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Introduction

Abstract

Question: Many predictions about forest succession have been based on chro-
nosequences. Are these predictions — at the population, community and ecosys-
tem level — consistent with long-term measurements in permanent plots?

Location: Pseudotsuga menziesii (Mirb.) Franco dominated forest in western Ore-
gon, US.

Methods: Over a 100-yr period, measurements every 5-10 yrs of the growth,
mortality and regeneration of individually tagged trees in three 0.4-ha forest
plots dominated by P. menziesii were used to test predictions derived from chro-
nosequence studies.

Results: Population- and community-level predictions generally matched
observations: the initial cohort of pioneer species declined exponentially, with
the shorter-lived Prunus emarginata (Douglas ex Hook.) Eaton and Arbutus menzi-
esii Pursh disappearing altogether, and long-lived species such as P. menziesii per-
sisting; tree size distribution shifted from a log-normal to a normal distribution,
although the establishment of mid- to late-seral species created a bimodal distri-
bution that may represent a transitional phase not usually elaborated in prior
work; and mortality shifted from largely density-dependent to increasing
amounts of density-independent causes. The observed biomass composition of
these forests, even after 154 yrs, was still largely dominated by P. menziesii,
which was consistent with the prediction from chronosequence studies. The
slowing of biomass accumulation as stands aged predicted from ecosystem the-
ory was not consistent with the observation that live biomass accumulated at a
relatively constant rate for the 100-yr period.

Conclusion: Predictions from chronosequences at the population and commu-
nity level were consistent with long-term observations in permanent plots,
whereas those at the ecosystem level were not. At the spatial scale (<2 ha)
examined with these plots, the high heterogeneity of tree mortality may lead to
a multi-modal pattern of net live biomass accumulation with long periods of
constant gain interrupted by sudden losses of live biomass.

time. Indeed, much of what has been learned about forest
succession involved substitution of differences in space for

Globally, forests are an important ecosystem: they provide
sources of building material, energy, habitat and clean
water, and they store a large share of terrestrial carbon.
How forests fulfill these functions is dependent on how
they develop over time, and although there have been
many studies of this process in forests, most of these studies
have not involved direct observations over long periods of

those in time (Pickett 1989; Bakker et al. 1996). This is log-
ical, given that forests may take centuries to develop, but
substituting space for time also has its limitations (Walker
et al. 2010) because of, e.g. differences in disturbance his-
tory and productivity from site to site. This raises the ques-
tion whether or not the temporal patterns hypothesized
from chronosequences occur in individual forests or if they
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are artifacts of the chronosequence approach (Pickett
1989; Bakker et al. 1996).

Over 100 yrs ago, in April of 1910, Thornton T. Munger,
a pioneer in forest research in the Pacific Northwest, estab-
lished three 1-acre plots in well-stocked Pseudotsuga menzie-
sii (Mirb.) Franco forests that had established 54 yrs
previously, most likely after a wildfire (Munger 1946).
Individual trees in the plots were tagged so that their
growth and fate could be observed. Of particular interest
was the rate of tree mortality and whether capturing it via
harvest was a potential path toward increasing the net
yield of these forests (Worthington 1957).

