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Using Aerial Photography and GIS to Map
the Forest-Tundra Ecotone in Rocky
Mountain National Park, Colorado, for
Global Change Research
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Abstract

Ecotones could be useful locations to monitor the potential
effects of global change on the biosphere. The GRASS GIS and
scanned, orthorectified aerial photography were used in com-
bination with extensive ground-truthing to map and analyze
the major zones (e.g., patch forest. krummholz) and zone
limits within the forest-tundra ecotone of Rocky Mountain
National Park in the Colorado Front Range. Only a small
percentage of the 1,092-km length of zone limit-lines. and
the 19.520 ha within the patch forest and krummholz zones,
bears evidence of recent disturbance, in contrast to forest-
tundra ecotones in arctic locations. The ecotone is patchy
and the scale of patchiness is similar in the krummholz and
patch forest zones, although krummbholz patchiness is de-
rived more from rock outcrops and meadow/wetland areas
and less from natural disturbance than is the case for the
patch forest zone. Scanned aerial photography may be useful
for GIs analyses of ecotones and detection of global change,
but spectral variation among photographs, the need for ade-
quate ground control and DEM precision for accurate ortho-
rectification, and the errors introduced through digitizing
and interpretation are limitations.

Introduction

The response of natural ecosystems to global change may in
the short term be complex and subtle (Ojima ef al., 1991), al-
though in the long term major shifts in the distribution of bi-
omes can be expected (Emanuel et al., 1985; Smith et al.,
1992). The response may also be spatially heterogeneous,
with some parts of the landscape responding more rapidly
than others, because different environments may promote or
discourage a response, and because the timing and spatial
pattern of natural disturbances in part controls the rate of re-
sponse (Payette and Gagnon, 1985; Overpeck et al.. 1990;
Baker, 1993). Yet relatively little is known about how spatial
variation in the environment and disturbances control the
pattern of response in different landscapes,

Both remote sensing and geographic information systems
(G1s) will have to play an essenlial role as tools for detecting,
quantifying, and analyzing the spatial response of landscapes
to global change. Substantial effort has already been ex-
pended to establish Long-Term Ecological Research (LTER)
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sites in the United States and elsewhere that will have suffi-
cient remote sensing capabilities and GIS databases to be able
to detect the effects of global change (Dver et al.. 1988;
Franklin et al., 1990). However, some ecological phenomena
will require special monitoring efforts using remote sensing
and GIS techniques.

Ecotones [h::lm(i;iry zones between major ecosystems)
are thought to be sensitive to global change and are impor-
tant components of landscapes (Holland et al., 1991; Hansen
and di Castri, 1992), but may require special monitoring and
analysis techniques (Johnston and Bonde. 1989: Johnston et
al., 1992). For example, the forest-tundra ecotone (FTE) may
respond to global change by a lateral expansion of patches of
trees, establishment of new trees in tundra, and/or by verti-
cal growth of trees (Daly and Shankman, 1985; Vale, 1987;
Slatyer and Noble, 1992). Although the major features of the
FTE can be mapped using satellite imagery (e.g., Walsh et al.,
1989). changes in the FTE may be difficult to detect over
short time periods with the spatial resolution of current sat-
ellite sensors. In this study it was determined that groups of
trees and the difference between stunted trees and tundra
can be detected and mapped using high altitude color infra-
red (CIR) aerial phutnj_;rupil_\-', These essential features of the
FTE were identified and mapped using the CIR photographs (1:
40,000 scale) available as part of the National Aerial Photogra-
phy Program (NAPP) of the U.S. Geological Survey. However,
there are limitations to the use of CIR photographs for map-
ping and analysis with ¢S, including limited spectral resolu-
tion, geometric distortion, errors introduced through
digitizing and interpreting the ecotone, and limited temporal
coverage (Bolstad et al., 1990; Bolstad, 1992).

In this paper, an application of the use of GIS and
scanned aerial photography for mapping the FTE in Rocky
Mountain National Park (RMNP), Colorado, is presented as a
basis for further global change research. An analysis of the
ecotone, and an assessment of the implications of this analy-
sis for research on the effects of global change in the FTE, are
also presented.
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Figure 1. The study area is Rocky Mountain National Park. Grid lines are
Universal Transverse Mercator lines at 5-km intervals. Only the two ma-
jor zones of the forest-tundra ecotone are illustrated, as the boundaries
for the other two zones (tundra zone and closed forest zone) are simply
defined as buffers around these two main zones.

