
Summary This paper provides an overview of the work re-
ported at a symposium on age-related changes in the structure
and function of forests in the United States Pacific Northwest.
Some of the work presented at this meeting is reported in the
peer-reviewed papers comprising this journal issue. Age-re-
lated changes in leaf structure, CO2 assimilation rate, stable
carbon isotope ratio, nitrogen concentration and stomatal limi-
tation were demonstrated at many organizational scales. At
larger scales, age-related changes were reported in canopy
structure and light profile, stand productivity, tree mortality
and respiration. These data raise new questions about the po-
tential interaction among the structural and functional changes
in aging forests, and indicate many avenues for future research
concerning tree growth and ecosystem functioning.
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The articles in this special issue developed from papers pre-
sented at a symposium that focused on age-related changes in
the structure and function of forests in the United States Pa-
cific Northwest, which took place at Oregon State University,
Corvallis, OR on October 19, 2000. These papers are only a
sample of the information shared at the symposium. A com-
plete list of presenters, titles and abstracts is available on the
web (http://www.fsl.orst.edu/~bond/age-symposium_files/
INDEX.htm), and we refer to some of the unpublished contri-
butions below. The symposium, in turn, included only a sam-
ple of the current research on changing structure and function
of aging trees and forests in the Pacific Northwest. Neverthe-
less, the papers in this issue represent a wealth of new informa-
tion about tree and forest aging on scales ranging from cells to
ecosystems.

Our goal was to focus on physiological studies, and to in-
clude a selection of ecosystem-scale studies that are important
in interpreting the intimate linkage between aging processes in
trees and age-related changes in the forest ecosystem. For this
reason, some papers in this collection focus more on ecosys-
tems than on the trees within ecosystems, and there are no pa-
pers that deal with structural complexity and biodiversity in
aging forests—an area that has received much attention.

Studies of aging forests have a long history in the Pacific
Northwest. In 1969, a group of Oregon State University and
Forest Service scientists met to debate the focus of their partic-
ipation in the Coniferous Forest Biome project of the United
States International Biological Program (IBP). The main ques-
tion was whether this new ecosystem research effort would
focus on the second-growth forest stands or the old-growth
forests of the northwestern Pacific Coast. The issue was even-
tually resolved in favor of work on the structure and function
of natural, old-growth Pseudotsuga menziesii (Mirb.) Franco–
Tsuga heterophylla (Raf.) Sarg. (Douglas-fir–western hem-
lock) forests and associated stream ecosystems at the H.J.
Andrews Experimental Forest on the western slopes of the Or-
egon Cascade Range. Thus began the first ecosystem-oriented
research on old-growth forests.

It quickly became clear that these old-growth coniferous
forests contrasted greatly with young, and especially man-
aged, forests in both structure and function (Franklin et al.
1981). Organic accumulations were immense and included a
large quantity of dead wood in the form of snags, logs and
other debris. Canopies were deep and multi-layered—continu-
ous, in fact—and provided habitat for a broad array of organ-
isms, including nitrogen-fixing foliose lichens. Structural
complexity—the richness of individual structures and spatial
patterns—was extremely high. It became clear that the com-
plex structures, in turn, create unique habitat for wildlife and
are essential in maintaining biological diversity (Spies and
Franklin 1988, Hansen et al. 1991). This understanding has
generated entirely new approaches to forest management, with
the goal of recreating these complex structures in managed
forests (McComb et al. 1991, Franklin 1992, Cole 1996, Spies
and Franklin 1996). Whether forests that are managed to
mimic the structural characteristics of old-growth also main-
tain other functional characteristics, such as hydrological pro-
cesses, nutrient cycling or carbon sequestration, remains to be
determined and is an impetus for current research.

Research in the Pacific Northwest continues to push the
boundaries of our knowledge about the changes that occur in
individual trees as well as whole ecosystems as they age. This
research has been funded by organizations like the National
Science Foundation, USDA Forest Service Pacific Northwest
Station and the U.S. Department of Energy. It has been stimu-
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lated by immense public interest and acrimonious policy de-
bates, such as those leading to the Northwest Forest Plan for
land management of federal forests and the 1997 Kyoto Ac-
cord to address anthropogenic influences on increased CO2 in
the atmosphere.

