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ABSTRACT
Forest growth is important both economically
(yielding billions of dollars of annual revenues) and
ecologically (with respect to ecosystem health and
global carbon budgets). The growth of all forests
follows a predictable general trend with age. In
young forests, it accelerates as canopies develop; it
then declines substantially soon after full canopy
leaf area is reached. The classic explanation for the
decline in growth invoked the increasing respira-
tion costs required to sustain the larger masses of
wood characteristic of older forests. Direct measure-
ments of respiration have largely refuted this hy-
pothesis, and recent work has focused on stand-
level rates of resource supply, resource use, and
growth. We developed and tested a hypothesis at
the scale of individual trees (in relation to stand
structure) to explain this declining stand-level rate
of stem growth. According to our hypothesis,
changes in stand structure allow dominant trees to
sustain high rates of growth by increasing their
acquisition of resources and using these resources

efficiently (defined as stem growth per unit of re-
source used); smaller, nondominant trees grow
more slowly as a result of their more limited acqui-
sition of resources and a reduced rate of growth per
unit of resource acquired. In combination, these
two trends reduce overall stand growth. We tested
this hypothesis by comparing growth, growth per
unit of leaf area, and variation among trees within
plots in two series of plantations of Eucalyptus in
Brazil and by estimating individual-tree rates of
growth and use of light, water, and nutrients in a
plantation of Eucalyptus saligna in Hawaii. Our re-
sults supported the individual-tree hypothesis. We
conclude that part of the universal age-related de-
cline in forest growth derives from competition-
related changes in stand structure and the resource-
use efficiencies of individual trees.

Key words: Forest growth; Eucalyptus plantations;
ecosystem production; growth decline; resource
use.

INTRODUCTION

One of the most universal patterns in the growth of
forests is a humped trend in stem production
through stand development. Forest growth in-

creases after stand initiation, peaks near the time
when maximum leaf area is attained, and then
declines substantially. This pattern has been recog-
nized for centuries (see the overview in Assmann
1970) and has been the subject of research in pro-
duction ecology for decades (compare Möller and
others 1954; Kira and Shidei 1967). The classic
explanation for the postpeak decline has invoked a
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combination of declining stand-level growth (gross
primary production) and an increase in stemwood
respiration (lowering net primary production). This
elegant model has become legendary in forest ecol-
ogy textbooks (compare Kimmins 1997; Barnes and
others 1998). However, two recent reviews and a
workshop all concluded that the available evidence
does not support the stem-respiration explanation
(Gower and others 1996; Ryan and others 1997;
Gower and McMurtrie 1999).

What then does explain the universal decline in
forest growth after peak leaf area is reached? Most
previous and current work on this question has
focused on the scale of stand-level patterns, such as
hectare-level stem growth, net primary production,
leaf area, and belowground production. In this pa-
per, we propose that part of the answer may lie at
the scale of single-tree patterns of stand structure,
with changes in these individual-tree trends sum-
ming to provide the classic stand-level decline in
stem growth.

The increasing use of resources by dominant trees
is a well-known feature of forest stand develop-
ment (compare Assmann 1970; Oliver and Larson
1996; Smith and Long 2001), and changes in stand
structure have been thought to lead to reductions in
stand-level growth because dominant trees, which
use large proportions of a stand’s resources, are
inefficient at growing wood. In the past, direct mea-
surements of single-tree rates of resource use were
difficult, and inferences were often based on ideas
about the ground area projection of canopies or a
holistic notion of growing space (compare Assmann
1970; Oliver and Larson 1996; Smith and Long
2001).

In contrast, we propose that changes in stand
structure contribute to declines in stand-level
growth by increasing differences in the efficiency of
resource use (defined as wood production per unit
of resource use) between dominant and nondomi-
nant trees. We hypothesized that prior to maximum
leaf area, all trees obtain resources and have high
rates of production per unit of resource used. As
competition for resources intensifies, the dominant
trees continue to use large quantities of resources,
typically increasing their proportional share of re-
source use at the expense of nondominant trees.
Further, the dominant trees with high supplies of
resources should use those resources more effi-
ciently than nondominant trees to produce stem
growth. This trend could be universal because older
forests are typically comprised of dominant and
nondominant trees. Moreover, heavily thinned for-
ests that contain only dominant trees have lower
densities of trees per hectare that may have lower

rates of wood production owing to lower resource
use (such as lower light interception).

