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Abstract. We used repeat oblique photography to quantify and determine the drivers of vegetation
change, particularly forest closure and encroachment, in the Rocky Mountains of southern Alberta,
Canada, from the beginning of the twentieth century to the present. We classified the landscape into seven
distinct vegetation types (closed-canopy conifer forest, broadleaf deciduous forest, mixedwood forest,
open-canopy woodlands, shrublands, grasslands and meadows, non-vegetated) and assessed vegetation
change between the two time periods. We found that closed-canopy coniferous forest, broadleaf deciduous
forest, and mixedwood forest increased on an area basis by 35%, 45%, and 80%, respectively, over this time
period; concomitantly, grasslands and open-canopy woodlands declined by 25% and 39%, respectively.
Overall, 28% of the landscape was in a more advanced successional state in 2008 as compared to the early
twentieth century. The Montane and Subalpine Natural Subregions (NSR) experienced the most change
(42% and 26%, respectively, in a more advanced successional state). The loss of open-canopy woodlands
was observed across the entire landscape, while grassland and meadow losses were most acute in the Sub-
alpine and Alpine NSRs. The probability of vegetation change to a more advanced successional condition
was greater at higher elevations and in areas receiving lower amounts of solar insolation. The changes
observed are consistent with what we would expect to see due to lengthening of fire return intervals.
Understanding the magnitude of change in vegetation types and the drivers of this change is important for
the development of effective contemporary ecosystem management and restoration practices.
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INTRODUCTION

Since the arrival of European settlers in the
interior west of North America in the late nine-
teenth and early twentieth centuries, following
earlier stages of exploration and fur trade in the
earlier nineteenth century, fire regimes and vege-
tation composition changed considerably (Arno
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1980, Barrett 1996, Bradley and Wallace 1996,
Quigley and Arbelbide 1997, Heyerdahl et al.
2001, Hessburg and Agee 2003, Wright and Agee
2004, Van Wagner et al. 2006, Romme et al.
2009). Numerous studies show lengthening fire
return intervals since the turn of the twentieth
century (Hawkes 1979, Tande 1979, Arno 1980,
Barrett 1996, Rogeau 1999, 2016, Heyerdahl et al.
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2008). This was accompanied by substantial
increases in closed-canopy forests, and a con-
comitant decline in grasslands and open-canopy
woodlands, in the Rocky Mountains of the north-
ern United States and Canada (Strong 1977, Gru-
ell 1983, Campbell et al. 1994, Brown et al. 1999,
Hessburg et al. 2000, 2005, Fulé et al. 2002,
Rhemtulla et al. 2002, Higgs et al. 2009). While
previous studies have documented these
changes, they have not been able to provide a
quantitative, area-based estimate, nor have they
explored in detail the causal factors.

Understanding ecological history provides
land managers with tools to manage present-day
problems and is an essential component of eco-
logical restoration (Quigley and Arbelbide 1997,
Higgs et al. 2014, Beller et al. 2017). For example,
regardless of the exact amount of forest
encroachment that has occurred to date, there is
growing evidence that these lower-diversity,
closed-canopy, contiguous conifer (CF) forests
are at elevated risk to loss by fire (Hessburg et al.
2000, Fulé et al. 2004, Moore et al. 2004, Prichard
et al. 2017) and forest diseases and insects, such
as the mountain pine beetle (Hughes et al. 2006,
Dordel et al. 2008). While there is no single cor-
rect temporal reference point from which to eval-
uate change, the pre-European settlement period
is widely used throughout North America for
ecological restoration targets in the management
of forests (Barrett et al. 2010), rangelands (Fuh-
lendorf and Engle 2001), and protected areas
(White et al. 20034, Higgs et al. 2014, Parks et al.
2014). There is recent concern about the emer-
gence of novel ecosystems (ecosystems without
historical analogue) as a result of directional
environmental (e.g., climate, nitrogen deposition)
and ecological (e.g., invasive species, disturbance
regime) change, and shifts in land use conversa-
tion and occupancy. Well-resolved historical
information provides reference targets for
restoration but also guidance about how to man-
age adaptively to rapidly shifting ecosystems
and landscapes (Hobbs et al. 2014).

Disturbance regimes and historical vegetation
change are studied using a variety of techniques
including (1) dendroecology (Barrett and Arno
1988) and stand reconstructions (Ehle and Baker
2003), (2) paleoecology (MacDonald et al. 1991,
Carecaillet et al. 2001), (3) examination of histori-
cal records from fire occurrence databases
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(Bergeron et al. 2001), maps (Johnson and Fryer
1987), and aerial imagery (Fichera 2012), (4)
modeled using inputs derived from these sources
of information (Collins et al. 2009, Wimberly and
Kennedy 2008, Prichard et al. 2018), and (5)
through oral histories (Lykke 2000). One largely
untapped data source to examine landscape veg-
etation change is historical repeat photographs
(images taken from the same place at two or
more points in time). Historical repeat photogra-
phy studies have shown forest invasion of grass-
lands across a wide geographic area of western
North America from the late 1880s and early
1900s to the present day (Hastings and Turner
1965, Arno and Gruell 1983, Gruell 1983, Webb
1996). The primary limitation of these studies is
that the changes were not spatially quantified.
Newly developed techniques in oblique angle
image analysis now enable rapid and accurate
assessment of a large number of historical repeat
photographs, facilitating spatial quantification of
landscape-level changes (Stockdale et al. 2015,
Fortin et al. 2018).

The Mountain Legacy Project (mountainle-
gacy.ca; MacLaren 2005, Trant et al. 2015) is a
repeat photography project larger than any other
similar project in the world with more than
120,000 historical images taken in the mountain-
ous regions of western Canadian by numerous
topographic map surveyors in the late nineteenth
and early twentieth centuries. The collections are
especially distinctive because survey photogra-
phy ensures systematic coverage, triangulation
of imagery and survey measurement, and high-
quality resolution. To date, more than 7000 of
these images have been repeated (in the southern
Rockies from 1998 to present day) from the exact
original locations (paired images). While some
researchers have used these images to examine
ecological change in focused locations (Rhem-
tulla et al. 2002, Watt-Gremm 2007, Kubian 2013,
Fortin et al. 2018), their real potential to evaluate
large spatial scale ecological change through-
out the Alberta Rocky Mountain region has
remained largely untapped.

