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EXPANSION AND ASSIMILATE ALLOCATION IN DIFFERENT
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Abstract. Six woody species from a successional series growing in their establishment phases in a premontane tropical Costa
Rican rainforest were analysed in detail concerning whole canopy carbon gains – using two principally different photo-
synthesis models. Crown architectures of 65 individuals, 0.2 to 4.5m high, were monitored over two years and precisely
reconstructed in 3 dimensions. For each single leaf of 28 selected plants light absorption on daily bases was calculated using
the reconstructed plant canopies and the light data as inputs. For identical daily light courses net photosynthesis was simulated
using firstly, a steady-state and, secondly, a dynamic photosynthesis model which takes light-controlled photosynthetic
induction states into account. Canopy carbon gain was determined by summing daily leaf net carbon gains for each individual
leaf and integrating over a whole year. Observed biomass increments of all individuals showed only plausible agreement
when the dynamic photosynthesis model was used. Comparing steady-state and dynamic model approaches resulted in
strong, unrealistic overestimations by the steady-state model, showing at minimum 30% (in pioneers) and at maximum
650 % overestimated annual canopy carbon gains in the mid- to late-successional plants. Lightflecks alternating with low
light availability contributed to deficiencies in the photosynthetic induction state, which are only accounted for in the dynamic
model. Pioneers invest about 33% of annual carbon in short-lived leaves and the remainder (ca. 42%) in supporting tissues.
In contrast, late-successionals partition only 8–18% into leaves of much greater longevity and 57–67% to build “expensive”
supporting structures of high wood density and high longevity – very likely forming the base for future growth into the
forest canopy. We conclude that only dynamic photosynthesis models are appropriate to differentiate plant carbon economies
of shade tolerant and intolerant species in tropical forest ecosystems. Accepted 10 October 2004.
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INTRODUCTION

Quantitatively correct annual carbon balances are an
elementary prerequisite of many scaling calculations
and simulations, whether based at the level of a leaf
or an individual canopy (Ehleringer & Field 1993).
Such valid calculations are needed to determine car-
bon allocation and plant inherent economy (e.g.,
Bloom et al. 1985, Chapin et al. 1990), whole plant
water and nitrogen use in relation to available carbon
(e.g., Schulze 1982, Roy & Garnier 1994) and assess-
ment of plant competitive ability (Küppers 1987, 1994).
In the context of C-sinks at the stand and landscape
level (e.g., Running & Coughlan 1988, Aber et al.
1996, Wedler et al. 1996, Tenhunen et al. 1998) re-
liable assessments are also essential, especially when

politicians discuss trade with carbon sinks. Nearly all
leaf, canopy, and stand carbon balance simulations are
based on steady-state photosynthesis (Caldwell et al.
1986, Pearcy & Yang 1996, de Pury & Farquhar
1997, Niinemets & Tenhunen 1997, many others),
despite increasing evidence (e.g., Chazdon & Pearcy
1986, Pearcy et al. 1997, Yanhong et al. 1997, Naum-
burg et al. 2001, Naramoto et al. 2001) that the time-
scales of dynamic changes in light and steady-state
simulations do not match (Jarvis 1995), causing strong
discrepancies between steady-state simulations and
true, measured net photosynthesis. One reason for
these large discrepancies is the general neglect of dy-
namic, continuous alterations in the state of photo-
synthetic induction depending on the previous level
of light (e.g., Pearcy et al. 1994, Schulte et al. 2003).
A typical approach used to parameterize steady-state
models is based on the determination of photosyn-
thetic characters from “steady-state measurements”
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after having fully induced a leaf with light (light
response curves or A/ci curves). Therefore, since leaves
rarely operate at full photosynthetic induction, sys-
tematic errors may result (see e.g., Pearcy et al. 1994,
Stegemann et al. 1999, Timm et al. 2002).

It is unknown whether the phenomenon of in-
duction changes carries over to the landscape. How-
ever, we address here whether up-scaling from the 
leaf to the canopy carries over such discrepancies. In
addition to understanding canopy carbon inputs, we
also address carbon economy of growth responses (e.g.,
Givnish 1986) of early-, mid- and late-successional
woody saplings in their respective, gradually changing
forest environment. Therefore we also focus on the
successional replacement of species after gap forma-
tion, especially their use of the generally limited light
for optimal carbon gain in the understory or in small
gaps (Chazdon & Fetcher 1984, Givnish 1986). Even
at optimal photosynthetic use, carbon gain is the
main limitation for growth at limited light. Plant 
inherent mechanisms must be involved that sup-
port an economic, adequate use of assimilates (e.g.,
Farnsworth & Niklas 1995, Tremmel & Bazzaz 1995). 
We therefore study the investment of assimilates into
different organs as affected by the different growth
strategies of plants as shade-intolerant (pioneers) 
or tolerant (mid- to late-successional), all from the
same successional series of a tropical forest in Costa
Rica.

MATERIALS AND METHODS

Measurements were performed at the “Reserva Bio-
lógica Alberto Brenes” (RBAB) in the NW of Costa
Rica (10°13’N, 84°37’W), an area between 800 and
1400 m above sea level (= a.s.l.), characterized by a
hyperhumid tropical climate and covered by a pre-
montane primary rainforest (Herrera 1985, Ortiz
1991, Breckle 1995). Annual precipitation exceeds
3000 mm at mean annual temperatures of ca. 20° C
(Walter et al. 1975, Wattenberg & Breckle 1995). Be-
tween 1995 and 1997 an annual mean of 5320 mm
was observed and in parallel an annual incident
photosynthetic active radiation above the canopy of
5167 mol photons.

Plant Materials. All trees investigated grew within 
2 km of the reserve research station at an altitude of
between 850 m and 1000 m a.s.l.. All were in their
establishment phases as juvenile trees with up to 250
leaves. In total, 65 individuals of 6 different species

were monitored regarding their architectural expan-
sion, increment in biomass, leaf and canopy net 
photosynthesis, and annual carbon gain. Selected spe-
cies are representative for (a) the late-successional
forest understory (shade tolerant): Salacia petenensis
Lundell (Hippocrateaceae) and Calatola costaricensis
Standley (Icacinaceae), (b) the mid-successional sit-
uation during closure of gaps (partially shade tole-
rant): Billia colombiana Planchon & Lindley (Hip-
pocastanaceae) and Guarea glabra Vahl (Meliaceae),
and (c) the pioneer state of large gaps and clearings
(shade-intolerant): Heliocarpus appendiculatus Turcza-
ninow (Tiliaceae) and Ochroma lagopus Swartz (Bom-
bacaceae). Successional classification is based on Ober-
bauer & Donnelly (1986), Coley (1988), Whitmore
(1990), Wattenberg & Breckle (1995), and Gómez-
Laurito & Ortiz (1996). Using several empirical cri-
teria such as (1) dominance or co-dominance in the
open (large gaps) and in recently closed gaps as well
as in the understory, (2) rate of growth, height gain,
and (3) photosynthetic characteristics (photosynthe-
tic capacity, steady-state light compensation point; see
e.g., Bazzaz & Pickett 1980, Oberbauer & Strain
1984, Swaine & Whitmore 1988, Küppers et al. 1996,
Lüttge 1997), the species were ranked according to
an arbitrary successional sequence from 1 (very early
pioneer) to 10 (very late successional) (see Table 1).
Of course, any ranking can be questioned regarding
scales, resolution, etc, but despite certain problems it
provides a useful framework (e.g.) to link forest suc-
cession with (relatively) characteristic species. There-
fore, scaling is highly resolved. This is certainly not
detrimental to the general ranking of species but it
allows us to consider shades of differences. We are
fully aware of the fact that not every worker might
agree to such “shades” but, irrespective of this, ap-
plying a coarser resolution would have yielded fun-
damentally the same results.