Methods

The study area consists of all the area within the FTE inside
the borders of Rocky Mountain National Park (Figure 1).
Stereo coverage of the FTE areas of RMNP was obtained with
1988 and 1990 CIR NAPP photographs (1:40,000 scale). A total
of 65 photographs was acquired, but stereo coverage was not
needed for the actual maps; a subset of 31 photographs pro-
vided minimum contiguous coverage of the FTE area. The 31
photographs were scanned at 200 dots per inch (approxi-
mately a 5-m resolution pixel) using a Howtek Scanmaster
3+ scanner (Howtek, Inc., Hudson, New Hampshire) in 3-
band 24-bit color, and then input into the GRASS geographic
information system (USA-CERL, 1991) on a Sun Sparcstation
1 workstation (Sun, Inc., Mountain View, California) where a
color composite was created.

Each color composite was orthorectified using the GRASS
i.ortho.rectify program. This program, which requires precise
camera calibration data and a digital elevation model (DEM),
effectivelv removes the radial, tilt, and relief distortion inher-
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ent in aerial photographs (Wolfe, 1983; Bolstad, 1992) and
allows the photograph to be registered to a topographic map
or other planimetric map. Standard U.S. Geological Survey
topographic maps (1:24,000 scale) and 30-m resolution DEMs
were used (U.S. Geological Survey, 1987).

There is error associated with orthorectification using
standard U.S. Geological Survey maps and DEMs (1) due to
imprecise location and digitization of control points on both
the map and image, (2) because National Map Accuracy
Standards also allow some errors in the topographic maps to
which the image is registered, and (3) because the DEM has a
coarser resolution than the scanned aerial photographs and
also contains error. Average root-mean-square (RMS) error for
the 31 orthorectified photographs was 14.27 m with a range
of 8.96 to 18.54 m. This compares favorably with United
States National Map Accuracy Standards (NMAS) which spec-
ify “...a 13-m error limit for 90 percent of the well-identified
points on a 1:24,000-scale map'' (Bolstad, 1992, p. 376).
Chen and Lee (1993) were able to obtain RMS errors of 6.5 to
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Figure 2. The lines and zones used to demarcate
the major components of the foresttundra ecotone.

6.6 m from orthorectification of a SPOT image. However, they
had larger scale (1:5,000-scale) base maps from which to ob-
tain ground control point locations, and they had DEMs with
less positional error. Similar locational precision can be ob-
tained using the Global Positioning System (GPS) (Clavet et
al., 1993). The U.S. Geological Survey is now producing
black-and-white digital orthophotographs which will meet
the NMAS for 1:12,000-scale maps (U.S. Geological Survey
“Digital Orthophotos” factsheet). Locational errors of less
than 1 m are attainable for these digital orthophotos if suffi-
ciently precise ground control points and DEMs can be ob-
tained (Light, 1993; Logan, 1993).

After the photographs had been orthorectified, they were
trimmed to remove overlap and then patched together into a
single mosaic for the whole FTE study area. This mosaic has
a 5-m pixel resolution and overall dimensions of 50.35 km
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Figure 3. Mapping conventions used to interpret and dig-
itize the components of the forest-tundra ecotone. (a)
There is only one limit line for each location along a
slope, but there may be more than one border line. (b)
Limit lines are present only if the zone is present, so
they may be discontinuous along a slope. (c) Border lines
are not drawn if the limit line for the next lower zone is
present where the border line would go. (d) Crossing
lines are straight lines drawn across natural disturbance
areas or where known environmental factors deflect or
prevent tree growth.
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by 32.52 km (10,070 rows by 6,504 columns), requiring 65.5
megabytes of storage space in the GRASS GIS.

The FTE was divided into “zones” by “limit lines” that
could be identified on the aerial photographs (Figure 2).
These limit lines and the resulting zones are based upon the
growth form and patchiness of the trees (Arno and Ham-
merly, 1984). The closed forest limit is the upper elevational
limit of closed forest, with erect, dense trees. The patch for-
est limit is the upper elevational limit of erect, patchy trees.
The krummbholz limit is the upper elevational limit of
dwarfed, flagged, and cushion forms of tree species that be-
come treelike on mare favorable sites. The areas above, be-
low, and between these limit lines comprise four zones
(Figure 2).

