface temperature change in the subregions of Alberta (a western
province of Canada) [29], which have the potential to influence differently the number of
occurrences, area burned, and seasonality of forest fires.

In Alberta, a study was conducted on fire regime, including annual fire occurrence,
area burned, density, cause, size, and seasonal frequency and distribution of area burned,
over the period of 1961-2002 [31] for the six natural regions and twenty subregions prepared
in 1994 [32]. In fact, considering forest fires as the major disturbance in the forest ecosystems,
the study was performed for the important scalar context to understand disturbances that
would help forest managers to better understand the management options available to
conserve biodiversity and ensure sustainability [33]. However, the study became outdated
in the face of ongoing climate change, and has some limitations as well, such as (i) Alberta
was further updated to 21 subregions in 2005 with revised subregional boundaries based on
the diverse attributes of climate, physiography, vegetation, soil, wildlife, and land use [34];
and (ii) no systematic trend analysis was performed for the historical fire occurrences, area
burned, and seasonality.

Considering the limitations described in the previous section and aiming to develop
an updated knowledge on the diversity of forest fires in the natural subregions of Alberta,
our overall goal of this study was to determine the trends of occurrence, area burned, and
seasonality over the period of 1959-2021. To achieve the main goal, we set the following
specific objectives: (i) prepare a historical fire occurrence point database of 1959-2021
for the 21 subregions of Alberta from the Canadian National Fire Database; (ii) calculate
summary statistics of the total number of forest fire occurrences and area burned, and their
percentage, density, mean, and standard deviation in each subregion; (iii) monthly and
annual trend analysis of fire occurrences and area burned in the subregions related to the
human- and lightning-caused fires with burned area categories of <200 ha and >200 ha;
and (iv) trend analysis of start, end, and length of fire season from historical numbers of
daily fire occurrences. The novelty of our study is that it provides the latest understanding
of the occurrence, area burned, and seasonality trends of forest fires that have never been
explored for the subregions of Alberta. It contributes to helping the fire managers and fire
management agencies with an informed decision to save lives and properties in Alberta.
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2. Materials and Methods
2.1. Study Area

The study focused on the forest fire occurrences in the natural subregions of Alberta
(Figure 1), a western province of Canada, between latitudes 49 and 60° N and longitudes
110 and 120° W. A major part of the province comprises Canada’s terrestrial ecozones
of Boreal Plains and Prairies, and includes small areas of the Montane Cordillera, Boreal
Shield, Taiga Shield, and Taiga Plains [35]. Alberta is further subdivided into 21 subregions
(under six regions) for their unique landscape patterns, vegetation, soil types, elevations,
and physiographic features [34] that are controlled by the local climate, topography, and
geology [32,36]. The elevation of the province ranges from 150 to 3650 m (above mean sea
level), where the mean annual precipitation is 510 mm and the mean temperature varies
from —7.1 to 6 °C, with long cold winters and short summers [29]. Human- and lightning-
caused forest fires usually occur every year in the 14 subregions of Rocky Mountain,
Foothills, Boreal Forest, and Canadian Shield regions (Figure 1). In contrast, forest fire
occurrence is extremely low in the seven subregions of Grassland and Parklands regions

because of the dominant land use type of grazing, irrigation-based farming, till-cropping,
and recreation [34].
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Figure 1. Study area showing the human- and lightning-caused forest fires in the natural subregions
of Alberta during 1959-2021.

2.2. Data
The following datasets (shapefiles) were used in this study.

i National Fire Database fire point data of the Canadian National Fire Database (CNFDB),

obtained from the fire history data of the Natural Resources Canada, Government of
Canada [37], available up to the year 2021. It is an integrated database of the source
agency (province, territory, and parks) provided data with 26 attributes, including the
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fire date (year, month, and day), fire size (in hectares), cause (L: lightning, H: human,
H-PB: human-prescribed burn, Re: reburn, U: unknown, and n/a: not available),
ecozone, and others. We used CNFDB, instead of the Historical Wildfire Database
of Alberta without the fire occurrences in the national parks, because it includes the
fire-occurrence points of both provincial jurisdictions and national parks.

ii.  Natural regions and subregion of Alberta (2005) polygons from the open data reposi-
tory of the Government of Alberta [38].

iii. ~The provincial boundary polygon of Alberta from the open data repository of the
Government of Alberta [39].

2.3. Database Preparation

We spatially extracted the fire points of Alberta (64,992) from CNFDB using the
administrative boundary of Alberta. It included 86 fire points of the adjacent provinces or
territories, i.e., British Columbia (BC: 69), Northwest Territories (NT: 5), and Saskatchewan
(SK: 12), which we removed from the database. We also discarded 77 fire points of the Wood
Buffalo National Park (PC-WB) from 1946 to 1958, because the rest of Alberta reported from
1959 to 2021. Therefore, a total of 64,829 fire points of Alberta during 1959-2021 were used
in our analyses. Finally, the fire points were designated for the 21 subregions of Alberta by
spatial selection and coding by using the natural subregion polygons.

2.4. Methods

A schematic diagram of the methodology we followed is shown in Figure 2.