Unfortunately, a certain loss of individuals oc-
curred from sudden death, such as fungi diseases, ant
and other animal attacks, or strong damage by falling
debris (especially branches of canopy trees in several
storm events; e.g., Chazdon 1988), so that only 28
out of the 65 plants could be used to calculate com-
plete annual carbon budgets for healthy individuals
and to perform statistical analyses.

Plant architecture and biomass increment. Leaf and 
axes orientations in space of all 65 individuals were
monitored over a period of at least 2 years. According
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to the routine in use (an improved version of “Y-
Plant”, Pearcy & Yang 1996, see Stegemann 1999 
and Timm 1999), an individual’s three-dimensional
canopy is virtually split into segments (Fig. 1A) where
the plant’s growth shape determines the number of
modules or segments, beginning at the base of the
main shoot, then proceeding to the top and to the
outer canopy. Modules are indicated by nodes and
leaves. For stem, twig and petiole segments, lengths
and mean diameters are obtained to enable recon-
struction as cylinders. Segment orientation in space
is defined by neighboring module numbers (Fig. 1A)
and its inclination and azimuth (Fig. 1B). Leaf size

is determined by the length of the mid-rib and a
standardized, species-specific leaf shape. Loss of leaf
area as caused by herbivores was estimated by eye (as
percentage) and is corrected for in a plant’s virtual
reconstruction. Figures 2B and D show the recon-
struction of a B. colombiana and a C. costaricensis in-
dividual and their respective photographs (Figs. 2A
and C). All 65 plants could be reconstructed with
similarly high quality. This enables viewing the plants
from all directions, e.g., from the side (Fig. 2E) or from
above (Fig. 2F) to get an idea of crown architecture
and the degree of overlapping by leaves within the
canopy.

TREE ARCHITECTURE AND ASSIMILATE ALLOCATION

103

TABLE 1: Ranking (from early to late) of the six species under investigation according to their estimated
(optimal) position during succession. Criteria used are occurrence after gap formation, (co-) dominance at
their sites, endurance in developing shade during closure of gaps, growth rates and photosynthetic characteris-
tics, building on the long experience of Prof. R. Ortiz and V. Mora (Universidad de Costa Rica, San Ramón;
personal communication as indicated by *) with the species in the Reserva, on own observations, and on in-
formation from the literature (for critical discussion see the Method section). Light regimes (canopy openness)
at plant sites are indicated as DSF (= direct site factor) and ISF (= indirect site factor) (according to Anderson
1964), photosynthetic characteristics as light compensation point (Icomp), photosynthetic capacity at full in-
duction (Amax, equivalent to Amax(Pmax) in Timm et al. 2002), and dark respiration as R; m: number of in-
dividual plants or leaves, n: number of plant sites; all are means ± SD.

Succes-

Species sional state DSF ISF Icomp Amax R Leaf-
(early1➜ [µmol m-2 s-1] [µmol m-2 s-1] [µmol m-2 s-1] longevity [d]
late 10

Heliocarpus 0.69 0.60 23.6 ± 4.2 21.9 ± 5.1 -1.1 ± 0.31 137 ± 25.9
appendicu- 2.0 ± 0.121 ± 0.070 m = 15 m = 15 m = 13 m = 12
latus n = 6 n = 6 n = 5 n = 5 n = 4

Ochroma 0.74 0.70 18.9 ± 3.85 22.2 ± 3.91 -0.95 ± 0.24 159 ± 31.4
lagopus 2.5 ± 0.081 ± 0.081 m = 13 m = 13 m = 13 m = 12

n = 7 n = 7 n = 4 n = 4 n = 4

Guarea 0.20 0.17 10.1 ± 2.13 6.5 ± 1.91 -0.53 ± 0.23 913 (Coley
glabra 6.5 ± 0.099 ± 0.071 m = 15 m = 15 m = 13 1988)

n = 16 n = 16 n = 5 n = 5 n = 4

Billia 0.22 0.20 6.8 ± 2.45 6.1 ± 1.15 -0.49 ± 0.17 1088 ± 192.8
colombiana 7.0 ± 0.038 ± 0.035 m = 12 m = 12 m = 13 m = 5

n = 10 n = 10 n = 5 n = 5 n = 5

Calatola 0.18 0.17 5.54 ± 1.64 4.9 ± 0.96 -0.4 ± 0.21

costaricensis 8,5 ± 0.038 ± 0.030 m = 16 m = 16 m = 13 ca. 1825*
n = 15 n = 15 n = 6 n = 6 n = 5

Salacia 0.18 0.16 4.53 ± 1.85 4.1 ± 0.88 -0.31 ± 0.12

petenensis 9.0 ± 0.081 ± 0.082 m = 15 m = 15 m = 13 ca. 1825*
n = 13 n = 13 n = 5 n = 5 n = 5
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FIG. 1 A. Idealized scheme (left) of the figuratively segmented canopy of an individual Billia colombiana sapling
(right) at its natural understory site. Numbers represent segments as determined by the plant’s growth shape.
FIG. 1 B: Connection of segments and additional information necessary for a plant’s virtual reconstruction
(for details see Pearcy & Yang 1996, Timm 1999).

1 A

1 B
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We determined leaf life-span in species with short-
lived leaves such as H. appendiculatus, O. lagopus and
B. colombiana (e.g., Whitmore 1990). Leaf life-span
can be determined from growth of new leaves and
losses of marked ones, using equation 1 (after Ackerly
1993).

L = (n1 + n2) * (b + d) * ∆t / (4 * b * d) (equation 1)

where L = life span (days), n1 and n2 are the number
of marked leaves at time t1 and t2 respectively, b the

number of newly grown, and d of shed (marked)
leaves in the time interval ∆t = t2 – t1. When L was
very long, as in C.costaricensis and S. petenensis, it was
determined from loss of marked leaves.

Light availability. Since direct measurements of can-
opy carbon gain are difficult to perform over an
extended period, and since this is almost impossible
to do simultaneously in 28 individual plants, we
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FIG. 2 A, C. Photographs of Billia colombiana and Calatola costaricensis individuals at their natural under-
storey sites (background removed) and their virtual reconstructions in B and D.
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FIG. 2 E, F. Examples of virtual reconstructions of all species either viewed from the side (E) or from above
(F). Overlapping of leaves within the canopies is clearly visible.
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applied simulation models of net photosynthesis at
the leaf level and successively integrated from daily
leaf to canopy, and later on to annual carbon gains.
Diurnal light courses were determined for each in-
dividual leaf of all 28 (remaining, undamaged, and
healthy) plants. The following steps were performed:
(1) diurnal courses of incident light had to be recorded
above the forest canopy; (2) light below the forest
canopy but just above an individual plant’s uppermost
leaves had to be determined; (3) light penetration and
absorption with respect to temporal courses and daily
amounts had to be deduced for all plant canopies.
From the last step net photosynthesis could be cal-
culated.

