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ABSTRACT

Evidence from arctic Alaska suggests that the terrestrial landscape is changing in
response to warming. Between 1946 and 1951, several thousand low-altitude
panchromatic oblique aerial photographs were taken as part of geologic reconnaissance
and exploration of Alaska’s Arctic Slope and Brooks Range. For this study, 202 of the
landscapes in the old photographs were re-photographed. Comparison of the old and new
photographs revealed an increase in shrub cover in the last half-century. The changes
were observed over a 220,000 km? tract of arctic tundra, and it is likely that they are more
widespread. A quantitative method for comparing the photographs yielded an increase in
alder shrub cover from 14 to 20%, with similar increases observed for willow and birch
shrubs. This shrub expansion was observed in many landscape positions, including hill
slopes, river terraces, and also river floodplains, where the increase in shrub vegetation
has resulted in the narrowing and stabilization of floodplains. The regional expansion of
shrubs documented in the photographs can only be explained by a perturbation operating
on a similarly large scale. In the absence of large-scale disturbances like fire, the increase
in shrubs documented here is most likely to be a product of elevated temperatures and

other changes in climate favorable to shrub growth.
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INTRODUCTION

The Earth has been warming in recent decades, and this warming has been most
pronounced at high latitudes (ACIA, 2004)(Serreze et al., 2000)(Figure 1). Evidence
suggests that the terrestrial Arctic is changing in response to this warming. Permafrost,
glaciers, and Eurasian river discharge are several components of the Earth system
showing changes consistent with a warming climate. Warmer temperature profiles from
boreholes in frozen ground show that permafrost is warming (Lachenbruch and Marshall,
1986; Lachenbruch et al., 1982; Serreze et al., 2000), arctic Alaskan glaciers have
retreated in recent decades (Arendt et al., 2002), and Eurasian rivers have increased their
discharge over the last century (Peterson et al., 2002).

Widespread changes in vegetation have been more difficult to detect, because (1)
the record from test plots extends only 25 years into the past, and (2) these plots are
limited to few sites. The plots do show, however, that over the last two decades, arctic
shrubs have thrived under experimentally elevated temperatures, and that there have been
subtle shifts in species composition in unmanipulated plots consistent with increasing
shrubs (Chapin et al., 1995). Over a similar time period, satellite images show a
“greening” Arctic (Jia et al., 2003; Myneni et al., 1998), but the images are difficult to
interpret (Fung, 1997).

Using aerial photographs, it has been possible to extend our assessment of
vegetation change to a much larger area than the plot studies, and over a longer time
period than both the plot studies and the satellite vegetation monitoring. Sturm et al.

(2001) offered a glimpse of the changes taking place in northern Alaska. The work here
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Figure 1. Annual temperature anomalies (bars) and running average (smooth line) from
terrestrial stations (60-90°N) relative to the 1961-1990 average (ACIA, 2004).




more than triples the number of repeated old photographs (202), broadens the spatial
coverage substantially, quantifies the changes observed, and integrates satellite
vegetation monitoring to make the case that all sizes and types of shrubs are increasing
across the study area. The widespread increase in shrubs presented here is consistent with
model predictions that climate warming will stimulate widespread plant production
(Kittel et al., 2000). The extent of the change indicated by the photos, and the fact that
change detection from the photos is unambiguous, makes this data set a unique and
compelling manifestation of a warming climate, potentially a harbinger that an extensive

pan-Arctic vegetation change is underway.



STUDY AREA: NORTHERN ALASKA

The region covered by the original and repeat photographs stretches from the
southern extent of the Brooks Range in the south to the Colville River in the north, and
from the Chukchi Sea in the west to the Canning River in the east (Figure 2). The area of
this region is roughly 220,000 km? — about the size of Kansas. It consists of two distinct
physiographic provinces (Reed, 1958). The northern province, the Arctic Foothills, is a
vast, rolling treeless tundra ecosystem cut by north-flowing rivers. The southern
province, the Brooks Range, is an east-west trending mountain range 700 km long and
130 km wide. Rivers flow northward from their headwaters in the Brooks Range, across
the gently undulating Arctic Foothills, to their eventual confluence with the east-flowing
Colville River or the Arctic Ocean. The river valleys of the Foothills are typically broad
and incised between 20 and 200 meters, leaving much of the region covered by relatively
flat topography between river valleys, herein referred to as interfluvial benchlands.