About 95 percent of these limit lines were mapped in
the field using binoculars from high elevation observation
points. Lines were drawn in the field on mylar overlays on
the stereo photographs with the aid of a mirror stereoscope.
However, for about 5 percent of the lines, a location for di-
rect observation could not be reached. All the lines mapped
on the NAPP CIR photographs (1:40,000 scale) were subse-
quently checked using vertical color aerial photographs (1:
15,000 scale) taken specifically for RMNP in 1987. In only a
few instances did these larger-scale photographs reveal a
need for revising the field-mapped lines. The 5 percent of
the lines not field-mapped were drawn under a mirror stere-
oscope using these larger-scale photographs. The lines were
then digitized using the GRASS GIS, with the orthorectified 5-
m resolution aerial photograph mosaic as a backdrop.

A number of mapping conventions were adopted for dig-
itizing, so that future researchers could more precisely dupli-
cate the methods and discern changes in these lines and
zones. A snapping threshold of 5 m (points closer than this
are merged into a single point) was used. Limit lines were
defined as having the following properties. First, limit lines
represent the single uppermost limit of each zone at each po-
sition along a slope; there is, therefore, no more than one
closed forest limit line, patch forest limit line, or krummbholz
limit line for each location along a slope. As a result, limit
lines do not fold under (Figure 3a). Second, the limit line is
absent if the corresponding zone is absent; thus limit lines
may be discontinuous along a slope (Figure 3b). The limit
lines are of interest themselves, because of their utility in an-
alyzing spatial variation in the components of the FTE. How-
ever, to obtain information about the zones, other lines had
to be added to the limit lines to make closed polygons en-
compassing the zones. Border lines were defined as the other
lines needed to make closed polygons (Figure 3a). Border
lines must complete polygons, but, unlike limit lines, they
can fold under or over if there is a limit line above (Figure
3a). Border lines are only present if there is not a limit line
for the next lower zone where a border line would ordinarily
be (Figure 3c). Limit lines and border lines were continuous
on most uniform slopes, but sometimes were deflected or in-
terrupted by natural disturbances (e.g., snow avalanche
tracks) and certain obvious physical features (e.g., lakes).
Crossing lines were defined as lines that cross known natural
disturbances or permanent environmental features (Table 1).
These lines were drawn as straight lines beginning at the first
place a limit line or border line was affected by disturbance
or a deflecting environment (Figure 3d). Occasionally, lines
must follow ridgelines in order to remain continuous, but
ridgelines seldom represent true elevational limits. Lines
were mapped along ridgelines only as border lines. Finally, a
30-m minimum distance standard was adopted for drawing
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Tagle 1. LenagTHs (KM) oF BorDER LINES AND LimiT LINES IN Rocky MouUNTAIN NATIONAL PARK BY FTE ZONE. THE PERCENTAGE OF THE ToTAL BORDER OR LIMIT
LiNE LENGTH 1S GIVEN IN PARENTHESES BELOW THE LENGTH.
Closed Closed Patch Patch Krummholz ~ Krummholz
Forest Border Forest Limit  Forest Border Forest Limit Border Limit Total

Uninterrupted 48.30 357.35 77.18 409.91 96.11 269.08 1257.93
(84.2) (91.2) (86.5) (96.5) (86.7) (98.3) (93.3)
Avalanche chute crossing — 12.81 0.19 6.51 — 0.84 20.35
— (3.3) (0.2) (1.5) - (0.3) (1.5)
Mass movement/talus crossing —_ 7.04 0.37 4.45 —_ 1.84 13.70
— (1.8) (0.4) (1.0) — (0.7) (1.0)
Burn crossing — 6.90 — 1.77 = — 8.67
— (1.8) — (0.4) — — (0.6)
Meadow/wetland crossing 0.30 2.01 - 0.56 — 0.08 2.95
’ (0.5) (0.5) - (0.1) — (0.0) (0.2)
Lake crossing 0.47 1.05 — 1.26 — 1.61 4.39
(0.8) (0.3) - (0.3) — (0.6) (0.3)
Rock outcrop crossing 0.16 4.46 — 0.34 — 0.27 5.23
(0.3) (1.1) — (0.1) -— (0.1) (0.4)
Ridgeline 8.13 — 11,52 — 14.73 — 34.38
(14.2 — (12.9) - (13.3) — (2.6)
Total 57.36 391.62 89.26 424 .80 110.84 273.72 1347.60