The southern Alberta Rocky Mountain region
in the centuries prior to the European settlement
period can be examined from the perspective of
human history to gain an understanding of how
anthropogenic influences may have changed the
landscape itself. The study region is home to the
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Blackfoot Confederacy comprising three contem-
porary First Nations: the Siksika, Kainai, and Pii-
kani. The Blackfoot First Nations hunted bison in
numerous ways, including the use of prescribed
fire and buffalo jumps, which were numerous
throughout the region (Brink 2008). By the mid-
1700s, with the introduction of diseases, horses,
and guns, their way of life and methods of hunt-
ing began to fundamentally change (Brink 2008).
The first European explorers (David Thompson,
Peter Fidler, and others) came through the region
in the late 1700s and early 1800s, which led to a
period of active trade between the Blackfoot and
Europeans, and ultimately the signing of treaties
with the Canadian government in the 1870s; this
effectively removed the free-moving connections
the Blackfoot people had with traditional lands
and moved them onto reservations (Brink 2008).
This was followed by extirpation of the bison by
1880, the building of the railroad by 1897, and
the founding of numerous European settlements
in the region (Brink 2008). This period of change
coincides with observed changes in fire fre-
quency throughout the region, which were pre-
sumably the result of both increased suppression
efforts by settlers and reduced burning by First
Nations peoples. The Mountain Legacy Project
images provide a clear snapshot of what the
landscape looked like toward the end of this per-
iod of tumultuous change and can offer consider-
able insight into what it looked like prior to
European settlement.

In this study, we use historical photographs to
quantify the changes in vegetation composition
since European settlement (late 1800s and early
1900s) in the southern Alberta Rocky Mountains
and foothills and to examine which factors help
explain variation in patterns of change across the
landscape. We addressed three hypotheses: (1)
vegetation across the landscape in 2008 is, over-
all, further along in succession than it was at the
time of European settlement; (2) that there has
been a loss of grasslands and open-canopy
woodlands due to forest encroachment; and (3)
the extent of these changes varies with: Natural
Subregions (NSRs); topographic position (eleva-
tion, slope, and aspect); disturbance history (time
since fire or timber harvest); and anthropogenic
disturbance (AD; e.g., agriculture, settlements,
roads, powerlines, railways, pipelines, and other
rights-of-way).

ECOSPHERE *%* www.esajournals.org

STOCKDALE ET AL.

METHODS

Study area

We used the Bridgland 1913-1914 phototopo-
graphic survey (Trant et al. 2015) to delimit the
study area in the southern Rocky Mountains of
Alberta (Fig. 1). These photographs were taken
from 236 unique photographic locations (sta-
tions) and covered the area of the Rocky Moun-
tains from the Alberta—British Columbia border
to the Porcupine Hills and from the US-Canada
border to Sentinel Pass (142 km to the north). In
this region, the elevation range is from 1114 m to
3094 m above sea level; the area is dominated by
mountainous terrain in the west, foothills to the
east, and open grassland in the southeast and
includes five different NSRs (Table 1; Natural
Regions Committee 2006).

Image selection.—Paired repeat photographs of
the Bridgland survey (MacLaren 2005) were used
to assess landscape vegetation change across the
study area (Fig. 2). The Government of Alberta
supplied us with a high-resolution (1 m) Digital
Elevation Model (DEM) that covered the majority
of the southern Rocky Mountains and foothills
region of Alberta. Using a GIS, we overlaid a 5-km
grid across the area covered by the DEM and ran-
domly chose two images taken within each cell,
resulting in a total of 137 image pairs to be georef-
erenced and classified (not all cells had two images
available). After georeferencing these images, we
computed their viewsheds and found that numer-
ous photographs shared large portions of their
viewsheds with other photographs; we, therefore,
discarded some images and randomly selected
new ones iteratively until we had maximized the
total landscape coverage at 57.4% of the total study
area (Table 1). See Stockdale (2017) and Appen-
dix S1: Section 1 for a full description of image
selection methods. With oblique imagery, the parts
of the landscape behind topographic barriers are
not visible; by using images taken from numerous
locations, we determined that the area visible in
the 137 image pairs was representative of the
greater landscape with respect to the distribution
of NSR and solar insolation (Appendix S1: Fig. S1).

Image georeferencing, vegetation classification,
and disturbances

We used the methods developed by Stockdale
et al. (2015) using the WSL Monoplotting Tool
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Fig. 1. The map panels (left to right) show the location of the study area in the southwestern corner of the pro-
vince of Alberta, the locations of photostations from the Bridgland 1913-1914 survey used in the study along
with the total visible area of the landscape from 137 paired photographs, the Natural Subregions of the area, and
elevation and the locations of the roads in the study area.

Table 1. Distribution (area and %) of the different Natural Subregions within the entire study area and within
the portion of the study area that was visible in the selected images; also given is the percentage of each subre-
gion that was visible.

% of Total Visible % of Total Visible as % of
Natural subregiont Study Area (ha) study area area (ha) visible area study area
Alpine 14,468 45 9058 5.0 62.6
Subalpine 144,611 454 86,092 47.2 59.5
Montane 117,091 36.8 59,636 32.7 50.9
Foothills Fescue 35,990 11.3 25,282 13.8 70.2
Foothills Parkland 6140 1.9 2515 14 40.1
TOTAL 318,300 100 182,583 100 57.4

+ Natural Regions Committee (2006).

(Bozzini et al. 2012) to georeference and classify
vegetation in grid cells in each repeat pho-
tograph pair. Each image was georeferenced,
and we then computed its viewshed. Viewsheds
were restricted to the distance from the camera
station at which we could confidently discern
vegetation categories; this distance was variable,
but the maximum distance generally ranged

ECOSPHERE % www.esajournals.org

from 5 to 10 km but was sometimes more
depending on the clarity in a particular photo-
graph. In the case of images that looked out
over the grasslands to the east, two images were
assessed to a distance of ~25 km. We then inter-
sected a 1-ha spatially referenced grid with this
restricted viewshed to yield an image visible
grid. We transformed this image visible grid
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Fig. 2. Mountain Legacy Project paired photographs from the 1913-1914 Bridgland Survey repeated in 2008
by the Mountain Legacy Project. The second row shows an image pair with a georeferenced 1-ha grid overlaid.
This overlay grid was used to classify vegetation within each cell to measure change between the two time peri-
ods. The images pairs were taken from Station 53, Sentinel Pass West No. 1, and Station 45, Riley Creek No. 3 for
the first and second image pairs (respectively). See explore.mountainlegacy.ca.

from the orthogonal view to the oblique view
and overlaid it on the image to be classified
(Fig. 2). See Appendix SI: Section 2 and Stock-
dale (2017) for further details on the georefer-
encing and grid overlay procedures.

