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Abstract

We examined how composition and structure of old-growth and mature forests at Mount Rainier National Park changed between
the mid-1970s and mid-1990s. We assessed whether the patterns of forest dynamics observed in lower elevation old-growth
forests in the Pacific Northwest held true for the higher-elevation forests of the Park. We used measurements of tree recruitment,
growth, and mortality on 18 permanent plots that spanned the range of forested environments in the Park. Similar to previous
studies, there was little change in stand structure and composition, while a relatively large number of individual stems died or
were recruited into the tree population. Most recruitment was of shade-tolerant tree species. Unlike some previous studies, in
many stands recruitment of shade-tolerant individuals occurred without substantial mortality of shade-tolerant trees in the upper
canopy. Habitat characteristics associated with old-growth forest changed little in most stands. One exception was a mature noble
fir stand in which a brief episode of tree mortality, apparently due to drought and pathogens, increased similarity to old-growth
structure. Plots in old-growth forest on the coldest and wettest sites in the Park had low shnilarity to the published definition of
upper-slope old-growth forest at both the beginning and end of the study, suggesting that the existing definition may not apply
at these environmental extremes. .

Introduction

In recent decades, there has been increasing
interest in biological diversity and ecosystem
functions of old-growth forests. Although very
young forests may harbor a greater number of
species, old-growth forests often provide habitat
for plant'and animal species less common in, or
missingfrom, earlier stagesof forestdevelopment
(Spies and Franklin 1996). Old-growth forests
may moderate microclimate and store carbon to
a greater extent than younger forests (Spies and
Franklin 1996, Janisch and Harmon 2002).

Interestin old-growthforesthasgrownsimulta-
neously as the areaoccupied by old-growthforest
has declined. Over a five-decadeperiod endingin
the 1990s,the areaof old-growthforest in Oregon
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and Washington declined by 67% (Bolsinger and
Waddell 1993 ; see Moeur et al. 2005 for more re-
cent trends on federal lands). This decrease in the
area of old-growth forest was a key element in the
controversy surrounding management of federal
forest land in the Pacific Northwest in the 1990s
(Thomas 1997). Reserved areas such as Mount
Rainier and other National Parks provide signifi-
cant areas of old-growth forest (Forest Ecosystem
Management Assessment Team 1993). Although
Mount Rainier National Park is most famous for
alpine features, 60% of the Park is forested, and
65% of the forested area consists of stands >200
yr old (Franklin et al. 1988).

Long-term studies are essential for development
and testing of ecological theory, and application of
ecological knowledge to natural resource manage-
ment (Franklin 1989). Old-growth forests of the
Pacific Northwest are an excellent case in point,
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giventhat dominant tree species can live for many
centuries and intervals between stand-replacing
disturbancescanbe similarlylong (Franklin 1989,
Acker et al. 1998a, Franklin and Halpern 2000).
However, most studies of forest dynamics in
the region have focused on the first few decades
after stand-replacing disturbance (Franklin and
Halpern 2000).

The few studiesof dynamicsof old-growthfor-
estin thePacificNorthwesthaveshownthat overall
speciescompositioncanbe stablefor decades,even
while many individual trees die and are replaced
by regeneration, measured as ingrowth (Franklin
and DeBell 1988, Edmonds et al. 1993). In such
stands,recruitmentof individualsof shade-tolerant
tree speciesiscommon,especiallyunderopenings
in the forest canopy (Huff 1995, Edmonds et al.
1993, Moeur 1992, Franklin and DeBell 1988,
Stewart 1986,1989, DeBell and Franklin 1987).
In particular, recruitment of shade-tolerant trees
is most likely where the shade tolerant species
westernhemlock is absentfrom the forest canopy
(Stewart 1986, 1989). Due to the processes of
recruitment of shade-tolerant tree species and
mortality of dominant, pioneering species, the
habitat features of old-growth forest will gradu-
ally shift over time (DeBell and Franklin 1987,
Barbour et al. 2002, Franklin et al. 2002).