the lines. First, adjoining patches of the same zone were con-
nected if they were less than 30 m apart at their closest
points. Second, adjoining zones were connected if the com-
ponent patches were less than 30 m apart at their closest
points. Gaps greater than 30 m were not crossed when draw-
ing lines.

In addition to the FTE line analysis, the areas within the
FTE were also analyzed. To determine the fraction of the
closed forest zone occupied by natural disturbances and per-
manent features, a 500-m buffer was placed downslope from
the closed forest limit. Closed forest extends below this buf-
fer, but the purpose of this analysis was to determine the fea-
tures of the closed forest zone adjoining the patch forest or
krummholz zone. Similarly, a 100-m buffer was added up-
slope of the upper limit of the FTE so that the characteristics
of the alpine area adjacent to the FTE could be identified. A

TaBLe 2. AREAs (kM?) COVERED By NATURAL DISTURBANCES AND PERMANENT
FEATURES IN Rocky Mountain NaTIONAL PARK BY FTE ZONE. THE PERCENT
Cover WitHiN EacH ZoNE IS GIVEN IN PARENTHESES BELOW THE AREA.

smaller buffer was used here because there often was not
much alpine area above the FTE. The major kinds of natural
disturbances and permanent features (Table 2) within the en-
tire area from the lower limit of the closed forest buffer to
the upper limit of the alpine buffer were mapped and digiti-
zed using the stereo photographs and the GRASS GIS. A mini-
mum mapping unit of 1 ha was used.

Several GRASS programs were used to complete the anal-
vses. The GRASS v.report command was used to determine
the lengths of each type of line, while the r.report command
was used to determine the areas of each part of the FTE. The
rle programs (Baker and Cai, 1992) were used to calculate
the density, size, shape, and amounts of perimeter of the
patches that comprise the FTE. A patch is simply one of the
polygons comprising the map of the FTE areas, which in-
cludes the major zones. natural disturbances, and permanent
features (Table 2).

Results
There is a total length of about 1,348 km of FTE border and

Closed  Patch  Krumm- Adjacent
Forest  Forest holz Total Alpine
Uninterrupted 150.32  92.14 47.78  290.24 —
(87.2) (74.1) (67.4) (79.0) —
Avalanche chutes 2.54 3.33 1.05 65.92 0.35
(1.5) (2.7) (1.5) (1.9) (0.6)
Mass movement/talus 2.08 4.83 3.75 10.66 13.00
(1.2) (3.9) (5.3) (2.9) (23.5)
Burn 9.85 5.69 0.50 16.00 0.33
(5.7) (4.6) (0.7) (4.4) (0.6)
Meadow/wetland 4.41 8.85 8.68 21.91 4,23
(2.6) (7.1) (12.2) (6.0) (7.6)
Lake 0.72 1,13 0.65 2.50 0.42
(0.4) (0.9) (0.9) (0.5) (0.8)
Rock outcrop 2.38 8.33 8.49 19.20 18.12
(1.4) (6.7) (12.0) (5.2) (32.7)
Herbaceous veg. —_ — — — 14.19
= — — — (25.6)
Patchy rock outcrop/ — - — — 4.75
Herbaceous veg, —_ — — —_ (8.6)
Total 172.30 124.30 70.90 367.43 55.39
316

limit lines in RMNP, with most of this total (81 percent) being
limit lines (Table 1). A slightly larger percentage of the 1,092
km of limit line length is patch forest limit (39 percent) than
is closed forest limit (36 percent) or krummbholz limit (25
percent). In contrast, more of the border line length is krumm-
holz border than is patch forest or closed forest border, The
krummbholz zone is less continuous than are the other zones,
and, as a result, there are more of the discrete patches that
have border lines.

