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99164-4430). Successional relationships and a comparison of biological characteristics among six
northwestern conifers. Bull. Torrey Bot. Club 112:421-428. 1985—For six coniferous treespecies
of mid-altitude forests in the northern Rocky Mountains, a comparison of their biological char-
acteristics and usual roles in succession does not reveal the pattern of specialization for early or
late successional roles found among some species of the northeastern deciduous forests. Early
successional species among these conifers have lower shade tolerance and greater annual extension
growth than late successional species, but for seed weight, seed longevity, age to first seed pro-
duction, crop frequency and maximum longevity, there is not a consistent relationship between
rank and successional role. This failure to conform to the predictions of classical r-K selection
may be explained in part by the disturbance regime, the site-specific nature of successional roles,
and aspects of the abiotic environment related to climate in the northwestern United States.
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Early and late stages of succession differ
in a variety of environmental characteristics
(Odum 1969, Vitousek and White 1981) and
plant species show a corresponding special-
ization for early and late successional roles
(Marks 1975, Bazzaz 1979, Govindaraju
1984). Consequently, secondary succession
in temperate forest ecosystems commonly
involves a change in species composition or
dominance in the-overstory. The changes that
occur in succession at a particular site can
be viewed as a gradient along which species
segregate (Pickett 1976, Whittaker and
Woodwell 1978).

Alternative states of many plant charac-
teristics have been argued to be adaptive in
contrasting successional environments. The
arguments follow from the pattern of envi-
ronmental changes associated with succes-
sion, particularly the changes in plant density
and the availability of resources. A number
of models have been developed to describe
this range of selection regimes and to predict
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the biological characteristics of species in
each environment. The r-K continuum of
MacArthur and Wilson (1967) is the proto-
type for such models. Its limitations, partic-
ularly its one dimensionality, have inspired
others to propose alternatives (e.g., Grime
1979, Caswell 1982). Optimality models
(Stearns and Crandall 1981) have also been
used to generate predictions of the charac-
teristics expected in tree species which col-
onize light gaps.

In this paper I examine the distribution
of biological characteristics among six coni-
ferous species of mid-altitude forests in the
northern Rocky Mountains. The objective is
to test the hypothesis that the species which
dominate early successional environments
have a suite of characters which differentiate
them from their late successional counter-
parts.

Methods. Six coniferous species were
chosen whose successional status has been
widely studied (Haig et al. 1941, Habeck
1968, Daubenmire and Daubenmire 1968,
Franklin and Dyrness 1973). The early
successional (ES) species are lodgepole pine
(Pinus contorta), western white pine (Pinus
monticola) and western larch (Larix occiden-
talis); the corresponding late successional
(LS) or climax species are grand fir (Abies
grandis), western redcedar (Thuja plicata) and
western hemlock (Tsuga heterophylla). The
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three climax species are listed in the order
in which they would be encountered along
an altitudinal gradient in the northern Rocky
Mountains (Daubenmire and Daubenmire
1968). Data for leader extension growth was
collected in the field, while that for seed
weight, seed longevity, age to first seed pro-
duction, crop frequency and maximum lon-
gevity was taken from the literature. For
three of the characters, a ranking of the spe-
cies taken from a literature review by Minore
(1979) is used rather than quantitative data
because of variations in the characters as a
function of location and experimental de-
sign. Although there are problems associated
with comparing data from many sources, no-
tably that ecotypes may exist, this method is
useful for identifying broad-scale patterns
among the species.

The study site, located in the Priest River
Experimental Forest in northern Idaho
- (48'18"N 116'47"W), had been clear cut in
1967. Elevation was approximately 1400 m
and the surrounding area was a Tsuga hetero-
phylla/Pachistima myrsinites habitat type
(Daubenmire 1973). Nine coniferous species
had colonized the site but Picea engelmanii,
Abies lasiocarpa and Pseudotsuga menziesii were
relatively few in number and were not in-
cluded in the study. Annual leader extension
growth was determined after terminal buds
had formed in the fall of 1981. For twenty
randomly chosen individuals of each species,
which were two to three meters in height,
the distance on the leader from the previous
year’s bud scar to the newly formed bud was
measured. Thuja plicata does not have annual
buds but the termination of the previous
year’s growth is indicated by the extent of
woody bark on the stem (Parker 1979). Use
of saplings in a clearcut site minimized the
effects of competition.

