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ABSTRACT

This paper describes the understory light environments and gap dynamics'of forests.in the watershed
of Maddock Creek, Big Basin Redwoods State Park, Santa Cruz County, CA. Most of this 230 ha
watershed is covered by old-growth forests representative of upland redwood forests and the Pseudotsuga-
hardwood forests which intergrade with them. Species of canopy trees include Segucia sempervirens (D.
Don) Endl., Lithocarpus densiflorus (Hook. & Arn.) Rehder, Pseudotsuga menziesii (Mirbel) Franco,
Arbutus menziesii Pursh, and Quercus chrysolepis Liebm., in descending order of cover. In the understory
of these forests, total light was about 12% of that incident upon the canopy. Understory light levels
differed between aspects and were influenced by canopy species composition and gaps. Except for Lith-
ocarpus, regeneration of canopy species was associated with higher understory light levels and the species
less tolerant of shade (Arbutus, Pseudotsuga, and Quercus) filled more gaps on the south-facing slopes,
where light levels were higher. In contrast, Lithocarpus was abundant throughout the understory, present
in most gaps at a high cover, and filling twice as many canopy gaps as it had formed. In the presence of
surface fires, we suggest that Lithocarpus would not increase in dominance. However, in the absence of
fire, our results indicate an increasing dominance by Lithocarpus, and suggest that interspecific differences
in shade cast and shade tolerated are contributing to the dynamics of forests in central coastal California.

In north coastal California, upland redwood and
Pseudotsuga-hardwood forests are the predominant
forest types (Barbour and Major 1988). These for-
ests have a two-layered canopy: an upper layer (to
70 m high) dominated by gymnosperms, and a low-
er layer (to 40 m) dominated by angiosperms
(Whittaker 1960; Sawyer et al. 1988; Zinke 1988).
The most important gymnosperms are Pseudotsuga
mengziesii (Mirbel) Franco (Douglas-fir, Pinaceae)
and Sequoia sempervirens (D. Don) Endl. (red-
wood, Taxodiaceae), and the most important angio-
sperms are Arbutus menziesii Pursh (madrone, Er-
icaceae) and Lithocarpus densiflorus (Hook. &
Arn.) Rehder (tanoak, Fagaceae).

The dynamics of these forests involve both fire
and tree falls. Prior to the twentieth century, fires
typically burned through these forests at intervals
of 5-50 yr (Greenlee 1983; Jacobs et al. 1985; Rice
1985; Agee 1991; Finney and Martin 1992). For
most of this century, however, fires have been sup-
pressed, and tree falls have dominated the dynamics
of older stands. Because the dominant species differ
in longevity and shade tolerance (Burns and Hon-
kala 1990), species composition and structure could
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be changing substantially. If so, these on-going
changes generally have not been documented, and
are not well understood (but see Sugihara 1992;
Hunter 1997a).

This paper contains two components of an in-
vestigation into the dynamics of an old-growth for-
ested valley which has not experienced fire for 60—
80 years. The first examines understory light as a
potentially significant factor affecting recruitment
of saplings. The second examines canopy gaps
from throughout the watershed, and for each gap
documents the species of the canopy tree(s) that
formed the gap and of the understory tree(s) filling
it.

The study area is Maddock Creek Watershed in
the Santa Cruz Mountains of California’s central
coast (37°10’'N, 122°15'W). This watershed is 13
km from the coast, 230 ha in size, and at 340-535
m in elevation. Ridgelines run northwest to south-
east, and have steep slopes of 11-52°.