Most of the border and limit line length (93 percent) is
uninterrupted by permanent features or disturbed areas. Per-
manent features (i.e., meadow/wetland areas, lakes, and rock
outcrops) interrupt the border and limit lines over only 0.9
percent of their length. Both rock outcrop and wetland/
meadow interruptions decrease upwards, while lake inter-
ruptions increase upwards in elevation from forest to krumm-
holz (Table 1).

Only 3.1 percent of the total length of border and limit
lines is recently disturbed. Among the disturbances that in-
terrupt the FTE, avalanche chutes account for the greatest
percentage (1.5 percent) of the total border and limit line
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length, followed by mass movements and talus slopes (1.0
percent) and recent burns (0.6 percent). For all three distur-
bance types, and for the total of the three disturbance types,
the length of disturbed lines decreases upwards in elevation
from forest limit to patch forest limit to krummholz limit.
There were 135 separate avalanche-chute crossings, 64 mass-
movement and talus-slope crossings, and 14 burn crossings
in the whole FTE. However, a single disturbance may be rep-
resented in these figures by more than one crossing, as there
may be, for example, both a patch forest crossing line and a
krummbholz crossing line for the same disturbance.

The area analyses produced somewhat different results
(Table 2). The area of patch forest within RMNP is 12,430 ha,
while krummbholz occupies 7,090 ha. The reported area of
closed forest and adjacent alpine (Table 2) are not estimates
of the amount of these ecosystems within RMNP as these fig-
ures represent only the area within the 500-m closed forest
and 100-m alpine buffers. The 19,520 ha within the two
main zones of the FTE makes up about 18 percent of RMNP's
total area.

Most of the FTE area (79 percent) is uninterrupted by
permanent features or natural disturbances, although the
amount of uninterrupted area decreases from closed forest to
krummholz (Table 2]. Permanent features interrupt about
11.7 percent of the FTE area, with both meadow/wetland area
and rock outcrop area several times more abundant in the
patch forest and krummbholz than in the closed forest. About
9.2 percent of the FTE area has been recently disturbed, with
almost half of that area (4.4 percent) burned, and with lesser
amounts of area disturbed by avalanches and mass move-
ments. The highest percentage of burned area is in the closed
forest (5.7 percent), with a slightly lower percentage of the
patch forest recently burned (4.6 percent) and with very little
of the krummbholz burned (0.7 percent). The area occupied
by mass movement/talus, in contrast, increases upwards
from closed forest to alpine, while the amount of area dis-
turbed by avalanches is highest in the patch forest zone. The
alpine area adjacent to the upper limit of the FTE has a high
percentage of rock outcrops (32.7 percent) and mass move-
ment/talus areas (23.5 percent), and lesser amounts of
meadow/wetland area and herbaceous vegetation.

The line and area analyses produced different estimates
of the amount of the FTE interrupted by permanent features
and natural disturbances, but these differences derive from
two sources. First, in interpreting the aerial photographs,
“interruptions’” of FTE lines were in practice limited to rather
small displacements of an otherwise uniform limit line.
When an FTE line followed the lower limit of a rock outcrop
or mass movement/talus area over an extensive length, this
was not interpreted as an interruption. There is considerable
ambiguity in determining what is or is not an interruption of
a limit line. This problem is mostly confined to rock out-
crops and mass movement/talus interruptions as these often
follow horizontally along the upper limit of the FTE. It is less
a problem for avalanche chutes, burns, meadow/wetland ar-
eas, and lakes as these usually are confined to short lengths
and cut across limit lines. Thus, the line analysis probably
underestimates the amount of line length affected by rock
outcrops and mass movement/talus areas and to a lesser ex-
tent other interruptions. Second, there is undoubtedly a real
difference between the amount of limit/border line length
and total FTE area interrupted by permanent features and dis-
turbances. Only 14 of the 25 discrete fire patches in the total
FTE area, for example, happen to intersect an FTE limit or
border line. Similarly, there is little meadow/wetland inter-
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ruption of the limit lines (Table 1), even though meadow/
wetland areas occupy 6 percent of the FTE area (Table 2).
The line and area analyses are thus complementary and
measure slightly different aspects of the forest-tundra eco-
tone.