Results. BIOLOGICAL CHARACTERISTICS
AND ROLES IN SUCCESSION. In this clearcut
site, early successional western larch and
lodgepole pine had significantly greater an-
nual extension growth than the other species
(Table 1). The tallest conifers on the site were
western larch, which were as much as a meter
taller than their neighbors. Western white
pine (ES) ranked third in extension growth
but was not significantly different from west-
ern hemlock, which led the other two late-
successional species. A similar pattern of
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Table 1. Annual leader extension growth for six
coniferous species in a clearcut at the Priest River Ex-
perimental Forest (n = 20). ES = early successional, LS
= late successional.

Extension
Successional  Growth SE

Species Status (cm) (cm)
Larix occidentalis ES 42.1* 1.8
Pinus monticola ES 38,7~ 2.0
Pinus contorta ES 45.3° 1.7
Abies grandis LS 30.2° 1.3
Thuja plicata LS 31.14 09
Tsuga heterophylla LS 36.8° 1.6

* Different superscripts indicate significantly different
means (p < .05, LSD test).

greater extension growth by ES species
among a group of Pacific northwest conifers
was reported by Williams (1968).

Shade intolerance is also associated with
early successional status (Table 2). The spe-
cies ranked as least shade tolerant by Minore
(1979) are the three ES species. The higher
shade tolerance of white pine relative to
lodgepole pine and western larch correlates
with its lower extension growth (Table 1).
Among the LS species, the greater shade tol-
erance of western hemlock and western red
cedar relative to grand fir may be explained,
in part, as an adaptation to the greater basal
areas, hence deeper shade, attained in stands
where these species are climax dominants.
Basal area averaged 50.6 m® ha™' for the
Abies/Pachistima habitat type, 90.1 m? ha™’
for the Tsuga/Pachistima habitat type and
169.2 m® ha™? for the Thuja/Pachistima hab-
itat type in climax stands from throughout
the northern Rocky Mountains (compiled
from Daubenmire and Daubenmire 1968).

For the remaining characters, succes-
sional status was not a consistent predictor
of rank (Table 2). Seed weight varies from
40 seeds per g in grand fir to 911 seeds per
g in red cedar, but these are both LS species.
Seed longevity is lowest in grand fir and
greatest in lodgepole pine but the species’
ranks in between do not conform to a pat-
tern. Phenological characters are likewise in-
consistent. Two of the ES species generally
produce seeds before they are twenty years
old but the other, western larch, is like the
three LS species and produces seed some-
what later. Western white pine and lodgepole
pine were the only species with conesin 1981
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Table 2. Biological characteristics for six conifers of mid-altitude forest in the northern Rocky Mountains. -

Shade Seed Seed Age to First Seed Crop Maximum
Tolerance* Weight® Longevity Production®  Frequency® Longevity!
(rank) #/g) (rank) (yegrs) (years) (years)
Early successional species .
Larix occidentalis 1 315 2 25 5 700+
Pinus contorta 2 297 5 4-8 1 250+ .
Pinus monticola 3 59 4 7-20 3-7 400+
Late successional species
Abies grandis 4 40 1 20 3 300+
Thuja plicata 5 911 3 20-30 34 1000+
Tsuga heterophylla 6 572 3 15-25 2-8 400+
* Ranking by Minore (1979). Low ranks are less shade tolerant.
b Schopmeyer (1974)

© Ranking by Minore (1979). Low ranks have less longevity. Species with the same rank cannot be differentiated

on the basis of this character.
¢ Franklin and Dyrness (1973).

For comparison with the western coni-
ferous species, ten tree species of the north-
eastern deciduous forests are included in

at the time the extension growth data were
collected. Crop frequency is characterized by
periodic mast years in all the species except
lodgepole pine. Minore (1979) ranks lodge- Table 3.

pole pine and western white pine together

as having more frequent crops than the three Discussion. For five of the seven char-
LS species, which in turn are ranked above acters considered there is no consistent re-
western larch. Western larch has a long po- lationship between where the species are
tential life span (700+ years), exceeded only ranked and their successional roles. This re-
by western redcedar, a LS species, at 1000+ sult does not follow the predictions of either
years. Lodgepole pine and grand- fir are classical r-K selection theory or of the opti-
grouped together at the low end of the lon- mality model of Stearns and Crandall (1981).
gevity spectrum with potential ages of 250+ The poor correlation among character-
and 300+ years respectively. istics in these conifers of the northern Rocky

Table 3. Biological characteristics of ten tree species of the northeastern deciduous forests.

