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INTRODUCTION

Natural regeneration is the renewal of a tree
crop by self-sown seed or by vegetative means
(Ford-Robertson 1971). Foresters in southwestern
Oregon and northern California relied on
It heavily until the early 1950s (Dunning 1923,
Zaerr et al. 1981). As economic considerations and
the pressures of intensive manage-ment began to
increase, forest managers shifted to artificial
means of regeneration. Direct seeding was tried
for a short time, but it was quickly dropped in favor
of planting nursery-grown seedlings combined with
controlling vegetation after planting. As a result,
natural regeneration has not played a major role
in management plans for the last 30 years.
Nevertheless, a significant portion of the clear-cut
plantations in California owe their successful
establish-ment and their species diversity to
unplanned natural regeneration, which accounts
for much of their stocking even after multiple re-
plantings (data on file at Pacific Southwest
Forest and Range Experiment Station, Red-
ding, California).

Dramatic cost increases in all aspects of artifi-
cial regeneration have raised the per-acre invest-
ment to extraordinary levels. That high cost makes
it increasingly difficult to answer critics who chal-
lenge the "clear-cut-and-plant" concept on a vari-
ety of biological, ecological, and aesthetic grounds.
Society is demanding major changes in the man-
agement of forest land, and those changes are
beginning to be institutionalized in law and policy.
They include a shift in emphasis away from man-
agement techniques and regeneration strategies
that rely solely on artificial regeneration.
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The authors of this chapter predict that natural
regeneration will become a consideration in most
management plans during the next decade, either
alone or as a supplement to the more direct artifi-
cial methods. Because natural regeneration has
been out of favor for so long, there is little in the
way of recent experience to rely on in the field, and
there is no comprehensive body of research avail-
able for the region addressed in this book.
Therefore, pertinent information from other areas
has been included with the material developed in
southwestern Oregon and northern California. The
natural regeneration of conifers is discussed here;
regeneration of hardwood species is treated in
Chapters 7 and 16.

ADVANTAGES AND
DISADVANTAGES OF
NATURAL REGENERATION

Advantages

Natural regeneration tends to be considerably
cheaper than artificial regeneration (Vesikallio
1981, Petersen and Mohr 1984, Horton 1985).
Early in the rotation, this difference can amount
to a significant economic advantage.

The biological differences between planted
and naturally regenerated seedlings can influ-
ence both early and late growth. Transplanting
shock is avoided in naturally established
seedlings, and root distribution is better than it
is in planted seedlings. Furthermore, naturally
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established seedlings have much longer roots in
proportion to shoots than nursery seedlings of
the same species, with shoot-to-root ratios in nat-
ural seedlings of about 1:4 or less and those in
nursery stock of about 1:1 to 2:1 or more. The
nursery stock has more top and a proportionately
smaller, more loosely anchored root (Stein 1978).
Roots of planted seedlings also tend to be more
kinked, spiraled, and twisted than those of natu-
ral seedlings (Preisig et al. 1979, Carlson et al.
1980, Auberlinder 1983). These abnormalities can
persist for 10 years after outplanting (Nichols and
Alm 1983).

Natural selection has matched trees to their
sites for millennia. For example, Douglas-fir
seedlings produced from seeds gathered on south
slopes have more drought resistance than those
produced from nearby north-slope seeds (Ferrell
and Woodard 1966). The differences between
Douglas-fir genotypes are related to local varia-
tions in environment (Hermann and Lavender
1968, Campbell 1979, Silen and Mandel 1983,
Sorensen 1983). Indeed, it seems that every slope
and ridgetop has its own select population of
conifers. Naturally regenerated stands may serve
as genetic reserves (Neale 1985), and their proge-
ny may be even better than artificially bred
"Improved" stock in many places because every site
does not have representative parent stock in the
tree improvement program.

Nursery seedlings are best planted early in the
spring, when access to upper-elevation sites is
often prevented by snowpack and poor road con-
ditions. Natural regeneration avoids this problem
as well as several others, including the difficulties
of selecting suitable planting spots and digging
holes in rocky soils.

Public dissatisfaction with large clearcuts is cre-
ating a trend toward smaller harvest units and the
retention of some tree cover. Because these prac-
tices make artificial regeneration more difficult and
less profitable, natural regeneration becomes a
more feasible alternative. On many sites, regenera-
tion can be achieved before the harvest cut by uti-
lizing naturally established seedlings, and advance
regeneration may be the most reliable source for
new stands at high elevations in mountain hem-
lock associations (Chapter 5). Advance regenera-
tion can also be promoted by silvicultural means. If
the harvest can be managed so as to save enough

high-quality seedlings on sites where advance
regeneration is present, the expense and risk of
planting (as well as the unappealing sight of bare
ground) can be avoided. In addition, successful
use of advance regeneration can shorten the rota-
tion (Sandvic 1986).

The poorer the site, the less the economic justi-
fication for planting (McClay 1955, Tedder 1982).
Natural regeneration is frequently used on sites
where growth rates do not warrant the large invest-
ment required for planting. Natural regeneration
Is also feasible on high-quality sites where harvest
scheduling can mitigate potential delays caused by
the vagaries of climate and the year-to-year fluc-
tuations in seed availability.

Disadvantages
Failures of natural regeneration are common in

clearcuts on hot, dry south slopes, on sites where
frost is a hazard, and on sites where seed sources
are inadequate (Hermann 1978). Successful natu-
ral regeneration requires mitigation of these con-
ditions when they exist, usually by leaving tree
cover. Tree cover does not guarantee survival:
planted stock survived better than natural
seedlings under a southwestern Oregon shelter-
wood when survival was measured on a tree-by-
tree basis (Helgerson et al. 1982), but tender
germinants require more overstory protection than
robust, 2-year-old planting stock. Where that over-
story cannot be provided and clear-cutting is dic-
tated by stand conditions or other considerations,
artificial regeneration is the only means available.
When natural regeneration fails and a site must
be planted, the delay is expensive (Horton 1985),
though no more costly than replanting a failed arti-
ficial regeneration effort.

The regeneration methods best suited to natural
regeneration are often less economical than clear-
cutting (Streeby 1977). When seed tree, shelter-
wood, or selection methods are practiced, the
repeated entries compact the soil and damage
regeneration and residual trees. Control of com-
peting vegetation can be more difficult under an
overstory. It takes extra time, care, and money to
manage an overstory removal cut that produces a
forest with an optimal combination of desired prod-
ucts and values. It also takes understory seedlings
of sufficient quality and quantity to survive the



removal of the overstory (Laacke and Fiddler 1986).
In short, the whole processfrom sale planning
and administration through slash disposalis
more difficult where mature trees and regeneration
must be protected.

The creation of appropriate seedbeds for natural
regeneration may require machinery and tech-
niques not usually used in artificial regeneration,
including underburning (Petersen and Mohr 1984),
cultivation (Musser 1985), and tractor scarifica-
tion. Prepared seedbeds deteriorate over time; if
the preparation is not in sequence with a seed
crop, the investment in preparation could be wast-
ed (Oliver et al. 1983).

Good seed crops are infrequent and irregular
for most species, and they vary with location as
well as with the nature and timing of stand manip-
ulation. The pines provide at least a year's warning
when a seed crop is going to occur, but other
species take less than 2 years to produce mature
seeds. For these species, the lead time for planning
the harvest and the seedbed preparation is limited
to several months. Even when cone counts indicate
that a useful crop is being produced, rodents and
birds often destroy most of the seeds (Gashwiler
1967 and 1970). Under these uncertain conditions,
it is difficult to plan and coordinate operations that
Involve people and machinery.

Prompt planting can provide a 1- or 2-year lead
over immediate post-harvest natural regeneration
(Shearer 1982), and successful natural regenera-
tion is not always immediate. Five to 15 years may
be required to obtain full stocking in subalpine
environments (Minore and Dubrasich 1981).
Similar delays are not uncommon at lower eleva-
tions. Whether such a delay is more costly than a
failed artificial regeneration attempt depends on
how many times the plantation must be planted
and how the capitalized planting costs affect the
economics of the stand by the time it is harvested.
In either case, failure to comply with provisions of
the Oregon and California forest practices laws
(summarized in Chapter 8) creates legal as well as
economic problems. Whenever full stocking is
obtained, natural regeneration is frequently over-
abundant in places and must be thinned later.

When natural regeneration is used, the species
to be managed are limited to those growing on or
adjacent to the site. Shade-tolerant species tend
to predominate in a new stand on a site where
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overstory protection is required for relatively long
periods. Sometimes the presence of a host-specific
pathogen or parasite may make a species change
desirable; although dwarf-mistletoe infection can
be avoided in the true firs by removing overhead
infection sources before the natural regeneration is
1 m tall (Scharpf 1969 and 1978), some diseases
are not so amenable to silvicultural control.
Natural regeneration would thus not meet man-
agement objectives on such a site.

Artificial and natural regeneration require
essentially the same conditions following estab-
lishment. Both grow best free from an overstory
and both suffer from vegetative competition; thus,
release is commonly necessary. The initial size
advantage enjoyed by planting stock is sometimes
maintained and increased in the field if the initial
shoot-to-root ratios are sufficient for rapid early
growth (Smith et al. 1968).

Perhaps the clearest disadvantage of natural
regeneration is its inability to benefit from genetic
improvement programs that increase survival and
growth. A commitment to natural regeneration is
a commitment to forgo the benefits of planting
genetically improved stock (Streeby 1977).

SEED SUPPLY

Production
Some seeds are produced nearly every year on

nearly every site, but the timing of large seed crops
is variable (Table 11-1). Periods range from 1 year
for lodgepole pine seed to intervals of 2-11 years
between large crops of Douglas-fir seed. Although
cause-and-effect relationships have not been
determined, weather patterns have been correlated
with seed production for some species. An abun-
dant Douglas-fir seed crop tends to be preceded
by a cool summer 2 years before seedfall, followed
by a cold, clear winter, a wet spring, and a final
warm January (Lowry 1966, Els 1973). A similar
combination of climatic factors probably influences
seed production in grand fir (Eis et al. 1965).
Ponderosa pine seed production seems to be best
when summer temperatures are above average for
the year when strobilus initials are formed
(Daubenmire 1960). Douglas-fir cone crops tend
to be larger on poor sites than on good sites (Isaac
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Table 11-1. Minimum seed-bearing ages and
intervals between large seed crops for major conifer
species. From Franklin (1974), Harris (1974),
Krugman and Jenkinson (1974), Owston and Stein
(1974), Ruth (1974), Schopmeyer (1974), Stein (1974)

1943, Garman 1951). Cone size decreases and
seed weight increases with distance from the ocean
(Sorensen and Miles 1978). Seed production is
often limited by cone and seed insects, which
destroy practically all the seeds of certain tree
species in some localities (Furniss and Carolin
1977).

Large quantities of seeds are produced by undis-
turbed stands during good seed years, but the pro-
portion of each species in a seed crop does not
always reflect the proportion of that species in
a mixed-species stand. For example, western
hemlock, Port-Orford-cedar, and western red-
cedar tend to be overrepresented in the seed-
fall, while Douglas-fir and white fir tend to be
underrepresented (Gashwiler 1969, Zobel 1979).
Furthermore, environmental conditions can result
in the near-exclusion of some species in favor of
others (Dunning 1923).

When silvicultural treatments create a favorable
environment for natural regeneration, the prob-
lem becomes one of providing sufficient seed
source. Seed trees usually provide more seeds on a

regeneration site than trees in an uncut stand sup-
ply for an adjacent clearcut. Seeds from seed trees
also tend to be distributed more widely than seeds
from adjacent uncut stands, because the disper-
sal of the latter is constrained by distance.
However, lone trees exposed to the wind are sus-
ceptible to windthrow (Garman 1951). Large, vig-
orous trees with evidence of windfirmness and past
cone production should be retained if natural
regeneration is to be achieved through the seed-
tree or shelterwood system (Haig et al. 1941,
Gordon 1970 and 1978b, Sundahl 1971, Laacke
and Tomascheski 1986). Pollination is essential;
because most Douglas-fir pollen falls near the par-
ent tree (Wright 1953), excessive seed tree spacing
should be avoided. Shelterwoods produce more
seeds per unit area than seed trees, with less
windthrow. Tree for tree, shelterwood trees also
produce more seeds than the trees in an uncut
stand (McDonald 1976c). They usually produce
some seeds every year, even when cone crops are
poor (Williamson 1973), so that it may not be nec-
essary to schedule seed cuts to coincide with heavy
seed years as long as seedbeds remain receptive
(Seidel 1979, Laacke and Tomascheski 1986).

