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Abstract: Using hemispherical photography and digital im- 
age analysis, we have quantifed forest canopy structure and 
light conditions at monarch butterfly (Danaus plexippus) 
overwintering sites near Santa Barbara, California Hemi- 
spherical photographs were taken from 1.75 m height in 
more than 30 forest groves, including permanently occupied 
transient, formerly occupied and unoccupied sites. Analysis 
of the photographs permitted us to calculate site factors that 
quantify the proportion of indirect and direct rudiation re- 
ceived relative to completely open conditions. The perma- 
nently occupied sites exhibited a narrow range of indirect 
rudiation and a slightly wider but still narrow range of an- 
nual direct rudiation Transient sites exhibited a wider range 
of indirect and annual direct radiation than the permanent 
sites. Within the largest aggregation site, horizontal and ver- 
tical variation in site factors was considerable. Changes in 
monthly direct rudiation with height may be unpredictable 
and reduce confidence in extrapolations from near ground 
level to the height of butterfly clusters. Sites that formerly 
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Resumen: Utilizando la fotografi'a hemisf&ica y el analisis 
de imagenes digitales hemos cuantificudo la estructura del 
dosel del bosque y las condiciones de luz en los lugares de 
invmacion de la mariposa monarca (Danaus plexipus) 
cerca de Santa Barbara, California L a s  fotografhs hemisfe- 
ricas se tomaron desde una altura de 1.75 m, en m h  de 30 
lugares de muestreo en el bosque que incluyen areas ocupa- 
das permanentemente, transitoriamente o inicialmente y dr- 
eas sin ocupar. Con el analisis de las fotografi'as se calcu- 
laron factores del lugar que cuantificaron la proporcidn de 
la rudiacion indirecta o directa recibida en relacion a condi- 
ciones comp letamente abiertas. Los lugares ocupudos pw- 
manentemente exhibieron un rango estrecho de rudiacion 
indirecta y un nivel ligeramente mas amplio, per0 aun es- 
trecho, de rudiacion directa anual. Los muestreos en 10s 
lugares transitorios exhibieron un nivel mayor de rudiacion 
indirecta y un nivel mayor de radiacion directa anual en 
comparacion con los sitios permanentes. Dentro del lugar de 
mayor concentracion, la uariacion horizontal y vertical en 
10s factores del lugar fue considerable. Los cambios en la 
radiacion directa mensual en relacion a la alturapueden ser 
impredecibles y disminuye la confiabilidud para hacer ex- 
trapolaciones de areas desde cerca del nivel del suelo basta 
la altura de lus congregaciones de mariposas. Los lugares en 
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supported aggregations and since have had trees removed 
exhibited high indirect and direct radiation and apparently 
are now too open to support butterflies. We simulated pro- 
posed tree removals at two sites by editing digitized canopy 
photographs, which enabled us to predict resultant changes 
in indirect and direct radiation. These results provide quan - 
titative guidelines for silvicultural management to main- 
tain and enhance remaining aggregation sites along the Cal- 
ifornia coast. 

Introduction 

Monarch butterflies, Danaus plexippus, migrate long 
distances from late summer breeding grounds to over- 
wintering sites where they annually aggregate in partic- 
ular forest groves. Monarch populations that breed east 
of the Rocky Mountains migrate to the mountains of 
central Mexico (Urquhart & Urquhart 1976, 1978; 
Brower et al. 1977). Monarchs that breed west of the 
Rockies migrate to the Pacific coast (Urquhart & Ur- 
quhart 1977). Many overwintering sites in Mexico and 
California are threatened by lumbering, land develop- 
ment, overuse by visitors, tree senescence, drought, and 
insect pests. Declines in this essential habitat pose sub- 
stantial risks to the health and long term persistence of 
the “monarch migration phenomenon” (Brower & Mal- 
colm 1989). 

On the Pacific coast of North America, monarch but- 
terfly aggregation sites are distributed along more than 
500 miles of coastline from Bolinas (Marin County) to 
northern Baja California (Sakai et al. 1989). Virtually all 
of these forest groves are within a kilometer of the Pa- 
cific Ocean, which moderates low winter temperatures 
and diurnal temperature fluctuations (Chaplin & Wells 
1982). Subfreezing temperatures, high winds, and heavy 
rains or snow can cause direct mortality of monarchs 
(Calvert et al. 1983). Conversely, higher temperatures 
increase metabolic rates of adult monarchs, rapidly de- 
pleting their lipid reserves, and dry conditions can lead 
to dessication (Chaplin & Wells 1982; Masters et al. 
1988). Shelter from strong winds also appears to be an 
important habitat characteristic (Leong 1990). Protec- 
tion against such weather extremes is reliably found in 
western North America only in forest groves along the 
coast of central and southern California. 