Most of this watershed is covered by old-growth
forest, portions of which last burned in 1904 and
1936 (Greenlee 1983). These forest stands are rep-
resentative of upland redwood forests and the Pseu-
dotsuga-hardwood forests that intergrade with them
(Hunter 1989). They have a two-tiered canopy: the
conifers Pseudotsuga menziesii and Sequoia sem-
pervirens form an upper tier, while the angiosperms
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Arbutus mencziesii, Lithocarpus densiflorus, Quer-
cus chrysolepis Liebm., and Quercus wislizeni A.
DC. form a lower layer dominated by Lithocarpus.
(Nomenclature follows Hickman 1993.) Neither tier
forms a complete layer: each covers about two-
thirds of the forest floor. Canopy gaps (breaks in
both canopy layers) occupy approximately 11% of
the land area with an average size of 91 m* (Hunter
and Parker 1993). In species composition and struc-
ture, the understory vegetation beneath canopy
gaps is similar to that at canopied locations (Hunter
1989). The shrub layer (0.5-3 m) typically has 25—
50% cover and is dominated by Vaccinium ovatum
Pursh and juvenile Lithocarpus. The herb layer
(<0.5 m) typically has <1% cover.

METHODS

Understory light environments. We used com-
puter analysis of hemispherical photographs to es-
timate light levels at the forest floor relative to light
levels above the forest canopy (Pearcy 1989). This
technique allows a reasonably precise comparison
of the light environments at different locations
(Chazdon and Field 1987; Becker et al. 1989). It is
outlined below and described in more detail by An-
derson (1964), Becker et al. (1989), Pearcy (1989),
and Rich (1989).

In hemispherical photographs, the distance from
the image’s center is proportional to the angle from
the zenith of the hemisphere which was above the
camera. Therefore, the photograph can be divided
into regions corresponding to ranges of zenith and
azimuth angles, and the sun’s path can be plotted
across these regions. Each region can be weighted
by the proportion of total irradiance coming from
that section of sky. This procedure is done sepa-
rately for direct and indirect components of light.
Direct light is received only from those regions of
sky along the sun’s path, whereas indirect light (dif-
fuse light which has been scattered by the atmo-
sphere) is received from all regions of the sky but
is more intense towards the zenith. For each region
of sky, the fraction of light reaching the understory
is assumed to equal the fraction of sky unobscured
by foliage.

We used the ““Canopy’ computer program to an-
alyze the photographs (Rich 1989). For calculating
the percentage of indirect light, the program divides
the image into 160 regions, and weights these as-
suming a standard overcast sky. For calculating the
percentage of direct light, it divides the sun’s an-
nual path across the sky into monthly paths, each
of which gets sub-divided into half-hour intervals.

We took photographs of the canopy at 80 points
randomly located throughout the watershed. A Te-
lesar hemispherical lens on a Pentax K1000 body
was used with ASA-64 slide film. (The slide images
had very sharp contrasts between sky and foliage,
partially due to ideal weather.) The camera was po-
sitioned on a level surface 1 m above the forest
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floor and a white pole used to mark true north in
the photograph. We took photographs only when
the sky was uniformly overcast and no wind was
blowing.

At each point, we recorded slope aspect, under-
story species, and canopy characteristics. Within a
radius of 2 m from the camera, all species in the
herb and shrub layers (0—0.5 m and 0.5-3 m high,
respectively) were recorded and total cover visually
estimated. All canopy species within approximately
30 m of the camera were listed in order of esti-
mated cover. We also noted if the camera was be-
low a gap.

Gap dynamics. To obtain a random sample of 80
canopy gaps, we randomly located 20 points within
the watershed. From these points, the nearest gap
within each compass quadrant (N, E, S, W) was
located. We defined a gap as any break in both can-
opy tiers due to tree or limb mortality and below
which vegetation was less than two thirds the
height of the adjacent lower canopy tier (minimum
diameter 4 m). The edge of the adjacent crowns of
canopy trees was considered the gap edge, and was
determined with a canopy densitometer. The cano-
py densitometer has a mirror, level and cross-hairs
allowing the user to determine the point directly |
overhead (GRS 1992). |

For each gap, we recorded slope aspect, area,
understory vegetation, gap-forming species, and
gap-filling species. Within the gaps, species cover
was visually estimated for herb, shrub and sapling |
layers (0-0.5, 0.5-3 and >3 m respectively).