Unfortunately, seedbeds do not remain receptive
very long on many sites. On these sites it may be
advantageous to stimulate seed production in
seed-source trees. Fertilization, root pruning,
injection with gibberellin, and girdling have been
used. Fertilization is ineffective in mature stands of
Douglas-fir (Crossin et al. 1966), but young stands
may produce more seeds if fertilized with nitrate
nitrogen (Ebell and McMullan 1970). Spring appli-
cations are best, but a site-specific approach is
required. Nutrient-poor sites will respond better
than sites where nutrients are adequate for seed
production (Edwards 1986).

Root pruning and gibberellin injections stimu-
late strobilus initiation in young trees (Ross et al.
1985) and may be effective in increasing the size
of poor seed crops in seed orchards. Girdling
seems to be more practical in the field, however,
and it also stimulates the initiation of strobili dur-
ing poor seed years (Ebell 1971). Girdling should
be done by removing a strip of bark or cutting with
a saw around half the stem circumference in two
areas, one above the other, on opposite sides of
the stem. Girdling should be done about 1 month
before vegetative bud break. The girdle heals over

Species

Minimum
seed-bearing

age

Intervals
between

large seed
crops

Years
Douglas-fir 10 2-11
Grand fir 20 2-3
White fir 40 2-4
Red fir 35-40 2-3
Shasta red fir 30-40 2-3
Ponderosa pine 16-20 2-5
Jeffrey pine 8 2-4
Sugar pine 40-80 3-5
Western white pine 7-20 3-7
Lodgepole pine 4-8 1

Incense-cedar -- 3-6
Western redcedar 15-25 3-4
Port-Orford-cedar 5-20 3-5
Western hemlock 20-30 2-8
Mountain hemlock 20-30 1-5



slowly without serious damage to the tree, and
continues to stimulate strobilus initiation for sev-
eral years (Ebell 1971). Thinning increases the size
of a good cone crop in young stands but does not
stimulate seed production in poor years
(Strothmann and Roy 1984). Seed production
seems to be stimulated by the release involved in
establishing a shelterwood; bumper cone crops
often develop in the third summer after creation of
a shelterwood overstory (Musser 1985, Laacke and
Tomascheski 1986).

Dispersal
Conifer seeds are distributed by gravity and

wind. How far and in what direction they travel
depends on their weight and wing size, wind speed
and direction, tree height, and even the slope of the
ground in the downwind direction. Water and ani-
mals often move the seeds about later, but that
Initial flight from the cones is the most important
factor in determining the distribution of seeds.

Siggins (1933) measured the average rate of fall
in the absence of wind for seeds of 27 species.
Rates varied among seed lots, but his data can be
used to rank most western conifer species.
Western hemlock seed falls the slowest, sugar pine
seed the fastest (Figure 11-1). Therefore, hemlock
seeds tend to be dispersed farther from the parent
tree than sugar pine seeds. Tall trees disperse their
seeds farther than short trees, however, and the
increase in distance of seed flight is more than pro-
portional to an increase in height of seed release
(Isaac 1930). Furthermore, all species do not shed
their seeds at the same time, and winds are seldom
constant in velocity or direction. Local topography
adds further irregularity to the dispersal pattern.

Seed dispersal varies from year to year and from
place to place. Variations also occur due to the dis-
tribution of seed trees with respect to local topog-
raphy, prevailing winds, and one another. Exposed
windward slopes and the lower portions of steep
slopes rising from valleys hamper effective seed
dispersal (Kos 1947), and seeds from small, isolat-
ed stands cannot travel far enough to be effective.
Most seeds fall within l'h tree heights (McDonald
1980), and dispersal from a timbered edge approx-
imates an exponential distribution as numbers of
seeds decline with distance (Roe 1967). The aver-
age percentage of filled Douglas-fir seeds collected

5
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ca) 4
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Horizontal wind 5 or 10 mph
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Dispersal pattern (10 mph)

Dispersal pattern (5 mph)

0-0-110-0-0-40-110-0
SP JP PP WF RF IC D-F WH

& GF
SP - Sugar pine RF - Red fir
JP - Jeffrey pine IC - Incense-cedar
PP - Ponderosa pine DF - Douglas-fir
WF - White fir WH - Western hemlock
GF - Grand fir

Figure 11-1. Relative seed dispersal for eight of the
major species in the region. The two ellipses shown
for each species approximate the pattern within
which between 80 and 90 percent of the seed
dropped will fall under two wind conditions. Dispersal
distances were calculated from data presented by
Siggins (1933) and assume a steady, horizontal wind
of either 5 (smaller area) or 10 miles per hour. It is
further assumed that all seeds are produced in the
upper third of the tree. Actual distribution patterns
may differ significantly because of shifting wind
directions over the period of dispersal and turbu-
lence.

in a clearcut at various distances from the tim-
bered edge was 61 percent at 50 to 100 ft, 26 per-
cent at 200 to 250 ft, and 13 percent at 350 to 400
ft (Gashwiler 1969). Similar patterns of decline
occur with white fir and Shasta red fir (Franklin
and Smith 1974b), western hemlock (Gashwiler
1969), mountain hemlock (Franklin and Smith
1974a), and ponderosa pine (Barrett 1966).
Nevertheless, appreciable numbers of Douglas-fir
seeds can be dispersed as far as a quarter-mile
from an abundant seed source when the seed crop
is large (Isaac 1943). Spruce and hemlock seeds
can be dispersed even farther (Harris 1967).

Weight and viability of naturally dispersed seeds
tend to decrease as distance from the seed source
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Increases. Because hollow seeds are lighter, fall
more slowly, and are carried farther than sound
seeds, the percentage of hollow, inviable seeds
increases with distance.

Seed flight usually continues for several months
(Isaac 1943, Garman 1951, Zobel 1979), and peak
dispersal for individual trees varies widely
(Garman 1951). Sound seeds tend to fall earlier in
the season than hollow seeds, however, and the
peak of viable-seed dispersion usually occurs dur-
ing the first month of seedfall (Shearer and
Schmidt 1970). Wind temperature and humidity
have a major influence on how long it takes to com-
plete dispersal. Cones open or disintegrate
(depending on the species) rapidly in warm, dry
winds, and slowly if winds are cold and wet.

Seed dispersal distance is most relevant to nat-
ural regeneration when it is considered in terms
of "effective seeding distance." Roe et al. (1970)
defined effective seeding distance as "the distance
over which sufficient sound seed is dispersed to
stock an area to an acceptable level under prevail-
ing conditions." The distance increases as supplies
of seed, wind speeds during dispersal, and longevi-
ty of receptive seedbeds all increase.

Survival
Dispersed, dormant seeds are resistant to

extreme temperature and moisture conditions,
and the seeds of most conifer species benefit
from cool, moist stratification during winter
months. Nevertheless, most seeds fail to survive.
Meteorological factors do not seem to be directly
involved, but they indirectly affect survival by
influencing the biological factors that are responsi-
ble for most of this mortality. For example, rain-
water often carries seeds into holes and crannies,
concealing them from seed-eaters while furnish-
ing protected microsites where mineral soil is avail-
able (Vaartaja 1950, Tappeiner 1966). Winter
snowpacks also conceal seeds from some seed-
eaters; greater snow depths may have been respon-
sible for the better spring survival observed by
Minore (1986c) at high elevations. The timing of
seed dispersal relative to snowfall can be impor-
tant. For high-elevation true firs, the only effective
seed is that which falls before the soil is covered
with snow. Seeds of these species germinate on, in,
and under snow, and radicles that elongate while

the seed is still several inches above ground in the
snowpack desiccate and die before penetrating the
soil (Franldin and Krueger 1968, Gordon 1970).

Animals eat most of the seeds in a seed crop.
White-footed deer mice do the most damage, but
shrews, chipmunks, and birds are also serious
predators (Gashwiler 1967 and 1970). Mouse pop-
ulations can recover to pre-harvest levels within 3
months after logging (Tevis 1956b), but even small
populations at the time of seedfall can do much
damage (Smith and Aldous 1947). Where post-har-
vest vegetation provides an adequate food source,
these rodent populations grow much larger during
the first 2 or 3 years after logging, and they
respond to large seed crops by expanding even fur-
ther to take advantage of the increased food supply
(Hooven 1976).

Seed predators prefer certain conifer species
over others. Rodents tend to prefer large conifer
seeds to small ones (Smith and Aldous 1947),
Douglas-fir seeds to those of lodgepole pine
(Sullivan and Sullivan 1982) and western hemlock
(Gashwiler 1970), and ponderosa pine and sugar
pine seeds to those of white fir and incense-cedar
(Beetham 1962). Most western redcedar seeds are
not affected by rodent and bird predation
(Gashwiler 1967).

Seed consumption tends to be most damaging
when crops are small (Curtis and Foiles 1961).
Indeed, rodents and birds often consume all the
seeds in years of light and medium Douglas-fir
seed crops. However, when a crop is small, high
pre-germination mortality may reduce its size so
much further that rodents and birds no longer
seek it (Gashwiler 1970). A surplus is often left
when there is a heavy crop (Isaac 1943). There is
great spatial and temporal variation in the depre-
dations not only of rodents but of insects and fun-
gi as well.

GERMINATION

Moisture, Light, and Temperature
The critical transition from dormant seed in the

soil to growing seedling is affected by many fac-
tors that vary in importance. Zlobin (1977) classi-
fied germination factors as endogenous and
exogenous. Endogenous factors include a seed's



maturity, state of dormancy, size and weight,
reserve nutrient capital, genotype, and inherent
capacity for growth. Exogenous factors include
moisture, temperature, light, aeration, soil proper-
ties, and external biological influences.

In order to germinate, the seed must imbibe
moisture from its immediate surroundings. The
amount needed varies among conifer species (Zlobin
1977, Thomas and Wein 1985b). The close contact
between the seed and its substrate is critical in
order for the seed to absorb water, but its moisture
content does not have to remain constant. Indeed,
a brief redrying period immediately before the seed
germinates improves the vigor of the seedling
(DeMatos et al. 1985). Air temperatures have rela-
tively little direct effect on germination (Fowells and
Stark 1965). The temperature of the substrate prob-
ably becomes the critical factor in stimulating ger-
mination when enough moisture is present (Haig et
al. 1941). The optimum temperature for germination
of most conifer seeds is 20-25°C, but sluggish ger-
mination occurs at 5-14°C (Zlobin 1977). Previous
storage under cold, moist conditions increases the
speed of Douglas-fir germination at 14°C and at
20°C (Jones 1961).

Long photoperiods (16 hours or longer) accelerate
the germination of Douglas-fir seeds at 14°C and
20°C (Richardson 1959). The seed must be pre-con-
ditioned by imbibing water before light has any
effect on germination rate. Light intensity is rela-
tively unimportant in the laboratory (Jones 1961),
but under field conditions it does affect germination.
When Strothmann (1972) germinated Douglas-fir
seeds in a northern California clearcut under four
shade intensities, germination was best in 65 per-
cent shade; followed in order by 90 percent, 25 per-
cent, and 15 percent. Under natural conditions,
shade may be furnished by stumps, slash, stones,
etc. (dead shade) or by surrounding vegetation (live
shade). Dead shade may increase germination by
reducing temperatures and conserving moisture,
but those lower temperatures may delay germina-
tion in the spring (Alexander 1987). Root competi-
tion from live shade usually complicates subsequent
seedling survival. North aspects provide shade and
reduce temperatures on a larger scale, germination
tends to occur later on north slopes than on south
slopes (Strothmann 1971).

Because germinating seeds need much oxygen,
waterlogged conditions impede the germination of
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most western conifers. However, lack of moisture
not waterloggingis usually the limiting factor in
southwestern Oregon and northern California.
Chemical composition and acidity of the soil solu-
tion do not seem to affect seed germination under
normal field conditions (Zlobin 1977).

Seedbeds
The quality of the seedbed is a primary factor in

natural regeneration, because the surface on which
a seed lands determines the moisture, temperature,
and nutrient regimes under which germination will
occur (Minore 1979, Zasada 1986). Duff, rotten
wood, and mineral soil are the most common
seedbeds.