Most of the groves within which monarchs aggregate 
are dominated by Eucalyptus globulus (blue gum), a 
broadleaf evergreen species introduced to California in 
the late 1800s. Aggregation sites also occur within a few 
stands of Monterey pine (Pinus radiata) and Monterey 
cypress (Cupressus rnacrocalpa), native evergreen spe- 

10s que incialmente se congregaban y en donde desde en- 
tonces se ban cortado algunos arboles, presentaron mayor 
radiacion indirecta y direct4 y aparentemente ahwa estan de- 
masiado apuestos para alojar a las mariposas Nosotrossim- 
ulamos la tala de arboles propuesta para dos lugares, ed- 
itando las fotografias digitales del docel y entoncespudimos 
predecir 10s cambios resultantes en la radiacion directa e 
indirecta. Estos resultados ofrecen lineamientos cuantita- 
tivos para el manqio silvicola para mantener y realzar los 
lugares de congregacion de la mariposa que quedan a h  a lo 
largo de la costa de California 

cies that have been planted widely outside their narrow 
natural ranges. 

Forest canopy structure is a primary determinant of 
microclimatic conditions within forest stands. Foliage 
intercepts solar radiation and wind to create an envi- 
ronment that is cooler, calmer, and more humid than 
that outside groves (Geiger 1965). Researchers have 
noted that monarch aggregation sites appear to have a 
characteristic canopy structure with moderate cover 
(Sakai et al. 1989), but no quantification of forest can- 
opy structure has been reported to date. 

Forest canopy structure is one of the few character- 
istics of monarch habitat that managers can both quan- 
tlfy and manipulate. Indeed, management of forest struc- 
ture with standard silvicultural techniques is the only 
logistically feasible means of modlfying insolation, wind, 
and relative humidity within a forest stand. Quantifica- 
tion of forest stand structure at monarch aggregation 
sites is a necessary first step in developing effective con- 
servation and management plans for the monarch but- 
terfly. 

Hemispherical (fisheye) photography appears to be 
the best available technique for quantlfying forest can- 
opy structure (Anderson 1964; Pearcy 1989; Bunnell& 
Vales 1990; Rich 1990). The technique has been widely 
used in plant ecology ( e g  Anderson 1964; Pearcy 1983; 
Chazdon & Field 1987~; Neumann et al. 1989). It has 
also been used in studies of animal habitats, including 
bird nest surveys (Burger 1972), light environments 
and herbivory (Lincoln & Mooney 1984), and microsite 
utilization by butterflies (Warren 1985). Until recently, 
hemispherical photographs were analyzed by hand with 
overlaid sampling grids - a slow and error-prone pro- 
cess. Recent advances in digital image analysis now al- 
low rapid and accurate analysis of large numbers of pho- 
tographs (Chan et al. 1986; Chazdon & Field 19876; 
Rich 1988, 1989, 1990; Becker et al. 1989). 

In this study, we use hemispherical photography to 
quantlfy forest canopy structure in monarch butterfly 
overwintering habitats. With digital image analysis we 
calculate the amount of diffuse and direct light pene- 
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trating the canopy to points from which photographs 
were taken. We document the range of existing light 
conditions within and surrounding present monarch ag- 
gregation sites, and at former aggregation sites that have 
been altered by tree removal. Importantly, the digital 
image analysis system allows us to edit the digitized 
images and thus simulate the effects of tree removals on 
light conditions. By establishing the range of canopy 
structure correlated with monarch butterfly aggrega- 
tions, this study can help predict effects of changes in 
canopy structure caused by tree growth, death, and re- 
moval. Lastly, this study documents the value of hemi- 
spherical canopy photography for conservation re- 
search that requires quantification of forest structure 
and light conditions. 