Major research facilities, such as the H.J. Andrews Experi-
mental Forest and the Wind River Canopy Crane Research
Facility (WRCCRF, Carson, WA), have been critical in facili-
tating and focusing research on forest aging in the Pacific
Northwest. The WRCCRF (http://depts.washington.edu/
wrccrf/) is relatively new, established in 1994 as a cooperative
scientific endeavor among the University of Washington Col-
lege of Forest Resources, Seattle, WA, the USFS Pacific
Northwest Research Station, Portland, OR and the Gifford
Pinchot National Forest, Vancouver, WA. The 87-m crane was
constructed in 1995 in an old-growth mixed conifer stand, al-
lowing unprecedented access to the canopies of old-growth
coniferous trees. Like most forests in the western United
States, the forest surrounding the canopy crane contains a
patchwork of age classes resulting both from natural distur-
bances (usually stand-replacing fires) and land management
activities (see Figure 1 in Chen et al. 2002). Several papers in
this issue (Apple et al. 2002, Chen et al. 2002, Fessenden and
Ehleringer 2002, Klopatek 2002, Parker et al. 2002, Phillips et
al. 2002, Thomas and Winner 2002, Waring and McDowell
2002) report on studies in and around the WRCCRF. These
studies, together with many other recent studies at this site, are
contributing to a deeper understanding of the ecosystem. For
example, the importance of non-growth-season photosynthesis
in coniferous forests of the Pacific Northwest has been known
for many years, but there is now evidence that light is an im-
portant limitation to carbon assimilation during the dull winter
days (W.E. Winner, Oregon State University and S.C. Thomas,
University of Toronto, Canada, personal communication).
Also, although it is well known that mature Douglas-fir are ca-
pable of developing epicormic branches, it is now apparent
that epicormic branching can reestablish deep canopies in
large, old trees long after canopy closure results in self-prun-
ing of lower branches. It appears that as much as 90% of the
foliage on old-growth trees may be produced on epicormic
branches and twigs (Ishii and Ford 2001).

Another important stimulus to recent research has been the
advent of new research tools. Several studies reported in this
issue (Chen et al. 2002, Fessenden and Ehleringer 2002, Irvine
et al. 2002, Phillips et al. 2002) were possible because of new
approaches to measuring tree and forest function. These in-
clude eddy covariance techniques, improved instruments for
measuring sapflow in stems and gas exchange in leaves, stems
and soils, and new approaches for measuring isotope discrimi-
nation on the ecosystem scale. New techniques and tools are
also enhancing studies of forest structure. Parker et al. (2002)
used small balloons to obtain detailed, three-dimensional
views of the changing light environment in maturing conifer
forests. Thomas and Winner (2000) adapted the line-intercept
technique to determine with great precision total leaf area in-
dex, as well as the contributions of different species to this to-
tal, in a complex old-growth forest. Lidar (see Lefsky and

Parker, symposium abstracts) offers a powerful way to map
the three-dimensional structure of complex forests through re-
mote sensing. Finally, new developments in database manage-
ment (Van Pelt et al., symposium abstracts) and data analysis
(Thomas and Winner 2002) are having a big impact on the
sharing and analysis of data resulting from studies of complex
forests.

Many of the studies reported in this issue rely on compara-
tive measurements at a few sites in different aged forests. This
substitution of “space-for-time” is full of potential pitfalls.
Site conditions and history are never identical in different lo-
cations, and these differences can easily be misinterpreted as
change due to age or time (Yanai et al. 2000). Unfortunately,
the intensity of most physiological studies precludes extensive
replication, and the life span of most forests relative to forest
researchers precludes continuous measurements over the life
of a forest. One solution is to remeasure sites within a chrono-
sequence over many years (Yanai et al. 2000), and to look for
correspondence between changes over time within sites and
among sites of different ages at any point in time. Acker et al.
(2002) successfully employed this approach. Another solution
is to employ a “nested” experimental approach, with intensive
measurements designed to test specific hypotheses at a few
locations, complemented by extensive replication of simple
measurements or modeling over larger scales of space and
time. In a sense, all of the papers in this journal issue represent
this approach in an ad hoc way. Better communication among
researchers in planning and implementing experiments is
needed to improve the complementarity of such studies in the
future.