Natural Regions and Subregions of Alberta W ’ Canadian National Fire Database (CNFDB) w
\—P[ Data Preparation for Alberta }—I
v
Fire Points (Occurrences) in Alberta (1959-2021) W
v

-~

N

* Cause of initial ignition (number of fires, percent, density, and mean + standard deviation)
* Area burned (number of fires, total area, percent, and mean + standard deviation)

Summary Statistics by:

Trend Analysis
(Mann Kendall test and Sens’s slope estimator)
» Number of fires (monthly and yearly) * Startand end of fire season
* Area burned (monthly and yearly) * Length of fire season

Figure 2. A schematic diagram of the methods of the study.

2.4.1. Summary Statistics

We prepared summary statistics from the fire points database of Alberta for the period
of 1959-2021. It was divided into two groups by cause of initial ignition and area burned.
The total number of fires (NOF), percent, density, and mean =+ standard deviation were
calculated for the categories of initial ignition causes of occurrences, i.e., human (includes
prescribed burn), lightning, and others, in each subregion. The percent was derived using
the total NOF in each subregion and the total fires of Alberta in each cause. The density
was obtained using the total NOF in each cause and the area of each subregion. For the
burned area (BA) statistics, we calculated the total NOF, total BA, percent of BA, and
mean =+ standard deviation for small and large fire sizes caused by human and lightning
in each subregion. The size categorization was based on the area burned by each fire, i.e.,
less than 200 hectares (ha) for the small fire and more than or equal to 200 ha for the large
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fire—common threshold sizes in Canada. Here, the percent of BA was prepared using the
total BA in each subregion and the total BA of each size—cause category.

2.4.2. Trend Analyses

We examined monthly and annual trends in the number of fire occurrences by two
initial ignition causes (human and lightning) and two burned area sizes (small and large) in
the subregions of Alberta over the period of 1959-2021. We did not examine the trends for
other ignition causes, because it was only 2.6% of the total fire occurrences during 1959-2021.
We also examined trends of fire season parameters, i.e., start and end dates (day of year,
DOY) and length. The parameters were based on the number of annual fire occurrences in
each subregion using quantile estimates [2,17]. Various quantiles were used in previous
studies, including 0.05 and 0.95 quantiles (5th and 95th percentiles, respectively) [1,2], 0.10
and 0.90 quantiles (10th and 90th percentiles, respectively) [40], 0.25 and 0.75 quantiles (25th
and 75th percentiles, respectively) [41], and 90%, 95%, and 99% thresholds of confidence
interval [42]. In our study, two season start DOYs were determined for 1% and 5% of annual
fire occurrences, i.e., the 1st and 5th percentiles, or 0.01 and 0.05 quantiles [1]. Likewise,
0.99 and 0.95 quantiles were used to estimate the season end DOYs [1]. The annual season
lengths were calculated from the difference between start and end DOYs of each quantile
set, i.e., 0.01 and 0.99, and 0.05 and 0.95.

The parameters of forest fire regimes were determined in the literature by linear
regression (least-square method) and were tested for trend significance through the Mann—
Kendall (MK) test [43]. In our study, we implemented the MK test [44,45], a non-parametric
statistical test, to determine the trends of our interests (fire occurrences, area burned, and
seasonality) in the subregions. MK compared each value in the time series preceding it
in sequential order with the null hypothesis for no trend, and alternative for a trend. The
advantages of the MK test are that it does not require normally distributed data, is not
affected by missing data, is insensitive to outliers, and is suitable for skewed data [29,46].
MK starts calculating the sum of all counts in a time series (statistics S) by Equation (1).

n—-1 n
S:Z Z sgn( xj—x;) (1)
i=1 j=i+1

where 7 is the number of samples or points (we considered n > 10), x; and x; are the
values of i and j (j > i), respectively, and sgn (xj — x;) is the sign function calculated by
Equation (2).
+1 lf Xj— X > 0
sgn(xj—x;) =< 0ifxj—x=0 )
-1 lf Xj— X < 0

In the case of large 1, S tends to normality with the variance var(S), calculated by
Equation (3).

var(S) = % nn—1)(2n+5) — iti (t; —1)(2t; +5) (3)

where the number of tied values and the length of time series are m and n, respectively, and
the number of ties of i extent is t;. Note, a set of points with a same value are considered a
tied value.
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A standardized test statistic, Zg, was also calculated by Equation (4) to understand the
increasing and decreasing trends with positive and negative values (respectively) at the
significance levels of 95 and 99% confidences (i.e., p values of 0.05 and 0.01, respectively).

S5—-1 -
\/sz5>0
Zs = 0ifS=0 4

\/%ifs«)

To determine the magnitude of trend (rate of a unit parameter/year) for our variables
of interest, we further used Sen’s slope estimator (Q;) [47] to calculate the slopes for N pairs
of data by Equation (5). Here, Q; ranges from the smallest to largest with positive, negative,
and zero values for the increase, decrease, and no-change trends, respectively.

X i

Qi:f:kforjzl,z,&...,N 5)

where x; and x are values of data pairs at times j and k, considering j > k.

