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Abstract: Since the late 1800s, pinyon–juniper woodland across the western U.S. has increased in
density and areal extent and encroached into former grassland areas. The San Carlos Apache Tribe
wants to gain qualitative and quantitative information on the historical conditions of their tribal
woodlands to use as a baseline for restoration efforts. At the San Carlos Apache Reservation, in east-
central Arizona, large swaths of woodlands containing varying mixtures of juniper (Juniperus spp.),
pinyon (Pinus spp.) and evergreen oak (Quercus spp.) are culturally important to the Tribe and are a
focus for restoration. To determine changes in canopy cover, we developed image analysis techniques
to monitor tree and large shrub cover using 1935 and 2017 aerial imagery and compared results
over the 82-year interval. Results showed a substantial increase in the canopy cover of the former
savannas, and encroachment (mostly juniper) into the former grasslands of Big Prairie. The Tribe is
currently engaged in converting juniper woodland back into an open savanna, more characteristic
of assumed pre-reservation conditions for that area. Our analysis shows areas on Bee Flat that,
under the Tribe’s active restoration efforts, have returned woodland canopy cover to levels roughly
analogous to that measured in 1935.

Keywords: pinyon–juniper woodland; savanna; grassland encroachment; canopy cover; aerial pho-
tography; remote sensing; land cover change; ecological restoration; San Carlos Apache Reservation

1. Introduction

Among the most widespread and dramatic vegetation changes to occur since the
late 1800s in the western United States is the expansion and increase in density of juniper
(Juniperus spp.) and pinyon (Pinus spp.) trees [1–10]. In the American West, pinyon–
juniper woodlands are estimated to have increased in areal extent from ~3 to ~30 million
ha (19th century estimate/end of 20th century estimate) [5,9,11,12] and have encroached
into former grassland areas. In the western state of Arizona, pinyon–juniper woodland
is the dominant woodland/forest vegetation type [13,14], covering more area than all
forest types combined [14]. Former savanna areas dominated by native grasses and forbs
were replaced with higher-density pinyon–juniper woodlands, with the degraded soils
and herbaceous understories that are often associated with them [15]. Periodic fire in
these historical savanna environments had resulted in the low density of trees. Historically,
higher-density woodlands were confined to rocky ridges, hillslopes, and flats where grasses
were discontinuous and fine fuels were insufficient to carry fires [5–7,13,15–17].

A mission of the San Carlos Apache Tribe is to attempt to restore reservation lands
to pre-reservation (pre-1872) conditions. The Tribe has an interest in learning more
about the historical characteristics of their woodlands, savannas, and grasslands so that
they have a target for restoration goals. It is hypothesized that in pre-reservation times,
the woodland distribution and cover were different than today. Sites had more contin-
uous cover of native grasses and forbs, with frequent, widespread fires maintaining sa-
vannas and grasslands [5,7,13,15]. Savannas exist through time because fire kills the
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younger, smaller trees and saplings [5,7,13,15]. Tribal elders have noted that the woodland,
savanna, and grassland distribution and characteristics have changed markedly within
their lifetimes.

Increases in woodland tree cover and grassland encroachment by juniper, and their
associated effects on reducing intercanopy herbaceous vegetation, are issues that the
Tribe are coping with. The effects of increased tree cover can form a feedback cycle and
include reduced amount and diversity of herbaceous cover (especially grass) that normally
supported surface fires, and accelerated soil erosion in intercanopy areas partially a result
of more bare ground and increased surface water runoff [1,2,5,7–9,12,13,18–20]. Livestock
and wildlife often depend upon the grass cover to survive and thrive. Restoring woodland
to savanna is a focus of the Tribe’s intensive management activities, and spatial information
that would help to determine where best to apply restoration efforts is needed. Information
and maps detailing former and current woodland tree canopy cover on the reservation
would be an important component to the Tribe’s management information needs.

Our remote sensing research explores how the canopy cover of woodlands changed
on the San Carlos Apache Reservation, Arizona, since 1935, and whether woodland trees
(i.e., juniper) have encroached into former grasslands on the reservation. We developed
image analysis techniques to create maps that document change in the tree and large shrub
cover over an 82-year interval. Aerial photography from 1935 (Fairchild Aerial Surveys)
was compared to digital imagery from the 2017 National Agriculture Imagery Program
(NAIP). The earliest, large-scale aerial photography for the area was from 1935 and was
used to generate historical baseline and change information. These maps provide insight
into the change in woodland tree/large shrub canopy cover as well as woodland tree
encroachment into former grasslands. Woodland areal extent (i.e., hectares of woodland)
was not quantified. Study areas within the reservation were selected based upon the
observed presence of woodland, savanna, and grassland in 2017, in conjunction with the
postulated existence of these cover types in 1935. The study sites were, therefore, not ideal
for looking at changes in areal extent.

2. Materials and Methods
2.1. Study Area

Woodlands containing varying mixtures of juniper (Juniperus spp.), pinyon (Pinus spp.)
and, uniquely, evergreen oak (Quercus spp.) cover a considerable part of the northern San
Carlos Apache Reservation [21] and are important culturally to the Tribe (Figure 1a–d).
This woodland community is sometimes referred to as Madrean pinyon–juniper woodland.
Woodlands, depending on their condition, can offer food (pinyon nuts and Emory oak
acorns, etc.), fuelwood, wildlife habitat, livestock forage, and watershed protection and
services [13], in addition to other cultural resources and landscape important to the Apache
people.

The San Carlos Apache Reservation vegetation represents a transition between the
more cold-tolerant Great Basin Conifer Woodland (pinyon–juniper) to the north and the
milder climate (warmer and wetter) represented by the Madrean Evergreen Woodland to
the south [22,23]. Species such as alligator juniper (Juniperus deppeana) and Mexican pinyon
(Pinus cembroides) and many evergreen oak species (Quercus spp.) are characteristic of
Madrean Evergreen Woodland [22]. One-seed juniper (Juniperus monosperma) and Colorado
pinyon (Pinus edulis) are more characteristic of the Great Basin Conifer Woodland [22].
All these listed woodland tree species can be found in this region, making the pinyon–
juniper–evergreen oak woodlands on the reservation somewhat unique. The evergreen
oak species present in the study areas are primarily Arizona white oak (Quercus arizonica).
Additionally, some groves of Emory oak (Quercus emoryi) can be found in drainages and,
together with their acorns, are a very important culinary and cultural resource to the
Tribe. For this project, we will often refer to the woodland trees delineated in the maps
as “trees/large shrubs.” This designation highlights that the tree species are found in
an array of sizes and that trees and larger saplings are both included in the mapping
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efforts. Although large shrub species (i.e., manzanita, mountain-mahogany, etc.) are found
sometimes in these woodlands, they are not nearly as common as larger saplings of juniper,
pinyon, and evergreen oaks.
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woodland view. 