Observations have continued in these forest plots for
100 yrs, and although the original questions regarding
timber yield have been largely addressed (McArdle et al.
1949; Staebler 1955; Williamson 1963), the length of
these observations is extremely valuable in answering
other questions, particularly those related to long-term
successional trends in forests (Sollins 1982; Acker et al.
1998). Given the very long length of time it takes for for-
ests to develop, direct observations of the relevant time
scale are extremely rare, and while 100 yrs is short com-
pared to the potential length of succession in P. menziesii-
dominated forests (Franklin et al. 2002), it represents a
substantial period and offers an unparalleled opportunity
to directly test hypotheses about forest succession at the
population, community and ecosystem levels of ecology.
For example, at the population level, several related
trends have been implied: (1) the number of individuals
of pioneer tree species should decline as mortality occurs
without replacement; and (2) the number of individuals
of mid- to late-seral species should increase (e.g. Clements
1928; West et al. 1981). This should lead to an overall
U-shaped pattern of tree density (stems per area) over
time (Fig. la, for derivation see supplemental online
material). The first two trends should also contribute to
related changes in the size class structure of the aging for-
est, with a log-normal distribution of pioneer species
diameters eventually giving way to normal distribution,
and that giving way to a reverse J-shaped size structure as
mid- to late-seral species enter the stand (Fig. 1b; e.g. Leek
1964; Mohler et al. 1978; Peet & Christensen 1987; Coo-
mes & Allen 2007). Mortality as a proportion of live trees
has been predicted to decline over time, from largely den-
sity-dependent mortality early in succession to largely
density-independent mortality late in succession (Franklin
et al. 1987). At the community level, classic successional
theory predicts that species that thrive in situations where
competition for resources is low should be replaced by
those that tolerate competition for limited resources (e.g.
Pianka 1970; Grime 1979). In closed, temperate forests,
since much of the competition is for light, shade-tolerant
species should replace those that are shade intolerant; the
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timing of this change depends on the dominant species in
a particular region. In the case of P. menziesii-dominated
forests, shade-intolerant species would include P. menziesii,
Alnus rubra Bong. and Prunus emarginata (Dougl. ex Hook.)
Eaton; whereas shade-tolerant species would include
Tsuga heterophylla (Raf.) Sarg., Thuja plicata Donn ex D.
Don, Acer macrophyllum Pursh and Taxus brevifolia Nutt.
(Fig. 1¢; Franklin & Hemstrom1981). The transition from a
majority of shade-intolerant P. menziesii to a majority of
shade-tolerant T. heterophylla after a major disturbance
would be expected after 200-350 yrs in terms of stems and
after 500-800 yrs in terms of biomass (Franklin et al.
2002). Finally, at the ecosystem level, classic successional
theory predicts that after a period of increase associated
with stand establishment, the net rate of biomass accumu-
lation or periodic increment should decline as mortality
claims an ever larger share of net primary production
(NPP; Fig. 1c, d). This declining rate of net increase leads
to a convex-shaped biomass accumulation curve, which
could either approach an asymptote or decline, depending
on the degree to which mortality continues to increase
and regeneration can replace it (e.g. Peet 1981).

Our objective in this paper is to test these predictions
against the 100 yrs of observations these plots offer.
Although some of these predictions are highly supported
by chronosequence studies based on temporary (single
measurement) plots (e.g. Spies & Franklin 1991), they
have not been directly observed, and hence remain hypo-
thetical until direct observations are made over time (Pick-
ett 1989). We therefore compare observed and predicted
temporal trends of population-, community- and ecosys-
tem-level variables to directly test successional theory.

Methods
Study area

The three forest plots analysed in this paper were estab-
lished in April 1910 in the Willamette National Forest,
about 30 miles southeast of Eugene, Oregon (122.62° W,
43.82° N) above what is now Lookout Point Reservoir on
the Middle Fork of the Willamette River (Fig. 2). The
topography where the plots are located is relatively flat,
with slopes of 0-30%, at elevations ranging from 380 to
430 m, and an aspect that is generally north facing
(Williamson 1963). Long-term spatial databases of climate
(i.e. PRISM Climate Group 2004 http://prism.oregonstate.
edu) indicate a mean annual temperature of about 11 °C
and mean annual precipitation ranging from 126 to
152 cm. Soils were characterized as deep, well-drained
loam (unpubl. report, 1910). The plots are in the T. hetero-
phylla vegetation zone. Acker et al. (1998) estimated that
the 50-yr site index of P. menziesii based on King (1966)
ranged between 106 and 120 feet (32-37 m).
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Fig. 1. Hypothetical predictions from forest succession theory at the population, community and ecosystem levels: (a) stem density (trees ha™"), (b) tree
diameter distribution, (c) stand biomass (Mg ha™"), and (d) increments in biomass (Mg ha™' yr”). See Supplemental online material for details.
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Fig. 2. Location of the permanent plots in western Oregon.
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Each plot is a 0.4-ha (1 horizontal acre) square situated
in well-stocked stands of P. menziesii that likely originated
following wildfire in the mid-1850s, a time when forest
fires were frequent in Oregon (Weisberg & Swanson
2003). These stands were disturbed by a surface fire in
1895, ice- or snow-related breakage in 1888 (Munger
1946) and 1915-1920, as well as by a bark beetle attack
between 1935 and 1945 (Williamson 1963). Unfortu-
nately, due to a lack of awareness about the study plot
locations, two trees in Plot 1 were cut in 1970 as a result of
road construction. Similarly, nearby clearcut harvests prior
to the 1992 measurement removed six trees from Plot 2
and two trees from Plot 3. At the measurement preceding
harvest, the cut trees comprised about 2.1% of basal area
in Plot 1 (1950), 7.1% in Plot 2 (1970) and 3.5% in Plot 3
(1970).