3. Results
3.1. Data Summary Statistics
3.1.1. Forest Fire Occurrences

In general, human-caused fire occurrences were observed closer to anthropogenic
features such as municipalities, communities, roads, railroads, campgrounds, and other
structures and infrastructures. In terms of subregion, the highest number of all forest
fires (36.72%) occurred in the Central Mixedwood with an average of about 378 fires
each year (M £ SD = 377.8 4 186.7) in Alberta over the period 19592021 (Table 1). Occur-
rences of human-caused fires (55%) were attributed more in compared to the lightning-
caused fires (44%). The Central Mixedwood reported the highest human-caused fires
(36.51%) among the subregions of Alberta, with an average of over 200 fires in each year
(M £ SD =200.4 £ 97.9). The Lower Foothills, Dry Mixedwood, and Montane subregions
were the next with 18.42% (M £ SD = 101.1 £ 53.3), 14.84% (M + SD = 81.5 &+ 36.9),
and 10.71% (M £ SD = 58.8 £ 47.3) of human-caused fires, respectively. In the case of
lightning-caused fires, the Central Mixedwood was again attributed the highest (37.06%;
M =+ SD = 168 + 116.6), followed by the Lower Foothills (14.23%; M =+ SD = 64.5 & 48.3),
and Lower Boreal Highlands (12.39%; M £ SD = 56.1 + 40.7). However, the highest density
of the number of total fires by all-causes (4.80 per 1000 ha) and human-caused (4.22 per
1000 ha) were observed in Montane, and lightning-caused in the Upper Foothills (0.94 per
1000 ha). In general, human-caused fires in the subregions mostly occurred in the early
months of the fire season (up to May), followed by the lightning-caused fires in the rest of
season with the peak from June to August (Figure 3). The subregions of Grassland (Dry
Mixedgrass, Mixedgrass, Northern Fescue, and Foothills Fescue) and Parkland (Foothills
Parkland, Central Parkland, and Peace River Parkland) regions showed no to very small
NOF (Table 1). Therefore, we did not either present these seven subregions in Figure 3 or
further perform trend analysis of fire occurrences and area burned by them in our study.



Fire 2023, 6, 96 7 0f 18

Table 1. Total number (#), percent (%), density (D, per 1000 hectares—ha), and mean =+ standard deviation (M =+ SD) of forest fire occurrences by cause of initial
ignition in the subregions of Alberta during 1959-2021. Here, human category includes both human (H) and human-prescribed burn (H-PB) causes.

Area Human (H and H-PB) Lightning (L) Others Total
Subregion
(1000 ha) # % D M + SD # % D M + SD # % D M + SD # % D M+ SD
Alpine 1352.5 41 012 003 07409 36 013 0.02 06+12 4 0.24 0 0.1+ 04 81 012 0.05 1342
Subalpine 1182.3 845 244 034 134498 567 199 022 9+94 20 118 001 03+ 06 1432 221 057 227 + 146
Montane 16,785.6 3704 1071 422 58.8 +47.3 400 140 046 63+ 56 108 637 012 17421 212 650 480 66.9 + 49.9
Upper Foothills 8532.1 3244 938 151 515 + 53 2019 707 094 324235 114 672  0.05 1.8+23 5377 829 250 85.3 + 57
Lower Foothills 1185.8 6368 1842 142 101.1+53.3 4064 1423 091 64.5 + 483 306 1804  0.07 49+4 10,738 1656  2.39 170.4 + 83.1
Dry Mixedgrass 5561.5 0 0 0 0 0 0 0 0 2 0.12 0 0+02 2 0 0 0+02
Mixedgrass 2951.3 0 0 0 0 0 0 0 0 5 0.29 0 01404 5 0.01 0 01404
Northern Fescue 553.5 0 0 0 0 0 0 0 0 0 0 0 0+0 0 0 0 0
Foothills Fescue 971.9 8 002 001 01+04 2 0.01 0 0+02 3 0.18 0 0+03 13 002 001 02+05
ﬁgfﬁzrl\l; 4489.9 79 023 020 13412 2 001 001 0+02 6 035 002 01+03 87 013 022 14414
Central Parkland 2153.7 8 0.02 0 01405 2 0.01 0 0402 0 0 0 040 10 0.02 0 02 +06
P Ie,ziif:;v;r 4693.7 23 007 007 04+07 10 004 003 02405 4 024 001 0.1+04 37 006  0.12 06+1
Dry Mixedwood 1362.3 5133 1484  0.60 81.5 + 369 1404 492 016 2234208 343 2022 0.04 54448 6880 1061 081 109.2 + 49.3
Mgigxfo d 20072 12,626 3651 0.5 2004 +979 10583 37.06  0.63 168 + 116.6 594 3502  0.04 94+75 23803 3672 142  377.8+186.7
Li}fgﬁﬁﬁgfl 1493.3 1458 422 026 23.1 £ 18.9 3537 1239  0.64 56.1 & 40.7 98 578  0.02 16+23 5093  7.86 092 80.8 & 54.1
Ug{’;ﬁlgﬁrdial 5370.6 1456 039 0.1 21+3 977 342 082 155+ 11.5 13 077 001 02+ 04 1124 173 095 17.8 + 132
Athabasca Plain 392.1 125 036  0.09 2425 775 271 057 123499 19 112 001 03407 919 142 068 14.6 +11.3
PeacebAetl}t‘:basca 312 43 012 008 07+1.1 100 035 0.8 1642 5 029 001 01+03 148 023 027 23426
leggv‘fé‘; d 1508.4 414 120 014 6.6+73 2359 826  0.80 374 +242 23 136  0.01 04+05 2796 431 095 444 +288
Boreal Subarctic 876.8 112 032 0.09 18429 849 297 072 135+ 117 1 0.06 0 0+01 92 148 081 153 +12.2
Kazan Uplands 2521.8 214 062 022 34+31 868 304 089 13.8 4 14.8 28 165  0.03 04+1 1110 171 1.14 17.6 + 16.3