In the first step, photosynthetic active radiation
(PAR), using a LiCor quantum sensor (Nebraska,
USA), was recorded every minute above the forest
canopy. We distinguished three classes of diurnal light
courses: one for variable cloudy days (up to < 15 mol
photons m-2 d-1), a second for variable clouds (15 to
< 30 mol photons m-2 d-1), and a third for sunny days
(> 30 mol photons m-2 d-1). Most days of the obser-
vation period (~59 %) were cloudy ranging from 5
to < 15 mol photons m-2 d-1 and only 5.5 % were
sunny (Table 2).

It was not possible to simulate net photosynthesis
for every day and every leaf in each of the plants under
investigation, since this would have generated tremen-
dous amounts of data. Therefore, in order to reduce
the effort, we calculated mean daily amounts of PAR
for each weather category (Table 2), which in turn
were used to choose typical diurnal light courses from
the light records above the forest canopy. Those were
taken for pioneers on open sites and adapted to light
conditions below the forest canopy (but just above the
uppermost leaves of mid- and late-successional sap-
lings) using hemispherical photography and the cal-
culation routines of “HemiView” (Delta-T Devices

1998, Rich 1990, Fig. 3). We calculated the “Indirect”
and “Direct” Site Factors (ISF and DSF; Anderson
1964) for all individual plant sites, updating the DSF
for every sample day (see Fig. 3, there “calculation of
quantum flux”). Plant architecture was subsequently
entered into the program “Y-Plant” (Pearcy & Yang
1996) to calculate a typical diurnal light course for
each individual leaf in the canopy. This information
was then used to simulate net photosynthesis at the
leaf level and to scale up to the canopy by summing
the carbon gains over all leaves (Fig. 4).

Daily and annual canopy carbon gains. Detailed de-
scriptions of gas exchange analyses in dynamic light
have already been presented by Küppers et al. (1996),
Stegemann et al. (1999) and Timm et al. (2002). All
measurements shown here were performed using a 
LiCor 6400 photosynthesis system. Here determina-
tion of daily carbon gains occurred in two ways based
on data of a representative number of leaves within
the plant canopy (see Table 1). In the first approach,
standard steady-state light response curves of leaf 
net photosynthesis were applied allowing for exactly 
one net photosynthesis rate at a given PAR (at other-
wise identical microclimatic conditions, e.g., Farquhar 
& von Caemmerer 1982, Küppers & Schulze 1985,
Pearcy & Yang 1996), in the other, allowing for
changes in photosynthetic induction (e.g., Pearcy
1990, Stegemann et al. 1999) as a result of previous
light conditions in a dynamic light environment.

In order to scale up to annual carbon gains, the
typical diurnal simulations were run for every 21st day
of every month (indicated as “Julian Day” in Fig. 3)
taking half-annual changes in plant architecture into
account (Figs. 3, 6, 7). Any changes in total canopy
leaf area between two measurements were assumed to
be linear over time. At every simulation day – as in-
dicated in Fig. 3 – light and, consequently, net photo-
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TABLE 2: Daily weather categories in the open used for the determination of annual carbon balances for all
investigated plants. Data are from continuous measurements in 1-minute steps.

Range of PAR above Days observed in total Days [%] Mean daily PAR above SD
canopy [mol m-2 d-1] canopy [mol m-2 d-1]

< 15 262 58.9 9.63 ± 3.56
15–30 158 35.6 24.51 ± 4.78
> 30 25 5.5 42.97 ± 4.46

445 100

Umbruch  04.05.2005  13:26 Uhr  Seite 107



synthesis were simulated for each of the three typical
weather types. Total daily carbon gains were weighted
with respect to frequency of weather conditions from
Table 2. Canopy respiration at night was calculated
via total leaf area in the canopy, a mean leaf respira-
tion rate, and the length of the nights. The two dif-
ferent approaches are summarized in the flow chart
of Fig. 5.

For comparison, a factor of deviation, F, is intro-
duced as the quotient of annual canopy carbon gains
from the “steady-state approach“ and the “dynamic
model approach“ (for identical light conditions over
the same plant individual). For example, an F = 2 me-
ans 100 %, an F = 5 means 400 % overestimation by
the steady-state approach.

Carbon allocation. Aboveground dry matter increment
in stem, twigs, and leaf material must be balanced by
canopy carbon gain in order to allow for growth over
extended periods (when no carbon is remobilized
from storage organs). We calculated the amount of
CO2 that must be assimilated to match the respec-
tive dry matter increment of an organ or plant part

to determine the fraction of total annual carbon gain
allocated to that organ. We summed all aboveground
increments in dry matter to determine the amount
of carbon gain available for root growth, root res-
piration, and exudation (Küppers 1982, Linder &
Axelsson 1982). Net CO2-assimilation (in mol) was
converted (after deduction of night respiration), via
multiplication by 30, into dry matter (g), as carbo-
hydrates based on glucose (Larcher 1980). Effects of
isoprene emission (Hansen et al. 1997) were not im-
portant and were ignored.

RESULTS

In this section we present information of (1) a more
technical nature when comparing the outcome of the
two modeling approaches, and of (2) a biological na-
ture concerning the carbon allocation of plants.

Plant architecture and biomass increment. As an ex-
ample, the pioneer O. lagopus (Fig. 6) in an open 
gap site received high amounts of direct sun or cloud-
affected light (mean DSF in March 1996: 0.76) with
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FIG. 3. Determination of daily and annual incident radiation at a particular plant site and in relation to an
individual’s architecture. For every indicated Julian day all three mean weather categories were calculated and
applied for the respective month. On the bold-faced Julian days, plant architecture and hemispherical photo-
graphs were updated in the calculations for the period within the dotted frame. For further explanation see text.
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a clear decline (to DSF = 0.60) a year later during
gradual progression of gap closure (Fig. 6B). During
the 380 days of observation the ca. one-year-old sap-
ling grew continuously and its height nearly doubled
(Fig. 6A, C), demonstrating substantial growth poten-
tial. The initially fast monopodial height growth was
replaced by sympodial branching (March 1997, Fig.
6A). Note that the size of individual leaves after 
onset of sympodially branching is much reduced (from
a mean of 2061.3 cm2 in Oct. 1996 to 583.6 cm2 in
March 1997, Fig. 6A). Due to its short leaf longevity
of 159 days, which is typical for many early tropical
pioneers (e.g., Whitmore 1990), it lost all initial leaves
and had grown a completely new cohort by Oct. 1996
and again by March 1997. At the same time above-
ground standing crop increased four-fold from 560 g
to 2327 g, whereas total gross biomass production
(thus including losses) was 3561 g. Aboveground
losses were as high as 50% of the total biomass gain.

For the mid- to late-successional B. colombiana
(Fig. 7A) the situation was entirely different: it re-
ceived much less light (DSF = 0.25 in March 1996,
Fig. 7B) during a trend of further closure of the forest
canopy (DSF = 0.18 a year later). Over the 380 days
of observation it grew only 15 % in height, producing
few new leaves but maintaining most of the initial
ones (mean leaf-longevity: 1088 days). Therefore, B.
colombiana increased its standing crop by a factor 
of just 1.67, from 86.3 g to 144.3 g (Fig. 7C). Total
aboveground biomass gain averaged 64.9g and above-
ground losses only amounted to 6.9g or 10 %. 