Measurements

All woody plants, except Acer circinatum Pursh, exceeding
the minimum diameter of 5 cm in the plots (hereafter
referred to as trees) were marked at breast height (1.37 m)
with individually numbered aluminium tags nailed into
the stems. The DBH was initially determined using calipers
and diameter tapes, but eventually only diameter tapes
were used. The plots have been measured 15 times over
the 100-yr period, at mostly 5-yr intervals from 1910 to
1955, in 1970 and again at 5-yr intervals starting in 1992,
except for the last measurement in 2010. At the time of
census all trees were visited, their status determined (live,
dead or missing) and their DBH measured if they were
alive. Dead trees were assigned the DBH from the previous
measurement, since it was unknown when in the inter-
vening years the trees died. In most cases this approach
would slightly underestimate the DBH of trees at the time
of death. Notes were taken on conditions and potential
causes of tree death. Trees that surpassed the 5 cm mini-
mum DBH since the previous measurement were tagged
as in-growth and included in future measurements. Trees
that were cut from the plots (two each in Plots 1 and 3, six
in Plot 2) were removed from the data set prior to analysis.

Biomass

Above-ground biomass was estimated using species-spe-
cific equations (Appendix S5). For P. menziesii, T. hetero-
phylla, T. plicata, Chrysolepis chrysophylla (Douglas ex Hook.)
Hjelmqvist and A. rubra, we used allometric equations
from Biopak (Means et al. 1994) to estimate the biomass
of different tree components (bole, bark, branches, foli-
age), which were then summed to estimate total above-
ground biomass. The equations for A. rubra were used for
Cornus nuttallii Audubon ex Torr. & A. Gray, P. emarginata
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and Frangula purshiana (DC) A. Gray, which have a similar
growth form as A. rubra but a limited suite of equations.
Similarly, A. macrophyllum and Arbutus menziesii Pursh do
not have a full set of component equations, so we used
equations for above-ground volume and converted that to
biomass by multiplying volume by specific gravity of the
wood (USDA Forest Service 1999). Tree height in the vol-
ume equations was estimated with asymptotic height-
diameter equations (Garman et al. 1995). The biomass of
trees dying over each observation interval was estimated
in similar fashion as live trees, and the cumulative mortal-
ity of trees was calculated by summing all the tree biomass
that had died since the inception of the plots. It theretore
does not include losses from decomposition and therefore
cannot be used directly to estimate a carbon balance, but
does provide a good approximation of how much live
woody biomass has been produced above ground. For the
sake of comparison, component and summed biomass
were also estimated with standard national-level equations
(Jenkins et al. 2003). These values were 2-8% less than
those reported here, but the resulting trends were the same
(results not shown).

Mortality

Mortality rates were estimated as the annualized percent-
age (Sheil et al. 1995) of trees that died in each observation
period, calculated separately for the initial cohort of trees
and for all trees (i.e. initial cohort plus in-growth). Mortal-
ity rates of all trees were also expressed as a percentage of
basal area lost. We broadly categorized mortality of indi-
viduals as density-dependent or density-independent,
based on tree condition at the time mortality was docu-
mented; unless otherwise noted, trees that died standing
were assumed to have succumbed to competition, whereas
broken or downed trees, plus those noted as having evi-
dence of attack by bark beetles (Dendroctonus pseudotsugae
Hopkins) or pathogens, were assumed to have died from
density-independent agents.

Diameter distributions

Stem diameter distributions were derived for each species
at each measurement by determining the number of live
stems per ha in 10-cm DBH classes. The relative abundance
of tree species was expressed as a function of both stem
number and live above-ground biomass.