The purpose of this paper is to examine how
the composition and structure of old-growth and
mature forests at Mount Rainier National Park
havechangedoverthe last20 yr.Weasked several
questions.Dopreviouslyobservedpatterns,mostly
obtainedfromlower-elevationforestsof Doug1as-
firand westernhemlock, also apply to the higher-
elevationforestsof the Parkwhere species such as
Pacificsilver firand mountainhemlock dominate
maturevegetation?Has standstructureand species
composition remained relatively constant in the
face of loss and recruitment of individual trees?
Has recruitment of shade-tolerant trees occurred
in response to mortality of shade-tolerant canopy
trees?Havehabitatcharacteristicsassociatedwith
old-growth forests changed?

Our analyses derive from research on basic
plantpopulation and ecosystemprocesses at sites
representing the full range of forested environ-
ments in the Park (Acker et al. 1998a, Dyrness
and Acker 2000). Since study locations were
chosen subjectively, it is not possible to draw
direct inferences from the study plots to the Park
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as a whole. However, since the locations are
broadly representative of the Park's forests, Our
analyses should indicate whether forests there are
changing dramatically, and whether dynamics are
similar to those observed elsewhere in the Pacific
Northwest.

Study Sites

Permanent forest plots were established at 18
locationsinMountRainierNationalParkbetween
1976and 1978(Table 1).Plots range from 600m
to 1,600 m elevation, encompassing most of the
elevationrange ofclosed-canopyforestin thePark
(Franklinet al. 1988).Plotsare locatedin themajor
river drainage basins (Nisqually, Ohanapecosh,
White, and Carbon), and include all four comers
of the Park.The potential vegetation for forested
areas of the Park has been classified into 14plant
associations(Franklinet al. 1988),11of whichare
represented within the permanent plots. Most of
the plots are in old-growth forests (Table 1).

Franklin et al. (1988) organized forested plant
associations of Mount Rainier National Park into
four groups: moist, modal, dry, and cold. Moist
forest types represented in the permanent plots
include western hemlockldevil's club (Tsuga
heterophylla/Oplopanaxhorridum),westernhem-
lock/vanillaleaf(T.heterophylla/Achlystriphylla),
Pacific silver fir/devil's club (Abies amabilis/O.
horridum), and Pacific silver fir/coo1wortfoam-
flower(A.amabilis/Tiarellaunifoliata).Dominant
tree species in these plots are Douglas-fir (Pseu-
dotsuga menziesii), western hemlock. noble fir
(Abies procera), Pacific silver fir, and western
red cedar (Thujaplicata).

The modal forest type comprises one plant
association, Pacific silver fir/Alaska blueberry
(A: amabilisIVacciniumalaskaense). Permanent
plots in this plant association type are dominated
by Pacific silver fir and western hemlock.

Dry forest types represented in the permanent
plots arePacificsilverfir/salal(A. amabilis/Gaul-
theriashallon),Pacificsilverfir/dullOregongrape
(A. amabilis/Berberisnervosa), and Pacificsilver
fir/beargrass (A. amabilis/Xerophyllum tenax).
Dominant tree species in plots in these forest
types are western hemlock. western red cedar,
Douglas-fir, and Pacific silver fir.

Cold forest types in the plot set include Pa-
cific silver fir/dwarfbramble (A. amabilis/Rubus
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TABLE 1. Permanent forest plots in Mount Rainier National Park. Plots are ordered from warm and dry to cold and wet using
the plant association classifi<;ation of Franklin et aI. (1988).

lasiococcus), Pacific silver fir/fool's huckleberry
(A. amabilis/Menziesiaferruginea), and Pacific
silver fir/white rhododendron (A. amabilis/ Rho-
dodendron albiflorum). Dominant tree species
in the plots are Pacific silver fir, Alaska yellow
cedar (Chamaecyparis nootkatensis), mountain
hemlock (Tsuga mertensiana), and subalpine fir
(Abies lasiocarpa).