Materials and Methods 

Studies were undertaken during January 1990 at a series 
of monarch butterfly aggregation sites in Santa Barbara 
County, California. Some sites support aggregations 
throughout the overwintering season (October through 
March) and are referred to here as “permanent sites.” 
“Transient sites” support aggregations for only part of 
the season. “Former sites” are those that once supported 
aggregations but no longer do so. 

Hemispherical photographs were taken through a 
Nikkor E/4 hemispherical lens (180” field of view) fitted 
on a Nikon F2 body with a Nikon M F l 6  databack, using 
Kodak Tri-X (ASA 400) film and a red filter to increase 
contrast between sky and foliage. The camera and lens 
were held in a custom-made mount that leveled the 
lens. All photographs were taken with magnetic north 
oriented to the top of the image, allowing simulation of 
the solar path during analysis. Most photographs were 
taken 1.75 m above the forest floor, although a limited 
number of photographs were taken at approximately 7 
m, with the photographer holding the assembly over- 
head while standing on a 3-meter-high folding ladder. 
Most photographs were taken near sunrise or sundown 
to prevent direct sunlight in the field of view. Midday 
photographs were taken in local shade. 

Where monarchs were present, the photographs were 
taken directly below the butterfly clusters. In forest 
stands where no clusters were present, photographs 
were taken from a central location in the forest stand. 
Photographs were also taken along a transect running 
south to north from forest edge to forest edge through 
the most extensive aggregation site at Ellwood Main. 

Photographs were analyzed with a microcomputer 
image analysis system using the program CANOPY (Rich 
1988, 1989, 1990; Rich et al. 1989). This system allows 
for input of backlit negatives with a video camera, dig- 
itization with a video framegrabber, interactive deter- 

mination of an intensity threshold that distinguishes 
openings from foliage, correction for the projection of 
the lens on the film and for lens distortion, and quanti- 
fication of the geometric distribution of the openings to 
produce estimates of the amount of indirect and direct 
solar radiation that is expected to penetrate the open- 
ings. 

Understory light conditions are characterized by two 
“site factors” - indirect site factor (ISF) and direct site 
factor (DSF) (Anderson 1964). The term “site factor” 
comes from analysis of lighting conditions in architec- 
ture and is defined as the proportion of potential solar 
radiation (indirect or direct) that reaches a given point 
(Walsh 1961). Site factors range from 0 (a completely 
blocked sky) to 1.0 (completely open sky). Indirect ra- 
diation is light scattered by the atmosphere or clouds; it 
is relatively uniform across the sky and has a low energy 
flux density. In contrast, direct beam radiation emanates 
from the solar disk, is highly directional, and has a high 
energy flux density. We did not perform a cosine cor- 
rection of ISF and DSF relative to a horizontal surface (as 
is common for some applications) because we were in- 
terested in potential solar radiation from any sky direc- 
tion. 

Indirect site factor is the proportion of indirect solar 
radiation that penetrates the canopy from any sky direc- 
tion. If the energy flux density of indirect radiation is 
assumed to be evenly distributed across the sky, then 
ISF is a measure of canopy openness weighted equally 
across all sky directions. ISF does not change through 
the year in these evergreen forests. ISF is an excellent 
measure of canopy openness as seen from beneath the 
canopy and serves as a correlate for interrelated micro- 
climatic factors such as overall heat balance, rate of ra- 
diative heat loss to the night sky, humidity, and wind 
penetration. 

Direct site factor is the proportion of direct radiation 
that penetrates the canopy. CANOPY calculates the an- 
gular coordinates (zenith and azimuth direction) of the 
sunpaths as they change through the day and through 
the year. From the intersection of sunpaths with canopy 
openings, CANOPY calculates annual DSF and monthly 
DSFs. Here, we have also calculated a winter DSF, the 
average of the monthly DSFs for October through Feb- 
ruary. 

Because most hemispherical photographs were taken 
at 1.75 m above ground level, they provide only indirect 
measurements of the highly site-specific light conditions 
(particularly DSF) at the heights at which the butterflies 
cluster - generally 5 to 25 m above ground. Measure- 
ments at 1.75 m and those taken higher in the canopy 
are expected to be correlated, especially where under- 
story vegetation is not dense. A dense understory can 
obscure overstory structure (Rich 1990). Identlfying 
such a correlation is complicated by shifts in the angular 
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position of canopy openings with height. In an initial 
exploration of this important issue, we examined verti- 
cal variation in ISF and DSF at several subsites within the 
Ellwood Main grove at heights of 1.75 m and 6.5 m. 