TOTAL 66,258.3 35,901 28,554 1696 64,829
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Figure 3. Distribution of human- and lightning-caused forest fires over the months (J = January,
F = February, M = March, A = April, M = May, ] = June, ] = July, A = August, S = September,
O = October, N = November, and D = December) of 19592021 in the 14 subregions.

3.1.2. Burned Area

Large fire numbers were about 2.2% (1404) of the total NOF (64,829) during 1959-2021,
which were responsible for 98.3% (12.4 million ha) of the total 12.6 million ha burned
area (BA) in Alberta (Table 2). Large fire BAs were 1.8 million ha human-caused (14.1%),
8.6 million ha (67.7%) lightning-caused, and the remaining other-caused. The highest per-
cent (43.46%) of BA in Alberta was observed in the Central Mixedwood subregion, the aver-
age BA/year was 87.20 thousand ha (M £ SD = 87.20 & 157.42). Here, for large fires, 53.01%
BA was human-caused with an average of 14.14 thousand ha (M £ SD = 14.14 + 51.45),
and 36.99% BA was caused by lightning with an average of 16.56 thousand ha
(M £ SD =16.56 £ 52.79). In the case of small fires in the subregion, the highest 46.51
and 38.86% of BAs were attributed to human- and lightning-caused, with an average of
0.79 (M £ SD = 0.79 £ 0.60) and 0.63 thousand ha (M £ SD = 0.63 =+ 0.51), respectively
(Table 2). Because of zero to extremely low BA values for the seven subregions of Grass-
land (Dry Mixedgrass, Mixedgrass, Northern Fescue, and Foothills Fescue), and Parkland
(Foothills Parkland, Central Parkland, and Peace River Parkland) regions (Table 2), we
further performed BA trend analysis for the remaining 14 subregions only.
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Table 2. Total number of forest fire occurrences (#), total burned area (BA, in 1000 ha), percent of total BA (%), and mean =+ standard deviation (M = SD in thousand
ha) by small and large forest fires caused by human and lightning in the subregions of Alberta during 1959-2021.
Small (<200 ha) Large (>200 ha) Total
Subregion Human Lightning Human Lightning (All Fires by All Causes)
# BA % M + SD # BA % M + SD # BA % M + SD # BA % M + SD # BA % M + SD
Alpine 37 011  0.10 0.00 + 0.01 36 001 001 0.0 £ 0.001 4 369 021 0+0 0 000 0.0 0+0 81 381 003 0.06 + 0.27
Subalpine 824 190 179 0.03 % 0.06 549 124 122 0.02 £ 0.05 21 5936 3.4 0.02 £ 0.10 18 2911 034 0£0 1432 9161 072 1.45 £ 5.59
Montane 3691 433 407 0.07 + 0.07 394 041 040 0.01 + 0.03 13 1231 0.69 0.60 + 2.57 6 945 011 9.49 +41.17 4212 2671 021 0.42 + 0.90
Upper Foothills 3235 246 231 0.04 + 0.05 2007 222 219 0.04 +0.07 9 18.02  1.01 1.40 + 3.65 12 3881 045 3.81 +13.07 5377 8157  0.65 1.30 + 3.79
Lower Foothills 6331 1098  10.33 0.17 + 0.20 4018 648 640 0.10 +0.15 37 9594 540 521 + 17.47 46 14339 168  1396+3828 10,738 25743 2.04 4.09 +9.21
Dry Mixedgrass 0 0 0 0+0 0 0 0 0+0 0 0 0 0+0 0 0 0 42.64 + 86.89 2 239 002 0.04 £+ 0.26
Mixedgrass 0 0 0 0£0 0 0 0 0£0 0 0 0 0£0 0 0 0 0£0 5 819 0.6 0.13 £ 0.842
Northern Fescue 0 0 0 0+0 0 0 0 040 0 0 0 040 0 0 0 0+0 0 0 0 0+0