Annual canopy carbon gains and allocation determined
using both a steady-state and a dynamic photosynthesis
model. Steady-state and dynamic photosynthesis mo-
dels gave entirely different results in assimilated car-
bon amounts and therefore allocation percentages.
The evident and consistent overestimation of real
CO2 uptake by the steady-state model is first shown
at the leaf level by a section from a diurnal course 
of measured and modeled net photosynthesis of the 
late-successional species S.petenensis (Fig. 8). Secondly,
for the pioneer O. lagopus (Fig. 6) and the mid- to
late-successional species B. colombiana (Fig. 7) we
observed large discrepancies in total annual canopy
carbon gains as calculated for identical light condi-
tions. Even in case of the pioneer O.lagopus in a wide
gap the difference amounted to 41% (Fig. 6D; F
= 1.41), whereas in the mid- to late-successional

growth stages (Fig. 7) it rose to 237 % (F = 3.37). The
smaller deviation in the pioneer is simply a conse-
quence of the generally higher light level at the gap
site, resulting in a generally higher photosynthetic in-
duction level. Table 3 summarizes model comparisons
(Factor F) for all plants studied. In the mid- to late-
successional situation, just after gap closure, the highest
variations in light dynamics were observed (e.g., num-
ber of lightflecks per unit of time) resulting in the
strongest deviations of up to 640 % (F = 7.4). Indeed,
the correlation between maximum F observed in a
species and the percentage of lightflecks, taken as a
measure of light dynamics, is highly significant (p =
0.027; Wilcoxon ranking).

Without exception, the allocation percentages ob-
tained via the steady-state approach gave much higher
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FIG. 4. An example from the sunny day of February
12, 1997 for daily carbon gain by every individual leaf
of a Salacia petenensis sapling growing in the under-
story (dynamic model approach).
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FIG. 5. Flow chart for the determination of annual canopy carbon gain of every individual plant, either via
a steady-state or a dynamic photosynthesis model (“Y-Plant” after Pearcy & Yang 1996, “HemiView” after
Rich 1990, Delta-T Devices 1998, “DeepGreen” from Stegemann et al. 1999).

TABLE 3: Comparison of modeled annual carbon balances, via the steady-state on the one hand and the
dynamic model on the other, results in a factor of deviation, F (for definition see the Methods section; range
is given). Especially for the late- and mid-to-late-successional trees the deviation (always an overestimation
by the steady-state approach) is enormous. Obviously, dynamics of light, here indicated as percentage of light
in lightflecks (the day chosen is for the plant of maximum observed F; see, e.g., Küppers et al. 1996 for detailed
analysis of the site) rather than absolute amounts of radiation, are related to F, whereas other photosynthetic
characteristics (Icomp, Amax) clearly depend on the amount of light available as indicated by DSF and ISF in
Table 1. n: number of plants studied.

gap mid-successional late-successional
H. appendiculatus O. lagopus G. glabra B. colombiana C. costaricensis S. petenensis

factor of 
deviation F 1.6–2.0 (n=5) 1.3–1.4 (n=5) 4.0–7.4 (n=3) 2.4–2.7 (n=5) 2.6–2.8 (n=5) 2.0–3.6 (n=5)

PAR in lightflecks
(< 5min) on a 
sunny day in 19 15 78 73 62 67
April 1997 ([%] of 
time in daylight)
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FIG. 6. Development of an individual of the pioneer Ochroma lagopus and deduction of its annual carbon
allocation. A: Aboveground architectural development as reconstructed via the method described above. Note
that in October 1996 and in March 1997 a completely new leaf cohort was grown while the previous was
shed. Mean leaf size declined from March and October 1996 (1187.3 cm2 ± 87.28 SE, n = 17 and 2061.3
cm2 ± 100.43 SE, n = 31) to March 1997 (583.6 cm2 ± 34.50 SE, n = 61). B: Change in the individual’s
light environment as indicated by hemispherical photography immediately above its uppermost leaves. Note
the loss of (Cecropia sp.) trees at position “3 p.m.” from October 1996 to March 1997 as a consequence of
a storm event. C: Growth and biomass parameters of the respective individual. D: Deduction of annual as-
similate flux balances (carbon allocation) as percentage of total annual canopy carbon gain, either via the steady-
state or the dynamic photosynthesis model. Carbon gain and allocation are given in equivalents of dry matter
(CH2O)n (= biomass).
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values for carbon investment into roots (Figs. 6D and
7D) and, consequently, much lower values for invest-
ment into aboveground structures. This difference
between the two approaches is the more pronounced
the lower a mean induction state of photosynthesis.
This is shown in detail for the two plants in Figs. 6D
and 7D. A complete list of all studied individuals is
given in the Appendix (Table A1). We conclude that
the steady-state approach – by yielding a strong over-
estimation of annual plant carbon gain – results in a
strong overestimation of carbon investment into be-
lowground functions, both in relative and absolute
terms, and underestimates relative investments into
aboveground components. Therefore the results in
Fig. 9 are based only on the annual carbon balances
obtained via the dynamic model.

Irrespective of successional position and site of
species, all of them invested very similar percentages
(means of 23 to 30%) of carbon in their root bio-
mass and root functions (Fig. 9). Obviously, in all spe-
cies a strong physiological control of root functions
is evident in order to support the shoot. Although
total aboveground allocation was also similar in all
species (70–77%), allocation to aboveground sup-
porting tissues like stem, twigs and petioles differed
strongly with successional position. Pioneers and mid-
successional species invested large amounts of carbon
in leaf material and relatively little into long-lasting
supporting tissue, while this was the opposite in late-
successional plants (Fig. 9). Obviously, there is a gene-
ral trade-off in aboveground carbon allocation being
related to species requirements in their typical envi-
ronments.

DISCUSSION

Model comparison. There are undoubtedly many sci-
entific problems where accurate quantitative estimates
of canopy photosynthesis and total (annual) net car-
bon input of a plant are needed. From the ecophy-
siological point of view, these concern (e.g.) carbon
allocation and plant inherent economy (e.g., Bloom
et al. 1985, Chapin et al. 1990, Küppers 1994, Bazzaz
1997, Poorter & Villar 1997), or whole plant water
and nitrogen use in relation to available carbon (e.g.,
Schulze 1982, Schulze et al. 1983, Dewar 1993, Roy
& Garnier 1994, Heilmeier et al. 1997), the assess-
ment of plant competitive ability (Küppers 1987),
costs of defense (Lerdau & Gershenzon 1997) and
reproduction (Reekie 1997), and the understanding

of advantages and disadvantages of certain morpho-
logies and physiologies in given or changing envi-
ronments (e.g., Givnish 1986, Küppers 1989, Ackerly
1996). Giving the many functions where carbon is
involved this list could be considerably extended.

Almost all models used in scaling from leaf to
canopy are based on the assumption of steady-state
photosynthesis. But most leaves worldwide are likely
not to experience steady-state-enabling light condi-
tions, for clouds as well as a few outermost leaves 
of a canopy generate lightflecks; this has been shown
for two widespread vegetation physiognomies – grass
steppe and forest canopy (e.g., Küppers et al. 1996,
Fig. 3; 1997, Fig. 1). Consequently, constant states
of photosynthetic induction forming the basis of
steady-state photosynthesis models cannot generally
be assumed. When tests of such models are success-
ful (e.g., Tenhunen et al. 1980, Küppers & Schulze
1985, Wang & Jarvis 1990, Aber et al. 1996) we
should ask why this is so rather than accept it for every
situation, especially not in dynamic light. There is suf-
ficient direct and indirect evidence that steady-state
models overestimate true carbon gains by leaves (e.g.,
Chazdon & Pearcy 1986, Küppers & Schneider 1993,
Pfitsch & Pearcy 1989, Naumburg et al. 2001, Nara-
moto et al. 2001, Poorter & Oberbauer 1993, Schulte
et al. 2003, Yanhong et al. 1997). 