We tested this hypothesis with three case studies
of fast-growing plantations of Eucalyptus trees.
These plantations follow the same trends in stem
growth as forests in temperate zones, typically
reaching a maximum rate of stem growth when
stem biomass is on the order of 40–60 Mg/ha.
Tropical growing conditions and intensive manage-
ment allow these plantations to reach peak growth
about 10 times faster than the rate generally ob-
served in temperate forests (Ryan and others 1997).

Our hypothesis test had three components. First,
a circumstantial test compared growth in stands of
Eucalyptus in Brazil that originated either from seed
or from clonal propagation techniques. If the clonal
stands showed a higher growth rate and more uni-
form growth among stems, it would indicate that
differences in stand structure may contribute to
stand-level differences in production, as predicted
by both the classic forestry literature and our hy-
pothesis. Conversely, a lack of difference in growth
between these different stand structures would in-
dicate that stand structure plays only a minor role
in changes in stand-level growth over time and that
some ecophysiological factor that scales with tree
size is more important (Ryan and others 1997). The
second case examined within-stand patterns in
stem growth and leaf area of individual trees in
Brazil; our hypothesis would be supported if the
dominant trees showed higher rates of stem growth
per unit leaf area than smaller ones. Our third case
was similar to the second, except that we used
direct estimates of resource use (rather than leaf
area) in a 1-year-old and a 5.5-year-old stand in
Hawaii.

METHODS

Case 1: Growth and Variance within Clonal
and Seedling Plots in Brazil

We compared stemwood growth rates and within-
plot variability of tree sizes in 22 experiments (by
International Paper do Brasil) within 100 km of
Mogi-Guacu (22°21�S, 46°58�W) in São Paulo
State, southeastern Brazil. These experimental trials
were designed to evaluate the growth performance
of a range of Eucalyptus clones. We used these ex-
periments to examine differences in production and
variance in stem sizes between clonal stands and
seedling-origin stands. The trials were planted from
1988 to 1994 on highly weathered, deep (more
than 2.5 m) Oxisols (clay content from 18% to
50%) or Entisols (clay content from 3% to 15%).
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Mean annual temperature is 21.2°C. Rainfall
reaches 1350 mm, concentrated between October
and March. Plots were established with a com-
pletely randomized block design. There were three
(one trial) or four (21 trials) replicate plots, with
tree spacings of either 3 � 3 m (441-m2 plots) or
2.5 � 3 m (368-m2 plots). From the 7 � 7 rows of
trees in each plot, the diameters and heights of the
central group of 5 � 5 trees and the individual
volume were estimated by the age-specific allomet-
ric equation. For example, the equation for 6–8-
year-olds was:

Stem Volume � 0.00005447 DBH1.921157

h0.950581 (r2 � 0.99, n � 202)

where stem volume is in cubic meters, DBH is di-
ameter in centimeter at 1.3-m height, and height
(h) is in meters. The plot total volume was then
scaled to hectares based on the plot area. At each
site, these experiments tested the performance of
between four and 29 clones of E. grandis, E. saligna,
E. urophylla, and E. grandis x urophylla. Each exper-
imental site also included seed-origin treatments
that used high-performance E. grandis seedlings
grown from seeds collected from carefully selected
mother trees on a Seed Production Area in the
region (ex-Coff’s Harbour, Australia). Complete
pest and weed control were applied in all experi-
ments, and all plots received fertilizer (30 kg N

ha�1, 70 kg P ha�1, and 30 kg K ha�1) at the time
of planting.