Results

Stem density

The temporal trend in total stems per area (i.e. density)
over the 100 yrs of observations (Fig. 3) was consistent
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with the ‘open’ U-shaped curve implied by replacement of
species during succession (Fig. la). The average initial
density of live trees was 530 trees ha~' (TPH), declined to
290 TPH at age 95 yrs, and slightly increased to 300 TPH at
the end of the observation period. The cumulative density
of trees that have died (vs the number at any one time),
rapidly increased from 0 to 300 stems ha ' at age 114 yrs,
and steadily increased another 75 stems ha ' by age 154.
At the last measurement, the cumulative number of dead
trees exceeded the number of live trees by about 15%.

Mortality

The annualized rate of stem mortality of the initial cohort
of trees averaged 0.997% over the 100-yr time frame; the
periodic rate (i.e. for specific periods) has generally
declined over time, from 2.1% to 3.2% per year at age 59—
64, to 0.3% per year at age 154 (Table 1, Appendix S1).
There were two exceptions to this decreasing trend in mor-
tality: at stand age 74 yrs when the mortality rate dropped
several-fold, and stand age 146 yrs when there was higher
rate of mortality than the years preceding or following this
period. When all trees are considered (initial cohort plus
in-growth), the mortality rates are slightly higher than for
the initial cohort in three of the past four measurement
periods, indicating that mortality is also occurring in stems
that have in-grown since the measurements started. Mor-
tality rates expressed as the annual percentage of basal area
lost are lower than those based on stem density, suggesting

M.E. Harmon & R.J. Pabst

that most trees dying tend to have a 20-50% smaller DBH
than live trees (Appendix S2). The decline in mortality
rates over time coincided with a shift away from density-
dependent mortality (i.e. resource limited) to density-inde-
pendent processes, such as those related to wind, insects
and disease, which have comprised about half of the mor-
tality since stand age 136 yrs (Table 1, Appendix S3).

Diameter distributions

The diameter size class distribution generally changed as
predicted, starting as a log-normal distribution, gradually
tending toward a normal distribution as smaller stems
were lost via mortality, and then starting to resemble a
reverse-J distribution by stand age 154 yrs as mid- and
late-seral species became established (Fig. 4a—f). However,
on closer inspection at the end of the observation period,
the overall diameter distribution appears to combine two
distinct distributions: a normal one for the initial cohort of
trees and a reverse-J for the trees that had come in as in-
growth. This therefore seems to represent a transitional
phase between the two distinct size class distributions often
presented in the literature (e.g. Leek 1964; Mohler et al.
1978; Peet & Christensen 1987; Coomes & Allen 2007).

Species composition

The change in species composition, not surprisingly, was
dependent on whether one considered stem density or bio-

600

550 -

500

450 4

400

350 4

300

Trees per ha

250 4

200 4

150

100

50 4

Tree Cohort
A Al live

QO Initial
B Dead (cumulative)
<> Ingrowth (cumulative)

T
54 59 64 69 74 79 84 8

94 99 104109114119124129134 139144149154

Stand age (yr)
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of dead trees and cumulative density of in-growth.
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Table 1. Mortality rates, type of mortality and biomass as a function of stand age.