Rotten wood holds moisture better than duff
(Place 1950). and it does not support the competing
vegetation that often inhibits natural regeneration in
moist environments (Berntsen 1955). For these rea-
sons, decayed wood is a favorable seedbed in undis-
turbed stands. It is also important on droughty sites
in western Montana (Harvey et al. 1987). However,
decayed wood is seldom a useful seedbed in south-
western Oregon and northern California because of
environmental conditions there. Sufficiently
decayed, well-distributed rotten wood is rarely
abundant enough to cover a significant portion of
the area to be regenerated. In addition, dead wood
often burns before it decomposes enough to form a
seedbed. The resulting charcoal stimulates early
germination by raising seedbed temperatures, but
Its higher surface temperatures later in the season
may be lethal to tender seedlings (DeKeijzer and
Hermann 1966).

Mineral soil is the best seedbed for most species
under most conditions. Subsurface temperatures
are more extreme under mineral soil than under
organic seedbeds, but surface temperatures are less
extreme in mineral soil (Hermann 1963).
Germination tends to be best where the mineral soil
Is moist and shaded (Isaac 1943, Eis 1967). Furrows
and small depressions or indentations in the min-
eral soil promote germination (Bergman and
Bergsten 1984). This benefit to germination also
seems to occur on a very small scale, for coarse-tex-
tured seedbeds retain moisture beneath the large
substrate particles and in crevices after other, fin-
er-textured seedbeds have dried (Hermann and
Chilcote 1965). Thermal properties of the mineral-
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soil seedbed are important, and pumice seedbeds
vary more in surface temperature than denser
mineral soils (Cochran 1969).

The best mineral-soil seedbeds are often
obtained by scarification, which benefits both ger-
mination and subsequent seedling survival (Foiles
and Curtis 1965). Machine-piling and burning of
slash usually scarifies much of the area to be
regenerated, providing ample mineral-soil
seedbeds (Kovalchik and Blake 1972). Broadcast
burning also exposes many mineral-soil seedbeds.
Burned surfaces sometimes regenerate better than
unburned surfaces, but broadcast-burning is not
as effective as scarification (Steele and Pierce
1968). Moderately burned seedbeds may slightly
improve the germination of Douglas-fir and west-
ern hemlock seeds (Jablanczy 1964), but only after
they have been leached by rain (Gayle and Gilgan
1951). Wood ash may inhibit germination by
reducing the oxygen supply (Tarrant 1954b).

Seedbed quality can be damaged when slash
burning leaves local microsites severely burned.
High temperatures and additions of ash and char-
coal can cause detrimental physical changes in
the soil that may persist for 15 years or longer (Vogl
and Ryder 1969). Because severely burned sur-
faces have the finest particle size, contact between
seed and substrate is maximized (Zasada 1986),
but severe burning lowers the percolation rate,
increases pH, and reduces mycorrhizal popula-
tions (Baker 1968). Fortunately, only a small per-
centage of most burned areas is severely burned
(Tarrant 1954a). Burning does not seem to affect
the eventual quantity of natural conifer stocking
west of the Cascades (Morris 1970).

Biological Factors
Birds and rodents constitute primary biological

factors that directly influence germination suc-
cess, because they consume seeds and seedlings
during germination. Other biological influences
affect germination indirectly by modifying the
microenvironment. Mineral-soil seedbeds are cre-
ated by the same gophers that destroy seedlings,
for example (Tevis 1956a), and the vegetation that
will compete later for soil moisture may provide
live shade that benefits germination (Chilcote
1957, Gratkowski 1967). Allelopathic compounds
also affect germinating seeds (Zlobin 1977), and

hardwood litter sometimes slows Douglas-fir ger-
mination under laboratory conditions, but
allelopathy probably is not a primary factor affect-
ing the regeneration of Douglas-fir in southwestern
Oregon (Tinnin and Kirkpatrick 1985).

SEEDLING SURVIVAL AND
GROWTH
Moisture, Light, and Temperature

Moisture is the most important factor limiting
seedling survival and growth in most of southwest-
ern Oregon and northern California, but adequate
light and favorable temperatures are also impor-
tant. All three factors are affected by silvicul-
tural treatments.

Most mortality of naturally regenerated
seedlings occurs during the first year after germi-
nation, often during the first few weeks when ger-
minants are most susceptible to moisture stress
and heat damage. Shading by an overstory canopy
can reduce this mortality (Helgerson et al. 1982,
Ustin et al. 1984, Selter et al. 1986). Survival is
better in partial shade than in either full sun or full
shade (Isaac 1943, Minore 1972b, Strothmann
1972), but shade reduces seedling growth (Day
1964, Strothmann 1972). Given adequate moisture
and suitable growing temperatures (i.e. absence of
heat injury or frost damage), seedlings grow best in
full light (Waldron 1966, Eis 1967). When moisture
is limiting, soil moisture stress may be mitigated
by less-intense sunlight to produce optimal growth
in partial shade (Ruth 1968), but this growth is
due to the presence of moisture rather than the
absence of full sunlight. Responses caused by
competition for soil moisture sometimes obscure
the positive effect of full light on seedling growth
(Bjorkman 1944). Similarly, frost damage may
negate the increased growth obtained in unshel-
tered, open situations.

It probably makes little difference at first
whether seedlings are sheltered by live or dead
shade (Thomas and Wein 1985a). Shade from
invading vegetation may benefit seedling survival
during the first growing season (Minore 1986c),
but in subsequent seasons that vegetation will
reduce seedling growth and may cause mortality
by increasing moisture stress. Dead shade is better



than live shade in the long run
(Isaac 1943, Minore 1971,
Conard and Radosevich 1982).

Survival tends to be best on
north and east aspects, poor-
est on south and west aspects
(Alexander 1984). So far as
seedling survival is concerned,
there may be more of a differ-
ence between the microcli-
mates of a north and a south
slope than there is between
the climate of the coast and
that of the Cascades (Isaac
1943). Reductions in the den-
sity of the overstory usually
benefit the survival and
growth of regeneration on
north and east aspects but
may reduce survival on south
and west aspects. Proximity to
the edge of an uncut stand
benefits survival in clearcuts
on all aspects (Figure 11-2),
and seedlings sometimes grow more rapidly near
the edge of a clearcut than they do farther away
from the uncut stand (Garfitt 1966). Growth is
usually most rapid along the western or south-
western edge of a clearcut, because seedlings along
that edge receive sunlight during the cool morning
hours and are shaded during the hot afternoons
(Marquis 1965). Seedlings grown in the open,
however, are usually larger than those grown
under an overstory canopy (Minore et al. 1977,
Harrington and Kelsey 1979); growth may be
reduced when a stand edge appreciably reduces
the amount of sunlight reaching the seedlings
(Sims 1975). The uncut stand usually affects an
adjacent clearcut for a distance of less than 2 or 3
times tree height (Gordon 1970, Caruso 1973);
effects decrease with distance from the shel-
tering edge.

Shade stimulates height growth at the expense
of diameter growth, top growth at the expense of
root growth, and leaf area at the expense of
strength and sturdiness (Reifsnyder and Lull
1965). The best potential crop trees in an under-
story of advance seedlings may be identified by vig-
orous pre-release height growth, live crown ratios
of 40 percent or more, and above-average crown
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Figure 11-2. Abundant natural regeneration of Douglas-fir in a western
Siskyou clearcut. Note the proximity to the edge of an uncut stand.

length-to-diameter ratios (Helms and Standiford
1985, Oliver 1986).

One of the benefits of shade is that it prevents
heat injury. It also delays moisture stress by slow-
ing the drying of the soil (Thomas and Wein 1985b)
and reducing water loss from leaves. Under
Norway spruce shelterwoods, the rate of drying of
the soil sometimes decreases with decreasing basal
area of the overstory (Anders and Thomasius
1971), suggesting that effects attributed to increas-
es in light may be partly due to increases in soil
moisture. Indeed, soil moisture and leaf litter may
be more important than light in affecting natural
regeneration under a forest stand (Toumey 1929).

Frost damage is much more severe in clearcuts
than under the canopies of partially cut stands
(Williamson and Minore 1978). It is particularly
serious on flat or concave topography (for example,
the Dead Indian Plateau east of Ashland, Oregon)
where the drainage of cold air is impeded. Frost
damage varies among species: Western hemlock is
the most frost-sensitive, followed by western red-
cedar, Douglas-fir, grand fir, white fir, sugar pine,
incense-cedar, ponderosa pine, Jeffrey pine, lodge-
pole pine, and western white pine (Fowells and
Stark 1965, Minore 1979). Removing all compet-
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ing vegetation (grasses, forbs, and shrubs) re-
duces direct frost damage in clear-cut areas
(Schneider 1969).

Frost heaving usually occurs on unshaded min-
eral-soil seedbeds that are exposed to the open sky
at night. Late snowmelt in the spring and early
snowfall in the winter reduce the length of time
that frost heaving can occur (Cochran 1975), but
damage tends to be most severe at high-elevation
sites with low nighttime temperatures. A silty soil
is most susceptible to frost heaving (Heidmann
1975), and the thermal properties of pumice soils
make them particularly susceptible (Cochran
1969). Loosening or disturbing fine-textured soils
increases the risk of frost heaving (Sjostrom 1944).

Soil
While conifer species vary in their soil require-

ments, a damp, light-colored mineral soil is gener-
ally optimal for seedling survival, and duff and
litter are generally detrimental. Western-hemlock
seedlings grow larger on duff and litter than on
mineral soil when adequate moisture is available
(Sutton 1954), but most other conifer seedlings
tend to grow better on mineral soil, either pure or
mixed with humus, than on undisturbed litter or
surface humus (Tackle and Roy 1953, Waldron
1966, Johnson 1968). The best growth usually
occurs on the best soils. Nevertheless, soil is just
one element in the environmental complex that
influences seedling survival and growth. Moist, fer-
tile loanis and clay barns sometimes yield lower
survival and poorer growth than drier, compara-
tively infertile sandy loams because of sev-
ere vegetative competition on the fertile soils.
Furthermore, differences in growth and survival
among conifer species may be reversed on different
soils. For example, in trials in a growth chamber,
Douglas-fir seedlings grew larger than incense-
cedar seedlings on a fertile soil developed from
basalt but were smaller than incense-cedar
seedlings on an infertile soil developed from sand-
stone (Minore 1984). For seedlings of both species,
survival in the field was best on the infertile sand-
stone soil.

The physical characteristics of a soil directly
influence the survival and growth of seedlings. For
example, root penetration tends to be greatest on
sandy soils (Eis 1965), but the high bulk densities

and low fertility associated with exposed B2 hori-
zons limit growth (Cochran 1963). In southwestern
Oregon and northern California, scree slopes and
ravel layers often seriously inhibit germination,
survival, and growth.

Many soil characteristics indirectly affect sur-
vival and growth by altering the amount and kind
of vegetation present. Competing vegetation is
often serious on productive soils (Minore 1984),
and palatable vegetation sometimes encourages
enough animal damage to seedlings to cause mor-
tality as well (Cooper 1961).

Soil scarification may benefit survival and
growth by creating conditions favorable for root
growth (Valentine 1975) and by reducing plant
competition. Where plant competition is controlled,
however, the scarification and soil displacement
associated with the piling and burning of slash
seems to be detrimental to seedling growth (Minore
1986b, Minore and Weatherly 1990). Soil com-
paction associated with skid roads is also detri-
mental (Steinbrenner and Gessel 1955). Seedling
growth is increased where scarification inverts and
mixes surface organic matter rather than removing
It (McMinn 1986).

Broadcast burning increases mineral-soil expo-
sure (Smith and Wass 1976); and mineral soil may
occupy almost half the burned area on sites where
pre-harvest duff depths are relatively shallow
(Amaranthus and McNabb 1984). Burning also
releases some of the nutrients previously tied up in
litter to increase available soil nitrogen in
the surface soil (Vlamis et al. 1955, Wagle and
Kitchen 1972).

Fire
Broadcast burning of slash destroys any conifer

seedlings present. Retention of logging slash may
favor survival of post-harvest seedlings by provid-
ing shade and reducing soil temperatures on dark
surfaces. However, seedbeds suitable for post-har-
vest seedlings are rare on unburned, unscarified
soils. Except in coastal environments, most surviv-
ing post-harvest seedlings take root on mineral soil
(Morris 1970). Soils on which slash has been
burned therefore tend to have fewer advance
seedlings and more post-harvest seedlings than
unburned soils. Any degree of burning tends to
hinder natural conifer reproduction initially



(Lavender et al. 1956). Nevertheless, stocking dif-
ferences between burned and unburned areas tend
to disappear in 7 to 12 years (Steen 1966, Morris
1970). Moderately intense burns probably are
not detrimental.