Common names for plants follow Hitchcock
and Cronquist (1973).

Methods

I
I

Most of the plots consisted of I-ha, slope-cor-
rected squares within which all trees ~15 cm dbh
(diameter at breast height, 1.37 m) are tagged and
mapped. Within the I-ha plots; trees between 5 and
IS cm dbh were tagged and mapped on selected
0.0625 ha subplots. Three of the permanent plots
(CCNF, SRNF, and ARI9 in Table I), consisted
of five, 0.1 ha circular subplots systematically
spaced along linear transects. Perimeters of these
circular subplots were not corrected for the effects
of slope and in some cases the collective projected
area was less than 0.5 ha. All results are reported
on a horizontal-area basis.

At establishment between 1976 and 1978, and
every five years thereafter, dbh was measured

I.
I'

..1

on all tagged trees. The relative position of each
tree's crown was recorded as lower stratum (i.e.,
suppressed or intermediate), or upper stratum (Le.,
codominant or dominant) (Avery and Burkhart
1994). Trees that died since the last measurement
were noted and conditions (e.g., position of tree
bole, presence of pathogens) and possible causes
of tree mortality were recorded. At each measure-
ment, trees that had grown large enough to meet
the minimum size requirement became part of
the tree population, and were tagged, mapped,
and measured. Due to a staggered schedule of
measurements, the interval between the first and
last measurements of individual plots ranged
from 16 to 20 yr.

To assess changes in structure associated with
old-growth forest habitat, we compared the earli-
est and most recent measurement of each plot to
definitions of young and old forest structure (Spies
and Franklin 1991, Fierstet al. 1993). Following
Acker et al. (1998b), we computed an index of
old-growth structure, I ,by comparing various
structural variables to v~ues used to define young
and old forest (Table 2). For the western hemlock
zone (Le., plots TB13, TADI, T004, TOil), Spies
and Franklin (1991) found four variables that were
most efficient at distinguishing old from young
forests (standard deviation of tree dbh, density of
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Plot
name Elev. (m) Plant association Seral stage Dominant tree species

PPI7 1116 Douglas-fir-Iodgepolepinelpinemat Old-growth Douglas-fir, lodgepole pine
manzanita

TBI3 1018 Western hemlock/dull Oregongrape . Mature Douglas-fir, western hemlock
TAOI 671 Western hemlock/vanillaleaf Old-growth Douglas-fir, western hemlock
TOO4 668 Western hemlock/devil's club Old-growth Western hemlock, Douglas-fir
TalI 604 Western hemlock/devil's club Mature Douglas-fir, western hemlock
AG05 951 Pacific silver fir/salal Old-growth Pacific silver fir. western red cedar
AB08 1055 Pacific silver fir/dull Oregongrape Old-growth Western hemlock, western red cedar
AV02 841 Pacific silver fir/Alaska blueberry Old-growth Pacific silver fir, western hemlock
AV06 1061 Pacific silver fir/Alaska blueberry Old-growth Pacific silver fir, western hemlock
AVI4 1067 Pacific silver fir/Alaska blueberry Old-growth Pacific silver fir, western hemlock
CCNF 1250 Pacific silver fir/coolwort foamflower Old-growth Noble fir, western hemlock
SRNF 1506 Pacific silver fir/coolwort foamflower Mature Noble fir, Douglas-fir
AOO3 866 Pacific silver fir/devil's club Old-growth Pacific silver fir, western red cedar
AX15 1024 Pacific silver firlbeargrass Mature Douglas-fir,western hemlock
AEI0 1451 Pacific silver fir/avalanche lily Old-growth Pacific silver fir, Alaska yellow cedar
AR19 1615 Pacific silver fir/dwarf bramble Mature Subalpine fir, Pacific silver fir
AM16 1183 Pacific silver fir/fool's huckleberry Old-growth Alaska yellow cedar, mountain hemlock
AR07 1451 Pacific silver fir/white rhododendron Old-growth Pacific silver fir, mountain hemlock
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TABLE 2. Structural variables used to define similarity to
typical old-growth forest

IValues averaged across all site classes reported by Fierst et
al. (1993).