The climate of the study area is dominated by long, cold winters and short, cool
summers. Annual precipitation is low, but the prevalence of continuous permafrost
prevents infiltration and results in soils that remain saturated throughout the summer. The
soil-climate system can be characterized as a seemingly paradoxical “arid wetland,” with
its low precipitation but waterlogged soils. Typical soils in the study area are composed
of 5-30 cm thick peat layers overlying silt-rich horizons, which extend down to perenially
frozen ground at 30-80 cm (Bockheim et al., 1998).

The region is blanketed by tundra and shrub tundra, specifically (1) nontussock-

and tussock-sedge, dwarf-shrub, moss tundra, (2) erect dwarf- and low-shrub tundra, and



Figure 2. The study area, containing the Brooks Range in the southern section and the

Arctic Slope in the northern section.
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(3) mountain vegetation growing on non-carbonate and carbonate bedrock (CAVM Team
2003). Shrubs include birch (Betula nana, Betula glandulosa), willow (Salix alexsensi,
Salix pulchra, Salix glauca), and alder (Alnus crispa), and the pollen record suggests that
the relative percentage of these shrubs has varied little since the transition from dry to
mesic tundra in the early to middle Holocene (Oswald et al., 1999). Birch, typically 20-50
cm tall, is very common in the study area, growing between tussocks on open tundra, as
well as in protected drainages and floodplains. Willow shrubs of similar height can also
be found in inter-tussock spaces, while willow shrubs 2-5 m tall thrive in braided
floodplains, water tracks, and protected areas. Alder shrubs of similar height — considered
an indicator species for broader vegetation shifts within the study area (Oswald et al.,
1999) — are less common. They are found on valley slopes, protected areas, and river
terraces within certain regions (Figure 3). These alder also fix nitrogen in what is
generally considered a nitrogen-limited ecosystem (Chapin et al., 1995).

Three distinct types of alder are found in the region: “Slope alder” are typically
1.5-4 meters tall and have a bulbous form with prostrate stems, while “crewcut alder” are
typically less than 1.5 meters tall and have a skeletal form with erect stems. They derive
their name from the crewcut appearance they give to the landscape. “Shock troop” alder
share some physical characteristics with the slope and crewcut alder, but distinguish
themselves from the others by their landscape position and diffuse, random distribution.
The distribution across the river terraces resembles that of troops rapidly spreading out

and securing an area.



Figure 3. A typical photo from the Col-Photo archive. This photo, COL-OV 43-18, is of

the Colville River, near the confluence of the Colville and Oolamnagavik Rivers (N68°
56.80°, W154° 02.50’). (A) 2-3 m alder shrubs. (B) 2-4 m floodplain willow shrubs.

Present on the benchlands are <1 m birch shrubs, but they are hard to detect in the photo.



The lower part of Figure 4 is an idealized cross-section of a river valley, showing
the landscape positions where willow, birch, and the different types of alder are found.
Slope alder grow on steeper valley slopes and are particularly abundant where geologic
strata intersect the surface and create a break in slope. Crewcut alder grow on gentler
valley slopes, oftentimes connecting the broad interfluvial benches to the steeper valley
sides. Slope alder individuals are usually distributed randomly, while crewcut alder
individuals are distributed evenly across the landscape (Chapin et al., 1989). Slope alders
are ubiquitous throughout alder’s range, while crewcut alders are limited to shallow
upland slopes in areas where slope alders are also thriving. Shock troop alders occupy a
unique niche: They are found on stabilized river terraces.

The study area has had no large-scale ecological or human disturbance, other than
that attributable to riverine erosion along floodplains. It is unlikely that any pervasive,
rapid shifts in vegetation have been caused by conventional disturbance. Due to the
presence of standing water, saturated soils, short summers, or lack of lightning, fire is
uncommon, particularly north of the Brooks Range (Gabriel and Tande, 1983). In the
100+ hours spent flying and photographing the study area, a small fire scar was seen in
only one location.