Stand Mortality Rate (%): Mean (SE) Number of Dead Trees by Above-ground  Biomass (Mg ha™"):
Age (yrs) Mortality Type Mean (SE)
Initial Cohort All Trees Basal Area Density- Density- Living Dead (Cumulative)
Mortality dependent independent
54 - - - - - 329.73 (13.66) -
59 2.363 (0.280) 2.363 (0.280) 0.661 (0.097) 70 1 367.64 (18.16) 7.57 (0.91)
64 3.295(0.573) 3.295(0.573) 1.151(0.195) 70 17 390.36 (12.92) 23.75 (2.27)
69 1.344 (0.041) 1.344 (0.041) 0.355 (0.017) 29 2 418.84 (12.77) 28.52 (2.43)
74 0.502 (0.048) 0.502 (0.048) 0.165 (0.004) 10 1 450.98 (14.62) 31.04 (2.46)
78 2.213(0.212) 2.213(0.212) 1.155 (0.360) 30 7 459.62 (9.36) 50.14 (8.52)
83 1.753 (0.900) 1.753 (0.900) 0.964 (0.719) 26 7 473.56 (20.79) 68.97 (20.96)
89 1.419 (0.356) 1.388(0.339) 0.710 (0.286) 19 11 498.07 (14.35) 86.41(19.94)
94 0.940 (0.301) 0.950 (0.318) 0.377 (0.146) 6 10 524.28 (15.05) 93.83 (22.50)
99 1.155(0.191) 1.106 (0.201) 0.565 (0.115) 15 3 537.10(16.51) 106.56 (25.25)
114 0.389 (0.014) 0.365 (0.010) 0.142 (0.003) 16 2 640.05 (17.13) 115.10 (25.17)
136 0.384 (0.049) 0.352 (0.056) 0.181 (0.040) 14 11 794.00 (24.02) 136.41 (20.37)
141 0.639 (0.185) 0.845 (0.273) 0.413(0.175) 5 11 819.91 (31.60) 151.36 (14.91)
146 1.031 (0.665) 0.992 (0.587) 0.878 (0.673) 4 12 831.24 (54.63) 183.76 (12.79)
151 0.333(0.167) 0.679 (0.008) 0.198 (0.088) 7 4 862.88 (55.24) 190.67 (12.78)
154 0.283 (0.142) 0.442 (0.050) 0.109 (0.049) 3 2 880.50 (57.72) 192.63 (13.41)
A (a) Age =54 yr (1910) 4 (d) Age = 114 yr (1970)
= 1204 mm Pseudotsuga menziesii
~ 100 E===1 Hardwoods
g 80 Tsuga heterophyila + Thuja plicata
1]
3 60
T
140 (b) Age = 74 yr (1930) (e) Age =136 yr (1992)
@ 1201
=
E 100
» 80
£ 60
'_
40
20
0
140 (c) Age =94 yr (1950) (f) Age =154 yr (2010)
120
@
< 100+
[
Q. 80
(2]
3 60
= 40
20

10 20 30 40 50 60 70 80 80 100110- 10 20 30 40 50 60 70 80 90 100 110

Diameter class (cm)

Diameter class (cm)

Fig. 4. Diameter distribution in 10-cm classes for trees alive at six points in time (indicated as a to f) from 1910 when the stand was 54 yrs old to 2010
when the stand was 154 yrs old. Hardwood species include Acer macrophyllum, Alnus rubra, Arbutus menziesii, Chrysolepis chrysophylla, Cornus nutallii,

Frangula purshiana and Prunus emarginata.

mass as the variable of abundance (Table 2). At a stand age
of 54 yrs, P. menziesii comprised about 90% of the live
stems in the plots, whereas shade-tolerant T. heterophylla
and T. plicata were virtually absent (i.e. one T. heterophylla
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in one plot). A mix of hardwood species comprised the
remaining 10% of stems at age 54. By age 154, the per-
centage of P. menziesii stems had declined to 60% as shade-
tolerant species including T. heterophylla, F. purshiana and
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Table 2. Tree species composition (density in trees ha~', biomass in Mg ha~") at the start and end of the 100-yr observation period. Values are means

from three study plots, with SE in parentheses.

Species 1910: Age = 54 yrs 2010: Age = 154 yrs
Density Biomass Density Biomass
Trees ha™' % Mg ha™" % Trees ha™' % Mg ha™' %
Conifers
Pseudotsuga menziesii 480.83 (19.60) 91.30 323.81(15.27) 98.20 191.67 (4.41) 60.37 846.14 (49.50) 96.10
Thuja plicata 0.00 (0.00) 0.00 0.00 (0.00) 0.00 1.67 (1.67) 0.53 0.58 (0.58) 0.07
Tsuga heterophylla 0.83(0.83) 0.16 0.01(0.01) 0.00 52.50 (20.05) 16.54 26.94 (14.21) 3.06
Broad-leaf hardwoods
Acer macrophyllum 5.83 (3.63) 1.1 0.87(0.72) 0.26 10.83 (3.00) 3.41 5.14(1.88) 0.58
Arbutus menziesii 5.83(3.63) 1.1 2.02(1.01) 0.61 0.00 (0.00) 0.00 0.00 (0.00) 0.00
Chrysolepis chrysophylla 15.00 (3.82) 2.85 1.83(0.61) 0.56 3.33(3.33) 1.05 0.03 (0.03) 0.00
Cornus nuttallii 5.00 (1.44) 0.94 0.19 (0.06) 0.06 24.17 (14.24) 7.61 1.01(0.62) 0.12
Frangula purshiana 0.00 (0.00) 0.00 0.00 (0.00) 0.00 33.33(12.28) 10.50 0.63(0.17) 0.07
Prunus emarginata 13.33(7.26) 253 1.01(0.51) 0.31 0.00 (0.00) 0.00 0.00 (0.00) 0.00

C. nuttallii increased their share. However, in terms of bio-
mass, P. menziesii maintained strong dominance, compris-
ing 96% of the biomass at age 154. Thus, although clearly
present, mid- to late-successional conifers were not yet
important components of the biomass.