The San Carlos Apache Reservation vegetation represents a transition between the 
more cold-tolerant Great Basin Conifer Woodland (pinyon–juniper) to the north and the 
milder climate (warmer and wetter) represented by the Madrean Evergreen Woodland to 
the south [22,23]. Species such as alligator juniper (Juniperus deppeana) and Mexican pinyon 
(Pinus cembroides) and many evergreen oak species (Quercus spp.) are characteristic of 
Madrean Evergreen Woodland [22]. One-seed juniper (Juniperus monosperma) and Colo-
rado pinyon (Pinus edulis) are more characteristic of the Great Basin Conifer Woodland 
[22]. All these listed woodland tree species can be found in this region, making the pin-
yon–juniper–evergreen oak woodlands on the reservation somewhat unique. The ever-
green oak species present in the study areas are primarily Arizona white oak (Quercus 
arizonica). Additionally, some groves of Emory oak (Quercus emoryi) can be found in drain-
ages and, together with their acorns, are a very important culinary and cultural resource 
to the Tribe. For this project, we will often refer to the woodland trees delineated in the 
maps as “trees/large shrubs.” This designation highlights that the tree species are found 
in an array of sizes and that trees and larger saplings are both included in the mapping 
efforts. Although large shrub species (i.e., manzanita, mountain-mahogany, etc.) are 
found sometimes in these woodlands, they are not nearly as common as larger saplings 
of juniper, pinyon, and evergreen oaks. 

Pinyon–juniper–evergreen oak woodland and juniper savanna are interspersed with 
grasslands, evergreen oak woodlands, and ponderosa pine forest in the region [21,23]. 
There are other major vegetation types within the study areas that include ponderosa pine 
(Pinus ponderosa) and, as seen at Big Prairie, continuous grassland. Oak woodlands to the 
south of the study areas also intergrade over long distances with pinyon–juniper wood-
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Figure 1. Common trees in pinyon–juniper–evergreen oak woodlands on the San Carlos Reservation, Arizona. (a) Juniper
trees (Juniperus deppeana), (b) pinyon pine trees (background), (c) evergreen oak trees (Quercus arizonica), and (d) typical
woodland view.

Pinyon–juniper–evergreen oak woodland and juniper savanna are interspersed with
grasslands, evergreen oak woodlands, and ponderosa pine forest in the region [21,23].
There are other major vegetation types within the study areas that include ponderosa
pine (Pinus ponderosa) and, as seen at Big Prairie, continuous grassland. Oak woodlands
to the south of the study areas also intergrade over long distances with pinyon–juniper
woodland on the reservation creating unique plant assemblages. In general, for pinyon–
juniper and juniper woodland or savanna, as elevation and precipitation increases, pinyon
increases in dominance while juniper decreases, total tree density increases, and trees
become larger [13]. At the lowest elevations, junipers occur without pinyon [13,22]. Juniper
is more drought tolerant than pinyon [13,16,24] and can be found in relative monoculture
at more xeric sites [22], or along with pinyon and evergreen oak (and even ponderosa pine)
under more mesic conditions. The greatest diversity, density and tree size in the woodland
tree cover are often achieved near its upper elevational limit with ponderosa pine [13].
The diversity of herbaceous plants is much greater than the woodland tree diversity and
plays a major role in differentiating woodland vegetation types [25]. It is often the presence
or absence of key understory species that is used to determine the specific woodland
type [25].

In this paper, pinyon–juniper–evergreen oak woodland is meant to define a transi-
tional woodland with juniper, pinyon, and evergreen oak in varying mixtures. Juniper
woodlands found in the drier, lower elevations are considered along with woodlands also
containing pinyon and/or evergreen oak species. A vast majority of the pinyon–juniper
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and juniper woodlands in the Intermountain West, however, occurs without evergreen
oaks. The Madrean oak species are more characteristic and common in the United States
in southeastern Arizona, southern New Mexico, and west Texas [22]. We are considering
savanna to have woodland trees with a canopy cover up to 15% and grassland to be
continuous, large areas of herbaceous plant cover mostly devoid of trees.

Three, large woodland study areas (Bee Flat, Big Prairie and Bloody Basin) ranging in
area between 146 and 220 km2 (56 and 85 mi2) in the northern portion of the San Carlos
Apache Reservation are selected by the Tribe for case studies (Figure 2). They are all north
of the NW-SE trending Natanes Rim on an elevated plateau. All three study areas extend
north across the Black River and into the reservation of the White Mountain Apache Tribe,
bordering to the north, although the majority of all three are on the San Carlos Apache
Reservation. The Black River divides the northern boundary of the San Carlos Apache
Reservation from the southern boundary of the White Mountain Apache Reservation.
The three study areas (Bee Flat, Big Prairie and Bloody Basin; Figure 2) selected by the San
Carlos Apache Tribe for this analysis are considered to contain good examples of woodland
dominated by juniper, pinyon, and evergreen oak. Additionally, the Big Prairie study area
is selected because it currently contains a long interface between woodland and grassland
vegetation types. This study area is where the encroachment of woodland trees into former
grassland areas can be readily examined.

Land 2021, 10, x FOR PEER REVIEW 5 of 24 
 

 
Figure 2. Map portraying the San Carlos Apache Reservation, Arizona, and surrounding area, with the 3 selected wood-
land study areas outlined in blue. The San Carlos Apache Reservation is shown as shaded relief map with the higher 
elevations colored in green and orange, representing woodlands with varying compositions of pinyon–juniper-oak and 
forests of ponderosa pine, the two most common woodland/forest types in the area. 

2.1.1. Bee Flat 
The majority of the Bee Flat study area is woodland with some limited ponderosa 

pine and riparian forest along the Black River (Figure 2). The central portion of the Bee 
Flat study area includes a large area of on-going, intensive woodland management. The 
Tribe is engaged in removal of woodland juniper trees to create a more open savanna-
type environment, more characteristic of hypothesized pre-reservation (pre-1872) condi-
tions. These managed areas have been (and are being) mechanically treated to remove 
juniper trees and increase the potential area for herbaceous cover and are targeted at cre-
ating a functioning savanna from a woodland environment. The success of the restoration 
efforts, of course, depends on the longer-term success of tree removal and a host of neces-
sary site characteristics (i.e., soil, vegetative, and hydrologic, etc.) for herbaceous plant 
growth and success. Mastication (shredding) is the current technique being employed, 
although smaller areas of cutting and chaining occur in this study area in the past. Herb-
icides to assist in killing the junipers have also been applied in conjunction with some of 
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study areas outlined in blue. The San Carlos Apache Reservation is shown as shaded relief map with the higher elevations
colored in green and orange, representing woodlands with varying compositions of pinyon–juniper-oak and forests of
ponderosa pine, the two most common woodland/forest types in the area.
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2.1.1. Bee Flat

The majority of the Bee Flat study area is woodland with some limited ponderosa
pine and riparian forest along the Black River (Figure 2). The central portion of the Bee
Flat study area includes a large area of on-going, intensive woodland management. The
Tribe is engaged in removal of woodland juniper trees to create a more open savanna-type
environment, more characteristic of hypothesized pre-reservation (pre-1872) conditions.
These managed areas have been (and are being) mechanically treated to remove juniper
trees and increase the potential area for herbaceous cover and are targeted at creating a
functioning savanna from a woodland environment. The success of the restoration efforts,
of course, depends on the longer-term success of tree removal and a host of necessary
site characteristics (i.e., soil, vegetative, and hydrologic, etc.) for herbaceous plant growth
and success. Mastication (shredding) is the current technique being employed, although
smaller areas of cutting and chaining occur in this study area in the past. Herbicides to
assist in killing the junipers have also been applied in conjunction with some of these
mechanical treatments (Figure 3a–c). Evidence of relatively recent fire can also be discerned
in the 2017 imagery in the north and west parts of the study area.
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to restore savanna environment by cutting down junipers; (c) shredding machine used by San Carlos Apache Tribe, with
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2.1.2. Big Prairie

The Big Prairie study area covers the northwest portion of the grasslands known as
Big Prairie, and surrounding woodlands and forest (ponderosa pine and riparian) to the
west and north (Figures 2 and 3d). Big Prairie is a large, natural grassland area in the
northeast part of the San Carlos Apache Reservation (near Point of Pines) and is mostly
devoid of trees except around the periphery. A large portion of this continuous high-
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elevation (approximately 1830 m (6000 ft.)) grassland covers the eastern half of the study
area. Historical and more recent smaller-scale woodland treatment areas can be found here
and seen on the imagery. Fire scars in the western part can also be discerned, with the
Creek Fire in 2013 burning a large portion of the ponderosa pine forest (and some dense
woodland) that originally covers some of the southwestern part of the study area.