Foothills Fescue 8 017 016 0.00 + 0.02 2 0 0 040 0 0 0 0.01 + 0.09 0 0 0 0+0 13 020 0.0 0.003 + 0.02
ﬁgﬁ:{:gg 75 060 057 0.01 +0.03 2 0 0 040 4 532 030 040 0 0 0 0+0 87 609 005 0.10 & 0.35
Central Parkland 5 002 002 0.0 + 0.002 2 0 0 040 3 918 052 040 0 0 0 0+0 10 920 007 0.15 + 1.07
P;ziillz;"der 21 015 014 0.0 £ 0.01 9 0 0 040 2 077 004 040 1 0.42 0 00 37 134 001 0.02 & 0.09
Dry Mixedwood ~ 5045  30.84  29.01 0.49 + 0.50 1368 324 320 0.05 + 0.07 88 36342 2044 613 +2354 36 11032 129 0.003 + 0.03 6880  589.84 4.67 9.36 + 38.33
Mig:gf;f)lo 4 12,468 4944 4651 0.79 + 0.60 10254 3938  38.86 0.63 4 0.51 158 94264 53.01  14.14+5145 329  3164.66 3699 165645279 23,803 5493.82 4346  87.20 + 157.42
LOH“i’ge;lEggfl 1444 284 268 0.05 = 0.07 3385 1237 1221 0.20 £0.18 14 13.02 073 0.06 + 0.17 152 147078 1719 31047251 5093 150553 1191  23.90 & 78.55
Ugli’geﬁlgﬁgzal 134 034 032 0.01 + 0.02 933 361 356 57 + 83 0 000 0.0 0.03 +0.12 4 31059 3.63 9.51 4 57.42 1124 31458 249 499 +13.21
Athabasca Plain 123 023 022 0.00 & 0.02 730 471 465 0.08 4 0.10 2569 12.69 0.13 £ 0.70 45 100381 11.73  4.05+28.72 919 128205 1014  20.35 4+ 69.93
Peaceﬁtl}t‘aabasca 39 010  0.10 0.00 + 0.01 90 0.68 067 0.01 £ 0.03 2044 115 0.01 % 0.07 10 2229 026 0.11 + 0.55 148 7479 059 1.19 £+ 4.17
legifé‘; 4 412 109 1.03 0.02 + 0.04 2199 1762 17.38 0.28 +0.23 2 618 035 0.36 + 2.28 160 133578 15.62 0.01 +0.10 2796 1387.02 1097  22.02 + 46.54
Boreal Subarctic 112 025 023 0.00 + 0.02 772 592 585 0.09 +0.12 0 000  0.00 0.13 + 1.02 77 43229 505 402 +17.68 962 43846 347 6.96 + 19.53
Kazan Uplands 211 044 042 0.01 +0.03 811 345 340 0.06 + 0.08 3 221 012 040 57 48269 5.64 0.28 + 1.51 1110 106697 844  16.94 +76.13
TOTAL 34215 106 27561 101 364 1778 993 8554 64,829 12,642
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3.2. Trends
3.2.1. Monthly and Annual Fire Occurrences
We observed monthly significant increasing (positive) trends of fire occurrences in
Alberta during 1959-2021, spread over March to October by different subregions (Table 3).
Among the analyzed 14 subregions, except Alpine (A), the remaining showed significant
increasing trends when considering combinations of temporal (monthly or annual), fire
size (large or small), and cause of fire (human or lightning).
Table 3. Significant trends of the number of monthly and annual (YR) fire occurrences during 1959-
2021 in the natural subregions of Alberta. Slopes (NOF/year) at the significance levels of 99% (*) and
95% (*) are presented for large and small fires caused by human and lightning.
Mar Apr May Jun Jul Aug Sep Oct YR Jun Jul Aug Sep YR Jun YR
NSR .
<200 ha: Human <200 ha: Lightning L?gzl?tonlxg
SA 0.08 * 022*
M 014* 041* 006* 019* 019%* 011* 003* 085* 0.05 *
UF 0.04*  049% 012* 025% 025* 0.18* 14 012
LF 014"  056% 018*  025%  015* 1.56 *
DM  001% 028% 018*  012*  0.07* 0.51*
cM 11*  156* 017*  01*  01* 368*  0.87% 096* 021° 2.04*
LBH 021%  005*  0.06* 064%  042%  035* 0.64 *
UBH 0.09*  0.11% 022+
AP 0.09 * 0.17*
PAD 0.02
NM 0.04* 0.02%  0.04° 011*  018*  0.22* 059%  0.03* 0.05*
BS 0.05 *
KU 0.04*  0.09* 0.25*