We classified the vegetation in each visible
grid cell as one of seven vegetation types: non-
vegetated (NV), meadow and grassland (MG),
shrubland (SH), open-canopy woodland (WD),
broadleaf deciduous (BD), mixedwood (MX), or
CF. See Appendix S1: Section 3, Table S1, and
Figs. 52-54 for a full description and examples of
the vegetation classes and how they were dis-
cerned in the photographs. These broad classes
were used because it was very difficult to discern
species at a distance, and in the original (black
and white) photographs, species were virtually
impossible to discern. Nevertheless, we know
that the dominant tree species in each vegetation
class varied among NSR as follows. The domi-
nant tree species in the CF vegetation type in the
Subalpine NSR were lodgepole pine (Pinus
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contorta), subalpine fir (Abies lasiocarpa), or Engel-
mann spruce (Picea engelmanii), and in the
Montane NSR primarily lodgepole pine or
Douglas-fir (Pseudotsuga menziesii). In wetter
parts of the Subalpine and Montane NSRs, there
were pockets of black spruce (Picea mariana).
Trees in the broadleaf (BD) vegetation type in the
Foothills Fescue, Montane, and Subalpine NSRs
were trembling aspen (Populus tremuloides), or on
wetter and riparian sites balsam poplar (Populus
balsamifera). The dominant trees in the MX forest
vegetation type in all NSRs included aspen and
CF (lodgepole pine, Douglas-fir, or Engelmann
spruce). Trees in the woodland (WD) vegetation
type in the Alpine and Subalpine NSRs were
lodgepole pine, subalpine fir, limber pine (Pinus
flexilis), and occasionally whitebark pine (Pinus
albicaulis) or Engelmann spruce. In the Montane
NSR, the dominant trees in the woodland class
were lodgepole pine, subalpine fir, Douglas-fir,
Engelmann spruce, trembling aspen, or balsam
poplar. In the grasslands, isolated stands of trees
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included lodgepole pine, Douglas-fir, aspen, or
balsam poplar.

The original and repeat photographs for each
photograph pair were examined together by
overlaying them in GIMP in order to better dis-
tinguish vegetation categories in the repeat and
original images. Where possible, difficult-to-
classify areas of the landscape were examined
from other photographs in the Bridgland survey
that showed the same location from a different
angle and distance. In cases where it was not
clear (due to photographic quality, extreme sha-
dow, or other uncertainty) what vegetation cate-
gory a particular cell should be classified as in
either the original or repeat photograph, the grid
cells were removed from the analysis and not
considered any further. After we classified each
image pair, the visible grid cells were added to a
cumulative total area assessed layer. For every
subsequent image analyzed, we subtracted the
total area assessed from its image visible grid so
that each visible grid cell on the landscape was
only assessed in a single image. In total, the 137
image pairs yielded a visible area of 182,583 ha.
From this image analysis, we developed two
vegetation layers (one each for 1913 and 2008),
hereafter referred to as Veg1913 and Veg2008.

In both the original and repeat photographs,
recently burned forests were evident. Large fires
had burned through the study area in 1910 and
in 2003 (very southern edge of our study area).
Had we used 1913 as our baseline, we would
have been comparing the present-day landscape
to a point in time immediately after one of the
most extensive fire years on record and this
could have exaggerated the amount of long-term
change that had occurred on the landscape (we
ended up labeling 8% of the landscape [see
Results below] as non-forest in 1913 due to the
1910 wildfires). In order to better represent the
historical landscape prior to European settlement
of the region, we rolled back vegetation cate-
gories from 1913 to the year before the fire
(1909). This led to a comparison that reflects a
more conservative estimate of change, but one
that more accurately reflects the pre-European
settlement landscape condition. This rollback cre-
ated a third time layer of 1909 (layer Vegl1909),
which was achieved by examining the grid cells
showing recent fire in the Veg1913 layer to deter-
mine what they most likely had been in 1909.
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Grid cells in which evidence of fire was visible
were classified as disturbed fire (DF), and then,
the 1909 vegetation category was determined by
the vegetation structure in these cells. Disturbed
fire grid cells with very few live or dead trees
were classified as grassland (MG), those with a
low of density snags were classified as WD, if
there were dense coniferous snags they were
classified as CF, mixed broadleaf and CF snags
as MX, and broadleaf snags as BD. This method
failed to detect any fires that burned (1) at low
severity causing no visible overstory mortality;
(2) at such high severity that all dead wood was
burned away completely; (3) through grasslands
leaving no evidence. All subsequent analyses
compare the Veg1909 to the Veg2008 layers.

To track other disturbances, grid cells with evi-
dence of anthropogenic disturbance (AD) from
development such as agricultural cropland,
roads, buildings, settlements, powerlines, and
rail lines were classified as AD and the vegeta-
tion category was based on the dominant vegeta-
tion form or labeled as non-vegetated if the cell
was fully developed (road, house, building,
gravel). For the purposes of this analysis, agricul-
tural crops were classified as grassland (MG). We
also classified areas that were visibly fenced
(indicative of private ownership) as agricultural
(AG), but this was more difficult to assess in the
historic black and white images (when fencing
was also less common) than in the repeat color
images; the difficulty in discriminating agricul-
tural lands from native grasslands in the original
images is the primary reason we did not track
agricultural land conversion in this study.

Lacking the ability to ground truth the histori-
cal photographs, we assessed the reliability of
our classification by conducting three tests in
which we compared (1) oblique photograph ver-
sus ortho-photograph classifications of the same
areas, (2), agreement between our vegetation
classification calls in color oblique images com-
pared to two independent observers, and (3)
level of agreement between the primary observer
and two independent observers as to whether
vegetation had changed from 1912 to 2008 in the
MLP image pairs. Details of these comparisons
are in Appendix S1: Section 4, Tables S2-54),
with the first two comparisons presented as con-
fusion matrices. Based on these assessments, we
are confident in our classification.
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Vegetation change and transitions

We created a transition matrix and tallied all
unique (7*7 = 49) vegetation transitions between
1909 and 2008. We assumed the successional
pathway was from non-vegetated to meadow/
grassland to shrub to open canopied woodland
to forest (broadleaf then mixed then coniferous,
i.e., NV-MG-SH-WD-BD-MX-CF; Archibald et al.
1996). We were particularly interested in the
fate of historical grassland and woodland areas
of the landscape for these cells (Veg1909 = MG
or WD).