Environmental changes brought by tree growth and 
senescence, wind throw, and human disturbance of 
many kinds may affect ISF and DSF. The editing capabil- 
ities of CANOPY were used to remove the canopies of 
particular trees from the images and assess resultant 
changes in ISF and DSF. This procedure helps predict 
changes in light conditions that occur as trees are re- 
moved or planted, or as buildings are constructed in or 
near monarch aggregation sites. 

Results 
Example Photographs 
The analysis includes a total of 33 hemispherical pho- 
tographs (Table 1). Six photographs are shown as ex- 
amples of the range of conditions observed in this study 
(Fig. 1). Photos l a  and l b  are of unoccupied sites with 
low ISF and DSF. Photos lc and Id are of permanently 
occupied sites. Photo l e  illustrates the apparent upper 
limit of canopy openness for monarchs; this site sup- 
ports only a small transient aggregation. Photo If 
(Thinned Grove) is of a former site that was thinned of 
understory and moderate-sized trees and does not cur- 
rently support monarchs. It exhibits extremely high ISF 
and DSF. 

The qualitative observations that particular canopy 
structures are correlated with monarch butterfly aggre- 
gation sites are confirmed by ISF and annual DSF data 
plotted as a scattergram on ISF and annual DSF axes (Fig. 
2a). ISF for occupied sites (both permanent and tran- 
sient) ranges from .17 to .28; permanent sites range 
from .19 to .22. Yearly DSF at all occupied sites ranges 
from .07 to .30, while permanent sites again exhibit a 
smaller range than the transient sites (.17 to .24).  

Winter DSF does not appear to be as well correlated 
with the presence of butterfly clusters (Fig. 2b). 
Ground-level winter DSF at Cementerio (one of the larg- 
est permanent sites), for example, is extremely low 
( . 0 4 )  (Table 1) as a result of dense foliage to the south 
that blocks low winter sunpaths (Fig. Id). Winter DSF at 
the small transient site at Llano Avenue is high (.35), 
indicating that the canopy is relatively open to the 
south. Winter DSF at a given site is usually lower than 
yearly DSF, because foliage in these forest stands tends 
to be denser along low winter sunpaths. However, a 
canopy gap along winter sunpaths may allow a high win- 
ter DSF at a particular site, such as that at Llano Avenue. 

Within-site Variation in ISF and DSF 

HORIZOWAL VARIATION 

Within a large aggregation site, both ISF and DSF can 
vary over short horizontal distances. Along a 130 m 

Table 1. 
hemispherical photographs were taken. status refers to occupancy 
status-permanent sites support monarch buttertlies through 
entire overwintering seasons; transient sites support butterflies 
for only portions of overwintering seasons; unoccupied sites do 
not support or attract monarch buttertlies; and former occupied 
sites support large numbers in the recent past, but no longer do 
so. Superscripts a-f refer to sites illustrated in Figures la-f. 

Characteristics of monarch aggregation sites in which 

Winter 
Site Status ISF DSF DSF 

Ellwood Main' 
Cementeriod 
Cementerio 2 
Tecolote 
Arroyo 10 m 
Arroyo - 10 m 
Arroyo 30 m 
Arroyo -20 m 
Arroyo - 30 m 
W. Ellwood 
N. Ellwood ( 1988) 
N. Ellwood 
E. Ellwood 
Ellwood Ck Bot 

Ellwood 10d 
Ellwood 12g 
Coronado" 
Llano Ave. 
Wilcox Mesa 
Honda Valley 
Butterfly Lane 
Arroyo 70 m 
Arroyo 50 mh 
Arroyo - 50 m 
Arroyo -60 m 
Forest 20 ma 
Forest 40 m 
Music Acad. NW 
Music Acad. S 
Music Acad. E 
Music Acad. Int. 
Thinned Grove' 

Ellwood -2p 

Perm 
Perm 
Perm 
Perm 
Perm 
Perm 
Trans 
Trans 
Trans 
Trans 
Trans 
Trans 
Trans 
Trans 
Trans 
Trans 
Trans 
Trans 
Trans 
Trans 
Trans 
Trans 
Unocc 
Unocc 
Unocc 
Unocc 
Unocc 
Unocc 
Former 
Former 
Former 
Former 
Former 