The study area represents roughly 5% of the vegetated Arctic and includes a large
fraction of several of the major tundra ecosystems (CAVM Team, 2003). Changes similar

to those documented herein could be occurring throughout the pan-Arctic.
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Figure 4. An idealized cross-section of a typical river valley was compiled from 23 river
valley cross-sections. It shows landscape positions occupied by different types of large
shrubs, and is typical of the valleys of the central Arctic Slope. Not depicted here are 0.5-
1 m birch shrubs, co-occurring with alder and willow throughout this figure.

* Refers to disturbance regime on larger scale.
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THE COL-PHOTOS

Between 1946 and 1951, several thousand panchromatic oblique aerial
photographs were taken as part of a collaborative effort between federal entities and
industry to map the geology and assess the potential of resource extraction in “Naval
Petroleum Reserve No. 4 and adjacent areas” (Reed, 1958). The region — Alaska’s Arctic
Slope — was known since prehistory to have natural oil seeps, an observation confirmed
by geologic parties in the early 1920s (Smith and Mertie, 1930). The exploration for
resources was expedited by demand for oil during WWII, and it was known that the
extraction of resources would require detailed geographic and geologic mapping. The
exploration relied heavily on aerial photography, and the work was based at Umiat on the
Colville River, hence the name of the photo collection (Col-Photos).

Multiple military photo squadrons were responsible for the trimetrogon, vertical,
and oblique aerial photography. The oblique photography used in this study was taken by
Air Force Photographic Squadron 1, based out of Big Delta, located 60 miles southeast of
Fairbanks. The squadron, consisting of 4 Liberators and 2 Beechcraft airplanes, focused
their efforts on areas where rocks were exposed, primarily the river valleys of the Arctic
Slope and Brooks Range (Reed, 1958). The photos were used to interpret the structural
geology of the region and to locate oil-bearing rocks.

The camera used to take the original photographs was the K-18 24-inch Fairchild
camera that produced 18 X 9 inch negatives. A partial set comprising several thousand 18
x 9 inch black and white contact prints from the old negatives was used for this study.

Because the negative size was so large, the resolution of the contact prints is very high,
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making them ideal for comparing to modern photos for landscape and vegetation
changes.

The original photos were taken out the side door of small twin-engine Beechcraft
and Liberator airplanes. The method used to acquire the original photographs was to fly
up and down a river valley while photographing the river and facing valley slopes. Some
flight-lines also include landscapes of open tundra. The photographs, taken during
summer months of 1945-53, were acquired with such rapidity and regular frequency that
the terrain coverage along most river valleys is continuous. Primitive USGS (United
States Geological Survey) 1:250,000 scale maps were used to record the roll number and
location of the photography flight lines, and although some inaccuracies exist, the maps
are helpful in locating and repeating the old photographs. Details regarding film
exposure, processing, aircraft, and crew are described in the original protocol for aerial

photography, included here as Appendix A.
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METHODS

Of the several thousand Col-Photos available, we were able to repeat 202 between
1999 and 2002 for the purposes of assessing vegetation change. These were selected to
produce a wide geographic coverage and the greatest likelihood of detecting change.
Many of the Col-Photos do not show any visible shrub forms, either because there were
no shrubs, or because the shrubs in the area were small and blended in with other tundra
vegetation. About 20% of the photos contain dark and distinct shrub forms, typically
large alder, surrounded by large willow and birch. Each year of the project, the entire
Col-Photo contact print collection was perused for photographs from parts of the study
area not yet re-photographed, yet containing visible shrubs, and these photos were chosen
for re-photography. Some regions of the study area contained few distinct shrub forms; a
few photos from these regions were repeated to achieve widespread geographic coverage.

