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Abstract 

Change in the spatial characteristics of forest openings was investigated in three forested watersheds in north- 
western Siskiyou County, California totalling approximately 24,600 hectares. Watersheds with minimal hu- 
man disturbance were chosen for study. However, fi;e suppression has been pervasive throughout. Charac- 
teristics of forest openings (area, perimeter, distance between neighboring openings) were measured on aerial 
photographs taken 41 years apart. An index of regional form was determined for the landscape. Shape com- 
plexity for each opening was calculated using two indices based upon fractals. Significant differences were 
found using the Kolmogorov-Smirnov two-sample test between the perimeters, areas, distance from sample 
point to nearest opening, and distance between neighboring openings. The perimeters and areas became 
smaller, and the distances from the sample point to the nearest opening and between neighboring openings 
became greater over the 41 years between aerial photo sets. The estimated area occupied by openings 
decreased from 25.8% to 15.6% of the study area. No significant difference was found in the shape of the 
openings except as the shape indices were influenced by changes in size of the openings. 

1. Introduction 

Forest openings are an important component of 
landscape diversity. Patterns of openings contrib- 
ute to variety for wildlife habitat through influenc- 
ing vegetation diversity and edge (Franklin and 
Forman 1987). They can serve as microsites favor- 
able for regeneration of shade intolerant species of 
vegetation. Openings can become places for the in- 
itiation of secondary succession. They contribute to 
variety through becoming patches of successive 
vegetation and age classes (Sousa 1984; White and 
Pickett 1985). 

Openings that are the result of disturbance are 
usually short lived, the actual time for them to fade 
into the forest matrix depending on site conditions 
and vegetation response. Openings are occupied 
over time by various vegetation communities. Pat- 
terns may change considerably in space and time 
(Knight 1987; Baker 1989), making it difficult to 
determine a characteristic landscape mosaic 
(Christensen 1991). 

The alteration of landscapes by human activities 
in forested areas has generated great interest in re- 
cent years. Most interest has focused on dramatic 
changes in forest landscape patterns brought about 

This article was written and prepared by U.S. Government employees on official time, and it is therefore in the public domain and 
not subject to copyright. 



220 

through lumbering activities (Edmonds 1979). Con- 
siderable research has been undertaken to describe 
the ecological effects of this activity and associated 
changes, especially as wildlife habitat may be af- 
fected (e.g. Franklin and Forman 1987; Harris 
1984; Mladenoff et al. 1993, Swanson et al. 1990). 

However, less attention has been paid to more 
subtle but no less significant changes in forested 
landscapes where little management activity, with 
the exception of fire suppression, has taken place. 
It has been well established that fire, as a prominent 
disturbance factor, played a major role in the pat- 
terning of vegetation stand structure and mosaics in 
the forest landscapes of western North America 
(e.g. Heinselman 197d; Kilgore 1981; Knight 1987). 

Investigations of temporal changes in stand 
structure and patch dynamics have demonstrated 
considerable change in western forested landscapes 
within parks and wilderness as well as in other areas 
relatively free of human manipulation (Parker 1987; 
Parsons and DeBenedetti 1979; Savage 1991; Vale 
1977). These studies have reported changes since 
the late 1800's in age class characteristics, stand 
density, species composition, and a significant re- 
duction in fire occurrence. Few if any studies of this 
nature have been undertaken in the Klamath Moun- 
tains of northwestern California and southwestern 
Oregon. 

Along with changes in stand structure and patch 
pattern one would expect changes in characteristics 
of forest openings (Parsons and DeBenedetti 1979). 
However, there have been few studies character- 
izing changes in canopy gaps or other types of open- 
ings within forested landscapes in California. Most 
of the existing studies have investigated the changes 
in meadows (e.g. Helms 1987; Taylor 1990; Vale 
1981). 

The few fire history studies undertaken in the 
Klamath region have reported that frequent fire ap- 
pears to have played a major role in the past. Fire 
suppression activities begun in the early 1900's with 
the creation of the National Forest System appear 
to have reduced the frequency of fire analogous to 
that in other areas of the western United States 
(Agee 1991; Wills 1991). 