We wanted to know if this discrepancy carries over
from the leaf to the canopy level. Even though simu-
lations of light in the canopies of the studied trees are
difficult, especially concerning penumbral effects
(Ross 1981), it is plausible to test a steady-state model
against a dynamic one using exactly the same time
courses of light and the same plant morphology in
both cases. Detailed monitoring of aboveground plant
structures and components yielded in highly exact
increments of aboveground plant biomass, against
which the results of the two photosynthesis-modeling
approaches are compared (Figs. 6, 7 and Appendix).
Both models gave clearly higher carbon gains than
necessary to cover aboveground increments, therefore
the remaining carbon should equal the fraction that
is required to support all belowground functions. For
the dynamic model this root function yielded plau-
sible numbers around 25.7 % of annual carbon gain
(with a few exceptions: minimum 7.1%, maximum
43.5 %; see Appendix), while for the steady-state
approach it amounted to 66.6 % (minimum 44.4 %,
maximum 89.8 %). These latter numbers are, looking
at what is known from the literature, much too high,
especially since none of the species is a kind of a
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FIG. 7. Same as Fig. 6 but for an individual of the mid- to late-successional Billia colombiana. Note that most
leaves remained in the canopy over the time span of investigation while only a few new ones (in red) were
grown.
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FIG. 8. Section from a daily light course (I) and leaf net photosynthesis (A) of a S. petenensis individual in
the understory. Measured A is compared to the modeled net photosynthesis using either the steady-state ap-
proach (A(I)) or the dynamic model (A(I, P)). In the latter, the large variation in photosynthetic induction (P(I,t))
is evident. The following equation was used for the steady-state model:
A(I) = R + (Amax(Pmax) – R) * (1 – e-(jA * I))       equation 2

Parameters for the dynamic and steady-state models are (for details see Stegemann et al. 1999):

Amax(Pmax) = light-saturated net photosynthesis rate at maximum induction
R = dark respiration rate
ϕA = photosynthesis-determining curvature factor
κP = induction-determining curvature factor
ωP = induction-determining curvature factor
Pstart = initial photosynthetic induction

ΣI = sum of light over the section interval
ΣAm = measured CO2-gain
ΣAss = steady-state simulated CO2-gain
ΣAdyn = dynamic model CO2-gain
Errordyn = discrepancy between ΣAm and ΣAdyn

Errorss = discrepancy between ΣAm and ΣAss

∅P(I) = mean induction state over the time interval
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belowground storer (see e.g., Chalmers & van den
Ende 1975, with root/shoot dry matter ratios of 3/7
and declining when more and more carbon accumu-
lates in stem biomass; e.g., Givnish 1988). Even for
the pioneers O.lagopus and H.appendiculatus, growing
exclusively in open sites, the root fraction by the steady-
state approach yielded ca. 45–65 % (Appendix), un-
realistically high, although for these sites best fits at
high photosynthetic induction could be expected. From
direct measurements of leaf gas exchange (Stegemann
et al. 1999, Timm et al. 2002), as well as comparison
with biomass increments, we conclude that only dy-
namic models give plausible results. Table 3 summa-
rizes the substantial discrepancies between steady-state
and dynamic modelling approaches.

Most likely photosynthetic induction varies not
only in whole canopies but also in stands and even
over landscapes, e.g., when clouds suddenly cause a
deep light step and shade the canopy long enough to
allow induction losses. Although this phenomenon
still has to be shown, it is more likely to occur than
steady-state-like photosynthesis at constant “landscape
photosynthetic induction”.

Comparing carbon use in pioneer, mid- and late-succes-
sional tropical saplings. Astonishingly, all species stud-
ied here exhibited a very similar root-to-shoot allo-
cation of carbohydrates (flux balances as percentage
of annual carbon gain, Fig. 9), clearly demonstrating
the strong physiological balance between above- and
belowground functions as a whole, irrespective of plant
age (late successionals were all much older than the
pioneers though their exact age could not be detected),
of the degree of shade tolerance, of successional po-
sition or growth rate. In this respect the findings fully
agree with other observations on woody species from
a successional series (Küppers 1994).

The late-successional tree saplings generally ope-
rate at much lower plant carbon gains (see the Ap-
pendix) than pioneers, which is not a priori a conse-
quence of different canopy leaf areas, for the pioneers
are much younger (maximally three years old) and have
at least initially smaller total canopy leaf areas. These
lower carbon gains are largely a consequence of the
shade in the late successional environment. So it is
surprising that the shade-tolerant species invest signi-
ficantly more carbon into non-green, aboveground
supporting biomass (Fig. 9). This investment of a
higher carbon fraction into valuable, stable supporting
tissue can be interpreted as a “conservative strategy”

to build a stem strong enough to gradually place the
crown into the overgrowing forest canopy and to
maintain this position. In the long term it is coun-
terbalanced by high longevities of the components
(Whitmore 1990). Pioneers, on the other hand, grow
cheap supporting material to quickly gain height and
occupy available gap space, thus initially avoiding be-
coming overtopped by competitors. However, their
strategy does not allow for enduring height gain: both
studied pioneers grow very light wood (one species
is balsa) that would not withstand (e.g.) a strong storm
event. Their leaves are of a “throw-away” type, as their
longevity is short. It can be explained as a way to avoid
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FIG. 9. Annual assimilate flux balances of the species
in Table 1, here as a function of the species’ succes-
sional positions. Different letters indicate significantly
different (p < 0.002) allocation percentages for the
respective plant part. Error bars: SE; factorial ANOVA.
Original data are given in the Appendix.
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self-shading by quickly growing new leaves overtop-
ping older ones (compare Fig. 6A).

No doubt the allocation patterns are decisive for
a species’ success in its given environment. This can
be interpreted even as an analogy to human economy
(Chapin et al. 1990): with limited resources, fast growth
and throw-away strategies could be fatal, whereas slow
growth of high endurance quality, despite the limi-
tation in resources (!), is appropriate. However, if re-
sources (and money) are not limiting, the throw-away
type may help to quickly produce new products and
to ensure being the first in competition for new
developments – thus enabling the occupation of mar-
ket (= gap) space…

ACKNOWLEDGEMENTS

We wish to thank Prof. Rodolfo Ortiz, Victor Mora
and Hugo Perez who helped with the identification
of the species and kept everything smoothly in pro-
gress during our work in Costa Rica, so it was always
a great pleasure to work at the Reserva! The Deutsche
Forschungsgemeinschaft supported this work with
grants Ku 592/11-1 and 11-2 and several travel grants
to all authors.

REFERENCES

Aber, J.D., Reich, P.B., & M.L. Goulden. 1996. Extrapo-
lating leaf CO2 exchange to the canopy: A generalized
model of forest photosynthesis compared with measure-
ments by eddy correlation. Oecologia 106: 257–265.

Ackerly, D.D. 1993. Phenotypic plasticity and the scale of
environmental heterogeneity: Studies of tropical pioneer
trees in variable light environments. Thesis: Harvard
University, Cambridge, Massachusetts, USA.