There are 2819 patches in the patch forest and kru-
mmbholz zones of the RMNP FTE. A patch is a polygon repre-
senting one of the major kinds of natural disturbances or
permanent features in each zone (Table 2). The patch forest
and krummbholz zones are remarkably similar in terms of the
density of patches and their average size and shape, which is
slightly elongated (Table 3). There are more patches in the
patch forest zone and there is more perimeter length (Table
3), but this is only because the patch forest zone occupies
more total area (Table 2). However, the source of patchiness
in the two zones is different; there is much more patchiness
from permanent features, especially rock outcrops and
meadow/wetland areas, in the krummholz zone than in the
patch forest zone, and there is a little less patchiness from
disturbance in the krummholz zone (Table 2). The closed
forest zone tends to have larger patches, and thus lower den-
sity, and has patches with more compact shapes and less pe-
rimeter than is the case for the patch forest and krummholz
zones (Table 3), primarily because there are fewer small, per-
manent features interrupting the closed forest zone (Table 2).

Discussion

Mapping Ecotones Using Scanned Aerial Photographs

Substantial research has been done on methods for detecting
and quantifying ecotones using satellite imagery (e.g., John-
ston et al., 1992). However, in our experience these images
do not currently have sufficient spatial resolution to enable
detection of the kinds of short-term changes that might char-
acterize the initial response of the FTE to global change. NAPP
CIR photographs (1:40,000 scale) were found to be adequate
for mapping the FTE zones, but photographs as fine as or
finer than 1:15,000 scale will be necessary to detect signifi-
cant changes in tree growth, tree mortality, and tree density
that probably will occur in the early stages of ecotone re-
sponse to global change.

There are problems in using scanned aerial photographs
for analyses of large areas, such as RMNP, for global change
research. First, orthorectification is essential to remove most
of the distortion inherent in aerial photographs, so that the
photographs will be nearly planimetric (Bolstad, 1992]. In
the case of some of the 31 photographs, it was difficult to lo-
cate sufficient control points, identifiable on both the aerial
photographs and topographic maps, to complete the ortho-
rectification, particularly in the mountainous and undevelo-
ped parts of RMNP. Second, the amount of positional error
(8.96 to 18.54 m RMS error) may be too large for adequate de-
tection of short-term changes in FTE location. Current GPS
technology could be used to decrease this error by one-half
or more, but it would have been too time-consuming and ex-
pensive, for this project, to obtain an adequate number of
GPS control points for orthorectifving the 31 photographs.
Third, the process of scanning and orthorectifying aerial pho-
tographs is time consuming. It required about 5 hrs to scan
each photograph into GRASS and complete the orthorectifica-
tion. In the case of this study, the required time was manage-
able for the 31 NAPP CIR photographs required for minimum
coverage of the RMNP FTE, but the time required precluded
use of the more than 100 1:15,000-scale photographs for the
same area, Finally, one of the most significant limitations in
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TaBLE 3. LANDSCAPE STRUCTURE INDICES FOR THE FTE iIN RMNP. MEAN PATCH SHAPE USES THE CORRECTED PERIMETER/AREA INDEX (BaKER AND Cal, 1992), in
WHICH VALUES VaARY FRom 0.0, FOR A CIRCLE, TO INFINITY. A SQUARE HAS THE VALUE 1.1. THE SUM OF THE PERIMETERS IS THE SUM OF THE TOTAL AMOUNT OF
PERIMETER FOR EAcH PATCH, INCLUDING LimiT LiINES AND BoRDER LINES.

Closed Patch Krumm-
Forest Forest holz
Number of patches 1201 1788 1031
Density of patches
(No./1000 ha) 70 144 145
Mean patch size (ha) 81.5 61.6 66.2
Mean patch shape 1.53 1.73 1.79
Sum of perimeters (km) 1293 2444 1468
Mean perimeter length (km) 1.08 1.37 1.42
Number of patches by size class (ha):
0.0— 22.6— 45.1- 67.6— 90.1— 112.6—~ 135.1-
22.5 45.0 67.5 90.0 112.5 135.0 157.5 157.6+
Closed forest 977 79 48 15 12 11 10 49
Patch forest 1308 165 82 52 33 20 16 112
Krummholz 591 148 81 41 29 15 15 111
Number of patches by shape index class:
0.5—- 1.1- 1.6— 2.1- 2.6— 3.1- 3.6—
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.1+
Closed forest 9 798 196 84 54 6 8 16
Patch forest 2 930 456 187 96 41 23 53
Krummholz 0 423 327 163 G4 20 12 22