Douglas-firs> 100 cm dbh, mean tree dbh, and
tree density). For the Pacific silver fir zone (Le.,
all other plots except PP17), Fierst et al. (1993)
identified two variables that were consistently
differentbetween young and old stands (standard
deviation of tree dbh and quadratic mean tree
dbh). 109ranges from 0 for stand structure typical
of young forest, to 100 for stand structuretypical
of old forest (Acker et al. 1998b).Plot PP17 was
excludedfromtheanalysisof changein old-growth
Structure.This plot represents an azonal forest
type at Mt. Rainier National Park that occurs on
unproductive substrates and apparently does not
develop intoclosed-canopy forest (Franklinet al.
1988). Old-growth characteristics have not been
defined for this type of forest.

Results

Forest composition and structure changed little
over the two decades of observation. The rank
order of tree species in relative basal area was
unchanged in 16 of the 18 plots, and changes
in the other two plots were not dramatic. In plot
AX15, Douglas-fir and western hemlock traded
places as the first and second dominant species with
Douglas-fir basal area dropping from 52% to 44%
and western hemlock basal area rising from 41%
to 48%. In AR07, Pacific silver fir and mountain
hemlock traded places as leading species, though
both species accounted for -40% of basal area in
both the first and last measurements.

Changes in total basal area were also generally
subtle (Figure 1). Total basal area increased on 14
of the 18 plots, but most changes were less than
10%. The one exception was plot PP17, an open
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Plotname

Figure 1. Percent change in total tree basal area on permanent
plots at Mount Rainier National Park. Plots are
ordered from warm and dry to cold and wet using
the plant association classification of Franklin et
al. (1988).

stand on a rocky, river-terrace site dominated by
Douglas-fir and lodgepole pine (Pinuscontorta).
Basal area in this plot increased by 26% (Figure
1), though it was still less than 35% of the mean
basal area of the 18 plots (25.5 m2lhafor PP17;
mean of 79.1 m2lhafor all plots).

More change occurred in stem density, with
10 of the 18 plots changing by ~ 10% (Figure
2). Of the three plots that decreased by at least
10%, two are mature stands that appeared to be
undergoing competitive thinning, as would be
expected (Franklin et al. 2002). In both plots
TB13 and AXI5, over 80% of the dying trees
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Figure 2. Percent change in total stem density (trees per hect-

are) on permanent plots at Mount Rainier National

Park. Plots ate ordered from warm and dry to cold

and wet using the plant association classification
of Franklin et al. (1988).

Young Old-growth
forest forest

Variable value value-
Western hemlock zone (four variables)
Standard deviation of tree dbh 12 32

Douglas-fir trees > 100 ern dbh per ha 0.5 19

Mean tree dbh (cm) 21 31

Trees per ha 935 448

Pacific silver fir zone (two variables)'
Standard deviation of tree dbh 17 31

Quadratic mean tree dbh (cm) 40 54
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were from lower canopy strata and nearly 80%
of dying trees were found standing. This mortal-
ity process is responsible for the ascendancy of
westernhemlockoverDouglas-firat piotAXl5 as
noted above. In plot TB13, competitive thinning
did not result in notable changes in tree species
composition.

Competitive thinning does not appear to be
the cause of the relatively large decline in stem
density at plot SRNF. There, nearly 30% of dy-
ing trees were from upper canopy strata and total
basalareaof thestanddeclinedby >5% (Figure 1).
The mean annual mortality rate was -2%, about
twice published rates for similar-age stands in
the region (Franklin et al. 1987; Edmonds et al.
1993). Over 80% of dying trees were of a single
species (noble fir). Nearly 90% of dying trees
were standing,suggesting some bioticagent (e.g.,
insects or pathogen) as the cause of mortality, or
possibly drought.