Ackerly, D.D. 1996. Canopy structure and dynamics: In-
tegration of growth processes in tropical pioneer trees.
Pp. 619–658 in Mulkey, S.S., Chazdon, R.L., & A.P.
Smith (eds.). Tropical forest plant ecophysiology. Chap-
man and Hall, London.

Anderson, M.C. 1964. Light relations of terrestrial plant
communities and their measurement. Biological Reviews
39: 425–486.

Bazzaz, F.A. 1997. Allocation of resources in plants: State
of the science and critical questions. Pp. 1–38 in Bazzaz,
F.A., & J. Grace (eds.). Plant resource allocation. Aca-
demic Press, San Diego.

Bazzaz, F.A., & S.T.A. Pickett. 1980. Physiological ecology
of tropical succession: A comparative Review. Ann. Rev.
Ecol. Syst. 11: 287–310.

Bloom, A.J., Chapin III, F.S., & H.A. Mooney. 1985. Re-
source limitation in plants – an economic analogy. Ann.
Rev. Ecol. Syst. 16: 363–392.

Breckle, S.W. 1995. Canopy structure, ecosystem function
and diversity in a montane tropical primary forest in
Costa Rica. In Breckle, S.W. (ed.). Bielefelder Ökolo-
gische Beiträge, University of Bielefeld, Vol. 8: 97–111. 

Caldwell, M.M., Meister, H.P., Tenhunen, J.D., & O.L.
Lange. 1986. Canopy structure, light microclimate and
leaf gas exchange of Quercus coccifera L. in a Portugese
macchia: Measurements in different canopy layers and
simulations with a canopy model. Trees 1: 25–41.

Chalmers, D.J., & B. van den Ende. 1975. Productivity 
of peach trees: Factors affecting dry-weight distributi-
on during tree growth. Ann. Bot. 38: 423–432.

Chapin III, F.S., Schulze, E.-D., & H.A. Mooney. 1990. The
ecology and economics of storage in plants. Ann. Rev.
Ecol. Syst. 21: 423–447.

Chazdon, R.L. 1988. Sunflecks and their importance to
forest understorey plants. Adv. Ecol. Res. 18: 1–63. Aca-
demic Press, London.

Chazdon, R.L., & N. Fetcher. 1984. Photosynthetic light
environments in a lowland tropical rain forest in Costa
Rica. Journal of Ecology 72: 553–564.

Chazdon, R.L., & R.W. Pearcy. 1986. Photosynthetic re-
sponses to light variation in rainforest species. II: Car-
bon gain and photosynthetic efficiency during light-
flecks. Oecologia 69: 524–531.

Coley, P.D. 1988. Effects of plant growth rate and leaf life-
time on the amount and type of anti-herbivore defense.
Oecologia 74: 531–536.

Delta-T Devices, Ltd. 1998. HemiView User Manual, Ver-
sion 2.1. Cambridge, U.K.

Dewar, R.C. 1993. A root-shoot partitioning model based on
carbon-nitrogen water interactions and Munch phloem
flow. Funct. Ecol. 7: 356–368.

Ehleringer, J.R., & C.B. Field. 1993. Scaling physiological
processes: Leaf to globe. Academic Press, New York, pp.
388.

Farquhar, G.D., & S. von Caemmerer. 1982. Modelling of
photosynthetic response to environmental conditions.
In Lange, O.L., Nobel, P.S., Osmond, C.B., & H. Zieg-
ler (eds.). Physiological plant ecology II Water relations
and carbon assimilation. Encycl Plant Physiol New Ser
(Springer Verlag, Berlin, Heidelberg, New York). Vol.
12B: 549–588.

Farnsworth, K.D., & K.J. Niklas. 1995. Theories of optimi-
zation, form and function in branching architecture in
plants. Functional Ecology 9: 355–363. 

Givnish, T.J. 1986. On the economy of plant form and func-
tion. Cambridge University Press, U.K., pp. 717.

Givnish, T.J. 1988. Adaptation to the sun and shade: A whole-
plant perspective. Aust. J. Plant Physiol. 15: 63–92.

Gómez-Laurito, J., & V.R. Ortiz. 1996. Lista de especies Re-
serva Biológica Alberto Brenes San Ramón. Pp. 69–82
in Ortiz, V.R. (ed.). Memoria Investigación Reserva Fo-
restal de San Ramón 1996. Universidad de Costa Rica.

TIMM ET AL.

116

Umbruch  04.05.2005  13:26 Uhr  Seite 116



Hansen, U., van Eijk, J., Bertin, N., Staudt, M., Kotzias, 
D., Seufert, G., Fugit, J.-L., Torres, L., Cecinato, A., Branca-
leoni, E., Ciccioli, P., & M.-T. Bomboi Mingarro. 1997. The

BEMA Project: Biogenic Emissions and CO2-Gas Ex-
change investigated on four Mediterranean Shrubs.
Atmospheric Environment, Vol. 31, No. SI, 157–166.

Heilmeier, H., Erhard, M., & E.-D. Schulze. 1997. Biomass
allocation and water use under arid conditions. Pp.
93–111 in Bazzaz, F.A., & J. Grace (eds.). Plant resource
allocation. Academic Press, San Diego.

Herrera, W. 1985. Clima de Costa Rica. In Gomez, L.D.
(ed.). Vegetación y clima de Costa Rica, Editorial Estatal
a Distancia, San José, C.R.

Jarvis, P.G. 1995. Scaling processes and problems. Plant, Cell
and Environment 18: 1079–1089.

Küppers, M. 1982. Kohlenstoffhaushalt, Wasserhaushalt,
Wachstum und Wuchsform von Holzgewächsen im Kon-
kurrenzgefüge eines Heckenstandortes. Doctoral thesis,
University of Bayreuth, Germany, pp. 222.

Küppers, M. 1987. Hecken – Ein Modellfall für die Partner-
schaft von Physiologie und Morphologie bei der pflanz-
lichen Produktion in Konkurrenzsituationen. Naturwis-
senschaften 74: 536–547.

Küppers, M. 1989. Ecological significance of aboveground
architectural patterns in woody plants – A question of
cost-benefit relationships. Trends in Ecology and Evo-
lution 4: 375–379.

Küppers, M. 1994. Canopy gaps: Competitive light inter-
ception and economic space filling – a matter of whole
plant allocation. Pp. 111–144 in Caldwell, M.M., &
R.W. Pearcy (eds.). Exploitation of environmental he-
terogeneity by plants: Ecophysiological processes above
and below ground. Academic Press, San Diego, New
York.

Küppers, M., & H. Schneider. 1993. Leaf gas exchange of
Beech (Fagus sylvatica L.) seedlings in lightflecks: Effects
of fleck length and leaf temperature in leaves grown in
deep and partial shade. Trees 7: 160–168.

Küppers, M., & E.-D. Schulze. 1985. An empirical model
of net photosynthesis and leaf conductance for the si-
mulation of diurnal courses of CO2 and H2O exchange.
Australian Journal of Plant Physiology 12: 513–526.

Küppers, M., Timm, H.-C., Orth, F., Stegemann, J., Stöber, 
R., Schneider, H., Paliwal, K., Karunaichamy, K.S.T.K., & 
R. Ortiz. 1996. Effects of light environment and successional

status on lightfleck use by understory trees of temperate
and tropical forests. Tree Physiology 16: 69–80.

Larcher, W. 1980. Ökologie der Pflanzen. Verlag Eugen Ul-
mer, Stuttgart, Germany.