The papers in this issue reveal age-related changes in struc-
ture and function of forest trees in the Pacific Northwest at
many organizational scales, and when we examine the results
as a group they suggest common themes as well as many new
questions. Apple et al. (2002) investigated structural change at
the leaf scale and found larger vascular cylinders, smaller resin
canals, a lower proportion of non-photosynthetic relative to
photosynthetic tissue, and a much higher proportion of
lignin-containing structures known as astrosclerids in needles
of old Douglas-fir trees compared with same-age foliage of
younger trees. At present, we can only speculate as to whether
these changes result from ontogenetic causes or from differ-
ences in conditions during leaf development (for example, as a
result of the hydrostatic gradient).

Thomas and Winner (2002) made direct measurements of
gas exchange of Douglas-fir at Wind River and found that net
CO2 assimilation (A, expressed on a leaf area basis) was
greater for old trees compared with saplings. In contrast,
Bauerle et al. (1999) found no significant difference in gas ex-
change (again on a leaf area basis) of a different set of old and
young Douglas-fir trees at the same site. Carbon isotope mea-
surements in top-of-canopy foliage of Douglas-fir at Wind
River provide a different perspective (Bauerle et al. 1999,
Fessenden and Ehleringer 2002, N.G. McDowell, Oregon
State University, unpublished observations). Fessenden and
Ehleringer (2002) concluded that the isotope data, in conjunc-
tion with measurements of leaf nitrogen (Klopatek 2002) and
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photosynthetic capacity (N.G. McDowell, personal communi-
cation), indicate that time-averaged stomatal limitation to pho-
tosynthesis increases with tree age. Similar changes in isotope
discrimination with tree age have been reported for Pinus pon-
derosa Dougl. ex Laws. (Yoder et al. 1994), P. aristata
Engelm. (Schoettle 1994), Quercus garryanna Dougl. (N.
Phillips et al., Boston University, Boston, MA, unpublished
observations) and Nothofagus solandrii (Hook.f.) Ørst. (D.
Whitehead, Manaaki Whenua Landcare Research, Canter-
bury, N.Z. and M.G. Ryan, Rocky Mountain Experiment Sta-
tion, Fort Collins, CO, personal communication). The isotope
data reflect assimilation-weighted discrimination against 13C
(i.e., the time-average ratio between CO2 internal to the leaf
and at the leaf surface) that occurred during the time that leaf
carbon was fixed. These data may differ from measurements
obtained with gas analyzers during the times of day and weeks
during the year when maximum photosynthesis occurs, as in
the studies of Bauerle (1999) and Thomas and Winner (2002).
For example, Yoder et al. (1994), who compared old with
young-mature ponderosa pine trees, reported that maximum A
and stomatal conductance (gs) were similar, although time-av-
eraged A and gs as well as C isotope discrimination were lower
in old trees than in young trees.

Moving to larger scales of organization, canopy structure
and growth change significantly as trees grow older. New leaf
development is primarily at canopy tops in young conifers
(Sprugel et al., symposium abstracts). Similarly, profiles of
canopy structure measured with Lidar (Lefsky and Parker,
symposium abstracts) and light profiles in canopies (Parker et
al. 2002) show that canopies of young conifer forests are “top
heavy,” and gradients of light extinction are steep. In older for-
ests, the development of new foliage is distributed more
evenly and light penetrates more deeply through the crowns.
These observations raise questions about structure–function
relationships: is the change in foliage production a function of
tree size and age, with light gradients changing as a conse-
quence, or do light gradients in older forests cause the shift in
patterns of foliage development? Possibly the cause and effect
relationship occurs in both directions. The changes in canopy
structure with age are also likely to affect patterns of through-
fall and interception. The chronosequence studies being con-
ducted by Van Pelt et al. (symposium abstracts) should pro-
vide more insights into these processes.