Biomass

The observation differing most from the prediction is the
accumulation of live biomass. In contrast to the hypotheti-
cal convex curve (Fig. 1c¢), live biomass increased in
straight-line fashion from an average of about
330 Mg ha ™! at age 54 to about 880 Mg ha ' at age 154
(Table 1, Appendix S4). The same was true for cumulative
dead biomass, reaching an average of nearly 200 Mg ha
by age 154 yrs. Dead biomass comprised ca. 20% of the
total biomass production over the 100-yr period of obser-
vation. Thus, instead of a decreasing rate of net biomass
accumulation as predicted by theory, these plots appeared
to experience a constant rate of biomass increase. Exami-
nation of the individual plots reveals that two of the plots
(Plots 1 and 2) did experience periods when biomass was
either constant or decreased (data not shown). Increases in
the cumulative dead biomass accompanied these few
exceptional periods.

Discussion
Population- and community-level predictions

In terms of population and community aspects of succes-
sion, the observations from these plots generally are con-
sistent with the predictions from chronosequences
developed in the Pacific Northwest. The initial cohort of
pioneer species declined exponentially, with the shorter-
lived P. emarginata and A. menziesii disappearing altogether
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and the long-lived species such as P. menziesii persisting.
Shade-tolerant species such as T. heterophylla increased in
abundance, but since there was ~50-yr lag in this recruit-
ment relative to peak mortality of the pioneer cohort, there
has yet to be a major increase in density that would result
in a distinct U-shape. However, the level of shade-tolerant
regeneration needed to ‘complete’ the U-shaped pattern
will likely occur in the next 50-200 yrs of stand develop-
ment, barring major disturbance (Franklin et al. 2002).

Tree size distribution largely followed what would be
expected, although it is not entirely clear that a purely nor-
mal distribution is present. This is because as the pioneer
species developed a normal distribution, the establishment
of mid- to late-seral species introduced a negative expo-
nential distribution in the smaller DBH size classes. This
created a bimodal distribution that may represent a transi-
tional phase between the two ‘classic” distribution shapes
described in the literature (Leek 1964; Mohler et al. 1978;
Peet & Christensen 1987; Coomes & Allen 2007).

Mortality would be predicted to decline as stands move
from largely density-dependent mortality to more small-
scale density-independent mortality, which was also
consistent with the observations. Between stand ages of
54-64 yrs, there appeared to have been an increase in
periodic mortality rates that were mostly from density-
dependent causes. This may have reflected a period in
which competition between trees increased in association
with stand closure, leading to relatively high mortality
rates. The proportion of trees dying from density-depen-
dent causes appears to have declined, but this is related to
a decrease of density-dependent mortality in absolute
terms and not an increase of density-independent mortal-
ity in absolute terms. Specifically, density-independent
mortality appears to have removed three to ten trees per
measurement period during the 100 yrs of observation,
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whereas density-dependent mortality has generally
declined from ~70 to three to six individual per measure-
ment period (Table 1). The decline in density-dependent
mortality in absolute terms may be related to reductions of
the pioneer tree density as well as the age at which the
maximum crown width is attained (which for P. menziesii
is age 150-200 yrs; Franklin et al. 2002). As pioneer trees
approach the maximum crown width, the death of an
overstorey tree may not necessarily free up additional
resources to the surviving dominant overstorey trees. This
implies that overstorey tree mortality is not competition-
driven once the maximum crown width is reached. As the
density of climax tree species increases, density-dependent
mortality may increase again (He & Duncan 2000).