2.1.3. Bloody Basin

Bloody Basin is a remote and very dense woodland area (Figure 2). It had some active
woodland management (chaining) back in the 1960s, but the area treated was relatively
modest as compared to the treatment area on Bee Flat. The historical chaining seems to
have occurred in the vicinity of Bloody Basin Tank near the middle of the study area. (Note:
The location of this stock tank will be shown more precisely later in the paper) Limited
ponderosa pine, and riparian forest along the Black River, are also found in the study area.

2.2. Methodology

Object-oriented/image segmentation approaches are currently favored to map canopy
cover of trees [4,9,19,20,26], although pixel-based classification and thresholding techniques
have been employed as well [26,27]. We chose to use a unique pixel-based approach for
this study because (1) the iterative nature of the approach allowed nearly immediate
feedback on the canopy selection and (2) we think previous pixel-based approaches could
be improved upon, especially in reference to spurious pixels (“salt and pepper effect”)
when using high spatial resolution data. This approach fundamentally focuses on the color
space of the pixels in a series of 3-band images to determine whether the pixel belongs to
the canopy or not. It is best classified as a pixel-based, supervised classification although it
is non-traditional in that the input pixel information is a reference color and the operator
assisted classification is run by the algorithm based on pixel color space information.
We tried to identify and map the tree canopies, including basic supervised classifications
of the 5-band layer stack (red, green, blue, NIR, Normalized Difference Vegetation Index
(NDVI)) in ERDAS Imagine. Our results were less than satisfactory, with the full tree
canopies not completely mapped and tree shadows falling on the ground not being isolated
from the shadows in the canopy itself. We introduce a novel pixel-based methodology to
map canopy cover using Adobe Photoshop and ERDAS Imagine.

The methodology for processing the 2017 aerial digital imagery and the digitized
1935 aerial photography is described below and graphically summarized in Figure 4.
The techniques used in the delineation of the tree/large shrub canopy maps are unique to
this project and are described in detail. Associated figures are provided to show the results
of the methodology for one study area (Bee Flat) and are found at the end of this section.

2.2.1. 2017 National Agriculture Imagery Program Processing
2.2.1.1. Acquisition, Subsetting, and Band Calculation

The 2017 National Agriculture Imagery Program (NAIP) digital aerial imagery (seam-
less) covering the northern portion of the San Carlos Apache Reservation was downloaded
from the USGS Earth Explorer website (https://earthexplorer.usgs.gov/) on 10 September
2018. The NAIP imagery was flown on 17/18 June 2017, and has a spatial resolution of
0.60 m. The bands are as follows: red = band 1, green = band 2, blue = band 3, and near
infrared (NIR) = band 4. The downloaded image tiles were first mosaiced together and then
clipped in ERDAS Imagine 2014 to a reference extent. It was then subsetted into the 3 study
areas (Bee Flat, Big Prairie and Bloody Basin). The Normalized Difference Vegetation Index
(NDVI) was calculated from the NIR and red bands of the data.

NDVI = (NIR − red)/(NIR + red) (1)

https://earthexplorer.usgs.gov/
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The study area imagery, including NDVI, was then exported one band at a time from
ERDAS Imagine as a TIF file. Ultimately, the 2017 imagery was displayed in 3-band color
or false color images in Adobe Photoshop CC (Photoshop) after merging the individual
“channels” in a specific order. Saving the bands individually was necessary as images
exported from ERDAS Imagine as 3-band TIF files could not be opened in Photoshop.

2.2.1.2. Delineating Tree/Large Shrub Canopies

The first band combination chosen to highlight the tree/large shrub canopy and
distinguish it from the remaining vegetation (i.e., grass, annuals, etc.) and non-vegetation
(i.e., soil, rock outcrops, shadows—not falling on tree canopies, etc.) was bands 1, 4, 3 (red,
NIR, blue). This band combination was displayed in Photoshop with no stretch to allow
for the standardization of the following techniques across study areas.

This technique involves a specific and controlled application of Photoshop’s “Magic
Wand tool” to approximately delineate tree and large shrub canopies in the 3-band false
color imagery. The Magic Wand tool selects pixels based on tone and color. A green
color (red, green, blue (RGB) = 0, 200, 0) close to the color of the trees in the false color
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imagery was selected and a very small rectangle (at 100% magnification) was drawn on
the displayed image in a water body or other area that did not include tree or shrub
canopies. This rectangle was then filled with this color and used in conjunction with
Photoshop’s Magic Wand tool to select pixels across the image that are observed to delineate
tree/large shrub canopies. The tool was used to select the rectangle, and thereby select other
“like” pixels across the image, a basic supervised classification performed in Photoshop.
(Note: “Anti-alias” and “Contiguous” are left unchecked.) Photoshop’s Magic Wand tool
“tolerance” setting is iteratively changed until the analyst finds the resulting selection to
most closely include the full tree canopies (including those in shadow). This “selection”
often excluded grassland and other non-tree areas (tree shadows over exposed soil, etc.);
however, the result was not entirely satisfactory. The tolerance value that was selected
as best representing the entire tree canopies had a value of 205. This modification of
the normal use of this powerful tool allowed the technique to be reproducible as well as
efficient. While some other green vegetation was selected, a vast majority of the senescent
grass was not because of the mid-June date of the imagery. Usually, mid-June is hot and dry
in Arizona and a time when the perennial bunch grasses at these elevations are still dormant
and awaiting the initiation of the summer monsoonal rains. Selected areas were then filled
with white, while non-selected areas were filled with black. The small rectangle was then
filled with black as well. This same technique (with same patch color and tolerance value
of 205) was ultimately applied to the 2 other study areas, again displayed with no stretch.
In general, the focus of the Magic Wand tool selection process was on fully and precisely
including the tree canopy pixels, and not on the exclusion of non-canopy pixels.

A second 3-band combination image was used to further refine the selected pixels and
create a second tree/large shrub canopy mask. This time the band combination used the
calculated NDVI as the green band in the display, instead of NIR. The band combination
was therefore 1, NDVI, 3 (red, NDVI, blue). The same green (RGB = 0, 200, 0) color was
selected and a very small rectangle was delineated on the image and filled with this color,
and different Magic Wand tool tolerance values attempted until tree canopies were fully
and precisely selected, with senescent grass, soil and rock generally excluded. A tolerance
value of ‘180′ was ultimately chosen and used to create a binary black and white image with
tree canopies and other green vegetation displayed as white, and other areas, including
senescent grass, soil and rock, displayed as black. This technique, including the tolerance
value of 180, was applied to the two other study area images as well. Again, no stretch was
applied to the imagery.