using scanned aerial photographs for global change research
is that each photograph has a different spectral representa-
tion of the same features, as the light conditions and the po-
sition of the camera change from photograph to photograph.
Although there are methods for correcting a set of adjoining
photographs to a common spectral representation, they are
not simple and GRASS does not have this capability. As a re-
sult, it is more difficult to use objective ecotone detection
methods to identify and map ecotone locations across several
photographs of a large area, as is possible within a single sat-
ellite image of a large area (Johnston et al., 1992). It was pos-
sible to digitize the FTE lines across orthophotograph
boundaries on screen in spite of spectral differences. The
digitized lines, however, do contain more human subjectivity
than is the case with more objective ecotone identification
algorithms.

Natural Disturbance in the RMNP FTE

Although disturbance may be a salient feature of the forest-
tundra ecotone environment in some areas (e.g., Veblen,
1979) and control its location, only a small percentage of the
FTE lines and areas in RMNP have been affected by recent dis-
turbances, such as snow avalanches, mass movements, and
fires. Snow avalanche paths are numerous, but are usually
relatively narrow. Mass movement tracks are generally wider
than are avalanche paths, but are fewer. There are only about
25 recent burns in the FTE, although some of the burns affect
a wide swath of the FTE. The krummholz zone, in general,
and the krummbholz limit, in particular, are not greatly af-
fected by natural disturbances other than mass movement/ta-
lus areas (Tables 1 and 2). The prevalence of rock outcrops
and mass movement/talus areas in the alpine area adjacent

to the upper limit of the FTE (Table 2) suggests that rockiness
strongly influences the location of the upper FTE limit. It is
not easy to determine from the aerial photographs whether
individual talus areas are or are not producing active distur-
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bances that discourage tree growth; thus, it remains unclear
as to whether it is the rockiness itself or mass movement of
the rocks that characterizes the adjacent alpine area in the
mass movement/talus areas.

These data suggest that the FTE in RMNP is not a very
disturbance prone environment, although there are limits to
these data. Perhaps larger percentages of the FTE lines and
areas were disturbed in exceptional episodes in the past and
have recovered sufficiently so that evidence of disturbance is
not visible now in aerial photographs. For example, episodes
of exceptional mass movement have been associated with
earthquakes elsewhere (Veblen and Ashton, 1978). There was
also a period of exceptionally high fire frequency associated
with European settlement of the Front Range in the latter
part of the nineteenth century (Veblen and Lorenz, 1991).
However, trees re-establish slowly in the FTE due to the ad-
verse climate, and evidence of canopy-destructive natural
disturbance in the FTE is generally apparent for decades or
even more than 100 years. For example, the fire that in the
1850s burned the upper reaches of Sundance Creek in RMNP
(Willard and Foster, 1990) is still very visible on our 1990
aerial photographs. Another kind of disturbance, by the
spruce beetle, could also have affected the FTE in the past. A
spruce beetle outbreak is known to have killed Picea engel-
mannii (Engelmann spruce) over a large part of the southern
Rocky Mountains in the last half of the nineteenth century
(Baker and Veblen, 1990). Evidence of this outbreak is not
visually apparent today. Nonetheless, with the exception of
disturbance by spruce beetle, the data presented here do not
seriously underestimate the percentage of the FTE lines af-
fected by canopy-destructive natural disturbances over the
last century. However, detailed field research is really neces-
sary to identify disturbances of lesser severity that may not
have destroyed the forest canopy (Lorimer, 1985).

The alpine FTE in RMNP may be less disturbance prone
than are other FTEs. Fire frequency in Rocky Mountain subal-
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pine forests is relatively low (Romme, 1982) compared to fire
frequency in the arctic FTE in Canada (Payette et al., 1989).
The area affected by snow avalanches in the RMNP FTE is
probably low because of a low average snowfall compared to
that in other parts of the western United States. The proba-
bility of mass movements is also low, as RMNP contains rela-
tively stable Precambrian igneous and metamorphic rocks,
and is nol in a tectonically active area (Braddock and Cole,
1990).