Case 2: Within-Plot Patterns in Wood
Growth per Unit Leaf Area in Brazil

The second set of plantations in Brazil (by Copener
Florestal Ltd.) consisted of 11 stands of Eucalyptus
grandis � urophylla in mixed clonal plantations
(30–50 clonal cuttings randomly mixed in the nurs-
ery) within a 50-km radius of Entre-Rios (11°58�S,
38°07�W) in Bahia State in northeastern Brazil (Ta-
ble 1). We predicted that larger trees would have
higher rates of wood production per unit of leaf
area than smaller trees within the same stands.

The stands were established as permanent inven-
tory locations covering the breadth of regional soils
and climate. The soils are highly weathered and
deep (more than 2 m) Ultisols, Oxisols, and Enti-
sols. Annual precipitation varies from 900 mm (in-
land) to 1400 mm (near the coast). Mean temper-
ature is 25.5°C (Stape and others 1997). All forests
were planted at 3.5 m � 2.6 m spacing. They were
given an initial fertilization of 12 kg N ha�1, 41 kg
P ha�1, and 13 kg K ha�1, and chemicals were
applied to control leaf-cutting ants and weeds.

In each stand, a circular inventory plot of 471 m2

was measured in 1996–97 and again 1 year later,
keeping track of individual tree development. After
the last measurement, nine trees in each stand were
harvested; these trees represented three size classes

Table 1. The Initial Stand-level Characterizations and the Parameters of the Relationships between the
Woody Mass (W. kg), Foliage Leaf Area (LA, m2), and Diameter at Breast Height (D)

Site
No.

Soila

(Clay)

Age at
Start of
Current
Year
(y)

Wood
Mass
(Mg/ha)

Leaf
Area
Index
(m2/m2)

Current Wood
Increment
(Mg ha�1y�1)

Wood
Regression
Coefficients

Foliage
Regression
Coefficients

aw bw af bf

1 O (12) 5.5 54.6 2.8 5.5 0.090 2.572 0.089 2.311
2 U (12) 6.5 70.6 2.8 14.0 0.083 2.602 0.080 2.257
3 O (13) 6.6 86.7 3.4 7.6 0.152 2.408 0.146 2.058
4 U (6) 5.5 87.3 3.9 2.4 0.125 2.469 0.157 2.076
5 U (10) 5.5 106.1 3.4 17.8 0.124 2.516 0.037 2.547
6 U (21) 5.5 91.1 3.1 17.5 0.250 2.216 0.159 1.980
7 U (14) 5.8 180.8 4.8 24.2 0.123 2.502 0.001 3.935
8 U (12) 5.5 202.6 5.0 2.7 0.111 2.551 0.011 2.855
9b E(5) 5.6 84.2 2.7 17.6 0.067 2.734 na na

10 U (4) 6.5 77.2 2.6 4.1 0.176 2.355 0.002 3.596
11 E (4) 7.3 148.4 4.0 15.2 0.269 2.193 0.017 2.697

aO (Oxisol), U (Ultisol), E (Entisol), and clay (%) at 30-cm depth
bSite 9 used the foliage allometric of site 10 (closest site).
(W � awDbw, LA � afD

bf)
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(mean diameter, plus one standard deviation, and
minus one standard deviation). At harvest time, the
forests were between 6.3 and 8.3 years old (rotation
ages). For each tree, the biomass and leaf area were
determined from quantitative subsamples. Woody
biomass (stem�bark�branch) was estimated by
stand-specific allometric equations (W � aw

DBHbw) for all trees within the stand. Site-specific
allometrics were also established for leaf area per
tree (LA � af DBHdf). All equations were fitted
using the Gauss-Newton nonlinear method
(SYSTAT 2001) (Table 1). At the stand level, the
summation of the individual trees’ growth was di-
vided by the plot area to estimate current annual
wood increment and leaf area index.