Duration of
- Leader Extension Growth Seed Age to First Seed Maximum
Shade Extension  (Days to >90% of Weight Production Longevity
Tolerance®  Growth (cm)* Seasonal Growth)® (#/g)° (years)® (years)*
Early successional
species
Betula papyrifera intolerant n.a. 112 3036 15 140-200
Populus grandidentata very intolerant 70-100+ 60 334 10--20 70-100
Populus tremuloides _ very intolerant 100+ 60 7920 10-20 70-100
Prunus pennsylvanica  n.a. 100+ 90 31 2 30-60
Late successional
species
Acer rubrum tolerant 40-50 40 50 4 80-250
Acer saccharum very tolerant 25-40 30 15 30 300-400
Betula tutea intermediate 43+ 60 na. n.a. 150-300
Fagus grandifolia very tolerant 25-40 30 35 40 350+
Fraxinus americana  intermediate 60+ 30 29 20 260-300
Quercus rubra intermediate n.a 30 0.3 25 200-400
* Marks (1975)

® Schopmeyer (1974)
n.a. = not available
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Mountains also contrasts with the pattern in
the northeastern deciduous forests described
by Marks (1975). Biological characteristics
for ten tree species of the northeastern de-
ciduous forest were described (Table 3) and
early successional species were generally less
shade tolerant, had a greater duration and
amount of leader extension growth and had
lower maximum longevity. The magnitudes
of the differences between extension growth
in ES and LS species were much greater than
those found in the western conifers (Tables
1 and 3). Data from the literature (Table 3)
suggest these eastern ES species also have
smaller seeds and earlier age of first repro-
duction than the LS species. Pin cherry (Pru-
nus pennsylvanica) is exceptional in being an
ES species with heavy seeds. Unlike the other
species, however, its seeds are bird dispersed
and so must have a thick seed coat to survive
passage through the digestive tract of the
bird. Acer rubrum is unusual among late
successional species in having an early age of
first reproduction. It also has the smallest
seeds of the six LS species listed. In contrast
to Marks (1975), Fowells (1965) considered
Acer rubrum a pioneer to subclimax species;
thus, it might be expected to have charac-
teristics intermediate between those of ES
and LS species.

The arguments for the adaptive signifi-
cance of these characters for ES and LS spe-
cies generally follow from r-K theory
(MacArthur and Wilson 1967, Pianka 1970)
and can be summarized as follows: Environ-
ments predominantly characterized by r-se-
lection occur at two spatial scales, one in
which catastrophic disturbances generate
large open areas and one in which more local
disturbances, such as treefalls, generate small
openings. Small seeds allow for ready wind
dispersal into disturbed areas of both kinds
and great seed longevity increases the like-
lihood of encountering a small scale distur-
bance. Large seeds fuel early growth in low-
light environments associated with K-selec-
tion or attract high quality seed dispersers.
Early and frequent seed production permit
maximum exploitation of both newly colo-
nized large sites and periodically available
small sites. Such seed production, however,
requires energy that will generally increase
fitness more if used for vegetative growth in
the highly competitive environment of K-se-
lected species. Low shade tolerance, which
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is typically associated with a relatively high
photosynthetic capacity (Bazzaz 1979), and
indeterminant extension growth are coupled
to promote rapid growth in high light envi-
ronments. Lower maximum longevity is per-
haps a consequence of the rapid growth rate
of ES species, in that fewer resources are al-
located to biochemical and morphological
defenses against grazers and pathogens.
The high power/low efficiency metabolism

“{Odum and Pinkerton 1955) of the ES spe-

“Cies may also render them competitively in-
Terior as reso ilability drops during
canopy closure, a factor also potentially lim-
iting longevity.

The lack of a consistent pattern in the
characteristics of ES and LS species in the
northwestern coniferous forest, but its pres-
ence in the tree species of the northeastern
deciduous forests suggests that specialization
for successional roles is greater in the latter
than the former. It cannot be assumed that
community composition and dynamics re-
main constant over evolutionary time frames
(Davis 1981); thus, the nature of selective
forces imposed by neighbor species cannot
be inferred. There are, however, several ways
in which the climate is related to the selection
regime that may, in part, explain the interre-
gional differences in how biological charac-
teristics are distributed among the species.
These include the effect of climate on the
disturbance regime, the greater importance
of adaptations relating to climate among the
conifers, and the effect of climate on deter-
mining successional roles among the conifers

(Fig. 1).