It has often been noted that aboveground net productivity
(ANPP) decreases as forest stands grow older (e.g., Gower et
al. 1996, Ryan et al. 1997, Janisch and Harmon 2002, Waring
and McDowell 2002). Acker et al. (2002) showed that in-
creases in mortality are of a similar magnitude to decreases in
ANPP in aging Douglas-fir forests in western Oregon, so mor-
tality and ANPP each accounted for about half of the de-
creased accumulation of bole biomass with age. The cause of
reduced ANPP in aging forest stands remains enigmatic. Phil-
lips et al. (2002) found some evidence for hydraulic limita-
tions (Ryan and Yoder 1997), but other measurements were
inconclusive. On the other hand, Latham and Tappeiner (2002)
report significant increases in radial growth in old-growth
Douglas-fir and ponderosa pine following thinning, indicating

that old trees of these species are not inherently “decadent.”
Changes in carbon sequestration with age do not necessarily

occur in parallel with changes in ANPP. Soil respiration was
much higher in young stands than in old stands in the chrono-
sequence at Wind River (Klopatek 2002), probably because of
the large stores of carbon in soil and woody debris from previ-
ous stands at the sites. Eddy covariance measurements of eco-
system gas exchange also indicated much higher respiratory
losses of carbon in younger forests than in older forests (Chen
et al. 2002). Model results and allometric measurements in a
chronosequence of 37 stands suggest that net ecosystem pro-
ductivity shifts from negative to positive at Wind River when
forests are 20–30 years old (Janisch and Harmon 2002). At
this age, growth efficiency (biomass accumulation per unit
leaf area) of trees is near its peak, and more than double that of
old-growth trees (N.G. McDowell, personal communication).

The articles in this journal issue suggest many potential in-
teractions among the structural and functional changes in ag-
ing forests. For example, carbon isotope measurements at
Wind River indicate that water-use efficiency of overstory
trees increases substantially with age (Fessenden and Ehlerin-
ger 2002); eddy-covariance measurements, on the other hand,
suggest the opposite trend for whole-ecosystem water-use ef-
ficiency (Chen et al. 2002). It is likely that greater soil respira-
tion in the youngest stand accounts for much of this discrep-
ancy; the discrepancy also raises additional questions. Do
changes in forest structure, which result in deeper penetration
of light into the canopy of old-growth forests, have an impact
on water use by lower canopy strata and understory vegeta-
tion? How do changes in vertical light gradients in aging
stands affect gross primary production? Does the abundance
of heavily lignified astrosclerids in needles of old-growth trees
affect rates of litter decomposition (and potentially nutrient
availability) or the palatability of foliage to herbivores? Our
hope is that these articles will raise many more questions for
readers and thereby help stimulate and focus future research.

References

Acker, S.A., C.B. Halpern, M.E. Harmon and C.T. Dyrness. 2002.
Trends in bole biomass accumulation, net primary production and
tree mortality in Pseudotsuga menziesii forests of contrasting age.
Tree Physiol. 22:213–217.

Apple, M., K. Tiekotter, M. Snow, J. Young, A. Soeldner, D. Tingey
and B.J. Bond. 2002. Needle anatomy changes with increasing tree
age in Douglas-fir. Tree Physiol. 22:129–136.

Bauerle, W.L., T.M. Hinckley, J. Èermák, J. Kucera and K. Bible.
1999. The canopy water relations of old-growth Douglas-fir trees.
Trees 13:211–217.

Chen, J., M. Falk, E. Euskirchen, K.T. Paw U, T. Suchanek, S.L.
Ustin, B.J. Bond, K.D. Brosofske, N. Phillips and R. Bi. 2002. Bio-
physical controls of carbon flows in three successional Douglas-fir
stands based on eddy-covariance measurements. Tree Physiol.
22:169–177.

Cole, E.C. 1996. Managing for mature habitat in production forests of
western Oregon and Washington. Weed Technol. 10:422–428.

Fessenden, J.E. and J.R. Ehleringer. 2002. Age-related variations in
δ13C of ecosystem respiration across a coniferous forest chrono-
sequence in the Pacific Northwest. Tree Physiol. 22:159–167.

TREE PHYSIOLOGY ONLINE at http://heronpublishing.com

AGE-RELATED CHANGE IN FORESTS OF THE PACIFIC NORTHWEST 75



Franklin, J.F. 1992. Scientific basis for new perspectives in forests and
streams. In Watershed Management: Balancing Sustainability and
Environmental Change. Ed. R.J. Naiman. Springer-Verlag, New
York, 542 p.