A third mask was created using the “natural or true color” band combination 1, 2, 3
(red, green, blue). This time a darker green value (RGB = 0, 100, 0) was chosen to fill the
small rectangle added to the imagery as it more closely approximates the green of the trees.
The Magic Wand tool tolerance value that most closely results in capturing the full tree
canopy extent was ‘120’. This same methodology was applied to the other 2 study areas
(displayed with no stretch) to ultimately create binary black and white image masks for
each study area.

In general, the Magic Wand tool tolerance value used to create each mask is the
lowest value that fully selects the tree canopies. Selecting the entire canopies resulted in
the selection of more non-tree canopy pixels than wanted, but the following step greatly
minimized the “unwanted” pixels while maintaining the tree canopy pixels. Ultimately,
this was an iterative process.

Then, for each study area, the “intersection” of the 3 image masks derived from each
of the 3-band image displays was determined in Photoshop and used as the final tree/large
shrub canopy map for that study area. Intersection, in this case, was defined as the area
of overlap between the selected image layers. The image layers were the 3 canopy masks
generated for a single study area; and were determined by stacking the individual images
and identifying the area of overlap (i.e., white pixels in common) between them. Identifying
the intersection was performed in Photoshop, although it can be accomplished in other
software such as ESRI’s ArcMap or ERDAS Imagine. This image intersection resulted in a
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more reasonable depiction of the tree canopy and non-tree canopy areas than any single
mask alone (Figure 5a,b and Figure 6c).
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2.2.1.3. Percent Cover Estimation

The “intersection images” (saved in TIF format) created in Photoshop were then
imported back into ERDAS Imagine 2014, and map and projection information restored.
The TIF format allowed the file to be used interchangeably between Photoshop and ERDAS
Imagine. An unsupervised classification (2 classes) was run on each of the final study area
tree/large shrub maps to classify black and white pixels into 2 classes. The former white
pixels denoting tree/large shrub presence were then recoded to a value of 1, while the
former black pixels were recoded to a value of 0. A model was then created in ERDAS
Imagine and run to calculate a “moving window” mean value over an approximately 50 m
by 50 m area (83 × 83 pixels) for each of the tree/large shrub canopy maps for the 3 study
areas. The mean value was input into the central pixel of the surrounding 83 by 83 pixel
“window”, and so on, as the window moved. Running the model results in an image that
expressed the fractional cover, measured over an extended area representing approximately
2500 m2, of the tree and large shrub canopy over the entire study area. These fractional
cover images (range 0 to 1) were multiplied by 100 to calculate percent cover (range 0 to
100). The images were then opened in ESRI’s ArcMap 10.5, and color coded into class
ranges for display (Figure 6e).

2.2.2. 1935 Aerial Photography
2.2.2.1. Acquisition

We located 1935 aerial photography (Fairchild Aerial Surveys Incorporated for Soil
Erosion Service, predecessor to the Soil Conservation Service) [28] at the Map and Geospa-
tial Hub at Arizona State University. We downloaded 8 digital scans of aerial photography
print mosaics, each representing roughly the same area as a 15′ topographic quadran-
gle (1:62,500), for the northern portion of the San Carlos Apache Reservation (Figure 2).
The digital scans of the aerial photography do not come with metadata and do not have
the georeferencing embedded digitally (i.e., as in a GeoTIFF file, etc.). Although the scans
have latitude and longitude visually marked near all 4 corners, the date(s) flown, projec-
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tion, pixel size and other important information is not recorded with the imagery. Since
the individual mosaics come with very limited geometric information and without any
projection or pixel size information, it would be necessary to do much more processing
initially than for the “data ready” 2017 NAIP imagery.
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2.2.2.2. Registration and Subsetting

The 1935 digital scans of aerial photography mosaics were first slightly rotated in
Photoshop as most of the print mosaic panels were scanned askew by varying small
amounts. They were then clipped to the image boundaries, as there was a very broad border
surrounding the images. The interior 4 corners of each of the 1935 aerial photography
mosaics were labeled with their latitude/longitude coordinates. These 4 latitude/longitude
markers, along with a 1st-order polynomial transformation applied in ERDAS Imagine
2014, were used to digitally georeference the individual mosaics. The 1935 mosaics could
then be compared more easily to the 2017 NAIP aerial imagery, as the 1935 image mosaics
were now processed to embed digital geometric information. The individual, georeferenced
digital images were then mosaiced together. Histogram matching on the overlap areas
was used on all 8 images to make the larger mosaic more seamless with relatively uniform
brightness characteristics. The larger image mosaic was first subset to the reference extent
also used for the 2017 NAIP imagery. The imagery was then clipped to the 3 study area
extents (Bee Flat, Big Prairie and Bloody Basin) (Figure 6b). The resultant spatial resolution
of the imagery was determined to be 2.6963 m.

There was a large number of ‘0′ values in the 1935 imagery. They appeared to be
associated with the very darkest values in the imagery and were not outside of the image
boundaries. These zero values were selected and filled with a value of 31 because the
lowest non-zero value in the entire reference image dataset is 32. Leaving these pixels as
zero values would skew the results from the image filters used in this analysis.

2.2.2.3. Delineating Tree/Large Shrub Canopies

Photoshop’s “Magic Wand tool” was used to identify and delineate tree and large
shrub canopies in the panchromatic imagery (displayed with no stretch). A very small,
black rectangle (at 100% magnification) was first added to the image in an area without trees.
The trees are dark in the grayscale imagery, with most soil and rock being considerably
brighter. Tree shadows were unfortunately equal in darkness to the trees, as the compressed
dynamic range of the scanned imagery is insufficient to allow differentiation. The Magic
Wand tool was then applied by clicking on the rectangle with a given tolerance setting, and
then observing the selection results. The tolerance setting was iteratively changed until the
selection most closely approximates the tree canopy extent and distribution. The tolerance
value that was selected as best representing the tree canopies, while minimizing other
features, had a value of 135. Selected pixels were then filled with white, while remaining
pixels were filled with black. The small rectangle was filled with black as well. A canopy
mask for the two other study areas was then created using the same technique and tolerance
value, again displayed with no stretch.

A second processed panchromatic image was created to allow refinement of the
tree/large shrub canopy mask just produced, especially in terrain that had high levels of
topographic shading or shadowing. An unsharp mask (Amount: 100%; Radius: 4 pixels;
Threshold: 0 pixels) filter was applied in Photoshop CC to the image. A radius of 4 pixels
was chosen after testing other values and seemed to provide the best results. The same
technique of creating a very small black rectangle, and iteratively using the Magic Wand
tool until the selection best represented the tree/large shrub canopies (while minimizing
other features), was used. A tolerance value of ‘130′ was ultimately chosen. A binary black
and white image was created with white representing the selected pixels (theoretically con-
taining just tree and large shrub canopy extents), and black everything else (i.e., senescent
grass, soil, and rock, etc.). This procedure, with a tolerance value of ‘130′, was also adapted
to the 2 other study areas. Again, no stretch was applied to the imagery.