Lerdau, M., & J. Gershenzon. 1997. Allocation theory and
chemical defense. Pp. 265–277 in Bazzaz, F.A., & J.
Grace (eds.). Plant Resource Allocation. Academic Press,
New York.

Linder, S., & B. Axelsson. 1982. Changes in carbon uptake
and allocation patterns as a result of irrigation and fer-
tilisation in a young Pinus sylvestris stand. Pp. 38–44 in
Waring, R.H. (ed.). Carbon Uptake and Allocation in
Sub-alpine Ecosystems as a Key to Management. Forest
Research Laboratory, Oregon State University, Corvallis.

Lüttge, U. 1997. Physiological ecology of tropical plants.
Springer, Berlin.

Naramoto, M., Han, Q., & Y. Kakubari. 2001. The influ-
ence of previous irradiance on photosynthetic induction
in three species grown in the gap and understory of a
Fagus crenata forest. Photosynthetica 39: 545–552.

Naumburg, E.S., Pearcy, R.W., & D.S. Ellsworth. 2001.
Crown carbon gain and CO2 responses of understory
species with differing allometry and architecture. Func-
tional Ecology 15: 263–273.

Niinemets, Ü., & J.L. Tenhunen. 1997. A model separating
leaf structural and physiological effects on carbon gain
along light gradients for the shade-tolerant species Acer
saccharum. Plant Cell Environ. 20: 845–866.

Oberbauer, S.F., & M.A. Donnelly. 1986. Growth analysis
and successional status of Costa Rican tropical tree spe-
cies. The New Phythol. 104: 517–521.

Oberbauer, S.F., & B.R. Strain. 1984. Photosynthesis and
successional status of Costa Rican rain forest trees.
Photosyn. Res. 5: 227–232.

Ortiz, V.R. 1991. Memoria de investigacion Reserva Forestal
de San Ramón. Pp. 25–27 in Ortiz, R. (ed.). Serie Ca-
tedra Universitaria. Universidad de Costa Rica, San José.

Pearcy, R.W. 1990. Sunflecks and photosynthesis in plant
canopies. Ann. Rev. Plant Physiol. Plant Mol. Biol. 41:
421–453.

Pearcy, R.W., & W. Yang. 1996. A three-dimensional crown
architecture model for assessment of light capture and
carbon gain by understory plants. Oecologia 108: 1–12.

Pearcy, R.W., Chazdon, R.L., Gross, L.J., & K.A. Mott. 1994.
Photosynthetic utilization of sunflecks, a temporally
patchy resource on a time scale of seconds to minutes.
Pp. 175–207 in Caldwell, M.M., & R.W. Pearcy (eds.).
Exploitation of environmental heterogeneity by plants:
Ecophysiological processes above and below ground.
Academic Press, San Diego, New York.

Pearcy, R.W., Gross, L.J., & D. Hey. 1997. An improved
dynamic model of photosynthesis for estimation of car-
bon gain in sunfleck light regimes. Plant, Cell and En-
vironment 20: 411–424.

Pfitsch, W.A., & R.W. Pearcy. 1989. Steady-state and dy-
namic photosynthetic response of Adenocaulon bicolor
(Asteraceae) in its redwood forest habitat. Oecologia 80:
471–476.

Poorter, L., & S.F. Oberbauer. 1993. Photosynthetic induc-
tion responses of two rainforest tree species in relation
to light environment. Oecologia 96: 193–199.

Poorter, H., & R. Villar. 1997. The fate of acquired carb-
on in plants: Chemical composition and construction
costs. Pp. 39–72 in Bazzaz, F.A., & J. Grace (eds.). Plant
Resource Allocation. San Diego, Academic Press.

TREE ARCHITECTURE AND ASSIMILATE ALLOCATION

117

Umbruch  04.05.2005  13:26 Uhr  Seite 117



Pury, D.G.G. de, & G.D. Farquhar. 1997. Simple scaling
of photosynthesis from leaves to canopies without the
errors of big-leaf models. Plant, Cell and Environment
20(5): 537–557.

Reekie, E.G. 1997. Trade-offs between reproduction and
growth influence time of reproduction. Pp. 191–209 in
Bazzaz, F.A., & J. Grace (eds.). Plant Resource Alloca-
tion. Academic Press, New York.

Rich, P.M. 1990. Characterizing plant canopies with hem-
ispherical photographs. Remote Sensing Reviews 5(1):
13–29.

Ross, J. 1981. The radiation regime and architecture of plant
stands. Junk Publisher, The Hague.

Roy, J., & E. Garnier. 1994. A whole-plant perspective on
carbon-nitrogen interactions. SPB Academic Publishing,
The Hague, NL.

Running, S.W., & J.C. Coughlan. 1988. A general model
of forest ecosystem processes for regional applications:
I. Hydrologic balance, canopy gas exchange and primary
production processes. Ecol. Model 42: 125–154.

Schulte,  M., Offer, C., & U. Hansen. 2003. Induction of
CO2 gas exchange and electron transport: Comparison
of dynamic and steady-state responses in Fagus sylvatica
leaves. Trees 17: 153–163.

Schulze, E.-D. 1982. Plant life forms as related to plant
carbon, water and nutrient relations. Pp. 615–676 in
Lange, O.L., Nobel, P.S., Osmond, C.B., & H. Ziegler
(eds.). Encyclopedia of Plant Physiology. Physiological
Plant Ecology. Vol. 12B. Water relations and photo-
synthetic productivity, Berlin, Heidelberg.

Schulze, E.-D., Schilling, K., & S. Nagarajah. 1983. Carbo-
hydrate partitioning in relation to whole plant pro-
duction and water use of Vigna unguiculata (L.) Walp.
Oecologia 58: 169–177.

Stegemann, J. 1999. Kohlenstoffökonomie neotropischer
Baumarten. I. Plastizität der dynamischen CO2-Assi-
milation auf Blatt- und Kronenebene. Doctoral thesis,
University of Hohenheim, Germany, pp. 171.

Stegemann, J., Timm, H.-C., & M. Küppers. 1999. Simu-
lation of photosynthetic plasticity in response to highly
fluctuating light: an empirical model integrating dy-
namic photosynthetic induction and capacity. Trees 14:
145–160.

Swaine, M.D., & T.C. Whitmore. 1988. On the definition
of ecological species groups in tropical rain forests. Ve-
getatio 75: 81–86.

Tenhunen, J.D.,Meyer,A.,Lange, O.L., & D.M. Gates. 1980.
Development of a photosynthesis model with an em-
phasis on ecological applications. V. Test of the ap-
plicability of a steady-state model to description of
net photosynthesis of Pinus armenica. Oecologia 45:
147–155.

Tenhunen, J., Valentini, R., Köstner, B., Zimmermann, R., 
& A. Granier. 1998. Variation in forest gas exchange at land-

scape to continental scales. Ann. Sci. For. 55: 1–11.
Timm, H.-C. 1999. Kohlenstoffökonomie neotropischer

Baumarten. II. Strategien der Kohlenstoffallokation und
Monitoring der Kronenarchitektur. Doctoral thesis, Uni-
versity of Hohenheim, Germany, pp. 144.

Timm, H.-C., Stegemann, J., & M. Küppers. 2002. Photo-
synthetic induction strongly affects the light compen-
sation point of net photosynthesis and coincidentally the
apparent quantum yield. Trees 16: 47–62.