We used position of logs and their state of decay
to determine the species present in the canopy be- |
fore the gap was created (the gap-forming species).
Ten of the sampled gaps had been formed by more !
than one canopy species. In all cases, the removal |
of one species created most of the gap’s area, and |
this species was considered the gap-forming spe- |
cies.

We considered the tree species present in a gap’s
uppermost vegetation layer to be the species filling
that gap. (For 78 of the 80 gaps, the sapling or
shrub layer was uppermost.) Twenty gaps had more
than one tree species in the uppermost layer. In |
these gaps, the species with the greatest cover in |
the upper layer, we identified as the species filling -
the gap. Where an angiosperm and a conifer species |
were both in the uppermost layer, the conifer could
have been considered the gap-filling species, even
if at a lower cover, because of its greater maximum
size and potentially faster growth (McArdle et al.
1949; Porter 1965). However, in no gap was Se-
quoia both in the uppermost layer and at a lower
cover than an angiosperm in that layer, and in only
three gaps was Pseudotsuga both in the uppermost
layer and at a lower cover than an angiosperm spe-
cies. If Pseudotsuga had been considered the spe-
cies filling those three gaps, the results would have
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Fig. 1. Aspect and direct light reaching the understory

for 80 locations in the watershed of Maddock Creek, Santa
Cruz Co., CA. Percent direct light is percent of light in-
cident upon canopy that reaches understory.

remained similar, and their interpretation would not
have been altered.

RESULTS

Understory light environments. For the year and
the watershed as a whole, total light reaching the
understory was about 12% of that incident upon the
canopy. Direct light averaged 12.5 * 7.3% and
ranged from 0.1 to 35%. Indirect light had a com-
parable average (11.8%), but less variation (1 SD
= 3.6, range 4.8-21.0%).

More light reached points beneath canopy gaps
(n = 10, direct light mean 16.7 £ 9.2%, indirect
light mean 13.7 £ 3.6) than beneath the canopy (n
= 70, direct light mean 11.9 = 6.9%, indirect light
mean 11.6 * 3.6%; Mann-Whitney U, P = 0.03
and 0.02, respectively). However, light levels at gap
'~ locations were not disjunctly higher than light lev-
els at canopied locations. The range of light levels
within gaps fell within the range of light levels at
- canopied locations (8.1-33% and 0.1-35% direct
- light, respectively).

‘ TABLE 1.
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Understory light environments also differed be-
tween aspects (Fig. 1). Twice as much direct light
reached the understory of south-facing slopes (90—
270°, n = 38, mean = 16.9 * 7.1%) than of north-
facing slopes (270-0-90°, n = 42, mean = 8.4 *
5.3%; Mann-Whitney U, P < 0.001). Twenty-two
percent more indirect light reached the understory
of south-facing slopes (13.8 £ 3.4%) than of north-
facing slopes (10.8 * 2.9%; Mann-Whitney U, P
< 0.001). The higher indirect light levels on south-
facing slopes indicate a more open canopy.

Interestingly, species composition of the canopy
also influenced understory light levels. On south-
facing slopes, canopy species composition was
patchier and separated into two distinct canopy
types: (1) a Pseudotsuga-hardwood type with emer-
gent Pseudotsuga above a layer of angiosperms
dominated by Arbutus and the Quercus species, and
(2) an upland redwood type with emergent Sequoia
above a layer of Lithocarpus. Light levels beneath
the Pseudotsuga-hardwood canopy (22.4 * 8.4%,
n = 7) were substantially higher than beneath the
Sequoia-Lithocarpus canopy (12.6 = 6.4%, n = 7;
Mann-Whitney U, P = 0.05). This difference be-
tween canopy types was comparable to that be-
tween canopied and gap locations, and indicates
that local variation in canopy composition can af-
fect understory light environments significantly.
These two canopy types covered 37% of south-fac-
ing locations, and the remaining locations were in-
termediate in canopy structure and light environ-
ment.