Using the index maps to determine the general location of an original photograph,
a resection technique was applied to determine the exact location from which the original
photograph was taken (Moffitt, 1959). This technique involves determining the angles
separating known geographic features identified in the old photos and then using a 3-arm
protractor to infer the position on a USGS map. After two summers’ training, we found
we could determine camera locations by inspection with the same accuracy as the
resection technique, so we switched to this faster method. The altitude of the aircraft was
estimated using the position of landscape features relative to the horizon. The old camera
locations were entered into the helicopter GPS (Global Positioning System), the positions

were reoccupied, and the landscapes were re-photographed from about the same
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perspective as they were a half-century earlier. It was necessary to have an unobstructed
view of the landscape to avoid reflection and yellow-tinting from the aircraft windows, so
the doors of the helicopter were removed.

In order to make the comparison of old and new photographs easier, it was
important to produce a repeat photo that nearly matched the perspective of the old photo.
As the helicopter approached an old photo location, multiple photos were taken of the
landscape, and later the best match was selected for change detection. The old photos
were carried in the helicopter, and landscapes viewed through the camera lens were
compared with these old photos to fine-tune the helicopter’s position. It was sometimes
necessary to circle back and re-do the photographs from a slightly different location.
None of the repeated photographs ever matched perfectly with the old photographs, but
most repeated photos had a perspective that was close enough to that of the old
photograph to allow analysis.

The high resolution of the old photographs demanded repeat photographs of
comparable resolution. Unfortunately, the camera used for the original photographs was
too cumbersome and expensive to operate. Instead, a medium format Mamiya RZ67 Pro
II camera with Kodak Portra 400 ASA color film was used. The medium format camera,
with its 6 X 7 cm landscape negative, allowed for high resolution color photography. F-
stops varied to maintain shutter speeds of 1/250 and 1/400 seconds.

Some consideration was given to using black and white film for the repeat photography,
but in the end we chose to use color film because (1) color images can be converted to

greyscale, and (2) people seeking to repeat the photographs in the future will probably



14

prefer the additional information contained in color film. Film was chosen over a digital
format because of its higher resolution and permanence as a method for storing data. Film
from all old and new photography was scanned using the Nikon Super Coolscan 8000
(4000 dots-per-inch resolution), and pairs of photos were cropped to provide best
possible matches.

The 202 old photographs repeated covered segments of 19 rivers and 5 open
tundra benches, for a total of 24 “photo-lines” (Figure 5). Each photo-line includes from
2 to 18 paired old and new photographs and ranges from 3 to 40 km long. The 24 photo-
lines are scattered throughout the Brooks Range and Arctic Foothills.

To improve and test our interpretation of the photographs, we identified and
mapped the vegetation that appears in 9 photos by going to those locations in the field.
These were located on the Ayiyak, Chandler, Sagavanirktok, and Kugururok Rivers.
Using spotting scopes and two-way radios, one or two people would traverse the area
shown in the photograph, communicating the vegetation size and assemblages to the
person behind the spotting scope. The person behind the scope would associate that
information with a point placed on both the old and new photographs (Figure 6). This
process (1) allowed for accurate, calibrated photo-interpretation, (2) made us aware of
how large the shrubs were (larger than expected from the photographs), and (3) made us
aware of the prevalence of willow and birch, which are difficult to see in the photos, in
close association with alder.

Shrubs were sampled to determine the age structure of shrub patches and the age

structure of individual clumps of stems. Discs were cut from every stem in a clump, and
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Figure 5. The triangles on the map denote the locations of all 202 repeated photographs
used in this study. The color of the triangle denotes the average percent increase in shrub
cover for the entire photo-line (yellow = 0-20%, yellow/orange = 20-40%, orange = 40-
60%, red = 60-80%). Black triangles denote photographs that had few or no visible

shrubs.
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42-17 s/:- "
Figure 6. A photograph of the Chandler River valley (top) taken in 2001 (N68° 49.39’,
W152° 0.52’), one of the locations where field mapping was conducted. The numbers
and letters on the inset (bottom) correspond to descriptions and close-up photographs of

the vegetation (see Appendix B for vegetation assemblages).
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growth rings were counted so that the age of the oldest live stem in an individual shrub
could be determined.