Tremmel, D.C., & F.A. Bazzaz. 1995. Plant architecture and
allocation in different neighborhoods: Implications for
competitive success. Ecology 76(1): 262–271. 

Walter, H., Harnickel, E., & D. Müller-Dombois. 1975.
Klimadiagramm-Karten der einzelnen Kontinente und
die ökologische Klimagliederung der Erde. Gustav Fi-
scher Verlag, Stuttgart.

Wattenberg, I., & S.W. Breckle. 1995. Tree species diver-
sity of a premontane rain forest in the Cordillera de
Tilarán, Costa Rica. Ecotropica 1: 21–30.

Wang, Y.P., & P.G. Jarvis. 1990. Description and validation
of an array model: MAESTRO. Agric. For. Meteorol.
51: 257–280.

Wedler, M., Geyer, R., Heindl, B., Hahn, S., & J.D. Ten-
hunen. 1996. Leaf-level gas exchange and scaling-up of forest

understory carbon fixation rates with a “patch-scale” can-
opy model. Theoret. Appl. Clim. 53: 145–156.

Whitmore, T.C. 1990. An Introduction to Tropical Rain
Forests. Oxford, Clarendon Press, U.K.

Yanhong, T., Hiroshi, K., Satoh, M., & W. Izumi. 1997.
Characteristics of transient photosynthesis in Quercus ser-
rata under lightfleck and constant light regimes. Oeco-
logia 100: 487–500.

TIMM ET AL.

118

Umbruch  04.05.2005  13:26 Uhr  Seite 118



TREE ARCHITECTURE AND ASSIMILATE ALLOCATION

119

Time of Gross bio- Total carbon Total carbon Carbon via ‘steady- via
Individual investigation mass gain gain via gain via allocation state’ ‘dynamic’

[d] (above- ‘steady-state’ ‘dynamic’ to model model
ground) [g] model [g] model [g] [%] [%]

Salacia supporting tissue 19.9 44.0
petenensis 380 93.6 357.8 161.9 leaves 6.3 13.8
# 2 roots 73.8 42.2

Salacia supporting tissue 22.6 81.0
petenensis 531 27.8 122.9 34.3 leaves 0 0
# 3 roots 77.4 19.0

Salacia supporting tissue 22.1 73.4
petenensis 531 5.3 22.1 7.2 leaves 0 0
# 9 roots 77.9 26.6

Salacia supporting tissue 25.7 79.5
petenensis 380 32.8 127.8 41.2 leaves 0 0
# 13 roots 74.3 20.5

Salacia supporting tissue 33.9 68.7
petenensis 380 246.2 537.1 265.0 leaves 11.9 24.2
# 15 roots 54.2 7.1

Calatola supporting tissue 19.3 53.1
costaricensis 531 30.3 105.6 38.4 leaves 9.4 25.8
# 2 roots 71.3 21.1

Calatola supporting tissue 21.2 55.8
costaricensis 531 41.9 166.6 63.4 leaves 3.9 10.3
# 7 roots 74.9 33.9

Calatola supporting tissue 23.2 62.1
costaricensis 531 22.6 81.5 30.5 leaves 4.5 12.1
# 9 roots 72.3 25.8

Calatola supporting tissue 16.9 45.7
costaricensis 531 57.0 206.9 76.5 leaves 10.7 28.8
# 12 roots 72.4 25.5

Calatola supporting tissue 22.0 58.1
costaricensis 531 44.9 164.3 62.1 leaves 5.3 14.2
# 13 roots 72.7 27.7

Billia supporting tissue 17.6 48.0
colombiana 531 42.0 156.1 57.3 leaves 9.3 25.4
# 2 roots 73.1 26.6

APPENDIX. Aboveground gross biomass (dry matter) increment, total canopy net carbon gain (carbohydrate
equivalents) and deduced carbon allocation for the individual plants studied. “Supporting tissue” refers to
aboveground non-green components, “roots” to all belowground functions and structures receiving carbon
(including a small fraction of aboveground maintenance respiration of non-green tissues). Species-specific mean
values for allocation percentages are given in Fig. 9.
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Appendix continued

Time of Gross bio- Total carbon Total carbon Carbon via ‘steady- via
Individual investigation mass gain gain via gain via allocation state’ ‘dynamic’

[d] (above- ‘steady-state’ ‘dynamic’ to model model
ground) [g] model [g] model [g] [%] [%]

Billia supporting tissue 17.4 42.0
colombiana 531 113.3 395.1 163.4 leaves 11.3 27.3
# 3 roots 71.3 30.7

Billia supporting tissue 12.6 30.6
colombiana 531 32.4 110.2 45.4 leaves 16.8 40.7
# 4 roots 70.6 28.7

Billia supporting tissue 15.2 36.5
colombiana 531 52.5 222.3 92.8 leaves 8.4 20.0
# 6 roots 76.4 43.5

Billia supporting tissue 23.6 55.9
colombiana 380 64.9 194.1 81.8 leaves 9.9 23.4
# 7 roots 66.5 20.7

Guarea supporting tissue 5.4 40.1
glabra 380 4.9 48.2 6.4 leaves 4.8 35.9
# 6 roots 89.8 24.0

Guarea supporting tissue 16.1 63.5
glabra 531 48.4 235.1 59.5 leaves 4.5 17.8
# 11 roots 79.4 18.7

Guarea supporting tissue 1.9 12.8
glabra 531 9.2 83.5 12.5 leaves 9.1 60.8
# 12 roots 89.0 26.4

Ochroma supporting tissue 29.6 40.7
lagopus 531 73.2 134.5 97.7 leaves 24.8 34.2
# 3 roots 45.6 25.1

Ochroma supporting tissue 26.2 35.8
lagopus 531 42.9 79.4 58.1 leaves 27.8 38.0
# 4 roots 46.0 26.2

Ochroma supporting tissue 26.9 38.7
lagopus 380 2036.9 4058.0 2822.9 leaves 23.3 33.5
# 5 roots 49.8 27.8

Ochroma supporting tissue 25.8 36.0
lagopus 380 1275.6 2495.1 1787.0 leaves 25.3 35.4
# 6 roots 48.9 28.6

Ochroma supporting tissue 34.4 48.6
lagopus 380 3560.6 6393.2 4536.1 leaves 21.2 29.9
# 7 roots 44.4 21.5
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Appendix continued

Time of Gross bio- Total carbon Total carbon Carbon via ‘steady- via
Individual investigation mass gain gain via gain via allocation state’ ‘dynamic’

[d] (above- ‘steady-state’ ‘dynamic’ to model model
ground) [g] model [g] model [g] [%] [%]

Heliocarpus supporting tissue 17.0 30.9
appendiculatus 531 59.9 156.8 86.5 leaves 21.2 38.4
# 1 roots 61.8 30.7

Heliocarpus supporting tissue 31.3 60.7
appendiculatus 380 147.5 336.8 173.4 leaves 12.5 24.3
# 3 roots 56.2 15.0

Heliocarpus supporting tissue 17.9 35.4
appendiculatus 380 117.5 337.7 170.4 leaves 16.9 33.6
# 4 roots 65.2 31.0

Heliocarpus supporting tissue 27.6 49.4
appendiculatus 380 276.0 656.5 366.7 leaves 14.4 25.8
# 5 roots 58.0 24.8

Heliocarpus supporting tissue 23.5 37.9
appendiculatus 380 75.1 154.3 95.5 leaves 25.2 40.7
# 6 roots 51.3 21.4
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