The work reported here was undertaken as a first 
step in the study of temporal and spatial changes 

in stand structure and patch mosaics of forested 
landscapes in northern California. The objectives 
of this work were to answer the following ques- 
tions: 1) what are the characteristic sizes and shapes 
of openings in these forests, 2) how have these char- 
acteristics changed over time, and 3) how have dis- 
tances between openings changed? 

This initial work focused on relatively unman- 
aged forested landscapes in order to provide a base- 
line of dynamics for comparing more manipulated 
landscapes. It is necessary to understand the dy- 
namics of the less managed landscapes in order to 
appropriately assess changes in managed land- 
scapes. Finding completely unmanaged landscapes 
is essentially impossible in California forests. Fire 
suppression has been ubiquitous, and there is very 
little forest that has not been affected. 

2. Description of the study area 

The study area encompassed portions of the Dillon, 
Clear and Swillup Creek watersheds (24,600 ha) 
near Happy Camp in the Klamath National Forest, 
California (approx. 41"42'N, 123"35'W). The ge- 
ology of the area is complex, with four general litho- 
logic types having been described: 1) metasedimen- 
tary, 2) granitic, 3) ultramafic and 4) quaternary 
landslide types. The general topography consists of 
steep slopes (45 - 85%) averaging approximately 
60% (USDA Forest Service 1990). Elevations range 
from approximately 250 m to >2000 m. 

The mixed evergreen forests characteristic of the 
area have been described by Bingham and Sawyer 
(1991) and Sawyer et al. (1977). Other important 
forests in the area are the mixed conifer forest 
found in middle-to-higher elevations and the more 
or less open mixed conifer with shrub or hereba- 
ceous understory found on the ultramafic sites. 
These later forests have been described by Sawyer 
and Thornburgh (1977), Sawyer et al. (1977), and 
Whittaker (1960). 

The complex geology, topography and zonation 
of the vegetation contribute to variable landscape 
patterns. 

The climate is modified Mediterranean character- 
ized by warm, dry summers and cool, wet winters. 
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Approximately 90% of the precipitation falls from 
October through May with the remainder coming 
from occasional summer thunderstorms. Average 
annual precipitation ranges from 1120 mm to 2000 
mm, generally increasing with elevation (USDA 
Forest Service 1990). The dry summers create 
severe fire weather in most years between July and 
September (Wills 1991). 

There has been relatively little human distur- 
bance other than fire suppression activities in the 
study area. A large portion of the study area is in- 
cluded in the Siskiyou Wilderness, and much of the 
remaining area was inventoried as Roadless Area 
until released for multiple-use management by the 
Congress in 1984 (USDA Forest Service 1990). 

Fires were undoubtedly the most frequent and 
widespread disturbance factor affecting landscape 
dynamics before the creation of the National Forest 
System (Atzet and Martin 1992; Atzet and Wheeler 
1982). Analysis of fire scars from a few widely scat- 
tered, individual trees in adjoining watersheds sup- 
ports the scenario of frequent fire (mean 8-24 yr 
between fires) before 1900 (unpublished data on 
file). Fire suppression activities began in the first 
decade of this century but were not effective until 
the late 1940’s (Wills 1991). 

3. Methods 

3. I .  Data collection 

Both ephemeral openings (gaps from various forms 
of disturbance) and more permanent openings 
(such as those edaphically or otherwise physically 
controlled) were included in this study. An opening 
was defined as an area of approximately 0.1 hec- 
tares or larger, occupied by vegetation made up of 
herbs, shrubs, or trees (conifers or hardwoods) no 
greater than 1/3 the height of the surrounding 
stands and/or occupied by rock, soil or water. 

Fifty random sample points were selected on 
1 :24000 topographic maps. These sample points 
were located on each of two sets of approximately 
1:16000 aerial photographs for the study area, one 
from 1944 and one from 1985. Data collected for 
each sample point were: 1) distance from sample 

point to the edge of the nearest opening (first open- 
ing), 2) distance from the edge of the first opening 
to the edge of its nearest neighbor (second open- 
ing), 3) perimeter of each opening (including the 
perimeter of any islands), 4) area of each opening 
(excluding the area of any islands), and 5 )  the non- 
opening area around each opening closer to it than 
any other opening. Where a sample point fell within 
an opening, that opening was treated as the first 
opening with a distance from the sample point of 0. 
No attempt was made to ensure that the openings 
sampled in the 1944 earial photos were those sam- 
pled in the 1985 photos. The locations of the 50 ran- 
dom sample points were the same in both periods. 