Franklin, J.F., K. Cromack, Jr., W. Denison, A. McKee, C. Maser,
J. Sedell, F. Swanson and G. Juday. 1981. Ecological characteris-
tics of old-growth Douglas-fir forests. USDA, Forest Service, Port-
land, OR, Gen. Tech. Rep. PNW-118, 48 p.

Gower, S.T., R.E. McMurtrie and D. Murty. 1996. Aboveground net
primary production decline with stand age: potential causes.
Trends Ecol. Evol. 11:378–382.

Hansen, A.J., T.A. Spies and F.J. Swanson. 1991. Conserving bio-
diversity in managed forests: lessons from natural forests. BioSci-
ence 41:382–384.

Irvine, J., B.E. Law, P.M. Anthoni and F.C. Meinzer. 2002. Water lim-
itations to carbon exchange in old-growth and young ponderosa
pine stands. Tree Physiol. 22:189–196.

Ishii, H. and E.D. Ford. 2001. The role of epicormic shoot production
in maintaining foliage in old Pseudotsuga menziesii (Douglas-fir)
trees. Can. J. Bot. 79:251–264.

Janisch, J.E. and M.E. Harmon. 2002. Successional changes in live
and dead wood carbon stores: implications for net ecosystem pro-
ductivity. Tree Physiol. 22:77–89.

Klopatek, J.M. 2002. Belowground carbon pools and processes in dif-
ferent age stands of Douglas-fir. Tree Physiol. 22:197–204.

Latham, P. and J. Tappeiner. 2002. Response of old-growth conifers to
reduction in stand density in western Oregon forests. Tree Physiol.
22:137–146.

McComb, W.C., T.A. Spies and W.H. Emmingham. 1991. Douglas-fir
forests: managing for timber and mature-forest habitat. J. For.
91:31–42.

Parker, G.G., M.M. Davis and S.M. Chapoptin. 2002. Canopy light
transmittance in Douglas-fir–western hemlock stands. Tree
Physiol. 22:147–157.

Phillips, N., B.J. Bond, N.G. McDowell and M.G. Ryan. 2002. Can-
opy and hydraulic conductance in young, mature and old Douglas-
fir trees. Tree Physiol. 22:205–211.

Ryan, M.G. and B.J. Yoder. 1997. Hydraulic limits to tree height and
tree growth. BioScience 47:235–242.

Ryan, M.G., D. Binckley and J.H. Fownes. 1997. Age-related decline
in forest productivity: patterns and process. Adv. Ecol. Res. 27:
213–262.

Schoettle, A.W. 1994. Influrence of tree size on shoot structure and
physiology of Pinus contorta and Pinus aristata. Tree Physiol. 14:
1055–1068.

Spies, T.A. and J.F. Franklin. 1988. Old growth forest dynamics in the
Douglas-fir region of western Oregon and Washington. Nat. Areas
J. 8:190–201.

Spies, T.A. and J.F. Franklin. 1996. The diversity and maintenance of
old growth forests. In Biodiversity in Managed Landscapes: The-
ory and Practice. Eds. R.C. Szaro and D.W. Johnson. Oxford Uni-
versity Press, New York, pp 296–314.

Thomas, S.C. and W.E. Winner. 2000. Leaf area index of an old-
growth Douglas-fir forest estimated from direct structural mea-
surements of the canopy. Can. J. For. Res. 30:1922–1930.

Thomas, S.C. and W.E. Winner. 2002. Photosynthetic differences be-
tween saplings and adult trees: an integration of field results by
meta-analysis. Tree Physiol. 22:117–127.

Waring, R.H. and N.G. McDowell. 2002. Use of a physiological pro-
cess model with forestry yield tables to set limits on annual carbon
balances. Tree Physiol. 22:179–188.

Yanai, R.D., M.A. Arthur, T.G. Siccama and C.A. Federer. 2000.
Challenges of measuring forest floor organic matter dynamics: Re-
peated measures from a chronosequence. For. Ecol. Manage. 138:
273–283.

Yoder, B.J., M.G. Ryan, R.H. Waring, A.W. Schoettle and M. Kauf-
mann. 1994. Evidence of reduced photosynthetic rates in old trees.
For. Sci. 40:513–527.

76 BOND AND FRANKLIN

TREE PHYSIOLOGY VOLUME 22, 2002