Although forest succession theory predicts the replace-
ment of shade-intolerant tree species by those tolerating
shade, the timing of this transition is controlled by the spe-
cies dominating in particular regions. In the cases of forests
dominated by P. menziesii, the extreme longevity of this
species (~1000 yrs) means that shade-tolerant species may
not assume dominance for many centuries (Franklin et al.
2002). Our observations are consistent with that predic-
tion, as the composition of these forest plots in terms of bio-
mass, even after 154 yrs, is still largely dominated by
P. menziesii. Based on the current trend in pioneer tree
mortality and regeneration of climax species, it may take
the plots we examined another 50 yrs before species such
as T. heterophylla comprise at least 50% of the stems (see
supplemental online materials). Using observed rates of
mortality, recruitment and approximate growth rates indi-
cates that climax species will still comprise less than 10% of
the biomass in 50 yrs. For climax species to comprise >
25% of the biomass in the next 50-yr period, the regenera-
tion and growth rates of climax species would both have to
increase six-fold over what has been recently observed.
Based on chronosequences in the Pacific Northwest, it may
take another 200 yrs before climax species comprise > 25%
of the live biomass in these stands (Franklin et al. 2002).

Ecosystem-level predictions

In contrast to those at the population and community
level, observations from these study plots are at odds with
the predictions from ecosystem chronosequence studies
regarding live biomass accumulation patterns (Janisch &
Harmon 2002; Hudiburg et al. 2009). To assess the impli-
cations of this finding, it is instructive to estimate the bio-
mass that would occur if nothing changed until these plots
reached an age of 500 yrs, the approximate age of many
old-growth forests that have been inventoried in this
region (Smithwick et al. 2002). Based on the average accu-
mulation rate of 5.5 Mg ha™' yr ! in these plots over the
past 100 yrs and a biomass of 880 Mg ha ! at age 154 yrs,
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these plots should reach a live above-ground biomass of ca.
2,783 Mg ha™' after another 346 yrs. However, this seems
unlikely, given this level of biomass approaches global
record numbers (Keith et al. 2009) and far exceeds what
has been observed in old-growth forests in the Pacific
Northwest (Smithwick et al. 2002). To reach the above-
ground live biomass values typical of forests of this type
and productivity by age 500 yrs (i.e. 600-1200 Mg ha*,
as indicated in Harmon et al. (2004)), either the NPP of
these forests must decline substantially or the rate of mor-
tality must greatly increase. Major declines in NPP of the
order needed seem highly unlikely based on observed val-
ues of this variable in old-growth P. menziesii-dominated
forests (Harmon et al. 2004) and chronosquences in the
Pacific Northwest (Hudiburg et al. 2009). This suggests
mortality will eventually have to increase substantially in
these plots.

What might explain this apparent discrepancy with clas-
sical ecosystem succession theory? One possibility is that
forests never slow down their rate of live biomass accumu-
lation and continue to accumulate into the future. This
might be caused by either mortality never taking a very
large share of NPP regardless of forest age, an ever-increas-
ing growth rate of large trees (Stephenson et al. 2014) or
some combination of the two. An alternative explanation
is that at the scale observed (0.4 ha), plot-level mortality is
very heterogeneous and these particular plots have, to
date, largely escaped major mortality events in terms of
biomass loss. Without these mortality episodes, biomass
accumulation should form a straight line, as was observed.
When these large mortality events occur there would be a
sudden drop in live biomass followed by another period of
straight-line accumulation (Fig. 5a). Thus, the net accu-
mulation curve is far more likely to be multi-modal than
the continuous trend that classic theory assumes (Fig. 5b).
Examining the individual plots hints at this temporal pat-
tern, but there has yet to be a major episode of mortality
loss in terms of biomass. According to the most recent
(2010) data, only one or two trees of the two largest
diameter classes would need to die in a 5-yr period to offset
the anticipated net accumulation rate of 27.5 Mg ha ™'
and cause live biomass accumulation to either level out or
decline.

One problem with the classic theory of forest biomass
accumulation is that it is scale-independent, viewing NPP
and mortality as homogeneous regardless of spatial scale.
In reality, NPP is far more homogeneous with respect to
spatial scale compared to mortality, a process that is highly
heterogeneous at almost any spatial extent and extremely
heterogeneous with respect to time (Harmon et al. 1986;
Franklin et al. 1987). This suggests that more attention
needs to be paid to the effect of spatial scale on the pattern
of live biomass accumulation, specifically the degree to
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Fig. 5. Suggested alterations in the hypothetical temporal pattern of total
(@) and net (b) live biomass accumulation that includes spatial and
temporal heterogeneity of tree mortality. See supplemental online
material for details.

which heterogeneity of production and mortality vary
with scale and how these changes in heterogeneity influ-
ence theoretical expectations.