Intensity of burning varies over a clearcut, but
most areas are typically only moderately burned.
The small percentage of severely burned ground
most often occurs in patches where slash piles or
windrows are burned. These areas are character-
ized by a red color and a lack of organic matter
(Stewart 1978). Seedling survival is poor on severe-
ly burned soils (Vogl and Ryder 1969, McDonald
1983). Indeed, severe burning inhibits the develop-
ment of almost all plant growth (Roe et al. 1970).
Lowered percolation rates and fewer mycorrhizae
(Tarrant 1956) may be responsible for poor
seedling survival in such areas, but mycorrhizae
are favored by the absence of organic matter in
unburned soils (Alvarez et al. 1979), and soil mois-
ture effects probably are most important.

Slash burning exposes mineral soil and tem-
porarily increases the amount of water-soluble
nutrients available, but its effects on conifer
seedling growth vary with the environment and the
severity of the burn. Shoot-to-root ratios decreased
with increasing intensity of the burn when lodge-
pole pine and Douglas-fir seedlings were grown on
burned soils in a greenhouse environment (Gayle
and Gilgan 1951), but when the Douglas-fir growth
was measured under field conditions in a clearcut,
the ratios were higher on burned soil than on
unburned soil (Valentine 1975). Leader growth
is sometimes greater on moderately burned soil
than on unburned areas (Haig et al. 1941).
Nevertheless, burning is often detrimental to
conifer seedling growth (Baker 1966 and 1968),
and the damage increases with the severity of the
burn. Reductions in growth may not be apparent
immediately, but they become more obvious with
the passage of time (Vogl and Ryder 1969). In gen-
eral, however, burns of moderate intensity proba-
bly benefit natural regeneration.

Biological Factors
The biological characteristics of conifer species

are extremely important in natural regeneration.
Shade-intolerant species are not well suited to sil-
vicultural regimes that require regeneration in the
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understory, for example, and frost-sensitive
species reproduce poorly in frost-pocket areas that
are clear-cut. Genetic variation within each species
also affects seedling survival and growth. Lavender
(1958) found that the size of Douglas-fir seeds did
not affect the size and weight of the resulting
seedlings, and seedling size and weight in turn
were not correlated with mortality, but seedlings
produced from heavy seeds survived better than
those produced from light seeds. Additional varia-
tion within each species population may account
for many of the differences in seedling survival and
growth that occur on seemingly uniform sites.

Most sites are not truly uniform, however, and
competing vegetation is an important biological
factor that widens the diversity within a site. Dense
vegetative cover preempts the seedbed space need-
ed for successful germination, but young seedlings
sometimes survive quite well in the shade pro-
duced by shrubs and sprouting hardwoods. Nurse-
crop effects are common. In southwestern Oregon
the surface soil is cooler and more moist under
madrone, tanoak, and chinkapin stump sprouts
than it is in the open (Minore 1986a). Manzanita
and snowbrush may aid the initial establishment
of ponderosa pine in central Oregon (Dahms 1950),
and squawcarpet ceanothus benefits the survival
of Douglas-fir and white fir seedlings on exposed
sites in the Sierra Nevada (Tappeiner and Helms
1971). Light herbaceous cover favors the estab-
lishment of coniferous regeneration (Lavender et al.
1956), and mustard has been successfully used
as a nurse crop on low-elevation clearcuts in west-
ern Oregon (Chilcote 1957). These beneficial effects
vary with aspect, soil moisture, and soil surface
temperature, however, and vegetation usually acts
as a nurse crop only during the first growing sea-
son. It is detrimental thereafter, when increasing-
ly dense growth usurps the moisture, light, and
space needed by new germinants and reduces the
growth of established seedlings.

Predators begin to attack seedlings soon after
they germinate. Birds (for example, migrating jun-
cos) sometimes kill the young seedlings by clip-
ping the cotyledons as they remove suspended
seed coats (Shearer 1981). Mice and cutworms can
consume entire newly germinated seedlings (Isaac
1943, Roy 1983). The cutworms seem to prefer
incense-cedar over white fir, ponderosa pine, and
sugar pine (Fowells and Stark 1965). Rodent pop-
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ulations often increase as the seedlings grow. The
site disturbance associated with timber harvest-
ing initiates an understory plant succession that
seems to favor a build-up in the rodent popula-
tion, particularly where slash provides cover
(Alexander 1984). Warmer parts of clearcuts (cen-
ters and sunny edges) are probably preferred habi-
tats for rodents (McDonald 1983). Gophers are a
problem in some areas (Tevis 1956a), especially in
clearcuts that support abundant herb cover.
Gophers can completely destroy both planted and
natural young conifer seedlings. Older seedlings
are sometimes browsed by deer and elk.

The interactions of growth and environment
tend to confound growth comparisons among
species, because species respond differently in dif-
ferent environments. Nevertheless, the shoots of
ponderosa pine, Jeffrey pine, and sugar pine
seedlings grew faster than those of white fir and
incense-cedar in two Sierra Nevada studies
(Schubert 1956, Stark 1965). Differences in brows-
ing damage to the white fir and incense-cedar
seedlings by deer may have been responsible.
Lengths of taproots and lateral roots vary with soil
type and species, but seedlings of ponderosa pine,
sugar pine, and incense-cedar all had longer roots
than those of Douglas-fir and grand fir when grown
outdoors in three southwestern Oregon soils (Stein
1978). White fir seedlings tend to have longer roots
than Douglas-fir seedlings (Tappeiner 1966).

Previous growth conditions and mycorrhizae in
the soil also tend to confound within-species com-
parisons of seedling growth. Root-growth phenolo-
gy was different in natural and planted Douglas-fir
seedlings on Vancouver Island; root-cell division
was greatest in October for natural seedlings, but
it peaked before August in the planted stock
(Dunsworth and Kumi 1982). The presence of my-
corrhizae on roots was associated with greater
seedling weight in naturally established white fir
seedlings in the north central Sierra Nevada
(Alvarez et al. 1979).

Competing vegetation of any kind reduces
seedling growth after the first season, but reduc-
tions vary with plant density and species. For
example, the effects of manzanita are much more
severe than those of snowbrush ceanothus on pon-
derosa pine in central Oregon (Dahms 1950). Even
overstory seed trees inhibit seedling growth. For
ponderosa pine seed trees in northern California,

that inhibition extends outward at lelst 40 ft, and
it persists for 4 years after the seed trees are cut
(McDonald 1976b).

SILVICULTURE
Natural regeneration is more successful near

the coast than farther inland. Nevertheless, it is
usually successful in Shasta red fir associations
of the Cascades (Stein 1954, Gratkowsld 1958). If
competing vegetation is controlled, natural regen-
eration is usually also successful in the western
hemlock series (particularly where western red-
cedar is present), and in the tanoak series where
rhododendron and beargrass are abundant
(Chapter 5). Natural regeneration tends to be
unsuccessful after clear-cutting in areas where
poison-oak, hairy honeysuckle, and canyon live
oak are common in the uncut stand. The canyon
live oak/poison-oak and tanoak/poison-oak/hairy
honeysuckle plant associations are particularly
difficult to regenerate (Chapter 5).

Choice of Regeneration Method
Detailed discussions of the methods used to

obtain regeneration are found in Chapter 8, where
artificial regeneration is emphasized. Only
the effects of silviculture on natural regen-
eration are considered here. The choice of artifi-
cial versus natural regeneration is critical, howev-
er, and that choice should be kept in mind when
selecting a regeneration method or assessing its
potential effects.

Planning for natural regeneration is more diffi-
cult than planning for artificial regeneration
because it is based on more numerous, more com-
plex considerations. Those considerations include
matching the biological requirements of desired
species with a site's characteristics, which must be
estimated from existing plant associations, indica-
tor species, and probable responses of plant and
animal populations. Planning for natural regenera-
tion also involves assessing the influences of slope,
aspect, elevation, soil type, species present, nearby
seed sources, seed crop frequency, probable seed
predation, future vegetative competition, and
potential spread of parasites or disease to the
regeneration. These ecological considerations must



Figure 11-3. Natural regeneration of western white pine, lodgepole pine, and
Shasta red fir on pumice soil in a high-elevation clearcut

be matched with management capabilities. In some
cases, successful natural regeneration will de-
pend on extending the regeneration period for a
decade both to create necessary environmen-
tal conditions and to allow for the erratic nature
of seed production.

Nevertheless, the extra effort and increased risk
of natural regeneration are often justified by its
biological and economic benefits. Natural regener-
ation should not be ignored because it seems diffi-
cult or has not been used recently in a given area.
Forestry is changing, and the choices of tomorrow
will differ from those of today, but careful consid-
eration by qualified personnel will always be nec-
essary. The choice of regeneration method should
be based on thorough analyses by an experienced
silviculturist who is familiar with local conditions.
Those analyses should include the economic,
social, site, species, and stand factors discussed in
Chapter 8.

Clearcut Method
The appropriate size and shape of a clearcut

opening depends on the species involved, terrain,
climate, prevailing wind direction at the time of
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seed dispersal, and probable
response of plant and an-
imal communities to the
change in environment.
Clear-cuts should be small in
severe environments, howev-
er, because natural regen-
eration is best where
seedbeds are shaded by
the adjacent uncut stand
(Franklin 1963). Clearcut
strips oriented in a north-
west-southeast direction
maximize this shading effect.
Local conditions-including
heights of the trees in adja-
cent standsshould deter-
mine widths of the strips, but
the length of a properly ori-
ented strip does not affect
shading or seed dispersal,
and acreage is not limited.
The strip system lends itself
well to cuttings in a planned

series (Marquis 1965), but windthrow may be
a problem.

Clear-cutting favors regeneration of ponderosa
pine and white fir over that of Douglas-fir and
Incense-cedar in the northern Sierra Nevada
(McDonald 1983), and it favors regeneration of
mountain hemlock over that of western white pine
and Shasta red fir on high-elevation pumice
deposits (Minore and Dubrasich 1981), where
species mixtures are common (Figure 11-3).
Competing vegetation develops slowly in the true
fir type (Gordon 1979) but can be a problem on
high-quality sites at lower elevations, where dense
shrub growth often follows clear-cutting and
broadcast burning (McDonald 1976a).

Unless abundant advance regeneration is pre-
sent, seedbeds should be prepared to expose a
maximum amount of mineral soil whenever that
can be done without incurring unacceptable site
damage such as soil compaction, removal of
organic matter, or excessive heat from prescribed
burning. Where advance regeneration is not
abundant and soil will be compacted from the use
of heavy equipment, slash should be broadcast
burned. Where advance regeneration is abundant
and its crown ratios and previous growth indi-

-
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cate satisfactory growth after release, slash should
be treated only if it represents a serious fire or
Insect hazard.

Seed Tree Method
The number of seed trees necessary for natural

regeneration varies with climate, seedbed, species,
and seed tree quality, but 4 to 10 trees per acre are
usually left (Baker 1950, Gordon 1979). Those
trees should be selected for their vigorous crowns,
cone-producing potential, and windfirmness.
Uniform distribution of seed trees over the har-
vested area and adequate site preparation to create
a mineral-soil seedbed are essential. In the past,
suitable seed trees usually were considered too
valuable to leave through a second rotation, and
their removal involved some damage to the new
stand. Recently developed silvicultural practices
(for example, the Forest Service's New Perspectives
program) include the retention of large trees for
wildlife purposes, and those large trees may func-
tion as seed trees for many years. Nevertheless, the
seed-tree method provides no useful modification
of environmental conditions in this region, and the
individual trees are subject to windthrow.
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The shelterwood method can be used success-
fully with most species in most environments if
one is willing to accept longer regeneration peri-
ods and a reduction in understory growth. This
growth reduction may be caused by competition for
available soil moisture from overstory and under-
story vegetation as well as by decreased light
(Hobbs and Owston 1985). Nevertheless, natural
seedlings are often abundant (Figure 11-4), and
the shelterwood method should be considered
wherever clear-cutting would result in unaccept-
ably harsh conditions for natural regeneration
(e.g., frost pockets or hot, dry south slopes).
Overstory basal areas of 50 to 100 ft2 per acre are
usually sufficient (Williamson 1973, Seidel 1979),
but optimal overs tory densities vary with
the species and the site. The number of overstory
trees should be determined by the degree of site
amelioration desired and the problems anticipat-
ed during overstory removal. Overstories should
increase in density with shade tolerance of
the species and the need for shelter (e.g., aspect,
slope, and frost hazard). They should consist
of well-formed dominant or co-dominant trees

of the species to be regen-
erated. Site preparation
to expose a mineral-soil
seedbed will improve stock-
ing and shorten the regen-
eration period. Vigorous
advance regeneration of the
desired species should be
preserved.