Note: Keep the image mode as “Grayscale” in Photoshop, as modifying this panchro-
matic image to “RGB Color” would alter the results when using the previously specified
methodologies and corresponding tolerance values.

In Photoshop, a canopy map from the “intersection” of these 2 image masks derived
from the non-filtered and filtered images was created for each study area. The intersection
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of the tree/large shrub canopy masks was produced by overlaying the 2 image masks and
determining which white pixels were common to both images. Those pixels were then
selected and used to create the tree/large shrub canopy map for each study area.

There was some image editing performed for the 1935 image mosaic of Big Prairie.
The western half was brightened (Image/Adjustments/Levels—midpoint changed from
1.00 to 1.15) relative to the eastern half in Photoshop. This allowed for a more uniform
distribution of brightness across the entire scene, with the mosaic boundary becoming
much more difficult to see after the calibration. Additionally, there was some image editing
of the resultant Big Prairie tree/large shrub canopy map. A relatively large area of very
dark soil in the grassland of Big Prairie itself was selected and removed from the canopy
map to allow for a more realistic depiction of the continuous grassland cover.

Moreover, the 1935 imagery had some areas (white boxes with black text) displaying
the geographic coordinates of the original image mosaic interior corners. Additionally,
there were white lines showing the graticules of latitude and longitude associated with
these corner points. These areas on the image were selected and colored as black in the
tree/large shrub canopy masks (Figure 6d).

2.2.2.4. Percent Cover Estimation

The TIF images from Photoshop were then opened in ERDAS Imagine 2014, and
map and projection information restored to the IMAGINE image files. An unsupervised
classification was then run on each of the study area images and recoded to create a
thematic image with 1s representing the white areas of trees/large shrubs (including
other misclassified entities) and 0s representing the black areas showing everything else.
A “moving window” model was created in ERDAS Imagine and used to calculate the
fractional cover of the approximately 50 m by 50 m area (19 × 19 pixels) surrounding each
measured center pixel across all 3 study areas. These fractional cover images (range 0 to 1)
were multiplied by 100 to calculate percent cover (range 0 to 100). These images were then
opened in ESRI’s ArcMap 10.5, and classified and color coded into percent cover ranges for
display and interpretation (Figure 6f).

2.2.3. Image Differencing (2017 Minus 1935)

A difference image was generated by subtracting the 1935 from the 2017 fractional
cover images in ERDAS Imagine. These images were then classified and color coded
in ESRI’s ArcMap 10.5. The difference image represented an increase or decrease in
fractional cover over the 82-year period, with possible values between −1 and 1 repre-
senting the change in fractional cover value for that pixel’s surrounding 50 m by 50 m
area. After multiplying by 100, percent cover equivalent values were obtained (Figure 6g).
The percent cover of the difference image would, therefore, range from −100% to 100%
with negative values representing a net decrease in percent cover over time. For example,
if the percent cover went from 10% in 1935 to 30% in 2017, then the difference image value
would be 20%, indicating an increase in unit canopy cover. If it went from 40% in 1935 to
20% in 2017, then it would be negative 20%, or a reduction in cover.

2.2.4. Spatial Resolution

A limited, side study was initiated to briefly look into some of the impacts of the
differing spatial resolutions (1935 = 2.6963 m; 2017 = 0.60 m) on our results. The 2017 NAIP
imagery was downsampled in resolution from 0.60 to 2.6963 m using cubic convolution in
ERDAS Imagine. The same techniques (and tolerance values) discussed in Section 2.2.1.2
were then used on each image to produce a tree/large shrub canopy map and an overall
canopy cover estimate for the entire study area (single value). This was performed for the
Bee Flat and Bloody Basin study areas, as the Big Prairie study area was mostly grassland.

Percent cover at the two resolutions (native and resampled) was then continuously
calculated using the same “moving window” approach (Section 2.2.1.3) used to create the
other percent cover image maps in this study. The 2017 Bee Flat and Bloody Basin canopy
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maps at each resolution were processed to create continuous percent cover images using
an approximately 50 m by 50 m cell size surrounding a central output pixel. These percent
cover images created from downsampled 2.6963 m and native 0.60 m image data were then
subtracted from one another to look for anomalies across the image area.

3. Results

In general, our results depict a substantial increase in the woodland tree canopy cover
between 1935 and 2017 (Figures 6a–h and 7c,d), with encroachment (mostly juniper) into
the Big Prairie grasslands (Figure 7a,b). Specifically, in our two woodland dominated study
areas, overall percent tree/large shrub cover estimates more than double (from 18.3% to
38.5%) at Bee Flat and increase greatly (28.3% to 43.3%) at Bloody Basin (Table 1). These
percentages are derived from the binary canopy maps by taking the total area mapped
as trees/large shrubs and dividing it by the total area. Many of the woodlands of 2017
appear to resemble savanna-like environments in 1935. Even including the mechanically
treated sites, savanna appears to be much more limited in extent in 2017. Outside of the
woodland treatment areas, it appears that the woodlands in the study areas in 1935 contain
larger patches of grassland within a less dense matrix of trees than in 2017. Additionally,
the grassland of Big Prairie shows some areas of encroachment by woodland trees (mainly
juniper) over this time frame.
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Table 1. Overall tree/large shrub canopy cover (percent cover estimates) derived from the binary
canopy maps for each of the study areas. There appears to be a large increase in predominately
woodland tree cover between 1935 and 2017 for at least two of the study areas.

Case Study Area 1935 Tree/Large Shrub Cover 2017 Tree/Large Shrub Cover

Bee Flat 18.3% 38.5%
Big Prairie 13.5% 14.9%

Bloody Basin 28.3% 43.3%

3.1. Bee Flat

There is a visible lack of trees seen in the imagery for much of the Bee Flat study area
in 1935 relative to 2017 (Figure 6a–g). With the notable exception of the large mechanically
treated areas seen in the 2017 imagery and a stand of ponderosa pine in the northeast, there
appears to be much fewer trees/large shrubs mapped in 1935. Additionally, in general,
the percent canopy cover of woodland trees/large shrubs is lower in 1935 than in 2017.
There are large areas with sparse tree cover in 1935, representing woodland savanna. There
appears to be much more savanna habitat in 1935 than in 2017, even with the large-scale
mechanical woodland tree removal that occurs before the 2017 image date. The tree/large
shrub canopy cover generally increases since 1935, with some areas (i.e., former woodland
savanna) showing dramatic increases. Much of the former savanna now appears to be
woodland, with the notable exception of the treated areas. Much of the recent mechanically
treated landscape in the study area seems to have a very similar canopy cover in both 1935
and 2017. Areas of decreased tree/large shrub cover relative to 1935 are observed in the
northeastern portion in what appears to be the larger and taller trees of a ponderosa pine
forest.