Other data layers

We obtained spatial data on linear features
(roads, cut lines, trails, railways, pipelines),
timber harvest records, and fire polygons from
1931 to 2008 from the Government of Alberta.
We excluded all fires smaller than 1 ha from
the fire history records, and these were com-
bined with fires observed in the Vegl913 layer
to create a 19092008 fire history. We buffered
linear features (highways and railways by
300 m on both sides, all other linear features
by 100 m both sides) to account for edge
effects and merged these into the observed
AD cells to create a single coverage of AD
(Fig. 3).

To account for the effect of slope and aspect,
we used solar insolation as it combines the influ-
ence of both variables in a single continuous pre-
dictor. See Appendix SI1: Section 5 for a
description of how watersheds were delineated
and insolation was calculated.

We found evidence of spatial autocorrelation
in the response variable successional change
(see below; Moran'’s [-statistic = 0.4203, z-score =
784.57, P < 0.000001). This indicated clustering
in successional change, with a distance threshold
of 1118 m. We also found that there was signifi-
cant spatial autocorrelation in both the MG and
WD change response variables (more below;
Moran’s [-statistics = 0.596 [MG], 0.490 [WD], z-
scores = 734.71 [MG], 123.9 [WD], P-values for
both <0.000001). These results indicated cluster-
ing in the response variables with distance
thresholds of 2561.5 m (MG) and 2524.1 m
(WD). To control for this spatial autocorrelation
in the data in the subsequent statistical analyses,
watersheds (see Fig. 3) were constructed to serve
as a random block effect.
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Data analyses

To examine overall patterns of vegetation
change we created a response variable called suc-
cessional change between the two periods based
on the vegetation class (same [0], forward [+1], or
reverse [—1]; see successional pathway sequence
above, and Table 2). We used a chi-square analy-
sis to test the hypothesis that there was a differ-
ence in the distribution of successional change
values by NSR. We tested whether successional
change was spatially randomly distributed on
the landscape by calculating Moran’s I-statistic
using the Spatial Autocorrelation (Moran’s I) tool
in ArcGIS 10.4. We used ordinal logistic regres-
sion (R Package Ordinal, procedure CLMM) to
examine the relationship between successional
change (ordinal values of —1, 0, 1 as indicated
above) and two continuous predictor variables
(mean solar radiation, elevation) and three cate-
gorical predictor variables (time since fire [TSF],
time since harvest [TSH], AD). All visible grid
cells were used in this analysis (n = 182,583) and
were nested within watersheds (included as a
random block effect) to account for spatial auto-
correlation (details in Appendix S1: Section 6).
We computed the Spearman’s rho statistic to
determine whether predictor variables were cor-
related with one another. We ran models includ-
ing all permutations of predictor variables and
an ecological null model that included only the
watershed random factor. The best model was
chosen by the lowest Akaike Information Crite-
rion (AIC) value.

To determine whether successional change
(forward, no change, reverse) in former grass-
land or woodland portions of the landscape var-
ied among NSR, we used chi-square tests for MG
and WD separately. To determine whether grass-
land loss was occurring primarily adjacent to his-
torical forest edge, we converted the vegetation
transition raster layer into polygons to group all
like transitions: grassland lost; grassland gained;
grassland retained. We measured the length of
all boundaries between grassland lost and non-
grassland vegetation types. We used the same
procedure to determine whether open-canopy
woodlands were being lost primarily adjacent to
historical forest edges.

To examine factors explaining variation in pat-
terns of change from grassland or woodlands,
we used ordinal logistic regression with the
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Fig. 3. Spatial data layers accounting for watersheds, solar insolation, time since fire (TSF), time since harvest
(TSH), and the development footprint of the landscape (AD, which combines agricultural and anthropogenic
development). The palest gray background color in the TSF and TSH maps indicates areas that were not visible
in the images we selected for analysis.
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Table 2. Vegetation transitions between 1909 and 2008 as a percentage of the visible area in each vegetation class

in 1909.
Vegetation Vegetation 1909
2008 NV (5.6%) MG (42.2%) SH (3.6%) WD (6.9%) BD (3.9%) MX (2.9%) CF (35%)

Reverse n/a 0.016 0.165 0.130 0.237 0.247 0.141
NV (5.5%) 0.795 0.016 0.009 0.018 0.011 0.013 0.002
MG (31.7%) 0.083 0.611 0.156 0.111 0.212 0.082 0.088
SH (0.5%) 0.004 0.007 0.034 0.001 0.006 0.003 0.000
WD (4.2%) 0.054 0.051 0.040 0.102 0.008 0.028 0.024
BD (5.6%) 0.300 0.051 0.311 0.033 0.412 0.121 0.005
MX (5.2%) 0.005 0.041 0.192 0.077 0.198 0.246 0.021
CF (47.3%) 0.057 0.222 0.259 0.659 0.154 0.507 0.859
Forward 0.205 0.372 0.802 0.769 0.352 0.507 n/a

Notes: Columns add to 1 to account for all transitions from that class. The values in parentheses with each vegetation class
on the top row and right column are the percent of the visible landscape that was in that vegetation category in 1909 and 2008,
respectively. To determine the proportion of the landscape going through any transition, multiply the value in the cells by the
value in parentheses. Values in boldface indicate no change, cells above the diagonal changed to an earlier successional state (re-
verse succession in Table 3), and cells below changed to a more advanced successional state (forward succession in Table suc-
cessional state (forward succession in Table 3) in 2008 relative to 1909. NV, non-vegetated; MG, meadow/grass; SH, shrub; WD,
woodland; BD, broadleaf deciduous; MX, mixedwood; CF, conifer.

response variable of successional change as indi-
cated above (separate analyses for grasslands
and woodlands) with the same predictor vari-
ables described in the previous paragraph (with-
out TSH, as there had been no harvesting in the
former grasslands or open woodlands) and
model selection criteria. The response variable
was the degree of vegetation change, coded to
indicate reverse succession (—1), no change (0),
and forward change (values of 1-3 to indicate the
degree of change, see Appendix S1: Table S5). We
tested for spatial autocorrelation in the response
variable using the Spatial Autocorrelation (Mor-
an’s ) tool in ArcGIS 10.4.