On sevenof theplots, stem densityincreasedby
~ 10%.Recruitment wasprimarily shade-tolerant
western hemlock and Pacific silver fir in all cases
exceptplotPP17.Plotswithsignificantrecruitment
of shade-tolerant species include moist (T004,

CCNF), modal (AV02, AV06), dry (AG05), and
cold (AM16) types.

High turnover of stems in the lower canopy
stratum occurred in most plots (Table 3). In 17
of the 18 plots, mortality in the lower stratum,
recruitment, or both was equivalent to at least
10% of the initial stem density. Shade-tolerant
species accounted for nearly all recruitment, with
the exception of plot PP 17. In contrast to trees
lower in the canopy, there was little mortality of
trees in the upper canopy stratum in most plots.
With the exception of plot SRNF, upper stratum
mortality ranged from 0 to 24 trees per ha. Mortal-
ity of shade-tolerants in the upper stratum ranged
from 0 to 20 trees per ha.

There was no relationship between recruitment
of shade-tolerant trees and mortality of shade-toler-
ants in the upper canopy stratum (Figure 3). High
amounts of recruitment occurred across almost the

entire range of upper canopy mortality. In addition,
in some plots relatively high mortality of upper
canopy shade-tolerants coincided with relatively
little recruitment of shade-tolerant trees.

In general, the degree of development of habitat
characteristics associated with old-growth forest

TABLE 3. Initial tree density, mortality, recruitment, and final tree density of shade-tolerant (Tol) and shade-intolerant (Intol)
species. Plots are ordered from warm and dry to cold and wet using the plant associationclassificationof Franklin et
al. (1988). All values are in trees per ha.-

Mortality bv canopv stratum
Initial Lower Upper Recruitment Final

Plot density Tol Intol Tol Intol Tol Intol density

PP17 815 18 48 0 13 53 206. 947
TB13 572 95 5 9 4 4 0 455

TAOI 399 15 3 1 9 4 0 375
T004 423 83 1 11 3 197 1 471
TOll 249 46 1 4 0 45 0 243

AG05 870 122 0 18 0 285 0 975
AB08 422 6 0 7 2 58 0 453
AV02 1034 91 0 18 1 228 0 1153
AV06 1188 126 2 11 0 385 0 1326
AV14 491 61 0 13 0 66 0 465
CCNF 423 44 2 0 2 300 16 691
SRNF 776 13 162 0 67 31 0 565
A003 381 42 0 20 0 53 0 372

AX15 925 64 49 0 20 28 0 818
AEIO 781 91 I 4 0 42 0 724
AR19 756 0 86 0 24 62 34 744
AM16 841 17 0 7 0 146 0 936
AR07 487 35 0 15 0 64 0 498

!}
!
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MortaUtyof shade-tolerantspeciesIn upper caDOpystratum
(treesJba)

Figure 3. Recruitment of shade-tolerant stems (trees per hect-
are) on permanent plots at Mount Rainier National
Park versus mortality of shade-tolerant stems in the

upper canopy stratum.
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Plot Dame

Figure 4. Old-growth index (I ) for permanent plots at Mount
Rainier National P1rk, at beginning and end of
study. Plots are ordered from warm and dry to cold
and wet using the plant association classification of
Franklin et al. (1988).

changed only slightly over the two decades of ob-
servation (Figure 4). In 14 of the 17 plots analyzed,
10 changed 10 points orless out of a possible 100
p5ints. The three stands with greater change in
old-growth characteristics include an old-growth
stand in which I declined (AV02), a mature stand

in which 10 incr~ased (SRNF), and an old-growth
stand in w1tich I increased (AE10). At AV02,

og
recruitment and, to a lesser extent, upper canopy
mortality (Table 3), shifted the diameter distribu-
tion to smaller sizes and reduced the heterogeneity
of tree sizes (Le., decreased standard deviation of
tree dbh). At SRNF, mortality occurred among
trees of all sizes, but was somewhat concentrated

r
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among smaller trees (Table 3), shifting the diameter
distribution to larger trees. At AElO, mortality in
the lower stratum exceeded recruitment (Table 3),
shifting the diameter distribution to larger trees
and increasing the heterogeneity of tree sizes.