When woodland and forest areas in 1935 greater than 15% canopy cover are masked
from the tree/large shrub percent cover difference map (2017 minus 1935) of Bee Flat, it
is noticed that a vast majority of the image outside of the actively managed areas have
positive values (Figure 6h). This masked difference image focuses solely on the change in
the savanna and grassland areas mapped in 1935. The lack of negative change (decrease
between 1935 and 2017), except in the actively managed areas where juniper was recently
removed, is informative. In this image, only scattered, small areas outside of the managed
landscape boundaries are shown to decrease in canopy cover since 1935. Therefore, this
image highlights how former savanna areas (with less than about 15% cover) on Bee Flat
experience widespread and sometimes dramatic increases in woodland tree/large shrub
canopy cover from 1935 to 2017. Most of the savanna environments found in this study
area in 1935 become woodlands in 2017. The exception mainly being the actively managed
areas. It also appears that most of the areas intensively managed for juniper removal in
Bee Flat, as of 2017, have relatively similar tree canopy cover (±5% in percent cover units)
to that measured in 1935.

3.2. Big Prairie

The Big Prairie study area experiences substantial change as well (Figure 7a,b). Wood-
land encroachment into an expansive grassland area is seen in the Big Prairie study area.
The grasslands of Big Prairie extend farther west in 1935 than 2017, as did some of the
associated peripheral savanna areas. Areas that appear to be grassland in the western-
most portions of Big Prairie in 1935, are seen to be savanna and even woodland in 2017.
Additionally, areas in 1935 that appear to be savanna along the former western periphery
of Big Prairie, generally increase in canopy cover. Woodland trees in 2017 seem to be
much greater in number and higher in canopy cover as compared to 1935, while larger
ponderosa pine forest trees are more plentiful in some locations in 1935. A new “island” of
woodland trees in the interior of the Big Prairie grasslands is mapped and identified on the
2017 imagery and appears to have grown into existence since 1935. Although substantial
change, especially around the periphery, in the former extent of the Big Prairie grasslands
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is observed, a vast majority of the core areas remain as grassland. In the intercanopy,
herbaceous portion of the savannas of 1935, there is, moreover, much change that could
have occurred as the areal extent of the intercanopy spaces diminish as you move forward
to 2017. These savannas experience a large amount of tree infilling, in comparison to the
more interior parts of Big Prairie, that had almost none. Many of these herbaceous areas
within the savannas of 1935, are later observed to be covered by woodland in 2017.

3.3. Bloody Basin

The woodland canopy cover in the northwest portion of the Bloody Basin study area
has increased dramatically between 1935 and 2017 (Figure 7c,d). In 1935, the broad north-
west portion of the study area has a lower cover of trees than the remaining southeastern
half. By 2017, the distinction in woodland canopy cover between the northwestern and
southeastern halves decreases greatly, such that this NW/SE dichotomy in tree/large shrub
cover is no longer apparent. This is useful information as the northwest part of the study
area probably contains most of the savanna environment seen in the 1935 Bloody Basin
imagery. Except for some limited areas seen in the central portion of the imagery, there
is little savanna in this study area today. The area extending west of Bloody Basin Tank
(Figure 7c) that has a decreased cover of trees possibly contains the areas that had been
previously treated (by chaining) in the 1960s to remove juniper trees and increase the area
for grasses. These areas appear to be lower in canopy cover than surrounding areas in 2017.
Since we don’t have specific location information for these historical management activities,
however, we can’t make a reliable observation on the chaining activity’s long-term impact
on reducing canopy cover. Additionally, the rugged southeast portion of the Bloody Basin
study area probably contains substantially more of the persistent woodlands in 1935 than
any similar sized region in the study areas.

3.4. Spatial Resolution

Resampling the higher spatial resolution 2017 NAIP imagery to the coarser resolution
of the 1935 imagery allows us to gain information on the effects of the resolution difference
on our canopy cover estimates (Section 2.2.4). There is very little difference between the
overall (single value) estimates of tree/large shrub canopy cover for 2017 for the two
chosen spatial resolutions, with the coarser resolution version of the imagery having only
slightly reduced values calculated from them. The results for the Bee Flat study area are
38.54% and 38.47% (0.60 m versus 2.6963 m, respectively), and 43.30% and 43.12% for
Bloody Basin. These values come from dividing the number of pixels that are classified as
tree/large shrub in the binary canopy masks by the total number of pixels representing the
study area.

Since the results obtained at different spatial resolutions are scale dependent, and
the relationships can become far more variable when measuring over much smaller areas,
percent cover difference images derived from native 0.60 m and downsampled 2.6963 m
2017 NAIP data are observed (Section 2.2.4). When this difference image is color-coded and
viewed, there are only minor differences observed across the study area. There is, however,
a detectable trend towards slightly lower values in the imagery generated from the coarser
resolution data. So, there is some net effect.

4. Discussion
4.1. Combined Observations

Our analysis of the three study areas highlights that much of the savannas in the study
areas on the San Carlos Apache Reservation in 1935 were replaced with woodlands by
2017. There seems to be a substantial amount of infilling within the grassland areas of
the former savannas. Exceptions would be areas actively managed by the Tribe to reduce
juniper cover, and areas that experience fire or other disturbance in the intervening years
nearer to 2017. The woodland canopy cover (in less rugged areas) is now much higher
than it was in 1935, and savannas are quickly disappearing from the landscape where
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frequent low-intensity fire and intensive management practices (i.e., juniper removal) have
not occurred. Additionally, the Big Prairie grasslands, in the Big Prairie study area, incur
limited woodland tree (mainly juniper) encroachment, mostly along its periphery, although
at least one “island” of woodland is noted to appear in its interior between 1935 and
2017. Most of the increases in woodland tree cover, however, seem to occur in peripheral
grassland areas and in habitats that would best be classified as savannas in 1935, and not
in the core grassland areas of Big Prairie. Much of the core of the Big Prairie grasslands has
remained stable and covered in herbaceous vegetation. Although the expansive grasslands
of Big Prairie experience change and encroachment by woodland trees (primarily juniper)
mostly around its margins, it is the much smaller grassland units within what would
properly be termed as savanna that most often change substantially since 1935.

The increase in overall tree/large shrub canopy cover for at least two of the three
study areas between 1935 and 2017 is high (Table 1). These overall percent canopy cover
results are even more notable, especially for Bee Flat, as this study area has substantial
lands where active management converts woodland to more open savanna. Also known
as savanna or grassland restoration, the woodland conversion projects that target juniper
removal influence the results for all three study areas in 2017. Bee Flat, and to some extent
Big Prairie, contain more recent management activity (occurring up to the present in 2020),
while chaining activity in Bloody Basin occurred in the 1960s. In addition, the overall
tree/large shrub percent cover estimate for Big Prairie in 2017 may represent a greater
increase in woodland canopy cover considering the large wild fire that had recently burned
a portion of the remaining forests (and some woodland) in the southwestern part of the
study area. Many of the trees in 1935 in this portion of the study area seem to be larger
forest trees, probably ponderosa pine. Additionally, there are areas mapped here showing
a substantially higher percent cover of trees in 1935 than in 2017, perhaps due to the greater
number of ponderosa pine trees that exist in this forest and woodland habitat before the
2013 Creek fire. This fire has a major impact and kills or damages many forest, and some
woodland, trees in the southwestern part of the Big Prairie study area, resulting in a local
reduction in the 2017 canopy cover measurements and a strong negative change on the
image difference maps.