REsuLTs

Vegetation succession

Grasslands occupied 42.2% of the landscape in
1909, coniferous forest occupied 35%, while all
other categories combined occupied 22.8% of the
landscape (Fig. 4, Table 2). In 2008, 47.3% was
coniferous forest, grasslands occupied 31.7%,
and the remaining categories combined occupied
21% of the landscape. The most stable vegetation
categories were coniferous forest (85.9% remai-
ned the same, which represents 30% of the land-
scape) and meadow/grassland (61.1% remained
the same, which represents ~26% of the land-
scape; Table 2). The closed-canopy forest portion
of the landscape increased from 41.8% to 58.1%
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of the area over this time period (Table 2). 13% of
area that was grasslands and 5% of the area that
had been open-canopy woodland had become
closed-canopy forest by 2008 for a net 18%
increase in forest cover.

Overall, 63.4% of locations had no change in
vegetation categories, 27.8% of the landscape was
in a more advanced successional state, and 8.7%
was in an earlier successional state (Table 3).
There was a significant difference among NSRs
in the proportional area showing no, reverse, or
forward successional change (P < 0.0001, Pear-
son’s chi-squared = 16982, degrees of freedom =
8): The Montane NSR had the most area (41.6%)
showing forward succession, followed in dimin-
ishing order by Foothills Parkland (29.4%), Sub-
alpine (26%), Alpine (25.7%), and Foothills
Fescue NSRs (2.3%; Table 3). The Foothills Park-
land NSR showed the most reverse succession
(14%), followed by the Montane NSR (10.2%).
There were significant differences among the
NSRs in terms of the probability of reverse, for-
ward, or no succession for areas that were mea-
dow/grassland or woodland in 1909 (Table 3,
P < 0.0001; Pearson’s chi-squared = 27910 [MG]
and 3109.7 [WD], degrees of freedom =8 for
both).

Forest encroachment

The greatest transition in vegetation types on
the landscape was from meadow/grassland to
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Fig. 4. Vegetation across the landscape in 1909 and 2008 as measured from 137 historical repeat photography
pairs. The vegetation categories are non-vegetated (NV), meadows and grassland (MG), shrubland (SH), open-
canopy woodland (WD), broadleaf deciduous (BD), mixedwood (MX), and coniferous (CF). The successional
sequence of these vegetation types is indicated, as is the overall direction of successional change on the land-
scape. Reverse indicates that in 2008 the vegetation at a given location is at an earlier successional state than it
was in 1909, same indicates it has not changed, and forward indicates that in 2008 the vegetation was in a more
advanced successional state than it was in 1909. The pale gray background color in each map indicates areas that

were not visible in the images we selected for analysis.

coniferous forests (9.4%), with substantial tran-
sition from grassland to the other closed forest
types (MX = 1.7%, or BD = 2.2%). Combined,
18.5% of the visible landscape changed from
grassland/meadow (MG) and open-canopy
woodland (WD) in 1909 to closed-canopy forest
(BD, MX, CF). Of the parts of the landscape
that were grassland or woodland that con-
verted to forest between 1909 and 2008, 67%
and 45% of the edge of new forests occurring
in historic grasslands and open-canopy wood-
lands (respectively) shared this edge boundary
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with historic forests (these figures are 94% and
85% for grassland and woodland, respectively,
when considering the area of new forests occur-
ring next to historic forests; Table 4, Fig. 5). To
calculate the proportion of the landscape that
changed from one category to another, use
Table 2, and multiply the proportion of land-
scape covered by a given vegetation type in
1909 (value in parentheses on the top row) by
the values in the table for the specific transition
of interest (e.g., MG transition to CF: 42.2% x
0.222 = 9.4%).
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Table 3. Vegetation change, as percentage of visible area, classified as direction of succession for the whole land-
scape and by Natural Subregion.

Natural Subregion
Vegetation Foothills Foothills Fescue
clecession Total Alpine (%) Subalpine (%) Montane (%) Parkland (%) (%)
direction  landscape All MG WD All MG WD Al MG WD Al MG WD Al MG WD
Reverse 8.7 42 98 103 93 1.7 81 102 18 121 14 0 20 44 01 978
Same 63.4 70.1 357 138 647 19.6 113 483 582 89 56.6 734 0 933 97 0.7
Forward 27.8 257 545 759 260 787 805 416 40 79 294 266 80 23 29 1.5

Notes: Results are given for overall successional change of vegetation and for areas that were meadow/grasslands (MG) or
open-canopy woodlands (WD) in 1909 by Natural Subregion. These numbers relate to Table 2, where the totals above and

below the diagonal no change line have been weighted by their total landscape cover proportions. See also Fig. 4.

Table 4. Area of grasslands or open-canopy wood-
lands lost between 1909 and 2008; given is total area
lost (changed to later successional state), the total
length of edge of that area for which the neighboring
area was visible, the percentage of that edge length
and of the area that bordered forests in 1909.

succession. Spearman rank correlations revealed
no strong correlations between the predictor
variables (highest tho was —0.3184 between AD
and Elevation, all other rho < 40.2).

The best models of vegetation change for areas
categorized as meadow or grassland (MG) and
woodland (WD) in 1909 included solar radiation,

Pf;&‘zﬂfﬁge elevation, and time since fire (Table 6a, b; see

Historic Edge with neighbor forest Appendix S1: Section 6 for a summary of all
vegetation ~ Area  Length models). For areas that were MG or WD in 1909,
lost lost (ha)  (km)  Percentage Edge Area solar insolation was negatively related to the
Grassland 29,936 3930 73.0 70 osp Pprobability of forward succession (Table 6a, b).
Woodland 11,311 1971 75.7 456 845 For both vegetation types, areas with longer

Note: For the grassland historic vegetation, “forest”
includes open-canopy woodlands and all forest types; for the
woodland, this includes all forest types.

Influences of topography and disturbance history

Of the small percentage (15,492 ha, or 8.7%) of
the landscape in an earlier successional state in
2008; nearly all of this (13,453 ha, or 87%) had
undergone harvesting (4170 ha, or 26.2%), been
burned (3756 ha, or 23.5%), or has some other
AD (5527 ha, or 34.7%) between the two time
periods.

The best model (Table 5) for overall vegetation
successional change included solar radiation, ele-
vation, TSH, TSF, and AD (see Appendix S1: Sec-
tion 6 for a summary of all models). Solar
insolation was negatively related to forward
successional change (higher insolation = less
change). Sites with a longer time since harvest or
fire were more likely to have returned to or sur-
passed their pre-disturbance successional state.
Elevation was positively related, and AD was
negatively related to the probability of forward
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times-since-fire had higher probabilities of for-
ward succession (Table 6). Elevation was posi-
tively related to the probability of forward
succession for meadows/grasslands, but wood-
land areas at higher elevation had a decreased
probability of forward succession. We found no
strong correlations between predictor variables,
with no rho values greater than £ 0.25.