Case 3: Resource Use and Wood Growth in
Hawaii

The Hawaii experiment was part of a larger inves-
tigation into the ecophysiology of declining growth
rates. Annual precipitation averages more than
4000 mm at this site, and well-drained, deep (more
than 2 m) Andisol soils provide a consistently large
supply of water. We examined growth and resource
use in two 30 � 30 m plots of Eucalyptus saligna
trees (grown from seeds) at 3 � 3 m spacing. The
main plot was 5.5 years old at the time of harvest in
September 1999, and rapid growth had been fos-
tered by complete weed control. Fertilization four
times yearly comprised a total (over 5.5 years) of
1260 kg N/ha�1, 540 kg P/ha�1, 1040 kg K/ha�1; in
addition, a complete set of other nutrients was
given once yearly (Binkley and Resh 1999). Prior to
harvesting at 5.5 years of age, the 21 trees in the
center 225-m2 subplot were measured for diameter
at breast height (DBH, 1.3 m) and canopy extent in
four directions. The other plot was 1 year old at the
time of harvest in September 1999 and had been
treated in the same way as the older plot.

We used Granier-type sensors (Granier 1987) to
measure water flux for all 21 trees in the 5.5-year-
old plot and for 13 trees in the 1-year-old plot. In
both plots, water flux was measured for 13 days
(calendar days 237–250 of 1999). Sensor probes
were constructed of pairs of 20-mm–long, 1.65-
mm–diameter stainless steel needles. A pair of sen-
sors was inserted 8–15 cm apart at a height of 15 cm
(younger plot) or 2 m (older plot) (Barnard 2000).
Natural temperature differences between the
probes within an individual tree were less than
0.1°C. In three trees, two sensors were placed op-
posite each other at the same height to test for
within-tree differences in estimated water flux; flux
estimates differed by up to 11% within trees. Tem-
perature differences of all sensors were recorded

every 15 sec and stored as 15-min means with a 2/x
datalogger (Campbell Scientific Instruments, Logan,
UT, USA). Water use per tree was extrapolated
linearly to an annual basis from the 13 measure-
ment days. This scaling should be robust in relation
to water use among trees, although the actual an-
nual rate may be somewhat inaccurate. Given the
high precipitation and lack of any evidence of water
limitation in these plantations, we believe that the
annual extrapolation is reasonable.

Trees were cut down, and each canopy was di-
vided into thirds based on height. All leaves in each
canopy third were stripped and weighed in the
field. A subsample from each third of each canopy
was returned to the lab for the determination of
specific leaf area and oven-dried weight. The can-
opy subsamples were ground and analyzed for ni-
trogen (N) concentration by combustion furnace.

Stem growth in the 5.5-year-old plot was calcu-
lated using a biomass regression equation devel-
oped from trees at this site:

Stem Mass � 0.06619 DBH2.5001

(r2 � 0.99, n � 56)

where stem mass is wood�bark in kilograms, and
DBH is diameter in centimeters at 1.3-m height
(M. G. Ryan D. Binkley, J. Fownes, unpublished).
Stem growth in the 1-year-old plot was determined
by weighing the entire stem in the field and con-
verting to oven-dried mass based on the moisture
content of a subsample from each tree.

Leaf area over the development of the 5.5-year-
old stand was measured every 2–3 months with a
LICOR LAI-2000 (Licor, Inc., Lincoln, NE, USA).
Periodic calibration was based on the destructive
harvesting of trees to establish allometric relation-
ships between diameter and leaf area. We corrected
the LAI-2000 measurements so that they matched
the allometric estimates and applied this correction
to all LAI-2000 measurements between harvests.

To test the hypothesis, we determined the leaf
area at the time of harvest for each tree (rather than
by allometry). We used the MAESTRO model
(Wang and Jarvis 1990) to estimate light absorbed
by individual tree canopies for each tree in the
5.5-year-old plot. MAESTRO simulates light ab-
sorption for an individual tree crown using crown-
specific information on crown dimensions and
height, leaf area, and position with respect to other
trees, and species or site-specific values of crown
shape, leaf area distribution, and leaf angle. We
measured the center of each canopy to the nearest
0.5 m, crown radii in four orthogonal directions
(parallel and perpendicular to tree rows), tree
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height, and crown length. We simulated light ab-
sorption for a 15-day period in August 1999 that
had a mixture of sunny and cloudy days and used a
more recent version of the program code
(MAESTRA; B. E. Medlyn, University of New South
Wales, Australia, http://www.ed.ac.uk/�bmedlyn/
maestra/).