There was a correspondence between light levels
and distribution of tree species in the understory.
For Arbutus, Pseudotsuga, and Quercus, understory
saplings in the shrub layer occurred at significantly
high light levels (Table 1). Sequoia saplings in the
shrub layer were not found at high light levels, but
established seedlings in the herbaceous layer were
found at significantly high light levels (mean =
20.5 = 7.0% direct light). This result is consistent
with the species’ biology: saplings of Sequoia are

MEAN LIGHT ENVIRONMENTS FOR UNDERSTORY INDIVIDUALS OF CANOPY TREE SPECIES. N is the number of

locations (out of 80) at which species were present in a given vegetation layer. Means (*1 SD) are of percent of light
. incident upon the canopy that reaches the understory. Asterisks denote an average significantly higher than locations
- without the species; * P < 0.05, ** P < 0.01 (Mann-Whitney U test).

Species N Direct light ave. Indirect light ave.

Shrub layer

Arbutus menziesii 2 25.6 * 8.6* 174 £ 1.2*

Quercus chrysolepis 4 22.3 £ 9 ] ** 16.0 £ 2.9*

Pseudotsuga menziesii 6 19:6 * 7.67% 1455 = 3.6%

Lithocarpus densiflorus 69 1.7 & 73 117 = 3.7

Sequoia sempervirens 22 109 = 7.0 10.0 = 3.4
Herbaceous layer

Sequoia sempervirens 5 20.5 = 7.0 17.0 = 14.7

Quercus chrysolepis 9 19.1 = 11.3* 142 .45

Pseudotsuga menziesii 5 14.5 + 7.5 126 £ 24

Lithocarpus densiflorus 24 12.0 £ 8.1 11.6. = 3:5
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Fic. 2. Frequency of tree species beneath canopy gaps

on north-facing (n = 36) and south-facing (n = 44) as-
pects of Maddock Creek’s watershed, Santa Cruz Co., CA.
Arbutus = Arbutus mencziesii, Litho. = Lithocarpus den-
siflorus, Pseudo. = Pseudotsuga mencziesii, Quercus =
Quercus chrysolepis and Sequoia = Sequoia sempervi-
rens.

shade-tolerant and persist in the understory for de-
cades, but establishment of seedlings is strongly af-
fected by light levels (Jacobs 1987). Only Litho-
carpus, by far the most abundant and widespread
tree in the understory, had no correspondence be-
tween light levels and seedling or sapling distri-
bution.

Gap dynamics. Most tree species were absent
from a large portion of gaps (Fig. 2). Only Litho-
carpus was present in almost all gaps (95%), and
at a high cover (mean = 36.4 * 27.4%). Pseudo-
tsuga and Quercus were in a large portion of gaps
(49 and 45% respectively) but when present were
at a low cover (5.5 = 9.4 and 6.1 £ 11.6%), while
Arbutus and Sequoia were rarely present (15 and
16% respectively) and were at a low cover (mean
=75 * 11.2 and 12.3 * 19.5%).

Lithocarpus also was filling the most gaps (Fig.
3). Of 80 gaps, Lithocarpus was filling 68%, Pseu-
dotsuga 15%, Quercus chrysolepis 9%, Sequoia
5%, and Arbutus 4%. Because Lithocarpus had
formed significantly less of the gaps (38%) than it
was filling, it was increasing in importance within
the canopy (x? test, df = 1, P = 0.0001). Pseudo-
tsuga and Arbutus had formed significantly more of
the gaps (35 and 14% of gaps, respectively) than
they were filling, and thus were declining in im-
portance within the canopy (x> test, df = 1, P =
0.004 and 0.025 respectively). Sequoia and Quer-
cus did not have significant differences between the
number of gaps formed and the number filled,
though an increase in Quercus is suggested (P =
0.086).