4.2. Factors in Woodland Tree Cover Increase

Many interrelated factors could potentially be responsible for the increases in wood-
land tree cover measured in this report. Some potential factors include decreases in fire fre-
quency, historical livestock overgrazing, fire suppression, decreased herbaceous cover, cli-
mate conditions, increased atmospheric carbon dioxide, increased juniper seed production,
and availability of nitrogen from air pollution [5–8,15,19,25,29,30]. Specifically, on the San
Carlos Apache Reservation, intensive livestock grazing and overgrazing may have occurred
at different times during the 1890s to the late 1930s [31]. Intensive grazing/overgrazing
may have begun the process of altering the fire regime of the woodlands away from fre-
quent, low intensity fires towards infrequent, more catastrophic ones [7,10–13,15,18,30].
This major change in land management could inadvertently have triggered a feedback
loop that negatively impacted the intercanopy herbaceous cover and, along with later
active fire suppression, contributed to the diminished frequent, low-intensity fires that kept
woodland trees from dominating the landscape [10,12,13,15].

Overgrazing, sometimes especially severe in historical times, has the effect of both
reducing herbaceous fine fuel that support low-intensity, frequent fires and helping to
weaken the competitive advantage of grasses verses juniper seedlings [7,10–13,15,18,30].
Later active fire suppression contributed to the dampening of fire frequency. Most grazing
on San Carlos Apache Reservation by large outside cattle companies ended in the 1920s
and 1930s, with the last major non-tribal cattle company (Double Circle Ranch) moving
off in 1938 [31]. Some of the larger “cow outfits” to have grazed on the tribal lands were
the Chiricahua Cattle Company, Double Circle, Bar-F-Bar, Cross-S and Bryce-Mattice [31].
Additionally, a larger number of smaller outfits were allowed by the Bureau of Indian
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Affairs (BIA) to graze their livestock on the reservation during this time frame and be-
yond [31]. Due to the large number of cattle on the grazing areas of the reservation at times
and the poorly regulated nature of that grazing [31], there was a potential for over-grazing
to have initiated sometime in the 1890s (with the Chiricahua Cattle Company) through
the 1930s, depending on location. During some of this period, there were no boundary
fences surrounding the reservation’s grazing lands and, as many of the cattle companies
could be found along the periphery of the reservation, it was difficult to enforce the per-
mitted allowances [31]. In fact, military troops were called upon at one point to round
up unauthorized cattle and remove them from the reservation [31]. This situation may
have contributed to the increase in woodland trees measured in the study areas in 2017, as
this initial pulse of intense grazing could have potentially initiated some of the processes
thought to be responsible for the woodland expansion, infilling and encroachment into
former grasslands [5–8,15,29,30].

4.3. Image Data Issues

The 1935 image data consist of relatively low resolution, poor dynamic range digital
scans of mosaiced photographic prints. In comparison, the 2017 image data are noticeably
improved because of the number of spectral bands of the data and the much greater
dynamic range and quality of the imagery. Four spectral bands, including NIR, provided
by the modern, high-quality 2017 digital imagery help make delineating tree canopies
and quantifying the percent cover of woodlands much more successful than with the 1935
panchromatic data.

The tree/large shrub canopy maps for 1935 include tree shadows, terrain shadows,
areas of extreme topographic shading and very dark soils and are not completely satis-
factory, especially in comparison to the 2017 mapping results that appear to have much
less misclassification issues resulting from these factors. Due to the very low dynamic
range of the 1935 digital data that we received, we were unable to differentiate between
tree shadows and trees; and some effort was originally invested to determine whether
these components could be separated by differing means. There seems to be no reliably
discernable difference in digital values (brightness) in the 1935 data between tree shadows
and trees. The confusion between trees and tree shadows allows the percent cover values
derived from the 1935 photography to potentially overestimate the areal cover of trees,
especially when the canopy is taller or on steeper topography where shadows could be
longer. Topographic shadowing and shading, moreover, negatively affect the results from
the 1935 dataset, as the shadow values and areas with steep topography and associated
major shading appear to be very similar to the brightness values of the trees. Therefore,
there are some large patches that are mapped as nearly continuous canopy cover, when they
are not. In addition, the overall tree/large shrub percent cover estimate for the Big Prairie
study area in 1935 is likely elevated as there are anomalous features in the grassland areas
that are incorrectly mapped as trees/large shrubs. In the grassland areas of Big Prairie,
especially, very dark soils sometimes mimic the tree/large shrub brightness signatures
for the 1935 panchromatic imagery. Many of the larger areas of very dark soils in the Big
Prairie grasslands ultimately are identified and removed from the final 1935 canopy map.
Important information, however, can be discerned despite these issues and challenges.

The tree shadows and trees are, however, successfully separated using the 2017 aerial
imagery, while topographic shading proves to be only a minor issue given the superior
image quality and multiband characteristics of the 2017 data. Dark soils seem to be a
non-issue. Topographic shadowing effects, moreover, are minimal in mid-June when this
2017 imagery was captured. The date of the 1935 imagery was not specified, although it
appears to have been flown under a lower sun angle than the 2017 NAIP imagery for the
area.
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4.4. Analysis Limitations

The remote sensing analysis has several limitations beyond the difficulties of classify-
ing problematic digital scans of monochrome aerial imagery from 1935. Precise georegis-
tration and rectification of the 1935 image mosaics using large numbers of control points is
not performed due to the lack of roads and other easily identifiable control points on the
imagery. The georegistration is instead based on the four embedded corner markers of each
image mosaic. The difficulties and limitations of accurately rectifying the 1935 imagery are
a hinderance to creating spatially coherent change images, although this research is only
meant to provide a credible overview of change. Accuracy assessments of the classification
results are not performed as we could not determine a feasible and cost-effective method
for doing so. We could see no way to do an assessment of accuracy of the 1935 image maps,
while recent tree canopy cover field data for our study sites were unavailable.

4.4.1. Image Registration Issues

The lack of success in the image registration between the 1935 and 2017 datasets
highlights that the temporal difference images are problematic. The 1935 mosaic has
poor geometric accuracy compared to the downloaded 2017 NAIP imagery. Furthermore,
the NAIP images are orthorectified (terrain corrected), while the 1935 imagery was not.
The misregistered topography and riparian areas along stream channels result in areas of
high positive change lying directly adjacent to areas of high negative change. Ignoring
these issues, mainly found in areas of rugged topography and along riparian corridors,
however, gives useful relative insight into the general direction and magnitude of change in
woodland tree canopy cover and encroachment over the 82 years. Changes in riparian areas
are not studied or the focus of this research, as misregistration, topographic shadowing,
and overestimation of canopy cover are common sources of error in these areas on the 1935
image maps and the techniques we employ are not optimal. Riparian areas, however, are
important to the Tribe, and are a future research objective using this imagery.

4.4.2. Topographic Illumination Effects

A high proportion of the percent cover difference image pixels that are mapped as
decreasing substantially are probably a result of image misclassification from topographic
shadowing/shading in the 1935 imagery and image registration issues between 1935 and
2017. Topographic illumination effects are especially pronounced in steep canyons and
rugged terrain. Misregistration between the two years further exacerbates the effects from
these issues with the 1935 image maps and results in many of these strongly negative
values, as immediately adjacent to some of these extreme negative percent cover changes
are extreme positive percent cover changes. These juxtaposed high positive and negative
values often occur in stream drainages where more linear, high canopy cover riparian
ecosystems are found.