The model was forced with data for incoming
photosynthetically active radiation measured with a
sensor located in a clearing approximately 200 m
east of the stand. The model predicted that the
stand would intercept 90% of incoming photosyn-
thetically active radiation, nearly identical to the
88% interception measured over several days in
September 1999 with a Decagon Accupar Ceptom-
eter (Model PAR-80; Decagon Devices, Pullman,
Washington). The average daily interception of
light was extrapolated to an annual estimate by
multiplying by 365 days. This simple approach
probably overestimates the actual light intercepted
per tree because of seasonal patterns in incoming
light and leaf area, but it should be sufficient for
comparisons among trees within the stand, and it
does provide units for a comparison with annual
stem growth.

Nitrogen use was indexed as the N content of the
canopies, extrapolated from the measured fresh
weights of the canopies and the N concentrations
in the subsamples, as determined on a NA1500
CHN Analyzer (Carlo Erba Strumentazione, Milan,
Italy).

RESULTS

Case 1: Growth and Variance within Clonal
and Seedling Plots in Brazil

The prediction that clonal stands would grow more
rapidly than seed-origin stands was supported by
the data from the 22 clonal trials (Figure 1). Clone-
origin treatments averaged 17% faster growth than
seed-origin trees (32.6 vs 27.8 m3 ha�1 y�1, paired
t-test, P � 0.01). The mean for the clones at each
location is an average of the four to 29 clones
comprising the trial at a given location, and some of
these clones performed poorly. If only the better
half of the clones in each trial were examined, then
the clone-origin treatments would show an average
32% faster growth than the seed-origin trees (36.8
versus 27.8 m3 ha�1 y�1). We speculate that the
greater growth in the clonal stands was the result of
a more uniform stand structure and consistent ef-
ficiency of resource use among individual trees,
whereas the remarkably higher growth rate of the
better half of the clonal types resulted from both a

uniform stand structure and superior genotypes.
Separating these confounded effects of stand struc-
ture and genotypes could have important opera-
tional and strategic consequences.

The clonal stands showed lower variation in stem
volumes, as predicted. The coefficients of variation
(CV, the standard deviation divided by the mean) in
stem volumes for the 22 experiments averaged
50% for E. grandis seed-origin trees, as compared
with 30% for the clones (Figure 2). For both types
of stands, variance increased with stand age, indi-
cating increased dominance and suppression within
the stands.

Case 2: Within-Plot Patterns in Efficiency of
Wood Growth per Unit Leaf Area in Brazil

Wood growth per unit of leaf area increased dra-
matically with increasing tree size within stands in
eight of 11 stands in Brazil (Figure 3). Across these
eight stands, wood growth per unit of leaf area
increased by almost threefold with an increase in
tree diameter from 10 to to 20 cm, and the largest
25% of the trees produced 50% more stem growth
per unit of leaf area than the other 75% (P �
0.001). The three stands that showed no trend in
stem growth/leaf area across tree diameters were
the least productive. The difference in wood growth
per unit of leaf area among trees within stands
increased with increasing stand production; a dou-
bling of stand increment was associated with a dou-

Figure 1. Stem growth (mean annual increment) was
substantially higher for clonal stands (33 m3 ha�1 y�1)
than for stands grown from Eucalyptus seedlings (28 m3

ha�1 y�1). Each site had from four to 29 clones (average,
14) for comparison with plots grown from seedlings of
carefully selected mother trees. Bars represent one stan-
dard error of the mean of the clones.

62 D. Binkley and others



bling in the slope of the relationship (within stands)
between diameter and wood growth per unit of leaf
area. Overall, the more productive sites showed
greater differentiation in efficiency among trees.
Bigger trees were more efficient than smaller trees
in the same stands, and this difference in efficiency
increased as stand productivity increased.