A second related problem with classic theory is that it
examines the average trajectory during succession. Within
P. menziesii-dominated forests, it has become clear that mul-
tiple successional trajectories can often lead to very similar
end states (Tepley et al. 2013). The particular plots we
examined seem to have been on a minimal mortality tra-
jectory. Examination of Fig. 2 indicates that nearby areas
of this forest have had large areas of canopy loss, so it seems
likely the three plots we examined represent one of the
extreme successional trajectories possible in these forests,
but others are possible even in the area surrounding the
plots examined. Other plots from the same growth and
yield series have experienced significant root pathogen and
bark beetle mortality that have limited live biomass accu-
mulation (Williamson 1963). Furthermore, other studies
of P. menziesii stands in this age range in the Pacific North-
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west have found that canopy gaps, arising from disease,
insects or wind, can occupy more than 20% of the area of a
stand (Spies et al. 1990) and range up to more than 30 m
across (Bradshaw & Spies 1992) which would roughly
equal 20% of the plot area we sampled. This suggests that
the average successional trajectory (if there is such a thing)
needs to be defined by more stands than is typical practice.

Practical implications

The pattern of biomass accumulation observed from these
plots has several practical implications. One biological
determinant of whether a forest should be harvested is the
timing of the culmination of mean annual increment
(MAI); i.e. the age at which the increase in age outstrips
the increase in biomass. Typically, chronosequences sug-
gest MAI rises, reaches a distinct peak, and then begins to
decline. For P. menziesii-dominated forests, the decline in
MALI has been thought to occur in stands that are 50-70 yrs
old (e.g. table 9 from McArdle et al. 1949). However, as
previously noted by Curtis (1992) and Curtis & Marshall
(1993) as well as Acker et al. (1998), the decline in MAI in
P. menziesii forests can be very gradual, making a defined
peak hard to identify. In the plots we examined, there has
been little to no decline in MAI for a 100-yr period between
ages of 54 and 154 yrs. If the stand we sampled is not atypi-
cal, then it implies the culmination of MAI for P. menziesii-
dominated forests could occur in stands as young as 50 yrs
old or up to 150 yrs old. Given that the lower end of this
100-yr range typically serves as guide as to when to har-
vest, it is likely some P. menziesii forests have been har-
vested many decades before their actual culmination of
MALI occurred. Our results have implications for carbon
storage as well. For example, Lippke et al. (2011) asserted
that P. menziesii forests reach their maximum live biomass
around age 100 yrs; however, this is not consistent with
what was observed. Our results suggest some P. menziesii
forests can accumulate live carbon at least 50 yrs past the
100-yr age, a trend which is more in line with the 200-yr
age to reach maximum live biomass revealed by chronose-
quences derived from regional forest inventories (Hudiburg
et al. 2009). While we suspect that live biomass accumula-
tion will eventually slow down and perhaps cease, this is
likely to occur many decades in the future, barring a major
disturbance in these plots. This implies substantially more
live carbon can be accumulated in this type of forest if har-
vest rotations are extended past the 50- to 100-yr age.

Conclusions

While our observations fit some of the predictions about
forest succession over a 100-yr period, those related to bio-
mass accumulation did not. Thus, testing hypotheses
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developed from chronosequences and other reconstruc-
tions with long-running temporal observations as from this
study is a necessary step. To that end, longer measurement
periods (i.e. >200 yrs) will be required to directly observe
some of the changes predicted from chronosequences in
forests dominated by long-lived species such as P. menziesii.
The fact that biomass accumulation did not conform to
classical predictions indicates that some of the assumptions
upon which the theory is based are not true at all spatial
scales. We believe the most likely explanation is that mor-
tality is not homogenous with respect to spatial and tempo-
ral scales. This suggests that the net biomass accumulation
trend at least for small areas (<2 ha) is multimodal and not
continuous. The dependence of heterogeneity in the spa-
tial and temporal extents of tree mortality needs to be
examined in other forests to more fully explain live bio-
mass accumulation trends during succession.
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Appendix S3. Total number of trees in three study
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