,214 
,192 
.207 
.198 
,190 
.226 
,215 
,191 
,232 
,214 
,261 
,220 
,201 
,197 
.187 
,197 
.160 
,282 
,230 
.283 
,215 
,225 
,110 
.196 
.305 
,396 
,137 
.265 
,308 
,265 
,409 
,199 
,476 

.205 

. 1 38 
,162 
,227 
.177 
.249 
,214 
.197 
,250 
,216 
,277 
.227 
,071 
,203 
,180 
,250 
,193 
,297 
,268 
274 
,279 
.225 
,162 
,159 
,118 
,298 
.129 
.242 
,366 
,483 
,316 
.235 
,593 

,182 
.039 
.037 
,183 
,101 
.202 
,059 
,070 
,150 
.068 
,127 
,208 
,048 
.122 
,050 
,168 
.126 
,309 
.351 
.230 
,177 
,155 
,314 
.lo8 
,059 
,096 
,071 
,216 
.347 
,566 
,251 
.300 
,506 

north-south transect from forest edge to forest edge 
through the Ellwood Main site, ISF ranged from .l 1 to 
.40 and DSF from .12 to .30 (Fig. 3a). On the coast side 
of the transect (50 and 70 m from the center of the 
aggregation) the canopy is dense and ISF and DSF are 
low. On the inland side ( - 50 to - 60 m), the canopy is 
more open and ISF is high. At - 40 m and - 50 m the 
disparity in ISF (high) and DSF (low) is great because 
canopy cover is most dense to the south along monthly 
sunpaths. Similarly, the low ISF and high DSF at the for- 
est edge (70 m) is the result of a canopy that is dense 
overhead and to the north, but relatively open to the 
south. 

Winter DSF also varies along the same transect (Fig. 
3b). The high winter DSF at the center of the Ellwood 
Main site results from the large canopy opening low in 
the southern sky (also see Fig. lc). High winter DSF in 
the center of the aggregation site suggests that winter 
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Figure 1. Hemispherical photographs of a sample of sites. l a  and I b  are unoccupied sites with low ISF and 
DSfi Ic and Id  are the centers of the two largest permanent sites (Ellwood Main and Cementerio); l e  (Coro. 
n d o )  illustrates the upper limit of canopy openness that attracts monarchs; If is a grove that has been 
thinned of understory and moderate-sized trees See Table I for ISF and DSF at each site. 

and even monthly DSF may play a role in determining 
microhabitat use within large aggregation sites, but we 
cannot make any assertions regarding microhabitat use 
without further data. 

n m a ~  VARIATION 

ISF and yearly DSF are generally higher at 6.5 m than at 
1.75 m, but the increases are not necessarily large (Ta- 
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Figure 2. Scattergram of photographed sites on ISF 
and DSF axes Dark circles are permanently occupied 
sites; squares are transient sites; open circles are un- 
occupied or formerly occupied sites. Note that per- 
manently occupied and transient sites exhibit rela- 
tively narrow ISF and annual DSF ranges (2a). 
Winter DSF at occupied sites exhibits a larger range 
than yearly DSF (2b). 

ble 2). The largest increases in ISF and DSF are at a site 
(12G) with a substantial understory, and the smallest 
increases are at the site with the least understory (Cen- 
ter). 

Monthly DSF appears to be more sensitive to height 
(Fig. 4). Monthly DSF showed a regular pattern at sub- 
site - 2P, with values consistently higher at 6.5 m than 
at 1.75 m (Fig. 4a). The Ellwood center subsite showed 

b 

a 
2 
2 
0 

W 

v) 
k 

0.0 t . I . I . . I . I . 1 . 1 . , 
-80 -60 - 4 0  -20 0 20 4 0  60 80 

DISTANCE (METERS) 

0.04 . 1 . I . 8 . . 1 . . 1 . , 
-80 -60 - 4 0  -20 0 20 4 0  60 80 

DISTANCE (METERS) 

Figure 3. ISF and DSF along a transect from the for- 
est edge on the ocean side through the center to the 
opposite forest edge at Ellwood Main aggregation 
site. Butterfly occupancy status along the transect is 
indicated by dark gray for permanent occupancy 
and light gray for transient occupancy. Much of the 
central portion of the transect exhibits similar ISF 
and yearly DSF (3a). Winter DSF significantly in- 
creases toward the center of the aggregation (3b), the 
result of a large canopy gap along winter sunpaths. 

a more irregular pattern of vertical variation (Fig. 4b). In 
some months, DSF at 1.75 m was higher than at 6.5 m, 
but DSF in other months showed the opposite pattern. 
DSF in December is much lower at 1.75 m than at 6.5 m, 

Table 2. ISF and DSF at different heights at four sites within the 
Ellwood Main grove. 