3.2. Data analysis 

Three shape and form indices were calculated to de- 
termine which may be more useful for describing 
changes in spatial characteristics. 

A description of regional form as a fractal di- 
mension for the landscape (e.g., De Cola 1989) was 
derived for both the 1944 and 1985 data. The index 
was determined by regressing opening perimeter 
against opening area (cf. O’Neill et al. 1988). 
Difference between the regional forms of the two 
time periods was determined using a t test for dif- 
ferences in the slopes (112 the fractal dimension). 
This index will be referred to as the index of land- 
scape form (ILF). 

Two additional indices were calculated for each 
opening from the perimeter and area measurements 
for each time period. These indices were shape (C) 
(Rex and Malanson 1990) and fractal dimension 
(D) (Krummel et al. 1987). The fractal dimension 
(D) as used here is considered an index of shape for 
individual openings with no assumption as to self- 
similarity over a variety of scales (Milne 1991). 
These indices were used to describe the complexity 
of the opening shapes by comparing perimeter to 
area for each opening. The indices of D and C are 
expected to increase as complexity of the shape in- 
creases. 

Other popular shape indices, such as the patch 
shape index (Forman and Godron 1986) and com- 
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Table I. Summary of opening characteristics measured in 1944 and 1985 aerial photographs. 

Median Maximum Yr. P' Mean SD Minimum 

Area (hectares) 0.002 
1944 0.53(0.48)2 0.43(0.44) 0.09(0.08) 1.05(0.71) 297.8(297.8) 
1985 0.27(0.25) 0.3 l(0.29) 0.07(0.07) 0.33(0.29) 54.6(54.6) 

1944 0.75(0.67) 0.85(0.89) O.lO(0.16) O.gg(0.81) 45.6(45.6) 
1985 0.39(0.37) 0.59(0.58) 0.14(0.14) 0.45(0.39) 16.8(16.8) 

4 4 0 12 232 1944 
1985 4 4 0 26 202 

1944 17.9 28.1 5 23 145 
1985 19.2 27.8 7 25 132 

1944 1 SO( 1 SO) 0.07(0.06) 1.32(1.32) 1 SO(1 SO) 1.66(1.66) 
1985 1.49(1.49) 0.04(0.05) 1.40(1.40) 1.49(1.50) 1.59(1.59) 

Perimeter (kilometers) 0.017 

Distance 1   meter^)^ 0.001 

Distance 2  meter^)^ 0.004 

D (fractal dimension) 0.153 

1 P i s  the probability of the characteristic being from the same population in the two time periods as determined using the Kolmogorov- 
Smirnov two-sample test. 
The value shown outside of the parentheses is for the 50 openings closest to the sample point. The value shown within the parentheses 
is for all 100 openings measured. 

3 Distance 1 is the distance from the randomly selected sample point to the nearest (1st) opening. 
4 Undefined because the procedure used to calculate the Mean and SD here requires division by 0. 
5 Distance 2 is the distance from the 1st opening to its nearest neighbour opening. 

pactness index (Griffith et al. 1986), were consid- 
ered. However, since patch shape and compactness 
indices are influenced by size, especially when the 
objects in question exhibit a wide range of sizes, 
they are questionable as shape indices (Austin 1984, 
Griffith et al. 1986). The interpretation of shape be- 
comes difficult to separate from the influence of 
size. Because a large range of sizes of openings was 
expected in this study, these shape indices were con- 
sidered not appropriate here. Once the influence of 
size is accounted for , these indices behave similarly 
to the fractal dimension D noted above. 

Differences in indices and spatial characteristics 
between the two time periods were tested using the 
nonparametric Kolmogorov-Smirnov (KS) test 
(Davis 1986). To account for unequal probabilities 
of opening selection associated with the openings of 
different sizes, each was weighted prior to testing in 
the KS test by the following. 

w. = Xi 
' L * P i  1 

pj 

Where: 
w. = 

X .  = 
p. = 

p. = 
J 

weighted value i of variable of interest. 
measured value i of variable of interest. 
probability of selection of value i for variable 
of interest. Pi is determined as the propor- 
tion of the total study area represented by 
opening i and the area surrounding opening 
i closer to that opening than any other (the 
Theissen polygon of that opening) (Overton 
1 993). 
probability of selection of valuej for an ob- 
servation of the variable of interest where 
j = 1 t o n .  