Four stands classified as old-growth based
on stand age were structurally more similar to

young forest than old growth (Le., 109<50; AV06,
AElO, AM16, AR07). Three of these four stands
occupied the coldest and wettest forest habitats
in the Park (Franklin et al. 1988), and all were
above 1060 m elevation.

Discussion

The set of permanent plots of Mount Rainier
National Park is not a statistical sample of the
Park's forests, so direct inferences to overall
forest conditions are not possible. However, the
plots do span the elevational, geographic, and
compositional range of forest in the Park and
so should be broadly representative of trends in
forest dynamics. The forests do not appear to be
undergoingrapid decline, as has been observedin
permanentplots elsewhere(KeaneandArno 1993,
Vacekand Leps 1996).Similar to lower-elevation
old-growth forests in the PacificNorthwest, little
change has occurred in species composition or
stand structure, even as a relatively large number
of individual stems have died and been replaced
(Franklinand DeBell 1988,Edmondset al. 1993).
Habitat conditionsassociatedwithold-growthfor-
est have generally persisted, though continuation
of present trends, includingrecruitmentof treesof
shade-tolerant species, could result in decreased
similarity to typical old-growth structure.

Some of these results confirm and some run
counter to previous generalizations about Pacific
Northwestold-growthforest.As previouslyshown
for lower-elevationold-growthforests, the overall
stability in stand structure and composition over
two decadesisdeceptive,becausemanystemsdied
(mostly lower in the canopy) and were replaced
on most plots (Franklin and DeBell 1988). It is
necessary to track individual trees to understand
overallstanddynamicsandpopulationprocessesin
old-growth forests (Franklin and DeBell 1988).

Recruitment was primarily of shade-tolerant
species (Tabl~ 3), as others have found in the
region (Huff 1995, Edmonds.et al. 1993,Moeur
1992, Franklin and DeBell 1988, Stewart 1986,
1989, DeBell and Franklin 1987). However, in
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contrast to some previous studies (Stewart 1986,
1989), recruitment of shade-tolerant trees was nqt
restricted to plots with marked attrition of shade-
tolerant individuals in the upper canopy. There is,
no doubt, an upper limit on the potential stocking
of these stands, so that at some point competi-
tion-induced mortality will decrease the density
of recruits or upper canopy trees, or both.

Though the degree of similarity to typical old-
growth structure was constant or nearly constant
on most plots, the exceptions point to processes
that both generate and remove old-growth struc-
ture. The most marked increase in similarity to
old-growth structure occurred in the mature noble
fir stand represented by plot SRNF. This was also
the plot with the largest tree mortality, in tenns
of percentage of the original cohort (Figure 2).
This stand appears to have undergone a brief
spike in tree mortality in the mid-1990s, due to
the combined effects of drought, the pathogenic
fungus Armillaria sp., and the bark beetle Scolytus
ventralis (David C. Shaw, Oregon State University,
personal communication). Franklin et al. (2002)
reported that density-independent or non-com-
petitive mortality agents such as bark beetles and
root rots play important roles in development of
old-growth characteristics in mature stands of
Douglas-fir, which also appears to be the case
in mature noble fir stands at higher elevations.
Plot AV02 illustrates the potential longer-term
implications of recruitment of large numbers of
shade-tolerant trees (and upper stratum mortal-
ity): a shift to a tree-size distribution dominated
by smaller trees, less heterogeneity of tree sizes,
and as a consequence, habitat characteristics more
akin to young forests.

In the Pacific Northwest, most efforts to develop
quantitative definitions of old-growth forests have
been devoted to more widespread, lower-elevation
forests where Douglas-fir is a dominant species
(Marcot et al. 1991). The consistently low similar-
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