Removal of the overstory
A is critical to release of

advance regeneration. The
average dbh and the total

k longitudinal cross-sectional
area of the overstory trees

7;4-4 can be used to estimate the
, post-harvest stocking that

will remain after a shelter-
wood overstory is removed
from an area with adequate
regeneration (Laacke and
Fiddler 1986). Damage to
that regeneration is mini-
mized by marking the

,1(

Figure 11-4. Natural regeneration of Douglas-fir under a shefterwood in the east-
em Siskiyou Mountains.



seedlings that are to be saved, laying out skid trails
and cable corridors in straight-line patterns
before the sale is advertised, designating fel-
ling beds, designating rub trees or cull logs along
the edges of skid trails to protect the regen-
eration, and yarding directly across contours
(Fiddler and Laacke 1985, Tesch et al. 1986; see
also Chapter 9).

Selection Methods
When management objectives are to protect

streams or enhance aesthetic values (for example,
to screen a campground), selection may be the
regeneration method of choice (Gordon 1978a).
Administrative costs are high, however, and using
selection to establish and maintain an all-aged
stand is economically justifiable only where an
excellent road system, gentle topography (suitable
for tractor yarding), and a nearby market make
repeated stand entries feasible. Selection provides
nearly optimal conditions for the natural regenera-
tion of many species. Seed-crop periodicity is usu-
ally not a problem. Single tree selection is best
suited to shade-tolerant species, however, and
seedling growth is usually less than that attained
under even-aged systems. Group selection should
be used when uneven-aged management is applied
to shade-intolerant species.

Culture of the New Stand
Natural regeneration is inherently irregular, and

local areas of over- and understocking are likely to
occur. Therefore, precommercial thinning and sup-
plemental planting are often necessary to obtain a
uniform stand. Under suitable conditions it may
be possible to combine these operations by trans-
planting young seedlings from patches of dense
regeneration to nearby understocked areas
(Carlquist 1950). Another method might be to cre-
ate naturally seeded nursery beds in small, scari-
fied clearcuts with the purpose of transplanting the
resulting seedlings into nearby harvested areas
(Armit 1969); this procedure needs further testing.
Precommercial thinning and supplemental planting
are expensive however they are accomplished. This
added expense should be considered whenever the
economics of natural and artificial regeneration are
compared.
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SUMMARY
Under present management constraints and

economic objectives, natural regeneration is sel-
dom used in most of southwestern Oregon and
northern California. Natural regeneration is cheap-
er than artificial regeneration where it can be used
successfully, however, and it guarantees adapta-
tion of the seedlings to the site. Furthermore, pre-
sent practices are rapidly changing, and increasing
emphasis on programs like the Forest Service's
New Perspectives are making natural regeneration
more applicable.

Successful natural regeneration is difficult to
obtain on many sites. It often involves long, uncer-
tain regeneration periods. Seed production is errat-
ic but generally sufficient if vigorous, seed-bearing
trees are reserved to provide seeds in environments
favorable for their germination and for the survival
of the seedlings. Favorable environments include
adequate substrate moisture and moderate tem-
peratures that benefit both the establishment and
the subsequent growth of seedlings. All the com-
monly used regeneration methods may be used to
obtain natural regeneration, but prompt, abun-
dant seedling establishment becomes more cer-
tain as one progresses from small clearcuts
through seed trees and shelterwoods toward selec-
tion. The wide variety of specific site conditions,
biological limitations, and management objectives
makes it difficult to define sites where natural
regeneration should be used. Nevertheless, a few
generalizations apply throughout most of south-
western Oregon and northern California.

Natural regeneration tends to be most success-
ful on moist sites. The general distribution of grow-
ing-season moisture in southwestern Oregon and
northern California has been described (Major
1977, McNabb et al. 1982). Site-specific moisture
conditions can be estimated by using indicator
plants in several areas (Griffin 1967, Minore
1972a, Graham et al. 1982, Minore et al. 1982 and
1984). Where moisture is not limiting, poorer soils
tend to be more suitable for natural regeneration
than more fertile soils. Slightly acid soils seem to
be better than soils of higher pH (Grunda 1972).
Soil depth and field capacity are positively corre-
lated with natural regeneration success; percent
rock content is negatively correlated (T. Atzet, per-
sonal communication).
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High-elevation sites tend to be suitable for natu-
ral regeneration only on sloping ground without
frost pockets. Frost damage often makes flat or
concave topography unsuitable after the overstory
is removed, and the risk of frost damage increases
with elevation. At lower elevations, regeneration
under residual overstory trees tends to be best on
south and west slopes. Regeneration after clear-
cutting is best on north and east slopes. When oth-
er variables are equal, stocking tends to decrease
as slopes become steeper.

Where all other factors are equal, there is less
economic justification for investment in artificial
regeneration on poor sites than on good sites. The
poor sites tend to favor methods that pay regener-
ation costs through reduced revenues and delay
rather than as a cash outlay (Brodie 1985), and
most natural regeneration costs are expressed as
delays or reduced revenue. IIFdl
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LITERATURE CITED
ALEXANDER, R.R. 1984. Natural regeneration of

Engelmann spruce after clearcutting in the cen-
tral Rocky Mountains in relation to environmen-
tal factors. USDA Forest Service, Rocky
Mountain Forest and Range Experiment Station,
Ft. Collins, Colorado. Research Paper RM-254.
17 p.

ALEXANDER, RR. 1987. Ecology, silviculture, and
management of the Engelmann spruce-sub-
alpine fir type in the central and southern Rocky
Mountains. USDA Forest Service, Washington,
D.C. Agriculture Handbook 659. 144 p.

ALVAREZ, I.F., D.L. ROWNEY, and F.W. COBB, JR
1979. Mycorrhizae and growth of white fir
seedlings in mineral soil with and without
organic layers in a California forest. Canadian
Journal of Forest Research 9(3):311-315.

AMARANTHUS, M., and D.H. McNABB. 1984. Bare
soil exposure following logging and prescribed
burning in southwest Oregon. P.234-237 in New
Forests for a Changing World, Proceedings, 1983
Society of American Foresters National
Convention, Society of American Foresters,
Bethesda, Maryland.

ANDERS, S., and H. THOMASIUS. 1971. Relations
between basal area and the moisture content of
the surface soil in Norway spruce stands in the

E. Erzgebirge. Archly fuer Forstwesen 20(1):29-
[Forestry Abstracts 32(4):5260].

ARMIT, D. 1969. A natural nursery produces
plantable wildlings of Sitka spruce. Brit-
ish Columbia Forest Service, Research Note
46. 6p.

AUBERLINDER, V. 1983. De rinstabilite du pin
maritime. P. 139-177 in Annales de Recherches
Sylvicoles, AFOCEL, France, 1982. Association
Foret-Cellulose. [Forestry Abstracts 45(4):1800].

BAKER, F.S. 1950. Principles of Silviculture.
McGraw-Hill, New York. 414 p.

BAKER, J. 1966. The effect of burning logging
slash on chemical properties of soil. Department
of Forestry Canada. Bi-Monthly Research Notes
22(5):7.

BAKER, J. 1968. Effects of slash burning on soil
composition and seedling growth. Canada
Forestry Service, Forest Research Laboratory,
Victoria, B.C. Information Report BC-X-28. 18 p.

BARRETT, J.W. 1966. A record of ponderosa pine
seed flight. USDA Forest Service, Pacific
Northwest Forest and Range Experiment
Station, Portland, Oregon. Research Note PNW-

5p.
BEETHAM, N.M. 1962. The ecological tolerance

range of the seedling stage of Sequoia gigantea.
Dissertation Abstracts 24:479-480.

BERGMAN, F., and U. BERGSTEN. 1984.
Improvement of germination by direct seeding
through mechanical soil preparation. P.291-297
in K. Perttu, ed. Ecology and Management
of Forest Biomass Production Systems.
Department of Ecology and Environmental
Research, Sweden University of Agricultural
Sciences Report 15. lime& Sweden.

BERNTSEN, C.M. 1955. Seedling distribution on a
spruce-hemlock clearcut. USDA Forest Service,
Pacific Northwest Forest and Range Experiment
Station, Portland, Oregon. Research Note 119.
7 p.

BJORKMAN, E. 1944-1945. [Studies on the rela-
tion of light to the height growth of regeneration
on Norrland pine heaths.] Medd.
Skogsforsoksanst. (Stockholm) 34:497-542.
[Forestry Abstracts 7(4):1718].

BRODIE, J.D. 1985. Economic analysis of shelter-
wood versus clearcut decisions. P.29-32 in J.W.
Mann and S.D. Tesch, eds. Proceedings,
Workshop on the Shelterwood Management



System. Forest Research Laboratory, Oregon
State University, Corvallis.

CAMPBELL, R.K. 1979. Genecology of Douglas-fir
in a watershed in the Oregon Cascades. Ecology
60(5):1036-1050.

CARLQUIST, C.G. 1950. Markberedning i hOjdla-
gen [Soil scarification on high ground]. Svenska
Skogsvardsfoeren. Tidskrift 48(4):426-429.
[Forestry Abstracts 13(3):20181.

CARLSON, W.C., C.L. PREISIG, and L.C. PROM-
NITZ. 1980. Comparative root system morpholo-
gies of seeded-in-place, bareroot, and
container-cultured plug Sitka spruce seedlings
after outplanting. Canadian Journal of Forest
Research 10(3):250-256.

CARUSO, J.R. 1973. Regeneration within a mid-
dle-elevation Douglas-fir clearcut. M.F. thesis,
University of Washington, Seattle. 105 p.

CHILCOTE, W. 1957. Getting growth on south
slopes using mustard as a Douglas fir nurse
crop. The Timberman 58(8):56-58.

COCHRAN, P.H. 1963. First year development of
three conifers on surface and exposed subsoil
horizons. M.S. thesis, Oregon State University,
Corvallis. 69 p.

COCHRAN, P.H. 1969. Thermal properties and
surface temperatures of seedbeds. USDA Forest
Service, Pacific Northwest Forest and Range
Experiment Station, Portland, Oregon. 19 p.

COCHRAN, P.H. 1975. Soil temperatures and nat-
ural forest regeneration in south-central
Oregon. P. 37-52 in Forest Soils and Forest Land
Management, Proceedings, Fourth North
American Forest Soils Conference. Les Presses
de l'Universite Laval, Quebec.

CONARD, S.G., and S.R. RADOSEVICH. 1982.
Growth responses of white fir to decreased shad-
ing and root competition by montane communi-
ty shrubs. Forest Science 28(2):309-320.

COOPER, D.W. 1961. Influence of soil type on
reforestation in Humboldt County. California
Agriculture 15(7):4.

CROSSIN, E.C., J.A. MARLOW, and G.L. AIN-
SCOUGH. 1966. A progress report on forest
nutrition studies on Vancouver Island. Forestry
Chronicle 42(3):265-284.

CURTIS, J.D., and M.W. FOILES. 1961. Ponderosa
pine seed dissemination into group clearcut-
tings. Journal of Forestry 59(10):766-767.

Natural Regeneration 275

DAHMS, W.G. 1950. The effect of manzanita and
snowbrush competition on ponderosa pine
reproduction. USDA Forest Service, Pacific
Northwest Forest and Range Experiment
Station, Portland, Oregon. Research Note 65. 3
P.

DAUBENMIRE, R. 1960. A seven-year study of
cone production as related to xylem layers and
temperature in Pinus ponderosa. American
Midland Naturalist 64(1):187-193.

DAY, R.J. 1964. The microenvironments occupied
by spruce and fir regeneration in the Rocky
Mountains. Canada Department of Forestry
Publication 1037. 25 p.

DeKEUZER, S., and R.K. HERMANN. 1966. Effect
of charcoal on germination of Douglas-fir seed.
Northwest Science 40(4):155-163.

DeMATOS-MALAVASI M., S.G. STAFFORD, and
D.P. LAVENDER. 1985. Stratifying, partially
redrying and storing Douglas-fir Pseudotsuga
menziesit seeds. Effects on growth and physiolo-
gy during germination. Annales des Sciences
Forestieres (Paris) 42(4):371-384.

DUNNING, D. 1923. Some results of cutting in the
Sierra forests of California. USDA, Washington,
D.C. Department Bulletin 1176. 27 p.

DUNSWORTH, B.G., and J .W. KUMI. 1982. A new
technique for estimating root system activity.
Canadian Journal of Forest Research
12(4):1030-1032.

EBELL, L.F. 1971. Girdling: its effect on carbohy-
drate status and on reproductive bud and cone
development of Douglas-fir. Canadian Journal of
Botany 49(3):453-466.