Vegetation classification accuracy

Our assessment of the vegetation classification
accuracy (more details in Appendix S1: Section 4)
showed that orthogonal versus oblique vegeta-
tion classification had 69.7% agreement; in the
30.3% with disagreement, 13% of the cells were
classed as WD in the orthogonal view, but
closed-canopy forest (CF, MX, or BD) in the obli-
que imagery. Some of the remaining 17% of dis-
agreement likely stems from patch edge
displacement, where the georeferencing methods
produce small-scale horizontal displacement of
grid cells (a grid cell in an oblique image might
be located on a patch of trees, but once this is
georeferenced, it might be placed in the adjacent
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Fig. 5. Vegetation change for areas that were grassland or open-canopy woodland in 1909. The vegetation state
refers to whether the targeted vegetation type (grasslands or woodland) was gained (not present in 1909, present
in 2008), lost (present in 1909, not present in 2008), or retained (present in both 1909 and 2008) over the time per-
iod. These classifications only include vegetation that moved into or out of a meadow/grassland (first panel) or
woodland (second panel) state. Earlier indicates areas where the vegetation was in an earlier successional state
(i.e., for grasslands this only includes non-vegetated; for woodlands, this includes non-vegetated + grass-
land + shrubland). Later indicates areas where the vegetation was in a more advanced successional state (i.e., for
grasslands map, this includes shrub + woodland + mixedwood + broadleaf deciduous + conifer (CF); for
woodlands, this includes mixedwood + broadleaf deciduous + CF).

clearing on an ortho image; while the error in
displacement might only be 100 m (for example),
it can result in a different classification call, and
be considered an error, when in fact the classifi-
cation is correct, but the location is wrong). The
agreement in orthogonal versus oblique classifi-
cation in BD and MX classes was low (20% and
49.9%, respectively). In both of these classes,
much (20% and 25.4%, respectively) of the dis-
agreement was the result of under-classification
of open-canopy forest. Half of what was
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considered BD in the oblique images was classi-
fied as MX in the ortho images (short CFs may
have been obscured at an oblique angle but visi-
ble from above). Thus, we may have overesti-
mated BD, and underestimated MX. Most errors
in oblique-classified MX were ortho-classified as
CF, which suggests a higher CF content in stands
classified as MX; they appear to have a higher
amount of BD cover in oblique versus ortho-
photographs. There was 80.5% agreement
between the primary and independent accuracy-
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Table 5. Outputs of the best ordinal logistic regression
model for landscape vegetation change.

Variable Estimate Standard error
Z.solar —0.036 0.005
TSH (1990s) 0.397 0.043
TSH (1970-1989) 1.707 0.047
TSH (1950-1969) 1.610 0.059
TSH (never) 2.489 0.032
TSF (1930-1945) 1.842 0.062
TSF (1910) 0.243 0.060
TSF (<1910) 2.150 0.058
AD —0.069 0.011
Z.elev 0.209 0.009

Notes: The response variable was the succession with val-
ues of —1 for reverse, 0 for no change, and 1 for forward. The
reference categories for TSH (time since harvest) and TSF
(time since fire) are harvesting and fires, respectively, in the
most recent time period. Z.solar and Z.elev indicate solar
insolation and elevation transformed to z-scores. AD is the
presence or absence of anthropogenic disturbance within a
grid cell or buffer zone (see Methods). See also Figs. 3 and 4.

assessment observers. Most disagreement was
the result of the thresholds for classifying WD or
closed-canopy forest (CF, MX, or BD), or WD
and MG. Independent observers agreed with
82.1% of the assessments of the primary observer
with respect to whether vegetation cover had
changed between the two time periods.

DiscussioN

In this study, we confirmed that vegetation in
2008 was further along in succession than at the
time of European settlement, that significant for-
est encroachment has resulted in a loss of grass-
lands and open-canopy woodlands, and that
variability in these trends was correlated with
the influences of NSRs, topography, and natural
and AD history. While the majority of the land-
scape in our study area remained in the same
vegetation category in 2008 as it had been in
1909, we saw a substantial amount (18%) of the
landscape converted to closed-canopy forest.
Many areas that were grasslands in 1909 had
changed to open-canopy woodland by 2008 and
were thus on an apparent trajectory to closed-
canopy forests. While a large portion (37%) of
the original grasslands present in 1909 were in a
more successionally advanced vegetation type in
2008, this was partially offset by disturbances
within other vegetation types that created new
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Table 6. Outputs of the best ordinal logistic regression
model for the magnitude of vegetation change for
areas that were (a) meadow or grassland, or (b)
open-canopy woodland in 1909.

Variable Estimate Standard error

(a) Meadow or grassland

Z.solar —0.545 0.010

TSF (1930-1945) 1.602 0.100

TSF (<1910) 1.582 0.093

Z.elev 1.074 0.017
(b) Open-canopy woodland

Z.solar —0.147 0.022

TSF (1930-1945) 3.654 0.294

TSF (<1910) 4.320 0.285

Z.elev —0.146 0.037

Notes: The response variable was the magnitude of change
variable which indicates the degree of succession occurring at
a given location (Table A.5; Fig. 4). The reference category for
TSF (time since fire) was fires that burned in the most recent
time period (2003-2007). Z.solar and Z.elev indicate solar
insolation and elevation transformed to z-scores. See also
Figs. 3 and 5.

grasslands, resulting in a net loss in grassland
area of only 25% between 1909 and 2008. Simi-
larly, a large majority (nearly 80%) of the open-
canopy woodlands from 1909 had succeeded to
more advanced vegetation types in 2008, but this
was partly offset by other vegetation types con-
verting to open-canopy woodlands. Thus, there
was a net loss of woodland area of only 39%.

As predicted, loss of meadows/grasslands and
woodlands was largely due to forest encroach-
ment, as evidenced by the fact that the majority
of the area lost in these vegetation types was
adjacent to existing higher-density forest. How-
ever, these patterns of increasing forest cover
were not homogenous across the entire land-
scape. The Montane NSR, which is at a relatively
lower elevation, had the greatest proportion of
area undergoing successional advancement,
while the Subalpine, Alpine, and Foothills Park-
land NSRs had less, but still substantial forward
change. The grassland losses in the Montane
NSR were considerably lower than they were in
the Subalpine NSR, perhaps due to less forest
from which there could be encroachment. In the
Alpine NSR, where forest encroachment into
meadows/grasslands could only occur from
lower elevation forests (with the higher elevation
ecotone bordering on bare rock and talus slopes),
we saw lower rates of forest encroachment. We
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did not differentiate grasslands or meadows
other than to define them as areas with no signif-
icant amount of trees or shrubs. In the Foothills
Fescue NSR, the extensive anthropogenic foot-
print has converted much of the grasslands into
agricultural land (grazing and ranching). In the
absence of agricultural land conversion, we sus-
pect there would have been more conversion of
grassland to forest.