Recent research has documented increases in the satellite vegetation index NDVI
(Normalized Difference Vegetation Index) in the study area (Jia et al., 2003). Satellite
imagery was used in this study to determine the contribution large alder and willow
shrubs make to the NDVI signal. A Landsat FETM+ image from the central Arctic Slope
and Brooks Range was chosen. The NDVI algorithm, (near IR + red) / (near IR — red),
was applied to the image using ENVI (Environment for Visualizing Images) software.
The NDVI image was then compared with Col-Photos and modern photos containing
large alder and willow shrubs. By examining NDVI values in the image and noting where
large shrubs were present on the landscape, we determined that large shrubs were nearly

or completely saturating the ND VI signal (Figure 7).

Photo Assessment

Most photos in this study cover about 11 km? of terrain, including the foreground
(1 km?), middleground (2 km?), and background (8 km?). The foreground usually includes
the floodplain and old river terraces, the middleground usually includes the facing valley
slope, and the farground, when present, stretches obliquely to the horizon. In each photo,
we were able to reliably assess about 2.5 km® of the foreground and middleground for

changes in vegetation. A conservative estimate of the actual area assessed for the study is

500 km?.
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Figure 7. Tuluga River (N68° 57.50°, W151°30.00°). Oblique photography was used to
empirically determine alder’s contribution to the NDVI signal. Note that the saturated
white pixels in the alder map match the dark alder shrubs in the oblique photograph, dem-
onstrating that NDVI cannot assess change for larger shrubs.

81
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Inter-tussock birch and willow shrubs were often the same color as the
background tussock tundra, so change detection for these shrubs was possibie only when
they were part of the foreground, or when they were adjacent to rocks and dark shrubs,
against which their growth could be gauged. Larger shrubs, particularly alder shrubs,
have a distinctive dark shade and bulbous form, making it possible to tell if they have
changed in size or number from the old to new photographs.

Most of the photo-pairs were not exact matches, but we developed a method to
quantify the change from old to new. Initially, we attempted to use photogrammetric
software to shift the perspective of the new photo so that it would exactly match the
perspective of the old photo, but the low obliquity of the photos, plus the close proximity
of topography, led to little improvement in the resulting “corrected perspective” image.
Instead, two types of analysis were devised to break the landscape down into smaller
sections from which comparisons of old and new could be made.

In Type I analysis, a gridding system was applied to dissect the photos into
smaller sections. A grid that divided the old photo into sections was drawn on acetate and
overlain upon the photo (Figure 8, top). The grid was then transferred line by line using
identifiable tie points to a piece of acetate overlaying the new photo (Figure 8, bottom). If
both photos had been taken from the exact same location and both lenses were identical,
then the grid covering the old photograph could be overlain on the new photograph
exactly, without distortion, and each grid cell in the old photograph would cover the exact
same section of terrain in the new photograph. Because the perspective of the repeat

photograph was never a perfect match, the grid manually drawn on acetate overlying the




Figure 8. A photo-pair from the Colville River (N68° 56.77°, W155° 57.58’), showing
the rectangular grid overlying the old photo (top), and the warped grid overlying the new
photo (bottom). The foreground in the new photograph is not gridded because the

distortion in the new grid becomes exaggerated nearer to the camera lens.
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new photograph was always distorted to varying degrees. Furthermore, distortion in the
new grid became exaggerated in the foreground (nearer to the camera lens). Thus the
Type I analysis was confined to the stable valley slopes in the middleground of the
photographs. All photograph-pairs (86) that showed a limited amount of distortion in the
new grid were quantitatively analyzed cell by cell for percent shrub cover.

One of the key change metrics we report here is percent change in shrub cover. In
this study, the percent shrub cover refers to the percent of large (> 0.5 m tall) dark,
identifiable shrubs on an otherwise fine-textured background (Figure 9, middle). Grid
cells with no visible shrubs in the old and new photographs were not assessed. Percent
cover for a given photo-line was determined by summing the area covered by dark shrubs
in the gridded photographs of each region and dividing by the total gridded area
containing shrubs for each region.

The technique used to estimate percent cover within a grid cell involved three
types of comparator cards. One type of card had shrub-sized circles of various densities
spread evenly over grid cells. The second type of comparator card had a combination of
clumped and scattered shrub-sized circles, again of various densities. The third type of
card had all of the dark material concentrated in a corner, in various sizes. Using these
three comparator cards in parallel, estimates of percent cover were made.