Case 3: Resource Use and Wood Growth in
Hawaii

At 5.5 years, the trees averaged 21.6 m in height
(range, 8.0–29.2 m), with a stand leaf area index of
5.1 and a total stem biomass of 96.4 Mg/ha�1. Stem
wood production in this plot peaked at about 2.5
years of age (Figure 4) and declined by about 50%
by year 5. Leaf area remained high after the peak in
stem growth, so the decline in stem growth was
related to a decrease in the efficiency of stem
growth per unit leaf area at the stand level. The
decline in stem growth generally followed the trend
in stand-level leaf area, and the stand-level effi-
ciency of stem growth per square meter of leaf area
declined from about 0.47 kg/m�2 in years 1 and 2 to
0.30 kg/m�2 in year 5.

The patterns in case 2 were based on individual-
tree leaf area, since no estimates were available for
individual-tree light interception. The trend in light
interception per unit of leaf area (based on the
MAESTRA model and calibrated by the field data)
declined exponentially with increased tree diameter
(r2 � 0.39, P � 0.01). Whereas a 10-cm–diameter
tree averaged 1.6 MJ APAR/m�2 of leaf area, a

20-cm tree intercepted 1.0 MJ APAR/m�2 of leaf
area. This lower rate of light interception per unit of
leaf area resulted from greater self-shading within
canopies of larger trees. This trend indicates that the
relationships between stem growth per unit of leaf
area in case 2 would likely be a conservative esti-
mate of the trend in stem growth per unit of light
intercepted, since the larger trees (that is, those
with more leaf area) should have had lower light
interception per unit of leaf area.

In the 5.5-year-old plantation, trees with higher
light interception, greater canopy N content, and
more water use had higher rates of stem growth per
unit of resource use (Figure 5). The largest 25% of
the trees accounted for 45%–50% of the total plot
use of light, water, and N, but they contributed a
disproportionate 60% of the total plot wood
growth. The efficiency of wood growth per unit of
resource used was about twice as great for the top
25% of trees than for the other 75%, supporting
the individual-tree hypothesis.

At the time of harvest, trees in the 1-year-old plot
were 6–8 m tall and had 10.7 Mg of stem/ha�1 and
a leaf area index of 5.25. The difference in efficiency
between the top 25% and lower 75% of the trees
(Figure 6) was about one-third the difference found
for the 5.5-year-old trees, which is consistent with
the increasing variance among trees found over
time in case 1 from Brazil. The 5.5-year-old trees
were also more efficient than the 1-year-olds in
growing wood per unit of leaf area or resource,
which would be expected since the canopy of the
younger plot was notably smaller early in the year.

DISCUSSION

Implications from the Literature

Only a few studies have examined the relationships
between growth and resource use on an individual-
tree basis within forests. When Kaufmann and
Ryan (1986) estimated individual tree growth as a
function of potential light absorption, they con-
cluded that suppressed understory trees may be as
efficient as dominant trees. Roberts and others
(1993) argued that leaf area efficiency (stem growth
per unit of leaf area) should be higher among non-
dominant trees in stands with low leaf area and
many gaps in the canopies. They expected that in
stands with higher leaf area and greater canopy
stratification, intermediate trees would have higher
leaf area efficiencies than either suppressed trees
(which received too little light) or dominant trees
(which could not fully utilize all the intercepted
light).

Figure 2. Stem volume for Eucalyptus plots grown from
seed in the 22 experiments at São Paulo State was sub-
stantially more variable (CV � coefficient of variation)
among stems within plots for seedling-origin plots than
for clonal plots.
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O’Hara (1988) had the strongest empirical evi-
dence to test for individual tree patterns within
stands. Using the sapwood area of Douglas -fir
stems as a surrogate for leaf area, he found that
stem volume growth per unit of sapwood area was
higher for trees with more sapwood area. Trees
with twice the sapwood area showed about 65%
more stem growth per unit of sapwood area. The
differences in growth per unit of sapwood area
were strongest in an unthinned control plot, where
dominant trees produced twice as much wood per
unit of sapwood area as intermediate trees. Stands
that had been thinned four times over the 64 years
of stand development showed only a 15%–30%
greater growth per unit of leaf area in dominant
trees.