Landscape Structure in the FTE

The FTE is comprised of patches of krummholz and patch
forest (Table 3). The FTE is patchy in part because continu-
ous reaches of forest are interrupted by drainage divides,
rock outcrops, and other permanent features, as well as natu-
ral disturbances. Given the relatively small percentage of FTE
line lengths (Table 1) and area (Table 2) that is recently dis-
turbed, a substantial part of the patchiness in the FTE is the
result of the dissected terrain, containing rock outcrops,
lakes, and wetlands resulting from past orogeny and Pleisto-
cene glaciation. Patchiness appears to increase with eleva-
tion, even on smooth topographic surfaces, suggesting that
adverse climate also tends to be associated with increased
patchiness.

The patchiness of the ecotone may influence the re-
sponse of the ecotone to global change. It can be hypothe-
sized that, if the ecotone responds to climatic change by
increased height growth and lateral expansion of krummholz
patches (e.g., Vale, 1987), then the density of patches, and
their size, shape, and amount of perimeter, will influence
how rapidly and in what manner the ecotone responds. Sim-
ilar levels of patchiness characterize both patch forest and
krummbholz zones (Table 3), suggesting that from the stand-
point of patchiness there is comparable potential for a re-
sponse to change in these two zones.

Sensitivity of the FTE to Global Change

It is unclear whether FTEs less prone to disturbance, such as
the RMNP FTE, will be sensitive locations that will respond
rapidly to global change. One perspective is that natural dis-
turbance may hasten the response of FTE position and struc-
ture to climatic change (Sirois and Payette, 1991).
Low-disturbance environments, such as the RMNP FTE, may
then respond less rapidly to climatic change, as trees may
persist, due to long lifespans and asexual regeneration, in lo-
cations that become climatically unfavorable for successful
regeneration by seedlings (Elliott-Fisk, 1983: Hansen-Bristow
and Ives, 1984). Another perspective is that patterns of tree
regeneration and growth in the RMNP FTE may be more cli-
matically controlled than in FTEs and other ecotones subject
to greater disturbance. As a result, short-term growth and
demographic processes may be more directly influenced by
climatic fluctuations in the RMNP FTE than in FTEs recovering
from recent disturbances. However, the prevalence of rocky
areas adjacent to the current upper FTE limit suggests that
physical barriers to tree establishment may also be important
in controlling FTE limits in RMNP. Additional research will be
required to determine which kinds of ecotone and which lo-
cations within ecotones may be most sensitive to global
change.

Conclusions

Scanned aerial photography, extensively ground-truthed, was
used to map and analyze the FTE in RMNP. The major limita-
tions of this map are the remaining positional error that
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could not be removed from the photographs without more
expensive and time-consuming methods of obtaining ground
control, the errors introduced through digitizing, and the hu-
man subjectivity that influenced the placement of the FTE
lines. Nonetheless, the FTE lines and zones are probably
more precisely identified and mapped than would have been
the case had currently available satellite imagery been util-
ized, assuming the same method of orthorectification, due to
the greater spatial resolution (< 1 m) available in the aerial
photographs (Light, 1993) for the field mapping phase of the
project.

Research directed at understanding how vegetation will
respond to global change may require several scales of study,
including detailed field studies and broader-scale remote
sensing and GIS analyses. It will require detailed field stud-
ies, for example, to determine whether the RMNP FTE is likely
to be sensitive to climatic fluctuations, how it may respond,
and whether some settings are more sensitive than others.
The FTE map will be used to select a spatially stratified sam-
ple for the field research phase of our analysis of the poten-
tial effects of global change on the RMNP FTE. The GIs will
also be used to analyze the relationship of the FTE lines,
zones, and patches with environmental factors.

This study suggests that scanned aerial photography, to-
gether with GIS and remote sensing tools, may enable timely
detection and analysis of the kinds of changes in ecotones
that may precede their actual movement in response to
global change, but there remain limitations in obtaining suffi-
cient locational precision, and there will be difficulties in us-
ing this approach over large areas until a national program
for the uniform production of color digital orthophotographs
is fully implemented.
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