There was also a relationship between gap-form-
ing and gap-filling species. Of gaps formed by Lith-
ocarpus (n = 30), Lithocarpus filled 90%, signifi-
cantly more than expected (x> test, df = 1, P =
0.001). This result may be due in part to a signifi-
cantly lower presence of other species in gaps
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FiG. 3. Species forming and filling gaps on north-facing

(n = 36) and south-facing (n = 44) aspects of Maddock
Creek’s watershed, Santa Cruz Co., CA. Species abbre-
viations as in Figure 2.

formed by Lithocarpus (x* test, df = 1, P = 0.002).
Gaps formed by Lithocarpus (n = 30) averaged 1.8
* 0.8 tree species versus 2.4 * (0.9 present below
gaps formed by other species (Mann-Whitney U, P
= 0.003). Also, Lithocarpus was the only tree spe-
cies present below 43% of gaps formed by Litho-
carpus, while just 10% of gaps formed by other
species had only Lithocarpus present beneath them
(x* test, df = 1, P < 0.001). The data also suggest
self-replacement by Sequoia. Three of four gaps
formed by Sequoia were being filled by basal
sprouts of the same tree(s) that had formed the gap.

Although there was no relationship between gap
area and species filling the gap, there was a rela-
tionship between slope aspect and gap-filling spe-
cies (Fig. 3). Species less tolerant of shade (Arbu-
tus, Quercus chrysolepis, and Pseudotsuga) filled
significantly more south-facing gaps (39%) than
north-facing gaps (14%; ¥’ test, df = 1, P = 0.014).
As a consequence, succession differed between
north and south-facing slopes. On north-facing
slopes, Pseudotsuga formed significantly more gaps
than it filled (x* test, df = 1, P = 0.002) and there-
fore declined in importance, while on south-facing
slopes there was no significant difference in the
number of gaps formed and filled by Pseudotsuga
(P = 0.23). The data also suggested differences be-
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tween aspects in the dynamics of Lithocarpus and
Quercus.

DiscuUsSION

In upland redwood and Pseudotsuga-hardwood
forests, tree species differ in shade-tolerance. For
example, Quercus species, Arbutus and Pseudotsu-
ga are clearly less tolerant than Lithocarpus, Se-
quoia and Umbellularia californica (Hook. & Arn.)
Nutt. (Waring and Major 1964; Unsicker 1974;
Tappiener et al. 1986; Burns and Honkala 1990;
Sugihara 1992; Hunter 1997a and 1997b). Together
with the influence of fire, these interspecific differ-
ences in shade-tolerance probably determine most
patterns of sapling recruitment into the canopy.

Prior to fire suppression, surface fires would have
removed most understory regeneration, including
Lithocarpus saplings (Kauffman 1986). This effect
would have limited the successful recruitment of
understory Lithocarpus into the canopy, while cre-
ating seedbed and understory conditions favorable
for the other canopy species (Jacobs 1987; Her-
mann and Lavender 1990; Hunter 1994). Currently,
however, Lithocarpus saplings accumulate in forest
understories (Tappeiner and McDonald 1984; Hun-
ter 1997a).

By affecting sapling establishment prior to gap
formation, the transmission of light through cano-
pies can influence substantially the species com-
position of regeneration (Canham et al. 1994). This
was the case in this watershed’s forests. Here, most
gaps were filled by saplings that had established
prior to the gap’s formation. As a consequence, the
most abundant species throughout the understory,
the shade-tolerant Lithocarpus, was also the species
filling the majority of canopy gaps.

Because forest canopies vary on a fine scale in
species composition, leaf area and height, light
reaching the understory is also variable (Baldocchi
and Collineau 1994). In this study, canopied loca-
tions received from 0.1 to 35% of the direct light
incident upon the canopy. This range of light levels
had ecological significance because four of the five
canopy species had understory regeneration asso-
ciated with higher understory light levels, and be-
cause the less shade tolerant species were filling
more gaps on south-aspects, where light levels were
higher.