THE DISTURBANCE REGIME. In the
northwestern coniferous forest the distur-
bance regime is characterized by periodic
fires (see Martin 1982 for a literature review)
and insect outbreaks (Amman and Baker
1972). Dry summers enhance the likelihood
of fire while the tendency towards even size-
class distributions raises susceptibility to in-
sects and pathogens. The frequency, inten-
sity, and size of these disturbances is a func-
tion of many interrelated factors but their
effect is to create large areas in which sec-
ondary succession is initiated. In a review of
patch dynamics, Pickett and Thompson
(1978) found that disturbance patches
tended to be larger in coniferous ecosystems
than in those dominated by deciduous spe-
cies.
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Fig. 1. A qualitative comparison of the ecological amplitudes of coniferous species in eastern Washington and
northern Idaho. Darkened lines indicate the portion of its range a species is climax in the face of intense competition

(from Daubenmire 1966).

The disturbance regime in the north-
eastern deciduous forests is quite different
(Bormann and Likens 1979, Russell 1983).
There, year round precipitation limits fire
frequencies and size. Lower relief, along with
the less flammable nature ‘of the forests

‘(Mutch 1970), may also slow the spread of

fires. Hurricanes and wind storms contribute
significantly to the disturbance regime along
the east coast, and they act differently from
fires or insect epidemics in that usually only
isolated individuals or small groups of trees
are knocked down (Oliver and Stevens 1977).
This pattern of isolated mortality in the larger
size classes allows for gap phase replacement
and the maintenance of regeneration niches
{Grubb 1977) for both ES and LS species
within mature stands (Forcier 1975; Barden
1981; Runkle 1981).

Over much of the area in the northern

- Rocky Mountains where grand fir, western

redcedar and western hemlock are the po-
tential climax species, seedlings of both ES
and LS species can tolerate the conditions
after a catastrophic fire and readily colonize
disturbed areas {Daubenmire and Dauben-
mire 1968, Lyon and Stickney 1976). Thus,
the “initial floristics” model of succession
(Egler 1954, Connell and Slatyer 1977) often
holds. ES species may dominate the early
stages of succession because of their faster
growth rates (Haig et al. 1941). As time
elapses, however, these shade intolerant spe-

cies fail to reproduce locally (Turner and
Franz 1985) and they lose dominance to the
slower-growing LS species. Commonly an-
other fire or insect outbreak occurs which
opens up the area to all species again before
competitive equilibrium is achieved (Wright
and Heinselman 1973). The rarity of true
climax stands in the northwestern forests has
been remarked on by several regional ecol-
ogists (Munger 1940, Daubenmire and Dau-
benmire 1968, Habeck and Mutch 1973),
and has been attributed primarily to the low
probability that the hundreds of years re-
quired for a complete secondary succession
would be uninterrupted by some kind of cat-
astrophic disturbance.

One consequence of a disturbance re-
gime that limits the occurrence of climax
communities is that neither of the primary
strategies associated with regeneration in cli-
max stands, that is, gap phase replacement
(Watt 1947) and slow growth into the canopy,
is selectively favored because climax stands
do not commonly persist for more than one
generation of the trees. Rather, niche dif-
ferentiation is based, in part, on the shift in’
dominance from the ES species with lower
shade tolerance and higher growth rates to
the slower-growing LS species. Coexistence
of ES and LS species occurs because that
dominance shift typically is accomplished in
the interval between catastrophic distur-
bances.
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Besides the recurrence of catastrophic
fires, the geometry of the conifer trees also
militates against gap phase replacement.
Monopodial trunks make the canopies of in-
dividual conifers relatively narrow, probably
as a means of shedding snow, and capturing
low angle sunlight. Often these trees remain
standing after tree death (Franklin et al.
1981). When a large conifer does fall, the
space it opens up is small and the beneficia-
ries are more likely to be neighbors in the
understory than individuals that seed into
the gap.