A subset of the manual gridded percent cover estimates were tested against
computer-derived percent cover estimates to test the accuracy of the manual estimates.
Although the difference in perspective between old and new photos prevented digital

comparisons of old and new landscapes, the difference in perspective could be reduced
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Figure 9. A 1949 photo of the Nimiuktuk River (N68° 23.08°, W159° 50.57°). An
individual grid cell (middle), subset from an old photo (top), was converted to a binary

image (bottom, shrubs are white) for the purpose of estimating percent shrub cover. The
manual estimate of cover for this grid cell was 17%, and the computer-derived estimate

of was 21%.
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by limiting the comparison between one old grid cell and one new grid cell. Individual
grid cells were selected from different photographs and subset from the image. The
resulting subset grid cell was then converted to a black and white image, in which alder
was white and tundra was black (Figure 9, bottom). Percent cover was then determined
by calculating the mean of the binary 2-dimensional array that represented the grid cell.
Comparing the electronic estimates of percent cover to the visual estimates revealed a
difference of 4% over 20 grid cells composing a typical photograph. In this case, 4%
error represents 4% of the actual percent shrub cover estimate. Therefore, an overall
percent shrub cover estimate of 25% for an individual photograph is accurate to £1%, and
a percent shrub cover estimate of 12% is accurate to +0.5%.

Sixty-eight photographs that were not sufficiently similar in perspective for Type
I analysis were subjected to Type II analysis. Each photo was subdivided into one of four
landscape categories: slope, terrace, floodplain, and background. For each landscape
category, visual estimates of percent cover were made in the old and new photos. The
Type II analysis was also used to evaluate changes on the terraces and floodplains of the
86 photos in the Type I analysis.

The remaining 48 photographs contained no identifiable shrub forms in both the
old and new photographs. These photos were examined, but excluded from the analysis
because the metric for change that we used — shrub cover — had no meaning. In the end,
154 photo-pairs underwent Type I (86 photo-pairs) or Type II (68 photo-pairs) analysis,
and 48 photo-pairs containing no distinct shrub forms were excluded from formal

analysis.
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RESULTS

In the last half-century, shrubs increased in abundance in river valleys throughout
the study area. Shrub patches showed patterns of increase that can be classified as (1)
boundary expansion, (2) patch infilling, and (3) individual growth. These three types of
change typically occurred together. Figure 10 is a photo-pair showing the three types of
change: The edges of shrub patches have expanded several meters, there are new shrubs
growing within the bounds of the old patches, and many of the individual shrubs present

in the old photos are noticeably larger today.

Geographic Patterns of Shrub Increase

The changes reported in Table 1 are for the 86 photograph-pairs subject to the
Type I analysis, so they are representative of stable valley slopes. The change in shrub
cover ranges from a low value of +3% increase (6.7 in old photos to 6.9% in new photos)
on the Lupine River to a high value of +71% increase (8 to 13%) on the Oolamnagavik
River. Eighty of the 86 photo-pairs registered an increase in percent shrub cover, while
the femaining 6 photo-pairs registered no change. No photo-pairs registered a decrease in
shrub cover. The shrub cover over the entire ensemble of 86 photos went from 14 to 20%
over the last half-century, representing an increase of 39% in large shrub abundance.

This increase can be computed another way. The 86 photos submitted to the Type
I analysis contained a total of 1209 grid cells with identifiable shrubs, each cell covering
an area roughly 160 X 160 m. Of the 1209 grid cells, 812 registered an increase in shrubs,

384 registered no change, and 13 registered a decrease in shrubs. This means that 67% of



Figure 10. The Oolamnagavik River (N68° 52.00’, W154° 8.36’), in 1949
and 2002. The photo illustrates the three types of shrub increase: (a) The
edges of shrub patches have expanded 1-10 m, (b) there are new shrubs

growing within the bounds of the patches, and (c) many of the individual

shrubs present in the old photos are larger today.

25
































































