EBELL, L.F., and E.E. McMULLAN. 1970.
Nitrogenous substances associated with differ-
ential cone production responses of Douglas-fir
to ammonium and nitrate fertilization. Canadian
Journal of Botany 48(12):2169-2177.

EDWARDS, I.K. 1986. Review of literature on fer-
tilization and conifer seed production. Canada
Forestry Service, Northern Forest Centre. Forest
Management Note 40. 7 p.

EIS, S. 1965. Development of white spruce and
alpine fir seedlings on cut-over areas in the cen-
tral interior of British Columbia. Forestry
Chronicle 41(4):419-431.

EIS, S. 1967. Establishment and early develop-
ment of white spruce in the interior of British
Columbia. Forestry Chronicle 43(2):174-177.



276 Natural Regeneration

EIS, S. 1973. Cone production of Douglas-fir
and grand fir and its climatic require-
ments. Canadian Journal of Forest Research
3(1):61-70.

EIS, S., E.H. GARMAN, and L.F. EBELL. 1965.
Relation between cone production and diameter
Increment of Douglas fir [Pseudotsuga menziesii
(Mirb.) Franco], grand fir [Abies grandis (Doug!.)
Lind1.], and western white pine (Pirtus monticola
Dougl.). Canadian Journal of Botany
43(12):1553-1559.

FERRELL, W.K., and E.S. WOODARD. 1966.
Effects of seed origin on drought resistance of
Douglas-fir [Pseudotsuga menziesii (Mirb.)
Franco]. Ecology 47(3):499-503.

FIDDLER, G.O., and RJ. Laacke. 1985. Overstory
removal: an assessment. P.230-237 in
Proceedings, National Silvicultural Workshop.
USDA Forest Service, Division of Timber
Management. Washington, D.C.

FOILES, M.W., and J.D. CURTIS. 1965. Natural
regeneration of ponderosa pine on scarified
group cuttings in central Idaho. Journal of
Forestry 63(7):530-535.

FORD-ROBERTSON, F.C. 1971. Terminology of
Forest Science, Technology, Practice and
Products. English language version. The
Multilingual Forestry Terminology Series No. 1.
Society of American Foresters, Washington, D.C.
349p.

FOWELLS, H.A., and N.B. STARK. 1965. Natural
regeneration in relation to environment in the
mixed conifer type of California. USDA Forest
Service, Pacific Southwest Forest and Range
Experiment Station, Berkeley, California.
Research Paper PSW-24. 14 p.

FRANKLIN, J.F. 1963. Natural regeneration of
Douglas-fir and associated species using modi-
fied clear-cutting systems in the Oregon
Cascades. USDA Forest Service, Pacific
Northwest Forest and Range Experiment
Station, Portland, Oregon. Research Paper PNW-
3. 14 p.

FRANKLIN, J.F. 1974. Abies Mill. Fir. P.168-183
in C.S. Schopmeyer, tech. coord. Seeds of Woody
Plants in the United States. USDA Forest
Service, Washington, D.C. Agriculture
Handbook 450.

FRANKLIN, J.F., and K.W. KRUEGER. 1968.
Germination of true fir and mountain hemlock

seed on snow. Journal of Forestry 66(5):416-
417.

FRANKLIN, J.F., and C.E. SMITH. 1974a. Seeding
habits of upper slope tree species II. Dispersal of
a mountain hemlock seedcrop on a clearcut.
USDA Forest Service, Pacific Northwest Forest
and Range Experiment Station, Portland,
Oregon. Research Note PNW-214. 9 p.

FRANKLIN, J.F., and C.E. SMITH. 1974b. Seeding
habits of upper-slope tree species III. Dispersal
of white and Shasta red fir seeds on a clearcut.
USDA Forest Service, Pacific Northwest Forest
and Range Experiment Station, Portland,
Oregon. Research Note PNW-215. 9 p.

FURNISS, R.L., and V.M. CAROLIN. 1977. Western
Forest Insects. USDA Forest Service,
Washington, D.C. Miscellaneous Publication
1339. 654 p.

GARFITT, J.E. 1966. Edge effect. Forestry
39(2):189-190.

GARMAN, E.H. 1951. Seed production by conifers
in the coastal region of British Columbia relat-
ed to dissemination and regeneration.
Department of Lands and Forests, British
Columbia Forest Service, Research Division
Technical Publication T35. Printed by Don
McDeannid, Victoria, B.C. 47 p.

GASHWILER, J.S. 1967. Conifer seed survival in a
western Oregon clear-cut. Ecology 48(3):431-
438.

GASHWILER, J.S. 1969. Seed fall of three conifers
in west-central Oregon. Forest Science
15(3):290-295.

GASHWILER, J.S. 1970. Further study of conifer
seed survival in a western Oregon clear-cut.
Ecology 51(5):849-854.

GAYLE, W.B., and W.W. GILGAN. 1951. The effect
of slash burning on germination and primary
survival of lodgepole pine and Douglas-fir.
University of British Columbia, Vancouver.
Forestry Club Research Note 2. 3 p.

GORDON, D.T. 1970. Natural regeneration of white
and red fir.. .influence of several factors. USDA
Forest Service, Pacific Southwest Forest and
Range Experiment Station, Berkeley, California.
Research Paper PSW-58. 32p.

GORDON, D.T. 1978a. Regeneration. P.159-168 in
Uneven-aged Silviculture and Management in
the United States, Combined Proceedings of two
in-service workshops held in Morgantown, West



Virginia, and in Redding, California. USDA
Forest Service, Timber Management Research,
Washington, D.C.

GORDON, D.T. 1978b. White and red fir cone pro-
duction in northeastern California: report of a
16-year study. USDA Forest Service, Pacific
Southwest Forest and Range Experiment
Station, Berkeley, California. Research Note
PSW-330. 4 p.

GORDON, D.T. 1979. Successful natural regenera-
tion cuttings in California true firs. USDA Forest
Service, Pacific Southwest Forest and Range
Experiment Station, Berkeley, California.
Research Paper PSW-140. 14 p.

GRAHAM, J.N., E.W. MURRAY, and D. MINORE.
1982. Environment, vegetation, and regenera-
tion after timber harvest in the Hungry-Pickett
area of southwest Oregon. USDA Forest Service,
Pacific Northwest Forest and Range Experiment
Station, Portland, Oregon. Research Note PNW-
400. 17 p.

GRATKOWSKI, H.J. 1958. Natural reproduction
of Shasta red fir on clear cuttings in southwest-
ern Oregon. Northwest Science 32(1):9-18.

GRATKOWSKI, H. 1967. Ecological considerations
in brush control. P.124-140 in Herbicides and
Vegetation Management in Forests, Ranges, and
Noncrop Lands. Oregon State University, School
of Forestry, Corvallis.

GRIFFIN, J.R. 1967. Soil moisture and vegetation
patterns in northern California forests. USDA
Forest Service, Pacific Southwest Forest and
Range Experiment Station, Berkeley, California.
Research Paper PSW-46. 22 p.

GRUNDA, B. 1972. Silver fir regeneration and
some biological properties of soil. Lesnicky
Casopis 18(4):381-389. [Forestry Abstracts
35(3):7571.

HAIG, I.T., K.P. DAVIS, and R.H. WEID1VIAN. 1941.
Natural regeneration in the western white pine
type. USDA, Washington, D.C. Technical
Bulletin 767. 99p.

HARRINGTON, M.G., and R.G. KELSEY. 1979.
Influence of some environmental factors on ini-
tial establishment and growth of ponderosa pine
seedlings. USDA Forest Service, Intermountain
Forest and Range Experiment Station, Ogden,
Utah. Research Paper INT-230. 26 p.

HARRIS, A.S. 1967. Natural reforestation on a
mile-square clearcut in southeast Alaska. USDA

Natural Regeneration 277

Forest Service, Pacific Northwest Forest and
Range Experiment Station, Portland, Oregon.
Research Paper PNW-522. 16 p.

HARRIS, A.S. 1974. Charnaecyparis Spach. White-
cedar. P.316-320 in C.S. Schopmeyer, tech.
coord. Seeds of Woody Plants in the United
States. USDA Forest Service, Washington, D.C.
Agriculture Handbook 450.

HARVEY, A.E., M.F. JURGENSEN, M.F. LARSEN,
and R.T. GRAHAM. 1987. Relationships among
soil microsite, ectomycorrhizae, and natural
conifer regeneration of old-growth forests in
western Montana. Canadian Journal of Forest
Research 17(1):58-62.

HEIDMANN, L.J. 1975. Predicting frost heaving
susceptibility of Arizona soils. USDA Forest
Service, Rocky Mountain Forest and Range
Experiment Station, Ft. Collins, Colorado.
Research Note RM-295. 7 p.

HELGERSON, 0.T., K.A. WEARSTLER, JR., and
W.K. BRUCKNER. 1982. Survival of natural and
planted seedlings under a shelterwood in south-
west Oregon. Forest Research Laboratory,
Oregon State University, Corvallis. Research
Note 69. 4 p.

HELMS, J.A., and R.B. STANDIFORD. 1985.
Predicting release of advance reproduction of
mixed conifer species in California following
overstory removal. Forest Science 31 (l ):3-15.

HERMANN, R.K. 1963. Temperatures beneath var-
ious seedbeds on a clearcut forest area in the
Oregon Coast Range. Northwest Science
37(3):93-103.

HERMANN, R.K. 1978. Seeding. P.148-161 in B.D.
Cleary, R.D. Greaves, and R.K. Hermann, eds.
Regenerating Oregon's Forests. Oregon State
University Extension Service, Corvallis.

HERMANN, R.K., and W.W. CHILCOTE. 1965.
Effect of seedbeds on germination and survival
of Douglas-fir. Forest Research Laboratory,
Oregon State University, Corvallis. Research
Paper 4. 28p.

HERMANN, R.K., and D.P. LAVENDER. 1968.
Early growth of Douglas-fir from various alti-
tudes and aspects in southern Oregon. Silvae
Genetica 17:143-151.

HOBBS, S.D., and P.W. OWSTON. 1985. Plant
competition associated with Douglas-fir shel-
terwood management in southwest Oregon. P.
17-21 in J.W. Mann and S.D. Tesch, eds.



278 Natural Regeneration

Proceedings, Workshop on the Shelterwood
Management System. Forest Research
Laboratory, Oregon State University, Corvallis.

HOOVEN, E.F. 1976. Changes in small animal
populations related to Douglas-fir seed. Forest
Research Laboratory, Oregon State University,
Corvallis. Research Note 57. 2 p.

HORTON, A.J. 1985. Shelterwood systems in
south-central Oregon: an examination of natural
regeneration knowledge. M.F. thesis, University
of Washington, Seattle. 72 p.

ISAAC, L.A. 1930. Seed flight in the Douglas-fir
region. Journal of Forestry 28(4):492-499.

ISAAC, L.A. 1943. Reproductive habits of Douglas-
fir. Charles Latthrup Pack Forestry Foundation,
Washington, D.C. 107 p.

JABLANCZY, A. 1964. Influence of slash burning
on the establishment and initial growth of
seedlings of Douglas-fir, western hemlock, and
western redcedar: a study of the effect of simu-
lated slash burn on soil blocks from some sites
of the coastal western hemlock zone.
Dissertation Abstracts 25(4):2188.

JOHNSON, H.J. 1968. Pre-scarification and strip
clearcutting to obtain lodgepole pine regenera-
tion. Forestry Chronicle 44(6):27-30.

JONES, L.R. 1961. Effect of light on germination of
forest tree seed. Proceedings, International Seed
Testing Association 26(3):437-452.

KOS, J. 1947. Prirozene osemeneni lesnich ploch
lehkymi letavymi semeny. [Natural seeding of
forest areas by light, flying seeds.] Lesnicka
Prace 26(5):155-172. [Forestry Abstracts
9(3): 1525.1

KOVALCHIK, B., and G. BLAKE. 1972. The effect of
piling and burning versus chopping of logging
residues on natural regeneration of serotinous
lodgepole pine forests. Montana Forest
Conservation Experiment Station, Missoula.
Research Note 11. 4p.

KRUGMAN, S.L., and J.L. JENKINSON. 1974.
Pinus L. P.598-638 in C.S. Schopmeyer, tech.
coord. Seeds of Woody Plants in the United
States. USDA Forest Service, Washington, D.C.
Agriculture Handbook 450.

LAACKE, R.J., and G.O. FIDDLER. 1986.
Overstory removal: stand factors related to suc-
cess and failure. USDA Forest Service, Pacific
Southwest Forest and Range Experiment

Station, Berkeley, California. Research Paper
PSW-183. 12p.