Interestingly, much of the variation in understory
light seems to be due to interspecific differences in
shade cast. In this study, on south-facing slopes,
light levels beneath a Pseudotsuga-mixed hard-
wood canopy were nearly twice those beneath a
Sequoia-Lithocarpus canopy (ave. 20.7% vs.
12.6%), a difference comparable to that between
gaps and canopied locations (16.7% vs. 11.9%). In
other studies, there is also evidence that the more
shade-tolerant species can develop a denser crown
and therefore allow less light to pass through to the
understory (Waring & Major 1964; Unsicker 1974;
Minore 1986; Harrington et al. 1984).
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If much of the variation in understory light is
due to interspecific differences in transmission of
light through the crown, then this attribute could be
an important cause of observed patterns in the stand
dynamics in California’s coastal forests. For ex-
ample, the self-replacement of Lithocarpus (ob-
served in this study) may be promoted by low lev-
els of light passing through the crowns of canopy-
sized Lithocarpus, allowing advance regeneration
of the shade-tolerant Lithocarpus but not of less
tolerant species. Similarly, relatively high levels of
light passing through the crowns of Quercus spe-
cies and Arbutus may contribute to their replace-
ment by Pseudotsuga and Umbellularia, which oc-
curs in several types of forest and woodland veg-
etation (McBride 1974; McDonald and Littrell
1976; Hunter 1995; Safford 1995; Barnhart et al.
1996).

For the dominant trees of California’s coastal for-
ests, the magnitude of interspecific differences in
shade cast, and the influence of these differences
upon succession both deserve further investigation.

ACKNOWLEDGEMENTS

For their assistance, we thank D. Hunter, G. Hunter, R.
Pearcy, R. Rousseau, and S. Ustin. For their comments on
drafts of this manuscript and related manuscripts, we
thank T. Niesen, R. Patterson, R. Rejmanek, J. Sawyer, K.
Schierenbeck, R. J. Zazoski, and three anonymous review-
ers.

LITERATURE CITED

AGEE, J. K. 1991. Fire history along an elevational gra-
dient in the Siskiyou Mountains, Oregon. Northwest
Science 65:188-199.

ANDERSON, M. C. 1964. Studies of the woodland light
climate. I. The photographic computation of light
conditions. Journal of Ecology 52:27-41.

BaLpocH, D. AND S. CoLLINEAU. 1994, The physical na-
ture of solar radiation in heterogeneous canopies: spa-
tial and temporal attributes. Pp. 21-71 in M. M. Cald-
well and R. W. Pearcy (eds.), Exploitation of envi-
ronmental heterogeneity by plants. Academic Press,
New York, NY.

BARBOUR, M. G. AND J. MaJOr. 1988. Introduction. Pp.
3—11 in M. G. Barbour and J. Major (eds.), Terrestrial
vegetation of California, Expanded edition. California
Native Plant Society, Sacramento, CA.

BARNHART, S. J., J. R. McBRIDE, AND P. WARNER. 1996.
Invasion of northern oak woodlands by Pseudotsuga
menziesii (Mirb.) Franco in the Sonoma Mountains of
California. Madrono 43:28-45.

BECKER, P, D. W. ERHART, AND A. P. SMITH. 1989. Anal-
ysis of forest light environments part I. Computerized
estimation of solar radiation from hemispherical can-
opy photographs. Agricultural and Forest Meteorol-
ogy 44:217-232.

BURNS, R. M. AND B. H. HONKALA. 1990. Silvics of North
America. Handbook 654, Forest Service, U.S. De-
partment of Agriculture, Washington, D.C.

CannaMm, C. D., A. C. Finzi, S. W. PacaLa, anp D. H.
BURBANK. 1994. Causes and consequences of re-
source heterogeneity in forests: interspecific variation



6 MADRONO

in light transmission by canopy trees. Canadian Jour-
nal of Forestry Research 24:337-349.

Cuazpon, R. L. anp C. B. FieLp. 1987. Photographic es-
timation of photosynthetically active radiation: eval-
uation of a computerized technique. Oecologia 73:
525-532.