ZSF DSF Winter DSF 

Site 1.75 rn 7 r n  1.75 rn 7 r n  1.75rn 7 m  
.20 .18 .19 Center .21 .23 .20 

- 2P .19 .19 .18 .22 .05 .09 
12G .18 .23 .19 .28 .13 .18 
1 OD .14 .17 .18 .21 .09 . I 1  
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Figure 4. Vertical variation in monthly DSF at two 
sites, the center of Ellwood Main (same as 0 meters 
in Fig. 3) and a transient site ( - 2P) just east of the 
main aggregation. Note the regular increase in 
monthly DSF with height at subsite -2P  compared 
with the more irregular pattern at Ellwood Main 
center. 

due to the presence of branches and foliage that block 
the low December sunpath (see Fig. lc). 

The inconsistent relationship between ground- and 
mid-level site factors suggests that we cannot reliably 
extrapolate from monthly DSF at 1.75 m to monthly DSF 
at the level of butterfly clusters. Without such extrapo- 
lation or photographs at exact cluster locations, the util- 
ity of this and other finer scale measurements is re- 
duced, especially related to the use of specific locations 
within a grove by monarch butterflies. 

Effects of Forest Changes 

Large numbers of monarchs previously aggregated in 
trees around the Music Academy of the West, approxi- 
mately 10 km east of the large Ellwood Main colony. 
Following severe storm damage a decade ago, many 
trees were removed from this site and the canopy was 
dramatically opened, which apparently destroyed the 
suitability of the site. ISF and DSF are now suitable for 
monarchs at only one site around the Music Academy 

(Music Academy Interior, Table 1 ); however, this grove 
of trees does not attract butterflies, perhaps because of 
its limited area. While ISF at one site west of the Music 
Academy (Music Center S, Table 1) is still within the 
proper range (.26), DSF at this site (.41) is well above 
that found in any currently occupied sites. In a third 
area near the Music Academy, a grove of Eucalyptus 
that was recently thinned exhibits the highest ISF and 
DSF of any grove photographed (Thinned Grove, Table 
1 and Fig. lf). 

In one grove, Coronado, several trees were removed 
in an attempt to increase suitability for monarchs (A. 
Wenner, personal communication). ISF and DSF at this 
site currently appear to be too high for either a perma- 
nent or a transient aggregation. Tree growth within and 
around the edges of the grove, however, may decrease 
both ISF and DSF so that the site may become more 
suitable for monarchs in the future. Importantly, this 
photograph (Fig. l e )  provides a baseline from which 
future changes in this grove may be assessed. 

Predicting the Effects of Tree Removals 

The above observations on the effects of tree removals 
on ISF and DSF do not facilitate rigorous comparisons of 
"before" and "after" site factors. The program CANOPY, 
however, allows us to edit digitized images to simulate 
the effects of tree removals, tree growth, and building 
construction on ISF and DSF. The canopies of particular 
trees were removed from images of two sites, Tecolote 
and Butterfly Lane, to predict changes in site factors that 
may be brought by proposed real estate developments. 

The Tecolote site lies in an arroyo and supports a 
permanent aggregation. Tree removal at Tecolote along 
the path of a proposed road would greatly open the site 
toward the south (Fig. 5a) and increase ISF and DSF 
substantially (Table 3). Two scenarios are considered: 
(1) minimal tree removal (with north as 0", trees that 
fall between 194" and 239" azimuth), and (2)  virtually 
complete tree removal along the road (between 179" 
and 257" azimuth). Both scenarios widen the existing 
canopy gap along the stream bed. The minimal removal 
scenario increases ISF to .22 and annual DSF to .27, at 
the upper end of the DSF range of occupied sites. The 
maximal removal scenario increases ISF to .28 and an- 
nual DSF to .37, both out of the range observed for 
occupied sites. 