There is some indication that potential
longevity can be related to the fire regimes
in these environments. Western redcedar,
with the greatest potential longevity, typically
occurs in pure stands only where soils remain
relatively moist throughout the year (Dau-
benmire and Daubenmire 1968). Thus, the
frequency of catastrophic fire in cedar stands
tends to be low, allowing longer life spans
and, perhaps, selecting for longer life spans.
Western larch, which in contrast is ES, also
has great potential longevity, but its evolu-

tionary origin may be quite different. Larch:

has thick bark and is considered to be the
most fire-resistant conifer in the northern
Rocky Mountains (Flint 1925). Its range takes
it into more xeric environments than any of
the six species being compared (Daubenmire
1966) where low intensity ground fires re-
duce fuel levels and decrease the probability
of catastrophic fires (Martin 1982). Thus, a
larch tree will survive many such low intensity
fires in its long life span. A relatively late age
to first reproduction (Table 2) suggests that
resources are allocated to height growth early

in the life of alarch tree in order to promote .

survival of ground fires subsequent to estab-
lishment. At higher altitudes there are fewer
low intensity fires but, as stands age and fuel
accumulates, the probability of a catastrophic
fire in a dry year increases (Martin 1982).
The three to four hundred year potential life
span of the remaining species may reflect the
low probability. of surviving these fires.
Windstorms that kill old, tall trees make great
potential longevity a less successful trait in
the eastern forests for either ES or LS spe-
cies.

SITE-SPECIFIC ROLES IN SUCCESSION.
Another factor that may limit niche special-
ization based on successional role among the
northwestern conifers is the site-specific na-
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ture of their roles (Daubenmire and Dau-
benmire 1968, Franklin 1982). LS species
can usually tolerate the environmental con-
ditions in early stages of secondary succes-
sion. Due to their shade tolerance they can
also seed into latter stages of succession on
sites that they didn’t originally colonize be-
cause local seed sources were absent. Selec-
tion is thus not strictly for one successional
role.

ES species may also play a LS role.
Lodgepole pine is seral over much of its
range but on some pumice soils in central
Oregon it is the only conifer that can tolerate
the conditions and so successfully reproduces
while typical LS species cannot (Franklin
and Dyrness 1973). Nonpyrogenous climax
stands of lodgepole pine have also been re-
ported (Despain 1983). In relatively dry en-
vironments characterized by recurrent fires,
western larch and lodgepole pine, usually ES
species, may form a fire climax (Franklin and
Dyrness 1973).

SPECIALIZATION FOR CLIMATIC FACTORS.
The relationship of seed size to ecological
amplitude among the LS northwestern con-
ifers supports the idea that selection by cli-
matic factors is more important in shaping
this character than selection related to
successional role (Fig. 1). Where soil drought
is common, a large seed size is required to
fuel a fast-growing tap root that precedes the
descending wave of soil drying occurring
most summers (Daubenmire 1968). This may
explain the large seeds of grand fir and pon-
derosa pine (Pirus ponderosa), which are cli-
max dominants in drier habitat types than
those dominated by cedar and hemlock
(Daubenmire 1956). Where snow and litter
accumulations are high and the growing sea-
son short, a large seed size may be favored
to give mechanical strength to the seedlings,
as in the Abies amabalis zone in the Cascade
range (Thornburg 1967). Subalpine fir (Abies
lasiocarpa) has an average of 766 seeds per g
and whitebark pine (Pinus albicaulis), which
also grows up to timberline, has the largest
seeds of any of the northwestern conifers
with only 57 per g (Schopmeyer 1974).
Western redcedar and western hemlock oc-
cupy modal sites for moisture and temper-
ature along the elevational gradient (Dau-
benmire 1956, Zobel et al. 1976) which ap-
parently do not require a large seed. The
hemlock and cedar trees which survive to re-
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produce do so because their seeds were orig-
inally deposited in a large disturbed area or
on rotting wood safe sites within older stands
(Christy and Mack 1984, Turner and Franz
1985). Production of many small seeds rather
than few large ones increases the probability
of encountering such germination sites.

There is no obvious relationship between
the ecological amplitudes of the species and
their ranking relative to the two character-
istics not thus far mentioned—seed longevity
and crop frequency. The rankings for seed
longevity are based on dry, cold storage, so
may not be a good indication of relative lon-
gevities under natural conditions. Except for
lodgepole pine, which retains seeds on the
tree in well-defended cones (Smith 1970), all
these conifer species have periodic mast
years, perhaps as a predator satiation strategy
{Silvertown 1980).

In addition to acknowledging the possi-
bility that natural selection may not tightly
regulate some characters, it must be recog-
nized that limited genetic variability within a
character, allometric constraints, genetic
linkages between characters and coevolved
relationships with seed dispersers could ali
influence the evolutionary history of a given
character. Further empirical studies at a va-
riety of levels of organization will be useful
in identifying the environmental factors and
genetic constraints which have generated the
current constellation of characters possessed
by each species.
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