LAACKE, R.J., and J.H. TOMASCHESKI. 1986.
Shelterwood regeneration of true fir: conclusions
after 8 years. USDA Forest Service, Pacific
Southwest Forest and Range Experiment
Station, Berkeley, California. Research Paper
PSW-184. 7 p.

LAVENDER, D.P. 1958. Effect of seed size on
Douglas-fir seedlings. Oregon Forest Lands
Research Center, Corvallis. Research Note 32.
8 p.

LAVENDER, D.P., M.H. BERGMAN, and L.D.
CALVIN. 1956. Natural regeneration on stag-
gered settings. Oregon State Board of Forestry,
Salem. Research Bulletin 10. 36 p.

LOWRY, W.P. 1966. Apparent meteorological
requirements for abundant cone crop in
Douglas-fir. Forest Science 12(2):185-192.

MAJOR, J. 1977. California climate in relation to
vegetation. P. 11-74 in M.G. Barbour, and J.
Major, eds. Terrestrial Vegetation of California.
John Wiley and Sons, New York.

MARQUIS, D.A. 1965. Controlling light in
small clearcuttings. USDA Forest Service,
Northeastern Forest Experiment Station, Upper
Darby, Pennsylvania. Research Paper NE-39.
16 p.

McCLAY, T.A. 1955. Economic considerations in
Douglas-fir stand establishment. USDA Forest
Service, Pacific Northwest Forest and Range
Experiment Station, Portland, Oregon. Research
Paper 15. 10 p.

McDONALD, P.M. 1976a. Forest regeneration and
seedling growth from five cutting methods in
north central California. USDA Forest Service,
Pacific Southwest Forest and Range Experiment
Station, Berkeley, California. Research Paper
PSW-115. 10 p.

McDONALD, P.M. 1976b. Inhibiting effect of pon-
derosa pine seed trees on seedling growth.
Journal of Forestry 74(4):220-224.

McDONALD, P.M. 1976c. Shelterwood cutting in a
young growth, mixed-conifer stand in north cen-
tral California. USDA Forest Service, Pacific
Southwest Forest and Range Experiment
Station, Berkeley, California. Research Paper
PSW-117. 16 p.

McDONALD, P.M. 1980. Seed dissemination in
small clearcuttings in north central California.



USDA Forest Service, Pacific Southwest Forest
and Range Experiment Station, Berkeley,
California. Research Paper PSW-150. 5 p.

McDONALD, P.M. 1983. Clearcutting and natural
regeneration. . . management implications for
the northern Sierra Nevada. USDA Forest
Service, Pacific Southwest Forest and Range
Experiment Station, Berkeley, California.
General Technical Report PSW-70. 11 p.

McMINN, R.G. 1986. Comparative productivity of
seeded, natural and planted regeneration fol-
lowing various site treatments in white spruce
clearcuts. P.31-33 in M. Murray, ed. The Yield
Advantages of Artificial Regeneration at High
Latitudes. USDA Forest Service, Pacific
Northwest Forest and Range Experiment
Station, Portland, Oregon. General Technical
Report. PNW-194.

McNABB, D.H., H.A. FROEHLICH, and F. GAWE-
DA. 1982. Average dry-season precipitation in
southwest Oregon, May through September.
Oregon State University Extension Service,
Corvallis. Miscellaneous Publication EM 8226. 7
P.

MINORE, D. 1971. Shade benefits Douglas-fir in
southwestern Oregon cutover area. Tree
Planters' Notes 22(1):22-23.

MINORE, D. 1972a. A classification of forest envi-
ronments in the South Umpqua Basin. USDA
Forest Service, Pacific Northwest Forest and
Range Experiment Station, Portland, Oregon.
Research Paper PNW-129. 28 p.

MINORE, D. 1972b. Germination and early growth
of coastal tree species on organic seed beds.
USDA Forest Service, Pacific Northwest Forest
and Range Experiment Station, Portland,
Oregon. Research Paper PNW-135. 18 p.

MINORE, D. 1979. Comparative autecological
characteristics of northwestern tree species-a
literature review. USDA Forest Service, Pacific
Northwest Forest and Range Experiment
Station, Portland, Oregon. General Technical
Report PNW-87. 72p.

MINORE, D. 1984. Germination and growth of
Douglas-fir and incense-cedar seedlings on two
southwestern Oregon soils. Tree Planters' Notes
35(4):3-6.

MINORE, D. 1986a. Effects of madrone, chinkapin,
and tanoak sprouts on light intensity, soil mois-

Natural Regeneration 279

ture, and soil temperature. Canadian Journal
of Forest Research 16(3):654-658.

MINORE, D. 1986b. Effects of site preparation on
seedling growth: a preliminary comparison of
broadcast burning and pile burning. USDA
Forest Service, Pacific Northwest Forest and
Range Experiment Station, Portland, Oregon.
Research Note PNW-RN-452. 12 p.

MINORE, D. 1986c. Germination, survival and ear-
ly growth of conifer seedlings in two habitat
types. USDA Forest Service, Pacific Northwest
Forest and Range Experiment Station, Portland,
Oregon. Research Paper PNW-348. 25 p.

MINORE, D., A. ABEE, S.D. SMITH, and E.C.
WHITE. 1982. Environment, vegetation, and
regeneration after timber harvest in the
Applegate area of southwestern Oregon. USDA
Forest Service, Pacific Northwest Forest and
Range Experiment Station, Portland, Oregon.
Research Note PNW-399. 15 p.

MINORE, D., R.E. CARKIN, and R.L. FREDRIK-
SEN. 1977. Comparison of silvicultural methods
at Coyote Creek watersheds in southwestern
Oregon-a case history. USDA Forest Service,
Pacific Northwest Forest and Range Experiment
Station, Portland, Oregon. Research Note PNW-
307. 12 p.

MINORE, D., and M.E. DUBRASICH. 1981.
Regeneration after clearcutting in subalpine
stands near Windigo Pass, Oregon. Journal of
Forestry 79(9):619-621.

MINORE, D., J.N. GRAHAM, and E.W. MURRAY.
1984. Environment and forest regeneration in
the Illinois Valley area of southwestern Oregon.
USDA Forest Service, Pacific Northwest Forest
and Range Experiment Station, Portland,
Oregon. Research Note PNW-413. 20 p.

MINORE, D., and H.G. WEATHERLY. 1990. Effects
of site preparation on Douglas-fir seedling
growth and survival. Western Journal of Applied
Forestry 5(2):49-51.

MORRIS, W.G. 1970. Effects of slash burning in
overmature stands of the Douglas-fir region.
Forest Science 16(3):258-270.

MUSSER, L.A. 1985. The forest cultivator. A soil
restoration and site preparation tool. P.125-132
in Successes in Silviculture, Proceedings,
National Silviculture Workshop. USDA Forest
Service, Division of Timber Management,
Washington, D.C.



280 Natural Regeneration

NEALE, D.B. 1985. Genetic implications of shelter-
wood regeneration of Douglas-fir Pseudotsuga
menziesii var. menziesii in southwest Oregon
USA. Forest Science 31(4):995-1005.

NICHOLS, T.J., and A.A. ALM. 1983. Root devel-
opment of container-reared, nursery-grown, and
naturally regenerated pine seedlings. Canadian
Journal of Forest Research 13(2):239-245.

OLIVER, W.W. 1986. Growth of California red fir
advance regeneration after overstory removal
and thinning. USDA Forest Service, Pacific
Southwest Forest and Range Experiment
Station, Berkeley, California. Research Paper
PSW-180. 6 p.

OLIVER, W.W., R.F. POWERS, and J.N. FISKE.
1983. Pacific ponderosa pine. P.48-52 in R.M.
Burns, tech. compil. Silvicultural Systems for
the Major Forest Types of the United States.
USDA Forest Service, Washington, D.C.
Agriculture Handbook 445.

OWSTON, P.W., and W.I. STEIN. 1974.
Pseudotsuga Carr. Douglas-fir. P.674-683 in
C.S. Schopmeyer, tech. coord. Seeds of Woody
Plants in the United States. USDA Forest
Service, Washington, D.C. Agriculture
Handbook 450.

PETERSEN, G.J., and F.R. MOHR. 1984.
Underburning on white fir sites to induce natu-
ral regeneration and sanitation. Fire
Management Notes 45(2):17-20.

PLACE, I.C.M. 1950. Comparative moisture
regimes of humus and rotten wood. Forestry
Branch Canada Silviculture Leaflet 37. 2 p.

PREISIG, C.L., W.C. CARLSON, and L.C. PROM-
NITZ. 1979. Comparative root system morpholo-
gies of seeded-in-place, bareroot, and
containerized Douglas-fir seedlings after out-
planting. Canadian Journal of Forest Research
9(3):399-405.

REIFSNYDER, W.E., and H.W. LULL. 1965.
Radiant energy in relation to forests. USDA
Forest Service, Washington, D.C. Technical
Bulletin 1344. 111 p.

RICHARDSON, S.D. 1959. Germination of
Douglas-fir seed as affected by light, tempera-
ture, and gibberellic acid. Forest Science
5(2):174-181.

ROE, A.L. 1967. Seed dispersal in a bumper
spruce seed year. USDA Forest Service,
Intermountain Forest and Range Experiment

Station, Ogden, Utah. Research Paper INT-39.
10 p.

ROE, A.L., R.R. ALEXANDER, and M.D.
ANDREWS. 1970. Engelmann spruce regenera-
tion practices in the Rocky Mountains. USDA
Forest Service, Washington, D.C. Production
Research Report 115. 32p.

ROSS, S.D., J.E. WEBBER, RP. PHAFUS, and J.N.
OWENS. 1985. Interaction between gibberellin
A-4-7 and root pruning on the reproductive and
vegetative process in Douglas-fir. 1. Effects on
flowering. Canadian Journal of Forest Research
15(2):341-347.

ROY, D. 1983. Natural regeneration. P.87-102 in
T.F. Robson and R.B. Standiford, eds.
Management of Eastside Pine Type in
Northeastern California. Northern California
Society of American Foresters. Berkeley,
California.

RUTH, R.H. 1968. Differential effect of solar radi-
ation on seedling establishment under a forest
stand. Ph.D. dissertation, Oregon State
University, Corvallis. 165 p.

RUTH, R.H. 1974. Tsuga (Endl.) Carr. Hemlock. P.
819-827 in C.S. Schopmeyer, tech. coord. Seeds
of Woody Plants in the United States. USDA
Forest Service, Washington, D.C. Agriculture
Handbook 450.

SANDVIC, M. 1986. The impact of artificial regen-
eration on rotation age in Norway spruce and
Scots pine areas in Norway. P. 10-14 in M.
Murray, ed. The Yield Advantages of Artificial
Regeneration at High Latitudes, Proceedings,
Sixth International Workshop on Forest
Regeneration. USDA Forest Service, Pacific
Northwest Research Station, Portland, Oregon.
General Technical Report PNW-194.

SCHARPF, R.F. 1969. Dwarf mistletoe on red
fir.. .infection and control in understory stands.
USDA Forest Service, Pacific Southwest Forest
and Range Experiment Station, Berkeley,
California. Research Paper PSW-50. 8 p.

SCHARPF, RF. 1978. Control of dwarf mistletoe on
true firs in the west. P.117-123 in Proceedings,
Symposium on Dwarf Mistletoe Control Through
Forest Management. USDA Forest Service,
Pacific Southwest Forest and Range Experiment
Station, Berkeley, California.

SCHNEIDER, T. 1969. Wind and night frost
in young forest plantations. Archiv fur



Meteorologic Geophysik Bioklimatologie
17B:229-238.

SCHOPMEYER, C.S. 1974. Thuja L. Arborvitae. P.
805-809 in C.S. Schopmeyer, tech. coord. Seeds
of Woody Plants in the United States. USDA
Forest Service, Washington, D.C. Agriculture
Handbook 450.

SCHUBERT, G.H. 1956. Early survival and growth
of sugar pine and white fir in clear-cut open-
ings. USDA, California Forest and Range
Experiment Station, Berkeley, California. Forest
Research Note 117. 6p.

SEIDEL, K.W. 1979. Natural regeneration after
shelterwood cutting in a grand fir-Shasta red
fir stand in central Oregon. USDA Forest
Service, Pacific Northwest Forest and Range
Experiment Station, Portland, Oregon. Research
Paper PNW-259. 23 p.