An estimate of the total area occupied by openings 
in each time period was made using the estimation 
procedure for variable probability sampling as 
described by Overton (1993). The average area of 
the openings for each time period was determined 
using procedures to describe the properties of 
mosaics as explained by Upton and Fingleton 
(1985). 
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Fig. 1. Percentile plots of A) area and B) perimeter of openings illustrating how the openings on the 1944 aerial photographs tend to 
be larger than those found on the 1985 aerial photographs. 
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Fig. 2. Histograms of A) number of openings sampled in each size class and B) proportion of total sampled area represented in each 
opening size class. 

4. Results 

All results reported here are based upon analyzing 
the 50 openings nearest the randomly located sam- 
ple points. Accounting for the variable probability 
of these 50 openings can be done without problem 
(Overton 1993). The characteristics of all 100 open- 
ings (the 50 nearest neighbor pairs) were also deter- 
mined (Table 1). However, an appropriate way to 
account for variable probability of the nearest 
neighbor opening in this type of sampling scheme is 
not clear. Therefore, the 50 nearest neighbor open- 
ings were not used in the analyses reported below. 

The data are highly skewed as is often the case 
with spatial data (Davis 1986). Therefore the data 
are displayed in quartiles and ranges (Table 1) in 

order to provide more information than would be 
the case if only means and standard deviations were 
used. 

4.1. Sizes of openings 

Openings decreased in area and perimeter between 
1944 and 1985 (Fig. 1). The median area and peri- 
meter of the openings in 1944 were more than twice 
those of 1985 (Table 1). The estimated proportion 
of the landscape occupied by openings in 1944 was 
25.8% (6340 ha) and in 1985 was 15.6% (3845 ha). 
This latter difference is significant (PC .001) and 
amounts to approximately a 39% reduction in the 
area occupied by openings. 
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Fig. 3. Percentil plots illustrating increases between 1944 and 1985 in A) distance to nearest openings (m+ 1 necessary because log of 
0 is undefined) and B) distance between nearest neighbor pair for each sample point. 
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Fig. 4. Plot of perimeter against area for 1944 and 1985. 

Smaller openings were more common than larger 
openings in both time periods (Fig. 2A). However, 
larger openings occupied a much larger portion of 
the total area of openings in 1944 than in 1985 (Fig. 
2B). The proportion of area in the intermediate 
sizes does not appear to have changed as markedly. 

4.2. Distances 

Both the distances from the 50 randomly chosen 
sample points to the nearest opening and the dis- 
tances between each nearest neighbor were greater 
in 1985 than in 1944 (Fig. 3). The median distance 
from sample points to the first openings had dou- 
bled between 1944 and 1985 (Table 1). The sample 
point location fell within 15 openings (30% of total) 
in 1944 and 5 openings (10% of total) in 1985. 

The changes in sizes of openings and distances 
between them indicate that openings were filling in 
between 1944 and 1985. 

4.3. Shape Indices 

There was no significant difference between 1944 
(1.35, R2=.946, Pc.001) and 1985 (1.44, R2= 
.970, P< .001) in the ILF. The slopes of the regres- 
sion equations did not differ significantly (P= .09) 
(Fig. 4). 

The index C appears to be related to size of the 
opening (Fig. 5B). Since the interpretation C could 
be confounded by the size of the openings, and 
since size has already been assessed, this index was 
dropped from further analysis. 

No significant difference (Table 1) in the index D 
between 1944 and 1985 was found (Fig. 6). This in- 
dicates no significant change in the complexity of 
opening shapes between the two time periods even 
though there has been a change in size. 

There is a larger range of values for D at smaller 
opening sizes. As the openings become larger the 
value of D approaches the mean (Fig. 5A). This pat- 
tern is similar in both 1944 and 1985. 