These findings are consistent with our individual-
tree hypothesis. The thinning treatments reduced
the variance in tree sizes within O’Hara’s (1988)

stands and reduced the range in stem growth per
unit sapwood area. In a related paper that focused
on stand-level patterns, O’Hara (1989) showed that
two pairs of stands with similar basal area and sap-
wood area differed in volume increment per unit of
sapwood area as a result of different tree densities;
the pair with 20%–30% more trees showed an
approximately 20%–30% greater increment in
stem volume per unit of sapwood area. However,
confounding differences in stand density and struc-
ture (particularly canopy structure) make it difficult
to test ideas about the effects of stand structure on
the efficiency of individual trees. O’Hara (1996)
also reported higher rates of stem volume incre-
ment per unit of leaf area in older cohorts within
multicohort stands of ponderosa pine (Pinus pon-
derosa), providing more direct support for the indi-
vidual-tree hypothesis (although the trend in dom-
inance was confounded by trends in tree age).

Figure 3. Wood increment per unit of leaf area among trees within 11 stands (left) (solid lines significant at P � 0.01;
dashed lines P � 0.1) and slope of the relationship within stands as a function of current stand increment of wood (right)
(open circles are slopes for the nonsignificant relationships; solid circles are for the significant relationships from the left
figure).

Figure 4. Accumulation of stem mass and leaf area (left) and stem growth and stem growth per unit of leaf area (right) for
the Eucalyptus saligna plot in Hawaii.
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Smith and Long (2001) also proposed that changes
in stand structure and the efficiency of individual
trees over time may explain the universal pattern of
stand-level decline in production, but their proposi-
tion differs from our individual-tree hypothesis. They
concluded that stand-level declines in growth were an
“emergent property” at the “population level” that
could not be derived from individual-tree physiolog-
ical processes or the sums of individual-tree features.
In the studies presented here, differences in tree pop-
ulation structure were not relevant, since we exam-
ined individual trees and stands at single points in
time (and no stands had suffered much mortality
since planting). Smith and Long (2001) asserted that
the progressive redistribution of a constant amount of
foliage into fewer, larger crowns should decrease the
efficiency of dominant trees at the same time that
competitive suppression decreased the efficiency of
nondominant trees. In contrast, our hypothesis em-
phasizes the declining efficiency of nondominant
trees, together with a sustained, high efficiency in
dominant trees.

Implications of the Hypothesis for Patterns
in Forest Growth

The evidence presented here supports the single-
tree/stand-structure hypothesis that suppressed

trees have less wood production per unit of re-
source use. But what are the ecophysiological pro-
cesses that underlie this pattern? The simplest ex-
planation might be altered carbohydrate allocation.
Perhaps the suppressed trees fix as much carbon (C)
per unit of resource used, but they also allocate
more C to the production of other tissues (such as
roots) or to respiration. Alternatively, the rate of C
fixation per unit of resource use could be lower, as
a result of lower photosynthetic capacity or perfor-
mance in suppressed trees. Lower photosynthetic
capacity (essentially, the amount of active carbox-
ylating enzyme) or performance (total diurnal pho-
tosynthesis) in suppressed trees would imply a
lower rate of C uptake for the same level of use of
light, N, and water than is observed in dominant
trees. Direct experimentation is needed, and the
design of these experiments may need to recognize
that the optimal “strategy” for a suppressed tree
might be persistence (until a canopy dominant tree
dies) rather than maximum current C gain.