SELTER, C.M., W.D. PrITS, and M.G. BARBOUR.
1986. Site microenvironment and seedling sur-
vival of Shasta red fir Abies magnifica var.
Shastensis. American Midland Naturalist
115(2) : 288-300.

SHEARER, RC. 1981. Silviculture. P. 27-32 in N.V.
De Byle, ed. Clearcutting and Fire in the
Larch/Douglas-fir Forests of Western
Montana-a Multifaceted Research Summary.
USDA Forest Service, Intermountain Forest and
Range Experiment Station, Ogden, Utah.
General Technical Report INT-99.

SHEARER, RC. 1982. Establishment and growth
of natural and planted conifers 10 years after
clearcutting and burning in a Montana larch
forest. P. 149-157 in Site Preparation and Fuels
Management on Steep Terrain, Symposium
Proceedings, Washington State University,
Pullman.

SHEARER, R.C., and W.C. SCHMIDT. 1970.
Natural regeneration in ponderosa pine forests
of western Montana. USDA Forest Service,
Intermountain Forest and Range Experiment
Station, Ogden, Utah. Research Paper INT-86.
19 p.

SIGGINS, H.W. 1933. Distribution and rate of fall
of conifer seeds. Journal of Agricultural
Research. 47(2):119-128.

SILEN, R.R., and N.L. MANDEL. 1983. Clinal
genetic growth variation within two Douglas-fir
breeding zones. Journal of Forestry 81(4):216-
220, 227.

Natural Regeneration 281

SIMS, H.P. 1975. Evaluation of seedbeds in jack
pine regeneration in southeastern Manitoba.
Northern Forest Research Centre, Canada.
Information Report NOR-X-87. 18 p.

SJOSTROM, H. 1944. Markberedning som hjalp-
medel vid skogens foryngring i Nonland. [Soil
cultivation as an aid to forest regeneration in
Nonland] Svenska Skogsvardsfoeren Tids-
krift 42(3):187-196; 42(4):282-292. [Forestry
Abstracts 8(1):2061.

SMITH, C.F., and S.E. ALDOUS. 1947. The influ-
ence of mammals and birds in retarding artifi-
cial and natural reseeding of coniferous forests
In the United States. Journal of Forestry
45(5):361-369.

SMITH, J.H.G., J. WALTERS, and P.G. HADDOCK.
1968. Planting can be better than seeding of
Douglas-fir. Journal of Forestry 66(4):351-353.

SMITH, R.B., and E.F. WASS. 1976. Soil distur-
bance, vegetative cover and regeneration on
clearcuts in the Nelson Forest District, British
Columbia. Pacific Research Centre Report BC-X-
151. 37 p.

SORENSEN, F.C. 1983. Geographic variation in
seedling Douglas-fir (Pseudotsuga menziesii)
from the western Sisldyou Mountains of Oregon.
Ecology 64(4):696-702.

SORENSEN, F.C., and R.S. MILES. 1978. Cone
and seed weight relationships in Douglas-fir
from western and central Oregon. Ecology
59(4):641-644.

STARK, N. 1965. Natural regeneration of Sierra
Nevada mixed conifers after logging. Journal of
Forestry 63(6):456-461.

STEELE, R.W., and W.R. PIERCE. 1968. Factors
affecting regeneration of western Montana
clearcuts. School of Forestry, Montana State
University, Missoula. Bulletin 33. 26 p.

STEEN, H.K. 1966. Vegetation following slash fires
in one western Oregon locality. Northwest
Science 40(3):113-120.

STEIN, W.I. 1954. Natural reproduction of Shasta
red fir from a single good cone crop. USDA
Forest Service, Pacific Northwest Forest and
Range Experiment Station, Portland, Oregon.
Research Note 100. 5 p.

STEIN, W.I. 1974. Libocedrus decurrens Ton.
Incense-cedar. P. 494-499 in C.S. Schopmeyer,
tech. coord. Seeds of Woody Plants in the United



282 Natural Regeneration

States. USDA Forest Service, Washington, D.C.
Agriculture Handbook 450.

STEIN, W.I. 1978. Naturally developed seedling
roots of five western conifers. P. 28-35 in E. Van
Eerden and J.M. Kinghorn, eds. Root Form of
Planted Trees Symposium Proceedings. British
Columbia Ministry of Forests, Canada Forestry
Service Joint Report 8.

STEINBRENNER, E.C., and S.P. GESSEL. 1955.
Effect of tractor logging on soils and regenera-
tion in the Douglas-fir region of southwestern
Washington. P. 77-80 in Proceedings, Society of
American Foresters, Washington, D.C.

STEWART, R.E. 1978. Site preparation. P. 100-
129. in B.D. Cleary, R.D. Greaves, and R.K.
Hermann, eds. Regenerating Oregon's Forests.
Oregon State University Extension Service,
Corvallis

STREEBY, L. 1977. Economic aspects of reforesta-
tion planning on woodland properties. Oregon
State Extension Service, Corvallis. Extension
Bulletin 834. 12 p.

STROTH/VIANN, R.O. 1971. Germination and sur-
vival of Douglas-fir in northern Cali-
fornia...effects of time of seeding, soil type, and
aspect. USDA Forest Service, Pacific Southwest
Forest and Range Experiment Station, Berkeley,
California. Research Note PSW-245. 6 p.

STROTHMANN, R.O. 1972. Douglas-fir in northern
California: effects of shade on germination, sur-
vival, and growth. USDA Forest Service, Pacific
Southwest Forest and Range Experiment
Station, Berkeley, California. Research Paper
PSW-84. 10 p.

STROTHMANN, R.O., and D.F. ROY. 1984.
Regeneration of Douglas-fir in the Klamath
Mountains Region, California and Oregon.
USDA Forest Service, Pacific Southwest Forest
and Range Experiment Station, Berkeley,
California. General Technical Report PSW-81.
34p.

SULLIVAN, T.P., and D.S. SULLIVAN. 1982. The
use of alternative foods to reduce lodgepole pine
seed predation by small mammals. Journal of
Applied Ecology 19(1):33-45.

SUNDAHL, W.E. 1971. Seedfall from young-growth
ponderosa pine. Journal of Forestry 69(11):790-
792.

SUTTON, R.C. 1954. Some influences of seedbed
on germination, growth, and survival of hem-

lock. University of British Columbia Forestry
Club. Research Commission Research Note
10. 4p.

TACKLE, D., and D.F. ROY. 1953. Site prepara-
tion as related to ground cover density in natu-
ral regeneration of ponderosa pine. USDA
California Forest and Range Experiment
Station, Berkeley, California. Technical Paper
4. 13 p.

TAPPEINER, J.C., II. 1966. Natural regeneration
of Douglas-fir [Pseudotsuga menziesii (Mirb.)
Franco] on Blodgett Forest in the mixed conifer
type in the Sierra Nevada of California. Ph.D.
dissertation, University of California, Berkeley.
238 p.

TAPPEINER, J.C., II, and J.A. HELMS. 1971.
Natural regeneration of Douglas fir and white
fir on exposed sites in the Sierra Nevada of
California. American Midland Naturalist
86(2):358-370.

TARRANT, R.F. 1954a. Effect of slash burning on
soil pH. USDA Forest Service, Pacific Northwest
Forest and Range Experiment Station, Portland,
Oregon. Research Note 102. 5 p.

TARRANT, R.F. 1954b. Soil reaction and the ger-
mination of Douglas-fir seed. USDA Forest
Service, Pacific Northwest Forest and Range
Experiment Station, Portland, Oregon. Research
Note 105. 4 p.

TARRANT, R.F. 1956. Effects of slash burning on
some soils of the Douglas-fir region. Soil Science
Society of America Proceedings 20(3):408-411.

TEDDER, P.L. 1982. Reforestation of steep sites
with skeletal soils.. .Is it economically realistic?
P. 105-108 in S.D. Hobbs and O.T. Helgerson,
eds. Reforestation of Skeletal Soils. Proceedings
of a Workshop. Forest Research Laboratory,
Oregon State University, Corvallis.

TESCH, S.D., D.H. LYSNE, J.W. MANN, and O.T.
HELGERSON. 1986. Mortality of regeneration
during skyline logging of a shelterwood oversto-
ry. Journal of Forestry 84(6):49-50.

TEVIS, L., JR. 1956a. Pocket gophers and
seedlings of red fir. Ecology 37(2):379-381.

TEVIS, L., JR. 1956b. Responses of small mam-
mal populations to logging of Douglas-fir.
Journal of Mammalogy 37(2):189-196.

THOMAS, P.A., and R.W. WEIN. 1985a. The influ-
ence of shelter and the hypothetical effect of fire
severity on the postfire establishment of conifers



from seed. Canadian Journal of Forest Research
15(1):148-154.

THOMAS, P.A., and R.W. WEIN. 1985b. Water
availability and the comparative emergence of
four conifer species. Canadian Journal of
Botany 63(10):1740-1746.

TINNIN, R.O., and L.A. KIRKPATRICK. 1985. The
allelopathic influence of broadleaf trees and
shrubs on seedlings of Douglas-fir. Forest
Science 31(4):945-952.

TOUMEY, J.W. 1929. The vegetation on the forest
floor, light versus soil moisture. Proceedings,
International Congress of Plant Science 1:575-
590.

USTIN, S.L., R.A. WOODWARD, M.G. BARBOUR,
and J.L. HATFIELD. 1984. Relationships
between sunfleck dynamics and red fir seedling
distribution. Ecology 65(5):1420-1428.

VAARTAJA, 0. 1950. On factors influencing the
initial development of pine. Oikos 2(i):89-108.

VALENTINE, J.M. 1975. Site preparation effects on
microclimate and Douglas-fir seedling growth.
Ph.D. dissertation, University of Washington,
Seattle. 150 p.

VESIKALLIO, H. 1981. The economy of natural and
artificial regeneration. P.266-270 in Forest
Regeneration, Proceedings, American Society of
Agricultural Engineers Symposium, Engineering
Systems for Forest Regeneration. American
Society of Agricultural Engineers, St. Joseph,
Michigan.

VLAMIS, J., H.H. BISWELL, and A.M. SCHULTZ.
1955. Effects of prescribed burning on soil fer-
tility in second growth ponderosa pine. Journal
of Forestry 53(12):905-909.

VOGL, R.J., and C. RYDER. 1969. Effects of slash
burning on conifer reproduction in Montana's
Mission Range. Northwest Science 43(3):135-
147.

WAGLE, R.F., and J.H. KITCHEN, JR. 1972.
Influence of fire on soil nutrients in a ponderosa
pine type. Ecology 53(1):118-125.

WALDRON, R.M. 1966. Factors affecting natural
white spruce regeneration on prepared seedbeds
at the Riding Mountain Forest Experimental
Area, Manitoba. Canada Department of Forestry
and Rural Development Publication 1169.

WILLIAMSON, D.M., and D. MINORE. 1978.
Survival and growth of planted conifers on the
Dead Indian Plateau east of Ashland, Oregon.

Natural Regeneration 283

USDA Forest Service, Pacific Northwest Forest
and Range Experiment Station, Portland,
Oregon. Research Paper PNW-242. 15 p.

WILLIAMSON, R.L. 1973. Results of shelterwood
harvesting of Douglas-fir in the Cascades of
western Oregon. USDA Forest Service, Pacific
Northwest Forest and Range Experiment
Station, Portland, Oregon. Research Paper PNW-
161. 13p.

WRIGHT, J.W. 1953. Pollen-dispersion studies:
some practical applications. Journal of Forestry
51(2):114-118.

ZAERR, J.B., D.P. LAVENDER, M. NEWTON, and
R.K. HERMANN. 1981. Natural versus artificial
forest regeneration in the Douglas-fir region. P.
177-185 in J.J. Talbot and W. Swanson, eds.
Woodpower. New Perspectives on Forest Usage.
International Science and Technology Institute.
Pergamon Press, New York.

ZASADA, J. 1986. Natural regeneration of trees
and tall shrubs on forest sites in interior Alaska.
P. 44-73 in K. Van Cleve, F.S. Chapin III, P.W.
Flanagan, L.A. Viereck, and C.T. Dyrness, eds.
Forest Ecosystems in the Alaskan Taiga: A
Synthesis of Structure and Function. Springer-
Verlag, New York.

ZLOBIN, Y.A. 1977. Ecology of germinating seeds
of Scotch pine and Norway spruce. Translated
from Ekologiya 1:40-45. Plenum Publishing,
New York.

ZOBEL, D.B. 1979. Seed production in forests of
Charnaecyparis lawsoniartct. Canadian Journal
of Forest Research 9(3):327-335.