In the case of small fires (<200 ha) caused by humans, significant monthly increasing
trends (95 and 99% confidences) were found in eight ecoregions (SA, M, UE, LF, DM, CM,
LBH, and NM), at least for a month (Table 3). Montane (M) showed significant increasing
trends for a continuous seven months (April to October), which was the highest, followed
by the Upper Foothills (UF) with significant increasing trends over six months (April to
September). Significant increasing trends were observed only in the Dry Mixedwood (DM)
and Montane (M) at the start (March) and end (October) of the fire season, respectively.
Central Mixedwood (CM) exhibited significant increasing trends from April to August,
with the highest two magnitudes among the subregions in May (slope = 1.56 NOF/ year)
and April (slope = 1.1 NOF/year). UBH (Upper Boreal Highlands), AP (Athabasca Plain),
PAD (Peace-Athabasca Delta), BS (Boreal Subarctic), and KU (Kazan Uplands) did not
show any monthly significant trend, in which UBH, BS, and KU showed annual signifi-
cant trends. Except for DM, AP, and PAD, all analyzed subregions indicated significant
increasing annual trends. The highest annual rate of significant increase was observed in
CM (3.68 NOEF/year), followed by LF (1.56 NOF/year) and UF (1.41 NOF/year).

In the trend analysis of small fires (<200 ha) caused by lightning (Table 3), we found
significant increasing trends in eight subregions, i.e., M (September), DM (June to August),
CM (June to August), LBH (June and July), UBH (June), AP (June), NM (June and July),
and KU (June). The most significant increasing trends were observed in seven subregions
in June, followed by four subregions in July. In contrast, we noticed significant decreasing
trends in two subregions in two months, i.e., UF in June (—0.12 NOF/year) and PAD in
August (—0.02 NOF/year). However, no annual decreasing trend was found. The highest
annual increase rate was in CM with 2.04 NOF/year. We did not find any significant trends
of small fires caused by lightning in the first three months of the fire season, i.e., March
to May.

Northern Mixedwood (NM) was the only subregion that experienced a significant
monthly increasing trend (0.03 NOF/year at 99% significance) in June for the large lightning
fires (>200 ha), and the annual increasing trend rate of 0.05 NOF/year at the 95% significance.
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3.2.2. Monthly and Annual Area Burned

Nine ecoregions (SA, M, LF, DM, CM, LBH, AP, BS, and KU) exhibited significant
(95% and 99% confidence levels) decreasing trends in the monthly burned area of small
fires caused by humans, except a significant increasing trend (0.16 ha/year at 99% con-
fidence) for LBH in May (Table 4). Here, the highest significant decreasing trend was
observed in DM in May with a rate of 8.24 ha/year at 99% confidence. In the case of the
annual trend, three ecoregions (M, UF, and LBH) showed significant increasing trends
against the four ecoregions (A, LF, DM, and AP) with decreasing trends, the highest in DM
(—14.83 ha/year).

Table 4. Significant trends of the monthly and annual BA during 1959-2021 in the natural subregions
of Alberta. Slopes (hectares/year) at the significance levels of 99% (*) and 95% (*) are presented for
large and small fires caused by human and lightning.

May

Jul

Aug Sep Oct YR May Jun Jul Aug May

NSR

>200 ha:

<200 ha: Human Lightning

<200 ha: Lightning

SA

UF
LF
DM
™M
LBH
UBH
AP
NM
BS
KU

—0.80F

-0.83%
—8.24%

0.16 *

—0.60*
—0.70 +

—0.82*
—0.52*

-023%

—040%
—0.17*

—0.10*
—013 %

—0.15*
—0.56 *
—017 %

—0.60F

—0.10*

—0.74*

—0.25*

—-0.01+

0.83*
051+
~1.66*
—14.83*

—0.24+
—0.46 —022%
0.40*

-0.02%

—0.25*

—0.80%F

-0.19*

0.27*

—017+

012+
191+
0.69*

152+

-020%
—013 %
—012*

-033 % -0237%

—018*

—-0.01%

-01%

041+
672+
3.15*
0.78 *

511*

549.29 +

In the case of monthly and annual significant trends of burned areas due to lightning-

caused small fires (Table 4), five ecoregions (DM, CM, LBH, UBH, and NM) demonstrated
increasing trends, with the highest areas in CM at 1.91 ha/year in July and 6.72 ha/year
for annual. These five ecoregions also showed evidence of significant annual increases.
In contrast, five ecoregions (SA, M, UF, LE, and AP) indicated monthly decreasing trends,
all less than 0.8 ha/year, and A and UF ecoregions with small rates of annual decreasing
(—0.01 and —0.1 ha/year). Interestingly, in the burned area from large lightning fire cases
(Table 4), the monthly trend was found to increase significantly (549.29 ha/year) in May,
but no annual trends were observed. Considering both human- and lightning-caused fires,
an example of the trends in area burned for Montane and Dry Mixedwood subregions is
shown in Figure 4.

Montane Dry Mixedwood
6000 350,000
—— Sen’s estimate —— Sen’s estimate
5000 n=6l 300,000 | o n=63
Test Z=3.87 TestZ=-0.47
= Significance: 0.001 level 250,000 - Significance: None
T 4000 - Q = 2.416 ha/yr O = - 3.906 ha/yr
g 200,000
E 3000 -
« R 150,000 -
o °
< 2000 - ° °
= 100,000 -
‘5 [ ]
= 1000
» " 50,000 - L
[ ]
0 ,*M' 0 s Srureseapte fo o~ st
1959 1979 1999 2019 1959 1979 1999 2019
Year Year

Figure 4. An example of the yearly trends (Sen’s estimate) in area burned for the Montane and Dry

Mixedwood subregions over the period 1959-2021.
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3.2.3. Start and End Days, and Length of Fire Season

Five ecoregions (M, LBH, UBH, AP, and KU) exhibited significant early start dates
(negative slopes from 0.4 to 1 day/year) of fire season corresponding to the trends of the
1st and 5th percentiles over the period 1959-2021, with the confidence levels of 95 and 99%
(Figure 5a). In the reverse side, the trends of the 95th and 99th percentiles indicated that the
end dates in three subregions (AP, BS, and KU) were significantly delayed (positive slopes)
during 1959-2021 at the rate of 0.7 to 1.3 day/year (Figure 5a). Additionally, the length of
the fire season was found to be significantly longer in three ecoregions (LBH, NM, and KU)
when considering both the 1st/99th and 5th/95th percentiles, with the rates ranging from
1.1 to 1.7 day/year (Figure 5b). M and AP subregions also showed significantly longer
season lengths with the rates of 1.3 and 1.4 day/year, respectively, when considering the
5th/95th percentile only (Figure 5b). An example of the trends in the length of the fire
season for the Montane and Dry Mixedwood subregions is shown in Figure 6.