The effect of both scenarios on monthly DSF, partic- 
ularly in winter, is striking (Fig. 5b). Trees that would be 
removed include those that block substantial portions of 
October through February sunpaths; thus, wintertime 
light levels would increase substantially. The probable 
result of tree removal is that the site will become less 
acceptable overwintering habitat for monarch butter- 
flies. At best, minimal removal would drive the monarch 
clusters deeper into the forest surrounding the drainage. 
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Figure 5. (a) Hemispherical photograph at Tecolote 
showing present canopy structure. (b) Maximum tree 
removal scenario at Tecolote. The white areas repre- 
sent that portion of the canopy removed under the 
maximal removal scenario (trees removed between 
1 79a to 257). (c) Effect of tree removal scenarios on 
monthly DSF. The minimal removal scenario 
increases DSF during overwintering months from 
between 0.15 and 0.20 to between 0.25 to 0.30. The 
maximal removal scenario increases DSF during the 
same months to well above 0.35. 

MAXIMAL 
REMOVAL 

MINIMAL 
REMOVAL 

PRESENT 

Maximal tree removal would probably cause monarchs 
to abandon the site. 

The second site for which development is proposed, 
Butterfly Lane, supports a transient monarch aggrega- 
tion early in the overwintering season. The trees pro- 
posed for removal are in the SE quadrant of the canopy, 
so their removal may increase DSF. However, the pro- 
portion of the total canopy removed is relatively small. 
Digital removal of these trees increases ISF from .23 to 
.26, and annual DSF from .23 to .28 (Table 3),  at the 
upper end of the range observed at other occupied sites. 
Construction of a 8 m in height house decreases ISF 
slightly, but has no predicted effect on DSF because the 
elevation angle of the house from the photograph site 
( 15") does not intercept sunpaths. Tree removal at But- 
terfly Lane is expected to increase DSF the most during 
months surrounding the equinoxes (September- 
October and February-March; Fig. 6). Such changes in 
ISF and DSF could drive the transient aggregation away 
from this site, but the impacts are less obvious and the 
conclusion less clear than at Tecolote. 

Discussion 

In this preliminary study, hemispherical photography 
has proven to be a valuable tool for quantification of 
canopy structure for conservation research. Prior to this 
study, only anecdotal observations and other qualitative 

Table 3. 
Present ISF and DSF are taken from Table 1. The fust row of 
projected site factors at Tecolote is for the minimal tree removal 
scenario (trees removed between 194" and 239" azimuth); the 
second row is for the maximal removal scenario (179" to 257"). 
At Butterfly Lane, the first row is for tree removal only; the 
second row is for tree removals plus the addition of 
an 8-m-tall house. 

Effects of tree removals on ISF and DSF at two sites. 

Site 

Present Projected 

ISF DSF ISF DSF 

Tecolote 

,249 ,261 
,243 ,261 Butterfly Lane ,225 ,225 
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Figure 6 Effect of tree removal scenario on monthly 
DSF at Butterfly Lane. In contrast with Tecolote, DSF 
changes little in Novembw, Decembw, and January; 
note that the greatest changes occur around the equi- 
noxes (September-October and February-March). Ad- 
dition of the house does not affect DSF in any 
month. 

data were available to biologists concerned with canopy 
structure and light conditions. The key finding of this 
study is that monarch aggregation sites fall into a narrow 
range of canopy structure as expressed by ISF and DSF. 
The apparent lower limits of ISF and DSF suggest that 
sites must allow sufficient insolation to allow butterflies 
to thermoregulate by basking in sunlight. The apparent 
upper limits on ISF and DSF indicate that forest groves 
must also be dense enough to moderate temperature, 
humidity, and wind. 

Forest canopy structure that falls within the observed 
narrow ranges of ISF and DSF appears to be a necessary 
condition for forests to support aggregations of mon- 
archs. These site factors alone, however, are not suffi- 
cient to assure that a grove will serve as an overwinter- 
ing site. Among the other important features that 
determine habitat suitability are cool moist air pools in 
depressions or drainages within forest groves (Calvert 
et al., unpublished). Drainages also provide standing wa- 
ter that allow monarchs to rehydrate themselves during 
extremely dry Santa Ana weather conditions. Nearby 
nectar resources allow monarchs to replenish energy 
reserves during sunny weather; Eucalyptus globulus it- 
self provides abundant nectar during the overwintering 
period. 