FINNEY, M. A. AND R. E. MARTIN. 1992. Short fire inter-
vals recorded by redwoods at Annadel State Park,
California. Madrofio 39:251-262.

GREENLEE, J. M. 1983. Vegetation, fire history and fire
potential of Big Basin Redwoods State Park. Disser-
tation, University of California, Santa Cruz, CA.

GRS. 1992. Vegetation data collection using the GRS can-
opy-densitometer. GRS Inc., Arcata, CA.

HARRINGTON, T. B., J. C. TAPPEINER, AND J. D. WALSTAD.
1984. Predicting leaf area and biomass of 1- to 6-
year-old tanoak (Lithocarpus densiflorus) and Pacific
madrone (Arbutus menziesii) sprout clumps in south-
western Oregon. Canadian Journal of Forest Research
14:209-213.

HErRMANN, R. K. AND D. P LAVENDER. 1990. Pseudotsuga
menziesii (Mirb.) Franco Douglas-Fir. Pp. 527-540 in
R. M. Burns and B. H. Honkala (eds.), Silvics of
North America, Vol. 1, conifers. Handbook 654, For-
est Service, U.S. Department of Agriculture, Wash-
ington, D.C.

Hickman, J. C. (ed.). 1993. The Jepson manual: higher
plants of California. University of California Press,
Berkeley, CA.

HUNTER, J. C. 1989. The pattern of canopy gaps in an old-
growth forested landscape. M. A. thesis, San Francis-
co State University, San Francisco, CA.

. 1994, The litter layer as a barrier to seedling

emergence in California’s mixed evergreen forests.

Bulletin of the Ecological Society of America 75:

S102.

1995. Architecture, understory light environ-

ments, and stand dynamics in northern California’s

mixed evergreen forests. Ph.D. dissertation, Univer-
sity of California, Davis, CA.

1997a. Fourteen years mortality in two old-

growth Pseudotsuga-Lithocarpus forests in northern

California. Journal of the Torrey Botanical Society

124:273-279.

. 1997b. Correspondence of environmental toler-

ances with leaf and branch attributes for six co-oc-

curring species of broadleaf evergreen trees in north-

ern California. Trees 11:169-175.

AND V. T. PARKER. 1993. The disturbance regime
of an old-growth forest in coastal California. Journal
of Vegetation Science 4:19-24.

Jacoss, D. E 1987. The ecology of redwood seedling es-
tablishment. Ph.D. dissertation, University of Califor-
nia, Berkeley, CA.

., D. W. CoLE, AND J. R. McBRIDE. 1985. Fire his-
tory and perpetuation of coast redwood ecosystems.
Journal of Forestry 83:494-497.

Kaurrman, J. B. 1986. The ecological response of the
shrub component to prescribed burning in mixed con-
ifer ecosystems. Ph.D. dissertation, University of Cal-
ifornia, Berkeley, CA.

McARDLE, R. E., W. H. MEYER, AND D. BRuUCE. 1949. The
yield of Douglas fir in the Pacific Northwest. Tech-

[Vol. 46

nical Bulletin 201, U.S. Department of Agriculture,
Washington, D.C.

MCcBRIDE, J. R. 1974. Plant succession in the Berkeley
Hills, California. Madrono 2:317-380.

McDoNALD, P. M. AND E. E. LITTRELL. 1976. The bigcone
Douglas-fir/canyon live oak community in southern
California. Madrofio 23:310-320.

MINORE, D. 1986. Effects of madrone, chinkapin, and tan-
oak sprouts on light intensity, soil moisture, and soil
temperature. Canadian Journal of Forestry Research
16:654—658.

PeEARCY, R. W. 1989. Radiation and light measurements.
Pp. 97-116 in R. W. Pearcy, J. Ehleringer, H. A. Moo-
ney, and P. W. Rundel (eds.), Plant physiological ecol-
ogy: field methods and instrumentation. Chapman
and Hall, London.

PORTER, D. R. 1965. Site index curves for three hardwood
species in the redwood region of Humboldt County,
California. M.S. thesis, Humboldt State College, Ar-
cata, CA.