2.0

15 {® , x
: Percentiles: O1st @m5th m95th m99th *

Slope (day/year)

A SA M UF LF DM CM LIBH UBH AP PAD NM BS KU
Natural Subregion

25
20 {® .

1.5 A * N * * ok .
10

_gfg: DJHDJHHJDDJDDJHDJ:DJH DDHHDDHHDDH

-1.0 A
-15 A O 1st/99th percentile @ 5th/95th percentile

-2.0

Slope (day/year)

A SA M UF LF DM CM LBH UBH AP PAD NM BS KU
Natural Subregion

Figure 5. Trends of the forest fire season in the natural subregions of Alberta over the period
1959-2021 with significance levels of 99% (*) and 95% (*). Slopes (day/year) of fire season start and
end dates (a), and length (b) were determined using 1st and 99th, and 5th and 95th percentiles.
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Season Length (Days): 1 and 99 P

Montane Dry Mixedwood
400 : 400 :
—— Sen’s estimate —— Sen’s estimate
®
350 A 350
% e o\ %
[
300 - . - ° . 300
[ ]
250 { ®%e @ __* 250
B o o d e ®
200 - * . 200
®
150 - .n=61 ° 150 ~ n=:060
Test Z = 1.80 TestZ=1.72
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o 0e® ©® N ° ° ) .o ° ° °
0 T e T T 0 T T T
1959 1979 1999 2019 1959 1979 1999 2019
Year Year

Figure 6. An example of the yearly trends (Sen’s estimate) in fire season length (1 and 99 percentiles)
for the Montane and Dry Mixedwood subregions over the period 1959-2021.

4. Discussion
4.1. Distribution of Fire Occurrences and Area Burned

Fire occurrences in Alberta were more prominent in the 14 subregions with forests,
because trees are the fuel and a prime requirement of fire ignition and spreading. Therefore,
due to the lack of forest (fuel) in the seven subregions of the Grassland and Parkland regions
in the south and southeast of the province, we did not find any significant fire occurrences
there during 1959-2021. In the 14 fire-prone subregions, human-caused fires occurred closer
to the anthropogenic features and were related to the outdoor activities and campfires
starting after the winter season. That is why we probably found the most human-caused
fires in the early months of fire season, up to May. Coogan et al. [1] presented similar results
for many ecoregions in Canada. Among the subregions in Alberta, the highest number
of fire occurrences and areas burned were observed in the Central Mixedwood, probably
because it is the largest subregion in Alberta (167,856 km?) with the highest coverage of
forests (38.9% [48], mostly boreal forest). However, the highest density of historical fire
occurrences in the Montane subregion with a smaller area coverage (1.2%, or 8768 km?)
is likely related to the highest density of human-caused fires for being very close to the
City of Calgary (the largest and the highest populated city in Alberta) and having the Banff
National Park, a popular tourist attraction and the most visited tourist place in Alberta [49].
The Montane subregion is located in the southern part of Alberta, and an evaluation study
of spatial and temporal patterns of the ignition locations of forest fires also indicated that
the human-caused fires were highly concentrated in the southern parts during 2003-07 [50].
Human-caused fires usually occur from the human activities (mostly campfires) in the
forests of Montane, and fire management agencies suppress them before they can burn a
large area, considering the safety of the tourists. Thanks to the immediate and aggressive
suppression actions that are usually possible due to having easy and close accessibility
and management infrastructures in the area, this is likely the reason for finding a very
small percentage (0.69% in Table 2) of human-caused large burned areas (>200 ha) in the
Montane subregion.

4.2. Trends in the Number of Fire Occurrences

The Alpine (A) is the only subregion in Alberta that did not show any significant
monthly or annual increasing trend in the number of fire occurrences probably due to
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its cold and wet weather and the presence of very limited trees to no tree [34]. Alpine
has the mean annual temperature of —2.4 °C with only 40 frost-free days/year, and the
highest average elevations (among the subregions) of ~2350 m (range 1900-3650 m) [34,51].
Additionally, yearly significant warming trends in the land surface temperature due to
ongoing climate change were not found in the literature for the subregion, except monthly
significant warming trend in May during 2001-2020 [29].