Large disturbances to canopy structure, such as the 
removal of understory or overstory trees (particularly 
those blocking southern exposures), are likely to have 
drastic effects on habitat suitability. Our tree removal 
simulations suggest that individual trees can greatly af- 
fect ISF and DSF, particularly in small groves. Nonethe- 
less, certain small changes in canopy structure may not 
necessarily reduce the suitability of an aggregation site. 
It is not surprising that human disturbances have dis- 
rupted and eliminated aggregation sites all at certain 

locations along the California coast, while monarch but- 
terflies continue to  aggregate in other disturbed sites in 
the midst of urban areas (Sakai et al. 1989). 

Forest structure and its effects on interior microcli- 
mate is perhaps the only component of monarch habitat 
suitability that can be managed effectively. Individual 
trees can be planted or removed to manipulate ISF and 
DSF in central areas of forest groves. In fact, some silvi- 
cultural management appears to be a necessity if mon- 
arch aggregations are to persist in increasingly modified 
coastal environments. The editing capability of the CAN- 
OPY program can be used to predict the effects of such 
manipulation. Initial photographs create permanent 
records of existing canopy conditions, and photographs 
taken through time document long-term structural 
changes. 

While this study has documented the use of hemi- 
spherical photography and digital image analysis, it con- 
stitutes only a preliminary application of the technique 
to investigation of overwintering monarch aggregations 
in a limited geographic area and in a single forest type. 
Logical extensions of this study include sampling over 
broader geographic areas, examining monarch sites 
dominated by different tree species (Monterey pine, 
Monterey cypress, native riparian, and Mexican fir), and 
more thorough sampling of microsite variation within 
aggregation sites. For example, a vertical hoist could be 
used to take photographs at monarch cluster heights 
within the canopy to investigate the importance of di- 
rect light in determining the exact locations of butterfly 
clusters. A vertical, as well as horizontal, sampling 
scheme could allow three-dimensional mapping of ISF 
and DSF within forest groves. Concurrently, relation- 
ships between canopy structure and microclimate con- 
ditions (temperature, wind, and relative humidity) 
could be investigated with standard micrometeorologi- 
cal equipment (e.g., Leong 1990; Calvert et al. 1983). 

Overwintering monarch aggregations continue to di- 
minish incrementally as both natural changes and hu- 
man impacts affect forest grove habitats, but protection 
of overwintering monarch butterflies in California poses 
a paradoxical conservation challenge. Few aggregation 
sites appear to be “natural.” Unlike the well-known 
groves in native Monterey pine forests (Pinus rdiuta) 
in Pacific Grove, the majority of present aggregation 
sites are in groves dominated by nonnative Eucalyptus 
globulus. The proximity of urban and agricultural areas 
to overwintering habitat also provides abundant nonna- 
tive nectar resources. Indeed, the large numbers of 
monarchs found in overwintering areas in California ap- 
pear at least in part to be a consequence of widespread 
human disturbance across western North America that 
has favored the spread of milkweeds (Asclepias spe- 
cies), the larval host plants of the monarch butterfly 
(Vane-Wright, in press). The contradictions inherent in 
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the preservation of an unusual ecological phenomenon 
in a far from pristine setting, coupled with the highly 
charged political atmosphere surrounding coastal land 
developments, have caused disagreement and confusion 
over proper conservation measures. 

In this arena, as in others, repeatable quantitative 
techniques are needed to direct conservation planning. 
Hemispherical photography and digital image process- 
ing provide a valuable method (perhaps the best avail- 
able) of quantrfying canopy structure in forests such as 
those used by overwintering monarchs. The strengths of 
the technique include a number of key features: ( 1 ) it is 
relatively easy to use and labor efficient; (2) it creates a 
permanent photographic record; (3) it facilitates quan- 
titative comparisons between sites; (4) it is based on 
geometry and allows assessment of seasonal changes in 
light penetration from a single measurement; (5) it es- 
timates site factors that correlate with microclimatic 
conditions, such as wind penetration; and ( 6 )  it allows 
prediction of structural changes in forest canopies. We 
strongly recommend use of this technique (and an ap- 
preciation of its limits) in habitats where canopy struc- 
ture appears to be a primary factor to be addressed in 
conservation planning. 
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