Rice, C. L. 1985. Fire history and ecology of the North
Coast Range Preserve. Pp. 367-372 in J. E. Lotan,
B. M. Kilgore, W. C. Fischer and R. W. Mutch (eds.),
Proceedings of the symposium on wilderness fire.
General Technical Report INT-182, U.S. Forest Ser-
vice, Department of Agriculture, Washington, D.C.

RicH, P. M. 1989. A manual for analysis of hemispherical
canopy photography. Los Alamos National Labora-
tory, Los Alamos, NM.

SAFFORD, H. D. 1995. Woody vegetation and succession
in the Garin Woods, Hayward Hills, Alameda County,
California. Madrofio 42:470—489.

SAWYER, J. O., D. A. THORNBURGH, AND J. R. GRIFFIN.
1988. Mixed evergreen forest. Pp. 359-382 in M. G.
Barbour and J. Major (eds.), Terrestrial vegetation of
California, Expanded edition. California Native Plant
Society, Sacramento, CA.

SuGiHARA, N. G. 1992, The role of treefall gaps and fallen
trees in the dynamics of old growth coast redwood
forests. Ph.D. dissertation, University of California,
Berkeley, CA.

TAPPEINER, J. C. AND P. M. McDoONALD. 1984. Develop-
ment of tanoak understories in conifer stands. Cana-
dian Journal of Forest Research 14:271-277.

TAPPEINER, J. C., P M. McDoNaLD, AND T. E HUGHES.
1986. Survival of tanoak (Lithocarpus densiflorus)
and Pacific madrone (Arbutus menziesii) seedlings in
forests of southwestern Oregon. New Forests 1:43—
55.

UNSICKER, J. E. 1974. Synecology of the California bay
tree, Umbellularia californica, (H. & A.) Nutt. in the
Santa Cruz Mountains. Ph.D. dissertation, University
of California, Santa Cruz, CA.

WARING, R. H. AND J. MAJOR. 1964. Some vegetation of
the California coastal redwood region in relation to
gradients of moisture, nutrients, light, and tempera-
ture. Ecological Monographs 34:167-215.

WHITTAKER, R. H. 1960. Vegetation of the Siskiyou
Mountains, Oregon and California. Ecological Mono-
graphs 30:279-338.

ZINKE, P. J. 1988. The redwood forest and associated north
coast forests. Pp. 679-698 in M. G. Barbour and J.
Major (eds.). Terrestrial vegetation of California, Ex-
panded edition. California Native Plant Society, Sac-
ramento, CA.



ImEE BHL

Biodiversity Heritage Library

Hunter, ] C, Parker, VT, and Barbour, Michael G. 1999. "UNDERSTORY LIGHT
AND GAP DYNAMICS IN AN OLD-GROWTH FORESTED WATERSHED IN
COASTAL CALIFORNIA." Madrofio; a West American journal of botany 46, 1-6.

View This Item Online: https://www.biodiversitylibrary.org/item/185215
Permalink: https://www.biodiversitylibrary.ora/partpdf/171442

Holding Institution
Smithsonian Libraries and Archives

Sponsored by
Biodiversity Heritage Library

Copyright & Reuse

Copyright Status: In Copyright. Digitized with the permission of the rights holder
Rights Holder: California Botanical Society

License: http://creativecommons.org/licenses/by-nc/3.0/

Rights: https://www.biodiversitylibrary.org/permissions/

This document was created from content at the Biodiversity Heritage Library, the world's
largest open access digital library for biodiversity literature and archives. Visit BHL at
https://www.biodiversitylibrary.org.

This file was generated 1 February 2024 at 01:49 UTC


https://www.biodiversitylibrary.org/item/185215
https://www.biodiversitylibrary.org/partpdf/171442
http://creativecommons.org/licenses/by-nc/3.0/
https://www.biodiversitylibrary.org/permissions/
https://www.biodiversitylibrary.org