The number of human-caused small fires showed increasing trends in most of the
ecoregions probably due to the increasing human activities and tourist visits into the forests
with the increasing population in Alberta [52]. Increasing trends in lightning-caused small
fire occurrences in most of the subregions are following the projections of climate change
that predict increased lightning activity to cause an increase in lightning-caused forest
fires [53,54]. Increase in average temperature would probably be a cause of increasing
lightning activities in Canada. A study showed a 317% increase in lightning-caused fires
nationally (from 1959 to 2018) [1] with an increase in average temperature of 1.7 °C from
1948 to 2016 [55]. Such an increasing pattern of the temperature assists in decreasing
soil and vegetation (fuel) moisture contents, and eventually producing more flammable
fuels [3]. The combined effect of increasing drier fuels and lightning activities would,
therefore, likely be responsible for increasing lightning ignitions and subsequent fire spread
in the forests to further increase the number of lightning-caused fires. In contrast, more
soil moisture in a subregion, i.e., more moisture contents in the wood and leaves of trees,
makes it less susceptible to ignitions. This was evidenced in the Peace-Athabasca Delta
(PAD) subregion by showing a significant decreasing monthly trend in August, and no
significant yearly trends, not even in other months. The soil moisture is certainly greater in
PAD, because of two large feeder water bodies, i.e., Lake Claire which comprises a major
part of PAD, and the Athabasca Lake that shares a boundary with PAD.

4.3. Trends in Area Burned

Significant decreasing monthly trends in the burned area of most subregions, especially
human-caused fires, may be attributed to intense fire management strategies and programs.
The management programs aim to suppress forest fire immediately to save lives and
properties [56]. Human-caused ignitions usually tend to occur in the wild (forest)-urban
interface and in close vicinity of human activities, where immediate detection and initial
attack to suppress forest fires may occur sooner than for the fires that occur in remote
areas due to lightning [57-59]. It could be a reason that Central Mixedwood (CM), the
largest subregion in Alberta with remote areas, showed a significant increasing trend in
the burned area (May) related to large (>200 ha) lightning-caused forest fires. Another
study [2] supports this result that burned areas are increasing in most of western Canada.
However, the long-term fire data (i.e., CNFDB) used in this study may have several data-
quality-related issues, such as incomplete record keeping in earlier years and improved
lightning detection systems in recent decades [1]. Additionally, the CNFDB might have
reported more area burned for some fires in some earlier years due to perimeter mapping
techniques used based on sketch mapping, point buffering from geographic coordinates,
and digitization from a global positioning system unit [60]. Therefore, the decreasing trends
observed in the subregions might have different results if all the fire perimeters of the
time series used in this study were adjusted using the model-predicted estimates proposed
in Skakun et al. [60]. Overall, the decreasing trends of burned area in many ecoregions
are likely related to the forest fire suppression efforts and efficacy that have significantly
improved in many parts of Canada [61-63].

4.4. Trends in Start and End Days and Length of Fire Season

Significant trends in the early start and delayed end of the fire season, and eventually
a significant increasing trend in season length, were observed in some subregions of
Alberta, which is aligned with national trends reported in the literature [2,17]. For example,
Hanes et al. [2] found that the fire season started one week earlier and ended one week
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later in many parts of Canada from 1959 to 2015. However, we found an approximately one
to two days earlier start and a one to two days delayed end in some subregions, forming
a two to four day increase in the length of the fire season. Another study also reported
that the lightning-caused fire season started significantly earlier and ended significantly
later in Alberta for the number of lightning-caused fire occurrences from 1961 to 2003 [42].
Nevertheless, the early start of the fire season could be a reason for the warming trends
observed in the subregions [29] that caused continuous declines in the duration of winter
and an earlier onset of spring above-freezing temperatures in Alberta from 1950 to 2017 [64].
It has a direct impact on the workload of fire management agencies, even before they get
prepared for the season. It could lead a greater number of escaped fires to burn large areas,
because the higher fire load increases the probability that fire management agencies will not
have enough resources to suppress all forest fires immediately through initial attacks [5].

5. Conclusions

In this study, we demonstrated the distribution and number of forest fire occurrences,
burned areas, and seasonality, and their trends of human- and lightning-caused small
and large fires over the period 1959-2021 in the 14 subregions of Alberta. We did not
perform analysis for the remaining seven subregions under two regions, i.e., Grassland and
Parkland, due to not considering them as forestland and having none to a very insignificant
number of historical forest fire occurrences. The results showed that all analyzed subregions
experienced significant increasing (positive) trends of fire occurrences, either monthly or
yearly, except the Alpine subregion. However, in the case of burned areas, nine ecoregions
exhibited significantly decreasing monthly trends for small fires caused by humans, except
a significantly increasing trend for the Lower Boreal Highlands in May. In general, we
found one to two days for both early start and delayed end of fire season, and subsequently
two to four days longer fire season, in five ecoregions. These results would have an
implication of proving the latest understanding of forest fire regimes in Alberta that would
help fire management agencies to make strategic fire suppression plans to save lives,
properties, and natural resources. The results of this study have some limitations, such
as the fire database used in the analyses possibly having the limitation of providing a
smaller number of historical fires and presenting more burned areas of some historical
fires, and other methods might provide different values than the percentile method that
we used for seasonality. Therefore, we suggest a careful evaluation before adopting the
results for any application in the region. Following the observed trends of this study for
forest fire regimes in Alberta, our further research could involve finding their relationships
with historical trends of climate variables (e.g., temperate and precipitation), large-scale
atmospheric oscillations, and growing degree days.
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