The woodlands in 1935, on rocky slopes and ridges above the savannas and grasslands
are in areas that are difficult to map successfully because topographic shadowing and
shading results in many image classification errors and an overestimation of canopy cover
in a substantial portion of these woodlands. Although there is evidence that some of
these persistent woodlands did increase in canopy cover, we do not have enough reliable
data to support the general observation as the 1935 data were too affected by topographic
shadowing and extreme shading issues in these more rugged areas. While topographic
shading issues are likewise present in the 2017 dataset, misclassification as a result of these
issues is not really a factor using the high-quality, multispectral data like it is with the
lower-quality, panchromatic 1935 dataset. We do not make an assessment of the change
in the persistent woodlands between 1935 and 2017, because many of these woodlands in
1935 are in more rugged topography where fire was infrequent historically and the image
analysis is unreliable. We could have attempted to use a slope or elevation map layer to
mask out the steeper topography, however, the shadows cast from that terrain would not
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be fully accounted for and geometric registration issues with the 1935 imagery would make
this topography-based analysis inaccurate and unproductive.

4.4.3. Disturbance Effects

Disturbance effects, such as fire scars, timber harvesting (primarily ponderosa pine)
and tree mortality from bark beetles, play a major role in creating negative values in the
difference images. More recent fire scars, relative to 2017, often show up as highly negative
values in the percent cover difference image maps. For example, the areas in the northeast
portion of the Bee Flat study area that experience a major decline in the canopy cover
between 1935 and 2017 are the result of predominantly ponderosa pine tree mortality from
the Freeze 2 wildfire in 2017 (Figure 6g). The ponderosa pine and woodland trees in the
southeast of the Big Prairie study area killed in the Creek Fire of 2013 is another example
where the tree/large shrub percent cover decreases considerably between 1935 and 2017.

4.4.4. Cumulative Effects

Our remotely sensed data consist of imagery with very different quality and image
characteristics, which negatively affects some of our analyses and may influence our
findings. Many issues contribute to the difficulties of using the low dynamic range and
quality panchromatic data from 1935 for analysis and include classification errors from
not being able to successfully separate trees from tree shadows, topographic shadow
and shading effects, and very dark soils. Creating an accurate binary canopy mask is a
theoretical goal, and, in practice, the analysis of the 1935 imagery was unsuccessful in
recreating a historical reality. Although the 1935 canopy cover maps have issues that detract
from the accuracy and utility of these image maps, they were very useful in providing
information and perspective into historical conditions. The percent cover difference image
maps are not meant to be used to determine a value for localized change, as the geometric
registration between 1935 and 2017 is poor. These maps are, however, useful at portraying a
general overview of change, as geometric and other issues with the 1935 data preclude them
from being an accurate representation of change at specific locations. Additionally, this
study does not seek to inquire into the variations over the 82-year period, only highlight
an early baseline to help target current and future restoration activities.

4.5. Spatial Resolution Study

Since the 2017 estimated overall tree/large shrub canopy cover (single value) cal-
culated for the entire study areas differs by only a very small amount when using the
native 0.60 m or the downsampled 2.6963 m versions of the NAIP data, this provides
evidence that the resolution disparity between the 1935 and 2017 data seems not to be a
major influencing factor in the difference between the estimates shown in Table 1 for the
two years. Additionally, the percent cover difference images, also generated in the spatial
resolution side study, that compared the 2017 NAIP data at the native and resampled
resolutions resulted in continuous percent cover estimates that differed only by very small
amounts. This fairly close equivalence may be partially due to the size distribution of the
trees/large shrubs and other variables. The quality of the photographic film and prints
used for the 1935 mosaics and especially the quality of the digital scans (i.e., low bit depth
and dynamic range) and monochrome nature of the imagery have a far greater impact on
the results. Obviously, there is much more that could be done to analyze the effects on our
results from this complex issue. However, much has been written on this topic.

5. Conclusions

The difficulties and limitations of accurately rectifying the 1935 imagery are a hinder-
ance to creating spatially coherent change images, although this research is only meant
to provide a credible overview of change. This study did not quantify the intervening
variations over the 82-year period, but rather used the current and historical imagery to
create an up-to-date and early baseline that could help locate future restoration activities.
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We developed a procedure to map the tree crowns using a non-traditional (in the remote
sensing realm) image processing software (Adobe Photoshop). We used Photoshop’s
unique and powerful selection tool to select pixels in the imagery based on tone and/or
color to delineate tree/large shrub canopies. The Photoshop tool was used to select similar
pixels, creating simple supervised classifications from a series of 3-band or single-band
image displays, depending on the data source. We intersected the results from each of the
classifications to create a final tree/large shrub canopy map for the study area and imported
them back into ERDAS Imagine to ultimately utilize a model to calculate the fractional and
percent cover. The convenience of the Photoshop tool, and its unique application in our
study, allowed us to obtain immediate feedback and visualization on our image selection
along with the reproducibility that was required. Another advantage of the method we
applied to the NAIP data is the minimalization of spurious pixels (“salt and pepper effect”)
common in some pixel-based approaches. A disadvantage of this technique is highlighted
in the use of historical monochrome imagery, where large areas in shadow are confused
with tree cover. This procedure may provide another option to current techniques (i.e.,
object-oriented/image segmentation, etc.) for canopy cover mapping, especially with
recent NAIP imagery, although more analysis and comparisons are needed.

In many respects, the 1935 data represent woodland areas more analogous to that
expected in pre-reservation times than to today. Savannas appear to cover large portions
of the study areas in 1935, while grasslands were larger in extent than in 2017. Woodland
infilling of savannas and juniper encroachment of former grasslands are evident. The
woodland tree/large shrub canopy percent cover measured in 2017 was often much higher
than in 1935, for example. Results show a more than doubling of the overall woodland
tree/large shrub cover for the Bee Flat study area between 1935 and 2017, along with a
substantial increase for Bloody Basin. Bee Flat is estimated to have increased in cover
from 18.3% to 38.5%, while Bloody Basin increased from 28.3% to 43.3%. Except for the
intensively treated areas, especially on Bee Flat, most of the area today seemed to be quite
different than in 1935. The San Carlos Apache Tribe is currently engaged in converting
juniper woodland into an open savanna more characteristic of pre-reservation conditions.
Our research provides evidence of the success of Tribal management efforts at Bee Flat,
where managed landscape canopy cover is roughly analogous to the natural savanna
tree cover mapped there in 1935. These open savannas being created through Tribal
management efforts appear to be restoring parts of Bee Flat to the approximate (within
±5 percent cover units) 1935 tree canopy cover conditions. There are, however, many more
measures of management success than solely targeting tree cover (i.e., herbaceous/grass
regrowth, long-term tree non-recovery, increasing wildlife populations, shorter fire return
interval and positive hydrological effects, etc.).

The San Carlos Apache Tribe intends to use results from this analysis to locate other
areas to initiate intensive management practices and return existing woodlands to more
savanna-like environments. Tree canopy percent cover and change maps will be used along
with other information (i.e., soil, grass cover, topography, seed bank, invasive species, etc.)
to determine where to use intensive techniques (i.e., tree removal, prescribed burning,
reseeding, etc.). The woodland percent cover maps are being used by the Tribe as both a
current inventory of the woodland status and a historical baseline that provides a rough
estimate of conditions in 1935 and beyond.
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