5. Discussion 

There have been significant changes in the spatial 
characteristics of the openings in the landscape 
studied between 1944 and 1985. The primary differ- 
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ences between the characteristics in the 1944 and 
1985 aerial photographs were that the openings in 
1985 were smaller, with greater distance from the 
random sample ,points and between the pairs of 
nearest neighbors. These patterns of change are 
consistent with that expected under a fire suppres- 
sion management regime (Kilgore 198 1). 

The openings did not become smaller simply by 
shrinking. They appear to have closed off at fingers 
and lobes, thus leading to fragmentation of the 
original openings (Fig. 7). Many of the larger open- 
ings had islands within them in 1944. By 1985 many 
of these islands had grown together and pinched off 
sections of the original opening. Thus what was a 
single opening in 1944, rather than just becoming a 
single smaller opening, often became a number of 
smaller openings by 1985 because of this pattern of 
fragmentation. As a result, both the first and sec- 

m 
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x 

0 

Fig. 7. Schematic representation of general pattern of fragmen- 
tation and shrinking of openings from A) 1944 to B) 1985. 

ond openings selected for a single point in 1985 may 
have been portions of a single opening in 1944. The 
pattern of fragmentation may account for the large 
increase in proportion of area in openings of the 
smaller sizes during the 41 yr. 

Only three of the openings sampled in 1985 did 
not exist in 1944. One of these new openings was 
formed as a tree fall gap, while the other two were 
the result of landslides caused by the flood of 1964. 
All other openings measured in 1985 were remnants 
or fragments of those existing in 1944. 
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The distance from the randomly located sample 
points to the nearest opening and between openings 
increased significantly from 1944 to 1985. The in- 
crease in distance between openings along with the 
reduction in size and total area of openings could 
favor species that rely on interior habitat at the ex- 
pense of those associated with edge, openings, or 
mosaics of habitat. The pattern of change suggests 
a more continuous cover of forest has developed 
with a finer grain and less variation in the pattern 
of forest and openings. 

There has been little change in the complexity of 
the shape of the openings, at least for the openings 
closest to the sample points. The comparisons of 
I,, as well as D indicate no significant change in 
characteristic shape of the openings measured. This 
was not expected in light of the removal of the in- 
fluence of fire in this landscape. However, if all 100 
openings are considered, there is a significant dif- 
ference in I,, (P= .011) between the two periods. 
The index for 1985 (1.41, R2=.955,  P<.OOl) 
shows a somewhat more complex opening form 
than in 1944 (1.34, R2= .938, P <  .001). If there is 
indeed a trend toward a more complex landscape 
structure, it would be more in concert with what 
might be expected in this landscape in the absence 
of fire. In a landscape as topographically complex 
as the study area, fire severity and resulting vegeta- 
tion patterns would be expected to be influenced 
greatly by topography. This would lead to vegeta- 
tion patterns more or less following topographic 
trends. The form of these patterns, at the scale con- 
sidered in this study, would potentially be relatively 
simple. In the absence of fire, the vegetation pat- 
terns would be expected to be influenced more by 
local site conditions at a smaller scale than by the 
general topography. 

A phenomenon observed but not measured was 
an apparent increase in the density of the forest 
canopy in stands adjacent to the openings. In the 
1944 photographs it was not unusual to be able to 
see between the crowns of the trees to what ap- 
peared to be lower layers (shrub/herb/litter). For 
the same stands in the 1985 photographs it was un- 
common to be able to see through the canopy to 
layers lower than what appeared to be an interme- 
diate layer of hardwoods and/or young conifers. 

This observed change in stand density would be ex- 
pected with the removal of the influence of fire 
(Parker 1987). 

6. Conclusion 

Spatial characteristics of this forested landscape 
have changed considerably from 1944 to 1985. Be- 
tween 1944 and 1985 sizes of opening have decreased 
as distances between them have increased. Before 
the initiation of fire suppression activities, frequent 
fires were characteristic of landscapes in the vicinity 
of the study area. The changes observed are con- 
sistent with changes that would be expected when 
fire is removed from a landscape where frequent, 
low-moderate severity fire was a common ecologi- 
cal process. There was no detectable change in the 
characteristic form or shape of the openings over 
the 41 years. The ranges of values for all variables 
measured were greater in 1944 compared to 1985, 
suggesting a more diverse landscape mosaic in 1944 
than in 1985. 
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