Stand leaf area declines in most forests some time
after reaching a maximum at a relatively early point
in stand development (Gower and other 1996;
Ryan and others 1997). In cases where leaf area and
total light interception at the stand level do not
decline (as in case 3 from Hawaii), the single-tree

Figure 5. The largest 25% of the trees in the 5.5-year-old plot in Hawaii (case 3) used 45%–50% of the light, water, and
nitrogen in the plot, but they contributed 60% of the plot stem growth (top left). The largest 25% of the trees were about
twice as efficient in producing wood per unit of light (top right), nitrogen (bottom left), and water (bottom right).
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hypothesis predicts that the efficiency of wood pro-
duction per unit of leaf area declines as the stand
differentiates into well-illuminated trees and
shaded trees. Poorly illuminated lower canopy
leaves on dominant (young) trees would therefore
grow more wood than poorly illuminated upper
canopy leaves on suppressed (older) trees. This con-
dition could be the result of differences in the allo-
cation of photosynthate in suppressed trees (where
the best leaves are shaded) and dominant trees
(where most leaves are illuminated). We are not
confident that shaded leaves “know” if they are on
suppressed or dominant trees, but a recent shading
experiment (of individual branches and whole
trees) with mountain birch (Betula pubescens)
showed remarkably strong differences in leaf reten-
tion based on the overall illumination status of the
canopy (Henriksson 2001). This issue of growth per
unit of leaf area (and resource use) needs to be
investigated at multiple scales (branch, individual
tree, and stand) to determine the extent to which
stand-level rates depend on the structure of trees
and stands.

Combined with these earlier studies, our work
demonstrates that individual trees may vary substan-
tially in stem growth per unit of resource use, and this
differentiation in growth efficiency may be accentu-

ated in stands with the largest variance in tree sizes.
Does this pattern of individual trees and stand struc-
ture explain the age-related decline in ecosystem pro-
duction? Perhaps, but more direct tests are needed.
We are currently developing a more rigorous test of
the individual-tree hypothesis that will compare the
total C budgets and resource use of a full rotation of
clonal plantations of Eucalyptus with different struc-
tures (uniform tree sizes and heterogeneous tree sizes
for the same clone). If our individual tree hypothesis
is supported by this test, it may explain a large portion
of the age-related decline in stem growth but not the
entire decline. Ryan and others (1997) suggested that
age-related declines may derive from a suite of factors,
and such important factors as declining nutrient sup-
ply clearly reduce productivity in some cases. We
think that differentiation of stand structure leads to an
overall reduction in the efficiency of producing wood
per unit of resource used and that other factors (such
as declining nutrient supply) may then amplify this
hypothesized universal trend.

The individual-tree hypothesis also has implica-
tions for ecosystems that are comprised of more
than one species. Surprisingly few experiments
have documented the total ecosystem production in
monocultures and mixed-species forests; in most
cases, monocultures of the faster-growing species

Figure 6. The largest 25% of the trees in the 1-year-old plot in Hawaii (case 3) accounted for 35%–45% of the leaf area,
water use, and N use (top left), but they contributed 45% of the stem mass (� growth for the 1st year). The largest 25%
of the trees were 29% more efficient at producing wood per unit of leaf area (top right), 38% more efficient at producing
wood per unit of N in the canopy (bottom left), and equally efficient at producing wood per unit of water used.
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grow more than mixed-species forests (Kelty 1992;
Cannell and others 1992). This general trend is also
consistent with the individual-tree hypothesis for
age-related growth declines. The dominant species
should be more efficient in producing wood per
unit of resource used, and any resource use by less
efficient, nondominant trees should lower total
ecosystem growth. The two possible exceptions to
this prediction would be situations where the sup-
pressed species could utilize resources that were
unavailable to the dominant species. For example, a
suppressed species that could grow at light levels
below those that could be used by the dominant
species might be able to marginally increase ecosys-
tem production (Cannell and others 1992). The
second exception would be mixtures that included
N-fixing species. These mixtures might show
greater growth rates than monocultures as a result
of an increased N supply combined with high effi-
ciency of resource use of the non–N-fixer (Binkley
1992; Kaye and others 2000).
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