Our observations of forest encroachment con-
cur with other studies. A study using pollen from
sediment cores extracted from lakes throughout
southern Alberta found areas that were aspen
parkland proper in the 1970s had been groveland
in the pre-European settlement (1800s) era, while
groveland areas had previously been fescue
grasslands (Strong 1977). Campbell et al. (1994)
showed a biome-wide expansion of aspen into
former grasslands dating to the 1880s and 1890s
along the margin of what is now referred to as
the aspen parkland across western Canada.
Hessburg and Agee (2003) described widespread
forest encroachment on grasslands throughout
the inland northwestern United States (Montana,
Idaho, Washington, and Oregon). However, our
results contrast with those of Johnson and Fryer
(1987), who found no evidence of landscape-
scale vegetation changes between 1883 and 1972
just north of our study area. Johnson and Fryer
(1987) examined a smaller landscape, focused
exclusively on the Subalpine NSR using forestry
survey records, and thus only examined histori-
cal sites with commercially valuable trees,
thereby excluding open-canopy woodland or
grasslands from their analysis.

Our findings do not tell us whether the compo-
sition of the CF forest itself changed or not over
this time period because we could not reliably
differentiate age or size classes of CF trees in the
original black and white photographs. Further-
more, we did not differentiate ratios of broadleaf
deciduous to coniferous trees in our mixedwood
category, and the open-canopy woodland cate-
gory varied from grasslands intermingled with
single or clustered trees, to talus slopes with
krummholz, to grassland with interspersed
aspen copses. It seems likely, however, that much
of the forest that remained as such over this time
period was transitioning toward older age
classes; shifts toward older age—class distribu-
tions in coniferous forests over this time period
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have been shown throughout the Rocky Moun-
tains (Gruell 1983, Johnson et al. 1994, Andison
1998, Rhemtulla et al. 2002, Hessburg et al.
2005).

Higher elevation areas experienced significant
conversion of meadows and grasslands to forest,
and this is consistent with other studies showing
treeline advancement throughout the Rocky
Mountains in the twentieth century (Luckman
and Kavanagh 2000, Klasner and Fagre 2002,
Shaw 2009, Elliott 2011, McCaffrey and Hopkin-
son 2017). We also saw much of the lowest eleva-
tion areas (agricultural zone) transitioned to
earlier seral stages. We were therefore surprised
to find that there was a negative influence of ele-
vation on forward succession in our statistical
model (i.e., higher elevation areas showed lower
likelihood of forward succession). This may be
explained by the observation that even though
the lower elevation Montane and Subalpine NSR
areas showed 80% conversion of the open-
canopy woodlands to closed-canopy forest, there
was a large area of the landscape occupied by
agriculture and settlement where AD prevented
forward succession. This occurred in the lowest
elevation areas, which are largely in the Foothills
Fescue NSR and some of the Montane NSR). We
also observed significant conversion of open-
canopy woodlands to closed-canopy forest in the
Alpine NSR. However, many high-elevation
open-canopy woodlands occurred on rocky out-
crops, high-slope talus fields, and scattered
krummholz stands and therefore were succes-
sionally limited by available substrate. These
may help explain the overall negative effect of
elevation on forward vegetation succession in
open-canopy woodlands. Furthermore, the
observed negative effect of increasing solar radi-
ation on the likelihood of forward succession
could be owed to drier sites being more limited
in their potential to develop forest cover.

The observed seral stage advancement of the
landscape suggests a changed disturbance
regime, and indeed, there is evidence that the
annual area burned in these areas has declined
dramatically since pre-1900. We found that time
since disturbance was positively correlated with
increasing likelihood of forward succession, and
it appears as though the mean time since distur-
bance across the landscape has been increasing
since European settlement. Rogeau (2016) found
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historic (pre-1900) mean fire return intervals in
the Montane and Subalpine NSRs of this land-
scape ranged between 35 and 150 yr. If we
assume a ~100-yr fire cycle, we should see a 1%
annual burn rate. However, we found that while
wildfire burned roughly 8% of the study area in
1910 alone (with significant evidence of other
recent fires that had recovered to vegetative
cover in 1913), only 8.5% of our visible study
area burned over the subsequent 95 yr (1913—
2008). This equates to a post-1913 annual burn
rate of 0.075%, which would produce a fire cycle
(inverse of the burn rate) of 1333 yr.

Numerous studies describe the effects of twen-
tieth-century fire exclusion on vegetation change
(Baker 1992, Arno et al. 2000, Gallant et al. 2003,
Hessburg and Agee 2003, Daniels et al. 2011, Pri-
chard et al. 2017), all of which agree that the
changes in fire regime over the past century are
strongly associated with forest encroachment
and densification. Research suggests that there
was likely a temporal mixed-severity fire regime.
During moderate or normal climate periods,
there would be more frequent fire of variable
intensity on the warmer and drier parts of the
landscape (Brown 2006, Gedalof 2011, Rogeau
2016), maintaining grasslands, open-canopy for-
ests, and patchy forest-meadow complexes. Dri-
ven by extreme (dry, hot, windy) climate
conditions large severe fires would occur on
occasion (such as the 1910 fires) and burn more
indiscriminately across fuel types (Miller and
Urban 2000, Peterson et al. 2005, Hessburg et al.
2016). It is difficult to prove that changes in fire
regimes are directly responsible for the wide-
spread losses of open grasslands and open-
canopy woodlands because some of the same
variables that drive variability in fire behavior
(elevation and insolation) affect variability in
vegetation. However, it is not difficult to see how
wildfire suppression since the early- to mid-
1900s has influenced vegetation succession pat-
terns of the landscape (Cumming 2005, Pyne
2008).

The observed increases in tree cover could be
partially attributed to changes in climate to con-
ditions more favorable for tree establishment. An
age—class analysis of new forests could provide
further insight into this. A decrease in tree age
with increasing distance from the forest edges in
these new forests would suggest gradual
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encroachment over time. However, if new forest
patches are even-aged it would suggest a single
pulse of establishment occurred over a large
area. This could indicate that climate or seedbed
conditions became favorable (Luckman et al.
1997, Edwards et al. 2008) or that a decline in
disturbance occurred.

Grassland-to-forest conversion at lower eleva-
tions was also likely influenced by reductions in
populations of elk, bison, and other ungulates
since European settlement of the region (Camp-
bell et al. 1994, Brink 2008, Painter et al. 2018).
While the historical interactions between graz-
ing, fire, and grassland—forest ecotones are com-
plex (Bachelet et al. 2000, White 2001, White
et al. 2003b), the reduced pressure on woody
shrub and tree recruitment that results from the
removal of fire, grazing, and trampling clearly
pushes the ecotone in favor of forests (Nelson
and England 1971, White et al. 20035, Painter
et al. 2018). Increased aspen recruitment in Yel-
lowstone National Park and in Alberta has been
directly linked to reductions in elk browsing due
to declining populations (White et al. 2003b,
Painter et al. 2018), and bison extirpation has
been linked with forest encroachment into aspen
parkland since the late 1800s in North America
(Campbell et al. 1994). Bison effects on forest—
grassland boundaries result from browsing,
trampling, wallowing, and toppling (Campbell
et al. 1994, Bork et al. 2013, Baraniewicz and Per-
zanowski 2015). Bison primarily browse grami-
noids (Plumb and Dodd 1993), but they also
browse woody shrubs, and broadleaf deciduous
and CF saplings (Leonard et al. 2017), which
would limit forest expansion. We saw many
large areas of young aspen stands in the 1913
photographs that may well date to the time of
the bison extirpation.

This study applied new technology (Bozzini
et al. 2012) and novel techniques (Stockdale et al.
2015) in oblique-image analysis to spatially and
quantitatively assess landscape vegetation change
from the beginning of European settlers’ arrival
in southwestern Alberta. To make the most effec-
tive use of historical oblique imagery, we advise
the following: (1) limit the areas to be classified
within the image to where vegetation categories
can be clearly identified (i.e., restrict the view-
shed); (2) rather than sequentially georeferencing
and then classifying images to cover the landscape,
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determine the best image to use to classify speci-
fic locations (proximity and angle of view); (3)
classify the images at a finer resolution to enable
more detailed measurements to be taken of the
vegetation; (4) develop supervised classification
methods unique to oblique imagery to enable
analysis of larger collections of imagery (Fortin
et al. 2018).

While our study showed that the majority of
the landscape was in the same broad vegetation
category in 2008 as it was in 1909, it is important
to note the following caveats: (1) the closed-
canopy coniferous forest category did not
include changes in species composition or age
class; (2) the grassland and meadow category did
not differentiate between true grasslands and
heavily grazed agricultural land, cropland, and
human-maintained clearings; (3) the mixedwood
category encompassed considerable variation in
the ratio of broadleaf deciduous to coniferous
trees; and (4) the open-canopy woodland cate-
gory varied from grasslands intermingled with
single or clustered large Pseudotsuga menziesii
trees to talus slopes with krummholz to grass-
land with interspersed aspen copses. Further-
more, we likely have underestimated forest
closure in general, given that oblique-image clas-
sification methods tend to under-represent open-
canopy forests and small clearings.

Future climates in our study region are
expected to drive vegetation change in the oppo-
site direction to what we observed over the past
century: The Foothills Fescue NSR vegetation
type is expected to expand into what is now the
Montane NSR, which in turn will expand into
what is currently the Subalpine NSR, which in
turn will encroach upon the Alpine NSR (Schnei-
der 2013). Thus, it appears current vegetation
may be less suited to climatic conditions than the
historical vegetation would be. This aligns with
Flatley and Fulé (2016), who found historical
vegetation (from the 1900s) was better suited to
projected climate change than the current vegeta-
tion. Some find forest expansion into grasslands
and meadows to be concerning (Arno and Gruell
1983, Archer 1994, Noss 2013), as this threatens
rangeland resources (Gruell 1983, Archer 1994),
has substantial impacts on biodiversity of low-
elevation grasslands (Haugo and Halpern 2010)
and higher elevation subalpine/alpine meadows
(Franklin et al. 1971), and may increase the risk
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of intense wildfire (Stockdale et al. 2019). Others
are less concerned with the long-term effects of
such encroachment, arguing that we are in an
interregnum of wildfire activity that will eventu-
ally catch up to remove much of the new forest
(Weir et al. 1995) and restore the grassland—for-
est boundary to where it is most climatically suit-
able. Under future, suitable, climatic conditions
large, severe wildfires are likely to occur in this
area, as they did in the past (1910, 2003), burning
back forests that have encroached into grasslands
(Collins et al. 2009, Holden et al. 2010), depend-
ing on climate suitability these areas could
remain as grassland into the future. This conver-
sion of forest to grassland may occur just to the
south of our study area near Waterton Lakes
National Park, where a large, high-severity wild-
fire occurred in the late summer of 2017 (the
Kenow fire), and a smaller fire burned through
aspen stands at the northern end of the Bob
Creek Wildland. However, given the complex
feedbacks between climate, vegetation, and dis-
turbance regimes (Krawchuk and Moritz 2011,
Flatley and Fulé 2016), there is also the possibil-
ity that alternate-to-historical successional trajec-
tories may result, producing the potential for
novel ecosystems to emerge in the future (Hobbs
et al. 2014).

This study has helped to elucidate the vegeta-
tion composition of the landscape at the turn of
the twentieth century and could be used to guide
restoration efforts and active management for
ecological integrity (Jackson and Hobbs 2009). A
major challenge associated with ecological
restoration is determining what the appropriate
reference conditions ought to be (Stephens and
Fulé 2005, Higgs et al. 2014), and any such
restoration plan must consider the many risks
associated with such large-scale change. While
historic vegetation structure might be suitable for
projected future climate (Schneider 2013), and
may reduce landscape-level wildfire risk (Stock-
dale et al. 2019), there is no guarantee that the
vegetation structure would be stable over time
given the interactions between vegetation, cli-
mate, direct human impacts, invasive species,
and disturbance regime (Flatley and Fulé 2016).
However, ecological restoration does not need to
be the end goal to make historical analyses
worthwhile. Understanding how the present
landscape came to be as a result of past events
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has intrinsic value in understanding landscape
patterns and processes and can provide a foun-
dation upon which to address management chal-
lenges.
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